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NOTICE

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

The first edition of NYSORA's Textbook of Regional Anesthesia
and Acute Pain Management (McGraw-Hill, 2007) was a com-
pendium of knowledge in regional anesthesia and acute pain
medicine that quickly became a gold standard for students,
practitioners, and test-takers alike. Yet, clinical practice marches
on, and over 200 key opinion leaders and the worldwide com-
munity of NYSORA’s educators worked diligently over the
past 4 years to update the first edition. It is now my privilege
to present the second edition of the textbook.

The material in this edition has been organized into the-
matic sections. Writings on history of local and regional anes-
thesia is often unjustly limited to its very beginnings in the late
1800s and early 1900s. However, a great deal of innovative and
pioneering work has taken place in more recent history, that is
now featured in the current edition. We have added numerous
new anatomical dissections, diagrams, and functional anatomy
illustrations developed by the NYSORA team for practitioners
of regional anesthesia and pain medicine. NYSORA’s teaching
of these techniques is based on the principles of injecting local
anesthetics within connective tissue sheaths; consequently, sig-
nificant effort was invested in functional regional anesthesia
anatomy and in illustrations that demonstrate the importance
of this concept. Sections on connective tissues and the ultra-
structural anatomy of the neuraxial meninges were contributed
by a group of Spanish collaborators, led by Dr Miguel Angel
Reina. Their sections represent a collection of uniquely educa-
tional electron microscopic images that offer insights into the
mechanisms of neural blockade, causes of failures and the ana-
tomical basis for vulnerability of neural structures to anesthesi-
ology interventions. I believe that these sections and their
timeless images will be remain relevant for generations of stu-
dents to come.

The section on pharmacology features exciting information
that is emerging on controlled-release local anesthetics that
extend the analgesic benefits of neural blockade. New knowl-
edge on this topic is being published as this textbook is being
printed; the reader is suggested to check the latest relevant lit-
erature to complement the information that was available at the
time of publication.

The section on equipment for peripheral nerve blocks fea-
tures an expanded chapter on new equipment, such as the
development of needles and catheters and novel equipment for
needle-nerve and injection monitoring. For instance, Chapter 14
gives an overview of the role of peripheral nerve stimulation in
modern practice of ultrasound-guided peripheral nerve blocks
and step-by-step algorithms to facilitate understanding of this
often-confusing topic.

New to the second edition is an entire section on patient
management considerations and regional anesthesia pathways.
In Chapter 15, Dr Barrington’s team contributes a didactic
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outline of the steps and processes toward evidence-based clini-
cal pathways that incorporate big data, such as building path-
ways for specific surgical populations. The section also features
two chapters on the effect of local anesthetics and regional
anesthesia on cancer recurrence. The immune system and how
it can be influenced by surgery and anesthesia are evaluated for
possible mechanisms by which regional anesthesia could confer
benefits in patients with cancer in Chapters 17 and 18.

Part 3B discusses the clinical practice of regional anesthesia,
starting with local and infiltration anesthesia. Dr Raeder’s team
describes the use of local anesthetics for intra-articular and
periarticular infiltration (Chapter 19), and Dr Imran Ahmad
shares a wealth of clinical and teaching experience on the use of
local anesthetics and ultrasound technology for airway manage-
ment (Chapter 20).

Intravenous regional (Bier) blocks are still practiced world-
wide. A revised chapter on intravenous regional anesthesia for
upper and lower extremity surgery was contributed by Dr Alon
Winnie and his former students. The chapter features an updated
reference list and step-by-step guidance for clinical practice.

In Part 3C, the chapters on neuraxial and epidural anesthe-
sia have been thoroughly updated and feature a wealth of ana-
tomical, practical, and clinical considerations, including
complications and their management. A new chapter on the
etiology and management of failed spinal anesthesia is highly
practical and will be of interest to both students and practitio-
ners of anesthesiology (Chapter 23A). The chapter on epidural
anesthesia contributed by Drs Toledano and Van de Velde
features vast amount of physiologic, pharmacologic, and
practical management information, and it is a good example of
the efforts invested in making this edition of the textbook
up-to-date.

Chapter 27 on postdural puncture headache now includes a
number of electron microscopic images that facilitate under-
standing of the underlying pathophysiology and instructional
diagrams that guide treatment.

Part 3D focuses on the latest techniques and information
pertaining to ultrasound-guided nerve blocks. Beginning with
equipment and the physics behind image optimization and
artifact reduction, the chapters progress to the practical aspects
of ultrasound-guided techniques for peripheral nerve blocks of
the upper and lower extremities (Chapters 33A-33H) and for
truncal blocks (Chapters 34 and 35). The techniques of locore-
gional anesthesia for maxillofacial and eye surgery have also
been updated with highly illustrative, all-new NYSORA illus-
trations that we developed over the past 3 years. Chapters 39
and 40 focus on ultrasound imaging of the paravertebral and
neuraxial space.

The sections on pediatric regional anesthesia and the utility
of ultrasound have been greatly expanded by some of most
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respected practitioners and educators in pediatric anesthesiol-
ogy and perioperative care.

Part seven features updated and much expanded chapters on
the practice of regional anesthesia in patients with specific con-
siderations and comorbidities.

The etiology of and avoiding complications of regional anes-
thesia are topics of great interest for practitioners of regional
anesthesia. Part 9 discusses the mechanisms of and evidence-
based recommendations on how to improve the management
of patients with neurologic complications, including sections
on advances in monitoring and medicolegal documentation.

Medical care is increasingly driven by evidence-based and
cost-effectiveness considerations. Consequently, several chapters
address the principles of pharmacoeconomics as they relate to
regional anesthesia, rehabilitation, and postoperative outcome.

Part 12 of the book discusses the principles and practice of
acute pain management, organization of the acute pain service,
the role of intravenous patient-controlled analgesia and peri-
neural catheters, and the epidemiology of pain. Special consid-
eration was given to multimodal analgesia and pharmacologic
interventions that increase patient’s experience of anesthesia
and surgery may have a role in preventing persistent postopera-
tive pain (Chapter 75).

Part 13 focuses on education in regional anesthesia and the
development of regional anesthesia fellowship programs in the
United States.

Although the current trend toward ultrasound guidance is
likely to become the most prevalent method of delivering most
regional anesthesia techniques in the developed world, surface-
based and electrical nerve stimulation techniques will likely
continue to be practiced in many geographic areas without
expertise ultrasound equipment. Because this edition was envi-
sioned as a standardized text for global education in regional
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anesthesia and acute pain medicine, for completeness we opted
to include principles of peripheral nerve blockade without
ultrasound guidance (Part 15). These sections have been thor-
oughly updated from the previous edition, many practice
updates being adopted from what we have learned utilizing
ultrasound guidance. These chapters also include fascinating
historical perspectives on the development of peripheral nerve
block techniques throughout decades passed and how advances
in anatomical, pharmacologic, and equipment influenced the
their developments. The chapters also contain a wealth of ana-
tomical information, teaching diagrams, and illustrations that
add meaningful value to this textbook regardless of the needle
guidance and techniques methods.

Finally, the book features two practical appendices.
Appendix 1 contains a pragmatic guide for the use of regional
anesthesia in the anticoagulated patient adopted for practices in
Europe. The Appendix 2 illustrates the principles of disposition
of injectates in tissue sheaths in common regional anesthesia
techniques, contributed by a true pioneer in this area,
Dr Philippe Gautier (BE).

No book is complete or without unavoidable errors regard-
less of the efforts invested. However, I believe that we have
put together one of the most comprehensive texts on regional
anesthesia and pain medicine to date and have spared no
efforts to accomplish this. I thank and sincerely congratulate
all collaborators and cordially invite readers to send along any
discrepancies or suggestions to ana.lopez.517@gmail.com. As
with the first edition, we will do our best to use the feedback
to improve the textbook in a future edition to come a few
years from now.

Respectfully,
Prof. Admir Hadzic
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CHAPTER 1

The History of Local Anesthesia

Alwin Chuan and William Harrop-Griffiths

INTRODUCTION

The history of local anesthesia lacks a distinct Eureka moment.
It can be argued that regional anesthesia does not have in its
history a pivotal day that signified the wholesale change from
an era before local anesthesia to the dawn of a new and wonder-
ful age that included parts of the body being rendered insensate
for therapeutic reasons. We do not have the equivalent of
October 16, 1846, and the trembling hands of William
Thomas Green Morton. What we have is a remarkably slow
concatenation of the three elements necessary for the adminis-
tration of the vast majority of local anesthetics: a syringe, a
needle, and a local anesthetic drug. Many, however, would
argue that to these three need be added several other factors: a
detailed knowledge of anatomy and an appreciation of the
body’s pain mechanisms and more objective methods to localize
peripheral nerves and monitor administration of local anesthet-
ics. We make no excuse for concentrating in this chapter on the
early history of local anesthesia to dissect the development of
these three vital components.

BEFORE COCAINE

The origins of the first attempts at some form of local analgesia
or anesthesia are lost in the mists of time. Direct nerve com-
pression and the direct application of ice to peripheries before
surgery have distant origins but were certainly in regular use
from the latter half of the eighteenth century. The first detailed
appreciation of the benefits of local anesthesia was written by
James Young Simpson and published in 1848, decades before
local anesthesia became a practical possibility (Figure 1-1). In
this paper, he also described his own unsuccessful experiments
with the topical application of a variety of liquids and vapors in
an attempt to produce local anesthesia. The paper was pub-
lished less than 2 years after Oliver Wendell Holmes had coined
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the term anesthesia, and it therefore almost certainly represents
the first use of the term local anesthesia, although Simpson
would have used the (arguably more correct) English spelling
anaesthesia. However, Simpson was well aware that his were far
from the first attempts to produce peripheral insensibility, for
he refers to some ancient methods, which he considered “apoc-
ryphal,” and also to Moore’s method of nerve compression
(Figure 1-2).!

Another distinguished British physician and president of the
Medical Society of London in 1868 was Sir Benjamin Ward
Richardson. He spent many years in the attempt to alleviate
pain by modifying substances capable of producing general or
local anesthesia. He brought into use no fewer than 14 anes-
thetics and invented the first double-valved mouthpiece for the
administration of chloroform. He initially experimented with
electricity before turning to the effects of cold as an anesthetic.
Cold was known to produce a numbing effect and was used as
far back as Napoleon’s time when his surgeon, Baron Larrey,
used its effects to alleviate pain. He introduced a method of
producing local insensibility by freezing the part with an ether
spray, which became the most practical method of using local
anesthesia until cocaine’s actions became apparent. The ether
spray was utilized as a local agent until it was replaced in 1880
by ethyl chloride? (Figure 1-3).

COCAINE ANESTHESIA
The Origins

If local anesthesia has a Eureka moment, then it may have hap-

pened in the forests of South America. Centuries ago, an
unnamed inhabitant of these climates may have been experi-

menting by putting leaves of various plants into his mouth and
giving them a good chew. We can imagine that this would be a
largely unrewarding hobby, but let us focus on the moment
when he first placed a coca leaf into his mouth and masticated
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FIGURE 1-1. James Young Simpson.

vigorously. Did he fall to his knees and shout in wonderment:
“My lips have gone numb—surely this is the dawn of a new age
of painless surgery!”? Almost certainly not—although he might
have later told his friends that he felt somewhat excited, ener-
getic, and euphoric while he chewed the leaves.

For thousands of years, South American peoples have chewed
the coca leaf. It is a remarkable plant in that it contains vital

FIGURE 1-3. Ether spray.

FIGURE 1-2. Nerve compression technique.

nutrients as well as numerous alkaloids, most notably cocaine. The
coca leaves are taken from a shrub of the genus Erythroxylon coca,
named by Patrico Browne because of the reddish hue of the wood
of the main species.” Many species of this genus have been grown
in Nicaragua, Venezuela, Bolivia, and Peru since pre-Columbian
times. Erythroxylon coca contains the highest concentration of the
alkaloid known as cocaine in its leaves** (Figure 1-4).
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Erythroxylon Coca Lam

FIGURE 1-4. Coca leaf.

Traditionally, the leaves were chewed for social, mystical,
medicinal, and religious purposes. The Florentine cartographer
Amerigo Vespucci (1451-1512) was arguably the first Euro-
pean to document the human use of the coca leaf.> In his
account of his voyage to America on the second expedition of
Alonso de Ojeda and Juan de la Cosa from 1499 to 1500, he
reported that the inhabitants of the Island of Margarita chewed
certain herbs containing a white powder.” Among sixteenth-
century Spanish chroniclers, the appearance of coca is associ-
ated with Francisco Pizarro’s (1475-1541) conquest of the Inca
or Tawantinsuyo Empire in 1532. Pedro Pizarro (1515-1571),
Francisco Pizarro’s cousin, who played a leading role in the
capture of the last king of the Incas, described coca consump-
tion by the nobles and high officials of the Inca Empire.® After
the fall of the Inca Empire in the early 1500s, coca consump-
tion spread to the population at large, creating a drastic change
in the entire social system.

When the Spaniards conquered South America, they ini-
tially ignored the aboriginal claims that the leaf gave them vigor
and liveliness. They self-righteously declared the practice of

www.myuptodate.com

chewing the leaf the “work of the Devil.” But, once they found
that the claims of the natives were true, they not only legalized
the leaf but also taxed it—taking 10% of the value of each crop.
The taxes were then used to support the Roman Catholic
Church—the main source of revenue for the church to thrive.
In 1609, Padre Blas Valera wrote: “Coca protects the body from
many ailments, and our doctors use it in powdered form to
reduce the swelling of wounds, to strengthen broken bones,
to expel cold from the body or prevent it from entering, and to
cure rotten wounds or sores that are full of maggots. And if it
does so much for outward ailments, will not its singular virtue
have even greater effect in the entrails of those who eat it?” If
the padre had been blessed with the ability to foresee the future,
perhaps his enthusiasm would have been redirected toward
limiting the use of the leaf, and the field of anesthesia might
have taken a different turn.

Another member of the clergy, Bernabé Cobo, who spent his
life bringing Christianity to the Incas, was the first to describe
the anesthetic effects of coca. In a 1653 manuscript, he men-
tioned that toothaches could be alleviated by chewing the coca
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leaves. In 1859, an Italian physician by the name of Paolo
Mantegazza had witnessed the use of coca by the natives in
Peru. He wrote a paper describing the medicinal use in the
treatment of “a furred tongue in the morning, flatulence and
whitening of the teeth.”!

Needles and Syringes

If local anesthetic drugs are the bullets used when fighting pain,
the gun needed to fire these bullets is made up of a syringe and
a needle. Without the bullets, the gun is useless, and just as
certainly, without the gun, the bullets will have little effect. The
development of the hypodermic syringe and needle was there-
fore an important prerequisite for the use of cocaine for any-
thing but topical application. A thorough sifting of the available
historical evidence and independent reexamination of the
sources support the following outline of the facts: In 1845,
Francis Rynd described the idea of introducing a solution of
morphine hypodermically in the neighborhood of a peripheral
nerve to alleviate neuralgic pain.!"! He introduced the solution
by means of gravity, passively through a cannula once the trocar
had been removed.

Several centuries passed before the development of a syringe
to deliver medicine was described by Alexander Wood
(Figure 1-5). Wood, a contemporary of James Young Simpson,
in 1855 was the first to combine needle and syringe for hypo-
dermic medication. He used the equipment manufactured by a
gentleman by the name of Ferguson, who had developed the
graduated glass syringe and hollow needle for the purpose of
treating aneurysms by injecting ferric perchloride into the
aneurysm to form a coagulated mass. Wood, a physician inter-
ested in the treatment of neuralgia, reasoned that morphine
might be more effective if it were injected close to the nerve
supplying the affected area. Although morphine may have some
peripheral actions, and the effect of Wood’s morphine was
almost certainly central, he was nevertheless the first to think of
the possibility of producing nerve blockade by direct drug
injection. Thus, he has been called the “father-in-law” of local
anesthesia—all he lacked was an agent that worked locally.
Wood’s contribution was therefore his procedure of subcutane-
ous injection. This technique was subsequently adopted by C.
Hunter and renamed hypodermic injection, presumably
because Hunter’s purpose was to provide systemic absorption of
medications injected.'**?

The Introduction of Cocaine

The growth in Western science and technology exploded dur-
ing the nineteenth century. Six years after Charles Darwin’s
controversial book, On the Origin of Species by Means of Natural
Selection, Joseph Lister was an important figure in changing the
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FIGURE 1-5. Early syringe.

face of surgery. He applied Pasteur’s principles of bacterial
growth in eliminating sepsis in the operating theatre. Other
prominent figures contributed to the understanding of human
physiology, such as Sydney Ringer’s discovery of the need for
calcium and potassium to maintain cardiac excitability, signifi-
cantly advancing medical care. And then—there was cocaine.

Although the stimulant and hunger-suppressant effects of
coca had been known for years, the isolation of the cocaine
alkaloid was not achieved until 1855. Scientists attempted to
isolate cocaine, but no one was successful for two reasons: Coca
did not grow in the colder environment of Europe, and the
chemistry involved was unknown at that time. Finally, in 1855,
the German chemist Friedrich Gaedcke was able to isolate the
cocaine alkaloid and publish the description in the journal
Archiv der Pharmacie. In 1856, Friedrich Wohler asked a col-
league to bring him a large amount of coca leaves from South
America. Wohler then gave the leaves to Albert Niemann, a
PhD student at the University of Géttingen in Germany, who
then developed an improved purification process. His disserta-
tion, On a New Organic Base in the Coca Leaves, published in
1860, earned him his doctoral degree. Of interest, he described
cocaine as having “a bitter taste, promotes the flow of saliva,
and leaves a peculiar numbness, followed by a sense of cold
when applied to the tongue.”!*"®

Following Niemann, the first experimental study on cocaine
was conducted by a former naval surgeon from Peru, Thomas
Moreno y Maiz. He discovered that the injection of cocaine
solutions caused insensitivity in rats, guinea pigs, and frogs.
Bug, it was not until 1880, when Basil Von Anrep experimented
on himself, that the application of cocaine for surgery was
appreciated. Von Anrep injected a small amount of cocaine
under the skin on his arm and noted that the area became
insensitive to pinpricks. He did the same to his tongue with
the same effect. He published his findings with the caveat “the
animal experiments have no practical application; nevertheless
I would recommend trying cocaine as a local anesthetic in
persons of melancholy disposition.”"®

The groundwork was in place, but the final step toward the
clinical use of cocaine had yet to be taken. Viennese ophthal-
mologist Karl Koller (1857-1944) rose to the challenge
(Figure 1-6). Koller was an intern working in the Viennese
General Hospital, where he was befriended by Sigmund Freud!”
(Figure 1-7). Freud wanted to know more about the stimulat-
ing action of cocaine, which he hoped might prove useful in
curing one of his close friends of morphine addiction. This
friend was a pathologist and had developed an agonizingly
painful thenar neuroma secondarily to cutting himself during
the performance of an autopsy. Freud was able to obtain a sup-
ply of cocaine from the pharmaceutical firm Merck. He shared
it with Koller, who during the spring of 1884 helped him
investigate its effects on the nervous system.'®

Koller had dreams of achieving an appointment to assistant
and knew his chances would be greatly enhanced by the cre-
ation of a respectable piece of research. The research he pro-
duced proved worthy enough, but interpersonal animosity
intervened, and he was not awarded the position. Deeply disap-
pointed, he moved first to the Netherlands, then to the
United States.'” In July 1884, Freud published a review of
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FIGURE 1-6. Carl Koller.

cocaine and his experiments with the drug, again noting, but
without lending any particular attention to, the alkaloid’s anes-
thetic effect on mucous membranes.® It was Koller who
grasped the importance of this observation. His discovery was
no accident, for he was keenly aware of the limitations of gen-
eral anesthesia in ophthalmic surgery. Because of his past expe-
rience in the field of ophthalmology, Koller understood what
others had failed to recognize. Many eye surgeries at that time
were still being performed without anesthesia. Almost four
decades after the discovery of ether, general anesthesia by mask
had a number of limitations for ophthalmic surgery (eg, the
anesthetized patient could not cooperate with the surgeon, the

FIGURE 1-7. Sigmund Freud.

The History of Local Anesthesia

anesthesiologist’s apparatus interfered with surgical access). At
that time, many surgical incisions in the eye were not closed, as
fine sutures were not yet available. Vomiting from chloroform
or ether threatened to cause extrusion of the internal contents
of the globe, markedly increasing the risk of permanent blind-
ness. As a medical student, Koller had worked in a laboratory
searching for a topical ophthalmic anesthetic to overcome the
restrictions posed by general anesthesia. The medications avail-
able at that time had proved to be ineffective.

One day, Freud gave Koller a small sample of cocaine in an
envelope, which he slipped into his pocket (an everyday occur-
rence in many American and European cities to this day).
When the envelope leaked, a few grains of cocaine stuck to
Koller’s finger, which he casually licked with his tongue. His
tongue became numb—if he had been able to mouth the word
Eureka with a numb tongue, he may well have done so at this
precise instant. At that moment, Koller realized that he had
found what he had been searching for. He immediately created
a suspension of cocaine crystals in his laboratory.? Koller real-
ized that this had been noted by all who had worked with
cocaine and that “in the moment it flashed upon me that I was
carrying in my pocket the local anesthetic for which I had
searched some years earlier.”! In Freuds absence, he and
another colleague, Joseph Gartner, dissolved a trace of the white
powder in distilled water and instilled the solution into the
conjunctival sac of a frog. After a minute or so, “the frog
allowed his cornea to be touched and he also bore injury to the
cornea without a trace of reflex action or defense.” Koller wrote:
“One more step had yet to be taken. We trickled the solution
under each other’s lifted eyelids. Then we placed a mirror
before us, took pins, and with the head tried to touch the cor-
nea. Almost simultaneously we were able to state ‘I can't feel
anything.””?"** Then, he experimented with dog and guinea pig
corneas with 2% to 5% cocaine solutions.?

Koller soon achieved the extraordinary notoriety he had
longed for when in September 1884 he performed the first
ophthalmologic surgical procedure using local anesthesia on a
patient with glaucoma. The German Ophthalmologist Society
Congress was to meet in Heidelberg in September 1884 and
Koller was going to present his findings. Unfortunately, he was
unable to attend. He asked Dr. Joseph Brettauer, an ophthal-
mologist from Trieste, to present his paper at the Congress. The
effect of his work was immediate. Koller was able to present his
findings in October of that year to the Viennese Medical Society.
In late 1884, he published his findings.”!

Physicians in the United States soon heard about Koller’s
amazing work. Dr. Henry Noyes of New York, an attendee of
the Heidelberg Congress, published a summary of Koller’s work
in the New York Medical Record.** Another American physician,
Dr. Bloom, translated Kollers article into English and pub-
lished it in 7he Lancet in December of that same year. Kollers
work was the trigger for the development of regional/local
anesthesia. In the subsequent year, more than 60 publications
on local anesthesia with cocaine appeared in the United States
and Canada.

One of the most significant publications was that of
N. J. Hepburn, an ophthalmologist from New York." Self-
experimentation was the standard for drug trials in those days.
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To determine whether a drug was safe or effective, the
researcher or physician commonly tried the drug personally. It
takes courage to try a new drug on a patient, but it takes a
particular and much greater form of courage to try that drug on
yourself. Hepburn was no different from his colleagues. He
gave himself a succession of subcutaneous injections of 0.4 mL
(8 mg) of cocaine at 5-min intervals. By the eighth injection,
the stimulating effects of the drug were strong enough that he
decided it was best to stop. Unfortunately, Hepburn did not
stop with those initial injections. He repeated the “experiment”
2 days later and 4 days after that, each time increasing the total
amount of cocaine injected. Most likely by this time, he was
hopelessly addicted.

By November 1884, the ophthalmologist C. S. Bull reported
that he had been able to use cocaine to produce anesthesia of
the cornea and conjunctiva in more than 150 cases.”” He was
enthusiastic about the advantages of the drug in that he saved
time required for complete anesthesia with ether; patients were
less nauseated, the engorgement of the ocular blood vessels
(caused by ether) was eliminated, and he was less hampered by
the anesthesia equipment required for inhalation anesthesia.
Cocaine revolutionized eye, nose, and mouth surgery. Opera-
tions that had been exceedingly difficult or painful became
routine when topical or injectable cocaine was used. Koller did
not forget the contribution of his friend, Freud. He gave him
the credit as his muse. Despite his disillusionment at not being
foremost with the discovery, Freud is considered by many to be
the founder of psychopharmacology because of his initial use of
cocaine. He is considered the predecessor in the discovery and
experimentation with mescaline, LSD, and amphetamines to
modify behavior and to attempt to cure mental illness.”

Dangers of Cocaine

The “wonder drug” cocaine was soon sold everywhere and in
almost everything. Following its isolation from the coca leaf,
cocaine emerged as an ingredient in wine both in the

FIGURE 1-8. Cocaine toothache drops.
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United States and in Europe in amounts up to 7 mg/oz. In the
original recipe for Coca-Cola (1866), coca leaves were included
in the ingredients. It was not until 1906 when the Pure Food
and Drug Act was passed that the Coca-Cola company began
using decocainized leaves.' Until 1916, cocaine could be pur-
chased over the counter at Harrods in London. It was found in
tonics, toothache cures, and medicines (Figure 1-8). Coca
cigarettes were sold with the promise of lifting depression.
Those who purchased cocaine were promised in ads by the
pharmaceutical firm Parke-Davis that it could “make the cow-
ard brave, the silent eloquent, and render the sufferer insensi-
tive to pain.” In the operatic world, it became commonplace to
use cocaine to ease the pain of sore throats and to shrink nasal
mucous membranes to enable the singers to improve the reso-
nation of their voices.

Had cocaine’s use been restricted to enhancing opera singing
and local anesthesia, it would have become the achievement of
nineteenth-century medicine. As had happened earlier with
brandy, tobacco, morphine, and other drugs, cocaine was
administered in too high concentrations and with too few pre-
cautions. In 1886, William Hammond, a former US Army
Surgeon General, assured an audience of physicians that
cocaine addiction did not exist. Based on self-experimentation,
he concluded that regular use of cocaine was as easy to stop as
quitting coffee. It did not have the addictive qualities of drugs
like opium. But, when Hammond finished his lecture, an
addiction specialist named Jansen Mattison offered a rebuttal.
He related incidences of fierce addictions in patients under his
care. He described cocaine’s damaging effect on nerves and its
ability to produce hallucinations, delusions, and emaciation.
Many other practitioners began to encounter serious side
effects.?>%

Mattison knew what he was talking about. Over the next
several years, medical journals published hundreds of case
reports of “cocainism.” Unfortunately, many of the addicts were
medical practitioners who had experimented on themselves,
most notably Freud and William Stewart Halsted.?®* The opiate
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addicts, promised a cure for their addiction, switched to
cocaine, but continued to use both drugs, further compromis-
ing their health.

Several researchers deserve the credit for making the infiltra-
tion of cocaine safer. Maximillian Oberst, Ludwig Per-nice, and
Carl Ludwig Schleich, all from Germany, described the use of
low concentrations of cocaine as effective means of local anesthe-
tia.*® The Parisian surgeon Paul Reclus described the use of very
low concentrations of cocaine as effective anesthesia without
harmful side effects for tooth extractions and pulpotomies.’!

About the same time, Halsted was experimenting with low
concentrations of cocaine applied by compression devices.
Unfortunately, he also became addicted to both cocaine and
morphine and could not publish his results.'>'”* Over time,
the maximum “safe” cocaine dosage for infiltration anesthesia
was established at 50 mg.

AFTER COCAINE

As the undesirable effects of cocaine, most notably addiction

and toxicity, gradually became known, new anesthetic drugs
were sought to replace it. Local methods to provide anesthesia
had to await the development of less-toxic drugs. Once the
clinical usefulness of cocaine became evident, efforts were made
by various researchers to identify the active portion of the
cocaine molecule and to create new substances that possessed
local anesthetic activity without the adverse side effects. Most
of the chemical work involving the creation of local anesthetics
took place in Germany from 1900 to 1930.%

Niemann, as part of his pioneering work on purifying
cocaine, had hydrolyzed benzoic acid from cocaine. In the
search for other benzoic acid esters with local anesthetic proper-
ties, amylocaine (stovaine) was introduced in 1903. It became
popular for spinal anesthesia until it was shown to be an
irritant. Bug, it was the development of procaine in 1904 by the
German chemist Alfred Einhorn that revolutionized local anes-
thetics.?* On November 27, 1904, Einhorn (1856-1917) pat-
ented 18 para-aminobenzoic acid derivatives that had been
developed in the Meister Lucius and Briining plants at Hochst,
in Hesse, Germany. His compound Number Two was to bring
about a radical change in local anesthetic practice. He named
the new anesthetic Novocain.!! Procaine (Novocain) was intro-
duced into clinical practice by Professor Heinrich Braun in
1905. Braun published a study comparing this new anesthetic
to stovaine and alypine, two other promising local anesthetics.*
Procaine was found to be safe and quickly became the standard
local anesthetic drug. Within a short time, procaine completely
replaced cocaine as the most commonly used local anesthetic.
But, because of the short duration of action and prominent
allergic potential limiting its clinical effectiveness, the search for
longer-lasting compounds continued.!"!$263

In the years that followed, several local anesthetics were
synthesized and used in clinical practice until side effects or
other unfavorable characteristics were noted. In 1925, Karl
Meischer synthesized dibucaine, and in 1928 Otto Eisleb syn-
thesized tetracaine. Both were effective local anesthetics and
had the desirable qualities of longer duration and potency, but
systemic toxic effects limited their usefulness for regional

+TY\-FFIAALNF

www.myuptodate.com

The History of Local Anesthesia

techniques other than for spinal anesthesia. Most of the com-
pounds developed during this time were amino ester deriva-
tives, similar to cocaine, with similar allergic potential.

A major breakthrough came in the mid-1940s when the
Swedish chemists Nils Lofgren and Bengt Lundquist developed a
new local anesthetic they called lidocaine. Lidocaine was an
amino amide derivative, a stable compound not influenced by
exposure to high temperatures and, most importantly, one that
did not have the allergic potential of the ester-type local anesthet-
ics. With the development of this amide-type anesthetic drug, a
whole new class of local anesthetics was synthesized. In 1957, Af
Ekenstam developed mepivacaine and bupivacaine, and in 1969
Lofgren and Claes Tegnér developed prilocaine. Prilocaine’s syn-
thesis began because of a desire to produce a local anesthetic with
a potency similar to that of lidocaine but without lidocaine’s
systemic toxic effects. Unfortunately, it was soon discovered that
large doses of prilocaine produced a metabolite that caused met-
hemoglobinemia. Although probably not clinically significant,
this discovery severely limited its use in clinical practice.®* In
1972, etidocaine was introduced to the clinical scene but was
soon discovered to lack a differential sensory—motor blockade.
Its clinical usefulness was therefore limited.

The only new ester local anesthetic developed in more
recent times is chloroprocaine. Its rapid hydrolysis reduced the
possibility of systemic toxicity, but its usefulness was restricted
to procedures of short duration that did not produce a high
degree of postoperative pain. In modern regional practices, it
has been used both in spinal anesthesia and in nerve blocks for
short, relatively painless procedures.

Two goals of modern pharmaceutical research have been
development of amide anesthetics with lower toxicity and
modification in the delivery of local anesthetics. Levobupiva-
caine and ropivacaine were both introduced commercially in
1996 as purified S-enantiomers rather than racemic solutions,
with less risk of cardiac and central nervous system toxicity.
More recently, liposomal delivery systems that allow slow
release of commonly used local anesthetics have extended the
duration of effect beyond 48 hours.

LOCAL ANESTHESIA TECHNIQUES

Infiltration Anesthesia

In 1895, a then-novel approach, termed infiltration anesthesia,
had been promoted by Karl Ludwig Schleich (1859-1922).%
Schleich applied the principle that pure water has a weak anes-
thetic effect but is painful on injection, whereas physiologic
saline is not. In 1869, Pierre Carl Edouard Potain first observed
that the subcutaneous injection of water produced local anes-
thesia. Halsted, a surgeon at Roosevelt Hospital in New York
City, in a frank letter to the editor of the New York Medical
Journalin 1885, declared that the “skin can be completely anes-
thetized to any extent by cutaneous injections of water.”” In his
own practice, Halsted had begun using water instead of cocaine
in skin incisions, noting that the anesthesia did not subside
completely when hyperemia reappeared.

In the belief that there was a solution capable of performing
as a useful anesthetic that would not cause pain on injection,
Schleich mixed 0.2% sodium chloride with 0.02% cocaine.
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He used the mixture to produce cutaneous anesthesia for seba-
ceous cystectomy, hemorrhoidectomies, and small abscesses.
Although Braun dismissed Schleich’s solutions as “nonphysio-
logic,” Schleich’s work was important in advancing the applica-
tion of small quantities of local anesthetics for surgical
procedures. Because of the reported serious toxic reactions and
fatalities reported with cocaine, enthusiasm for the utilization
of local anesthesia had waned considerably. Paul Reclus
undoubtedly understood that the cause of death from local
anesthetics was related to overdose. He was able to demonstrate
that absorption could be limited with lower concentrations of
cocaine, a fact that Schleich obviously supported and imple-
mented.’! Schleich’s approach still seems to be relevant, particu-
larly with the recent European enthusiasm for tumescent
anesthesia, in which sometimes-huge volumes of very dilute
local anesthetic are used for surface surgery.

Conduction Anesthesia

With the excitement generated by Koller’s report of cocaine
anesthesia in 1884, several US surgeons concurrently enter-
tained the idea of injecting cocaine directly into tissues to ren-
der them insensitive. William Burke injected five drops of 2%
cocaine solution close to a metacarpal branch of the ulnar nerve
and then painlessly removed a bullet from the base of his
patient’s little finger.® However, it was William Stewart Halsted
(1852-1922; Figure 1-9) and his associate John Hall at Roos-
evelt Hospital in New York City who most clearly saw the great
possibilities of conduction block.”” Hall experimented on

FIGURE 1-9. William Stewart Halsted.
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himself by blocking a cutaneous branch of the ulnar nerve in
his own forearm.”’ He and Halsted did not stop with upper
extremity injections; they also successfully injected the muscu-
locutaneous (superficial peroneal) nerve of the leg. Hall
described the manifestation of systemic symptoms such as gid-
diness, severe nausea, cold perspiration, and dilated pupils, but
these symptoms did not stop these daring scientists from fur-
ther self-experimentation. Halsted blocked Hall’s supratroch-
lear nerve to remove a congenital cystic tumor. One can assume
that both Halsted and Hall had run out of minor surgical ail-
ments in themselves and therefore had to look to others on
whom they could experiment. In the days long before ethics
committees and informed consent, one is tempted to speculate
about the true “volunteer” status of the poor, and most likely
unsuspecting, medical students. Hall’s report was unequivocal
in predicting that this mode of administration of cocaine would
find wide application in outpatient surgery once the limits of
safety had been determined—remarkably prescient of him.%

Although the conduction blocks were successful, unfortu-
nately, several members of their group became addicted to
cocaine. No further publications about the usefulness of
cocaine anesthesia for surgical procedures were presented. It is
one of the great sadnesses of the development of analgesic drugs
in the history of humankind that two of the most effective
agents, morphine and cocaine, are wickedly addictive. They
deprived medicine of many of the potential discoveries of its
most gifted sons and daughters. However, that Hall and
Halsted were the true progenitors of conduction anesthesia can
scarcely be doubted.!”%

In 1891, Francois-Franck was the first to apply the term block-
ing to the infiltration of a nerve trunk in any part.?’ He correctly
discovered that the effect of the blocking drug was not limited to
sensory fibers, but provided blockade of all nerves, both motor
and sensory. He noted that sensory anesthesia became apparent
more rapidly than the motor paralysis, a fact confirmed by von
Anrep’s 1880 observations.'® Francois-Frank described the action
of cocaine as transitory and noninjurious, “physiologic and seg-
mental” anesthesia. He may well have borrowed part of it from
J. Leonard Corning, who in 1886 wrote that “the thought of
producing anaesthesia by abolishing conduction in sensory
nerves, by suitable means, should have been rife in the minds of
progressive physicians.”* Corning most likely got the idea from
Halsted because he had frequently observed Halsted and Hall’s
work at Roosevelt Hospital in New York.

The advantage of utilizing cocaine as a local anesthetic was
that it anesthetized only the section of the body where surgery
was to be performed, the goal of regional techniques in modern
practice. But, the price to be paid was in the duration of action
and toxicity, not to mention the more commonly recognized
problem of addiction. The dose of cocaine was limited to
30 mg because of rapid absorption. Unfortunately, the duration
of anesthesia was therefore no more than 15 minutes. Corning,
in 1885, began researching means of prolonging the local anes-
thetic action of cocaine for surgery. He believed that once
cocaine was injected beneath the skin, capillary circulation was
responsible for distributing, diluting, and removing the anes-
thetic substance. In one experiment, he injected 0.3 mL of a
4% solution of cocaine into a cutaneous nerve of the arm and
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produced immediate anesthesia of the skin of the forearm. By
compressing the extremity proximal to the site of injection with
an Esmarch bandage, he was able to intensify and prolong the
anesthesia to the forearm.*

Corning’s successes with prolonging the action of local anes-
thetic with a physical tourniquet inspired Heinrich F. W. Braun
to substitute epinephrine, a “chemical tourniquet,” for the
Esmarch tourniquet.* John Jacob Abel had isolated the pure
form from the suprarenal medulla in 1897, and it had been
subsequently used in ophthalmology to limit hemorrhage and
in the treatment of glaucoma.® During its use in ophthalmol-
ogy and subsequently in ear, nose, and throat surgeries, it was
discovered that epinephrine prolonged the effect of cocaine,
thereby allowing a reduction in dose and limiting side effects.
Braun determined the optimal solution of epinephrine with
cocaine by once again experimenting on himself. He discovered
that the maximal dose that he could tolerate without side
effects was 0.5 mg (0.5 mL of a 1:1000 solution of epinephrine).
He coined the term conduction anesthesia when publishing the
results of his experimentation.

Intravenous Regional Anesthesia

The first reported use of intravenous regional anesthesia
(IVRA) can be traced back to August Karl Gustav Bier
(Figure 1-10), the originator of the infamous Bier block. Bier,

e
FIGURE 1-10. August Bier.
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a German surgeon (1861-1949), influenced surgery, anesthe-
sia, and general medicine with his contributions through the
decades. IVRA was first described by Bier in 1908. His method
consisted of occluding the circulation in a segment of the arm
with two tourniquets. He then injected a solution of dilute
procaine through a venous cutdown in the isolated segment.
The injected solution diffused through the entire section of the
limb quickly, producing direct vein anesthesia in just a few
minutes.” The anesthesia lasted as long as the upper tourniquet
was in place. Recovery of sensation was rapid after the tourni-
quet was removed.®® Despite his successes, IVRA was not

widely used until the technique was reintroduced in the 1960s
by C. M. Holmes.”

Spinal Anesthesia

Soon after its introduction in 1884, local anesthesia became
popular with surgeons, particularly those in France, Germany,
and the United States.'® This was in large part due to concerns
about the safety of inhalational anesthesia, which, increased by
the introduction of chloroform, had given rise to significant
worries about toxicity. General anesthetic mortality was high at
this time, and there was a distinct shortage of personnel trained
to administer general anesthesia.”® In a bizarre twist, the first
spinal anesthetic was given some 5 years before the first lumbar
puncture. The term spinal anesthesia was introduced by Corn-
ing, a neurologist, in his famous paper of 1885: “Spinal Anaes-
thesia and Local Medication of the Cord With Cocaine.”? He
theorized that interspinal blood vessels would carry the local
anesthetic (cocaine) via communicating vessels into the spinal
cord. He did not mention anything about cerebrospinal fluid or
the depth of the needle insertion into the spinal space. It is
speculated that he was aiming directly at the spinal cord as he
introduced a needle between the 11th and 12th vertebrae. In
his paper, he wrote: “I reasoned that it was highly probably
that, if the anesthetic was placed between the spinous processes
of the vertebrae, it would be rapidly transported by the blood
to the substance of the cord and would give rise to anaesthesia
of the sensory and perhaps also of the motor tracts of the same.
To be more explicit, I hoped to produce artificially a temporary
condition of things analogous in its physiological consequences
to the effects observed in transverse myelitis or after total
section of the cord.”®

Corning’s report was based on a series of two injections: one
human and one animal (a dog). After first assessing its action in
a dog, producing a blockade of rapid onset that was confined
to the animal’s rear legs, he administered cocaine to a man who
was “addicted to masturbation.” It may be that many anesthe-
siologists have spent much time wondering whether masturba-
tion played any role in local anesthesia—this question can now
be answered in the affirmative. Corning administered one dose
without effect, and then, after a second dose had been given,
the patient’s legs “felt sleepy.” The man had impaired sensibility
in his lower extremity after about 20 minutes. He left Corning’s
office “none the worse for the experience”—although this expe-
rience itself may well have put him off his penchant for onan-
ism. Corning had injected a total of 120 mg of cocaine, about
four times the potentially lethal dose, in a period of 8 minutes.
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What he achieved in this patient was probably what is now
called epidural, or extradural, anesthesia. The dog probably
received a spinal anesthetic with approximately 13 mg of
cocaine, as judged by the rate of onset described.

Although Corning most assuredly had an innovative idea,
his results were not more than a lucky accident because he
injected a fatal dose of cocaine into the man. A direct commu-
nication between the extradural capillaries and the spinal cord
does not exist. Based on the education that Corning received at
the time, he was probably unaware of the existence of the sub-
arachnoid space and cerebrospinal fluid.

Lumbar Puncture/Spinal Anesthesia

Heinrich Irenaeus Quincke (Figure 1-11) is credited with the
introduction and popularization of the lumbar puncture. It was
developed as a treatment for hydrocephalus in children with
tubercular meningitis, then later as a diagnostic method for
certain central nervous system diseases.’! He based his approach
on sound anatomic knowledge of the subarachnoid space and
spinal cord. He used needles with an internal diameter of 0.5
to 1.2 mm and entered the subarachnoid space via a paraverte-
bral approach. Interestingly, he prescribed bed rest for 24 hours
following the puncture.

Despite the strides made by Quincke, utilizing his technique
for spinal anesthesia did not occur for 8 years after Quincke’s
first publication. Bier published his renowned paper on spinal
anesthesia in 1899. Bier had the good fortune to work at the

FIGURE 1-11. Heinrich Irenaeus Quincke.

same institution as Quincke and was most likely familiar with
his work. His intention was to use spinal anesthesia with
cocaine for major operations. He realized that he could produce
a profound block with a minimum amount of the drug, thereby
eliminating the majority of the adverse side effects noted by his
colleagues. In his experiments, he noted that the extent of anes-
thesia produced was not always predictable. As was popular
with his colleagues, he experimented on himself. He had his
assistant, August Hildebrandt, perform lumbar punctures on
him. In the first actempt, Hildebrandt was unable to administer
an appreciable amount of cocaine before a large volume of
cerebrospinal fluid leaked out of Bier. Because of the poor
response, they were close to abandoning the experiment. Hil-
debrandt then offered to be the next “guinea pig” instead. Bier
successfully placed the spinal anesthetic and proceeded to
“punish” Hildebrandt with blows to the tibia, pulling on his
testicle, and even putting out a cigar on Hildebrandt’s thigh.>>*
Unfortunately, both men developed violent headaches that
lasted for days, leading Bier to recommend the following prac-
tices that are still being followed today: preventing the excessive
loss of cerebrospinal fluid, using very fine (small) needles, and
following strict bed rest if significant loss of cerebrospinal fluid
cannot be avoided.* Intelligent prescience was at work again.

Bier was able to demonstrate that small amounts of local
anesthetic (cocaine) injected into the subarachnoid space could
provide surgical anesthesia for over 67% of the body. The anes-
thetic condition lasted approximately 45 minutes, an adequate
time for many surgical procedures. His work provided the basis
of spinal anesthesia as we practice it in modern medicine. Coin-
cidentally, the practice of wearing rubber gloves emerged as a
part of aseptic technique prior to Bier’s work on spinal anesthe-
sia, thus preventing many of the serious complications that
could have occurred without this prophylactic measure.”

So, who deserves the laurels for the first spinal anesthetic?
The history of anesthesiology is similar to that of other medical
branches in that it has had its share of quarrels concerning pri-
ority. International disputes between the surgeon August Bier
and his former colleague August Hildebrandt regarding the
question of who was the actual inventor of spinal anesthesia are
well documented. Although Hildebrandt and other colleagues
frequently give credit to Corning, Bier insisted that he admin-
istered and described the technique of spinal anesthesia. In an
extensive review (in the original language) of Corning’s publica-
tion and those of Bier of Germany, Bier compared key factors,
that is, the mention of cerebrospinal fluid, dose of injected
cocaine, onset of action, and height of sensory analgesia. He
noted that Corning’s dose of local anesthetic was eight times
higher than the dose given by Bier, yet the onset of analgesia
was slower with a lower sensory block. Cerebrospinal fluid was
not mentioned in Corning’s paper. Bier concluded that
Corning’s injection was extradural, and that he (Bier) deserved
to be acknowledged for introducing spinal anesthesia.’®>%

After Bier’s work in spinal anesthesia (published in 1899),
interest in spinal anesthesia spread rapidly. Within 2 years of
Bier’s work, it has been estimated that more than 1000 papers
were published relating to spinal anesthesia. Frederick Dudley
Tait and Guido Caglieri in San Francisco were the first
Americans

to use true spinal anesthesia clinically.”
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Rudoph Matas, head of the Department of Surgery at the
University of Louisiana (later known as Tulane University), was the
first American to report on spinal anesthesia. In his description of
spinal anesthesia, Matas initially dissolved cocaine in water, creat-
ing a hypobaric solution. Later, he changed his “standard” mixture
to cocaine with morphine, making him a pioneer in the use of
spinal opioids to enhance central neuraxial anesthesia.”

With the vast interest in spinal anesthesia, serious complica-
tions from its application were soon observed. . Gumprecht
published a report of 15 cases of sudden death after spinal
anesthesia.®” Multiple cases of respiratory arrest and hypoten-
sion, following Harvey Cushing’s introduction of blood pres-
sure measurement, were also reported, leading to spinal
anesthesia falling into disfavor.®"%? Several pioneers sought to
determine the causes of the variations in blood pressure from
spinal anesthesia. Several theories emerged that have shaped our
understanding of physiology today.

An extensive study was undertaken by L. G. Gray and H. T.
Parsons of England to evaluate the causes for the changes in
blood pressure after spinal anesthesia. They concluded that the
decrease in arterial blood pressure was attributed to the dimin-
ished negative intrathoracic pressure during inspiration. High
spinal anesthesia paralyzed the abdominal and thoracic muscles
necessary to maintain that negative pressure.”> With the under-
standing that hypotension was a primary danger with spinal
anesthesia, G. Smith and W. Porter determined in 1915 that
the fall in blood pressure was related to paralysis of the vasomo-
tor fibers in the splanchnic area that regulated the tone of the
blood vessels. They concluded that for spinal anesthesia to be
effective without serious drops in blood pressure, cephalad dif-
fusion of the local anesthetic should be avoided.®* Gaston Labat
contended that the serious adverse effects of spinal anesthesia
were related to cerebral ischemia, not hypotension. He recom-
mended that the patient should be placed in the Trendelenburg
position after the spinal injection to keep the brain supplied
with blood, therefore avoiding respiratory embarrassment.®®
Rather than looking at the position of the patient during injec-
tion, Arthur E. Barker promoted the idea that the baricity of
the solution was instrumental in determining the cephalad
spread. He made the injected solution stovaine, less toxic than
cocaine but more irritating, hyperbaric with 5% glucose.®
Barker was also a strong advocate for using sterile equipment
and medication for spinal techniques. In 1934, Pitkin and
Etherington-Wilson experimented with hypobaric solutions
and changes in patient position to maintain control of the
spread of the anesthetic.* Although there were other propo-
nents of hypobaric spinal anesthesia, most had to deal with
serious adverse effects, such as respiratory impairment and
profound blood pressure changes requiring resuscitative maneu-
vers. It was not until 1920 that W. G. Hepburn and Lincoln
Sise revived Barker’s methods. Sise, an anesthesiologist at the
Lahey Clinic in Boston, used hyperbaric tetracaine rather than
stovaine.

Because of the irritating qualities of stovaine, Sise was inter-
ested in finding other local anesthetics that would provide suf-
ficient length of anesthesia with limited side effects—something
modern anesthesiologists can relate to in our daily practice. He
was frustrated by the short duration of action of novocaine:

The History of Local Anesthesia

“The ending of a spinal anesthesia in the midst of an operation
is always disturbing and annoying, but when this takes place in
the midst of an abdominal operation, with the belly open, it
may be dangerous as well.”"” He began using tetracaine because
of its longer duration of action but was concerned about con-
trolling the height of the block. Following Barker’s recommen-
dations regarding hyperbaric solutions, he added 10% glucose
with success. He applied the same technique in 1935 to
tetracaine.® %8

The most negative consequence of spinal anesthesia came
from a trial in 1953. Two healthy young men had received
spinal anesthesia on the same day in a hospital in England.
Both developed permanent painful spastic paresis. Although the
exact cause of the neurologic injury was never proven, it was
suspected to be caused by contamination of the local anesthetic
solution.®””® Several other cases of paralysis after spinal anesthe-
sia followed, casting a dark shadow on the future application of
this anesthetic technique. Fortunately, a follow-up analysis of
over 10,000 spinal anesthetics was published by L. D. Vandam
and R. D. Dripps. “The most gratifying result was the failure
to discover persistent, progressive major neurological disease,”
providing the way for the spinal route to again emerge as a safe,
effective means of providing anesthesia.”’

The recurring problem of the inadequate duration of single-
injection spinal anesthesia led a Philadelphia surgeon, William
Lemmon, to report the development of an apparatus for con-
tinuous spinal anesthesia in 1940.”> Lemmon began with the
patient in the lateral position. The spinal tap was performed
with a malleable silver needle that was left in position. As the
patient was turned supine, the needle was positioned through a
hole in the mattress and table. Additional injections of local
anesthetic could be administered as required. Malleable silver
needles also found a less-cumbersome and more common
application in 1942 when Waldo Edwards and Robert Hingson
encouraged the use of Lemmon’s needles for continuous caudal
anesthesia in obstetrics. In 1944, Edward Tuohy of the Mayo
Clinic introduced important modifications of the continuous
spinal techniques. He developed the now-familiar Tuohy needle
as a means of improving the ease of passage of lacquered silk
ureteral catheters through which he injected incremental doses
of local anesthetic.”

Obstetric and Epidural Anesthesia

The origin of epidural analgesia began with Jean Enthuse
Sicard, a neurologist, who introduced cocaine through the
sacral hiatus for the treatment of sciatica and tabes. Indepen-
dently, Fernand Cathelin used the same technique for surgical
anesthesia.”*”> In 1921, the Spanish surgeon Fidel Pagés-Miravé
used a lumbar approach to the epidural space for surgical
patients. His greatest contribution to the field of anesthesia was
the introduction of segmental anesthesia, thereby eliminating
some of the serious side effects of complete neuraxial blocks.
Unfortunately, he died in an automobile accident before his
methods could be shared by the students he worked with at the
time. In 1931, Achille Dogliotti published a report on epidural
injection of local anesthetics without knowledge of Pagés-
Miravés work. One of the most important features of
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Dogliotti’s work was his identification of the epidural space. He
produced a textbook of his technique, which was both repro-
ducible and easy to learn.”® The limitation of epidural anesthesia
was similar to that of spinal anesthesia—the duration of anesthe-
sia provided. In 1947, Manuel Martinez Curbelo of Cuba is
credited with using the Tuohy needle and a small ureteral catheter
to provide continuous lumbar epidural analgesia.”

In the practice of obstetrics, religious beliefs obstructed the
progress of pain relief for women in labor. It was commonly
believed that providing anesthesia for the woman in labor went
against God’s will. James Young Simpson is credited with pro-
viding the first ether anesthetic for a complex obstetric delivery
in 1847. He was severely criticized by both his peers and the
clergy, but many women, most conspicuously Queen Victoria,
began requesting anesthesia for the delivery of their children.
There was not much progress in the field of obstetric analgesia/
anesthesia from 1860 to 1940 until John Bonica, chief of anes-
thesia at the University of Washington, took over the manage-
ment of his wife’s anesthesia (and probably saved her life)
during labor in 1943. She had a near-fatal complication during
open drop ether anesthesia. From the time that he intervened
in his wife’s care, he devoted his career to the advancement of
anesthetic care of the mother and fetus.”®

When Bonica was chief of anesthesia, caudal anesthesia was
the primary means used for providing labor analgesia. This fol-
lowed a report by W. B. Edwards and R. A. Hingson that
analgesia for labor and delivery could be satisfactorily achieved
with caudal injections of tetracaine through a needle left in
place within the sacral canal.”” When commercially available
catheters became available in the 1970s, continuous epidural
analgesia gained popularity. In the years following Bonica’s
contributions, epidural anesthesia for obstetrics has become the
norm. Modifications of the techniques and the introduction of
either spinal or epidural opioids have made labor and delivery
a more pleasant experience for expecting mothers.

A FEW THOUGHTS ON PAIN

Fundamental to modern neural blockade is the concept that
pain is a sensory warning conveyed by specific nerve fibers,
amenable, at least in principle, to modulation or interruption
anywhere in the nerve’s pathway. This outlook may be traced
back to developments in the study of physiology that finally
supplanted the view, first expressed by Plato and Aristotle, that
pain, like pleasure, is a passion of the soul, that is, an emotion
and not one of the senses. Philosophical changes growing out
of the great revolutions of the eighteenth century and the birth
of biology as a science gradually, although not entirely, effaced
the religious connotations of pain in Western civilization. The
doctrine of specific energies of the senses was first promulgated
in 1826 by Johannes P. Miiller (1801-1858).%° This doctrine,
although not specific for the conduction of pain, initiated the
movement of scientific thought toward analysis and classifica-
tion of the specific characters of different nerves. The theory
that pain was a separate and distinct sense was first definitively
developed by Moritz S. Schiff (1823-1896) in 1858. By exam-
ining the effect of incisions in the spinal cord, Schiff was able

to demonstrate that touch and pain were independent sensa-
tions. On animals, he demonstrated that injury to specific sec-
tions of the spinal cord resulted in loss of one modality without
affecting the other.?’ Miillers theories led Erasmus Darwin
(grandfather of Charles Darwin) to suggest the intensive theory
of pain. Darwin felt that the sensation of pain was not a separate
modality, but resulted from “whenever the sensorial motions
are stronger than usual,” theorizing that sensory overload leads
to pain.® The theories of pain remained controversial through-
out the early twentieth century, but by the middle of the twen-
tieth century, the specificity theory (each sensory modality is
transmitted along an independent pathway) became universally
accepted as the most credible.

Applying drugs to transmitting nerves to alleviate neuralgic
pain was first introduced by Francis Rynd in the early 1800s.
Rynd’s ideas possibly influenced the later development of both
nerve blocks and opioid regional anesthesia.®’ When Carl
Koller discovered the utility of cocaine as a surgical local anes-
thetic, a vast new world of local and regional analgesic therapy
began. Corning is credited with the concept of direct applica-
tion of an analgesic to the spinal cord for alleviation of pain,
but it was not until the mechanism of pain was more fully
understood that pain therapy could be focused on interrupting
pain pathways. Unfortunately, by believing that pain pathway
interruption was the complete answer to blocking pain,
researchers focused only on that aspect, closing their minds to
other related aspects of pain development. When Jean Joseph
Emile Letievant described specific neurectomy techniques in
the late nineteenth century, myriad surgical interventions, such
as rhizotomy, cordotomy, and tractotomy, emerged to treat
pain.® Unfortunately, most of these techniques were atrocious
failures that often created more intense pain than was present
prior to the procedure. Ronald Melzack and Patrick Walls
hypothesis that a spinal gate controls the cephalad transmission
of nociception led to the modern introduction of electrical
stimulation as a method of treating chronic pain. The concept
proposed in the theory, that pain perception could be lessened
by increasing activity in neural structures not associated with
pain, led to chronic stimulation of the deep brain and spinal
cord as a modality for the management of chronic pain. Con-
sequently, both the brain and spinal structures emerged as tar-
gets for neuroaugmentation.*** Although great strides have
been made in our understanding of pain development and
treatment, it is only through continued research that our
understanding of preemptive pain control, such as those meth-
ods used in regional anesthesia, can be complete.

TWENTIETH-CENTURY REGIONAL
ANESTHESIA

Orthopedic surgery has always lent itself to regional anesthesia
techniques because of the ability to isolate anesthesia to the
extremity being operated on. Initially, general anesthesia and
nerve blocks were combined (still a somewhat common prac-
tice today). Harvey Cushing is credited with coining the name
regional anesthesia for his method of blocking a nerve plexus
under direct vision during general anesthesia. His goal was to
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decrease the anesthetic requirements and to provide postopera-
tive pain relief. It is amazing to consider that he developed this
technique in 1902, more than 100 years ago. A similar
approach had been proposed by George Crile, 15 years earlier,
to decrease the stress of surgery. Upper extremity anesthesia by
blocking the brachial plexus percutaneously was achieved by
many of our early colleagues. G. Hirschel is credited with devel-
oping the “blind” axillary brachial plexus block and D. Kulen-
kampff the supraclavicular technique, both in 1911. Because
the risk of pneumothorax was high with the technique
described by Kulenkampft, it was subsequently modified by A.
Mulley using a lateral paravertebral approach. Mulley’s approach
is most likely the precursor of what is now commonly referred
to as the “Winnie block” for the brachial plexus.

The spread of regional anesthesia in the United States was
greatly facilitated by the work of Gaston Labat (Figure 1-12).
Recruited to work at the Mayo Clinic in Rochester, Minnesota,
Labat published his influential textbook, Regional Anesthesia, in
which he described his techniques to the next generation of
physicians, most notably Hippolite Wertheim, John Lundy,
Ralph Waters, and Emery Rovenstine. Labat worked at the
Mayo Clinic, then moved to Bellevue Hospital in New York
City, where he worked with Wertheim. Together, they formed
the first American Society of Regional Anesthesia. Labat’s suc-
cessor, Emery A. Rovenstine, was recruited to Bellevue to con-
tinue Labat’s work. It was Rovenstine who was responsible for
creating the specialty of anesthesiology in the 1920s and 1930s.
He also is responsible for the creation of the first American
clinic for the treatment of chronic pain, where he and his asso-
ciates refined techniques of both lytic and therapeutic injec-
tions. Rovenstine and his successors used the American Society

FIGURE 1-12. Gaston Labat.
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of Regional Anesthesia to educate physicians about pain man-
agement throughout the United States.®

The development of the multidisciplinary pain clinic was
one of many contributions to anesthesiology made by John J.
Bonica, a renowned teacher of regional techniques. During his
periods of military, civilian, and university service at the
University of Washington, John Bonica formulated a series of
improvements in the management of chronic pain. His text,
The Management of Pain, is regarded as a classic of the
literature.®”

THE POPULARITY AND USE OF LOCAL
ANESTHESIA

Ever since Koller’s original work, the popularity of local anaesthe-
sia has waxed and waned, like that of many other medical devel-
opments. The announcement of his work produced a massive
wave of enthusiasm, which was tempered as the problems of
cocaine became increasingly appreciated. The first resurgence of
interest came with the introduction of safer drugs at the begin-
ning of the twentieth century and the second as a result of the
efforts of Labat, Lundy, Maxson, Odom, and Pitkin in the
United States in the years between the two world wars.

In Britain, general anesthesia has traditionally been adminis-
tered by qualified doctors (although not always by specialists who
practiced anesthesia exclusively). Standards have usually been
high because the conduct of general anesthesia has been their
entire responsibility. By contrast, local and regional techniques, if
they were used at all, were performed by the surgeon, whose
interest and attention were divided between anesthetic and
operation. Regional anesthesia was not seen always to be to the
patient’s best advantage under such circumstances. Nevertheless,
when the examination for the diploma in anaesthesia was insti-
tuted in 1935, the curriculum included local anesthesia. This,
together with the establishment of anesthesia as an independent
specialty within the UK National Health Service in 1948, did
much to encourage local anesthetic techniques. Unfortunately,
the years between 1950 and 1955 saw a sharp decrease in the use
of local, and particularly spinal, anesthesia in the United Kingdom
and in the United States. The many advances in general anesthe-
sia then taking place were partly responsible because they encour-
aged the belief that a local technique was unnecessary. More
important, though, was the fear of severe neurologic damage.
The report, “The Grave Spinal Cord Paralyses Caused by Spinal
Anesthesia,” written in 1950 in New York by a British-trained
neurologist, Foster Kennedy, was followed by the Woolley and
Roe case and led to a virtual extinction of the use of regional
techniques (see discussion in the section on spinal anesthesia).”’
After a number of reports of the safe use of local anesthetics for
surgical procedures emerged, regional anesthesia techniques once
again began to slowly emerge.

Local anesthetic techniques are of value in blocking afferent
stimuli even in major surgery because of the reduction in the
pain and stress suffered by the patient. This approach is now
extending even to cardiac surgery, but the concept is far from
new. As early as 1902, Harvey Cushing was advocating the
combination of local with general anesthesia to decrease
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“surgical shock,” a concept that was further developed by Cirile.
The term balanced anaesthesia is common today and implies a
triad of sleep produced by either inhalational or intravenous
route, profound analgesia with opioid drugs, and muscle relax-
ation by neuromuscular block. But, interestingly, when Lundy
first used the term in 1926, he intended that the second and
third parts of the triad would be produced by a local anesthetic
block, something proponents of regional anesthesia are imple-
menting in modern anesthesia practice.

Other advances, although more difficult to quantify, have
directly or indirectly helped the cause of regional anesthesia. For
example, developments in the field of medical plastics have
resulted in safe and reliable syringes, catheters, and filters, and the
anesthesiologist can select from a wide variety of sedative and
anxiolytic drugs that, when carefully used, can greatly improve
the patient’s acceptance of a nerve block. Of great importance has
been the understanding of the effects and treatment of sympa-
thetic block. Ephedrine became available in 1924 and was first
used to treat hypotension during spinal anesthesia in 1927, but
readily available intravenous fluids and equipment for their
administration are more recent developments.

Most currently used techniques of regional anesthesia were
devised during that first decade of the twentieth century: bra-
chial plexus block, axillary and supraclavicular approaches;
IVRA; celiac plexus block; caudal anesthesia; hyperbaric and
hypobaric techniques of spinal anesthesia; and all the presently
employed nerve blocks for the head and neck as applied in
dentistry and plastic surgery. Thereafter, aside from technical
innovation and understanding of some of the physiologic and
toxicologic responses to local anesthetics, the great impetus to
regional anesthesia came from the synthesis of the amide local
anesthetics and an understanding of their pharmacodynamic
and especially pharmacokinetic properties.*

In present-day practice, more advanced techniques of
regional anesthesia (eg, continuous catheters, combination
blocks, deep plexus blocks) have evolved because of the ground-
work put in place by those earlier pioneers. With the advent of
the Internet providing easier access to current medical practice,
patients are better educated and are becoming advocates for
regional anesthetic techniques.

It is appropriate to conclude by mentioning the organiza-
tions that seek to promote education and training in the use
of regional anesthetic techniques. The American Society of
Regional Anesthesia was reborn in 1975 and became firmly
established. Its European counterpart (the European Society
of Regional Anaesthesia and Pain Medicine) is younger but is
now equally well established, and similar societies are flourish-
ing in many other parts of the world. (founded in 1994 by
Drs. Hadzic and Vloka), have been developed to continue to
promote the safe and effective practice of regional
anesthesia.

THE TWENTY-FIRST CENTURY AND BEYOND

The history of local and regional anesthesia did not end in the
first half of the twentieth century. In fact, it is often said, “We
are making history every day.” For instance, important tech-
niques developed in the last few decades have refined our ability
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to identify peripheral nerves accurately. With the increasingly
enthusiastic introduction of the use of ultrasound for nerve
location, the rate of development in this area of regional anes-
thetic practice will increase at a greater pace. Other technologi-
cal advances have included needles optimized for visualization
under ultrasound.

As detailed in other chapters of this textbook, there are cur-
rent and exciting threads of enquiry on the morphology of
nerves, combining insights on nerve electrical stimulation and
pressure monitoring and a better understanding of the risks
leading to nerve injury. Research continues on better agents and
additives that can be used in regional anesthesia.

Perhaps the most important role for the regional anesthesi-
ologists who will make history in the next few decades will be
to document the clinical advantages and benefits of local and
regional anesthesia. This endeavor will not only manifest itself
as enthusiasm and skill but also will be based on the generation
of convincing data through careful clinical research and aca-
demic cooperation within the regional anesthesia community.
Books such as this are a vital part of building the future of
regional anesthesia and in themselves will form a part of the
history of local and regional anesthesia.
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SECTION 1

Patrick M. McQuillan

INTRODUCTION

A thorough understanding of the underlying anatomy is funda-
mental to a logical approach to the techniques used in regional
anesthesia. An appreciation for the embryologic development
of tissues and structures can significantly add to the under-
standing of functional anatomy as it relates to regional anesthe-
sia. In this chapter, I emphasize the embryologic development
of the brain, spinal cord, peripheral and autonomic nervous
systems, as well as the musculoskeletal system as it pertains to
regional anesthesia. Many excellent comprehensive texts on
embryology are available. For this chapter, I have relied heavily
on information from primary texts and refer the reader to them
for a complete discussion of all embryologic development. The
first two, Langman’s Medical Embryology* and Basic Concepts in
Embryology,* are valuable for their ease of readability, clarity of
figures, and clinical correlations. Human Embryology and Devel-
opmental Biology’ is a good contemporary, comprehensive
explanation of the molecular genetics of embryologic develop-
ment. The Developing Human: Clinically Oriented Embryology*
is the time-tested standard text of embryology.

GENERAL EMBRYOLOGY

The prenatal period is divided into two major periods: the
embryonic period, from fertilization through 2 months, and

the fetal period, from the third month through birth.

Embryonic Period

The embryonic period is the time when all tissues are formed
and, particularly during the second month, all organs are
formed. The fetal period is a time of organ growth.? Embryo-
logic development begins with fertilization, the process by
which the male and female gametes unite to give rise to a
zygote. Approximately 3 days after fertilization, cells of the
compacted embryo divide to form a morula, which is com-
posed of an inner and outer cell mass. The inner cell mass gives
rise to the tissues of the embryoblast, and the outer cell mass
forms the trophoblast, which later contributes to the placenta.
After a period of cell division, during which time the morula
enters the uterine cavity, the blastocoele forms, and the
embryo is known as a blastocyst (Figure 2—1).

By the eighth day of development, the blastocyst is partially
embedded in the endometrium. At this time, the trophoblast
differentiates into an inner and an outer layer. Lacunae develop
in the outer layer, maternal sinusoids are eroded, and by the
end of the second week a primitive uteroplacental circulation
begins to develop.

The inner cell mass, or embryoblast, differentiates into two
layers, the epiblast and the hypoblast, which together form the
bilaminar germ disk.

The most characteristic event occurring during the third
week of gestation is gastrulation. This is the process that estab-
lishes all three germ layers: endoderm, ectoderm, and
mesoderm in the embryo (Figure 2-2). Gastrulation begins
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FIGURE 2-1. Formation of the blastocyst.

with the formation of the primitive streak on the surface of the
epiblast portion of the bilaminar germ disk. Cells migrate
toward the primitive streak, detach from the epiblast, and slip
beneath it. This inward movement is known as invagination.
Once the cells have invaginated, some displace the hypoblast,
creating the new embryonic endoderm. Other cells come to lie
between the epiblast and the newly created endoderm to form
the mesoderm. Cells remaining in the epiblast then form the
ectoderm. Through the process of gastrulation, the epiblast
therefore becomes the source of all the germ layers in the
embryo.! Developments during the first 3 weeks of the embry-
onic period produce an embryo with one germ layer (week 1),
two germ layers (week 2), and three germ layers with a recog-
nizable three-dimensional body form (week 3)* (Figure 2-3).

In general terms, the ectoderm germ layer gives rise to
organs and structures that allow us to maintain contact with the
outside world.* It gives rise to the central and peripheral ner-
vous systems; the sensory epithelium of the eye, ear, and nose;
the epidermis and its appendages; hair and nails, mammary
glands; the hypophysis, subcutaneous glands; and the enamel of
the teeth.

The mesoderm gives rise to supporting structures of the
body, such as cartilage, bone, and connective tissue; striated and
smooth muscle; the heart, blood, lymph vessels, and cells; and

Blastula

Blastula cavity

Trophoblast - Outer cell mass

Embryoblast - Inner cell mass

the kidneys, gonads, and serous membranes lining the body

cavities, spleen, and the cortex of the adrenal gland.

The endoderm produces the epithelial lining of the gastro-
intestinal and respiratory tracts, as well as the epithelial lining
of the bladder and urethra, tympanic cavity, antrum, and audi-
tory tube. It also engenders the parenchyma of the tonsils,
thyroid, parathyroid thymus, liver, and pancreas.

As the embryo forms, it rapidly develops along several axes,?
the first of which is the craniocaudal axis. It is established while
the embryo is still a flat disk or sheet of cells. This axis runs
from the future head to the future tail of the body form. The
dorsoventral axis is the next to be established. This occurs as
the body folds and defines the future front and back sides of the
body form.

Establishment of the body axes takes place prior to and dur-
ing the period of gastrulation. Cells at the posterior margin of
the embryonic disk signal the craniocaudal axis. The dorsoven-
tral orientation of tissue is controlled by a complex interaction
of proteins and growth factors.

This early orientation of cells in the body is a result of the
expression of Hox genes. There are four Hox gene complexes in
vertebrates: Hox a, b, ¢, and d. Each consists of a group of
between 9 and 11 genes arranged sequentially along a particular
chromosome. A cascade of genes producing signaling factors
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Notochord
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(Cranial end of streak)

Primitive Streak

Gastrulating cells create:
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Embryology

Cranial End
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(Dorsal Layer)
Primitive streak
(Craniocaudal axis)
Hypoblast

(Ventral layer)

Trophoblast

Movement of gastrulating cells below epiblast

FIGURE 2-2. Establishment of the three basic germ layers in the embryo: endoderm, ectoderm, and mesoderm. A: Trophoblast with
the shell removed. B: Gastrulation viewed from the dorsal surface. Solid arrows show movement of cells in epiblast; dashed arrows show
movement of gastrulating cells below the epiblast. C: Differentiation of the basic germ layers.

also orchestrates left-right asymmetry, which is established early
in development. As a result of complex interactions, for exam-
ple, the heart and spleen lie on the left side of the body and the
main lobe of the liver lies on the right.

Regions of the epiblast that migrate and ingress through the
primitive streak have been mapped and their ultimate fates
determined. Mesoderm cells that ingress through the cranial
region of the primitive node become the notochord; those
migrating at the lateral edges of the primitive node and from
the cranial end of the primitive streak become the paraxial
mesoderm. Cells migrating through the midstreak region
become the intermediate mesoderm, and those migrating
through the caudal part of the streak form the lateral plate
mesoderm. This orientation of the mesoderm is important in
understanding limb development.

The embryonic disk, initially flat and almost round, gradu-
ally becomes elongated, with a broad cephalic and a narrow
caudal end. Expansion of the embryonic disk occurs mainly in
the cephalic region. This growth in elongation is caused by
continuous migration of cells from the primitive streak region

in a cephalad direction. Invagination and migration forward
and laterally of surface cells in the primitive streak continue
until the end of the fourth week. Germ cell layers in the
cephalic region begin their specific differentiation by the mid-
dle of the third week, whereas those in the caudal part differen-
tiate beginning by the end of the fourth week. This causes the
embryo to develop in a cephalocaudal direction (Figure 2—4).
At the beginning of the third week of development, the ecto-
dermal germ layer has the shape of the disk. The ectoderm gives
rise to two subdivisions: neuroectoderm, which forms all neural
tissue, and the epidermal covering of the body.* Appearance of the
notochord and prechordal mesoderm induces the overlying ecto-
derm to thicken and form the neural plate (Figure 2-5). Cells of
the neural plate make up the neuroectoderm, and their induction
represents the initial event in the process of neurulation. By the
end of the third week, the lateral edges of the neural plate become
elevated to form neural folds, and the depressed midregion forms
the neural groove. Gradually, the neural folds approach each other
in the midline, where they fuse, resulting in formation of the neu-
ral tube. Neurulation is then complete, and the central nervous
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B Ectoderm
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tissue

Neuroectoderm

Endoderm
Epithelium

Mesoderm

All muscle and
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FIGURE 2-3. Cross section of germ layers as they appear during embryonic folding. Az Cross section. B: Cross section of germ layers after

folding is completed. C: Longitudinal section.

system (CNYS) is represented by a closed tubular structure with a
narrow caudal portion, the spinal cord, and a much broader
cephalic portion characterized by a number of dilations, the brain
vesicles. As the neural folds elevate and fuse, cells at the lateral
border begin to dissociate from their neighbors. This cell popula-
tion, called the neural crest, will undergo a transition as they leave
the neuroectoderm to enter the underlying mesoderm.

During the body-folding process, the endoderm is formed into
an epithelial tube, which runs the length of the body. The deriva-
tives of the endoderm tube are all epithelial tissues (Figure 2—-6).

Initially, cells of the mesoderm germ layer form a thin
sheet of tissue on each side of the midline.! These cells pro-
liferate and form a thick end plate of tissue known as par-
axial mesoderm (Figure 2-7). More laterally, the mesoderm
remains thin and is known as the lateral plate. This lateral
plate divides into two layers: a somatic, or parietal, meso-
derm layer and a splanchnic, or visceral, mesoderm layer.
Together, these layers form the intraembryonic cavity. Inter-
mediate mesoderm connects the paraxial and lateral plate
mesoderm.
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FIGURE 2-4. Development of the embryo in a cephalocaudal direction. A: Lateral body folds, cross-sectional views. B: Craniocaudal body
folds, longitudinal views.
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FIGURE 2-5. Formation of the neural plate. A: Formation of the neural plate. B: Formation of the neural folds and neural groove.
C: Completion of neurulation, the creation of the neural tube.
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FIGURE 2-6. Formation of the endoderm.
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FIGURE 2-7. Formation of paraxial mesoderm (A), embryonic cavity (B), and embryonic folding (C).

By the beginning of the third week, paraxial mesoderm is
organized into segments. These segments are known as somito-
meres. They first appear in the cephalic region of the embryo,
and their formation proceeds in a craniocaudal direction. In the
head region, somitomeres transition, in association with seg-
mentation of the neural plate, into neuromeres. From the
occipital region caudally, somitomeres further organize into
somites. Somites give rise to the myotome (ultimately muscle
tissue), sclerotome (ultimately cartilage and bone), and derma-
tome (ultimately subcutaneous tissue of the skin). Collectively,
these are all supporting tissues of the body (Figure 2-8).

Signaling for this somite differentiation arises from sur-
rounding structures, including the notochord, neural tube,
epidermis, and lateral plate mesoderm. By the beginning of the
fourth week, cells forming the ventral and medial walls of the
somite lose their compact organization and shift their position
to surround the notochord (the dense cord of mesoderm that
induces neuroectoderm). These cells, collectively known as the
sclerotome, form a loosely woven tissue called the mesenchyme.
They will surround the spinal cord and notochord to form the
vertebral column. Cells at the dorsolateral portion of the somite
also migrate as precursors of limb and body wall structures.
Following migration of these muscle cells and cells of the
sclerotome, cells at the dorsomedial portion of the somite
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proliferate and migrate down the ventral side of the remaining
dorsal epithelium of the somite to form a new layer, the myo-
tome. The remaining dorsal epithelium forms the dermatome,
and together these layers constitute the dermomyotome. Each
segmentally arranged myotome contributes to muscles of the
back, whereas the dermatomes disperse to form the dermis and
subcutaneous tissue of the skin. Each myotome and dermatome
retains its innervation from the segment of origin, no matter
where the cells migrate. Therefore, each somite forms its own
sclerotome, the cartilage and bone component; its own myo-
tome, providing the segmental muscle component; and its own
dermatome, the segmental skin component. Each myotome
and dermatome also has its owns segmental nerve component
(Figure 2-9).

During the second month, the external appearance of the
embryo is changed greatly by the enormous size of the head and
formation of the limbs, face, ears, nose, and eyes.! By the begin-
ning of the fifth week, forelimbs and hind limbs appear as
paddle-shaped buds (Figure 2—-10). The forelimbs are located
dorsal to the pericardial swelling at the level of the fourth cervi-
cal to first thoracic somites, which explains their innervation by
the brachial plexus. Hind-limb buds appear slightly later just
caudal to the attachment of the umbilical stock at the level of
the lumbar and uppers sacral somites. With further growth, the

uptodate.co

27


http://www.myuptodate.com

28

FOUNDATIONS OF LOCAL AND REGIONAL ANESTHESIA

Intermediate

Mesoderm

Lateral Plate

Mesoderm

FIGURE 2-8. Development of the supporting tissues of the body myotome (muscle tissue), sclerotome (cartilage and bone), and
dermatome (subcutaneous tissue). Az Paraxial mesoderm condenses to form the somite. B: Somite forms three regions. C: Somitomeres
develop into somites.

terminal portions of the buds flatten, and a circular constriction
separates them from the proximal, more cylindrical segment.
Soon, four radial grooves separating five slightly thicker areas
appear on the distal portion of the buds. This development
foreshadows formation of the digits. These grooves, known as
rays, appear in the hand region first and, shortly afterward, in
the foot because the upper limb is slightly more advanced in
development than the lower limb. While fingers and toes are
being formed, a second constriction divides the proximal por-
tion of the buds into two segments, and the three parts charac-
teristic of the adult extremities can be recognized.

Fetal Period

The period from the beginning of the ninth week to the end
of the intrauterine life is known as the fetal period.' It is
characterized by maturation of tissues and organs and rapid
growth of the body in length. This is particularly striking
during the third, fourth, and fifth months, and increasing
weight is most striking during the last 2 months of gestation.
During the third month, the face becomes more human
looking, and the limbs reach their relative length in compari-
son with the rest of the body, although the lower limbs are
still a little shorter and less well developed than the upper

extremities. Primary ossification centers are present in the

long bones and the skull by the 12th week.

Skeletal System: Limb Growth
and Development

The skeletal system develops from paraxial and lateral plate
mesoderm as well as neural crest tissue.! The somites (as previ-
ously described) differentiate into a ventromedial component
called the sclerotome and a dorsolateral component called the
dermomyotome. This organization of cells forms a loosely
woven tissue called the mesenchyme. The mesenchyme
migrates and differentiates into fibroblasts, chondroblasts,
and osteoblasts.

At the end of the fourth week of development, limb buds
become visible as outpocketings of the ventrolateral body
wall.! Initially, they consist of a mesenchymal core derived
from the somatic layer of lateral plate mesoderm that will
form the bones and connective tissue of the limb, covered by
a layer of ectoderm. Ectoderm at the distal border of the limb
thickens and forms a specialized inducing tissue known as the
apical ectodermal ridge (AER). The AER exerts an inductive
influence on the adjacent mesenchyme, causing it to remain
as a population of undifferentiated, rapidly proliferating cells
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FIGURE 2-9. Cells of each somite region migrate separately to target destinations before forming specific tissues. Each somite forms its
own sclerotome, myotome, and dermatome. A: Sclerotome cells migrate medially to form bones (vertebrae and ribs). B: Dermatome cells
then migrate under ectoderm to form connective tissue of skin (dermis).

called the progress zone. As the limb grows, cells farther from
the influence of the AER begin to differentiate into cartilage
and muscle. In this manner of development, the limb pro-
ceeds proximodistally. In 6-week-old embryos, the terminal
portion of the limb buds becomes flattened to form hand and
footplates and is separated from the proximal segment by a
circular constriction. Later, a second constriction divides the
proximal portions into two segments, and the main parts of
the extremities can be recognized.! Fingers and toes are
formed when programmed cell death in the AER separates
this ridge into five parts. Further formation of the digits
depends on their continued outgrowth under the influence of
the five remaining segments of ridge ectoderm. This results in
condensation of the mesenchyme to form cartilaginous digital
rays. Development of the upper and lower limbs is similar
except that morphogenesis of the lower limb is approximately
1-2 days behind that of the upper limb.

During the seventh week of gestation, a key event occurs
that is critical in understanding the final orientation and inner-
vation of the limbs. The limbs rotate in opposite directions.
The upper limb rotates 90° laterally so that the extensor mus-
cles lie on the lateral and posterior surface and the thumbs lie
laterally. The lower limb rotates approximately 90° medially,
placing the extensor muscles on the anterior surface and the
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great toe medially.! This explains why homologous joints of the
upper and lower extremities (knees and elbows) point in opposite
directions. This limb rotation results in the following*:

1. The final orientation of the limbs.

2. The final location and orientation of muscle groups
(because the muscles are connected to the limb bones prior
to rotation).

3. The patterns of sensory innervation of the skin (also
because nerve fibers are connected with the dermis layer of
the skin prior to rotation and are pulled along).

While the external shape is being established, mesenchyme in
the buds begins to condense, and by the sixth week of develop-
ment, the first hyaline cartilage models can be recognized. Ossifi-
cation of the bones of the extremities begins by the end of the
embryonic period. Primary ossification centers are present in all
long bones of the limbs by the 12th week of development.

Molecular Regulation of
Limb Development

Positioning of the limbs along the craniocaudal axis in the flank
regions of the embryo is regulated by the Hox genes expressed
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Limb buds form as somatic lateral plate
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6 weeks
Apical Ectoderm Ridge
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bones.
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. limbs to form skeletal muscle.
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FIGURE 2-10. During the second month of development, the external appearance of the embryo greatly changes by rapid appearance of
the large size of the head and formation of the limbs, face, ears, nose, and eyes. By the beginning of the fifth week, forelimbs and hind limbs
appear as paddle-shaped buds. The arrows in the figure indicate direction of buds.
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along this axis.! Once positioning along this axis is determined,
growth must also be regulated along the proximodistal, anteropos-
terior, and dorsoventral axes. Patterning of the anteroposterior axis
of the limb is regulated by the zone of polarizing activity (ZPA),
a cluster of cells at the posterior border of the limb near the flank.
These cells produce retinoic acid, which initiates expression of
sonic hedgehog (Shh), a secreted factor that regulates develop-
ment along this axis.! This regulation results in digits appearing in
the proper order, with the thumb on the radial (anterior) side. As
the limb grows, the ZPA moves distally to remain in proximity
to the posterior border of the AER. The dorsoventral axis is
patterned in a similar fashion by the dorsal ectoderm of the limb.

Although patterning genes for the limb axes have been
predetermined, it is the Hox genes that regulate the types and
shapes of the bones of the limbs. These Hox genes are nested
in overlapping patterns of expression that somehow regulate
patterning.' As a result, variations in their combinations cre-
ate patterns of expression that may account for differences in
fore- and hind-limb structures.

Embryology

Vertebral Column

During the fourth week of development, cells of the sclero-
tome shift their position to surround both the spinal cord and
the notochord.! During further development, the caudal por-
tion of each sclerotome segment proliferates extensively and
condenses. This proliferation is so extensive that it proceeds
into the subjacent intersegmental tissue and binds the caudal
half of one sclerotome to the cephalic half of the adjacent
sclerotome. By incorporation of this intersegmental tissue
into the precartilaginous vertebral body, the body of the ver-
tebrae becomes intersegmental (Figure 2—-11). Hox genes also
control this patterning. Mesenchymal cells between cephalic
and caudal parts of the original sclerotome form the interver-
tebral disk. Although the notochord regresses entirely in the
region of the vertebral bodies, it persists and enlarges in the region
of the intervertebral disk. Here, it contributes to the nucleus
pulposus, which is later surrounded by circular fibers of the
anulus fibrosus. Together, these structures form the interver-

tebral disk.!

Cranial

Week 6

Neural Tube

Forming Spinal Cord

Somite1 + Somite2

Vertebra 1

Somite3 + Somite4

Vertebra 2

Intervertebral Disk

Growing out from Neural Tube

Nerves

Notochord

Caudal

Week 7

FIGURE 2-11. Formation of the vertebrae by fusion of sclerotome cells from two different somite levels.
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Muscular and Peripheral Nervous Systems

With the exception of some smooth muscle tissue, the muscular
system develops from the mesoderm germ layer.! Skeletal
muscle is derived from paraxial mesoderm, which forms
somites from the occipital to sacral regions and somitomeres in
the head. The somites and somitomeres form the musculature
of the axial skeleton body wall, limbs, and head. From the
occipital region caudally, somites form and differentiate into
this sclerotome, dermatome, and two muscle-forming regions.
One of these is in the dorsolateral region of the somite and
provides progenitor cells (myoblasts) for the limb and body
wall musculature. The other region lies dorsomedially, migrates
ventrally to cells that form the dermatome, and forms the myo-
tome. Patterns of muscle formation are under the influence of
the surrounding connective tissue into which myoblasts
migrate. In the head region, this connective tissue is derived
from neural crest cells. In cervical and occipital regions, muscles
differentiate from somitic mesoderm, whereas in the body wall
and limbs, they originate from the somatic mesoderm. By the
end of the fifth week, prospective muscle cells are collected into
two parts: a small dorsal portion, the epimere, and a larger
ventral part called the hypomere.' Nerves innervating segmen-
tal muscles are also divided into a dorsal primary ramus for the
epimere and a ventral primary ramus for the hypomere. These
nerves remain with their original muscle segment throughout

Shoulder girdle muscles
Ventral arm muscle masses form

Limb muscle masses

flexors
and

pronators

spinal nerve

Ventral Branch
Dorsal branch

Week 5

FIGURE 2-12. Formation of the spinal nerves.
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Ventral limb muscle masses

its migration. Myoblasts of the epimere form extensor muscles
of the vertebral column, and those of the hypomere give rise to
the muscles of the limbs and body wall. The first indication of
limb musculature is observed in the seventh week of develop-
ment as a condensation of mesenchyme near the base of the
limb buds. This mesenchyme is derived from dorsolateral cells
of the somites that migrate into the limb bud to form the
muscles. This connective tissue dictates the pattern of muscle
formation and is derived from somatic mesoderm, which also
gives rise to the bones of the limb.'

With elongation of the limb buds, the muscle tissue splits
into flexor and extensor components. The upper limb bud lies
opposite the lower five cervical and upper two thoracic seg-
ments. The lower limb buds lie opposite the lower four lumbar
and upper two sacral segments. As soon as the buds form,
ventral primary rami from the appropriate spinal nerves pene-
trate into the mesenchyme (Figure 2—12). At first, each ventral
ramus enters with isolated dorsal and ventral branches, but
soon these branches unite to form large dorsal and ventral
nerves. Thus, in the upper extremity, the radial nerve supplies
all the extensor musculature and is formed by a combination of
dorsal segmental branches. The ulnar and median nerves,
which supply all the flexor muscles, are formed by a combina-
tion of the ventral branches' (Figure 2-13). Immediately after
the nerves have entered the limb buds, they establish contact

Dorsal arm muscle masses form
extensors

and

supinators

Leg

Pelvic girdle muscles
Dorsal leg muscle masses
form extensors

Ventral leg muscle masses

Week 6

form flexors
and
adductors
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FIGURE 2-13. Development of the peripheral nervous system.

with the differentiating mesoderm condensations. This early
contact is a prerequisite for their complete functional differen-
tiation. Spinal nerves therefore play an important role in dif-
ferentiation and motor innervation of the limb musculature, as
well as providing sensory innervation for the dermatomes.
Although the original dermatomal pattern changes with growth
of the extremities, an orderly sequence can still be recognized in

the adult.

Central Nervous System

The CNS originates in the ectoderm and appears as the neural
plate at the middle of the third week' (Figure 2—14). After the
edges of the plate fold, the neural folds approach each other in
the midline to fuse, forming the neural tube. The CNS then
forms as a tubular structure with a broad cephalic portion (the
brain) and a long caudal portion (the spinal cord). A basal
plate, containing the motor neurons, and an alar plate, contain-
ing the sensory neurons, characterize the spinal cord, which
forms the caudal end of the CNS.

The walls of the recently closed neural tube consist of
neuroepithelial cells. These cells give rise to another type of
cell, the neuroblasts, which are primitive nerve cells. They
form a mantle layer around the neuroepithelial layer. This
mantle layer later forms the gray matter of the spinal cord.
The outermost layer of the spinal cord, called the marginal

layer, contains nerve fibers emerging from neuroblasts in the
mantle layer. As a result of myelination, this layer takes on a
white appearance and is called the white matter of the spinal
cord.! Because of the continuous addition of neuroblasts to
the mantle layer, each side of the neural tube shows ventral
and dorsal thickening. The ventral thickening (the basal
plates) contains ventral motor horn cells. The dorsal thicken-
ing (the alar plates) forms the sensory areas. A group of neu-
rons accumulate between these two areas, forming a small
intermediate horn, which contains neurons of the sympa-
thetic portion of the autonomic nervous system and is
present only at thoracic and upper lumbar levels of the spinal
cord! (Figure 2—15).

Spinal Nerves

Motor nerve fibers begin to appear in the fourth week, arising
from nerve cells in the basal plates of the spinal cord. They
collect into bundles known as ventral nerve roots. Likewise,
dorsal nerve roots form as collections of fibers originating from
cells in dorsal root ganglia. Central processes from these ganglia
form processes that grow into the spinal cord opposite the dor-
sal horns, and distal processes join the ventral nerve roots to
form a spinal nerve. Spinal nerves divide into dorsal and ventral
primary rami. Dorsal rami innervate dorsal axial musculature,
vertebral joints, and the skin of the back. Ventral primary rami
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FIGURE 2-14. Development of the central nervous system.
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FIGURE 2-15. Development of autonomic nervous system.
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innervate the limbs and ventral body wall and form the major
nerve plexuses.'

In the third month of development, the spinal cord extends
the entire length of the embryo, and spinal nerves pass through
the intervertebral foramina at their level of origin. With
increasing age, the vertebral column and dura lengthen more
rapidly than the neural tube, resulting in the terminal end of
the spinal cord gradually shifting to a higher level. At birth, this
level is at the third lumbar vertebra. In the adult, the spinal
cord terminates at the level of L2 to L3, whereas the dural sac
and subarachnoid space extend to S2. As a result of this dispro-
portionate growth, spinal nerves run obliquely from their seg-
ment of origin in the spinal cord to the corresponding level of
the vertebral column. Below L2 to L3, a thread-like extension
of the pia mater forms the filum terminale, which is attached to
the periosteum of the first coccygeal vertebra and marks the
tract of regression of the spinal cord.!

The Brain

The brain consists originally of three vesicles: the rhomben-
cephalon (hindbrain), mesencephalon (midbrain), and pros-
encephalon (forebrain). The rhombencephalon will ultimately
form the medulla oblongata, pons, and cerebellum. The mesen-
cephalon resembles the spinal cord with its basal and alar plates.
It will contain the anterior and posterior colliculi, forming the
relay stations for visual and auditory reflex centers. The prosen-
cephalon will ultimately give rise to the thalamus and hypo-
thalamus as well as the cerebral hemispheres.'

Autonomic Nervous System

Functionally, the autonomic nervous system can be divided into
two parts: a sympathetic portion in the thoracolumbar region
and a parasympathetic portion in the cephalic and sacral regions.
Both components of the autonomic nervous system consist of
two tiers of neurons: pre- and postganglionic (Figure 2—16).

Sympathetic Nervous System

Preganglionic neurons of the sympathetic nervous system arise
from the intermediate horn of the gray matter in the spinal
cord.® At levels from T1 to L2, their myelinated axons grow
from the cord through the ventral roots, paralleling the motor
axons that supply the skeletal musculature. Shortly after the
dorsal and ventral roots of the spinal nerve join, the pregangli-
onic sympathetic axons, derived from the neuroepithelium of
the neural tube, leave the spinal nerve via a white communi-
cating ramus. They soon enter one of a series of sympathetic
ganglia to synapse with neural crest-derived postganglionic
neurons. The sympathetic ganglia, the bulk of which are orga-
nized as two chains running ventrolateral to the vertebral bod-
ies, are laid down by neural crest cells that migrate from the
closing neural tube along a special pathway. Once the migrating
sympathetic neuroblasts have reached the site at which the
sympathetic chain ganglia form, they spread both cranially and
caudally until the extent of the chains approximates that seen

in the adult. Some of the sympathetic neuroblasts migrate far-
ther ventrally than the level of the chain ganglion to form a
variety of other collateral ganglia. The adrenal medulla can be
broadly viewed as a highly modified sympathetic ganglion. The
outgrowing preganglionic sympathetic neurons either termi-
nate within the chain ganglia or pass through on their way to
more distant sympathetic ganglia to form synapses with the cell
bodies of the second-order, or postganglionic, sympathetic
neuroblasts. Axons of some postganglionic neuroblasts, which
are unmyelinated, leave the chain ganglion as a parallel group
and reenter the nearest spinal nerve through the gray commu-
nicating ramus. Once in the spinal nerve, these axons continue
to grow until they reach their peripheral targets.

During the fifth week of development, cells originating in
the neural crest of the thoracic region migrate on each side of
the spinal cord toward the region immediately behind the dor-
sal aorta.! Here, they form a bilateral chain of segmentally
arranged sympathetic ganglia interconnected by longitudinal
nerve fibers. Together, they form the sympathetic chains on
each side of the vertebral column. From their position in the
thorax, neuroblasts migrate toward the cervical and lumbosa-
cral regions, extending the sympathetic chains to their full
length. Some sympathetic neuroblasts migrate in front of the
aorta to form preaortic ganglia, such as the celiac and mesen-
teric ganglia. Other sympathetic cells migrate to the heart,
lungs, and gastrointestinal tract, where they give rise to sympa-
thetic organ plexuses. Once the sympathetic chains have been
established, nerve fibers originating in the intermediate horn of
the thoracolumbar segments of the spinal cord penetrate the
ganglia of the chain. They are known as preganglionic fibers,
have a myelin sheath, and stimulate sympathetic ganglion cells.
Passing from spinal nerves to the sympathetic ganglia, they
form the white communicating rami. Axons of the sympa-
thetic ganglion cells, the postganglionic fibers, have no myelin
sheath. They either pass to other levels of the sympathetic chain
or extend to the heart, lungs, and intestinal tract. Other fibers,
the gray communicating rami, which are found at all levels of
the spinal cord, pass from the sympathetic chain to spinal
nerves and from there to peripheral blood vessels, hair, and
sweat glands.

Parasympathetic Nervous System

Neurons in the brainstem and the sacral region of the spinal
cord give rise to preganglionic parasympathetic fibers.! Although
also organized on a preganglionic and postganglionic basis, the
parasympathetic nervous system has a distribution quite differ-
ent from that of the sympathetic system. Like those of the
sympathetic nervous system, preganglionic parasympathetic
neurons originate in the intermediate column of the CNS.
However, the levels of origin of these neuroblasts are the mid-
and hindbrain and in the second to fourth sacral segments of
the developing spinal cord. Axons from these preganglionic
neuroblasts grow long distances before they meet the neural
crest—derived postganglionic neurons. These are typically
embedded in small, scattered ganglia or plexuses in the walls of
the organs they innervate.
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FIGURE 2-16. Development of autonomic nervous system: pre- and postganglionic neurons.
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CLINICAL RELEVANCE

Functional Analysis of the Brachial Plexus

The separation of the trunks of the brachial plexus into anterior
and posterior divisions places the nerves into relation with mus-
cles formed from primitive anterior and posterior mesoderm
masses during the development of the limbs. Once these rela-
tionships are established, they are never reversed, and the same
fundamental correlation exists in the adult.”® The anterior divi-

sions of the trunks unite to form the lateral and medial chords of
the brachial plexus, and the posterior divisions join to form the
single posterior cord. Thus, all branches of the lateral and medial
chords carry nerve bundles derived from the anterior divisions
of the trunks, and the branches of the posterior cord conduct
exclusively fibers from the posterior divisions. The discrete com-
partments of the upper extremity contain muscle groups of simi-
lar and related functions as well as the blood vessels and nerves
that supply them. This concept is emphasized in the word pre-
axial to designate the component and structures anterior to the
bone and fascial plane or axis of the limb and the word postaxial
to designate structures behind the bony and fascial axis. With the
limb in the anatomical position, those parts anterior to the bony
axis are all in a continuous plane down the front of the limb, with
the ventral axial line extending along the anterior surface of the
arm and forearm. The postaxial parts are positioned continuously
down the back of the limb.

The branches of the lateral and medial chords are all preaxial
and innervate the preaxial muscles of the limb, whereas the
posterior cord branches are postaxial and innervate the postax-
ial musculature. The radial nerve, being the only postaxial
nerve below the shoulder, supplies all the postaxial muscles in
the remainder of the limb. The median, musculocutaneous,
and ulnar nerves share preaxial innervation.

The musculocutaneous nerve is muscular in the arm and
cutaneous in the forearm, and it is the sole preaxial muscular
nerve in the arm. The preaxial median and ulnar nerves are
nerves of passage in the arm, but in the forearm and hand, each
contributes to innervation, the median nerve more heavily in
the forearm, the ulnar nerve more heavily in the hand.

In the shoulder region, many of the supra- and infraclavicular
branches of the brachial plexus arise from recognizable pre- and
postaxial cords or divisions. Their origins have the same signifi-
cance as the major anterior and posterior divisions of the trunks.
An example of this is the clavicle and the scapula. The clavicle is
an anterior and the scapula a posterior bone. An exception to this
designation involves the scapula because its coracoid process has
a phylogenetic history as a separate bone and fuses with the
scapula. Therefore, all muscles arising from the scapula, exclusive
of the coracoid process (pectoralis minor, coracobrachialis, and
short head of biceps), belong to a postaxial group at the shoulder,
and those from the clavicle and coracoid belong to a preaxial
group. The nerve-muscle correlation is maintained in that all
muscles of scapular origin are supplied by postaxial branches of

the brachial plexus, and all muscles derived from the clavicle and
coracoid are supplied by preaxial branches.

Functional Analysis of the
Lumbosacral Plexus

The innervation of the lower extremity follows the same pat-
tern of pre- and postaxial orientation as described for the upper
extremity. The primordial dermatomal pattern has disappeared,
but an orderly sequence of dermatomes can still be recognized.
Most of the original ventral surface of the lower limb lies on the
back of the adult limb. The ventral axial line extends along the
medial side of the thigh and knee to the posteromedial aspect
of the leg to the heel.

As previously described, this results from the medial rotation
of the lower limb at the end of the embryonic period. The lum-
bar plexuses are formed by the ventral rami of the first three
lumbar nerves and part of the fourth lumbar nerve. The primary
preaxial components are the genitofemoral nerve, which derives
from L1 and L2, and obturator and accessory obturator nerves,
which are derived from L2 and L3, respectively. The primary
postaxial components are the lateral femoral cutaneous nerve,
derived from L2 and L3, and the femoral nerve, derived from 12
through L4. The sacral plexus combines the ventral rami of part
of L4 and L5 and S1 through S3, as well as part of S4. All these
nerves, except S4, divide into anterior and posterior branches.
Like the brachial plexus, the anterior branches form preaxial
nerves related to preaxial muscle masses in skin areas, and the
posterior branches form similarly related postaxial nerves. The
principal nerve of the sacral plexus is the sciatic, which is com-
posed of a preaxial nerve (the tibial nerve) and a postaxial nerve
(the common peroneal), which is enclosed within a single sheath.

SUMMARY

In summary, regional anesthesia may be considered a practice
of applied anatomy. Successful neuraxial and peripheral nerve
blockade alike require a logical approach to the anatomic prin-
ciples. Knowledge of the embryologic development of tissues
and neural structures can significantly add to the understand-
ing of functional anatomy as it relates to regional anesthesia.
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INTRODUCTION

ANATOMY OF PERIPHERAL NERVES

The practice of regional anesthesia is inconceivable without
sound knowledge of the functional regional anesthesia anat-
omy. Just as surgical technique relies on surgical anatomy or
pathology leans on pathologic anatomy, the anatomic informa-
tion necessary for the practice of regional anesthesia must be
specific to this application. In the past, many nerve block tech-
niques and approaches were devised by academicians merely
relying on idealized anatomic diagrams and schematics, rather
than on functional anatomy. However, once the anatomic lay-
ers and tissue sheets are dissected, the anatomy of nerve struc-
tures without the tissue sheaths around them is of little
relevance to the clinical practice of regional anesthesia. This is
because accurate placement of the needle and the spread of the
local anesthetic after an injection depend on the interplay
between neurologic structures and the neighboring tissues
where local anesthetic pools and accumulates, rather than on
the mere anatomic organization of the nerves and plexuses.
Much research on functional regional anesthesia, a term intro-
duced by Dr. Jerry Vloka in the 1990s, has contributed to bet-
ter understanding of the anatomy of regional nerve blockade.
Moreover, the introduction of ultrasound in the practice of
regional anesthesia has further clarified the relationship of the
needle and the nerve and the dynamics of local anesthetic
spread.

The goal of this chapter is to provide a generalized and
rather concise overview of anatomy relevant to the practice of
regional anesthesia; more specific anatomic discussions pertain-
ing to individual regional anesthesia techniques are detailed in
their respective chapters. The reader is referred to Figure 3-1
for an easier orientation of the body planes discussed through-
out the book.
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All peripheral nerves are similar in structure. The neuron is
the basic functional neuronal unit responsible for the conduc-
tion of nerve impulses. Neurons are the longest cells in the
body, many reaching a meter in length. Most neurons are
incapable of dividing under normal circumstances and have
limited ability to repair themselves after injury. A typical neu-
ron consists of a cell body (soma) that contains a large nucleus.
The cell body is attached to several branching processes, called
dendrites, and a single axon. Dendrites receive incoming mes-
sages; axons conduct outgoing messages. Axons vary in length,
and there is one only per neuron. In peripheral nerves, axons
are long and slender. They are also called nerve fibers. The
peripheral nerve is composed of three parts: (1) somatosensory
or afferent neurons, (2) motor or efferent neurons, and
(3) autonomic neurons.

Individual nerve fibers bind together, somewhat like indi-
vidual wires in an electric cable (Figure 3-2). In the peripheral
nerve, individual axons are eveloped by the endoneurium,
which is a delicate layer of loose connective tissue around each
axon. Groups of axons are closely associated within a bundle
called a nerve fascicle that is surrounded by the perineurium,
which imparts mechanical strength to the peripheral nerve. In
surgical procedures, the perineurium holds sutures without
tearing. In addition to its mechanical strength, the perineurium
functions as a diffusion barrier to the fascicle, isolating the
endoneural space around the axon from the surrounding tis-
sue.! This barrier helps to preserve the ionic milieu of the axon
and functions as a blood—nerve barrier. The perineurium sur-
rounds each fasciculus and splits with it at each branching
point. The fascicular bundles in turn are embedded in loose
connective tissue called the interfascicular epineurium, which
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Median Sagittal Plane
Transverse or Axial Plane
Coronal Plane

FIGURE 3-1. Conventional body planes.

contains adipose tissue, fibroblasts, mastocytes, blood vessels
(with small nerve fibers innervating these vessels), and lymphat-
ics. In contrast, a more dense collagenous tissue forms the
epineurium that surrounds the entire nerve and holds it loosely
to the connective tissue through which it travels.

Of note, the fascicular bundles are not continuous through-
out the peripheral nerve. They divide and anastomose with one
another as frequently as every few millimeters.! However, the
axons within a small set of adjacent bundles redistribute them-
selves so that the axons remain in approximately the same quad-
rant of the nerve for several centimeters. This arrangement is a
practical concern to the surgeons trying to repair a severed nerve.
If the cut is clean, it may be possible to suture individual fascicu-
lar bundles together. In such a scenario, there is a greater chance
that the distal segment of nerves synapsing with the muscles will
be sutured to the central stump of motor or sensory axons. In
such cases, good functional recovery is more likely. If a short seg-
ment of the nerve is missing, however, the fascicles in the various
quadrants of the stump may no longer correspond with one
another, good axial alignment may not be possible, and func-
tional recovery is greatly compromised or improbable.! This
arrangement of the peripheral nerve helps explain why intraneu-
ral injections may result in disastrous consequences.

The connective tissue of a nerve is tougher, compared to the
nerve fibers themselves, and allows a certain amount of
“stretch” without damage to the nerve fibers. For instance, the
axons are somewhat “wavy,” and when stretched, the connective
tissue around them is also stretched—giving it some protection.
This feature plays a “safety” role in nerve blockade by allowing
the nerves to be “pushed” rather than pierced by the advancing
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needle, as often seen on ultrasound. For this reason, it is pru-
dent to avoid stretching the nerves and nerve plexuses during
nerve blockade (eg, in axillary brachial plexus blocks and some
approaches to the sciatic block).

The paraneurium consists of loose connective tissue that
holds a stable relationship between adjacent structures filling
the space in between them, such as the neurovascular bundles
of intermuscular septae. This tissue contributes to functional
mobility of nerves during joint and muscular movement.

Nerves receive blood from the adjacent blood vessels
running along their course. These feeding branches to larger
nerves are macroscopic in size and irregularly arranged, form-
ing anastomoses to become longitudinally running vessel(s)
that supply the nerve and give off subsidiary branches.
Although the connective tissue sheath enveloping nerves serves
to protect the nerves from stretching, it is also believed that
neuronal injury after nerve blockade may be due, at least
partly, to the pressure or stretch within connective sheaths that
do not stretch well and the consequent interference with the
vascular supply to the nerve.

Communication Between the Central and
Peripheral Nervous Systems

The functional boundary between the central nervous sys-
tem (CNS) and the peripheral nervous system (PNS) lies at
the junction where oligodendrocytes meet Schwann cells
along the axons that form the cranial and spinal nerve. The
CNS communicates with the body through spinal nerves.
Spinal nerves have both sensory and motor components
(Figure 3-3). The sensory fibers arise from neurons in the
dorsal root ganglia. Fibers enter the dorsolateral aspect of
the spinal cord to form the dorsal root. The motor fibers
arise from neurons in the ventral horn of the spinal cord.
The fibers pass through the ventrolateral aspect of the spinal
cord and form the ventral root. The dorsal and ventral roots
converge in the intervertebral foramen to form a spinal
nerve. After passing through the intervertebral foramen, the
spinal nerve divides into dorsal and ventral rami. The dorsal
ramus innervates muscle, bones, joints, and the skin of the
back. The ventral ramus innervates muscle, bones, joints,
and the skin of the anterior neck, thorax, abdomen, pelvis,
and the extremities.

Spinal Nerves

There are 31 pairs of spinal nerves (Figure 3-4). The spinal
nerves are enumerated by region: 8 cervical, 12 thoracic,
5 lumbar, 5 sacral, and 1 coccygeal. Spinal nerves pass through
the vertebral column at the intervertebral foramina. The first
cervical nerve (C1) passes superior to the C1 vertebra (atlas).
The second cervical nerve (C2) passes between the C1 (atlas)
and C2 (axis) vertebrae. This pattern continues down the cervi-
cal spine. A shift in pattern occurs at the C8 nerve because there
is no C8 vertebra. The C8 nerve passes between the C7 and T'1
vertebrae. The T1 nerve passes between the T1 and T2 verte-
brae. This pattern continues down the remainder of the spine.
The vertebral arch of the fifth sacral and first coccygeal
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FIGURE 3-2. Organization of the peripheral nerve.

vertebrae is rudimentary. Because of this, the vertebral canal
opens inferiorly at the sacral hiatus. The fifth sacral and first
coccygeal nerves pass through the sacral hiatus. Because the
inferior end of the spinal cord (conus medullaris) in adults is
located at the L1 to L2 vertebral level, roots of spinal nerves
must descend through the vertebral canal before exiting the
vertebral column through the appropriate intervertebral fora-
men. Collectively, these roots are called the cauda equina.
Outside the vertebral column, ventral rami from different
spinal levels coalesce to form intricate networks called plexuses.
From the plexuses, nerves extend into the neck, the arms, and

the legs."”

DERMATOMES, MYOTOMES, AND
OSTEOTOMES

Dermatomal, myotomal, and osteotomal innervations are often

emphasized in regional anesthesiology texts as important for
the application of nerve blocks. In clinical practice of regional
anesthesia, however, it is more practical to think in terms of
which block techniques provide adequate analgesia and anes-
thesia for specific surgical procedures, rather than attempt to
match nerves and spinal segments to the relevant dermatomal,
myotomal, and osteotomal territory. Nevertheless, the descrip-
tion of dermatomal, myotomal, and osteotomal innervation is
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C7 vertebral body
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Anterior rami (motor)
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Facet joint
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FIGURE 3-3. Transverse section of cervical spine showing the spine with the origin of spinal nerves.

of didactic importance in regional anesthesia and is briefly
presented here.

A dermatome is an area of the skin supplied by the dorsal
(sensory) root of the spinal nerve (Figures 3—5a, 3-5b, and 3-6).
In the trunk, each segment is horizontally disposed, except CI,
which does not have a sensory component. The dermatomes of
the limbs from the fifth cervical to the first thoracic nerve and
from the third lumbar to the second sacral vertebrae extend as a
series of bands from the midline of the trunk posteriorly into the
limbs. It should be noted that considerable overlapping occurs
between adjacent dermatomes; that is, each segmental nerve
overlaps the territories of its neighbors.?

A myotome is the segmental innervation of skeletal muscle
by the ventral (motor) root(s) of the spinal nerve(s). Major
myotomes, their function, and corresponding spinal levels are
represented in Figure 3-7. The innervation of the bones and

Lateral ramus

Medial ramus

of

dorsal ramus (posterior)

Dorsal root
(Sensory root)
Ventral root
(Motor root)
Spinal ganglion
Meningeal ramus
Spinal nerve

Ramus communicans

Ventral ramus

Sympathetic ganglion

FIGURE 3-4. Anatomy of a spinal nerve (intercostal nerve).

joints (osteotome) often does not follow the same segmental
pattern as the innervation of the muscles and other soft tissues
(Figure 3-8).

ANATOMY OF PLEXUSES
AND PERIPHERAL NERVES

Cervical Plexus

The cervical plexus innervates muscles, joints, and skin in the
anterior neck (Table 3—1). It is formed by the ventral rami of
C1 through C4 (Figures 3-9 and 3-10). The rami form a
loop called the ansa cervicalis that sends branches to the infra-
hyoid muscles. In addition, the rami form nerves that pass
directly to several structures in the neck and thorax, including
the scalene muscles, diaphragm, clavicular joints, and skin
covering the anterior neck.

Ansa Cervicalis

The ventral ramus of C1 attaches to the ventral rami of C2 to
C3. The attachment forms a loop called the ansa cervicalis,
which sends branches to the infrahyoid muscles. The infrahyoid
muscles consist of the omohyoid, sternohyoid, and sternothyroid
muscles. They attach to the anterior surface of the hyoid bone or
to the thyroid cartilage. Contraction of these muscles moves the
hyoid bone or thyroid cartilage downward, effectively opening
the laryngeal aditus, promoting inspiration. The C1 component
also sends fibers to the thyrohyoid and geniohyoid muscles. Con-
traction of these muscles moves the anterior hyoid bone superi-
orly, closing the laryngeal aditus. Closure of the laryngeal aditus
is necessary for swallowing to occur safely. This is one of the
reasons why high levels of spinal anesthesia result in airway com-
promise and the risk of aspiration.

Nerves to Scalene Muscles

The ventral rami of C2 to C4 send branches directly to the sca-
lene muscles, which attach between the cervical spine and ribs.
When the cervical spine is stabilized, contraction elevates the
ribs. This promotes inspiration. Interscalene block may result in
block of the scalene muscles in addition to the phrenic block.
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FIGURE 3-5. a, b: Dermatomes, anterior.

This is typically asymptomatic in healthy patients but may result
in acute respiratory insufficiency in patients with borderline pul-
monary function or in those with an exacerbation of asthma or
chronic obstructive bronchitis. It is recommended that more
distal approaches to a brachial plexus block and smaller injection
volumes be used to limit the cephalad extension of the block, as
well as shorter-acting local anesthetics to avoid prolonged block-
ade in case of respiratory insufficiency.

Phrenic Nerve

The phrenic nerve is formed by junction of fibers from C3 to
C5, (Figure 3-10) and it innervates the diaphragm. The
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Trigeminal, oftalmic nerve V1
Trigeminal maxilar nerve V2
Occipital major nerve C2
Occipital minor nerve C3
Auricular major nerve C3
Trigeminal mandibular nerve V3
Transverse nerve C3-C4

Supraclavicular nerve C4

phrenic nerve descends through the neck on the anterior sur-
face of the anterior scalene muscle, passing through the supe-
rior thoracic aperture and descending on the walls of the
mediastinum to the diaphragm. In addition to muscular
fibers, the phrenic nerve transmits sensory fibers to the supe-
rior and inferior surfaces of the diaphragm. All approaches to
the block of the brachial plexus above the clavicle with high
volumes result in phrenic blockade (Figure 3-12).

Cutaneous Nerves of the Anterior Neck

Cutaneous sensory nerves arise from the cervical plexus, pass
around the posterior margin of sternocleidomastoid, and
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C2,3
C3
c4 Greater occipital
C5
c6 Lesser occipital
T . Supraclavicular
T2 &
T3 ! / Superior lateral cutaneous
3.4 - Medial brachial cutaneous
C5,6 -
T4 Intercostobrachial
15 3] Posterior cutaneous of arm
T6 '
T7 W Posterior antebrachial cutaneous
T1C,)§ W é,/ Lateral antebrachial cutaneous
3
T8 N -[ Lateral cutaneous branches
\ .
9 | Medial cutaneous of forearm
T10
T11 Posterior division of lumbar nerves
C5,6 From radial
ce,7
C8, T1 From ulnar
T2 Lateral femoral cutaneous
C6,7, 8
c8, T1 Branches of posterior femoral cutaneous
L1 Anterior femoral
L2
L3 Lateral sural cutaneous
S1 Medial crural branches of saphenous
S1,2,3
S$1,2,3 Superficial fibular
L3, 4 Sural nerve
L2, 3
L4, 5, S1 Branch from tibial
S1,2
L3, 4
L5, S1

FIGURE 3-6. Dermatomes, posterior.

terminate in the scalp and anterior neck. The minor occipital
nerve passes to the posterior auricular region of the scalp. The
major auricular nerve passes to the auricle of the ear and to the
region of the face anterior to the tragus. The transverse cervical
nerve supplies the anterior neck. A series of supraclavicular
nerves innervates the region covering the clavicle. Furthermore,
the supraclavicular nerves may provide articular branches to the
sternoclavicular and acromioclavicular joints.*

Brachial Plexus

The brachial plexus innervates bones, joints, muscles, and the
skin of the upper extremity (Table 3-2). It is formed by ven-
tral rami of C5 to T1 (Figures 3-11 and 3-12). In the
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posterior cervical triangle between the anterior and middle
scalene muscles, the ventral rami join to form trunks. C5 and
C6 join to form the superior trunk. C7 forms the middle
trunk. C8 and T1 join to form the inferior trunk. All trunks
branch into anterior and posterior divisions. All the posterior
divisions join to form the posterior cord. The anterior divi-
sions of the superior and middle trunks join to form the lat-
eral cord. The anterior division of the inferior trunk forms the
medial cord. Several terminal nerves arise within the posterior
cervical triangle. Because they arise superior to the clavicle,
they are called supraclavicular branches. The supraclavicular
branches include the dorsal scapular nerve, the long thoracic
nerve, the suprascapular nerve, and the nerve to the

subclavius.’”

uptodate.com

CrdEl Cad il Al


http://www.myuptodate.com

Functional Regional Anesthesia Anatomy 45

N
I
>
=
-
m
]
W

FIGURE 3-7. Functional innervation of the muscles (myotomes): A: Medial and lateral rotation of shoulder and hip, pronation and
supination of wrist and forearm. Abduction and adduction of shoulder and hip. B: Flexion and extension of elbow and wrist. C: Flexion and
extension of shoulder. D: Flexion and extension of hip, and knee. Dorsiflexion and plantar flexion of ankle, lateral views.

Anterior

llioinguinal and
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Subscapular C5-C6 #
Axillary C5-C6
Musculocutaneous C5-C6

Median C5-C6 M Sciatic L4-S3
Ulnar C8-T1 W Tibial L4-S3 ®
Radial C6-T1 Common peroneal L4-S3 W

Deep peroneal L4-S2 W
Sural 81 ©

FIGURE 3-8. Innervation of the major bones (osteotomes).
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TABLE 3-1. Organization and distribution of the cervical plexus.

Nerves Spinal Segments  Distribution

Ansa cervicalis (superior and CltoC4 Five of the extrinsic laryngeal muscles (sternothyroid, sternohyoid,
inferior branches) omohyoid, geniohyoid, and thyrohyoid) by way of CN XII

Lesser occipital, transverse C2t0C3 Skin of upper chest, shoulder, neck, and ear

cervical, supraclavicular, and
greater auricular nerves

Phrenic nerve C3toC5 Diaphragm

Cervical nerves CltoC5 Levator scapulae, scalenes, sternocleidomastoid, and trapezius
muscles (with CN XI)

CN = cranial nerve.

Supraclavicular Branches
Dorsal Scapular Nerve

The dorsal scapular nerve arises from the ventral ramus of
C5. It follows the levator scapula muscle to the scapula and
descends the medial border of the scapula on the deep sur-
face of the rhomboid muscles. In its route, the dorsal

Great auricular
Lesser occipital
Transverse cervical

Supraclavicularis

FIGURE 3-9. Cervical plexus.

scapular nerve innervates the levator scapula and rhomboid
muscles.

Long Thoracic Nerve

The long thoracic nerve arises from the ventral rami of C5 to C7.
It descends along the anterior surface of the middle scalene to

Hypoglossal
Hypoglossal ansa
To levator scapulae

Phernic
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FIGURE 3-10. Dissection of cervical plexus.
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Anterior belly of digastric muscle

Facial artery

Submandibular gland
Parotid gland

Sternohyoid muscle
External yugular vein

Great auricular nerve
Transverse cervical nerve
Sternocleidomastoid muscle
Lesser occipital nerve
Scalenus medius muscle

Superficial cervical plexus
point (Erb’s Point)

Anterior supraclavicular nerve
Accessory nerve (XI)
Omohioid muscle

Middle supraclavicular nerve
Lateral supraclavicular nerve
Clavicle

Pectoralis major muscle

TABLE 3-2. Organization and distribution of the brachial plexus.

Nerves(s)

Nerves to subclavius C4to0C6

Dorsal scapular nerve G5

Long thoracic nerve C5to C7
Suprascapular nerve C5,Co6
Pectoralis nerve C5to0T1
(median and lateral)
Subscapular nerves C5,Co
Thoracodorsal nerve C61to0 C8
Axillary nerve C5,Co6
Radial nerve C5toT1
Musculocutaneous C5t0 C7
nerve
Median nerve C6toT1
Ulnar nerve C8,T1

Spinal Segments

Distribution
Subclavius muscle

Rhomboid muscles and levator scapulae muscle
Serratus anterior muscle
Supraspinatus and infraspinatus muscles

Pectoralis muscles

Subscapularis and teres major muscles
Latissimus dorsi muscle
Deltoid and teres minor muscles; skin of shoulder

Extensor muscle of the arm and forearm (triceps brachii, extensor carpi
radialis, supinator and anconeus muscles, and extensor carpi ulnaris
muscles) and brachioradialis muscle; digital extensors and abductor pollicis
muscle; skin over the posterolateral surface of the arm

Flexor muscles on the arm (biceps brachii, brachialis, and coracobrachialis
muscles); skin over lateral surface of forearm

Flexor muscles on the forearm (flexor carpi radialis and palmaris longus muscles);
pronator quadratus and pronator teres muscles; digital flexors (through the
palmar interosseous nerve); skin over anterolateral surface of hand

Flexor carpi ulnaris muscle, adductor pollicis muscle, and small digital muscles;
medial part of flexor digitorum profundus muscle; skin over medial surface
of the hand
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Dorsal scapular nerve

To longus and scalene muscle
To phernic nerve

To subclavius

Upper trunk Il

Middle trunk Il

Lower trunk Il

Subscapular n.

To longus and scalene m.
Ansa pectoralis

Lateral cord

Posterior cord

Medial pectoral nerve
Upper subscapularis n.
Thoracodorsalis n.

Lower subscapularis n

Musculocutaneous n.
Axillary n.
Radial n.

Median n.

FIGURE 3-11. Scheme of organization of the brachial plexus.

the first rib and then transfers onto the serratus anterior muscle,
which it innervates.

Suprascapular Nerve

The suprascapular nerve arises from the superior trunk. It follows
the inferior belly of the omohyoid muscle to the scapula; passes
through the superior notch into the supraspinatus fossa, where it
innervates the supraspinatus muscle; and continues around the
scapular notch (lateral margin of the scapular spine) to the infra-
spinatus fossa, where it innervates the infraspinatus muscle. In
addition to muscle, the suprascapular nerve innervates the poste-
rior aspect of the glenohumeral joint, subacromial bursa, and
acromioclavicular joint.

Cutaneous brachialis n.
Cutaneous antebrachialis n.
Ulnar n.

Nerve to Subclavius

The nerve to subclavius arises from the superior trunk. It passes
anteriorly a short distance to innervate the subclavius muscle
and the sternoclavicular joint.

The cords of the brachial plexus leave the posterior cervi-
cal triangle and enter the axilla through the axillary inlet.
The remainder of the terminal branches arise within the
axilla from the cords (Figure 3-12).

Posterior Cord Branches

The posterior cord forms the upper and lower subscapular
nerves, thoracodorsal nerve, axillary nerve, and radial nerve.
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FIGURE 3-12. Dissection of the brachial plexus.

Subscapular Nerves

The subscapular nerves are formed by fibers from C5 to Co6.
The upper subscapular nerve is the first nerve to arise from the
posterior cord. It passes onto the anterior surface of the sub-
scapularis muscle, which it innervates. The lower subscapular
nerve arises more distally. It descends across the anterior surface
of the subscapularis muscle to the teres major muscle and
innervates both the subscapularis and teres major muscles.

Thoracodorsal Nerve

The thoracodorsal nerve is formed by fibers from C5 to C7. It
arises from the posterior cord, usually between the subscapular
nerves, and descends across the subscapularis and teres major
muscle to the latissimus dorsi muscle. It innervates the latissi-
mus dorsi.

Axillary Nerve

The axillary nerve is formed by fibers from C5 to C6 (Box 3-1).
It passes from the axilla into the shoulder between the teres
major and minor muscles, the long head of triceps and humerus
quadrangular space of Velpeau. It innervates the teres minor.
The nerve continues posterior to the surgical neck of the
humerus to innervate the deltoid muscle. The superior lateral
brachial cutaneous branch of the axillary nerve passes around
the posterior margin of the deltoid to innervate the skin cover-
ing the deltoid. In addition to muscle and skin, the axillary
nerve innervates the glenohumeral and acromioclavicular
joints. Throughout its course, the nerve is associated with the
posterior circumflex humeral artery and its branches.
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Deltoid muscle

Common carotid artery
Sternohyoid muscle

= Brachial plexus (trunks)
Suprascapular nerve
Sternocleidomastoid muscle
Subclavian artery and vein
Axillary nerve
Musculocutaneous nerve
Median nerve
Thoracodorsal nerve and artery
Intercostobrachialis nerve
Ulnar nerve

Axillary artery and vein

Radial Nerve

The radial nerve is formed by fibers from C5 to T1 (Box 3-2).
It passes from the axilla into the arm through the triangular
space. The triangular space is located inferior to the teres major
between the long head of the triceps brachii and the humerus.
The radial nerve innervates the long head of the triceps muscle
and sends a posterior brachial cutaneous branch to the skin
covering this muscle. It descends along the shaft of the humerus
in the spiral groove in association with the deep radial artery. In
the spiral groove, the radial nerve innervates the medial and lat-
eral heads of the triceps brachii as well as the anconeus muscles.
In addition to innervating these muscles, it sends an inferior
lateral brachial cutaneous nerve to the skin covering the posterior
arm and a posterior antebrachial cutaneous branch to the skin

BOX 3-1. Axillary nerve (C5 to C6).

Muscular branches

« Abduction, flexion, or extension of shoulder
« Deltoid

« Lateral rotation the shoulder; stabilization of
glenohumeral joint
» feres minor

Articular branches
« Acromioclavicular joint
« Anterior aspect of glenohumeral joint

Cutaneous branch
« Superior lateral brachial cutaneous nerve
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BOX 3-2. Radial nerve.

Muscular branches

« Extension of shoulder

« Triceps brachii—long head

Extension of elbow

« Triceps brachii—long, lateral, medial heads

« Anconeus

Supination of forearm

« Supinator

Extension of wrist

« Extensor carpi radialis—longus and brevis

« Extensor carpi ulnaris

« Extensor muscles of fingers and thumb listed next

Extension of fingers (metacarpophalangeal and

interphalangeal joints)

« Extensor digitorum communis (index, middle, ring,
little fingers)

« Extensor indicis (index finger)

« Extensor digiti minimi (little finger)

Extension of thumb

« Extensor pollicis longus (metacarpophlangeal and
interphalangeal)

« Extensor pollicis brevis (metacarpophalangeal joint)

Abduction of thumb

« Abductor pollicis longus

Articular branches

o Elbow (humeroradial and humeroulnar joints)
« Radioulnar joints—proximal and distal

« Radiocarpal joint

Cutaneous branches

« Posterior brachial cutaneous nerve

« Inferior lateral brachial cutaneous nerve
« Posterior antebrachial cutaneous nerve
« Superficial branch of the radial nerve

covering the posterior surface of the forearm. The radial nerve
pierces the lateral intermuscular septum and crosses the elbow
anterior to the lateral epicondyle between the brachialis and bra-
chioradialis muscles. Here, it divides into a superficial and deep
branch. The superficial branch descends the forearm on the deep
surface of the brachioradialis. Proximal to the wrist, it enters the
skin, providing innervation over the dorsum of the hand onto
the thumb, index, middle, and ring fingers to the level of the
distal interphalangeal joint. The deep branch pierces the supina-
tor muscle and descends the forearm along the interosseous
membrane as the posterior interosseous nerve. En route, it inner-
vates the brachioradialis, extensor carpi radialis longus and brevis,
supinator, extensor digitorum communis, extensor digiti minimi,
extensor carpi ulnaris, extensor indicis, extensor pollicis longus
and brevis, and abductor pollicis muscles. In addition, it inner-
vates the humerus, elbow, radioulnar, and wrist joints.?

Branches From the Lateral Cord

The lateral cord forms the lateral pectoral nerve, musculocuta-
neous nerve, and part of the median nerve.

BOX 3-3. Musculocutaneous nerve (C5 to C7).

Muscular branches
« Flexion of the shoulder
« Biceps brachii—long head
« Coracobrachialis
« Flexion of elbow
« Brachialis (humeroulnar joint)
« Biceps brachii—long and short heads (humeroradial
joint)
« Supination of forearm
« Biceps brachii—long and short heads
Articular branches
« Elbow (humeroulnar and humeroradial joints)
« Proximal radioulnar joint
Cutaneous branch
« Lateral antebrachial cutaneous nerve

Lateral Pectoral Nerve

The lateral pectoral nerve is formed by fibers from C5 to C7. It
crosses the axilla deep to the pectoralis minor muscle and pene-
trates the deep surface of pectoralis major muscle, which it inner-
vates. In addition, it innervates the acromioclavicular joint.

Musculocutaneous Nerve

The musculocutaneous nerve is formed by fibers from C5 to
C7 (Box 3-3). It pierces the coracobrachialis muscle and
descends between the brachialis and biceps brachii muscles (see
Figure 3-12). En route, it innervates all of these muscles. At the
elbow, the musculocutaneous nerve becomes the lateral ante-
brachial cutaneous nerve and descends along the superficial
surface of the brachioradialis muscle, innervating the skin cov-
ering that muscle. In addition to muscle and skin, the muscu-
locutaneous nerve innervates the humerus elbow and proximal
radioulnar joints.

Median Nerve

The median nerve is formed by junction of branches from the
lateral and medial cords (Box 3—4). It descends the arm in
association with the brachial artery and crosses the cubital fossa
medial to the artery (see Figure 3—12). At the elbow, it inner-
vates the pronator teres, flexor carpi radialis, and palmaris lon-
gus muscles. It passes into the forearm between the humeral
and radial heads of the pronator teres muscle and descends in the
space between the flexor digitorum superficialis and profundus
muscles. En route, it innervates the flexor digitorum superficialis,
the lateral part of the flexor digitorum profundus (fibers to the
index and middle fingers), the flexor pollicis longus, and the
pronator quadratus muscles. In addition, the median nerve sends
a palmar cutaneous branch to the skin covering the thenar emi-
nence. At the wrist, the median nerve passes through the carpal
tunnel deep to the flexor retinaculum. In the hand, the median
nerve sends branches to the thenar muscles, which are the abduc-
tor pollicis brevis, flexor pollicis brevis, and opponens pollicis.
The median nerve divides into three common palmar digital
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BOX 3-4. Median nerve.

Muscular branches
« Flexion of the elbow
« Flexor carpi radialis
« Pronator teres
« Pronation of forearm
« Pronator teres
« Pronator quadratus
« Flexion of wrist
« Flexor carpi radialis
« Palmaris longus
« Flexor digitorum superficialis and profundus
« Flexor pollicis longus
« Flexion of fingers
« Flexor digitorum superficialis (index, middle, ring, little
fingers)
« Flexor digitorum profundus (index, middle fingers)
« Flexion of metacarpophalangeal and extension of
interphalangeal joints
« Lumbricals (index, middle finger)
« Flexion of thumb
« Flexor pollicis longus
« Flexor pollicis brevis
« Abduction of thumb
« Abductor pollicis brevis
« Opposition of thumb
« Opponens pollicis

Articular branches

« Elbow (humeroulnar and humeroradial joints)
« Radioulnar joints—proximal and distal

« All joints of the wrist and hand

Cutaneous branches
o Palmar branch of median nerve
« Proper palmar digital nerves

branches, which innerve the lateral two lumbrical muscles. The
common palmar branches divide into proper palmar branches
that innervate the skin of the thumb, index, middle, and ring
(lateral half) fingers. The innervation covers the palmar surface
and the nail beds. In addition to muscle and skin, the median
nerve innervates the diaphysis of the radius and ulna, and the
anterior elbow and all joints distal to ic.”'

Medial Cord Branches

The medial cord forms the medial pectoral nerve, medial bra-
chial cutaneous nerve, medial antebrachial cutaneous nerve,
and ulnar nerve and sends fibers to the median nerve.

Medial Pectoral Nerve

The medial pectoral is formed by fibers from C8 to T1. It
pierces the pectoralis minor and ends by branching on the deep
surface of the pectoralis major, innervating both muscles. Con-
traction of the pectoralis minor in conjunction with the serra-
tus anterior and rhomboid muscles pulls the pectoral girdle

Functional Regional Anesthesia Anatomy

(clavicle and scapula) against the chest wall when load is
applied to the upper extremity. Without this stabilization of the
proximal joints, movement of the distal joint in the upper
extremity would collapse.

Medial Brachial and Antebrachial
Cutaneous Nerves

Both medial brachial and antebrachial cutaneous nerves
descend in the arm associated with the brachial artery. The
medial brachial cutaneous nerve distributes fibers to the skin
covering the medial surface of the arm. Occasionally, the
medial brachial nerve joins the lateral cutaneous branch of
the second intercostal nerve to form the intercostobrachial
nerve. The medial antebrachial cutaneous nerve crosses the
cubital fossa and enters the skin to innervate the medial
aspect of the forearm.?

Ulnar Nerve

The ulnar nerve is formed by fibers from C8 to T1 (Box 3-5). It
descends the arm in association with the brachial artery (see

BOX 3-5. Ulnar nerve (C8to T1).

Muscular branches
« Flexion of wrist
« Flexor carpi ulnaris
« Flexor digitorum profundus
« Flexion of fingers
« Flexor digitorum profundus (ring, little finger)
« Flexor digiti minimi (little finger)
« Flexion of knuckles and extension of fingers
« Lumbiricals (ring, little finger)
« Interosseous muscles (index, middle, ring, little
fingers)
« Adduction of fingers (metacarpophalangeal joint)
« Palmar interosseous muscles (index, middle, ring, little
finger)
« Abduction of fingers
« Dorsal interosseous muscles (index, middle, ring
finger)
« Abductor digiti minimi (little finger)
« Opposition of little finger
« Opponens digiti minimi
o Palmaris brevis
« Adduction of thumb
 Adductor pollicis
« Flexion of thumb
« Flexor pollicis brevis

Articular branches

« Ulnocarpal joint

« All joints of the hand except interphalangeal joint of the
thumb

Cutaneous branches

» Dorsal branch of the ulnar nerve
« Palmar branch of the ulnar nerve
« Proper palmar digital branches
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Figures 3-11 and 3-12), pierces the medial intermuscular septum,
and crosses the elbow posterior to the medial epicondyle. After
crossing the elbow, the ulnar nerve descends the forearm between
the flexor carpi ulnaris and flexor digitorum profundus, innervat-
ing both muscles. The ulnar innervation of the flexor digitorum is
limited to fibers affecting the ring and little fingers. Proximal to the
wrist, the ulnar nerve sends a palmar branch to the skin covering
the hypothenar eminence and a dorsal branch to the skin covering
the dorsal and medial surface of the hand and the skin covering the
dorsal surface of the ring and little fingers. The ulnar nerve passes
through Guyon’s canal (deep to the transverse carpal ligament) to
enter the hand. It divides into a superficial and a deep branch.
The superficial branch sends branches to all muscles of the hypo-
thenar eminence, including the abductor digiti minimi, flexor
digiti minimi, and opponens digiti minimi. Then, it divides into
common palmar digital branches, which in turn divide into proper
palmar digital branches. These branches innervate the skin cover-
ing the palmar surface of the ring and little fingers. The innerva-
tion continues on to the nail beds of these fingers. The deep
branch of the ulnar nerve passes beneath the adductor pollicis
muscle, which it innervates. The ulnar nerve sends fibers to all
interosseous muscles in the hand and to the lumbrical muscles
affecting the ring and little fingers. The ulnar nerve ends by inner-
vating the deep head of the flexor pollicis brevis muscle.”!°

Dorsal root
(Sensory root)

Ventral root
(Motor root)

Spinal ganglion

Meningeal ramus
Spinal nerve

Dorsal ramus (posterior)
with medial ramus and
lateral ramus

Ramus communicans

Ventral ramus

Along its course, the ulnar nerve supplies the medial aspect
of the elbow joint, the ulna and all joints of the medial aspect
of the wrist, hand, and ring and little fingers.

Thoracic Spinal Nerves

Thoracic spinal nerves innervate the muscles, joints, skin, and
pleuroperitoneal lining of the thoracic and abdominal walls.
Because the nerves travel within the intercostal spaces, they are
called intercostal nerves. The intercostal nerves comprise the
anterior rami of the upper 11 thoracic spinal nerves. Each inter-
costal nerve enters the neurovascular plane posteriorly and gives
a collateral branch that supplies the intercostal muscles of the
space. Except for the first, each intercostal nerve gives off a lateral
cutaneous branch that pierces the overlying muscle near the
midaxillary line. This cutaneous nerve divides into anterior and
posterior branches, which supply the adjacent skin (Figure
3-13). The intercostal nerves of the second to the sixth spaces
enter the superficial fascia near the lateral border of the sternum
and divide into medial and lateral cutaneous branches. Most of
the fibers of the anterior ramus of the first thoracic spinal nerve
join the brachial plexus for distribution to the upper limb. The
small first intercostal nerve is the collateral branch and supplies
only the muscles of the intercostal space, not the overlying skin.

Sympathetic ganglion
Lateral cutaneous ramus

Ventral cutaneous ramus

FIGURE 3-13. Organization and distribution of the spinal nerves at the thoracic level.
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The intercostal nerves can be divided into two groups. One
group is formed by nerves arising from T1 through T5. These
nerves remain in the intercostal spaces throughout their course.
The second group is formed by nerves arising from T6 to T12.
These nerves initially travel in the intercostal spaces, but then
cross the costal margin and terminate in the abdominal wall.
This subgroup of intercostal nerves is called the thoracoab-
dominal nerves. The ventral ramus of T12 forms the subcostal
nerve. This nerve travels entirely in the abdominal wall.

Intercostal Nerves

The intercostal nerves arise from the ventral rami of T1
through T11. They travel along the inferior margin of the rib
of the corresponding number (eg, T1 nerve travels along the
inferior margin of rib 1). En route, the nerve is located between
the deepest (transverse thoracis muscle) and intermediate layer
(internal intercostals muscle) of muscle. It is associated with the
intercostal arteries and veins. From the top to the bottom, the
neurovascular bundle is arranged as vein, artery, and nerve
(mnemonic VAN). The intercostal nerves send branches to the
transverse thoracis, internal intercostals, and external intercos-
tal muscles. They innervate the costal joints. Through lateral
and anterior cutaneous branches, they innervate the skin cover-
ing the respective intercostal spaces as well as the parietal pleura
lining the intercostal spaces.

Thoracoabdominal (Intercostals T6 to T11) Nerves

The T6 through T11 intercostal (thoracoabdominal) nerves
begin as typical intercostal nerves but then send branches across
the costal margin into the muscles of the anterior abdominal
wall. These branches innervate the transverse abdominis, inter-
nal abdominal oblique, external abdominal oblique, and rectus
abdominis muscles. In addition, they innervate the skin of the
anterior wall in a metameric manner from the xiphoid process
to the umbilicus.

Functional Regional Anesthesia Anatomy

Subcostal Nerve

The T12, or subcostal, nerve never enters an intercostal space.
It travels through the abdominal wall, terminating between the
umbilicus and the pubic symphysis. It innervates muscle and
skin along its course.

Lumbosacral Plexus

The lumbosacral plexus innervates the muscles, joints, skin,
and peritoneal lining of the abdominopelvic wall'"*? (Tables 3-3
and 3—4). It also innervates the inferior extremities. It is formed
by the ventral rami of L1 to S5 (Figures 3—14 and 3-15). The
ventral rami join to form the terminal nerves. Between the 1.2
and S3 levels, the plexus is more complex. The ventral rami
divide into anterior and posterior divisions that join to form the
terminal nerves. The plexus is located in the posterior abdomi-
nal wall between the psoas major and quadratus lumborum
muscles (see Figure 3-15).

lliohypogastric Nerve

The iliohypogastric nerve arises from the ventral ramus of L1
and travels in the abdominal wall to the level of the pubic
symphysis (see Figures 3-15 and 3-16). It innervates the mus-
cle, skin, and parietal peritoneum along its course.

llioinguinal Nerve

The ilioinguinal nerve (see Figures 3-15 and 3-16) arises from
the ventral rami of L1, travels in the abdominal wall, pierces in
the posterior wall of the inguinal canal, passes through the
superficial inguinal ring, and terminates on the anterior scro-
tum or labia majora. It innervates the muscle, skin, and parietal
peritoneum along its course.

TABLE 3-3. Organization and distribution of the lumbar plexus.

Nerves(s) Spinal Segments  Distribution

Abdominal muscles (external and internal oblique muscles, transverse

abdominis muscles); skin over inferior abdomen and buttocks

Abdominal muscles (with iliohypogastric nerve); skin over superior, medial

thigh and portions of external genitalia

Skin over anteromedial surface of thigh and portions over genitalia

Skin over anterior, lateral, and posterior surfaces of thigh

Anterior muscles of thigh (sartorius muscle and quadriceps group);

adductor of thigh (pectineus and iliopsoas muscles); skin over
anteromedial surface of thigh, medial surface of leg, and foot

Adductors of thigh (adductors magnus, brevis, and longus); gracilis muscle;

skin over medial surface of thigh

lliohypogastric nerve T12 to L1
llioinguinal nerve L1
Genitofemoral nerve L1, L2
Lateral femoral L2,L3
cutaneous nerve

Femoral nerve L2 to L4
Obturator nerve L2to L4
Saphenous nerve L2to L4

Skin over medial surface of leg
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TABLE 3-4. Organization and distribution of the sacral plexus.

Nerves(s) Spinal Segments  Distribution

Gluteal nerves:

Abductors of thigh (gluteus minimus, gluteus medius, and tensor fasciae latae);

extensor of thigh (gluteus maximus)

Skin of perineum and posterior surface of thigh and leg

Three of the hamstrings (semitendinosus and semimembranosus long head of

biceps femoris); adductor magnus (with obturator nerve)

Flexor of knee and plantar flexors of ankle (popliteus, gastrocnemius, soleus

plantaris, and tibialis posterior muscles and long head of biceps femoris muscle);
flexors of toes; skin over posterior surface of leg, plantar surface of foot

Biceps femoris muscle (short head); fibularis (brevis and longus) and tibialis
anterior muscles; extensors of toes, skin over anterior surface of leg and dorsal

surface of foot; skin over lateral portion of foot (through the sural nerve)

Superior inferior L4 to S2
Posterior femoral S1to S3
cutaneous nerve
Sciatic nerve: L4 to S3
Tibial nerve
Common peroneal
nerve
Pudendal nerve S2 to S4

Muscles of perineum, including urogenital diaphragm and external anal and

urethral sphincter muscles; skin of external genitalia and related skeletal
muscles (bulbospongiosus, ischiocavernosus muscles)

Genitofemoral Nerve

The genitofemoral nerve arises from the ventral rami from L1
and L2 (see Figure 3—15). It travels in the abdominal wall and
passes through the deep inguinal ring into the inguinal canal. A
femoral branch pierces the anterior wall of the canal and inner-
vates the skin covering the femoral hiatus in the crural fascia.
The genital branch passes through the superficial inguinal ring
to innervate the skin on the scrotum or labia majora. En route,
it innervates the cremaster muscle. Contraction of the cremas-
ter elevates the scrotum.

Nerve to the Coccygeus and Levator Ani

The nerve to the coccygeus and levator ani muscles arises
from the posterior division of the ventral rami at S3 to $4. It
travels anteriorly onto the superior surface of the coccygeus
and levator ani.

Pudendal Nerve

The pudendal nerve arises from the anterior division of the
ventral rami from S2 to S4. It passes from the pelvis through
the greater sciatic foramen into the gluteal region. It enters the
gluteal region inferior to the piriformis muscle, passes posterior
to the ischial spine, then enters the perineum by passing
through the lesser sciatic foramen. It innervates the muscle and
skin of the perineum, anal canal and external anal sphincter.

Superior Gluteal Nerve

The superior gluteal nerve arises from the posterior division of
the ventral rami at L4 to S1. It passes from the pelvis through
the greater sciatic foramen to the gluteal region. It enters the
gluteal region superior to the piriformis muscle, passes in the
plane between gluteal medius and minimus muscles,
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and terminates in the tensor fascia lata muscle. En route, it
innervates the gluteus medius and minimus muscles as well as
the tensor fascia lata.

Inferior Gluteal Nerve

The inferior gluteal nerve arises from the posterior division of the
ventral rami at L5 to S2. It passes from the pelvis through the
greater sciatic foramen into the gluteal region. It enters the gluteal
region inferior to the piriformis muscle and terminates on the deep
surface of the gluteal maximus muscle, which it innervates.

Nerve to Piriformis

The nerve to piriformis arises from the posterior division of the
ventral rami at S1 to S2 and passes onto the deep surface of the
piriformis muscle, which it innervates.

Nerve to Obturator Internus
and Superior Gemellus

The nerve to the obturator internus and superior gemellus
muscles arises from the anterior division of the ventral rami at
L5 and SI. It passes from the pelvis through the greater sciatic
foramen into the gluteal region. In enters the gluteal region
inferior to the piriformis muscle and passes along the deep
surface of the superior gemellus to the obturator internus,
innervating these last two muscles.

Nerve to the Quadratus Femoris
and Inferior Gemellus

The nerve to the quadratus femoris and inferior gemellus
muscles arises from the anterior division of the ventral rami at
L4 to L5. It passes from the pelvis through the greater sciatic
foramen to the gluteal region and enters the gluteal region
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FIGURE 3-14. A, B: Organization schema of the lumbar and sacral plexuses.
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Inferior vena cava and
abdominal aorta ——=

Celiac trunk
and Superior mesenteric
artery —

Diaphragm

Subcostal nerve (T12)

llioinguinal nerve

lliohypogastric nerve

lliac crest
lliacus muscle
Obturator nerve

Lateral femoral
cutaneous nerve

Lumbosacral trunk
Femoral nerve

S1

S2

Femoral branch of
genitofemoral nerve

Inferior epigastric vein
lliac Vein and Artery

Rectus abdominis muscle

FIGURE 3-15. Dissection of the lumbosacral plexus.

Anterosuperior iliac spine
llioinguinal nerve
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inferior to piriformis, passing deep to the obturator internus to
terminate innervating the inferior gemellus and quadratus fer-
moris, as indicated by its name.

Lateral Femoral Cutaneous Nerve

The lateral femoral cutaneous nerve arises from the posterior
divisions of the ventral rami at L2 to L3. It descends the poste-
rior abdominal wall and crosses the iliac crest into the pelvis,
where it descends on the iliacus muscle, passes deep to the
inguinal ligament at the anterior iliac spine, and distributes
cutaneous innervation on the lateral aspect of the thigh to the

level of the knee (Figure 3-17).

Posterior Femoral Cutaneous Nerve

The posterior femoral cutaneous nerve arises from the anterior
and posterior divisions of the ventral rami at S1 to S3. It passes
from the pelvis through the greater sciatic foramen into the
gluteal region. It enters the gluteal region inferior to the pirifor-
mis muscle, descends in the muscle plane between the gluteus
maximus posteriorly and oburator internus anteriorly, and
passes into the posterior thigh, where it supplies cutaneous
innervation from the hip to the midcalf.*
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Obturator Nerve

The obturator nerve (Box 3—6) arises from the anterior division
of the ventral rami at L2 to L4 (Figure 3-18). It descends
through the pelvis medial to the psoas major muscle, crosses the
superior pubic ramus inferiorly, and passes through the obtura-
tor foramen into the medial compartment of the thigh, where
it divides into posterior and anterior branches (see Figure
3-18). The posterior branch descends superficial to the adduc-
tor magnus muscle, which it innervates. The anterior branch
passes superficial to the obturator externus muscle, descends
the thigh in the muscle plane between the adductor brevis and
adductor longus, and terminates in the gracilis muscle. En
route, it innervates all of these muscles. Furthermore, it pro-
vides articular branches to the hip and cutaneous branches to
the skin covering the medial thigh.

Femoral Nerve

The femoral nerve arises from the posterior division of the
ventral rami at L2 to L4 (Box 3-7). It descends through the
pelvis lateral to the psoas major muscle, passes deep to the ingui-
nal ligament, and enters the anterior compartment of the thigh,
where it divides into multiple branches supplying the muscle,

Lateral femoral cutaneous
nerve

Inguinal ligament
lliopsoas muscle
Femoral nerve

Tensor fasciae latae
Sartorius muscle
Pectineus muscle
Femoral artery

Femoral vein

Adductor longus muscle
Great saphenous vein

Gracilis muscle
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BOX 3-6. Obturator nerve.

Muscular branches
« Adduction of hip
« Adductor magnus, longus, and brevis
« Gracilis
« Flexion of hip
« Adductor magnus (anterior fibers)
« Adductor longus and brevis
« Extension of hip
« Adductor magnus (posterior fibers)

Articular branches

o Hlp

Cutaneous branches

« Medial femoral cutaneous branches

joints, and skin in that region. In the femoral triangle—inguinal
crease, the nerve is positioned lateral to the femoral artery and
vein (mnemonic: NAVEL) (Figure 3-19). Muscular branches
innervate the iliacus, psoas major, pectineus, rectus femoris,
vastus lateralis, vastus intermedius, vastus medialis, and sarto-
rius muscles. Articular branches innervate the hip and knee."?

FIGURE 3-18. Anatomy of the obturator nerve.
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Of note, the femoral nerve below the inguinal ligament consists
of an anterior and a posterior part. The anterior part contains
branches to the sartorius muscle and cutaneous branches of the
anterior thigh, and the posterior contains the saphenous nerve
(most medial part) and branches to the individual heads of the
quadriceps muscle.'

Saphenous Nerve and Other Cutaneous Branches
of the Femoral Nerve

The superficial branches of the femoral nerve supply the skin
covering the anterior thigh. One cutaneous branch follows the
deep surface of the sartorius muscle to its attachment on the tibia.
Here, it passes onto the skin, providing innervation of the medial
leg from the knee to the arch of the foot. En route, the nerve is
accompanied by the saphenous vein, so it is called the saphenous
branch of the femoral nerve (see Figure 3-19). As previously
mentioned, the saphenous nerve is the most medial part of the

femoral nerve at the inguinal (femoral) crease.'

Sciatic Nerve

The sciatic nerve is formed by the junction of the tibial and
common peroneal nerves (Box 3-8). The tibial nerve arises
from the anterior division of the ventral rami at L4 to S3 (see

Pectineus muscle

_ Obturator nerve

| Adductor magnus muscle
Ramus anterior

— Ramus posterior

— Adductor brevis muscle

Adductor longus muscle
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BOX 3-7. Femoral nerve.

Muscular branches
« Flexion of hip
« lliacus
e Psoas major
« Pectineus
» Rectus femoris
« Sartorius
« Lateral rotation of hip
« Sartorius
« Extension of knee
» Rectus femoris
« Vastus lateralis
« Vastus intermedius
« Vastus medialis
« Flexion of knee
« Sartorius

Articular branches

« Hip

o Knee

Cutaneous branches

« Anterior femoral cutaneous nerves

« Saphenous branch of the femoral nerve

uptodate.co
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Figure 3-14). The common peroneal nerve arises from the
posterior division of the ventral rami at L4 to S2. The sciatic
nerve passes from the pelvis through the greater sciatic foramen
into the gluteal region. It enters the gluteal region inferior to
the piriformis muscle, descends in the muscle plane between
the gluteus maximus posteriorly and the obturator internus
anteriorly, and passes lateral to the ischial tuberosity to enter the
posterior thigh (Figure 3-20). In the posterior thigh, it passes
between the adductor magnus and the long head of the biceps
femoris. It descends in the groove between the biceps femoris
medially and the semitendinosus and semimembranosus later-
ally. En route, it innervates the adductor magnus, biceps femo-
ris, semitendinosus, and semimembranosus muscles.!® Posterior
to the knee, the sciatic nerve descends into the popliteal fossa,
where it diverges into the tibial and common peroneal nerves
(Figure 3-21).1°

Of note, these two branches are distinct from the onset and
travel together enveloped in the same tissue sheath."” The tibial
nerves exits the popliteal fossa passing between the heads of the
gastrocnemius muscle into the superficial posterior compartment
of the leg. Here, it descends deep to the plantaris and superficial
to popliteus muscles. It passes between the tibial and fibular
heads of the soleus muscle to enter the deep posterior compart-
ment. The nerve passes posterior to the medial malleolus, where
it enters the foot and divides into medial and lateral plantar

Aponeurosis of external
abdominal oblique muscle

Inguinal ligament

lliopsoas muscle

Femoral nerve

Superficial iliac circumflex artery
Spermatic cord

Pectineus muscle

Superficial iliac circumflex vein

Obturator nerve (anterior
and posterior branches)

Great saphenous vein

Cutaneous branches of
femoral nerve

Femoral artery

Saphenous accessory vein
Branches of obturator nerve
Sartorius muscle

Gracilis muscle

Saphenous nerve

Adductor magnus muscle
Vastus medialis nerve branch

Rectus femoris muscle
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BOX 3-8. Sciatic nerve.

Muscular branches
« Extension of hip—sciatic nerve
« Biceps femoris—long head
« Flexion of knee—sciatic nerve
« Biceps femoris—Ilong and short heads
« Semimembranosus
« Semitendinosus
« Popliteus—tibial division only
« Gastrocnemius—tibial division only
« Plantar flexion of ankle—tibial nerve
« Soleus
» Gastrocnemius
« Tibialis posterior
« Flexor digitorum longus
« Flexor hallucis longus
« Peroneus longus and brevis—superficial peroneal nerve
« Dorsiflexion of ankle—deep peroneal nerve
« Tibialis anterior
« Extensor digitorum longus
« Extensor hallucis longus
« Inversion of ankle—deep peroneal nerve
« Tibialis anterior
« Eversion of ankle—superficial peroneal nerve
« Peroneus longus and brevis

Adduction of toes—tibial nerve
« Plantar interosseus muscles
« Abduction of toes—tibial nerve
« Dorsal interosseous muscles
« Abductor hallucis
« Abductor digiti minimi
« Flexion of toes—tibial nerve
« Flexor digitorum longus and brevis
« Flexor hallucis longus and brevis
« Extension of toes—deep peroneal nerve
« Extensor digitorum longus and brevis
« Extensor hallucis longus and brevis

Articular branches
o Knee

« Ankle

« Foot—all joints

Cutaneous branches

« Superficial peroneal

« Sural

« Calcaneal branches—medial and lateral
« Plantar nerves—medial and lateral

nerves that innervate the muscle and skin on the plantar surface
of the foot. The common peroneal nerve follows the tendon of
the biceps femoris to its attachment on the fibula. The nerve
passes inferior to the neck of the fibula and divides into super-
ficial and deep branches. The superficial branch enters the lat-
eral compartment of the leg, where it innervates the peroneus
longus and brevis muscles. The nerve terminates as cutaneous
fibers on the dorsal and lateral surfaces of the foot. The deep
peroneal nerve enters the anterior compartment of the leg,
where it innervates the tibialis anterior, extensor digitorum
longus, and extensor hallucis longus muscles. It crosses the
anterior surface of the ankle into the foot, where it innervates
the extensor digitorum brevis and extensor hallucis brevis
muscles. It terminates as cutaneous fibers supplying skin
between the hallux and second toe.!'®

SENSORY INNERVATION OF THE
MAJOR JOINTS

Much of the practice of peripheral nerve blocks involves ortho-
pedic and other joint surgery. Consequently, knowledge of the
sensory innervation of the major joints is important for better
understanding the neuronal components that need to be anes-
thetized to achieve anesthesia for, or analgesia, after joint sur-
gery. Tables 3-5 and 3-6 summarize the sensory innervation
of the major joints of the upper and lower extremities, respec-
tively. Tables 3-7 and 3-8 summarize the innervation and
kinetic function of the major muscle groups of the upper and
lower extremities respectively.

Shoulder Joint

Innervation to the shoulder joints stems mostly from the axillary
and suprascapular nerves (C5-C7). The skin over most medial
parts of the shoulder receives nerves from the cervical plexus (see
Figure 3-10). Such an arrangement explains why a brachial
plexus block at the interscalene level is the most appropriate
technique to achieve anesthesia to the shoulder (Figure 3-22).

Elbow Joint

Nerve supply to the elbow joint includes branches of all major
nerves of the brachial plexus that cross the joint: musculocuta-
neous, radial, median, and ulnar nerves (Figure 3-23).

Wrist Joint

The wrist joint is supplied by the radial, ulnar, and median
nerves (Figure 3-24), including interosseous branches of the
radial and median nerves diverging at the proximal forearm.
The cutaneous branches of these nerves, in addition to the
antebrachial medial cutaneous and lateral cutaneous nerves,
display frequent variations and connections among them at dif-
ferent levels, resulting in overlapping innervation areas.

Hip Joint
Nerves to the hip joint include the nerve to the rectus femoris
from the femoral nerve, branches from the anterior division of
the obturator nerve, and the nerve to the quadratus femoris
from the sacral plexus (Figure 3-25).
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FIGURE 3-20. Anatomy of the sciatic nerve at gluteal level.

Knee Joint

Knee innervation is obtained from branches from the femoral,
obturator, and sciatic nerves (Figure 3-26). The femoral nerve
suplies the anterior aspect of the joint. Articular branches from
the tibial and common peroneal divisions of the sciatic nerve
innervate the posterior aspect, while fibers from the posterior
division of the obturator nerve may contribute to the innerva-
tion of the medial aspect of the joint, together with fibers from
the posterior division of the obturator nerve, may also contrib-
ute to the innervation of the joint.

Ankle Joint

The innervation of the ankle joint is complex and involves the
terminal branches of the peroneal (deep and superficial pero-
neal nerves), tibial (posterior tibial nerve), and femoral nerves
(saphenous nerve). A more simplistic view is that the entire
innervation of the ankle joint stems from the sciatic nerve, with
the exception of the skin on the medial aspect around the
medial malleolus (saphenous nerve, a branch of the femoral
nerve; Figure 3-27).

Functional Regional Anesthesia Anatomy

Gluteus maximus muscle

Superior gluteal
artery and nerve

Tendon of piriform muscle
Sacrotuberous ligament
Pudendal nerve

Sciatic nerve

Inferior gluteal nerve

Posterior femoral
cutaneous nerve

Ischial tuberosity

AUTONOMIC COMPONENT OF
SPINAL NERVES

All spinal nerves transmit autonomic fibers to glands and
smooth muscle in the region they innervate. The autonomic
fibers are sympathetic. There are no parasympathetic fibers in
spinal nerves. Sympathetic fibers originate in the spinal cord
between T1 and L2. They pass from the spinal cord through
the ventral roots of the T1 to L2 spinal nerves. They depart
from the spinal nerve through white rami communicans to
enter the sympathetic trunk. The sympathetic trunk is formed
by a series of interconnected paravertebral ganglia, which are
adjacent to the vertebral bodies and extend from the axis (C2
vertebra) to the sacrum. The preganglionic fibers synapse on
cell bodies of neurons forming the paravertebral ganglia. The
axons of the paravertebral ganglia (postganglionic fibers) can
remain at the same level or they can change level by ascending
or descending the trunk. The fibers pass from the trunk
through gray rami communicans to spinal nerves. The sympa-
thetic trunk sends a gray ramus to every spinal nerve. The
sympathetic nerves travel along branches of the spinal nerve to
the target destination® (Figure 3-28).
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Sciatic nerve divided into its two
branches:

the common peroneal nerve
and

the tibial nerve

Tendon of biceps femoris muscle

Popliteal vein

-

Semimembranosus muscle

Tendon of semitendinosus muscle

2y

.

Common peroneal nerve
Tibial nerve
Lesser saphenous vein

Lateral head of gastrocnemius
muscle

Medial head of gastrocnemius
muscle

Medial sural cutaneous nerve

Lateral sural cutaneous nerve

FIGURE 3-21. Anatomy of the sciatic nerve at the popliteal fossa.

TABLE 3-5. Innervation of joints in the superior extremity.

Joint Innervation

Sternoclavicular Medial supraclavicular, nerve to subclavius
Acromioclavicular Axillary, lateral pectoral, lateral supraclavicular
Shoulder (glenohumeral) Axillary, suprascapular, lateral pectoral
Elbow (humeroulnar, humeroradial) Radial, musculocutaneous, ulnar
Radioulnar—proximal and distal Median, radial, musculocutaneous

Wrist (radiocarpal, ulnocarpal) Median, ulnar, radial

Intercarpal Median, ulnar

Carpometacarpal Median, ulnar, radial

Knuckle (metacarpophalangeal) Median, ulnar

Interphalangeal—proximal and distal Median, ulnar

Interphalangeal joint of the thumb Median
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TABLE 3-6. Innervation of joints of the inferior extremity.

Joint Innervation

Femoral, obturator, superior gluteal, nerve to quadratus femoris and inferior
gemellus

Hip (acetabulofemoral)

Knee (tibiofemoral) Sciatic, femoral, obturator

Ankle (tibiotalar, talocalcaneal) Tibial, deep peroneal
Metatarsophalangeal Tibial

Interphalangeal Tibial

TABLE 3-7. Summary of movement by joint—upper extremity.
Shoulder (Glenohumeral) Joint

Flexion Biceps brachii—long head Musculocutaneous nerve
Coracobrachialis

Deltoid Axillary nerve

Pectoralis major Medial and lateral pectoral nerve

Extension Triceps brachii—long head Radial nerve
Latissimus dorsi Thoracodorsal nerve
Deltoid Axillary nerve

Adduction Latissimus dorsi Thoracodorsal nerve

Abduction

Medial rotation

Lateral rotation

Pectoralis major
Teres major
Subscapularis
Supraspinatus
Deltoid
Pectoralis major
Latissimus dorsi
Teres major
Subscapularis
Teres minor

Infraspinatus

Medial and lateral pectoral nerves
Lower subscapular nerve

Upper and lower subscapular nerve
Suprascapular nerve

Axillary nerve

Medial and lateral pectoral nerve
Thoracodorsal nerve

Lower subscapular nerve

Upper and lower subscapular nerves
Axillary nerve

Suprascapular nerve

Elbow (Humeroulnar, Humeroradial) Joint
Flexion Brachialis Musculocutaneous
Biceps brachii—long and short heads

Flexor carpi radialis Median nerve

Extension Triceps brachii—long lateral, medial Radial nerve
head anconeus

Radioulnar Joints
Supination Biceps brachii—long and short head Musculocutaneous

Supinator Radial nerve

(continued)
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TABLE 3-7. Summary of movement by joint—upper extremity. (Continued)

Pronation

Pronator teres

Pronator quadratus

Wrist (Radiocarpal, Ulnocarpal) Joint

Flexion

Extension

Carpometacarpal Joints

Opposition

Metacarpophalangeal Joints

Flexion

Extension

Adduction

Abduction

Interphalangeal Joints

Flexion

Extension

Flexor carpi radialis

Palmaris longus

Flexors of fingers listed below
Flexor carpi ulnaris

Extensor carpi radialis longus and
brevis

Extensors of fingers listed next

Extensor carpi ulnaris

Opponen pollicis

Opponens digiti minimi

Flexor digitorum superficialis
Flexor digitorum profundus
Flexor pollicis longus and brevis
Interosseus

Lumbricals

Extensor digitorum communis
Extensor indicis

Extensor digiti minimi

Palmar interosseous

Abductor pollicis

Dorsal interosseous

Abductor digiti minimi
Abductor pollicis longus

Abductor pollicis brevis

Flexor digitorum superficialis
Flexor digitorum profundus
Flexor pollicis longus and brevis
Extensor digitorum communis
Extensor indicis

Extensor digiti minimi

Lumbricals (index, middle fingers)
Lumbricals (ring, little fingers)

Interosseous muscles

Median nerve

Median nerve

Ulnar nerve

Radial nerve

Median nerve

Ulnar nerve

Median nerve

Median and ulnar nerves
Median nerve

Ulnar nerve

Median and ulnar nerves

Radial nerve

Ulnar nerve

Ulnar nerve

Radial nerve

Median nerve

Median nerve
Median and ulnar nerves
Median nerve

Radial nerve

Median nerve

Ulnar nerve
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Functional Regional Anesthesia Anatomy

TABLE 3-8. Summary of movement by joints—lower extremity.

Hip (Acetabulofemoral) Joint

Flexion

Extension

Adduction

Abduction

Medial rotation

Lateral rotation

Knee (Tibiofemoral) Joint

Flexion

Extension

lliacus/psoas major
Pectineus

Rectus femoris

Sartorius

Adductor magnus
Adductor longus and brevis
Tensor fascia lata

Biceps femoris—long head
Semimembranosis
Semitendinosis

Gluteus maximus
Adductor magnus

Adduct magnus, longus, brevis
Gracilis

Pectineus

Gluteus minimus

Gluteus medius

Tensor fascia lata

Gluteus minimus

Gluteus medius

Tensor fascia lata

Piriformis

Obturator internus
Superior gemelli

Inferior gemelli

Quadratus femoris

Sartorius

Bicep femoris—long and short heads

Semitendinosis
Semimembranosis
Popliteus
Gastrocnemius
Sartorius

Rectus femoris
Vastus lateralis
Vastus intermedius

Vastus medialis

Femoral nerve

Obturator nerve

Superior gluteal nerve

Sciatic nerve

Inferior gluteal nerve
Obturator nerve

Obturator nerve

Femoral nerve

Superior gluteal nerve

Superior gluteal nerve

Nerve to piriformis

Nerve to obturator internus
Nerve to obturator internus
Nerve to quadratus femoris
Nerve to quadratus femoris

Femoral nerve

Sciatic nerve

Tibial nerve

Femoral nerve

Femoral nerve

(continued)
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TABLE 3-8. Summary of movement by joints—lower extremity. (Continued)

Medial rotation

Lateral rotation
Ankle (Talocrural) Joint

Plantarflexion

Dorsiflexion

Subtalar Joint

Inversion

Eversion
Metatarsophalangeal Joints

Flexion

Extension

Adduction

Abduction

Interphalangeal Joints

Flexion

Extension

Popliteus
Semimembranosis
Semitendinosis

Biceps femoris

Soleus

Gastronemius

Tibialis posterior

Flexor digitorum longus
Flexor hallucis longus
Peroneus longus and brevis
Tibialis anterior

Extensor digitorum

Extensor hallucis longus

Tibialis anterior

Peroneus longus and brevis

Flexor digitorum longus and brevis
Flexor hallucis longus and brevis
Flexor digiti minimi

Lumbricals

Interosseous muscles

Extensor digitorum longus and brevis
Extensor hallucis longus and brevis
Plantar interosseous muscles
Adductor hallucis

Dorsal interosseous

Abductor hallucis

Abductor digiti minimi

Flexor digitorum longus and brevis
Flexor hallucis longus and brevis
Extensor digitorum longus and brevis
Extensor hallucis longus and brevis
Lumbricals

Interosseous muscles

Tibial nerve

Sciatic nerve

Sciatic nerve

Tibial nerve

Superficial peroneal nerve

Deep peroneal nerve

Deep peroneal nerve

Superficial peroneal nerve

Tibial nerve

Deep peroneal nerve

Tibial nerve

Tibial nerve

Tibial nerve

Deep peroneal nerve

Tibial nerve
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Subscapular and
lateralnerve
Axillary nerve

Suprascapular nerve
Axillary nerve

w4

N
I
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Posterior

Anterior

FIGURE 3-22. Shoulder joint: sensory innervation.

Musculocutaneous nerve

Radial nerve

Median nerve

Radial nerve

Ulnar nerve

Anterior Posterior

FIGURE 3-23. Elbow joint: sensory innervation.
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. Median )
Anterior B Uinar Posterior

FIGURE 3-24. Innervation of the wrist joint.

Femoral nerve

Sciatic nerve

~=+ Obturator nerve

Anterior Posterior

FIGURE 3-25. Hip joint: sensory innervation.
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Obturator nerve

Tibial nerve

N
I
>
0
-
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]
W

Common

h peroneal nerve
Articular

branches =

Tibial nerve
Articular branches

Common
peroneal nerve

Anterior Posterior

FIGURE 3-26. Knee joint: sensory innervation.

Parasympathetic fibers arise from the lumbosacral plexus.  the ventral rami and form the pelvic splanchnic nerve. This
They originate in the spinal cord between S2 and S4, pass  nerve travels across the pelvic diaphragm (formed by levator ani
through the ventral roots, and enter the ventral rami of the S2  and coccygeus muscles) to synapse on intramural ganglia in the

20,21

to S4 spinal nerves. The parasympathetic fibers separate from  wall of the pelvic viscera.

M saphenous L3-L5

M Tibial L4-L5

[ Deep peroneal L4-L5
" Sural St

FIGURE 3-27. Innervation of joints in ankle and foot.

+YY-FFIAALNF www.myuptodate.com


http://www.myuptodate.com

70

FOUNDATIONS OF LOCAL AND REGIONAL ANESTHESIA

Sympathetic Parasympathetic
Cervical Ocul -
parasympathetic culomotor nerve
ganglia Facialis nerve
L Glossopharyngeal nerve
Stellate ganglion - Inferior
cervical ganglion and the
: —E halic trunk with
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salivary glands
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\ & Superior cervical ganglion Vagus nerve
~__———Sympathetic trunk
\ = ____—Middle cervical ganglion Parasympathetic ganglia
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FIGURE 3-28. Organization of the autonomic nervous system.
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INTRODUCTION

Microscopic anatomy that emphasizes structure-function rela-
tions is important to the clinical practice of regional anesthesia.
This chapter provides basis for understanding of the structure,
classification, and organization of the peripheral nerves and
insight into how the characteristics of the peripheral nerves
(Figure 4-1) relate to the clinical practice of regional
anesthesia.

ORGANIZATION OF THE PERIPHERAL
NERVOUS SYSTEM

The nervous system enables the body to respond to continuous

changes in its external and internal environments. It controls
and integrates the functional activities of the organs and organ
systems.

Nervous system cells consist of neurons and neuroglia. Neu-
rons transmit nerve impulses to and from the central nervous
system (CNS), thereby integrating motor and sensory func-
tions. Neuroglial cells support and protect the neurons. In the
CNS, myelin is produced by oligodendrocytes and in the
peripheral nervous system (PNS) by the Schwann cells.
Although both Schwann cells and oligodendrocytes are in
charge of axon myelination, they have distinct morphological
and molecular properties and different embryonic origins, the
neural crest and the neural tube, respectively.!

The PNS consists of peripheral nerves (craniospinal,
somatic, autonomic) with their associated ganglia and connec-
tive tissue investments. All lie peripheral to the pial covering of
the CNS.*¢

Peripheral nerves contain fascicles of nerve fibers consisting
of axons. In peripheral nerve fibers, axons are ensheathed by
Schwann cells, which may or may not form myelin around the
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axons, depending on their diameter. Nerve fibers are grouped
into fascicles of variable numbers. The size, number, and pat-
tern of fascicles vary in different nerves and at different levels
along their paths. Generally, their number increases and their
size decreases at some distance proximal to the branching
point.

NEURONS

A neuron is the structural and functional unit of the nervous

system. It includes the cell body, dendrites, and axon.

The cell body (perykarion) is the dilated region of the neuron
that contains a large, euchromatic nucleus with a prominent
nucleolus and surrounding perinuclear cytoplasm (Figure 4-2).
The perinuclear cytoplasm contains abundant rough-surfaced
endoplasmic reticulum and free ribosomes. On light micros-
copy, the rough endoplasmic reticulum with rosettes of free
ribosomes appears as small bodies, called Nissl bodies. The
perinuclear cytoplasm contains numerous mitochondria, a
large perinuclear Golgi apparatus, liposomes, microtubules,
neurofilaments, transport vesicles, and inclusions. The presence
of the euchromatic nucleus, large nucleolus, prominent Golgi
apparatus, and Niss] bodies indicates the high level of anabolic
activity needed to maintain these large cells.

Dendrites are elaborations of the receptive plasma membrane
of the neuron. Most neurons possess multiple dendrites that
typically arise from the cell body as single short trunks that
ramify into smaller branches that taper at the ends. Dendrite-
branching patterns are characteristic of each kind of neuron.
The base of the dendrite contains the same organelles as the cell
body, except the Golgi apparatus. Many organelles become
sparse or absent toward the distal end of the dendrite. Dendrite
branching results in several synaptic terminals and allows a
neuron to receive and integrate multiple impulses.
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Brain

Cerebellum

Spinal cord

Musculocutaneous N

Radial N
\\ | Median N
/ Ulnar N

Femoral N

‘ Sciatic N
Saphenous N
Common Peroneal N

‘ Tibial N

Superficial Peroneal N

| Deep Peroneal N

FIGURE 4-1. Peripheral and central nervous system. N = nerve.

The axon arises from the cell body as a single thin process, much
longer than the dendrites. Its thickness is directly related to con-
duction velocity, which increases with axonal diameter. Some
axons possess collateral branches. The portion of the axon between
the cell body and the beginning of the myelin sheath is the initial
segment.” At the end of the axon, the ramifications may form
many small branches. The axonal cytoplasm is called axoplasm.

Almost all of the structural and functional protein molecules
are synthesized in the cell body and are transported to distant
locations within a neuron in a process known as axonal trans-
port. Crucial to the trophic relations within the axon, axonal

+YY-F7IAALNF

transport serves as a mode of intracellular communication car-
rying molecules and information along microtubules and inter-
mediate filaments from the neuronal cell body to the axon
terminal (anterograde transport) or from the axon terminal to
the neuronal cell body (retrograde transport). Neurons com-
municate with other neurons and with effector cells by synapses.
These special junctions between neurons and effector cells
facilitate the transmission of nerve impulses from one (presyn-
aptic) neuron to another (postsynaptic) neuron or from axons
to effector (target) cells, such as muscle and gland cells.

Neurons have greater variation in size and shape than any
other group of cells in the body. They are classified morphologi-
cally into three major types according to their shape and the
arrangement of their processes. The most common neuron
type, multipolar, possesses a single axon with various arrange-
ments of multiple dendrites emanating from the cell body. The
majority of multipolar neurons (Figure 4-2 and Figure 4-3)
are motor neurons. A second type of neuron, unipolar or pseu-
dounipolar (Figure 4-3), possesses only one process, the axon
emanating from the cell body and opening up into the periph-
eral and central branches shortly after leaving the cell body. The
central branch enters the CNS, while the peripheral branch
proceeds to its corresponding receptor in the body. Each of the
two branches is morphologically axonal and can propagate
nerve impulses, although the very distal part of the peripheral
branch arborizes, indicating its receptor function. The majority
of unipolar neurons are sensory neurons, whose cell bodies are
situated in the dorsal root ganglia of spinal nerves and in the
sensory ganglia of cranial nerves. The third type of neuron,
bipolar, possesses two processes emanating from the cell body:
a single dendrite and a single axon. They can only be found in
some cranial nerves.

Functionally, the nervous system has somatic and autonomic
components. Nerve fibers innervating tissues derived from
somites (muscles and skin) are described as somatic; nerve
fibers innervating endodermal or other mesodermal derivatives
(internal organs) are visceral. The somatic nervous system con-
trols functions that are under conscious voluntary control with
the exception of the reflex arch. It provides sensory and motor
innervation to all parts of the body except the viscera, smooth
muscles, cardiac muscle, and glands. The autonomic nervous
system provides efferent involuntary innervation to smooth and
cardiac muscles and glands. It also provides the afferent sensory
innervation of the viscera (pain and autonomic reflexes).

Efferent Axons

Efferent axons arise from either the somatic or the autonomic
nervous system. Somatic efferent (motor) neurons innervate
skeletal muscle and have cell bodies located in somatic motor
nuclei of the brainstem (cranial nerves) or in the ventral horns
of the spinal cord (spinal nerves).

Preganglionic visceral efferent neurons of the sympathetic
part of the autonomic nervous system arise from the interme-
diolateral column of the spinal cord between levels T1 and L2
and synapse on paravertebral or prevertebral (preaortic) ganglia.
Peripheral nerves thus contain both preganglionic and postgan-
glionic sympathetic fibers. Preganglionic visceral efferent neu-
rons of the parasympathetic part of the autonomic nervous
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Ribosomes

Mitochondrion

Rough Endoplasmatic Reticulum
Polyribosomes

Golgi apparatus

Nerve cell body

Histology of the Peripheral Nerves and Light Microscopy

Dendrites

Synapses
Axon

Axon hillock

Membrane
Nucleolus
Nucleus

Smooth Endoplasmatic Reticulum

FIGURE 4-2. Diagram of a multipolar neuron. The nerve cell body, dendrites, and proximal part of the axon are within the CNS. The axons
exiting the CNS distal to intervertebral foramina or foramina of the skull constitute the main part of the PNS.

system arise from the parasympathetic nuclei within the brain-
stem (cranial part of parasympathetic nervous system) or sacral
spinal cord between the S2 and S4 segments (sacral part of the
parasympathetic nervous system). Only preganglionic parasym-
pathetic fibers travel along peripheral nerves to synapse on
intramural ganglia in the wall of target organs.

Afferent Axons

Afferent axons are either somatic or visceral and have cell bodies
either in the dorsal root ganglia of the spinal nerves or in the
sensory ganglia of the cranial nerves. Somatic afferent (sensory)
neurons transmit impulses from the receptors for touch, tem-
perature, or pain (nociceptors) located in the body wall (skin)
and from the proprioceptors in the skeletal muscles and joints.
Visceral afferent neurons transmit information from viscera
(interoceptors and nociceptors). The visceral afferent axons
travel along the visceral efferent fibers and pass through the
communicating branches and dorsal roots of the spinal nerves
or along the vagus nerve to enter the CNS.

SCHWANN CELLS

Axons of peripheral nerves are ensheathed by Schwann cells.

Their myelin sheath (modified plasmalemma) separates the
axons from the endoneurium. Schwann cells are distributed

along the axons in longitudinal chains depending on myelina-
tion along the axon. The coordinated differentiation of the
axons and their myelinating cells requires close communication
between neurons and glia.® Signals provided by the axons regu-
late the proliferation, survival, and differentiation of glial
cells.”!® On the other hand, reciprocal glial signals affect axonal
cytoskeleton and transport'' and are required for axonal sur-

1'*13 and regeneration.'* Schwann cells also have a guiding

viva
function for growing axons," indicating that glia do more than
provide support to the axon.

Schwann cell phenotypes are characterized by distinct mor-
phologies’ and differential expression of myelin proteins, cell
adhesion molecules, receptors, enzymes, intermediate filament
proteins, ion channels, and extracellular matrix proteins.® All
Schwann cells are surrounded by basal lamina, whose extracel-
lular matrix molecules, such as laminin, regulate key aspects of

Schwann cell development (for review, see Reference 16).

CLASSIFICATION OF NERVE FIBERS

Nerve fibers are classified according to axonal diameter, con-
duction velocity, type of receptor, and myelin sheath thickness
(Table 4-1)." Conduction velocity is related to axonal diam-
eter; that is, the larger the fiber is, the faster the conduction

will be.
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Nucleolus
Nucleus
Dendrites

Axon
Node of Ranvier

Myelin Sheath
Axonal terminal

Dendrites
Nucleus
Nucleolus

Axon—— =
Node of Ranvier%
Myelin Sheath %

Axonal terminal~s

FIGURE 4-3. Diagram illustrating a multipolar (A) and unipolar or pseudounipolar (B) neuron. Arrows indicate the direction of nerve

impulse propagation.

Clinical Pearl

* The larger the fiber, the more concentrated the local
anesthetic must be to effect neural blockade.

MYELINATED NERVE FIBERS

Myelinated nerve fibers are ensheathed by myelin, greatly

extended and modified plasmalemma of the Schwann cells
(Figures 4—4 and 4-5). Myelin formation begins with exten-
sion of the Schwann cell cytoplasm and development of the
inner mesaxon, which wraps around the axon several times.
During the wrapping process, the cytoplasm is nearly extruded
between the plasmalemma. Apposing extracellular faces of plas-
malemma become “the major dense line,” and apposing cyto-
plasmic faces form an “intraperiod line” of myelin. The
proposed molecular structure of myelin fits the concept of
plasmalemma as a lipid bilayer with integral and peripheral
membrane proteins attached to the extracellular or to the cyto-
plasmic side of plasmalemma. In contrast to most biological
membranes, myelin has a high ratio of lipid to protein (70%—
85% lipid, 15%-30% protein), where the latter serve as

structural proteins, enzymes, voltage channels, and signal
transducers.'®

Mpyelin sheath wraps the axon in segments. Areas of the axon
covered by concentric lamellae of myelin and a single myelin-
producing Schwann cell are called internodes and range in
length from 200 to 1000 pum. Interruptions, which occur in the
myelin sheath at regular intervals along the length of axons and
expose the axon, are called nodes of Ranvier (Figure 4-6). Each
node indicates an interface between the myelin sheaths of two
different Schwann cells located along the axon.

The nodal region and its surroundings can be further subdi-
vided into several domains (Figure 4-6) that contain a unique
set of ion channels, cell adhesion molecules, and cytoplasmic
adaptor proteins (for review, see Reference 8). In the PNS, the
node is in contact with Schwann cell microvilli and covered by
its basal lamina (Figure 4-6). An important characteristic of the
nodal axolemma is its high density of voltage-gated Na* channels"
as compared to the juxtaparanodal axolemma, which typically
contains a high density of K* channels.*® Na* channels potenti-
ate the nerve impulse in a saltatory manner (Figure 4-7)
along the myelinated fibers.?"** When the membrane at the
node is excited, the local circuit that is generated cannot flow
through the high-resistance myelin sheath. It therefore flows
out and depolarizes the membrane at the next node, which may
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Histology of the Peripheral Nerves and Light Microscopy

TABLE 4-1. Classification of peripheral nerve fibers according to axonal diameter, conduction velocity, type of
receptor, and myelin sheath thickness (myelination).

Axonal Conduction Afferent Fibers From
Diameter Velocity Afferent Fibers? (From Skeletal Muscles,
(um) (m/s) Efferent Fibers Cutaneous Receptors) Tendons, and Joints Myelination
12-20 60-120 Aa (to extrafusal Aa (from rapidly adapting la (from muscle Heavily
30-70 muscle fibers) mechanoreceptors) spindles) myelinated
Ib (from Golgi tendon
organs)
6-12 25-70 AB (from slowly adapting Il (from joint Myelinated
mechanoreceptors) proprioceptors)
3-8 15-30 Ay (to intrafusal Myelinated
muscle fibers)
1-6 12-30 AS (from thermal and Il (from joint Thinly myelinated
mechanical nociceptors proprioceptors and
and thermoreceptors— joint nociceptors)
cold only)
1-3 3-15 B (preganglionic Myelinated
visceral)
0.2-15 0.5-2 C (postganglionic  C (from mechanical IV (from joint Unmyelinated
visceral) nociceptors and nociceptors)

thermoreceptors—cold
and warm, polymodal
nociceptors)

2Visceral afferent fibers (from interoceptors) are classified as A& and C fibers.

Source: Modified with permission from Cramer GD, Darby S: Basic and Clinical Anatomy of the Spine, Spinal Cord, and ANS,
2nd ed. Philadelphia: Elsevier/Mosby; 2005.

Schwann cell
Nrg1

Nucleus of cell

Inner mesaxon —— Cytoplasm

Cytoplasm of \ Major dense line

Schwann cell

) space
Periaxonal p

space

QOuter mesaxon

Extracellular surface Intracellular surface
of plasmalemma of plasmalemma

FIGURE 4-4. Schematic presentation of myelin formation and simplified scheme of its molecular organization. For simplification, the basal
lamina of Schwann cells is not drawn. Nrg1 = neuregulin; MPB = myelin basic protein; PO = protein zero; PMP22 = peripheral membrane
protein of 22 kDa; Ax = axon. (Modified with permission from Ross M, Pawlina W: Histology: A Text and Atlas With Correlated Cell and
Molecular Biology, 6th ed. Philadelphia: Wolters Kluwer; Lippincott Williams & Wilkins; 2011.)

YV-FFIAANNF www.myuptodate.com > LR UR g

75


http://www.myuptodate.com

76

FOUNDATIONS OF LOCAL AND REGIONAL ANESTHESIA

Endoneurium

Basal lamina of
Schwann cell

Abaxonal cytoplasm
of Schwann cell

Major dense line

Axon

Schmidt-Lanterman clefts

Microtubules

Microfilaments

Fia

FIGURE 4-5. Electron micrograph of the myelinated fiber. Myelin is visualized as a series of alternating dark and less-dark lines. Biopsy of

human sural nerve.

be 1 mm or farther away. The low capacitance of the sheath
means that lictle energy is required to depolarize the remaining
membrane between the nodes, resulting in increased speed of
local circuit spreading.'®

Mpyelination is an example of cell-to-cell communication in
which axons interact with Schwann cells. The number of
myelin layers is determined by the axon and not by the
Schwann cell. Myelin sheath thickness is regulated by a growth
factor called neuregulin 1 (Nrgl). The compaction of myelin
sheath is associated with the expression of transmembrane
myelin-specific proteins such as protein 0 (P0), a peripheral
myelin protein of 22 kilodaltons (PMP22), and a myelin basic
protein (MBP). The absence of proteins that regulate myelin

Nucleus

Cytoplasm of Schwann cell
Nucleus
Axon

Myelin Sheath

sheath formation might result in severe hypomyelination or
dismyelination in humans and experimental animals.'®

UNMYELINATED NERVE FIBERS

Unmyelinated axons are also enveloped by Schwann cells and their
basal lamina. An individual Schwann cell can ensheath a single or
several unmyelinated axons (Figures 4-8 and 4-9). Unmyelinated
fibers predominate in human cutaneous spinal nerves, where the
average ratio of unmyelinated to myelinated fiber density is 3.7:1.%
In unmyelinated fibers, conduction velocity is proportional to the
square root of fiber diameter and is much slower compared to sal-
tatory conduction in myelinated fibers (Table 4-1).

Node of Ranvier .
Dendrites

A\

Internode ~\

| Microvilli of Schwann cell
| SPJ

—Node
L Paranode

—— JXP
Internode

FIGURE 4-6. Distinct domains of the nodal region. The region occupied by distinct proteins located in the nodal axolemma is
schematically depicted in black over axon. SPJ = septate like junctions; JXP = juxtaparanode. (Modified with permission from Poliak S, Peles E.
The local differentiation of myelinated axons at nodes of Ranvier. Nat Rev Neurosci. 2003 Dec;4(12):968-980.)
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FIGURE 4-7. Saltatory conduction in myelinated nerve fiber. Na*
channels, located at nodal axolemma, potentiate the nerve impulse
in a saltatory manner along myelinated nerve fiber.

CONNECTIVE TISSUE INVESTMENTS OF
PERIPHERAL NERVES

In a peripheral nerve, nerve fibers and their supporting
Schwann cells are held together by connective tissue organized
into three distinctive components that have specific morpho-
logical and functional characteristics. The epineurium forms
the outermost connective tissue of the peripheral nerve, the
perineurium surrounds each nerve fascicle separately, while the
individual nerve fibers are embedded in the endoneurium?
(Figures 4-10 to 4-13).

Epineurium
The epineurium is a condensation of a loose areolar connective

tissue that surrounds a peripheral nerve and binds its fascicles
into a common bundle (Figure 4-10 and Figure 4-11).

Schwann Cell

Nucleus

Histology of the Peripheral Nerves and Light Microscopy

Epineurium that extends between the fascicles is the interfas-
cicular or inner epineurium, while epineurium that surrounds
the entire nerve trunk is the epifascicular or external epineu-
242 called the epineurium comprises 30%-75% of the
nerve cross-sectional area’® but varies along the nerve. It is the

rium

thickest where continuous with the dura covering the CNS
and more abundant in nerves adjacent to the joints, where
nerves are subject to pressure.?” Susceptibility to compression
injury is therefore likely to be greater in unifascicular than in
multifascicular nerves because the latter have greater amount
of epineurium. As the peripheral nerve divides and the number
of fascicles is reduced, the epineurium becomes progressively
thinner and eventually disappears around monofascicular
nerves.

The epineurium contains collagen, fibroblasts, mast cells,
and fat cells. Collagen bundles have a predominant longitudi-
nal orientation; however, an electron microscopy study found
epineural collagen in bundles 10-20 pm in width are arrayed
obliquely around the circumference of the nerve.” Elastic fibers
are also present, particularly adjacent to the perineurium,?-
which are mainly oriented longitudinally. Collagen and elastic
fibers are aligned and oriented to prevent damage by over-
stretching of the nerve bundle, suggesting that the epineurium
is designed to accommodate the stretch.

Human epineurium is constructed predominantly of type I
and type III collagen, with the type I predominating.®’ The
diameter of the collagen fibrils averages 60-110 nm.?

Unmyelinated axons

FIGURE 4-8. Schwann cell that engulfs several unmyelinated axons. The lips of the groove of cytoplasm can be closed (¥), forming the
mesaxon, or may be opened (**). Basal lamina of the Schwann cell is not drawn.
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Basal lamina of

Schwann cell
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FIGURE 4-9. Electron micrograph of unmyelinated axons. Biopsy of human sural nerve.

Blood vessels
— Axon Perineurium

Schwann cell
Endoneurium

Mesoneurium
Spinal nerve
Dorsal root ganglion

Ventral root

FIGURE 4-10. Connective tissue investments of peripheral nerve. The diagram demonstrates the arrangement of the peripheral nerve.
A segment of the spinal nerve is enlarged to show the relation of the nerve fibers to the surrounding connective tissue (endoneurium,
perineurium, and epineurium).
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Epifascicular epineurium

Interfascicular blood vessels Fat tissue

Perineurium

FIGURE 4-11. Semithin section of human sural nerve fixed in osmium tetroxide. The myelin sheaths are preserved and stained black.
Perineurium surrounds the nerve fascicle. Streaks of connective tissue originate from epifascicular epineurium inside the nerve as
interfascicular epineurium. Fat tissue and blood vessels are localized in interfascicular epineurium.

Adipose tissue inside a nerve surrounds the fascicles and
forms adipose sheaths that separate the fascicles from each
other. The thickness of adipose sheaths varies from one fascicle
to another and is greater in larger nerve trunks, highlighting its
protective function in cushioning the fascicles against damage
by compression.?” Loss of epineural fat may present a risk factor
for pressure-caused palsies in emaciated, bedridden patients.? In
contrast, excessive adipose tissue can also delay the diffusion of
local anesthetic injected near a nerve, thus interfering with the
anesthetic blockade.? Epineurium is continuous with the con-
nective tissue called adventitia or mesoneurium that surrounds
the nerve when passing through, underneath, or between the
muscle fascia, serving as (1) a conduit for the injected local

Interfascicular |

blood vessels

anesthetic, (2) a path allowing for nerve gliding, and (3) a layer
of protection against nerve trauma.” Because their attachment
is loose, nerves are relatively mobile except where tethered by
entering vessels or exiting nerve branches.”*

Perineurium

The perineurium is a specialized connective tissue surrounding
individual nerve fascicles (Figures 4-10 and 4—12). This protec-
tive cellular layer is thinner than the epineurium and separates
the endoneurium from the epineurium.? The perineurium
consists of alternating layers of flattened polygonal cells, which
are thought to be derived from fibroblasts, and collagenous
connective tissue,” the formation of which is controlled by the

=— Endoneurium

Nerve fiber

= Perineurium

Fascicle

FIGURE 4-12. Transverse section of pig sciatic nerve. Immunohistochemical staining for collagen. Blood vessels course through the
interfascicular epineurium, which fills the space around the perineurium and fascicles.
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Perineurium
Small myelinated
nerve fiber

Large myelinated
fiber

FIGURE 4-13. Semithin section of human sural nerve stained by cresyl violet. Axonal neuropathy with the predominant loss of large
myelinated fibers. * Intrafascicular space between myelinated fibers (occupied by endoneurium, Schwann cell nuclei, and unmyelinated

fibers).

Schwann cells.?® The flattened polygonal cells, which constitute
the lamellae, are specialized to function as a diffusion barrier.*
The number of lamellae varies, depending mainly on the diam-
eter of the fascicle; the larger the fascicle is, the greater the
number of lamellae.* In mammalian nerve trunks, the perineu-
rium contains 15-20 cell layers.’ Contiguous cells in each layer
interdigitate along extensive tight junctions.”® The cells may
branch and give rise to processes and contribute to the adjacent
lamellae. Each layer of cells, enclosed by basal lamina, can reach
a thickness of up to 0.5 pm in human nerves.*’

Collagen fibers originate in a lattice-like arrangement, in
which bundles are circular, longitudinal, and obliquely arranged.
The innermost perineural cell layer adheres to a distinct bound-
ary layer of densely woven collagen fibers and subperineurial
fibroblasts that mechanically links the perineurium to the
endoneurial contents.?® Collagen fibers are predominantly type
III, although type I collagen fibers are also present.’ The diam-
eter of the collagen fibrils is substantially smaller than that of
the epineural fibrils, with an average of 52 nm in the rat sural
nerve.” The basal lamina of polygonal cells is composed of col-
lagens IV and 'V, fibronectin, heparan sulfate proteoglycan,®
and laminin.’” The ubiquitous presence of pinocytotic vesicles
rich in phosphorylating enzymes underlie the assumption that
the perineurium functions as a metabolically active diffusion
barrier, playing an essential role in maintaining the osmotic
milieu and fluid pressure within the endoneurium.*® For
instance, in one of our studies, inflammatory cells accumulated
between the nerve fascicles in piglets after exposure of the nerve
to ultrasound gel did not penetrate the perineurium.*® Because
of its tightly adherent cellular structure and more longitudinally
oriented collagen, the perineurium is less tolerant to elongation
than the epineurium. In the rabbit, mechanical failure during
elongation coincided with a disruption of the perineurium
while the epineurium remained intact.”’ The integrity of the
diffusion barrier was maintained after 2 hours of 15%

elongation, while 27% elongation caused acute perineural
disruption.®

Endoneurium

The endoneurium comprises loose intrafascicular connective tissue
that does not include the perineural partitions that subdivide
the fascicles and surrounds Schwann cells (Figure 4-12). Approxi-
mately 40%—50% of the intrafascicular space is occupied by
nonneural elements (ie, other than axon and Schwann cells), of
which the endoneurial fluid and connective tissue matrix
occupy 20%-30%.% There are substantial variations among
nerves in different species’ and age groups.*!

The endoneurium is composed of collagen fibers (produced
by the underlying Schwann cells and fibroblasts); cellular com-
ponents are bathed in endoneurial fluid, contained in substan-
tial intrafascicular spaces. The nerve fibers tend to be grouped
into small bundles with intervening clefts. Endoneurial fluid
pressure is slightly higher than that of the surrounding epineu-
rium. It is believed that this pressure gradient minimizes endo-
neurial contamination by toxic substances external to the nerve
bundle.*?

Endoneurial collagen fibrils are smaller than those in the
epineurium and range between 30 and 65 nm in diameter in
humans.® The fibrils run parallel to and around the nerve
fibers, binding them into fascicles or bundles. They show
condensations around capillaries and nerve fibers. Near the
distal terminus of the axon, the endoneurium is reduced to a
few reticular fibers surrounding the basal lamina of the
Schwann cells. Types I, II, and III collagen are present in
endoneurium.*

Cellular constituents of endoneurium are fibroblasts, endo-
thelial cells of capillaries, mast cells, and macrophages. Mast
cells occur in varying numbers, being especially numerous
along blood vessels. Macrophages account for 2%-4% of the
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intrafascicular nuclei in rat peripheral nerve® and are the pri-
mary antigen-presenting cells of peripheral nerve. They scav-
enge extracellular proteins and present them to T cells emerging
from circulation. The macrophages mediate immunologic sur-
veillance and participate in nerve tissue repair. Following nerve
injury, they proliferate and actively phagocytose myelin debris.

The extracellular matrix is rich in glycoproteins, glycosami-
noglycans, and proteoglycans. The best characterized of these
include the glycoprotein fibronectin, tenascin C, trombospon-
din, and the chondroitin sulfate proteoglycans versican and
decorin.“ Expression of these molecules changes after nerve
injury, so they are potentially relevant during nerve
regeneration.

From a hydrodynamic point of view, the various tissues that
comprise a peripheral nerve can be divided into the loose, high-
compliance, expansible connective tissue of the epineurium and
the low-compliance, disruptable fascicles and fascicular bun-
dles, densely packed within the perineurium. These anatomical
differences between connective tissues and fascicles or their
bundles explain why an injection into fascicles requires more
force (pressure) than injection into the loose connective tissue

of the epineurium.”>*

Clinical Pearls

e The perineurium is a tough and resistant tissue, that tends
to escape slowly advancing a blunt, short-bevel needle
during nerve block procedure.®

* Higher force (pressure) is required for an injection into
a low-compliant fascicle as opposed to the high-compliant
epineurium.”

e In the interscalene and supraclavicular regions of the
brachial plexus, the nerves are more densely packed and
oligofascicular, while more distally, they are polyfascicu-
lar with a larger amount of stromal tissue.*

e Multifascicular nerves are less susceptible to injury as
compared to unifascicular due to a reduced fascicular
diameter and an increased epineurial protection.

e The abundance of loose epineurial tissue offers an expla-
nation as to why most intraneural injections (intraneural,
but extrafascicular) do not result in overt nerve injury.*

THE CENTRAL-PERIPHERAL
TRANSITION REGION

The transition between the CNS and the PNS in cranial and
spinal nerve roots is referred to as the central-peripheral transi-
tion region or CNS-PNS border (Figure 4—14). It represents an
abrupt change in the type of myelin, supporting elements, and

vascularization. The main glial components in the CNS are
astrocytes and oligodendrocytes, while in the PNS the main
components are the Schwann cells.”? The nerve roots of spinal
nerves are bathed in cerebrospinal fluid. The mransition region is
the length of the rootlet that contains both central and periph-
eral nervous tissue. Transition details distinguishing ensheath-
ment of the spinal roots with the meninges and connective
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tissue investments of the peripheral nerves have not been
fully clarified.” Their structural arrangements however, are
well documented in electron microscopic studies.”>’

The cellular components of the endoneurium in the spinal
roots resemble those of peripheral nerves. The quantity of col-
lagen is substantially less and is not organized in sheaths around
the nerve fibers.” The region in which the spinal roots attach
to the spinal cord is characterized by an irregularly designed
transition from the peripheral nerve to the CNS, the Ober-
steiner-Redlich zone where Schwann cells are replaced by oligo-
dendrocytes. The central portion of the root is limited at its
periphery by marginal glia, composed of astrocytes covered by
basal lamina.’

The spinal roots traverse the subarachnoid space covered by
a multicellular root sheath and penetrate the dura at the sub-
arachnoid angle (Figure 4-14). External to the subarachnoid
angle, the nerve roots possess epineurium, perineurium, and
endoneurium as in the peripheral nerve trunks. The epineu-
rium is the continuation of the spinal dura, while the endoneu-
rium is developed distal to the junction of the roots with the
central nervous tissue. Perineurium ensheaths the spinal ganglia
and is proximal to it. It is divided in the outer layers that pass
between the dura and the arachnoid to form the “dural meso-
thelium,”® while the inner layers of perineurium continue over
the roots as the “inner layer of the root sheath.”>4

The root sheath is composed of cellular and fibrous lamellae
divided into two layers.”® The outer layer consists of loosely
associated cells bordering on the subarachnoid space. Where
the roots become attached to the spinal cord, the cells of the
outer layer of the root sheath become continuous with the pia.”’
At the subarachnoid angle, the outer layer becomes reflected to
the external meningeal investments of the spinal cord (arach-
noidea attached to the inner layer of spinal dura).”® The inner
layer of the root sheath consists of flattened cells that are closely
associated with each other, are intermittently invested with a
basal lamina, and resemble the perineurium but are not classifi-
able as perineural cells. It becomes continuous with the peri-
neurium peripherally.

The subarachnoid space opens into a lateral recess that
extends between the ventral and dorsal roots and may consti-
tute a communication between the subarachnoid and endoneu-
rial spaces.” This communication is clinically relevant because
it allows inflammation to spread from the subarachnoid space
to the endoneurium in the case of polyradiculoneuritides.

(Clinical Pearls

¢ Local anesthetic injection within the epineurial cuff dur-
ing performance of interscalene or lumbar plexus blocks
may lead to spinal anesthesia due to dural cuff extension
beyond the intervertebral foramen.

* During performance of lumbar plexus block, epidural
spread of local anesthetic is observed particularly when
high injection pressure (force) is used during the injec-

tion process.®!
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FIGURE 4-14. Central-peripheral transition region. The epineurium becomes continuous with the dura mater. The arachnoid is reflected
over the roots at the subarachnoid angle and becomes continuous with the outer layer of the root sheath. At the junction with the

spinal cord, the outer layer becomes continuous with the pia mater. The perineurium divides in two layers at the subarachnoid angle: The
outer layer separates from the nerve root and runs between the dura and the arachnoid; the inner layer is adherent with spinal roots and
constitutes the inner layer of the root sheath. Spinal ganglion is embedded in the perineurium. * Subarachnoid space. (Reproduced with

permission from Haller FR, Low FN. The fine structure of the peripheral nerve root sheath in the subarachnoid space in the rat and other

laboratory animals. Am J Anat. 1971 May;131(1):1-19.)

VASCULAR SUPPLY OF PERIPHERAL
NERVES

The peripheral nerve is a well-vascularized structure,® supplied

by vessels that originate from the nearby large arteries and veins
as well as from smaller adjacent muscular and periostal blood
vessels (Figure 4-12). Peripheral nerves have two separate,
functionally independent, vascular systems: an extrinsic system
(regional nutritive vessels and epineural vessels) and an intrinsic
system (microvessels in the endoneurium).®* There are rich
anastomoses between the two systems, resulting in considerable
overlap between the territories of the segmental arteries.

The epineurium is characterized by a predominantly longi-
tudinal vascular plexus. Transperineural arterioles, 10-25 pm in
diameter, pass from the epineurium to the endoneurium
through sleeves of perineural tissue.® Their course through the
perineurium is oblique, rendering them potentially susceptible
to changes in intra- or extrafascicular pressure.®? Epineurial and
perineurial vessels have a rich perivascular plexus of peptidergic,
serotoninergic, and adrenergic nerves that play an important
role in the neurogenic control of endoneurial blood flow.*

The endoneurial vasculature is noted for its anatomical dis-
similarities from a conventional capillary bed, although, physi-
ologically, it serves similar metabolic functions. Transperineurial
arterioles gradually lose their continuous muscle coat and
become postarteriolar capillaries. Endoneurial capillaries have
atypically greater diameter and intercapillary distances than
those in many other tissues.®® Such angioarchitecture suggests a
lower exchange capacity.® Endoneurial arterioles have a poorly
developed smooth muscle layer and thus limited capacity for
autoregulation.®® The density of endoneurial microvessels varies
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significantly throughout peripheral nerves; these variations
correlate with susceptibility to ischemic neuropathy.®” This
unique pattern of vessels, together with the high basal blood
flow relative to metabolic requirements of the nerve, confer a
high degree of resistance to ischemia so that nerve dysfunction
does not occur during acute ischemia until blood flow is almost
zero. The outstanding characteristic of the peripheral neurovas-
cular system is its flexibility. Peripheral nerves may be surgically
mobilized, severing their nutrition vessels without clinical con-
sequences, to a surprising degree. However, the distribution of
the circulation within the endoneurium is exquisitely sensitive
to physical and chemical manipulation.®

Clinical Pearls

e Deripheral nerves are relatively resistant to ischemia

because nerve dysfunction can only occur when the
blood flow is almost zero.

* Local anesthetics have the ability to constrict vasculature
and decrease the blood flow to the nerves.®®

AGE-RELATED CHANGES IN PERIPHERAL
NERVES

An intact aged PNS is characterized by several extensive struc-
tural, functional, and biochemical changes, which have been
documented in both myelinated and unmyelinated fibers.>®
In the elderly, myelinated fiber density decreases.?*#17%72 A regular
relation between internodal length and fiber diameter becomes
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less precise with aging.*"”? This is associated with segmental
demyelination and remyelination and the axonal degeneration
and regeneration clinically evident as mild peripheral
neuropathy.’

In unmyelinated fibers, regressive changes attributed to
aging have been reported.”*”> In unmyelinated fiber complexes
of aging nerves, the proportion of Schwann cell bands devoid
of axons increases (so-called collagen pockets; see Figure 4-9).
An early age-related change appears to be the budding of
Schwann cell processes into numerous flattened tongues, which
usually occur in groups.” The perineurial index (ratio of peri-
neurium thickness to fascicle diameter) shows a tendency to
increase with age,”” most probably reflecting age-related loss of
nerve fibers.

Aging is associated with a decreased number of endoneurial
capillaries and an increase in the thickness of capillary walls and
the perineurium.”” The rate of axonal regeneration becomes
slower as density and number of regenerating axons decreases.
Aging also impairs terminal sprouting of regenerated axons and
collateral sprouting of intact adjacent axons, further limiting
target reinnervation and functional recovery.”

The cause of changes related to aging is uncertain. It is not
yet established whether they are the result of neuronal aging,
giving rise to distal axonal degeneration and secondary demy-
elination, or local factors in the nerves, such as ischemia or the
consequences of repeated minor trauma. Nevertheless, age-
related changes in peripheral nerves probably result from the
cumulative, lifelong effect of various pathogenic factors modi-
fied by genetic determinants and by a gradual decrease in
regenerative capacity.”’

Clinical Pearls

* Due to age-related nerve degeneration, less local anes-
thetic at lower concentration may be needed for nerve
blockade.

o Age-related changes of the peripheral nerve may be
responsible for the typically poorer ultrasonographic
images of the peripheral nerves in the elderly as com-
pared to younger subjects.””

RESPONSE OF PERIPHERAL NERVE
TO INJURY

Injuries to the peripheral nerves result in loss of motor, sensory,
and autonomic functions in the denervated segments of the
body due to the interruption of axons, degeneration of distal
nerve fibers, and eventual death of axotomized neurons.”®
Functional deficits caused by nerve injuries can be compen-
sated by reinnervation of denervated targets by regenerating
injured axons or by collateral branching of undamaged axons
and remodeling of nervous system circuitry related to the lost
functions. Nerve regeneration is possible if the cut ends remain
near each other’® otherwise, regeneration may not be complete
or successful.
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After an injury, the neuron attempts to repair the damage,
regenerate the process, and restore function by initiating a series
of structural and metabolic events called axon reaction. The
reactions to the trauma are localized in three regions of the
neuron: at the site of damage (local changes), distal to the site
of damage (anterograde changes), and proximal to the site of
damage (retrograde changes). Local reaction to injury involves
removal of debris by neuroglial cells. The portion of the axon
distal to an injury undergoes degeneration and is phagocytosed.
The proximal portion of the injured axon undergoes degenera-
tion followed by sprouting of a new axon whose growth is
directed by Schwann cells.

(Clinical Pearls

* The electrical stimulation threshold for a motor response
of the sciatic nerve is increased in patients with diabetic

foot gangrene, which may affect nerve identification.”
* Many postprocedure nerve injuries occur in nerves with
preexisting pathology.®

SUMMARY

The knowledge that neural anatomy is unique at different ana-
tomical sites is essential for a safe and effective practice of
regional anesthesia. Understanding the peripheral nerve struc-
ture and its implication while using state-of-the-art monitors,
including ultrasonography, nerve stimulation, and injection
pressure monitoring, is helpful in minimizing the potential for
patient injury.
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INTRODUCTION

A better understanding of some features of the fine structure of
peripheral nerves may provide us with essential information
that can be helpful in anesthetic clinical practice. This chapter
reviews the ultrastructure of connective tissues of peripheral
nerves to facilitate understanding of its role as the perineurial
diffusion barrier and implication in regional anesthesia.

FASCICLES

Nerves and their principal branches (Figures 5-1 to 5-3) consist
of parallel bundles of nerve fibers (nerve fascicles, fasciculi). The
size, number, and pattern of fasciculi vary among nerves and at
different distances from their origin. When the connective tissue
of the peripheral nerve is removed, 20 or more tubular structures
or fascicles are typically seen.

Inside each nerve, the axons form an intraneural plexus in such
a fashion that one axon can contribute to different fascicles along
the nerve length (Figure 5-4). In other words, an axon can travel
from a peripheral position to a more central position as well as
swap the fascicles altogether along its descent more peripherally.'
Indeed, cross-sectional anatomy of nerves at close distance from
each other demonstrates that the location and number of fascicles
within nerves are highly variable (see Figure 5-3) with the pres-
ence of intraneural plexuses (Figures 55 and 5-6). The number,
size, and location of fascicles in peripheral nerves are also variable
even within a single nerve and can vary as much as 23 times along
a 4- to 5-cm length of nerve.”®

Clinical Pearl

* Inside each nerve, the axons form an intraneural plexus
in such way that an axon can occupy different

fascicles.
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In a cross section of a sciatic nerve, fascicles comprise
25%—75% of the cross-sectional area (see Figures 5-1 and 5-3).
This proportion varies in different nerves and at different levels
of the same nerve. Up to 50% of the cross-sectional area is made
up of non-neural tissue, including endoneural fluid and connec-
tive stroma. The number of fascicles increases at the level of nerve
branching. In the proximity of joints, the fascicles are thinner,
more numerous and have a thicker perineurium, which may
confer better protection against pressure and stretching.®

CONNECTIVE TISSUE SHEATHS OF
PERIPHERAL NERVES

The connective tissue inside nerves functions to support and
protect nerves blood and lymphatic vessels (see Figure 5-1
and 5-2). The connective tissue of peripheral nerves takes dif-
ferent names according to its location.' On the outside of
each peripheral nerve, there is collagenous tissue: epineurium.
Surrounding every fascicle within the nerve is the perineurium.
Individual nerve fibers within the fascicles are embedded in
endoneurium, which fills the space bound by the perineurium.
As the peripheral nerve divides and the number of fascicles
decreases, the connective tissue sheaths become progressively
thinner. For instance, in monofascicular nerves the epineu-
rium is absent, distributed irregularly, or appears integrated
with the perineurium. Connective tissue that connect nerves
to the surrounding structures are thinner and disperse, often
losing any distinguishable feature from that of general connec-
tive tissue.’

ENDONEURIUM

The endoneurium (Figures 5-7 and 5-8) intimately surrounds

Schwann cells and fills the space bounded externally by the

perineurium. Endoneurium  contains collagen fibers,
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FIGURE 5-1. Sciatic nerve at the level of popliteal fossa. Scanning electron microscopy. Magnification x25. (Reproduced with permission
from Reina MA, Arriazu R, Collier CB, et al: Electron microscopy of human peripheral nerves of clinical relevance to the practice of nerve blocks.
A structural and ultrastructural review based on original experimental and laboratory data, Rev Esp Anestesiol Reanim. Dec 2013;60(10):552-562.)

FIGURE 5-2. Scanning electron microscopy image of the human tibial nerve fascicles and adipose tissue that between fascicles.
Magnification x75. (Reproduced with permission from Wikinski J, Reina MA, Bollini C, et al: Diagndstico, prevencidn y tratamiento de las
complicaciones neuroldgicas asociadas con la anestesia regional periférica y central. Buenos Aires: Panamericana Ed; 2011.)

Epineurium of tibial nerve

Epineurium of group of fascicles
Perineurium

Fascicle
Interfascicular epineurium of tibial nerve
Interfascicular epineurium of sciatic nerve

Epineurium of sciatic nerve
Epineurium of peroneal nerve

FIGURE 5-3. Sciatic nerve at the level of popliteal fossa. Hematoxylin-eosin. (Reproduced with permission from Reina MA, De Andres JA,
Herndndez JM, et al: Successive changes in extraneural structures from the subarachnoid nerve roots to the peripheral nerve, influencing
anesthetic block, and treatment of acute postoperative pain. Eur J Pain. Suppl 2011;5(2):377-385.)
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Fascicles

Interfascicular connection
of axons

Artery

FIGURE 5-4. Diagram of intraneural plexus enclosed in a peripheral nerve. (Reproduced with permission from De Andrés JA, Reina MA,
Lépez A, et al: Blocs nerveux périphériques, paresthésies et injections intraneurales, Le Practicien en Anesthésie Réanimation 2010;14:213-221.)

7

FIGURE 5-5. Intraneural plexus within a peripheral nerve, from the brachial plexus. Hematoxylin-eosin. (Reproduced with permission
from Reina MA, Arriazu R, Collier CB, et al: Electron microscopy of human peripheral nerves of clinical relevance to the practice of nerve
blocks. A structural and ultrastructural review based on original experimental and laboratory data, Rev Esp Anestesiol Reanim. 2013
Dec;60(10):552-562.)
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Fascicle

Axon

FIGURE 5-6. Intraneural plexus inside a peripheral nerve. Interfascicular connection from axons between two fascicles, obtained from the
brachial plexus. Hematoxylin-eosin. (Reproduced with permission from Reina MA, Arriazu R, Collier CB, et al: Electron microscopy of human
peripheral nerves of clinical relevance to the practice of nerve blocks. A structural and ultrastructural review based on original experimental

and laboratory data. Rev Esp Anestesiol Reanim. 2013 Dec;60(10):552-562.)

fibroblasts, capillaries, and a few mast cells and macrophages.
Collagen fibers are permeable and concentrated in a zone
beneath the perineurium and around nerve fibers and blood
vessels. The collagen fibers surround both myelinated and
unmyelinated nerve fibers. However, the endoneurial sheaths
around smaller myelinated fibers and around some unmyelin-
ated axons are less well organized (Figure 5-9).

Fibroblasts are among the most abundant cell types of the
endoneurium. They are responsible for fiber formation and
production of ground substance. When sectioned transversely,

FIGURE 5-7. Endoneurium shaped as multiple canaliculi,
enclosing fascicles of tibial nerve. Scanning electron microscopy.
Magnification x900. (Reproduced with permission from Reina
MA: Atlas of Functional Anatomy for Regional Anesthesia and Pain
Medicine. New York: Springer; 2015.)
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endoneurial fibroblasts have triangular or rectangular perikaria.
The appearance of fibroblasts varies depending on their func-
tional activity. When the cell is metabolically active, as is the
case with growth and in tissue regeneration after injury, the
nucleus is larger and nucleoli are more prominent. The cyto-
plasm also stains more deeply and is basophilic in contrast with
the lightly staining, slightly acidophilic cytoplasm of a relatively
inactive cell. Like those in the epineurium, fibroblasts in the
endoneurium lack a basal lamina.

Mast cells are especially numerous along the course of
blood vessels. Mast cell granules are soluble in water and are
therefore not easily revealed in sections routinely prepared
with hematoxylin and eosin stain. After adequate fixation,
the granules stain with most basic dyes and become meta-
chromatic after certain dyes, such as toluidine blue. Electron
microphotographs show that the secretory granules are mem-
brane bound, and the granule matrices have varying densities
and characteristic helical-type patterns (Figure 5-10). Mac-
rophages are also found frequently around perivascular endo-
neurium (Figure 5-11). The endoneurium contributes to the
stability of the internal medium where the Schwann cells and
axons are located.'” The endoneurium of cutaneous nerves
contains more collagen fibers than deep nerves; this probably
is related to its protective role. The endoneural collagen is
believed to originate from the Schwann cells, which are 9:1
more prominent than fibroblasts. Schwann cells represent
90% of intrafascicular cells, whereas fibroblasts account for
less than 5% of the remaining number. The endoneurium
along with the epineurium and perineurium contribute to
nerve protection against elongation under strain. The sinu-
ous trajectories of axons confer additional protection on
nerves. Endoneurial sheaths around axons is demonstrated in
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Axon
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Myelin

Nucleus of Schwann cell
Axons
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FIGURE 5-8. Endoneurium envelops
myelinated axons in fascicles in a peripheral
nerve. Scanning electron microscopy.
Magnification x3300. (Reproduced with
permission from Reina MA, Arriazu R, Collier CB,
et al: Electron microscopy of human peripheral
nerves of clinical relevance to the practice of
nerve blocks. A structural and ultrastructural
review based on original experimental and
laboratory data. Rev Esp Anestesiol Reanim.
2013 Dec;60(10):552-562.)

FIGURE 5-9. Unmyelinated and myelinated
axons enclosed by endoneurium. Transmission
electron microscopy. Magnification x20000.
(Reproduced with permission from Reina MA,
Arriazu R, Collier CB, et al: Electron microscopy
of human peripheral nerves of clinical
relevance to the practice of nerve blocks. A
structural and ultrastructural review based on
original experimental and laboratory data. Rev
Esp Anestesiol Reanim. 2013 Dec;60(10):552-562.)

FIGURE 5-10. Mastocyte inside fascicles from tibial
nerve. Transmission electron microscopy. Magnification
x7000. (Reproduced with permission from Reina MA: Atlas
of Functional Anatomy for Regional Anesthesia and Pain
Medicine. New York: Springer; 2015.)

TYV\-FFYAALNF uptodate.com


http://www.myuptodate.com

Macrophage

Connective Tissues of Peripheral Nerves

FIGURE 5-11. Macrophage within fascicles as seen on Transmission electron microscopy. Magnification x7000.

figures 5-7, 5-8 and 5-9. Instead of individually shaped endo-
neurial layers, the endoneurium appears rather as a contin-
uum, forming several canaliculi into which axons are

embedded.

Clinical Pearl

¢ The endoneurium surrounds Schwann cells and fills the
space within perineurium.

PERINEURIUM

Each fascicle is surrounded by a connective tissue sheath, the
perineurium.!>"""" The perineurium consists of concentric
layers of flattened cells separated by layers of collagen
(Figures 5-12 to 5-16). The number of perineurial cell layers
depends on the size of the fascicle. As many as 8-16 concentric
layers may be present around large nerve fascicles, but a single
layer of perineurial cells surrounds small distal fascicles. In
larger peripheral nerves, concentric cell layers alternate with
layers of collagen fibers arranged longitudinally, similar to those
of the epineurium. Collagen fibers are thinner than those of the
epineurium, and only a few elastic fibers are scattered among

them. Perineurial cells have a basal lamina on each side that
may be considerably dense. At sites known as hemidesmo-
somes, the perineurial cell plasma membrane strongly adheres
to the basal lamina.>"!

With electron microscopy, perineurial cells are seen as thin
sheets of cytoplasm containing small amounts of endoplasmic
reticulum, filaments, and numerous endocytic vesicles. Tight
junctions and gap junctions between adjacent cells within the
same layer of perineurium are also observed.*!! Similar tight
junctions may also appear between successive layers of the peri-
neurium when their cells are in close proximity. Tight junctions
in the inner layers of the perineurium and tight junctions in
endoneurial capillaries form a blood-nerve barrier structure'*'¢
(Figures 5-17 and 5-18). The blood-nerve barrier is not equiva-
lent to the blood-brain barrier'" as the blood-brain barrier astro-
cytes help regulate the flow of compounds between blood and
the brain. The perineural cells are metabolically active, and
their cytoplasms contain enzymes like ATPase (adenosine
triphosphatase), 5-nucleotidase, and so on. These cells probably
play a role in maintaining electrolyte and glucose balance
around the nerve cells.””

The perineurium forms a tubular wrapping that allows some
axonal movement inside the fascicles. The thickness of the
epineurium varies between 1 and 100 pm. As the number of
fascicles within a nerve increases, the thickness of the perineu-
rium generally decreases. For instance, along the trajectory of
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Perineurial
layers

FIGURE 5-12. Concentric perineurial layers. Transmission electron microscopy. Magnification x30,000. (Reproduced with permission from
Reina MA, Arriazu R, Collier CB, et al: Electron microscopy of human peripheral nerves of clinical relevance to the practice of nerve blocks. A
structural and ultrastructural review based on original experimental and laboratory data. Rev Esp Anestesiol Reanim. 2013 Dec;60(10):552-562.)

Collagen fibers
Nucleus of perineural cell

Specialized junctions

FIGURE 5-13. Perineurial layers and specialized junctions. Transmission electron microscopy. Magnification x20,000. (Reproduced with
permission from Reina MA, Arriazu R, Collier CB, et al: Electron microscopy of human peripheral nerves of clinical relevance to the practice
of nerve blocks. A structural and ultrastructural review based on original experimental and laboratory data. Rev Esp Anestesiol Reanim. 2013
Dec;60(10):552-562.)

TYY-FFIAALNF uptodate.com


http://www.myuptodate.com

Connective Tissues of Peripheral Nerves

Collagen fibers

Perineural layers

FIGURE 5-14. Collagen fibers among perineurial layers. Transmission electron microscopy. Magnification x30,000. (Reproduced with
permission from Reina MA: Atlas of Functional Anatomy for Regional Anesthesia and Pain Medicine. New York: Springer; 2015.)

the median nerve, the epineurium appears proportionally
thicker in the wrist than in the axilla. There are three areas
where the perineurium is absent and the epineurium becomes
in contact with the endoneurium:nerve endings, around blood
vessels, and in areas where reticular fibers penetrate the
perineurium.

The role of the perineurium is to maintain intrafascicular
pressure and to contribute to the barrier effect.’'®!8 Pressure

exerted on the perineurium is transmitted to the endoneurium
and ultimately the nerve fibers (axons).”” The perineurium
increases in thickness around points of nerve branching to pro-
vide additional protection.?

The perineurium may be also protective in limiting the
extension of infection and inflammartory reactions. For instance,
when a nerve with intact perineurium crosses an infected area,
the nerve responds generally by thickening of its perineurial

— Fascicles

Perineurial layers

FIGURE 5-15. Perineurium and fascicles: three-dimensional features of perineural layers. Scanning electron microscopy. Magnification
x150. (Reproduced with permission from Reina MA, Arriazu R, Collier CB, et al: Electron microscopy of human peripheral nerves of clinical
relevance to the practice of nerve blocks. A structural and ultrastructural review based on original experimental and laboratory data. Rev Esp

Anestesiol Reanim. 2013 Dec;60(10):552-562.)
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.1* Fascicle

Perineural
layers

FIGURE 5-16. Three-dimensional image of perineural layers. Scanning electron microscopy. Magnification x500. (Reproduced with permission
from Reina MA, Arriazu R, Collier CB, et al: Electron microscopy of human peripheral nerves of clinical relevance to the practice of nerve blocks.
A structural and ultrastructural review based on original experimental and laboratory data. Rev Esp Anestesiol Reanim. 2013 Dec;60(10):552-562.)

layer. Conversely, when perineurium is not intact, the infection .
easily spreads across nerve fascicles.”” Injury to the epineurium, Clinical Pearls

however, does not compromise the axonal safety to the same

extent. Sdderfelt demonstrated that the barrier effect of the * Fascicles within the nerve are surrounded by perineurium
epineurium is preserved for up to 22 hours postmortem in which confers structural protection against penetration
conditions of ischemia.’® Olsson has studied the loss of the and over-stretching injury.

nerve barrier effect in vivo after nerve lesion. He also has dem- * A blood-nerve barrier is formed by tight junctions in the
onstrated recovery of the effect between 2 and 30 days inner layers of the perineurium and tight junctions in
postinjury.'® endoneurial capillaries.

FIGURE 5-17. Endoneurium and capillaries inside fascicles of peripheral nerves. Transmission electron microscopy. Magnification

%3000. (Reproduced with permission from Reina MA, Arriazu R, Collier CB, et al: Electron microscopy of human peripheral nerves of clinical
relevance to the practice of nerve blocks. A structural and ultrastructural review based on original experimental and laboratory data. Rev Esp
Anestesiol Reanim. 2013 Dec;60(10):552-562.)
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FIGURE 5-18. Endothelial cell from intrafascicular capillary.
Transmission electron microscopy. Magnification x20,000.
(Reproduced with permission from Reina MA, Lopez A, Villanueva
MG, et al: The blood-nerve barrier in peripheral nerves. Rev Esp
Anestesiol Reanim. 2003 Feb;50(2):80-86.)

EPINEURIUM

The outermost sheath of the epineurium consists of moderately

dense connective tissue that binds nerve fascicles (Figures 5-3,
5-19, and 5-20). Epineurium merges with adipose tissue

Connective Tissues of Peripheral Nerves

surrounding peripheral nerves, particularly in subcutaneous tissue.
The amount of epineurial tissue varies along a nerve and is more
abundant around joints. The thickness of the epineurium varies in
different nerves and in different locations of the same nerve. For
instance, the average thickness of the epineurium is 22% of the
ulnar nerve at the level of the elbow and 88% of the sciatic nerve
at the gluteal level. In general, the epineurium represents between
30% and 75% of the cross-sectional area of a nerve.®?*?! The
proportion of epineurium is higher in larger nerves with increas-
ing numbers of nerve fascicles. However, the epineurium is absent
around monofascicular nerves and at nerve endings.

The epineurium contains adipocytes, fibroblasts, connective
tissue fibers, mast cells, small blood and lymph vessels, and
small nerve fibers innervating the vessels.”” Epineurium is a
permeable structure,”?! and its fibroblasts are ultrastructurally
identical to fibroblasts elsewhere in the body. Scattered through-
out the epineurium, fibroblasts form the epineurial collagen,
the most prominent component of this layer. As collagen is a
protein stained by most acid dyes, collagen fibers turn weak
pink wiht eosin in preparations stained with hematoxylin-
eosin. Under the electron microscope, fibers of mature collagen
have frecuent cross bandings. Elastic fibers are also present, and
these are considerably more compact than collagen fibers. They
stain weak pink in sections stained with hematoxylin and eosin,
brown with orcein, and blue-purple with resorcin-fuchsin. In
electron micrographs, elastin fibers typically appear more
stained (darker) at the periphery and are embedded in a sub-
stance containing thinner elastin filaments.

The epineurium of some nerves contains a considerable
amount of fat, as is the case with the sciatic nerve. The com-
mon peroneal and tibial nerves, however, contain less fat than
the sciatic nerve, and usually the former contains less fat than
the latter.®

Fascicles

Epineurium

FIGURE 5-19. Epineurium in human tibial nerve. Scanning electron microscopy. Magnification x20. (Reproduced with permission from
Reina MA, Arriazu R, Collier CB, et al: Electron microscopy of human peripheral nerves of clinical relevance to the practice of nerve blocks. A
structural and ultrastructural review based on original experimental and laboratory data. Rev Esp Anestesiol Reanim. 2013 Dec;60(10):552-562.)
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Epineurium

FIGURE 5-20. Epineurium in human tibial nerve. Scanning electron microscopy. Magnification x180. (Reproduced with permission from
Reina MA, Arriazu R, Collier CB, et al: Electron microscopy of human peripheral nerves of clinical relevance to the practice of nerve blocks. A
structural and ultrastructural review based on original experimental and laboratory data. Rev Esp Anestesiol Reanim. 2013 Dec;60(10):552-562.)

Seen under the microscope, intraneural adipose cells resem-
ble honeycombs, with empty vacuoles due to fat dissolution,
during the fixation process® (Figure 5-21).

Mast cells are distributed throughout connective tissue and
are often located in the proximity of small blood vessels.

Vasa nervorum supplying peripheral nerves arise from
branches of regional arteries. Branches from these arteries enter
the epineurium to form an vascular plexus (Figures 5-22 and
5-23). From the plexus, vessels penetrate the perineurium and
enter the endoneurium as arterioles and capillaries. In nerves
consisting of several fascicles, arteries, veins, and lymphatics run
longitudinally and parallel to nerve fascicles.

FIGURE 5-21. Adipocytes in interfascicular tissue of sciatic nerve.
Scanning electron microscopy. Magnification x400. (Reproduced
with permission from Reina MA, Lopez A, De Andrés JA: Adipose
tissue within peripheral nerves. Study of the human sciatic nerve.
Rev Esp Anestesiol Reanim. 2002 Oct;49(8):397-402.)

Epineurium also projects longitudinal “ondulations” along
its trajectory, providing elasticity especially in nerves supplying
innervation to the extremities.

(linical Pearls

* Epineurium is the outermost sheath of peripheral
nerves.

* Epineurium is permeable and consists of moderately
dense connective tissue that binds nerve fascicles.

* The epineurium contains adipocytes, fibroblasts, connec-
tive tissue fibers, mast cells, small lymphatics, as well as
blood vessels and small nerve fibers innervating the vessels.

PARANEURAL SHEATHS AND COMMON
EPINEURAL SHEATH

Whereas gross anatomy descriptions of distal peripheral nerves
accurately identify each connective layer enclosing axons (endo-
neurium), nerve fascicles or bundles of axons (perineurium),
and single peripheral nerves (epineurium), this becomes more
complex where the connective tissue binds more than one
nerve. An example of this is the sciatic nerve at the popliteal
fossa. Various terms, such as paraneurium, paraneural
sheaths,”** common epineural sheath,” conjuctiva nervorum,*
or adventitia,” are interchangeably used to refer to the same
connective tissue.

Small nerves formed by a single group of fascicles feature a
layer of perineurium enclosing each fascicle along with scarce
amounts of adipose tissue. A connective tissue known as epineu-
rium composed of collagenous fibers encloses the nerve.® Specific
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Blood vessels

Fascicles

FIGURE 5-22. Interfascicular tissue and vessels in sciatic nerve. Scanning electron microscopy. Magnification x50. (Reproduced with
permission from Reina MA, Lopez A, De Andrés JA: Adipose tissue within peripheral nerves. Study of the human sciatic nerve. Rev Esp

Anestesiol Reanim. 2002 Oct;49(8):397-402.)

techniques enable identification of perineurium using staining
methods positive for EMA (epithelial membrane antigen) and of
collagen with Masson trichrome and EMA-negative stain.?
Similarly, staining techniques aid in the identification of struc-
tures in more complex nerves, such as the sciatic nerve, where
groups of variable numbers of fascicles are present. In these types
of nerves, EMA staining reveals that perineurium encloses each
nerve fascicle, as opposed to connective tissue made up by collagen

Erythrocyte

fibers typically present in epineurium that encloses groups of fas-
cicles (detected with Masson trichromic stain).> Microscopic
analysis of complex nerve structures such as the sciatic nerve at
increasingly proximal locations shows that nerve branches within
these nerve structures appear divided by their respective epineurial
layers even before physical branch division materializes.

Each peripheral nerve at both plexus and terminal sites is
encircled by concentric clusters of fat tissue, which appear just

FIGURE 5-23. Blood vessel inside interfascicular tissue of sciatic nerve. Transmission electron microscopy. Magnification x7000. (Used with

permission from Miguel Angel Reina, MD.)
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Biceps femoris muscle
(long head)

Sciatic Nerve

Biceps femoris muscle
(short head)

Cutaneous and muscular
branches of sciatic nerve

Paraneural compartments
Abductor magnus muscle

Muscular vessels

FIGURE 5-24. Sciatic nerve and its surrounding paraneurium at the level of the popliteal fossa. Hematoxylin-eosin. (Reproduced with
permission from Reina MA: Atlas of Functional Anatomy for Regional Anesthesia and Pain Medicine. New York: Springer; 2015.)

prior to the division of the nerve (Figure 5-24 and 5-25). The
adipose tissue extends alongside its collateral or terminal
branches. The amount and shape of fat tissue vary along the
nerve, progressively losing their concentric contour and becom-
ing unevenly distributed. The collagen layer, similar to the
epineurium, that wrapps together the nerve components and
the adipose tissue in between has been refered to as paraneu-
rium, paraneural sheath, common epineural sheath, conjuctiva
nervorum or adventitia by different authors.

In clinical practice, ultrasound-guided injection of local
anesthetics enables the indirect identification of paraneurium as

the space between this layer and the nerve expands displaying a
concentric shape. Neural layers surrounding fascicles, groups of
fascicles, nerves, as well as more complex nerve structures have
similar morphology, and they are mainly composed of collagen
fibers. Therefore, it may seem reasonable to unify terminology
noting that present denominations based on the anatomic loca-
tion of each neural fascia seems rather confusing.** However,
epineurium and paraneurium may best to avitted terms to
avoid the present confusion. Both epineurium and paraneu-
rium have similar functions, which include insulation and
protection of nerves from injury. Paraneural compartments

Paraneural compartments
Tibial nerve

Fibular nerve

Popliteal vein

Lateral sural cutaneous
nerve

Biceps femoris muscle

FIGURE 5-25. Tibial nerve, fibular nerve and its paraneurium at popliteal fossa. Hematoxylin-eosin. (Reproduced with permission from
Reina MA: Atlas of Functional Anatomy for Regional Anesthesia and Pain Medicine. New York: Springer; 2015.)
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facilitate longitudinal displacement of nerves controlling body
movement. This movement is necessary to neutralize lateral
compression by changing their shape.’ If the tissue is exposed
to external irritation, it reacts, leading to interfascicular
fibrosis.*

In relation to the anatomic features of the sciatic nerves,
Andersen et al** found the sheath surrounding the sciatic nerve
to be a thin transparent structure that was clearly distinctive,
both macroscopically and microscopically different from the
epineurium. The sheath facilitated the spread of the injectate
along the nerve. However, its projections did not completely
encircle the nerve. The internal layers of the paraneurium
around the sciatic nerve®! had a similar structure of that sheath.
Vloka et al® used the term common epineural sheath. Tran et al*
compared the effectiveness of the sciatic nerve block in relation
to what they called “subepineural” injection at the “bifurcation,”
which fills a common paraneural compartment shared by tibial
and peroneal nerves close to their macroscopic division.

Orebaugh et al*® reported that needle-tip placement in the
interscalene region and injection of anesthetic solution took
place frequently inside the epineurium. This occurred in
approximately 50% of the nerve blocks without evidence of
fascicular or axonal damage and no trace of dye within fascicles
to suggest that the needle had traversed them.?

Spinner et al** demonstrated that intraepineurial injection of
dye results in its dissection along paths of least resistance, sug-
gesting the presence of anatomic constraints among epineurial
compartments. When Spinner injected the inner epineurium,
the dye expanded within the same compartment but did not
cross over or extend to the common external epineurial space.
Therefore, the concept of “intraneural injection” should be
revised for each nerve examined, avoiding extrapolations based
on studies of a single nerve?>?*% due to the considerable ana-
tomic variability among peripheral nerves.

Clinical Pearl

e A peripheral nerve at both plexus and terminal sites is

encircled by concentric clusters of adipose tissue. This
explains why perineural injections result in low opening
injection pressure.

PERIPHERAL NERVE BLOCKS

Diffusion of anesthetic into the axons is influenced by the pres-

ence and characteristics of the connective tissue sheaths (eg,
perineurium, myelin) and the size and location of the axons
inside fascicles. During intravenous peripheral anesthesia (Bier
block), the local anesthetic most likely reaches the peripheral
nerve endings through the intraneural capillary network.
Perineurium and endoneural capillary endothelium protect
the axons from foreign substances thanks to their tight junc-
tions between endothelial cells and among perineural cells.
Local anesthetic injected outside the epineurium of a nerve
must traverse both the epineurium and perineurium to reach
the axons. Subsequently, only a small proportion of the injected

+YY-F7IAALNF

Connective Tissues of Peripheral Nerves

anesthetic comes in direct contact with axons leading to
delayed onset, incomplete or failed neural blockade. For
instance, Popitz and collaborators® injected 1% lidocaine into
the sciatic nerve of rats and found that when the block was
complete, the intraneural amount of local anesthetic was
around 1.6% of the injected dose.

SUMMARY

The composition and arrangement of the connective tissue of
peripheral nerves play a major role in protection of the periph-
eral nerves and in the practice of regional anesthesia. Character-
istics and variability of the connective tissue may substantially
influence the spread of the local anesthetic during nerve block
injection and therefore the dynamics and quality of the neural

blockade.
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INTRODUCTION

Recent research on the ultrastructure of the human spinal dural

sac and its contents has enhanced our understanding of the
microstructure of the dura mater, arachnoid layer, trabecular
arachnoid, pia mater, and nerve root cuffs. This chapter reviews
new and traditional concepts regarding these structures and
discusses their possible clinical implications. The distribution
of epidural fat and its possible role in disposition and kinetics
of neuraxial injections are also discussed.

DURAL SAC

The dural sac surrounds the spinal cord inside the vertebral
column. It separates the epidural space from the subarachnoid
space, ending at the second sacral vertebra. In an idealized
shape, the dural sac is cylindrical with its thickness varying
from about 1 mm in the cervical region and becoming gradu-
ally thinner as it descends (Figures 6-1 and 6-2). In the lum-
bar region, the thickness of the dural sac reaches 0.3 mm,’
although measurements taken from anteroposterior or lateral
may vary somewhat even at the same vertebral level. The dura
mater is the most external layer of the dural sac and is respon-
sible for 90% of its total thickness. This fibrous structure,
although permeable, somewhat provides mechanical protection
to the spinal cord and its neural elements. The internal 10% of
the dural sac is formed by the arachnoid layer, which is a cel-
lular lamina that adds little extra mechanical resistance.

DURA MATER

Dura mater comprises approximately 80 concentric laminas

3-5

(Figure 6-3). Each dural lamina has a thickness of approxi-
mately 5 pm and consists of thinner laminas containing mostly

collagen fibers (Figures 6-4 and 6-5). The collagen fibers are
oriented in different directions but always within the concen-
tric plane of the dural lamina; hence, they do not cross between
the laminas. Each collagen fiber has a smooth surface and mea-
sures approximately 0.1 pm (Figure 6-6). The elastic fibers are
fewer, measuring 2 pm in diameter, and have a rougher surface
than that of the collagen fibers® (Figure 6-7).

Contrary to the classic description of fibers inside dural lami-
nas being arranged longitudinally and parallel to the long axis of
the vertebral column, the fibers are actually distributed multidi-
rectionally at random inside each of the concentric dural laminas
(Figures 6-8 to 6-10). Mastocytes and macrophages are also
present within the dura mater (Figures 6-11 and 6-12).

ARACHNOID LAYER

Conventionally, the arachnoid layer is described as a fine

membrane in close contact with but not adhering to the inter-
nal surface of the dura mater. Recent research, however, deter-
mined that there is no space between the dura mater and the
arachnoid layer (see subdural space). The arachnoid layer is
semipermeable and serves as a barrier to limit the passage of
substances through the dural sac (Figures 6-13 and 6-14). Its
thickness is about 50-60 um’ (Figures 6-15 and 6-16). In its
interior, arachnoid cells strongly bond by specific membrane
junctions with a thickness of about 10-15 pum. Collagen
fibers at the center of the arachnoid layer give strength to the
lamina and improve its mechanical resistance. Flat, elongated
neurothelial cells occupy the outer portion of the layer. Tear-
ing off the arachnoid layer exposes the subdural space. Neu-
rothelial cells can be found attached either to the internal
surface of the dura or to the external surface of the arachnoid
layer®® (Figure 6-17).
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Dorsal root ganglia

Dural sac

FIGURE 6-1. Human dural sac. (Reproduced with permission from Reina MA, Lopez Garcia A, de Andrés JA, et al: Thickness variation of the

dural sac. Rev Esp Anestesiol Reanim. 1999 Oct;46(8):344-349.)

NEURAXIAL BLOCKADE AND
DURAL LESIONS

Piercing the dural sac during a subarachnoid block causes
mechanical disruption of both the dura mater and the arach-
noid layer. The cross-sectional area of the puncture site

FIGURE 6-2. Human dural sac and end spinal cord. (Reproduced
with permission from Reina MA, Pulido P, Lépez A. El saco dural
humano: Rev Arg Anestesiol. 2007; 65:167-184.)

produced by a 25-gauge needle is similar regardless of whether
the needle has a pencil point or a cutting end. However, the
morphology of the lesion varies depending on the design of the
needle tip. Pencil-point needles produce a greater and rougher-
appearing injury to the dural fibers, while cutting needles pro-
duce a U-shaped lesion or flap resembling the open lid of a
tin can'*'? (Figures 6-18 to 6-31).

When using cutting (long bevel) needles, bevel orienta-
tion (eg, parallel or perpendicular to the main axis of the
cord) does not significantly affect the size or morphology of
the lesions in the dura and arachnoid lamina'®'? (see Figure
6-24). The lesion that the needle produces in the dural sac
has two components, dural and arachnoid. It is believed that
the arachnoid component is vital in limiting cerebrospinal

FIGURE 6-3. Thickness of the dural sac. Scanning electron
microscopy. Magnification x300. (Reproduced with permission
from Reina MA, Dittmann M, Lopez A, et al: New perspectives in the
microscopic structure of human dura mater in the dorso lumbar
region. Reg Anesth. 1997 Mar-Apr;22(2):161-166.)
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FIGURE 6-4. Partial thickness of the dural sac. Details of dural laminas. Scanning electron microscopy. Magnification x4,000. (Reproduced
with permission from Reina MA, Lépez A, Dittmann M, et al: Structure of human dura mater thickness by scanning electron microscopy. Rev

Esp Anestesiol Reanim. 1996 Apr;43(4):135-137.)

fluid leakage from the subarachnoid space to the epidural
space. Therefore, the size and morphology of arachnoid
lesions seem to be more important for laminar sealing and
cerebrospinal leakage than the size and morphology of dural
lacerations.

The incidence of postdural puncture headache (PDPH) has
been thought that is affected by the type of needle used (pencil
point versus cutting) and of the bevel.

The traditional belief that cutting needles result in larger
dural lesions (tears) was established in the 1940s and may have
been the consequence of the imperfections in the needle design
of that era. Modern needles, however, produce clean, U-shaped
lesion or flap resembling the open lid of a tin can (see Figure 6-24).
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FIGURE 6-5. Partial thickness of the dural sac. Details of dural
laminas. Transmission electron microscopy. Magnification x20,000.
(Reproduced with permission from Raj P: Textbook of Regional
Anesthesia. Philadelphia: Churchill Livingstone; 2002.)

After needle withdrawal, the U-shaped flap tends to return to
its original position due to cerebrospinal fluid pressure and the
elastic properties of the dura mater. The dural orifice is almost
completely occluded after approximately 15 minutes. On the
other hand, lesions produced by pencil-point needles involve a
more complex lesion with fiber tearing, sectioning, and separa-
tion. The extent of the dural lesion caused by a needle depends
on several factors, including the external diameter of the needle,
dural and arachnoid sealing mechanisms, needle-tip design,
and the quality of needle manufacturing. Needles having the
same tip design but different manufacturing methods may not
have the same surface quality and may contain microfractures
or imperfections, resulting in more or less extensive dural fiber

tearing and residual lesions.'*"

FIGURE 6-6. Collagen fibers in the thickness of the dural
sac. Transmission electron microscopy. Magnification x50,000.
(Reproduced with permission from Raj P: Textbook of Regional
Anesthesia. Philadelphia: Churchill Livingstone; 2002.)
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FIGURE 6-8. Detail of epidural surface of the dural sac.
Scanning electron microscopy. Magnification x6500.
(Reproduced with permission from Dittmann M, Reina MA,
Lépez A: Neue ergebnisse bei der darstellung der dura mater
spinalis mittles rasterelektronenmikroskopie. Anaesthesist. 1998

FIGURE 6-7. Elastic fibers of the dural sac. Scanning electron May;47(5):409-413.)
microscopy. Magnification x7000. (Reproduced with permission

from Reina MA, Lépez A, Dittmann M, et al: External and internal

surface of human dura mater by scanning electron microscopy. Rev

Esp Anestesiol Reanim. 1996 Apr;43(4):130-4.)

DK

FIGURE 6-9. Detail of epidural surface of the dural sac. Scanning electron microscopy. Magnification x1000. (Reproduced with permission
from Reina MA, Lépez A, Dittmann M, et al: External and internal surface of human dura mater by scanning electron microscopy. Rev Esp
Anestesiol Reanim. 1996 Apr;43(4):130-4.)
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FIGURE 6-10. Collagen and elastic fibers in the thickness of the
dural sac. Transmission electron microscopy. Magnification x7,000.

(Reproduced with permission from Raj P: Textbook of Regional
Anesthesia. Philadelphia: Churchill Livingstone; 2002.)
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FIGURE 6-11. Mastocyte in the thickness of the dura mater.
Transmission electron microscopy. Magnification x15,000.
(Reproduced with permission from Reina MA, Pulido P, Lopez A. El
saco dural humano: Rev Arg Anestesiol. 2007,65:167-184.)

FIGURE 6-12. Macrophage in the thickness of the dura
mater. Transmission electron microscopy. Magnification x7000.
(Reproduced with permission from Raj P: Textbook of Regional
Anesthesia. Philadelphia: Churchill Livingstone; 2002.)

FIGURE 6-13. Dissection of human dural sac. (Reproduced with
permission from Reina MA, Pulido P, Lopez A. El saco dural humano.
Rev Arg Anestesiol. 2007; 65:167-184.)

FIGURE 6-14. Dissection of human dural sac. Dura mater is open; arachnoid layer is closed. (Reproduced with permission from Reina MA,
Pulido P, Lopez A. El saco dural humano. Rev Arg Anestesiol. 2007; 65:167-184.)
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FIGURE 6-15. Arachnoid cells in the thickness of arachnoid layer. Transmission electron microscopy. Magnification x40,000.

FIGURE 6-16. Arachnoid cells in the thickness of arachnoid
layer. Transmission electron microscopy. Magnification x4400.

(Reproduced with permission from Raj P: Textbook of Regional
Anesthesia. Philadelphia: Churchill Livingstone; 2002.)
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FIGURE 6-17. Internal surface of dura mater. Scanning electron
microscopy. Magnification x1100. (Reproduced with permission
from Reina MA, Dittmann M, Lopez A, et al: New perspectives in the
microscopic structure of human dura mater in the dorso lumbar
region. Reg Anesth. 1997 Mar-Apr;22(2):161-166.)

uptodate.com


http://www.myuptodate.com

Ultrastructural Anatomy of the Spinal Meninges and Related Structures

FIGURE 6-18. Dura-arachnoid lesion produced with 25-G
Quincke needle. Epidural surface. Scanning electron microscopy.
Magnification x150. (Reproduced with permission from Reina MA,
Castedo J, Lopez A. Cefalea pospuncion dural: Ultraestructura de
las lesiones durales y agujas espinales usadas en las punciones
lumbares. Rev Arg Anestesiol. 2008 Jan-Mar 66(1):6-26.)

FIGURE 6-19. Dura-arachnoid lesion produced with 25-G

Quincke needle. Arachnoid surface. Scanning electron microscopy.

Magnification x200. (Reproduced with permission from Reina MA,
Castedo J, Lopez A. Cefalea pospuncion dural: Ultraestructura de
las lesiones durales y agujas espinales usadas en las punciones
lumbares. Rev Arg Anestesiol. 2008 Jan-Mar 66(1):6-26.)

FIGURE 6-20. Dura-arachnoid lesion produced with 25-G
Whitacre needle. Epidural surface. Scanning electron microscopy.
Magnification x200. (Reproduced with permission from Reina MA,
Lopez-Garcia A, de Andrés-Ibanez JA, et al: Electron microscopy
of the lesions produced in the human dura mater by Quincke
beveled and Whitacre needles. Rev Esp Anestesiol Reanim. 1997
Feb;44(2):56-61)
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FIGURE 6-21. Dura-arachnoid lesion produced with 25-G
Whitacre needle. Arachnoid surface. Scanning electron microscopy.
Magnification x200. (Reproduced with permission from Reina MA,
Lépez-Garcia A, de Andrés-Ibanez JA, et al: Electron microscopy

of the lesions produced in the human dura mater by Quincke
beveled and Whitacre needles. Rev Esp Anestesiol Reanim. 1997
Feb;44(2):56-61.)
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FIGURE 6-22. Dura-arachnoid lesion produced with 25-G
Whitacre needle. Arachnoid surface. Scanning electron microscopy.
Magnification x150. (Reproduced with permission from Reina

MA, De Ledn Casasola OA, et al: An in vitro study of dural lesions
produced by 25 Gauge Quincke and Whitacre needles evaluated
by scanning electron microscopy. Reg Anesth Pain Med. 2000
Jul-Aug;25(4):393-402.)

FIGURE 6-23. Dura-arachnoid lesion produced with 22-G
Quincke needle. Epidural surface. Scanning electron microscopy.
Magnification x80. (Reproduced with permission from Reina MA,
Castedo J, Lopez A. Cefalea pospuncion dural: Ultraestructura de
las lesiones durales y agujas espinales usadas en las punciones
lumbares. Rev Arg Anestesiol. 2008 Jan-Mar 66(1):6-26.)
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FIGURE 6-24. Dura-arachnoid lesion produced with 22-G

Quincke needle. Arachnoid surface. Scanning electron microscopy.

Magnification x100. (Reproduced with permission from Raj P
Textbook of Regional Anesthesia. Philadelphia: Churchill Livingstone;
2002))

FIGURE 6-25. Dura-arachnoid lesion produced with 27-G
Whitacre needle. Epidural surface. Scanning electron microscopy.
Magnification x200. (Reproduced with permission from Reina MA,
Castedo J, Lopez A. Cefalea pospuncion dural: Ultraestructura de
las lesiones durales y agujas espinales usadas en las punciones
lumbares. Rev Arg Anestesiol. 2008 Jan-Mar 66(1):6-26.)

FIGURE 6-27. Dura-arachnoid lesion produced with 27-G
Whitacre needle. Arachnoid surface. Scanning electron microscopy.
Magnification x200. (Reproduced with permission from Reina MA,
Castedo J, Lopez A. Cefalea pospuncion dural: Ultraestructura de
las lesiones durales y agujas espinales usadas en las punciones
lumbares. Rev Arg Anestesiol. 2008 Jan-Mar 66(1):6-26.)
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FIGURE 6-28. Dura-arachnoid lesion produced with 27-G
Whitacre needle. Arachnoid surface. Scanning electron microscopy.
Magnification x200. (Reproduced with permission from Reina MA,
Castedo J, Lopez A. Cefalea pospuncion dural: Ultraestructura de
las lesiones durales y agujas espinales usadas en las punciones
lumbares. Rev Arg Anestesiol. 2008 Jan-Mar 66(1):6-26.)

FIGURE 6-26. Dura-arachnoid lesion produced with 27-G
Whitacre needle. Epidural surface. Scanning electron microscopy.
Magnification x200. (Reproduced with permission from Reina MA,
Castedo J, Lépez A. Cefalea pospuncién dural: Ultraestructura de
las lesiones durales y agujas espinales usadas en las punciones
lumbares. Rev Arg Anestesiol. 2008 Jan-Mar 66(1):6-26.)
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FIGURE 6-29. Dura-arachnoid lesion produced with 29-G
Quincke needle. Epidural surface. Scanning electron microscopy.
Magnification x200. (Reproduced with permission from Reina MA,
Castedo J, Lopez A. Cefalea pospuncion dural: Ultraestructura de
las lesiones durales y agujas espinales usadas en las punciones
lumbares. Rev Arg Anestesiol. 2008 Jan-Mar 66(1):6-26.)
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FIGURE 6-30. Dura-arachnoid lesion produced with 29-G
Quincke needle. Arachnoid surface. Scanning electron microscopy.
Magnification x200. (Reproduced with permission from Reina MA,
Castedo J, Lépez A. Cefalea pospuncion dural: Ultraestructura de
las lesiones durales y agujas espinales usadas en las punciones
lumbares. Rev Arg Anestesiol. 2008 Jan-Mar 66(1):6-26.)

Deformation of the spinal needle caused by contacts with
vertebral bones or other resistant structures during the neurax-
ial procedure can also increase the size of the dural lesion. Tat-
rogenic introduction of skin fragments into the subarachnoid

space can also occur.'*™'8

POSTDURAL PUNCTURE HEADACHE
AND TYPE OF NEEDLES

The etiology of PDPH is multifactorial. While the specific
chapter on PDPH focuses on pathophysiology, prevention, and
treatment, this section focuses on anatomical and equipment-
related factors that may influence the occurrence and severity of
PDPH. Initially, it was thought that pencil-point needles
resulted in less-traumatic perforations of the dural sac. As the

morphology of dural lesions became better known, other expla-
nations have been proposed. Microscopic studies of lesions
produced by spinal needles showed that the pencil-point nee-
dles produce a “burst’-type lesion with extensive fiber damage.
However, the increased fiber tearing produced by pencil-point
needles may promote greater inflammatory response at the
edges of the lesion that paradoxically results in earlier occlusion
and lower incidence of PDPH. Cutting needles, on the other
hand, produce a “cleaner” tear of the dura with less inflamma-
tory response that results in delayed puncture sealing, which
could increase the incidence of spinal headache.

A needle tip blunted after colliding against bone can cause
more damage to the fibers. Tip deformation depends on the
collision angle and force applied. Cutting needles are especially
susceptible to deformation of the needle tip after colliding
against bone, contrary to pencil-point needles. However,
because PDPH studies generally involve many anesthetists and
different techniques, the definitive impact of the needle

FIGURE 6-31. Dura-arachnoid lesion produced with 17-G
Tuohy needle. Arachnoid surface. Scanning electron microscopy.
Magnification x50. (Reproduced with permission from Reina MA,
Castedo J, Lopez A. Cefalea pospuncion dural: Ultraestructura de
las lesiones durales y agujas espinales usadas en las punciones
lumbares. Rev Arg Anestesiol. 2008 Jan-Mar 66(1):6-26.)

deformation on PDPH is difficult to study and at this time
remains only hypothetical.

As mentioned, the dural lesion produced by the spinal nee-
dle has two components, a dura mater lesion and an arachnoid-
layer lesion.'” While the external or dural component of the sac
provides mechanical resistance, it is not elastic enough to pre-
vent cerebrospinal fluid leakage. In contrast, the internal or
arachnoid lesion can retract to close the defect created by intro-
duction of the needle into the subarachnoidal space and pre-
vent the leakage of cerebrospinal fluid. Because the arachnoid
component is probably more important in pathophysiology of
PDPH than the dural itself, these lesions should be referred to

as “dura-arachnoid” lesions.

TRABECULAR ARACHNOID

Arachnoid mater consists of two layers, the #rabecular arach-

noid and arachnoid layers. The trabecular arachnoid merges
with the cellular plane of the pia mater and emits projections
to all the structures that cross the subarachnoid space, includ-
ing blood vessels and nerve roots. The projections that cover
the nerve roots are called arachnoid sheaths?®?! (Figures 6-32
to 6-40).

During movement, these sheaths stabilize and prevent exces-
sive movements of the nerve roots within the dural sac. How-
ever, the sheaths confer little mechanical protection against
trauma. Characteristics of the arachnoid sheaths in the cauda
equina are variable; some are lax, while others are formed by
superimposed planes of the same components with a more
compact appearance. The thickness of an arachnoid sheath
ranges from 10 to 60 pm. In some cases, one or more nerve
roots are enveloped by a single arachnoid sheath, and in others,

the nerve root has no sheath at all.?*?!
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FIGURE 6-32. Trabecular arachnoid layer. The projections of trabecular arachnoid that cover nerve roots are called arachnoid sheaths.
CSF = cerebrospinal fluid. Scanning electron microscopy. Magnification x100. (Reproduced with permission from Reina MA, Lopez A, De
Andrés JA: Hypothesis concerning the anatomical basis of cauda equina syndrome and transient nerve root irritation after spinal anesthesia.

Rev Esp Anestesiol Reanim. 1999 Mar;46(3):99-105.)

ARACHNOID SHEATHS OF NERVE ROOTS
AND THEIR POTENTIAL ROLE IN NERVE
LESIONS

Some cases of cauda equina syndrome and transient neurologi-
cal syndrome could be explained by the existence of arachnoid
sheaths surrounding nerve roots within the dural sac and the
fact that needles or (micro)catheters can be inserted into them.
An anesthetic solution accidentally injected into the arachnoid

sheath of a spinal nerve may not be diluted by surrounding
cerebrospinal fluid, thus exposing the nerve root to a higher
anesthetic concentration than expected. Consequently, the
concentration of the local anesthetic could be magnitudes
higher (eg, 20-25 times) in comparison to the concentration of
the anesthetic in the rest of the dural sac.?** Such high local
anesthetic concentration inside the arachnoid sheath could
have deleterious effects on nerve roots, as opposed to a typical
injection of the same anesthetic solution inside the dural sac

Nerve root
Trabecular arachnoid

CSF

FIGURE 6-33. Trabecular arachnoid layer. Detail of arachnoid sheaths. CSF = cerebrospinal fluid. Scanning electron microscopy.
Magnification x500. (Reproduced with permission from Raj P: Textbook of Regional Anesthesia. Philadelphia: Churchill Livingstone; 2002.)
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FIGURE 6-34. Nerve root and
arachnoid sheath. Scanning electron
microscopy. Magnification x60.
(Reproduced with permission from
Torres LM: Textbook of Anesthesia
and Pain Management. Aran Ed;
2001.)

FIGURE 6-35. Nerve root and
arachnoid sheath. Scanning electron
microscopy. Magnification x80.
(Reproduced with permission from
Reina MA, Villanueva MC, Lopez A:
Aracnoides trabecular, piamadre
espinal humana y anestesia
subaracnoidea, Rev Arg Anestesiol
2008;66: 111-133)

FIGURE 6-36. Four-nerve root
and its arachnoid sheaths. Scanning
electron microscopy. Magnification
%x100. (Reproduced with permission
from Reina MA, Lépez A, De Andrés
JA: Hypothesis concerning the
anatomical basis of cauda equina
syndrome and transient nerve root
irritation after spinal anesthesia.
Rev Esp Anestesiol Reanim. 1999
Mar;46(3):99-105.)
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Spine
CSF

Vessel

FIGURE 6-37. Human spinal cord and trabecular arachnoid layer. CSF = cerebrospinal fluid. Scanning electron microscopy. Magnification
x40. (Reproduced with permission from Reina MA, Machés F, Lopez A, et al: The ultrastructure of the spinal arachnoid in humans and
its impact on spinal anesthesia, cauda equina syndrome, and transient neurological syndrome. Tech Reg Anesth Pain Management. 2008

July;12(3):153-160.)

FIGURE 6-38. Subarachnoid vessel and trabecular arachnoid layer. Scanning electron microscopy. Magnification x120. (Reproduced with
permission from Raj P: Textbook of Regional Anesthesia. Philadelphia: Churchill Livingstone; 2002.)

+TY\-FFIAALNF



http://www.myuptodate.com

Ultrastructural Anatomy of the Spinal Meninges and Related Structures

Nerve root

FIGURE 6-39. Nerve root and arachnoid sheath. Scanning electron microscopy. Magnification x100. (Reproduced with permission from

Torres LM: Textbook of Anesthesia and Pain Management. Aran Ed; 2001.)

but outside the arachnoid sheath. Because it takes time to estab-
lish equilibrium inside and outside the sheath, a nerve lesion
could develop without direct needle trauma.

Injections of local anesthetic through a microcatheter into
these arachnoid sheaths could be more devastating than a single
injection. This is because the injection of a single large volume
would eventually be diluted by leakage outside the sheath,
whereas repeated doses of small volumes may be more likely to
lead to neurotoxicity due to the continuous or repeated expo-
sure to a high concentration of local anesthetics. Transient root

FIGURE 6-40. Detail of trabecular arachnoid layer. Transmission
electron microscopy. Magnification x5000. (Reproduced with
permission from Reina MA, Villanueva MC, Lopez A: Aracnoides
trabecular, piamadre espinal humana y anestesia subaracnoidea.
Rev Arg Anestesiol. 2008,66:111-133.)
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irritation syndrome and cauda equina syndrome may reflect
different degrees of nerve damage related to local anesthetic
concentration and duration of exposure. Injection of local anes-
thetic inside arachnoid sheaths in areas close to the spinal cord
or to the conus medullaris could affect several nerve roots, while

injection in more distal areas may affect single nerve roots.?**

PIA MATER

The structure of the pia mater includes a cellular layer and a
subpial compartment (Figures 6-41 and 6-42). The cellular
layer consists of flat, overlapping pial cells with a smooth and
bright appearance (Figure 6-43). Its thickness is 3 to 5 pial
cells (10-15 pum) at the medullary level (Figures 6-44 to 6-46)
and 2 to 3 cells (3—4 pm) at the nerve root level. Amorphous
fundamental substance is found around the pial cells, and the
cells measure on average 0.5-1 pm.?*%

The subpial compartment has large amounts of collagen
fibers, amorphous fundamental substance, fibroblasts, and a
small number of macrophages and blood vessels. The subpial
compartment is enclosed between the pial cellular layer and a
basal membrane in contact with neuroglial cells.

The subpial compartment from the low thoracic vertebrae
has a thickness of 130-200 pm; here, variations in measure-
ments are more significant than in the pial cellular layer (see
Figures 6-41 and 6-42). At the level of the medullary cone, the
thickness of the pia mater is reduced to 80-100 um; its thick-
ness continues to decrease to merely 50—-60 pm in the origins
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Subpial
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FIGURE 6-41. Human pia mater and spinal cord. Scanning electron microscopy. Magnification x70. (Reproduced with permission from
Reina MA, De Leon Casasola O, et al: Ultrastructural findings in human spinal pia mater in relation to subarachnoid anesthesia. Anesth Analg.

2004 May;98(5):1479-1485.)

of the cauda equina. At the nerve root level, the thickness of the
subpial compartment is 10-12 pm.

At the level of the medullary cone, there are perforations or
circular, ovoid, or elliptical fenestrations over the entire surface
of the cellular layer of the pia mater (Figures 6-47 to 6-49).
While the size of these fenestrations varies, most measure
12-15 pm in length and 4-8 um in width. At the nerve root

level, the pia mater shows similar fenestrations but smaller size
(1-4 pm)”*>» (Figure 6-50).

Numerous macrophages surround the pial cells. The macro-
phages differ from pial cells in that they lack long cytoplasmic
processes, containing membrane-bound inclusions and a vary-
ing number of vacuoles, especially in the peripheral areas of
their cytoplasm. The macrophages and other inflammatory

Pia mater
Spinal cord

Subpial

FIGURE 6-42. Human pia mater and subpial compartment. Scanning electron microscopy. Magnification x100. (Reproduced with
permission from Raj P: Textbook of Regional Anesthesia. Philadelphia: Churchill Livingstone; 2002.)
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FIGURE 6-43. Detail of pia mater. Scanning electron microscopy.
Magnification x500. (Reproduced with permission from Reina MA,
Wikinski J, De Andrés JA: Una rara complicacion de la anestesia
epidural y subaracnoidea. Tumores epidermoideos espinales
jatrogénicos. Rev Arg Anestesiol. 2008;66:319-336.)

cells seen within the pia mater could originate from subpial and
subarachnoid blood vessels or from immature pial cells as a
result of an unknown stimulus. The fenestrations found in the
pia mater appear to be associated with the migration of some
immature pial cells as part of an inflammatory response.”

DURAL SAC LIGAMENTS

The epidural space contains fibrous formations that cross and
anchor the dural sac to the vertebral canal. These connective
tissue formations are referred to as the anterior, lateral, and

FIGURE 6-44. Human pia mater. Detail of pial cells. Transmission
electron microscopy. Magnification x12,000. (Reproduced with
permission from Reina MA, Wikinski J, De Andrés JA: Una rara
complicacion de la anestesia epidural y subaracnoidea. Tumores
epidermoideos espinales iatrogénicos. Rev Arg Anestesiol.
2008,;66:319-336.)
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FIGURE 6-45. Detail of pial cells. Transmission electron
microscopy. Magnification x12,000. (Reproduced with permission
from Reina MA, Wikinski J, De Andrés JA: Una rara complicacion
de la anestesia epidural y subaracnoidea. Tumores epidermoideos
espinales iatrogénicos. Rev Arg Anestesiol. 2008;66:319-336.)

posterior meningo-vertebral ligaments (Figures 6-51 and
6-52). The anterior meningo-vertebral ligament, which con-
nects the dural sac with the posterior longitudinal ligament of
the spine, is more compact. In some patients, fibrous flaps that
fix the dural sac to the posterior longitudinal ligament may
incompletely divide the anterior epidural space. Anterior liga-
ments extend from C7 to L5 with a craniocaudal orientation
and acquire a transverse orientation at thoracic level T8-9. The
length of these ligaments varies from about 0.5 to 29 mm. In

£

FIGURE 6-46. Detail of macrophagic cells in spinal pia mater.
Transmission electron microscopy. Magnification x12,000.
(Reproduced with permission from Reina MA, Wikinski J, De Andrés
JA: Una rara complicacién de la anestesia epidural y subaracnoidea.
Tumores epidermoideos espinales iatrogénicos. Rev Arg Anestesiol.
2008,66:319-336.)

uptodate.c

115


http://www.myuptodate.com

FOUNDATIONS OF LOCAL AND REGIONAL ANESTHESIA

FIGURE 6-47. Fenestrations in human pia mater of conus
medullaris. Scanning electron microscopy. Magnification x1000.
(Reproduced with permission from Reina MA, Lopez Garcia A,

de Andrés JA: Anatomical description of a natural perforation
present in the human lumbar pia mater. Rev Esp Anestesiol Reanim.
1998,45:4-7.)

the sacral canal, the ligaments thicken to form a perforated
medial septum, the “anterior sacral ligament of Trolard.” The
lateral meningo-vertebral ligament and the posterior (“Giorda-
lengo”) meningo-vertebral ligament are thinner and do not
affect the circulation of fluids injected in the epidural space.

The “plica mediana dorsalis” is a longitudinal and discon-
tinuous fibrous structure that can be found in the midsagittal
region along the posterior epidural space, particularly in the
lumbar region.**?

EPIDURAL FAT

Epidural fat extends laterally toward the site where articular
facets and ligamentum flavum meet. Located between the ver-
tebral arches and the intervertebral foramina, fat wraps around

FIGURE 6-48. Fenestrations in human pia mater of conus
medullaris. Scanning electron microscopy. Magnification x2000.
(Reproduced with permission from Reina MA, Lopez Garcia A,

de Andrés JA: Anatomical description of a natural perforation
present in the human lumbar pia mater. Rev Esp Anestesiol Reanim.
1998;45:4-7.)
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FIGURE 6-49. Detail of fenestration in human pia mater.
Scanning electron microscopy. Magnification x1500. (Reproduced
with permission from Reina MA, Lopez Garcia A, de Andrés JA:
Anatomical description of a natural perforation present in the
human lumbar pia mater. Rev Esp Anestesiol Reanim. 1998;45:4-7.)

nerve roots within the dural sleeves but without adhering to
them. This allows displacement of the dura within the vertebral
canal during flexion/extension.

Epidural fat does adhere in the midline posteriorly by a
vascular pedicle at a point where the right and left portions of
the ligamentum flavum meet.”® The amount of posterior epi-
dural fat increases caudally, from L1-2 to L4-5, and can reach
16-25 mm. Its width also increases in the craniocaudal direc-
tion from 6 mm at the L1-2 interspace to 13 mm in the L4-5
interspace. The pedicle of the posterior epidural fat corresponds
topographically with the plica mediana dorsalis.

Epidural fat deposits are in contact with the posterior surface
of the dural sac and the vertebral lamina but adhere only to the
vascular pedicle.” Regarding the posterior, epidural fat is

FIGURE 6-50. Fenestrations in human pia mater of nerve

root. Scanning electron microscopy. Magnification x6000.
(Reproduced with permission from Reina MA, Villanueva MC, Lopez
A: Aracnoides trabecular, piamadre espinal humana y anestesia
subaracnoidea. Rev Arg Anestesiol. 2008;66:111-133.)
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FIGURE 6-51. Epidural space. Fibrous formations that cross the
epidural space. Scanning electron microscopy. Magnification x30.
(Reproduced with permission from Reina MA, Pulido P, Lopez A. El
saco dural humano. Rev Arg Anestesiol. 2007,65:167-184.)

homogeneous and is not separated by fibrous septae; laterally,
epidural fat appears divided. Sometimes, a septal plane extends
between the nerve root exit at the vertebral lamina and the pos-
terior longitudinal ligament. Looking at the anterior, dura mater
joins the vertebral canal at the height of the disks. It is in this
anterior epidural region where the anterior venous vessels are

found.

CHARACTERISTICS OF THE EPIDURAL FAT
IN THE CERVICAL, THORACIC, LUMBAR,
AND SACRAL REGIONS

The distribution of epidural fat is variable along the spinal canal,

but it tends to be more consistent at different vertebral levels. For

example, at the cervical level, adipose tissue is absent or almost
nonexistent and sometimes forms a small posterior deposit seen

FIGURE 6-52. Epidural surface of the dural sac. Scanning electron
microscopy. Magnification x12. (Reproduced with permission from
Reina MA, Dittmann M, Lopez A, et al: New perspectives in the
microscopic structure of human dura mater in the dorso lumbar
region. Reg Anesth. 1997 Mar-Apr;22(2):161-166.)
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with magnetic resonance imaging axial sections (C7 to T1), with
increased signal intensity on T1-weighted sequences. Epidural fat
is not generally found in the anterior and lateral regions.

At the thoracic level, epidural fat forms a broad posterior
band with “indentations.”?® This band is thicker around the
intervertebral space and around the intervertebral disk, becom-
ing thinner at the level of the vertebral bodies and close to the
base of the spinal processes of each vertebra. In the middle-
upper thoracic region (T1-7), epidural fat follows a continuous
pattern with more evident indentations, while in the lower
thoracic region (T8-12) epidural fat becomes discontinuous.

At the lumbar level, epidural fat in the anterior and posterior
epidural spaces remains separate. The posterior epidural fat is
more prominent around the disks of L3—4 and L4-5. In some
patients, the posterior epidural fat is cone shaped, with the apex
located at the posterior. The thickness of the epidural fat in the
lower lumbar zone occupies about 32% of the cross-sectional
diameter of the vertebral canal.

Below L4-5, the dural sac ends and the sacral canal begins.
Here, nerve roots are enveloped by dural sleeves, and epidural
fat is the main component within the sleeves.?

The morphology and distribution of epidural fat can be
altered in pathological conditions. Epidural lipomatosis, for
example, is characterized by an increase in epidural fat vol-
ume.”” Excessive fat deposits around the dural sac can cause
spinal cord or nerve root compression, leading to neurological
symptoms. In kyphoscoliosis, epidural fat is distributed asym-
metrically and adipose tissue predominates in the concave por-
tion of the curvature, while the spinal cord is displaced against
the vertebral arch.” In patients with spinal canal stenosis, epi-
dural fat is characteristically absent or markedly reduced
around the stenotic zone.”’

EPIDURAL FAT AND PHARMACOKINETICS
OF EPDIURAL INJECTATES

The distribution of epidural fat in the lumbar vertebral canal is
uneven, being more abundant in the dorsal region than in the
ventral and lateral regions. The total amount, distribution, and
morphology of fat in the epidural space and nerve root cuffs
affect the diffusion of substances across these compartments.

Changes in the amount of epidural fat during pathological
processes may alter absorption of drugs during epidural block-
ade. However, even in the absence of pathological processes,
local variations in the amount of fat within the lumbar spinal
canal could alter drug kinetics. It is possible that variations in
the distance between fat and neighboring nerve tissues affect
the disposition of drugs injected and kinetics of the lipophilic
drugs. At present, however, the impact of the ultrastructure of
epidural and nerve root cuffs on drug kinetics during epidural
injection remains unclear.

SUBDURAL SPACE

In contrast to the classical description of a “subdural space”

between the dura mater and the arachnoid dorsalis, studies have
shown the presence of a solid but delicate tissue composed of
specialized neurothelial cells®’ (Figure 6-53). Neurothelial cells
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FIGURE 6-53. Neurothelial cells in the subdural compartment.
Transmission electron microscopy. Magnification x5000.
(Reproduced with permission from Reina MA, De Ledn Casasola
OA, et al: The origin of the spinal subdural space. Ultrastructure
finding. Anesth Analg. 2002 Apr;94(4):991-995.)

are also referred to as dural border cells. These elongated, fusi-
form cells with branched extensions are fragile and scantly
cohesive to each other (Figures 6-54 and 6-55). Intercellular
junctions between neurothelial cells are most susceptible to
tearing, and cellular fragments may be seen next to torn neuro-
thelial cells (Figures 6-56 and 6-57). When tearing occurs
along the subdural compartment, small fissures merge into
larger ones. Weak cohesive forces between neurothelial cells and
lack of collagen fibers facilitate the widening of a fissure, pro-
ducing the impression of a subdural space. Thus, the classic
subdural space appears to be an iatrogenic artifact.?

Studying the structure of the subdural compartment may
shed light on the origin of cranial and spinal subdural hemato-

mas associated with cerebrospinal fluid hypotension.?%

Ba

FIGURE 6-54. Neurothelial cells in the subdural compartment.
Scanning electron microscopy. Magnification x3000. (Reproduced
with permission from Reina MA, De Ledn Casasola OA, et al: The
origin of the spinal subdural space. Ultrastructure finding. Anesth
Analg. 2002 Apr;94(4):991-995.)

FIGURE 6-55. Neurothelial cells in the subdural compartment.
Scanning electron microscopy. Magnification x15,000. (Reproduced
with permission from Reina MA, Lopez A, De Andrés JA, Villanueva
MC, Cortés L: Does the subdural space exist? Rev Esp Anestesiol
Reanim. 1998 Nov;45(9):367-376.)

Subdural anesthetic blockade, caused by inadvertent injection
of local anesthetic partially or entirely between the dura and
arachnoid, results in highly unpredictable spinal or epidural
anesthesia and complications due to an unanticipated high-
level blockade. Dissection of the weak intercellular junctions
between neurothelial cells may allow injected fluids to accumu-
late in the subdural space. Extent of the subdural block is
unpredictable as it depends on the volume of local anesthetic
injected and the nature of the dissection (cephalic or circumfer-
ential). If the dissection is mainly cephalad, only a few millili-
ters of anesthetic solution can block cardiorespiratory
symptoms.

NERVE ROOT CUFFS

Bilateral projections of the dural sac (matter) onto the nerve
roots form the nerve root cuffs or dural sleeves (Figure 6-58).
Lateral extensions of the dura mater and the arachnoid layer
surround the nerve roots as they exit the vertebral canal. The
dural sac may contain a certain amount of cerebrospinal fluid
around the nerve root. Nerve root cuffs (sleeves) have internal
cellular and external fibrillar components®® (Figure 6-59). Lep-
tomeningeal cells, similar in nature to arachnoid or pial cells,
form the cellular component of root cuffs. These cells are elon-
gated, wider around the nucleus, stratified and oriented longi-
tudinal to the nerve root axis (Figure 6-60).

At the preganglion level, the cellular component of a root cuff
is 5.8—13 pum thick. These cells have cytoplasmic prolongations
that encroach on neighboring cells, leaving little extracellular
space. Unions between cell membranes are of the type desmo-
some and have tight junctions (Figure 6-61). Cells contain
mitochondria in their cytoplasm and rough endoplasmic retic-
ulum. Each cell is about 0.15-0.8 um thick at both ends and
2.2-4.9 pm at the nucleus. The cellular component is arranged
in two concentric layers held apart by collagen fibers.*!
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Dura mater

Subdural compartment
Subarachnoid space
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Secondary subdural space

FIGURE 6-56. Human subdural space in the lumbar meninges. Scanning electron microscopy. Magnification x180. (Reproduced with
permission from Reina MA, Lopez A, De Andrés JA, Villanueva MC, Cortés L: Does the subdural space exist? Rev Esp Anestesiol Reanim.
1998 Nov;45(9):367-376.)
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FIGURE 6-57. Diagram of origin of the subdural space.
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FIGURE 6-58. Human nerve root cuff. (Reproduced with
permission from Reina MA, Villanueva MC, Lopez A, et al: Fat
inside the dural sheath of lumbar nerve roots in humans. Rev Esp
Anestesiol Reanim. 2007 May;54(5):297-301.)

At the postganglion level, the cellular component has 9-14
single-cell concentric layers and measures 18-50 pm. Their
unions are of the desmosome type.’! The morphology of the
cellular component at the ganglion level shows transitional
changes while retaining many of the characteristics shown at
the postganglion level. The cellular component consists of

25-30 concentric single-cell laminas and has a thickness of
55—60 pum.*" Ultrastructural aspects of the cellular component
at the pre-, post-, and ganglion levels are similar. The cells have
rough endoplasmic reticulum widely distributed, and some also
contain large vacuoles (0.1 pm) that occupy almost half of the
cytoplasmic space. A membranous-like structure found in their
cytoplasm may be involved in the production of vesicles (0.05—
0.07 pm) needed for pinocytosis. Collagen fibers together with
myelinated and unmyelinated axons are seen in the inner side
of the cellular plane and are part of the endoneurial fibrillar
structure. Specialized membrane unions among cells at the
pre-, post-, and ganglion levels ensure a barrier effect, limiting
the passage of substances from the epidural space to the nerve
axons.

The fibrillar component® resides in the outer portion of the
root cuff and has a thickness of 100-150 pm (Figure 6-62). It
consists mostly of collagen fibers arranged in concentric lami-
nas with scarce elastic fibers.”? Large numbers of adipocytes
separate dural laminas in groups of three to five concentric lay-
ers (Figure 6-63). Scanning electron microscopy shows adipo-
cytes (Figure 6-63) extending from the dural sac to the dorsal
root ganglia. Adipocytes can be found protruding from inside
the wall built by the fibrillar component, out of the external
epidural surface of the root cuff (Figures 6-64 and 6-65).

The fibrillar portion in the dural sac contains about 80 dural
laminas with collagen fibers oriented in different directions and
few elastic fibers. Its thickness varies between 270 and 350 pm
at the lumbar level. Adipocytes are not found within the

Adipocites

Nerve roots

FIGURE 6-59. Human nerve root cuff. Scanning electron microscopy. Magnification x12. (Reproduced with permission from Reina
MA, Villanueva MC, Machés F, et al: Ultrastructure of human spinal nerve root cuff in lumbar spine. Anesth Analg. 2008 Jan;106(1):

339-344)
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FIGURE 6-60. Human nerve root cuff. Detail of transition cellular
barrier. Transmission electron microscopy. Magnification x20,000.
(Reproduced with permission from Reina MA, Villanueva MC,
Machés F, et al: Ultrastructure of human spinal nerve root cuff in
lumbar spine. Anesth Analg. 2008 Jan;106(1):339-344.)

thickness of the dural sac. Variations in dural thickness along
the dural sac and differences related to the external fibrillar
component do not alter the barrier effect, which is the exclusive
responsibility of the cellular component.®%

Scanning electron microscopy has shown that adipocytes
measure 50—70 pm and are similar to those found in peripheral
nerve samples of the sciatic nerve.” The fact that adipocytes
appear smaller and lack a spherical shape is most likely due to
loss of fat from their vacuoles during sample preparation. Fat in
root cuffs covers groups of root axons, although adipocytes are

FIGURE 6-61. Human nerve root cuff. Detail of transition cellular
barrier. Transmission electron microscopy. Magnification x3000.
(Reproduced with permission from Reina MA, Machés F, Pulido P,
Lépez A, De Andrés JA. Ultrastructure of Human Spinal Meninges.
In: Aldrete A. Arachnoiditis, Mexico: Alfil Ed; 2010. pp. 29-46.)

not seen enclosing axons individually. This fat either partially or
totally occupies the thickness of the root cuffs fibrillar
component.

ADIPOSE TISSUE IN ROOT CUFFS AND
DRUG KINETICS

Adipose tissue can be found in the epidural space and inside the
nerve root cuffs. Fat in nerve cuffs is in direct contact with
nerve root axons and may play a role in the kinetics of

FIGURE 6-62. Human nerve root cuff. Detail of fat tissue in thickness of nerve root cuff. Scanning electron microscopy. Magnification x50.
(Reproduced with permission from Reina MA, Villanueva MC, Lopez A, et al: Fat inside the dural sheath of lumbar nerve roots in humans.

Rev Esp Anestesiol Reanim. 2007 May;54(5):297-301)
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Dural lamina
Adipocites

Dural lamina

FIGURE 6-63. Human nerve root cuff. Detail of dural laminas in thickness of nerve root cuff. Scanning electron microscopy. Magnification
%x150. (Reproduced with permission from Reina MA, Villanueva MC, Machés F, et al: Ultrastructure of human spinal nerve root cuff in lumbar

spine. Anesth Analg. 2008 Jan;106(1):339-344.)

FIGURE 6-64. Human nerve root cuff. Adipocytes in nerve
root cuff. Scanning electron microscopy. Magnification x400.
(Reproduced with permission from Reina MA, Villanueva MC,
Machés F, et al: Ultrastructure of human spinal nerve root cuff in
lumbar spine. Anesth Analg. 2008 Jan;106(1):339-344.)

lipophilic substances injected near the nerve roots. The small
space within the root cuffs and the large amount of drugs avail-
able in case of an injection into the cuff may expose the neural
elements to a high concentration of local anesthetic as well as a
retrograde spread toward the subarachnoidal space.®®

SUMMARY

This chapter outlined the anatomical characteristics of the
neuraxial meninges and related structures and discussed their
potential clinical implications.

FIGURE 6-65. Adipocytes on epidural surface of nerve root cuff.
Scanning electron microscopy. Magnification x300. (Reproduced
with permission from Reina MA, Villanueva MC, Lépez A, et al: Fat
inside the dural sheath of lumbar nerve roots in humans. Rev Esp
Anestesiol Reanim. 2007 May;54(5):297-301.)
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The shape of the dural sac is cylindrical, and its thick-
ness is variable.

The dura mater is permeable and occupies 90% of the
thickness of the dural sac.

The arachnoid layer is semipermeable and governs the
passage of substances.

Dura-arachnoid lesions can differ depending on the type
of spinal needle.

Pencil-point needles produce a more destructive lesion,
while cutting needles produce a U-shaped lesion,
although the sizes of both are similar.

The trabecular arachnoid covers the nerve roots and
forms arachnoid sheaths.

Pia mater has fenestrations at the level of the medullary
cone.

Epidural fat distribution is variable along the spinal
canal but is consistent at different vertebral levels.
Epidural fat volume is increased in epidural lipomatosis,
distributed asymmetrically in kyphoscoliosis, and absent
in stenosis.

The “subdural space” is in fact occupied by delicate tis-
sue composed of specialized neurothelial cells. The tear-
ing of the subdural compartment gives origin to what we
know as the subdural space.

In root cuffs, there is a cellular component that governs
the diffusion of substances. Root cuffs also contain large
numbers of adipocytes in their thickness.
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SECTION 2

John Butterworth IV

INTRODUCTION

Local and regional anesthesia and analgesia appear to be
undergoing a renaissance, as judged by attendance at specialty
meetings and substantial increase in research activity, as evi-
denced by growing number of scientific publications. In con-
trast to general anesthesia, in which the molecular mechanism
remains the subject of speculation, the site at which local anes-
thetic (LA) drugs bind to produce nerve blocks has been cloned
and mutated. This chapter focuses on mechanisms of anesthesia
and toxicity, especially as knowledge of these mechanisms will
assist the clinician in conducting safer and more effective
regional anesthesia.

PREHISTORY AND HISTORY

The Incas regarded coca as a gift from the son of the sun God
and limited its use to the “upper crust” of society.! They recog-
nized and used the medicinal properties of cocaine long before
the compound was brought to Europe for its properties to be
“discovered.” The Incas sometimes treated persistent headaches
with trepanation, and coca was occasionally used to facilitate
this procedure. Local anesthesia was accomplished by having
the operator chew coca leaves and apply the macerated pulp to
the skin and wound edges while using a tumi knife to bore
through the bone.

By the sixteenth century, having disrupted Incan society, the
conquistadors began paying laborers with cocaine paste. The labor-
ers generally rolled the cocaine leaves into balls (called cocadas),
bound together by guano or cornstarch."? These cocadas

released the free-base cocaine as a consequence of the alkalinity
of the guano and of the practice of chewing the cocadas with ash
or lime (such alkaline compounds increase pH, favoring the
free-base cocaine form over the positively charged hydrochlo-
ride salt). This practice probably marks the birth of “free-
basing” cocaine and is the historic antecedent of the “rock” or
“crack” cocaine so often abused in Western societies.

Cocaine was brought back to Vienna by an explorer/physician
named Scherzer.! In Vienna, the chemist Albert Niemann isolated
and crystallized pure cocaine hydrochloride in 1860. The Merck
Company distributed batches of this agent to physicians for inves-
tigational purposes. Sigmund Freud was the most prominent of
these cocaine experimenters. Freud reviewed his experimental
work in a monograph devoted to cocaine, Uber Coca. Freud and
Carl Koller (an ophthalmology trainee) took cocaine orally and
noticed that the drug rendered their tongues insensible.

Koller and Joseph Gartner began a series of experiments
using cocaine to produce topical anesthesia of the conjunctiva.
The birth of local and regional anesthesia dates from 1884,
when Koller and Gartner reported their success at producing
topical cocaine anesthesia of the eye in the frog, rabbit, dog,
and human.*

The use of local anesthesia quickly spread around the world.
The American surgeon William Halsted at Roosevelt Hospital
in New York reported using cocaine to produce mandibular
nerve block in 1884 and to produce brachial plexus block less
than a year later.” These blocks were accomplished by surgically
exposing the nerves, then injecting them under direct vision.
Leonard Corning injected cocaine near the spine of dogs, pro-
ducing what was likely the first epidural in 1885. Spinal
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FIGURE 7-1. Examples of products that incorporated cocaine
during the time before it became a controlled substance. Wines
fortified with cocaine were particularly popular as “tonics!” (Used
with permission from Addiction Research Unit, University of
Buffalo.)

anesthesia with cocaine was first accomplished in 1898 by
August Bier. Cocaine spinal anesthesia was used to treat cancer
pain in 1898. Caudal epidural anesthesia was introduced in
1902 by Sicard and Cathelin.’ Bier described intravenous regional
anesthesia in 1909. In 1911, Hirschel reported the first three
percutaneous brachial plexus anesthesias. Fidel Pages reported
using epidural anesthesia for abdominal surgery in 1921.

Cocaine was soon incorporated into many other products,
including the original formulation of Coca-Cola devised by
Pemberton in 1886. Wine tonics and other “patent” medi-
cines of the day commonly contained cocaine (Figure 7-1).
This practice ended when cocaine became regulated by the
forerunner of the Food and Drug Administration (FDA) in
the early 1900s.

MEDICINAL CHEMISTRY

Cocaine and all other LAs contain an aromatic ring and an
amine at opposite ends of the molecule, separated by a
hydrocarbon chain, and either an ester or an amide bond
(Figure 7-2).3%%7 Cocaine, the archetypical ester, is the only
naturally occurring LA. Procaine, the first synthetic ester LA,

Clinical Pharmacology of Local Anesthetics
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FIGURE 7-2. Structures of commonly used local anesthetics.

was introduced in 1904 by Einhorn.? The introduction of the
amide LA lidocaine in 1948 was transformative. Lidocaine
quickly became used for all forms of regional anesthesia. Other
amide LAs based on the lidocaine structure (prilocaine, etido-
caine) subsequently appeared. A related series of amide LAs
based on 2’,6’-pipecoloxylidide was introduced (mepivacaine,
bupivacaine, ropivacaine, and levobupivacaine). Ropivacaine
and levobupivacaine are the only commercially available
single-enantiomer (single-optical-isomer) LAs. Both are
S(-)-enantiomers, avoiding the increased cardiac toxicity asso-
ciated with racemic mixtures and the R(+)-isomers (this is
discussed in a subsequent section). All other LAs either exist as
racemates or have no asymmetric carbons.

Clinical Pearl

* All LAs contain an aromatic ring and an amine at oppo-
site ends of the molecule, separated by a hydrocarbon
chain, and either an ester or an amide bond.
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FIGURE 7-3. "Cartoon”structure of Na channel subunits. Note that the a-subunit has four domains that each contain six membrane-
spanning segments. (Reproduced with permission from Plummer NW, Meisler MH: Evolution and diversity of mammalian sodium channel

genes. Genomics. 1999 Apr 15,57(2):323-331)

BIOPHYSICS OF VOLTAGE-GATED SODIUM
CHANNELS AND LOCAL ANESTHETICS

Studies of the mechanisms of LA action on peripheral nerves
are studies of interactions between LAs and voltage-gated Na
channels because Na channels contain the LA-binding site. Na
channels are integral membrane proteins that initiate and
propagate action potentials in axons, dendrites, and muscle tis-
sue; initiate and maintain membrane potential oscillations in
specialized heart and brain cells; and shape and filter synaptic
inputs.®’ Na channels share structural features with other simi-
lar voltage-gated ion channels that exist as tetramers, each with

~

six transmembrane helical segments (eg, voltage-gated Ca and
K channels). Na channels contain one larger ot-subunit and one
or two smaller B-subunits, depending on the species and the
tissue of origin. The oi-subunit, the site of ion conduction and
LA binding, has four homologous domains, each with six
o-helical membrane-spanning segments (Figure 7-3).%° The
external surface of the 0t-subunit is heavily glycosylated, which
serves to orient the channel properly within the plasma
membrane (Figure 7-4).

Invertebrates have only one or two Na channel o-subunit
genes, and the normal physiologic role of these channels is
unclear (animals survive when the channels are not present).

Extracellular

~ Hadzic - Lancea/ NYSOR

FIGURE 7-4. Cartoon of a Na channel in the plasma membrane. Note that all three subunits are heavily glycosylated on the extracellular
side (see “squiggly”lines). In contrast to local anesthetics, note that both scorpion toxins (ScTX) and tetrodotoxin (TTX) have binding sites
on the external surface of the channel. Note also that the cytoplasmic side of the channel is phosphorylated. (Reproduced with permission
from Catterall WA: Cellular and molecular biology of voltage-gated sodium channels. Physiol Rev. 1992 Oct;72(4 Suppl):S15-548.)
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TABLE 7-1. Voltage-gated Na channel—neural isoforms.

Chromosome 2 2 2
Where CNS,DRG ~ CNS CNS
identified upregulated,

after injury
Inactivation Fast Fast Fast
TTX Sensitive

Sensitive Sensitive

12 2 3 3

DRG (large and  DRG (large DRG DRG
small), CNS, and small) (small) (small)
Ranvier

Fast Fast Slow Slow

Sensitive Sensitive Insensitive  Insensitive

CNS = central nervous system,; DRG = dorsal root gamglion, TTX = tetrodotoxin.

Source: Adapted with permission from Novakovic SD, Eglen RM, Hunter JC: Regulation of Na* channel distribution in the

nervous system. Trends Neurosci. 2001 Aug;24(8):473-478.

Humans, in contrast, have nine active Na channel o-subunit
genes on four chromosomes, with cell-specific expression and
localization of gene products.'” The Na_ 1.4 gene (by conven-
tion, geneticists refer to voltage-gated Na channel isoforms as
Na, 1.x) supplies channels to skeletal muscle, and the Na_ 1.5
gene supplies channels to cardiac muscle, leaving seven Na,
isoforms in neural tissue (Table 7-1). Defined genes contribute
specific Na channel forms to each of the unmyelinated axons,
nodes of Ranvier in motor axons, and small dorsal root gan-
glion nociceptors.!” Whereas all Na channel a-subunits will
bind LAs similarly, their affinity for binding neurotoxins
varies.

Na channel o- and B-subunit mutations lead to muscle,
cardiac, and neural diseases.!! For example, inherited mutations
in Na_ 1.5 have been associated with congenital long QT syn-
drome, Bruguda syndrome, and other conduction system dis-
eases.'" It has been shown that certain Na_ isoforms proliferate
in animal models of chronic pain. The existence of specific Na,
gene O-subunit products offers the enticing possibility that
inhibitors may someday be developed for each specific Na,
o-subunit form. Such developments, already underway for
some Na_ isoforms, could revolutionize the treatment of
chronic pain.

Blocking of impulses in a nerve fiber requires that a defined
length of nerve become inexcitable (to prevent the impulse
from “jumping over” the blocked segment). Thus, as the LA
concentration increases, it must be applied along a shorter
length of nerve to prevent impulse conduction, as is shown in
Figure 7-5. Both normal conduction and the way in which
LAs inhibit conduction differ between myelinated and unmy-
elinated nerve fibers. Conduction in myelinated fibers proceeds
in jumps from one Ranvier node to the next, a process termed
saltatory conduction. To block impulses in myelinated nerve
fibers, it is generally necessary for LAs to inhibit channels in
three successive Ranvier nodes (Figure 7-6). Unmyelinated
fibers, lacking the saltatory mechanism, conduct much more
slowly than myelinated fibers. Unmyelinated fibers are rela-
tively resistant to LAs, despite their smaller diameter, due to
dispersal of Na channels throughout their plasma membranes.
These differences among nerve fibers arise during development
when Na channels begin to cluster at Ranvier nodes in

myelinated axons. Nodal clustering of channels, essential for
high-speed signal transmission, is initiated by Schwann cells in
the peripheral nervous system and by oligodendrocytes in
the central nervous system (CNS).'?

Na channels may exist in at least three native conformations:
“resting,” “open,” and “inactivated,” first described by Hodgkin
and Huxley."” During an action potential, neuronal Na chan-
nels open briefly, allowing extracellular Na ions to flow into the
cell, depolarizing the plasma membrane. After only a few
milliseconds, Na channels inactivate (whereupon the Na cur-
rent ceases). Na channels return to the resting conformation
with membrane repolarization. The process by which channels
go from conducting to nonconducting forms is termed gating.
Gating is assumed to result from movements of dipoles in
response to changes in potential. The process by which voltage-
gated channels operate likely involves movements of paddle-
shaped voltage sensors within the channel’s outer perimeter
(Figure 7-7)."*1> The speed of gating processes differs among

30 o021 m/s
o A 177 m/s
& [ @ 77 m/s
& ® 20.6 m/s
€ A . A 8.0m/s
£ ®19.2 m/s
<
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c
[0}
—
© Q |
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0
0.4 18
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FIGURE 7-5. Note that the concentration of local anesthetic
required to produce nerve block declines as the length of nerve
exposed to the local anesthetic increases. (Reproduced with
permission from Raymond SA, Steffensen SC, Gugino LD, et al: The
role of length of nerve exposed to local anesthetics in impulse
blocking action. Anesth Analg. 1989 May;68(5):563-570.)
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FIGURE 7-6. Electron micrograph of a node of Ranvier. Na channels have been immunolabeled and appear as dense granules within the
four arrows. The paranodal region is indicated by “pn,"and an astrocyte is indicated by “as”” (Reproduced with permission from from Black JA,
Friedman B, Waxman SG, et al: Immunoultrastructural localization of sodium channels at nodes of Ranvier and perinodal astro-cytes in rat

optic nerve. Proc R Soc Lond B Biol Sci. 1989 Oct 23;238(1290):39-51.)

Na, o-subunit forms: Skeletal muscle and nerve forms gate
quicker than cardiac forms.

Anesthesia results when LAs bind Na channels and inhibit
the Na permeability that underlies action potentials.***'> Our
understanding of LA mechanisms has been refined by several key
observations. Taylor confirmed that LAs selectively inhibit Na
channels in nerves.' Strichartz first observed use-dependent
block with LAs, showing the importance of channel opening for
LA binding."” Use (or frequency) dependence describes how LA
inhibition of Na currents increases with repetitive depolariza-
tions (“use”).’*!” Repetitive trains of depolarizations increase the
likelihood that an LA will encounter an Na channel that is open
or inactivated, with both forms having greater LA affinity than

do resting channels (Figure 7-8).%'>'"7 Thus, membrane poten-
tial influences both Na channel conformation and Na channel
affinity for LAs. Use-dependent block appears important for the
functioning of LAs as antiarrhythmics and may also underlie the
effectiveness of reduced LA concentrations in managing pain.**
Finally, using site-directed mutagenesis, Ragsdale and Wang'®"
localized LA binding to specific amino acids in D4S6 of Na, 1.2
and Na 1.4.

Some LA optical isomers confer greater apparent safety than
their opposite enantiomer. For example, under voltage clamp,
the R(+)-bupivacaine isomer more potently inhibits cardiac Na
currents than the S(-)-bupivacaine (levobupivacaine) isomer

(Figure 7-9).

Conventional Model

Ja)

Y

Paddle Model

e N

an

FIGURE 7-7. In the conventional model for voltage gating, the voltage-sensing part of the channel slides “in and out” of the membrane.
More recent x-ray diffraction studies of the K channel suggest that a more appropriate mechanism is that of paddle-like structures sliding
diagonally through the plasma membrane. (Reproduced with permission from Arhem P: Voltage sensing in ion channels: a 50-year-old

mystery resolved? Lancet. 2004 Apr 10;363(9416):1221-1223)
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FIGURE 7-8. Use-dependent block of Na currents in Purkinje fibers. Under control conditions, each of a train of impulses results in
identical current tracings. In the presence of the local anesthetic QX222, the first impulse is nearly the same size amplitude as under control
conditions. Each succeeding impulse is smaller (reduced peak |, ), reflecting an accumulating block of Na channels, until a nadir is reached.
(Reproduced with permission from Hanck DA, Makielski JC, Sheets MF: Kinetic effects of quaternary lidocaine block of cardiac sodium

channels: a gating current study. J Gen Physiol. 1994 Jan;1

Many other types of chemicals will also bind and inhibit Na
channels, including general anesthetics, substance P inhibitors,
o,,-adrenergic agonists, tricyclic antidepressants, and nerve tox-
ins.***?2 Nerve toxins are currently undergoing animal and
human testing as possible replacements for LAs.

LOCAL ANESTHETIC PHARMACODYNAMICS

In clinical practice, LAs are typically described by their
potency, duration of action, speed of onset, and tendency for
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differential sensory nerve block. These properties do not sort
independently.

Potency and Duration

Nerve-blocking potency of LAs increases with increasing molec-
ular weight and increasing lipid solubility.*** Larger, more lipo-
philic LAs permeate nerve membranes more readily and bind Na
channels with greater affinity. For example, etidocaine and bupi-
vacaine have greater lipid solubility and potency than lidocaine
and mepivacaine, to which they are closely related chemically.
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FIGURE 7-9. Reduced potency of S(-) bupivacaine relative to R(+)-bupivacaine at inhibiting cardiac Na currents under voltage clamp.

After a standard “conditioning” depolarization of varying lengths, the S(-) isomer produces less reduction of I

_than the R(+) isomer.

(Reproduced with permission from Valenzuela C, Snyders DJ, Bennett PB, et al: Stereoselective block of cardiac sodium channels by
bupivacaine in guinea pig ventricular myocytes. Circulation. 1995 Nov 15;92(10):3014-3024.)
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Clinical Pearl

* Nerve-blocking potency of LAs increases with increasing

molecular weight and increasing lipid solubility.

More lipid-soluble LAs are relatively water insoluble, highly
protein bound in blood, less readily removed by the bloodstream
from nerve membranes, and more slowly “washed out” from
isolated nerves in vitro. Thus, increased lipid solubility is associ-
ated with increased protein binding in blood, increased potency,
and longer duration of action. Extent and duration of anesthesia
can be correlated with LA content of nerves in animal
experiments.”?® In animals, blocks of greater depth and longer
duration arise from smaller volumes of more concentrated LA,
compared with larger volumes of less-concentrated LA.?

Speed of Onset

Many textbooks and review articles assert that the onset of
anesthesia in isolated nerves slows with increasing LA lipid
solubility and increasing pK (Table 7-2). At any pH, the per-
centage of LA molecules present in the uncharged form, largely
responsible for membrane permeability, decreases with increas-
ing pKa.B'24 However, of the two LAs with the fastest onset,
etidocaine is highly lipid soluble and chloroprocaine has a pK
greater than that of other LAs. Finally, the LA rate of onset is
associated with the aqueous diffusion rate, which declines with

increasing molecular weight.”®

Differential Sensory Nerve Block

Regional anesthesia and pain management would be trans-
formed by a LA that would selectively inhibit pain transmis-
sion while leaving other functions intact. However, sensory
anesthesia sufficient for skin incision usually cannot be
obtained without motor impairment.>*® As was first demon-
strated by Gasser and Erlanger in 1929, all LAs will block
smaller (diameter) fibers at lower concentrations than are
required to block larger fibers of the same type.?”** As a group,
unmyelinated fibers are resistant to LAs compared with larger
myelinated A-8 fibers.”*® Bupivacaine and ropivacaine are
relatively selective for sensory fibers. Bupivacaine produces

TABLE 7-2. Local anesthetic characteristics that tend
to sort together.

Physical and Chemical
Increasing lipid solubility
Increased protein binding

Pharmacologic and Toxicologic
Increasing potency
Increasing onset time
Increasing duration of action
Increasing tendency for severe systemic toxicity
In general, all tend to sort together

g 120 @ CMAP-(bup)
§ o CMAP-(mep)
% %;, A SNAP-(bup)
5 N N 2 SNAP-(mep)
2 e
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FIGURE 7-10. Differential onset of median nerve block with
bupivacaine 0.3% (bup), but not with mepivacaine 1% (mep). Note
that the compound motor action potential (CMAP) is inhibited

less than the sensory nerve action potential (SNAP) during onset
of bupivacaine block in these normal volunteer subjects. At steady
state (20 min), CMAP and SNAP are comparably inhibited. On the
other hand, mepivacaine produced faster inhibition of both CMAP
and SNAP, and there was no differential onset of block. (Reproduced
with permission from Butterworth J, Ririe DG, Thompson RB, et al:
Differential onset of median nerve block: randomized, double-blind
comparison of mepivacaine and bupivacaine in healthy volunteers.
BrJ Anaesth. 1998 Oct;81(4):515-521))

more rapid onset of sensory than motor block, whereas the
closely related chemical mepivacaine demonstrates no differen-
tial onset during median nerve blocks (Figure 7-10).>! True
differential anesthesia may be possible when Na_  isoform-
selective antagonists become available. Certain Na_ isoforms
have been found to be prevalent in dorsal root ganglia, and (as
previously noted) the relative populations of various Na_ iso-
forms can change in response to various pain states.

Other Factors Influencing Local
Anesthetic Activity

Many factors influence the ability of a given LA to produce
adequate regional anesthesia, including the dose, site of admin-
istration, additives, temperature, and pregnancy. As the LA
dose increases, the likelihood of success and the duration of
anesthesia increase, while the delay of onset and tendency for
differential block decrease. In general, the fastest onset and
shortest duration of anesthesia occur with spinal or subcutane-
ous injections; a slower onset and longer duration are obtained
with plexus blocks.*

Clinical Pearl

* The effectiveness of a given LA is influenced by the dose,
site of administration, additives, temperature, and changes
in neural susceptibility, as seen during pregnancy.
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FIGURE 7-11. The potency of procaine at inhibiting compound
action potentials in isolated frog sciatic nerves is dramatically
increased at pH 9.2 as compared with pH 7.4. (Reproduced

with permission from Butterworth JF, Lief PA, Strichartz GR: The
pH-dependent local anesthetic activity of diethylaminoethanol, a
procaine metabolite. Anesthesiology. 1988 Apr;68(4):501-506.)

Epinephrine is frequently added to LA solutions to cause
vasoconstriction and to serve as a marker for intravascular injec-
tion.*” Epinephrine and other o, -agonists increase LA duration
largely by prolonging and increasing intraneural concentrations
of LAs. Blood flow is decreased only briefly, and the block will
persist long after the o -adrenergic effect on blood flow has
dissipated. Other popular LA additions include clonidine,
NaHCO,, opioids, dexamethasone, and hyaluronidase.

Uncharged local anesthetics have greater apparent potency at
basic pH, where an increased fraction of LA molecules is
uncharged, than at more acidic pH (Figure 7—11).%% Uncharged
LA bases diffuse across nerve sheaths and membranes more read-
ily than charged LAs, hastening onset of anesthesia. Some clinical
studies showed that the addition of sodium bicarbonate had an
inconsistent action during clinical nerve block; however, not all
studies demonstrated a faster onset of anesthesia. One might
anticipate that bicarbonate would have its greatest effect when
added to LA solutions to which epinephrine was added by the
manufacturer. Such solutions are more acidic than “plain” (epi-
nephrine-free) LA solutions to increase shelf life. Bicarbonate
shortens the duration of lidocaine in animals.”” Curiously, once
LAs gain access to the cytoplasmic side of the Na channel, H* ions
potentiate use-dependent block.** Marked prolongation of local
anesthesia can be achieved by incorporating LAs into liposomes,
as has been done with bupivacaine in the some formulation.

Clinical Pearl

e Pregnancy increases neural susceptibility to LAs.

Pregnant women and pregnant animals demonstrate
increased neural susceptibility to LAs.?*3 In addition, spread of

Clinical Pharmacology of Local Anesthetics

neuraxial anesthesia likely increases during pregnancy due to
decreases in thoracolumbar cerebrospinal fluid volume.

BLOOD CONCENTRATIONS AND
PHARMACOKINETICS

Peak LA concentrations vary by the site of injection (Figure 7-12).
With the same LA dose, intercostal blocks consistently produce
greater peak LA concentrations than epidural or plexus
blocks.?7333 As has been recently discussed by others, it makes
litcle sense to speak of “maximal” doses of LAs except in refer-
ence to a specific nerve block procedure, since peak blood levels
vary widely by block site.®

In blood, all LAs are partially protein bound, primarily to
o, -acid glycoprotein and secondarily to albumin.>*’Affinity
for o-acid glycoprotein correlates with LA hydrophobicity
and decreases with protonation (acidity).”! Extent of protein
binding is influenced by the concentration of o -acid glyco-
protein. Both protein binding and protein concentration
decline during pregnancy.” During longer-term infusion of
LA and LA-opioid combinations, concentrations of LA-bind-
ing proteins progressively increase.”> There is considerable
first-pass uptake of LAs by the lungs,* and animal studies
suggest that patients with right-to-left cardiac shunting may be
expected to demonstrate LA toxicity after smaller intravenous
bolus doses.

(Clinical Pearls

* Recommendations on maximal doses of LAs commonly

found in pharmacology texts are not terribly useful in
the practice of clinical regional anesthesia.

* The serum concentrations of LAs depend on the injec-
tion technique, place of injection, and addition of addi-
tives to the LA.

* Any recommendation on the maximal safe LA dose can be
valid only in reference to a specific nerve block procedure.

Esters undergo rapid hydrolysis in blood, catalyzed by non-
specific esterases.>*” Procaine and benzocaine are metabolized
to para-aminobenzoic acid (PABA), the species underlying
anaphylaxis to these agents.® Higher doses of benzocaine, typi-
cally for topical anesthesia for endoscopy, can lead to life threat-
ening levels of methemoglobinemia. The amides undergo
metabolism in the liver. Lidocaine undergoes oxidative N-deal-
kylation (by the cytochromes CYP 1A2 and CYP 3A4 to
monoethyl glycine xylidide and glycine xylidide).>*” Bupiva-
caine, ropivacaine, mepivacaine, and etidocaine also undergo
N-dealkylation and hydroxylation.>*” Prilocaine is hydrolyzed
to o-toluidine, the agent that causes methemoglobinemia.**
Prilocaine doses of as little as 400 mg in fit adults may be
expected to produce methemoglobinemia concentrations great
enough to cause clinical cyanosis. Amide LA clearance is highly
dependent on hepatic blood flow, hepatic extraction, and
enzyme function; therefore, amide LA clearance is reduced by
factors that decrease hepatic blood flow, such as B-adrenergic
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FIGURE 7-12. Peak blood concentrations of local anesthetics after various forms of regional anesthesia. Note that intercostal blocks
consistently result in the greatest local anesthetic concentrations in blood, that plexus blocks result in the least local anesthetic
concentrations in blood, and that epidural/caudal techniques are in between. (Reproduced with permission from Covino BG, Vassallo HG:
Local Anesthetics: Mechanisms of Action and Clinical Use. Grune & Stratton; 1976.)

receptor or H -receptor blockers, and by heart or liver
failure. 347

Disposition of amide LAs is altered in pregnancy due to
increased cardiac output, hepatic blood flow, and clearance, as
well as the previously mentioned decline in protein binding.
Renal failure tends to increase volume of distribution of amide
LAs and to increase the accumulation of metabolic by-products
of ester and amide LAs.

Theoretically, cholinesterase deficiency and cholinesterase
inhibitors should increase the risk of systemic toxicity from
ester LAs; however, there are no confirmatory clinical reports.

Some drugs inhibit various cytochromes responsible for LA
metabolism; however, the importance of cytochrome inhibitors
varies depending on the specific LA species. B-Blockers and
H,-receptor blockers inhibit CYP 2D6, which may contribute
to reduced amide LA metabolism. Itraconazole has no effect on
hepatic blood flow, but inhibits CYP 3A4 and bupivacaine
elimination by 20%-25%. Ropivacaine is hydroxylated by
CYP 1A2 and metabolized to 2’,6’-pipecoloxylidide by CYP
3A4.7% Fluvoxamine inhibition of CYP 1A2 reduces ropiva-
caine clearance by 70%. On the other hand, coadministration
with strong inhibitors of CYP 3A4 (ketoconazole, itraconazole)
has only a small effect on ropivacaine clearance.

www.myuptodate.com

DIRECT TOXIC SIDE EFFECTS

It is a common, but misguided, assumption that all LA actions,

including toxic side effects, arise from interaction with voltage-
gated Na channels. There is abundant evidence that LAs will
bind many other targets aside from Na channels, including
voltage-gated K and Ca channels, K, , channels, enzymes,
N-methyl-D-aspartate receptors, B-adrenergic receptors, G-protein-
mediated modulation of K and Ca channels, and nicotinic ace-
tylcholine receptors.**** LA binding to any one or all of these
other sites could underlie LA production of spinal or epidural

analgesia and could contribute to toxic side effects.®!*"!

Central Nervous System Side Effects

Local anesthetic CNS toxicity arises from selectively blocking
the inhibition of excitatory pathways in the CNS, producing a
stereotypical sequence of signs and symptoms as the LA con-
centration in blood gradually increases (Table 7-3).>47% With
increased LA doses, seizures may arise in the amygdala.’# With
further LA dosing, CNS excitation progresses to CNS depres-
sion and eventual respiratory arrest. More potent (at nerve
block) LAs produce seizures at lower blood concentrations and
at lower doses than less-potent LAs. In animal studies, both
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TABLE 7-3. Progression of signs and symptoms of
toxicity as the local anesthetic dose (or concentration)
gradually increases.

Vertigo

Tinnitus

Ominous feelings
Circumoral numbness
Garrulousness

Tremors

Myoclonic jerks
Convulsions

Coma

Cardiovascular collapse

metabolic and respiratory acidosis decreased the convulsive

dose of lidocaine.>

Cardiovascular Toxicity

In laboratory experiments, most LAs will not produce cardiovas-
cular (CV) toxicity until the blood concentration exceeds three
times that necessary to produce seizures; however, there are clinical
reports of simultaneous CNS and CV toxicity with bupivacaine
(Table 7-4).347 In dogs, supraconvulsant doses of bupivacaine
more commonly produce arrhythmias than supraconvulsant doses
of ropivacaine and lidocaine.”® LAs produce CV signs of CNS
excitation (increased heart rate, arterial blood pressure, and cardiac
output) at lower concentrations than those associated with cardiac
depression. Hypocapnia reduces ropivacaine-induced changes in
ST segments and left ventricular contractility.”

Clinical Pearl

* In laboratory experiments, most LAs will not produce
CV toxicity until the blood concentration exceeds three
times that necessary to produce seizures.

TABLE 7-4. Convulsive versus lethal doses of local
anesthetics in dogs.

Lidocaine Bupivacaine Tetracaine

Dose producing 22 5 4
convulsions
in all animals
(mg/kg)

Dose producing 76 20 27

lethality in all
animals

(mg/kg)
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Local anesthetics bind and inhibit cardiac Na channels (Na,_
1.5 isoform).>"? Bupivacaine binds more avidly and longer than
lidocaine to cardiac Na channels.>> As previously noted, certain
R(+) optical isomers bind cardiac Na channels more avidly than
S(-) optical isomers. These laboratory observations led to the
clinical development of levobupivacaine and ropivacaine. Local
anesthetics inhibit conduction in the heart with the same rank
order of potency as for nerve block.*>

Local anesthetics produce dose-dependent myocardial
depression, possibly from interference with Ca signaling mech-
anisms within cardiac muscle.’®>® These anesthetics bind and
inhibit cardiac voltage-gated Ca and K channels at concentra-
tions greater than those at which binding to Na channels is
maximal.®**® The LAs bind B-adrenergic receptors and inhibit
epinephrine-stimulated cyclic adenosine monophosphate
(AMP) formation.>® In rats, the rank order for cardiac toxicity
appears to be bupivacaine > levobupivacaine > ropivacaine.®-%
In dogs, lidocaine was the least potent, and bupivacaine and
levobupivacaine were more potent than ropivacaine at inhibit-
ing left ventricular function as assessed by echocardiography
(Table 7-5). In dogs, both programmed electrical stimulation
and epinephrine resuscitation elicited more arrhythmias after
bupivacaine and levobupivacaine than after lidocaine or ropiva-
caine administration.®°°

The mechanism by which CV toxicity is produced may
depend on which LA has been administered. When LAs were
given to the point of extreme hypotension, dogs receiving lido-
caine could be resuscitated but required continuing infusion of
epinephrine to counteract LA-induced myocardial depression.
Conversely, many dogs receiving bupivacaine or levobupiva-
caine to the point of extreme hypotension could not be resusci-
tated. After bupivacaine, levobupivacaine, or ropivacaine, dogs
that could be defibrillated often required no additional ther-
apy.*~ Similarly, in pigs, comparing lidocaine with bupiva-
caine, the ratio of potency for myocardial depression was 1:4,
whereas it was 1:16 for arrhythmogenesis.*” The LAs produce
dilation of vascular smooth muscle at clinical concentrations.®
Cocaine is the only LA that consistently produces local
vasoconstriction.

Allergic Reactions

Clinical Pearls

* True immunologic reactions to LAs are rare.

* True anaphylaxis appears more common with ester LAs
that are metabolized directly to PABA than other LAs.

* Accidental intravenous injections of LAs are sometimes
misdiagnosed as allergic reactions.

* Some patients may react to preservatives, such as meth-

ylparaben, included with LAs.

True immunologic reactions to LAs are rare.” Accidental
intravenous injections of LAs are sometimes misdiagnosed as
allergic reactions. True anaphylaxis appears more common with
ester LAs that are metabolized directly to PABA than to other
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TABLE 7-5. Effects of local anesthetics on indices of myocardial function measured in dogs.

LVEDP (EC,, for dp/dt__ (EC_, for %FS (EC,, for
125% base) (mcg/mL) 65% base) (mcg/mL) 65% base)mea/mL)
Local Anesthetic
Bupivacaine 22(1.2-44) 23(1.7-3.1) 2.1 (147-3.08)
Levobupivacaine 1.7 (0.9-3.1) 24 (1.9-3.1) 1.3(0.9-1.8)
Ropivacaine 40 (2.1-7.5) 4.0 (3.1-5.2)P 3.0(2.1-4.2)?
Lidocaine 6.8 (3.0-154)° 8.0 (5.7-11.0)¢ 5.5 (3.5-8.7)4

Note: Data provided are 50% effective concentrations (EC50s) and 95% confidence intervals.
*Ropivacaine > levobupivacaine, p < .05.

bRopivacaine > bupivacaine, levobupivacaine, p < .05.

‘Lidocaine > bupivacaine, levobupivacaine, p < .01.

dLidocaine > bupivacaine, levobupivacaine, ropivacaine, p < .01.

EC,, effective concentration for 50% of population; base, baseline; LVEDP = left ventricular end-diastolic pressure; dP/dt__

50
maximal rate of change of developed pressure (inotropy); %FS = percentage fractional shortening.

Source: Adapted with permission from Groban L, Dolinski SY: Differences in cardiac toxicity among ropivacaine,
levobupivacaine, bupivacaine, and lidocaine. Tech Reg Anesth Pain Manage. 2001;April;5(2):48-55.

LAs. Some patients may react to preservatives, such as methyl-
paraben, included with LAs. Several studies have shown that
patients referred for evaluation of apparent LA allergy, even
after exhibiting signs or symptoms of anaphylaxis, almost never
demonstrate true allergy to the LA that was administered.®””
On the other hand, LA skin testing has an excellent negative
predictive value. In other words, 97% of patients who fail to
respond to LA skin testing will also not have an allergic reaction
to the LA in a clinical setting.

Neurotoxic Effects

During the 1980s, 2-chloroprocaine (at that time formulated
with sodium metabisulfite at a relatively acidic pH) occasion-
ally produced cauda equina syndrome following accidental
large-dose intrathecal injection during attempted epidural
administration. Whether the “toxin” is 2-chloroprocaine or
sodium metabisulfite remains unsettled: 2-chloroprocaine is
now being tested as a substitute for lidocaine in human spinal
anesthesia,”* and a series of publications suggest that it may be
safe and effective. At the same time, other investigators have
linked neurotoxic reactions in animals to large doses of 2-chlo-
roprocaine rather than to metabisulfite.”” There is also contro-
versy about transient neurologic symptoms and persistent sacral
deficits after lidocaine spinal anesthesia. The reports and the
controversy have persuaded many physicians to abandon lido-
caine spinal anesthesia. Unlike other spinal LA solutions, lido-
caine 5% permanently interrupts conduction when applied to
76 This may be the result
of lidocaine-induced increases in intracellular calcium and does
not appear to involve Na channel blockade.” While it is impos-
sible to “prove safety,” multiple studies suggest that chloropro-

isolated nerves or to isolated neurons.

caine or mepivacaine can be substituted for lidocaine for brief
spinal anesthesias.

Treatment of Local Anesthetic Toxicity

Treatment of adverse LA reactions depends on their severity.
Minor reactions can be allowed to terminate spontaneously.
Seizures induced by LAs should be managed by maintaining a
patent airway and by providing oxygen. Seizures may be ter-
minated with intravenous midazolam (0.05-0.10 mg/kg) or
propofol (0.5-1.5 mg/kg) or a paralytic dose of succinylcho-
line (0.5-1 mg/kg), followed by ventilation with bag and mask
(or tracheal intubation). LA CV depression manifested by
moderate hypotension, may be treated by infusion of intrave-
nous fluids and vasopressors (phenylephrine 0.5-5 pg/kg/min,
norepinephrine 0.02-0.2 pg/kg/min, or vasopressin 40 pg
IV). If myocardial failure is present, epinephrine (1-5 pg/kg
IV bolus) may be required. When toxicity progresses to cardiac
arrest, the guidelines for treatment of LA toxicity as developed
by the American Society of Regional Anesthesia and Pain
Medicine (ASRA) are reasonable,.”® and certainly preferable to
the chaotic resuscitation schemes identified in a national sur-
vey prior to publication of the guideline.”” It makes sense that
amiodarone be substituted for lidocaine and, based on multi-
ple animal experiments, that smaller, incremental doses of
epinephrine be used initially rather than 1-mg boluses.®
Animal experiments and clinical reports demonstrate the
remarkable ability of lipid infusion to resuscitate from bupiva-
caine-induced cardiac arrest (Figure 7-13).5% Given the
nearly nontoxic status of lipid infusion, one cannot make a
convincing argument to withhold this therapy from a patient
requiring resuscitation from LA intoxication. With unrespon-
sive bupivacaine cardiac toxicity cardiopulmonary bypass
should be considered.®

It appears that the threat from severe local anesthetic sys-
temic toxicity may be on the decline, whether from better treat-
ment or from changes in techniques.”” A minority would argue
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FIGURE 7-13. A: An anesthetized rat is given bupivacaine 15 mg/kg as indicated. The arterial blood pressure rapidly declines to cardiac
arrest. Cardiopulmonary resuscitation (CPR) is given, but no arterial pressure is observed when CPR is discontinued. B: The same experiment
is conducted, but a bolus of lipid is given; note that the arterial pressure is never lost (despite the same dose of bupivacaine being used),
and that cardiac arrest does not ensue. (Reproduced with permission from Weinberg G: Current concepts in resuscitation of patients with
local anesthetic cardiac toxicity. Reg Anesth Pain Med. 2002 Nov-Dec;27(6):568-575.)

that the risk was overstated from the start, at least in experi-
enced hands.®® Many practitioners believe that ultrasound guid-
ance during peripheral nerve blocks has led to safer practices
and less risk. While this view remains controversial, there are
studies that support this belief.?*°

SUMMARY

After more than a century of use in Western medicine, LAs
remain important tools for the twenty-first-century physician.
Peripheral nerve blocks are almost certainly the result of LA
inhibition of voltage-gated Na channels in neuronal mem-
branes. The mechanisms of spinal and epidural anesthesia
remain incompletely defined. The appropriate and safe dose
of LAs varies with specific nerve block procedure. The mecha-
nisms by which differing LAs produce CV toxicity likely vary:
The more potent agents (eg, bupivacaine) may produce
arrhythmias through a Na channel action, whereas the less-
potent agents (eg, lidocaine) may produce myocardial depres-
sion through other pathways. Fears about LA systemic
toxicity have abated with safer LAs, safer regional anesthesia
practices, and improved treatments. There is renewed effort
to produce clinically applicable delayed-release local anes-
thetic formulations to extend the duration of the currently
available LAs.
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INTRODUCTION

Local anesthetics (LAs) are among the most useful drugs in
anesthesiology practice and pain management. They are corner-
stones in postoperative pain management within a multimodal
analgesic pathway to reduce or eliminate opioids and their
resulting adverse events. However, currently available LAs dis-
play a considerable range of onset and duration as well as toler-
ability across a wide range of uses, including infiltration,
peripheral blocks, and epidural and spinal anesthesia. Their
main limitation is duration of action, which in the treatment of
postoperative pain may prevent adequate therapy of sufficient
duration. For that reason, continuous catheter infusion systems
are widely used but introduce challenges, such as catheter place-
ment, catheter migration and maintenance, and the burden of
the external pump. Therefore, long-acting LAs with predictable
onset, delivery, and duration of action would be a near-ideal
solution.

Local anesthetics can have considerably different properties
depending on the body compartment where they are placed.
Controlled-release LAs must be well studied for clinical efficacy
and reliability in the various sites and modes of application. At
this time, only one controlled-release drug is approved by the
Food and Drug Administration (FDA) and is commercially
available, although there are several others in development. In
this chapter, we summarize the currently available information.

LOCAL ANESTHETIC CARRIERS
Since the 1970s, drug delivery systems for LAs have been the

subject of considerable research efforts.' Development strate-
gies are typically based on interdisciplinary approaches that
combine polymer science, pharmaceutics, bioconjugate chem-
istry, and molecular biology.* The goals of these carriers are to
provide a LA depot at the target site to prolong the drug effect
and to decrease local and systemic toxicity by reducing the LA

concentration and increasing LA permeability and absorption.
These factors determine the concentration and the effect of the
LA on the nervous tissue, influencing the latency, spread, inten-
sity of the blockade, and the duration of action.'

Formulation approaches to systemically deliver LA have
included the encapsulation in liposomes, complexation in
cyclodextrins, association with biopolymers, transdermal nonli-
posomal carriers, and other carrier systems. Topical delivery
systems for LA comprise of a wide spectrum of adjuvants,
including viscosity-inducing agents, preservatives, permeation
enhancers, and emollients. The physical state of these carriers
varies from semisolid (gel, cream, ointment); liquid (emulsion,
dispersion); to solid (patch) pharmaceutical forms.!

Liposome-Based Local Anesthetic
Formulations

Liposomes, widely investigated as drug carriers for improving
the delivery of therapeutic agents to specific sites in the body,
are nonimmunogenic, biodegradable, nontoxic and work by
encapsulating both hydrophilic and hydrophobic materials to
deliver drugs.® The structural versatility combined with the
ability to encapsulate different compounds, such as LAs, is due
to microscopic mono- or bi-layer phospholipid vesicles.! The
polar core of the liposphere allows hydrophilic drug molecules
to become encapsulated. Amphiphilic and lipophilic molecules
are solubilized within the phospholipid bilayer according to
their affinity.

Channel proteins can be incorporated into the liposome
without a loss of activity within the hydrophobic domain of
vesicle membranes, acting as a selective filter. Thus, drugs that
are encapsulated with channel proteins are effectively protected
from premature degradation by proteolytic enzymes and are
able to diffuse through the channel driven by concentration
gradients between the interior and exterior “nanocage.” Vari-
ous types of liposomes can be prepared, depending on the
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number of lipid layers, size, surface charge, lipid composition,
and methods of vesicle formation. In the case of liposomes and
micro- or nanoparticle-based systems, the improved pharmaco-
logical action is generated by the slow rate of release of the
encapsulated drug from these lipid bilayers.'

Benefits

Liposomes, composed of naturally occurring substances, offer
the advantage of being nontoxic and biodegradable. The ability
to entrap drugs in the aqueous or lipid form enables carrying of
both hydrophilic and hydrophobic drugs.* The advantages of
encapsulating LA in liposomes is controlled delivery via slow
drug release to prolong anesthetic effect and reduce the risk of
cardiovascular and central nervous system toxicity.'

Clinical Pearl

* Liposomes are microscopic spheres containing an aque-
ous core surrounded by a phospholipid bilayer.

Risks/Limitations

Although liposomes are the carrier of choice in many technolo-
gies, their use for LAs has not often been adequately explored.
This could be because liposomes are considered unstable col-
loidal systems, either physically due to their size or chemically,
as lipids are prone to oxidation.”

DepoFoam®

DepoFoam® consists of microscopic, spherical, lipid-based par-
ticles (Figure 8—1A).> The particles are composed of numerous
polyhedral, nonconcentric, aqueous chambers containing the
drug in solution. Each chamber in this multivesicular liposome
is separated from adjacent chambers by lipid membranes

Controlled-Release Local Anesthetics

(Figure 8-1B). DepoFoam particles are distinguished structur-
ally from unilamellar vesicles, multilamellar vesicles, and neo-
somes (Figure 8-2) by these closely packed, nonconcentric
vesicles. The particles are tens of micrometers in diameter and
have a large trapped volume. This allows delivery of relatively
large quantities of medications in the encapsulated form with
only a small volume of the formulation. Importantly, the liposo-
mal platform that encapsulates the drug does so without altering
the molecular structure. Therefore, a number of methods based
on a manipulation of the lipid and aqueous composition may be
used to control the rate of sustained release over a desired period
from 1 to 30 days via erosion or reorganization of the lipid mem-
branes.® DepoFoam has been used in to-date, two FDA-approved
commercial products, including DepoCyt(e)® (cytarabine lipo-
some injection), as well as EXPAREL® (bupivacaine liposome
injectable suspension). DepoFoam can be released into the
bloodstream via the interstitial space subcutaneously or intra-
muscularly or it can be delivered locally to a body compartment
or joint via intrathecal, intraperitoneal, subcutaneous, epidural,
or intraocular methods.”*

Clinical Pearl

* DepoFoam technology consists of lipid-based particles

with polyhedral, nonconcentric, aqueous chambers that
contain the medication. This technology can be used
with a number of different medications.

Benefits

DepoFoam is a ready-to-use product and can be administered
with small-gauge needles and pen systems. With a flexible
delivery system, it is designed to offer an immediate-release
dose, followed by sustained delivery. DepoFoam is less than 3%

Drug containing
aqueous vesicles

Separated by continous
lipid membranes

FIGURE 8-1. A: Scanning electron micrographic image of DepoFoam® with bupivacaine. B: Diagram representing the polyhedral,
nonconcentric aqueous chambers filled with medication. (Used with permission from Pacira Pharmaceuticals, Inc.)
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Unilamellar
Liposome

Multilamellar
Liposome

DepoFoam
Multivesicular liposome

0.1-0.5u

FIGURE 8-2. Comparison of unilamellar, multilamellar, and polylamellar formulations of liposomes.

lipid that is naturally occurring or a synthetic analogue of com-
mon lipids, including phospholipids, cholesterol, and triglycer-
ides; therefore, it is biodegradable and biocompatible.®

Clinical trials have demonstrated limited to no adverse
effects of DepoFoam. There is already considerable clinical
experience with the delivery system as the formulation has been
in use in products approved by the FDA and European Medi-
cine Agency. Furthermore, at similar doses, this formulation
can reduce systemic exposure and toxicity by reducing peak
serum levels of a drug.”®

Polymeric Micro- and Nanoparticle
Formulations

Polymeric micro- or nanoparticles represent drug delivery sys-
tems made of natural or artificial polymer spheres or capsules,
which must be biocompatible and biodegradable for drug deliv-
ery purposes.! Nanoparticles act as potential carriers for several
classes of drugs, such as anticancer agents, antihypertensive
agents, immunomodulators, and hormones, and for macromol-
ecules such as nucleic acids, proteins, peptides, and antibodies.
Nanoparticles can be designed for the site-specific delivery of
drugs. The targeting and release capability of nanoparticles is
influenced by particle size, surface charge, surface modification,
and hydrophobicity. The performance of nanoparticles in vivo
is influenced by morphological characteristics, surface chemis-
try, and molecular weight.” Polymer (micro- or nanoparticle)
technologies are claimed to be applicable to all commercially
available LA compounds.!

A variety of natural and synthetic polymers have been
explored for the preparation of nanoparticles, of which
poly(lactic acid) (PLA) and poly(glycolic acid) (PGA) and their
copolymer poly(lactic-co-glycolic acid) (PLGA) have been
extensively investigated for their biocompatibility and biode-
gradability. PLGA, one of the most successfully developed

biodegradable polymers,’ attracted considerable attention due
to the FDA and European Medicine Agency giving approval for
parenteral administration. Other properties include well-
described formulations and methods of production adapted to
various types of drugs (eg, hydrophilic or hydrophobic small
molecules or macromolecules) and protection of the drug from
degradation.

Use of PLGA allows for the possibility of sustained release,
the possibility to modify surface properties to provide better
interaction with biological materials, and even a possibility
toward targeting nanoparticles to specific organs or cells. Of
note, after systemic administration, PLGA-based drug delivery
systems are preferentially taken up by the reticuloendothelial
system (RES) and present a high and selective uptake in
inflamed areas. One of the reasons for the success of the carrier
is that hydrolysis leads to the metabolite monomers lactic acid
and glycolic acid, which are endogenous and easily metabolized
by the body via the Krebs cycle. The PLGA delivery system is
associated with a nearly negligible potential for toxicity."’

Benefits

Biodegradable nanoparticles have been used frequently as drug
delivery vehicles due to their improved bioavailability, better
encapsulation, and controlled release.!! The literature describes
that micro- or nanoencapsulation of LA greatly prolongs the
duration of block and reduces systemic toxicity.'

Risks/Limitations

Despite the existing research on biodegradable microparticles
containing macromolecular drugs, the effects of critical param-
eters influencing drug encapsulation are not sufficiently inves-
tigated for nanoscale carriers.' However, many novel techniques
for preparation of drug-loaded nanoparticles are being devel-

oped and refined. The crux of the problem is the stability of
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nanoparticles after preparation, which is being addressed by
freeze-drying using different classes of lyoprotectants.’

Another issue is that precise determination of the drug con-
tent is not easy because nanoparticles are colloidal systems.
Encapsulation efficiency of drugs varies from 6% to 90% for
dexamethasone and paclitaxel, respectively, while mean encapsu-
lation efficiency is around 60% to 70% for various drugs, such
as estradiol or xanthones. Another major pitfall of PLGA-based
nanoparticles is that although PLGA-based nanoparticles often
can present with high encapsulation efficiencies, the drug loading
is generally poor (around 1%, which means that nanoparticles
contain 1 mg active ingredient per 100 mg polymers of
nanoparticles).

Yet another important pitfall is the consideration of high
burst release of drug from nanoparticles. This phenomenon is
described for most PLGA-based nanoparticles. Consequently,
the drug might not be able to reach the target tissue or cells,
leading to a loss of efficacy. Drug release mechanisms depend
on the polymer used and on the loading efficiency. Generally,
the rapid initial release is attributed to drug adsorbed to the
nanoparticles” surface. Work is still being conducted to address
these issues.!”

LIPOSOMAL BUPIVACAINE

In October 2011, the FDA approved the use of single-injection
liposomal bupivacaine for surgical site infiltration. To date, this
is the only FDA-approved controlled-release LA.* Liposomal
bupivacaine produces reliable plasma levels of bupivacaine up
to 72 hours following infiltration. By comparison, traditional
bupivacaine HCI has a duration of action of roughly 7 hours
following tissue infiltration.” Liposomal bupivacaine encapsu-
lates bupivacaine HCI within the carrier, DepoFoam. Prior to
this development, extending the duration of action of an LA
relied on indwelling catheters and infusion pumps. Infusion
technology with an indwelling catheter carries a risk of infec-
tion, drug-filling errors, labeling errors, and variable infusion
rates, particularly with elastometric pumps.! Replacement of
elastomeric bags and targeted catheters with LA encapsulated in
a liposome is a novel approach for providing analgesia. To date,
liposomal bupivacaine has been studied in patients undergoing
soft tissue surgery (hemorrhoidectomy, inguinal hernia repair,

Controlled-Release Local Anesthetics

augmentation mammoplasty) or orthopedic surgery (bunionec-
tomy and total knee arthroplasty).’ Currently, it is approved for
tissue infiltration.

Clinical Pearl

* Liposomal bupivacaine is a controlled-release LA that is
FDA approved for wound (surgical site) infiltration.

Formulation

DepoFoam serves as the lipid-based carrier of bupivacaine HCL
When compared with other carriers, such as DepoDur® and
DepoCyt, the major difference is the incorporation of dieru-
coylphosphatidylcholine into the DepoFoam." It is comprised
of nonemetogenic, naturally occurring or synthetic analogues
of common lipids, making it generally well tolerated, although
a tissue infiltration with DepoFoam bupivacaine in rabbits and
dogs resulted in granulomatous inflammation, considered a
natural reaction against the liposomes.'

Pharmacology

Liposomal bupivacaine is currently packaged in a 20-mL vial at
a 1.3% concentration.” Single-dose administration is recom-
mended, not exceeding 266 mg (one vial). Approximately 3%
of the LA in liposomal bupivacaine is present in the free form.
Because of this, the drug exhibits two peaks in plasma concen-
tration 7" following tissue infiltration (Table 8-1)."” This was
observed by Langford et al in their study of patients receiving
infiltration of liposomal bupivacaine for inguinal hernia repair.
The first 7" occurs within the first hour, followed by a second
T' within 12 hours.”” Systemic absorption depends on the
total dose of drug administered, administration route, and vas-
cularity of the administration site."” Liposomal bupivacaine has
a 24-hour duration of action.!®

As with traditional bupivacaine, liposomal bupivacaine is
metabolized by the liver following its release from the drug
delivery system.” Caution is recommended when using liposo-
mal bupivacaine for patients with severe hepatic dysfunction.
In phase 1, trial patients with moderate hepatic impairment

TABLE 8-1. Pharmacokinetics of controlled-release local anesthetics.

Carrier

Liposomal bupivacaine

SABER-bupivacaine

DepoFoam
SAIB

Bupivacaine-collagen implant

Bioidegradeable collagen matrix

C. . (ng/mL)
1-122 365°
24-48¢ 625-989¢
0.5-20¢ 200¢

Reference 17.
bReference 43.
‘Reference 39.
dReference 42.
SAIB = sucrose acetate isobutyrate.
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had a 1.5-fold increase in the maximum plasma concentration
C . compared with healthy controls following single 300-mg
infiltration of liposomal bupivacaine.' However, this is likely
not of great clinical significance with single administration of
liposomal bupivacaine. Significant accumulation of bupiva-
caine or its metabolites is not expected despite impaired liver
function. Approximately 6% of bupivacaine is excreted
unchanged in urine.’?

Dosing and Administration

Dilution is recommended with sterile saline up to a maximum
total volume of 300 mL.** Hypobaric solutions, such as sterile
water, may disrupt the liposomal carrier, potentially leading to
loss of sustained efficacy and high system drug levels.'® Diluting
liposomal bupivacaine with other drugs, such as lidocaine or
bupivacaine HCI, may cause disruption of the carrier, acceler-
ated release of bound bupivacaine and toxicity.'"® Additional
LA, of any kind, is not recommended for 24 hours following
liposomal bupivacaine administration. The liposomal carrier
will maintain its integrity with injection through as small as
30-gauge needles.'®

Clinical Pearl

* Diluting liposomal bupivacaine with other LA may
cause disruption of the lipid carrier, possibly unbinding
bupivacaine.

Clinical Evidence

In a phase 3 trial, an infiltration of 266 mg liposomal bupiva-
caine was compared with placebo in patients receiving hemor-
rthoidectomy. This randomized, double-blind study of 189
patients found that patients receiving liposomal bupivacaine had
significantly less pain and fewer patients required opiate rescue.?!
A significant difference was also observed with regard to 72-hour
opioid consumption, which was 45% lower compared with pla-
cebo.?! Following this study, Onel and colleagues compared
liposomal bupivacaine to bupivacaine HCl in a similar cohort of
patients. This double-blind, randomized, controlled study exam-
ined 100 patients for hemorrhoidectomy. Patients had signifi-
cantly less pain (47%) and required significantly less opioid
(66%) over the first 72 hours with liposomal bupivacaine.2

Clinical Pearl

e Datients receiving wound infiltration with liposomal

bupivacaine had significantly less pain and opioid usage
than those who received bupivacaine HCI for hemor-
rhoidectomy and bunionectomy.

In a double-blind, randomized trial of 193 patients receiving
bunionectomy with first-metatarsal osteotomy, liposomal bupi-
vacaine showed significantly reduced pain at 24 and 36 hours
when compared with placebo.”® Although there was no

statistically significant difference in pain scores, a liposomal
bupivacaine dose-finding study of patients having unilateral
inguinal hernia repair demonstrated benefits for secondary
endpoints. The liposomal bupivacaine group trended toward
lower opioid requirements in patients at all doses (155, 200,
266, 310 mg) compared with 100 mg bupivacaine HCL."

In a randomized trial of women having bilateral breast aug-
mentation surgery, subjects were randomized to injection of
either 133 or 266 mg liposomal bupivacaine in one breast and
75 mg bupivacaine HCl in the contralateral breast.?* In both
groups, the subjects complained of more pain in the breast
receiving bupivacaine HCI. The difference in opioid consump-
tion between the two groups only reached significance after
48 hours which is commensurate with the delayed release of
bupivacaine from liposome carriers.*

Use of liposomal bupivacaine in patients after implant-based
breast reconstruction demonstrated significantly decreased visual
analog scale (VAS) pain scores at 4-24 hours postoperatively
when compared to bupivacaine HCl and placebo.? There was no
difference in opiod and antiemetic usage between the three treat-
ment groups.”

Multiple studies investigating analgesic efficacy of liposomal
bupivacaine in wound infiltration after total knee arthroplasty have
been performed. A study by Bagsby et al* compared periarticular
injection with 2.6% liposomal bupivacaine versus 0.5% ropiva-
caine. Patients reported similar mean pain scores at 24 hours, but
for the remainder of the hospitalization, pain scores were signifi-
cantly increased in the liposomal bupivacaine group. Half of the
ropivacaine group reported their pain as mild, compared with only
17% of patients receiving liposomal bupivacaine.?®

A recent, large, randomized, controlled trial compared peri-
articular injection of liposomal bupivacaine versus bupivacaine
HCI. All patients concurrently received multimodal analgesia.
The two groups had no significant difference in terms of least,
worst, and average daily pain at all time points.” Furthermore,
there was no difference in consumption of opioids.?”

A recent randomized prospective study compared local infil-
tration of liposomal bupivacaine with a single-injection femoral
nerve block of ropivacaine and tetracaine. The nerve block
group had significantly less pain in the first 24 hours postopera-
tively, but total opioid consumption was unchanged between
the two groups.? Interestingly, the nerve block group had less
opioid during the first day postoperatively, while the liposomal
bupivacaine group consumed less on the second day.?® The two
treatments demonstrated no effect on total ambulation, but a
greater percentage of patients ambulating and greater total dis-
tance was seen in the liposomal bupivacaine group.?

Safety

It is recommended that the dose of liposomal bupivacaine
should not exceed the single 266-mg vial. Repeat LA adminis-
tration is not recommended within 72 hours following infiltra-
tion. To ensure the liposomal carrier’s integrity, liposomal
bupivacaine should be diluted only with normal saline and
administered through a needle that is 25 gauge or larger.'® To
avoid possible toxic levels of lidocaine and bupivacaine, liposo-
mal bupivacaine infiltration should follow lidocaine infiltration
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by at least 20 minutes.'® Overall, however, in over 1 million
patient exposures, liposomal bupivacaine demonstrated a
remarkable safety systemic toxicity profile.? Safety of liposomal
bupivacaine in peripheral nerve blocks (PNBs) is discussed
further in the chapter.®

Clinical Pearl

¢ Injection of liposomal bupivacaine should occur at least
20 minutes after infiltration of lidocaine to avoid poten-
tial toxicity.

Experimental Applications
Peripheral Nerve Blocks

The use of liposomal bupivacaine in PNBs has generated sig-
nificant interest as a possible FDA-approved method to prolong
nerve blockade without indwelling catheters. At the time of
publication, liposomal bupivacaine has not been approved by
the FDA for this indication.

Data from preclinical toxicology studies demonstrated no
signs of neurotoxicity in animal models.'**"%? Similarly, a phase 1
study in healthy volunteers demonstrated no nerve injury with
single-injection PNB.*

Efficacy of higher-dose liposomal bupivacaine was seen in
femoral nerve blocks for patients receiving tricompartment
knee arthroplasty. Patients receiving 133 and 266 mg had sig-
nificantly decreased resting pain at 24 hours when compared
with patients receiving 67 mg of liposomal bupivacaine or
saline. A study by Ilfeld et al with variable doses of liposomal
bupivacaine (0-80 mg) demonstrated prolonged motor and
sensory block with higher doses of the medication.® All
patients had motor and sensory blockade more than 24 hours
in the 40-mg treatment group and more than 90% in the
80-mg treatment group.”

A recent review of literature examined the safety of liposomal
bupivacaine over six studies with healthy volunteers and patients
undergoing various surgical procedures. The most common side
effects of perineural liposomal bupivacaine injection were nausea,
pyrexia, constipation, vomiting, and pruritus.* There was no
difference in adverse effects between liposomal bupivacaine and
placebo. Treatment-related adverse events had lower incidence in
the liposomal bupivacaine versus bupivacaine HCL groups, with
the most common adverse event being hypesthesia.*

Potential deterrents for widespread use of liposomal bupiva-
caine in PNBs are a possible inability to achieve surgical
anesthesia, inferior analgesia compared to bupivacaine HCI
over the first 12 postoperative hours, and inability to titrate the
LA to effect. Prolonged sensory and motor blockade may affect
early rehabilitation and increase fall risks.”

If approved for use in PNBs, single-injection liposomal
bupivacaine may present a long-acting alternative to continu-
ous PNB. There is potential for increased procedure efficiency
and more widespread use of PNBs without the placement and
fixation of a perineurial catheter, and the patient would avoid
possible adverse events related to catheter placement.
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Epidural Anesthesia

Liposomal bupivacaine is currently not approved for epidural
administration, although its pharmacologic profile following
a single epidural injection has been studied. Viscusi, Can-
diotti, and colleagues performed a phase 1 randomized,
double-blind, active-control, dose-escalating pilot study
evaluating a single dose of liposomal bupivacaine at 89, 155,
or 266 mg compared with bupivacaine HCI 50 mg in healthy
volunteers. Their study concluded that epidural liposomal
bupivacaine at 266 mg resulted in a longer duration of sen-
sory block than liposomal bupivacaine 89 or 155 mg or
bupivacaine HCl 50 mg.*

Interestingly, incidence of some degree of motor blockade
was less with liposomal bupivacaine 266 mg versus bupivacaine
HCI 50 mg.*® The liposomal bupivacaine group had fewer
patients who were unable to ambulate after 4 hours and a
quicker resolution of complete motor blockade.*® The high
sensorimotor block ratio suggests significant utility for liposo-
mal bupivacaine in epidural anesthesia, but further study is
needed to document safety and efficacy.

EXPERIMENTAL MEDICATIONS
SABER-Bupivacaine

SABER (sucrose acetate isobutyrate extended release) technol-
ogy (Durect Corporation) has been developed as a bioerodable
injectable depot system with the potential of delivering a drug
over a period of days to 3 months.”

Formulation

The SABER delivery system consists of sucrose acetate isobu-
tyrate (SAIB), additives, and a solvent. SAIB is a hydrophobic,
esterified sucrose derivative that exists as a viscous liquid
(Figure 8-3). The SABER system can be mixed with a drug
and injected subcutaneously or intramuscularly with up to a
25-gauge needle.”

Benzyl Alcohol 22%

Bupivacaine 12%

SAIB 66%

FIGURE 8-3. Formulation of SABER-bupivacaine. (Compiled from
data in References 33-36.)
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Clinical Pearl

* SABER-bupivacaine consists of a SAIB delivery system
that is mixed with LA. After infiltration, the delivery
system dissolves within tissues.

SABER-bupivacaine (Posidur™), developed by the Durect
Corporation, awaits FDA approval.

Pharmacology

Solvent type and amount, drug loading, and other additives are
possible variables to customize the duration of drug delivery.
SABER formulations can carry a drug payload as high as 30%.
On injection, the drug forms a depot in subcutaneous tissue,
and its release begins immediately. The delivery system dis-
solves in situ, eliminating the need for removal.*®

In a study comparing differing doses of SABER-bupivacaine
(12% bupivacaine), the dose concentration response exhibited
linear pharmacokinetics.”” A large review of 11 clinical trials with
both healthy subjects and those undergoing varied surgical pro-
cedures demonstrated a varied 7 at 24—48 hours (Table 8-1).%
This seems to differ with surgical procedure, as 7 _with admin-
istration after shoulder surgery was shorter when compared with
abdominal surgery.” This is possibly due to rapid absorption of

the drug when confined to a smaller surgical area.®

Clinical Evidence

In a 2012 double-blinded, randomized, controlled trial of 124
patients receiving open hernia repair, SABER-bupivacaine out-
performed placebo after surgical site administration. A dose of
5 mL of SABER-bupivacaine (12% bupivacaine) had a signifi-
cantly lower area under the curve (AUC) for mean pain inten-
sity from 1 to 72 hours, compared to placebo (2.47 vs. 3.61;
p = .0036). The 5-mL group achieved significantly reduced
pain with movement and opioid consumption and increased
time to first opioid when compared to placebo.”

Notably, the 2.5-mL formulation of SABER-bupivacaine did
not reach the same levels of significance. A 2014 multicenter, ran-
domized, double-blind study of 98 patients undergoing abdominal
surgery showed clinically and statistically significant decreased pain
for 3 days in patients given SABER-bupivacaine.”!

Safety

Due to incomplete evidence of clinical safety, the FDA did not
approve SABER-bupivacaine’s new drug application in 2013.
In 2012, Hadj et al reported no adverse events resulting from
SABER-bupivacaine.”” Wound healing was unchanged among
the groups. Gan et al failed to identify any evidence of bupiva-
caine toxicity through evaluation of vital signs, physical exam,
laboratory results, and Holter monitoring.*

Bupivacaine-Collagen Implant

A collagen-based implant with LA that is currently waiting for
phase 3 testing is a bupivacaine-collagen implant (XaraColl®).
This medication is being developed by Innocoll Pharmaceuti-
cals for implantation in sites of surgical trauma to provide
postsurgical analgesia.*

Formulation

XaraColl is composed of a biodegradable and fully resorb-
able collagen matrix that is impregnated with bupivacaine
(Figure 8-4). The matrix is implanted during surgery and is
purported to begin releasing LA immediately.**

Clinical Pearl

* A bupivacaine-collagen implant is composed of a colla-
gen matrix that is impregnated with LA. While the
collagen matrix is resorbed, LA is released.

Pharmacology

Collagen implants have been studied with varying concentra-
tions of bupivacaine. With slow resorption of the collagen
matrix, controlled release of LA occurs. Systemic bupivacaine
levels were demonstrated to be well below the toxicity threshold
with a mean C_of 0.22 pug/mL (Table 8-1).* Similar to lipo-
somal bupivacaine, this medication demonstrated a biphasic

peak of increased concentration.” In a study by Cusack, 7"
ranged from 30 minutes to 20 hours, depending on which peak
predominated.®

CollaRx® sponge

Collafilm® membrane

FIGURE 8-4. Delivery system of bupivacaine-collagen implant. (Used with permission from Innocoll Inc. Website. Accessed November 2015.)
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Clinical Evidence

Two independent studies in men after unilateral inguinal hernia
repair indicated a significant treatment effect for bupivacaine-
collagen implants when compared to placebo. In one study,
pain scores were significantly decreased in patients treated with
implants versus placebo at both 24 and 48 hours with no sig-
nificant change in opioid usage. In the second study, pain scores
did not differ, but opioid usage decreased significantly in
patients with bupivacaine-collagen implants. Pooled analysis of
these studies suggested that this treatment effect extended over
72 hours postoperatively.”?

Safety

Most common adverse events after implantation of bupivacaine-
collagen implants were constipation, nausea, and headache.”!
One study demonstrated elevated liver enzymes and abnormal
phosphorous levels after implantation, although none of these
were clinically significant and resolved spontaneously. Visual
disturbances possibly indicating bupivacaine toxicity were
found in one patient, but serum sampling showed a low sys-
temic concentration of bupivacaine.”

Phase 3 trials show a statistically significant decrease in pain
scores 48 hours postoperatively in inguinal hernia repair when
compared to placebo.*

SUMMARY

The clinical practice need for longer duration of analgesia and
avoidance of the time-inefficient and procedurally more com-
plex indwelling catheters has spurred interest in controlled-
release LAs. Every technology to date has inherent compromises.
Evidence to date suggests a clear udility for single-injection
extended-released LAs but a continued role for delivery of LA
by catheter and indwelling pump. Currently, the only medica-
tion in this class with FDA approval is liposomal bupivacaine,
which is approved for wound infiltration. The search for new
indications has inspired research in multiple modalities. Of
particular interest to regional anesthesia and acute pain medi-
cine are its potential use in PNBs and epidural anesthesia. FDA
approval for use in these areas has the potential to positively
affect the practice of regional anesthesia and quality of postop-
erative pain management. Controlled-release LAs are likely to
become an important inherent part of a multimodal analgesia
regimen. Controlled-release LAs, along with other analgesics,
may further reduce the reliance on opioids as the primary post-
operative analgesia consistent with all current published acute
pain guidelines.
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NB: Several studies authored by Dr. S. Reuben that have since
been retracted were referenced in the previous edition of this
text. These references have been removed. All references
remaining in which Dr. Reuben was involved that have not
been retracted are still referenced.

INTRODUCTION

Peripheral nerve blocks provide many benefits for patients,

including superior pain control and reduction in general
anesthesia-related side effects. To optimize pain relief while
reducing the total dose of local anesthetic, it would be of use to
add a drug that both speeds onset and prolongs sensory block-
ade or analgesic effect. Improvements in our knowledge of
peripheral nervous system (PNS) pain mechanisms allow us to
develop methods of prolonging analgesia while reducing central
and peripherally mediated adverse effects.

In the last 20 years, a number of drugs have been tested, and
several have proven clinically useful when added to local anes-
thetic for peripheral nerve block or when used for local infiltra-
tion or intra-articular analgesia. These drugs are known as
analgesic adjuvants.

This chapter examines the rationale and current evidence
base for use of analgesic adjuvants and summarizes the best
strategies for optimizing pain control and reducing adverse
effects after surgery under peripheral nerve block, local infiltra-
tion, or injection of drugs in the intra-articular space.

RATIONALE FOR USE

Pain transmission in the CNS and PNS involves a complex
array of neurotransmitters and pathways that are not easily
blocked by one drug type or technique alone. Involvement of
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several classes of neurotransmitter at the injury site, peripheral
nerve, dorsal horn of the spinal cord, and supraspinal sites is
responsible for the transmission of nociception. Use of agonists
at inhibitory receptors and antagonists at excitatory receptors
allows a “multimodal” approach with optimization of pain
control and reduction of adverse effects.!

In 1645, Descartes proposed a mechanism for pain trans-
mission, suggesting that a peripheral pain impulse was trans-
mitted directly from the periphery to the brain by a “hardwired”
system without any intermediate modulation (Figure 9-1).
This theory of pain transmission was widely held as true until
as recently as 40 years ago.

In 1965, Melzack and Wall proposed their groundbreaking
gate control theory of pain that suggested that pain could be
modulated or “gated” at a number of points in the pain path-
way. Subsequent research identified the dorsal horn (lamina II)
of the spinal cord as an important site of potential modulation,
and subsequent treatments for acute and chronic pain have
utilized this knowledge to good effect. Treatments such as the
use of spinal opioids and transcutaneous electrical nerve stimu-
lation (TENS) have been developed in the light of this knowl-
edge. The gate theory also changed many (often unsuccessful)
pain management strategies from techniques where we tried to
ablate pain pathways either chemically or surgically to more
recent modulation techniques by which we attempt to inhibit
excitatory influences and enhance inhibitory influences within
the pain pathway.

In the last few decades, important advances have also
occurred in our knowledge of how pain is generated and trans-
mitted from the PNS to the central nervous system (CNS).
Modulation of pain in the PNS also involves numerous trans-
mitters and mechanisms that both excite and inhibit nocicep-
tive pathways.
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FIGURE 9-1. Descartes model of pain transmission in the
peripheral nervous system.

In the PNS, under normal physiologic conditions nocicep-
tive signals are produced when A-or and C fibers are stimulated
by heat, pressure, or several chemicals produced by tissue dam-
age and inflammation (potassium, histamine, bradykinin,
prostaglandins, adenosine triphosphate [ATP]).? Nociceptive
signals are transmitted to the superficial layers of lamina II of
the dorsal horn in the spinal cord, where they are modulated at

C - Fiber/A
S Fiber

both the presynaptic and postsynaptic level and also by excit-
atory and inhibitory descending control pathways form the
brainstem (Figure 9-2).% Signals that are successful in crossing
this gate travel on to the brainstem and thalamus before reach-
ing the cerebral cortex to produce a pain stimulus.

Chemical mediators in a wide array are produced in the PNS
and have both excitatory and inhibitory influences on peripheral
sensory nerve transmission? in both the acute and the chronic
phase of injury (Figure 9-3).° These can directly activate the
nerve (ATD glutamate, 5-hydroxytryptamine [5-HT], histamine,
bradykinin); enhance depolarization by sensitizing the nerve to
other stimuli (prostaglandins, prostacyclin, and cytokines such as
interleukins); or provide a regulatory role on the sensory neuron,
inflammatory cells, and sympathetic fibers (bradykinin, tachyki-
nin, and nerve growth factor).

RATIONALE FOR USE OF ANALGESIC
ADJUVANTS

As previously noted, pain transmission in the CNS and PNS
involves a complex array of neurotransmitters and pathways that
are not easily blocked by one drug type or technique alone. A
number of drugs in the anesthesiologist’s armamentarium, includ-
ing opioids, nonsteroidal anti-inflammatory drugs (NSAIDs),
o,-agonists, dexamethasone, and /N-methyl-p-aspartate (NMDA)
antagonists, have activity at these sites of action and may have
benefit if applied in the PNS. Importantly, none has demon-
strated neurotoxicity at clinically relevant concentrations.®

This knowledge can aid the regional anesthesiologist in a
number of ways:

1. In the selection of adjuvants to local anesthetics to speed
onset, prolong effect, and reduce total required dose.

Descending Inhibitory
Control from CNS

,T’- Ascending Nociceptive Input
b 'I

FIGURE 9-2. The gate theory proposed that small (C) fibers activated excitatory systems (black neuron) that subsequently excited output
cells; these latter cells had their activity controlled by the balance of large fiber (A-B)-mediated inhibitions (mediated by endogenous
opioids) and also by descending control systems from the central nervous system (mediated by norepinephrine and serotonin).
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GABA (GABA,)
Orphinan (ORL,)
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Excitatory Influences:

Prostanoids (EP, IP)

Bradykinin (B,, B,)

Histamine (H,)

Serotonin (5-HT,, 5-HT,, 5-HT,, 5-HT,)
ATP (P2X,)

Adenosine (A

o,-Adrenoceptor(o,
Glutamate (NMDA, AMPA, KA)
Acetylcholine (N)

A)
Tachykinins (NK,, NK,)

Nerve growth factor (TrkA)
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2A°
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FIGURE 9-3. Excitatory and inhibitory influences on peripheral nerve activity by mediators released by tissue injury and inflammation and
by a variety of agents acting on neuroreceptors. AMPA = a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid; KA = kainic acid; NMDA =
N-methyl-p-aspartate; NK = neurokinin; TrkA = Tropomyosin receptor kinase A.

2. Suggest agents that can enhance postoperative analgesia
without prolonging adverse effects of local anesthetics.

3. Suggest agents that predominantly act at peripheral sites
without central effects, thereby optimizing analgesia while

minimizing CNS side effects.

OPIOID ANALGESICS

During inflammation, opioid receptors are expressed in periph-
eral sensory fibers and immune cells’; moreover, endogenous
opioids are released from these cells and balance the increased
nociceptive state produced by inflammation.® An increasing
body of work suggests an intimate relationship between endog-
enous opioids and the immune system. Christoph Stein and
colleagues in Berlin have performed a number of pioneering
studies™® that described the ability of the immune system to
deliver endogenous opioids and the ability of inflammation to
stimulate movement of opioid receptors to the site of injury,
thereby allowing antinociception to occur. However, these
changes do not occur immediately after injury and can take up
to 96 hours to occur."

Opioid receptors and neuropeptides (eg, substance P) are
synthesized in the dorsal root ganglion and transported along
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intra-axonal microtubules into central and peripheral processes
of the primary afferent neuron (Figure 9-4). At the terminals,
opioid receptors are incorporated into the neuronal membrane
and become functional receptors. On activation by exogenous
or endogenous opioids (released by immune cells), opioid
receptors couple to inhibitory G proteins. This leads to direct
or indirect (through decrease of cyclic adenosine monophos-
phate) suppression of Ca®* or Na* currents and subsequent
attenuation of substance P release. The permeability of the
perineurium is increased within inflamed tissue, enhancing the
ability of opioids to reach target receptors.

Numerous studies have applied opioids in the PNS to
either peripheral nerves or the intra-articular space. Although
many studies claimed an analgesic benefit of peripherally
applied opioids, few studies incorporated a control group
with a systemically applied opioid for comparison. Without
inclusion of a control, it is impossible to interpret whether
the peripheral opioid is having a true peripheral effect or is
instead being carried to the CNS to induce analgesia. True
peripherally mediated opioid analgesia may be beneficial if
this is associated with improved analgesia or reduced adverse
effects compared with systemic administration. If the effect is
mediated centrally, then there is no clear benefit over sys-
temic administration.
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FIGURE 9-4. Opioid receptor transport and signaling in primary afferent neurons.

Perineural Opioids

Opioid receptors identified on primary afferent fibers are trans-
ported from the dorsal root ganglion to the site of inflamma-
tion; however, while they are undergoing axonal transport, they
may not be easily reached by opioid agonists. This may explain
the reason that two recent systematic reviews'?’® published in
1997 and 2000 found little evidence for the benefit of adding
opioids to local anesthetics in peripheral nerve blockade. An
updated table of studies examining perineuronal administration
of opioids”®*" (excluding buprenorphine and tramadol) shows
that analgesic benefit remains equivocal (Table 9-1). In addi-
tion, Peng and Choyce'® reviewed the use of opioids in intrave-
nous regional anesthesia (IVRA) with similar disappointing
conclusions.

TABLE 9-1. Outcomes of studies examining the effect
of perineuronal/perineural opioids (excluding tramadol
and buprenorphine).

Overall
Outcomes

Systemic Control

Total Studies Outcomes

19 studies 10 supportive 7 systemic control:

5 supportive; 2 negative

9 negative 12 no systemic control: 5
supportive;

7 negative.

Despite these disappointing results, the two opioid agonists
that have demonstrated analgesic efficacy when administered
perineuronally are buprenorphine and tramadol. Buprenor-
phine is a partial p-receptor agonist with a very high receptor
affinity compared with fentanyl (24-fold) or morphine (50-fold).
In addition, it has intermediate lipid solubility, which allows it
to cross the neural membrane.””” Candido and colleagues!
added 0.3 mg buprenorphine (a partial opioid agonist) to a
combination of mepivacaine and tetracaine in axillary block
and found an almost 100% increase in the duration of analgesia
compared with the administration of axillary block plus the
same dose of intramuscular buprenorphine with no significant
increase in adverse effects. This supports the peripheral analge-
sic effect of buprenorphine and the earlier findings of two stud-
ies that examined buprenorphine without a systemic control
group.”>? Studies examining buprenorphine are presented in
greater detail in Table 9-2.

Tramadol is a weak opioid agonist with some selectivity for
the p-receptor that also inhibits norepinephrine reuptake and
stimulates serotonin release in the intrathecal space. Norepi-
nephrine and serotonin are transmitters for the descending
control pathway in the spinal cord and enhance analgesia.?**
Kapral and coworkers®
adjuvant to mepivacaine in axillary brachial plexus block. They

used a 100-mg dose of tramadol as an

divided 60 patients into three groups: One group received
mepivacaine 1% with 2 mL saline, the second group received
mepivacaine 1% with 100 mg tramadol, and the third group
received mepivacaine 1% with 2 mL saline and 100 mg
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TABLE 9-2. Studies examining buprenorphine as an analgesic adjuvant with local anesthetics.

Author/ Patients/ Local Systemic
Date Groups  Block Type Dose Anesthetic Control  Results
Viel® 1989  20/2 Supraclavicular 3 mcg/kg  Bupivacaine No Prolonged analgesia compared to
0.5% 40 mL morphine group (35 vs. 18.25 h);
no difference in sensory block.
Bazin? 89/4 Supraclavicular 3 ug/kg Bupivacaine No Prolonged analgesia compared to
1997 0.5% control group (20 vs. 11.5 h)
Lidocaine 1%
Candido®  40/2 Supraclavicular 0.3 mg Mepivacaine No Prolonged analgesia compared to
2001 1% control group (17.4 vs. 5.3 h)
Tetracaine
0.2%
Candido*"  60/3 Axillary 0.3 mg Mepivacaine Yes The mean duration of
2002 1% postoperative analgesia was

223 hin axillary group vs. 125 h
in IM group and 6.6 h in placebo

group.
Tetracaine IM
0.2%
IM = intramuscular
tramadol intravenously. This study demonstrated an increased ~ morphine without significant adverse effects at doses of 1 to 5 mg.
duration of motor and sensory blockade in the axillary trama- ~ No dose response was detected. Recent articles supported this
dol group that significantly (p < .01) outlasted both an intrave-  finding and showed the benefit of intra-articular morphine,***!
nous and a placebo group. Robaux and colleagues® subsequently ~ tramadol,** buprenorphine,* and sufentanil.** However, a sys-
performed a dose-response study with placebo and 40-, 100-,  tematic review of the effects of intra-articular morphine dem-
and 200-mg doses of tramadol added to a fixed dose of mepi-  onstrated only a mild analgesic effect [visual analogue scale for
vacaine 1.5% in axillary block and found that the 200-mg dose pain (VAS) 12-17 mm reduction] but could not exclude that
provided the best analgesia with no increased adverse effects.  the effect was mediated by systemic absorption.®
Alemanno and colleagues used a 1.5-mg/kg dose of tramadol as
an adjuvant to 0.5% levobupivacaine (0.5 mL/kg) for intersca-
lene block.?® Here, 120 patients were divided into three groups: ALPHA,-AGONISTS AND CLONIDINE
One group received local anesthetic alone, the second group
received local anesthetic with systemic tramadol, and the third ~ Clonidine is an o,-agonist with some o.,-stimulatory effects. It
group received local anesthetic with perineural tramadol. While ~ has traditionally been used as an antihypertensive agent and has
both groups receiving tramadol experienced prolonged analge- ~ been noted to have sedative and analgesic effects for many
sia compared to placebo, the group receiving perineural trama- ~ years. More recently, it was determined that 0.,-receptors exist
dol experienced prolonged analgesia compared to systemic  in the dorsal horn of the spinal cord, and stimulation of these
tramadol (14.5 vs. 10.1 hours; p < .001).28 receptors produces analgesic effects by inhibiting the presynap-

tic release of excitatory transmitters, including substance P and

Intra-articular Op.O.dS and Other glutamate.** Intrathecal clonidine mediates analgesia by
- ICU 101

. o . increasing acetylcholine levels, which in turn stimulates musca-
Peripheral Routes of Administration g acety

rinic receptors. Muscarinic excitation increases y-amino butyric

Opioid agonists administered into inflamed tissue will bind to  acid levels onto the primary afferent fiber, inhibiting the release
opioid receptors on sensory terminals and induce analgesia. of the excitatory neurotransmitter glutamate.”’

Animal studies indicated that these peripheral opioid receptors Clonidine injected close to peripheral nerves with or with-
are expressed 96 hours after the initial inflammatory injury." out local anesthetic drugs appears to mediate analgesia in a
Intra-articular administration of opioids will therefore only  number of ways. Clonidine has local anesthetic properties® and
produce analgesia in patients with preexisting inflammation. tonically inhibited compound action potentials of C fibers

Kalso and coworkers® systematically examined the role of  greater then A-o fibers in rat sciatic nerve and was comparable
intra-articular opioids in 1997 and established that there  to lidocaine in its ability to inhibit C fibers in rabbit vagus
existed evidence for a prolonged benefit from intra-articular ~ nerve.“! Clonidine also has a pharmacokinetic effect on local
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anesthetic redistribution mediated by a vasoconstrictor effect at
the o -receptor.”” Recent animal models have demonstrated
and supported earlier work that clonidine predominantly
facilitates peripheral nerve block through hyperpolarization-
activated cationic current and that this effect is independent of
any vasoconstrictor effect.”’

A more recent addition to the selection of o -agonists is
dexmedetomidine, which is selective for the o -receptor and
which at present is mainly studied as a sedative agent in inten-
sive care units. Dexmedetomidine may be expected to produce
not only more profound analgesia but also greater adverse
effects because of the selectivity of action.

Stimulation of the o -receptor produces hypotension, bra-
dycardia, and sedation at higher doses, and these effects may
outweigh any analgesic benefits produced by the use of these
agents.

Perineuronal Application

Over 30 studies in humans have now examined the effect of
clonidine on local anesthetics in peripheral nerve block. There
is good evidence from these studies that clonidine in doses up
to 1.5 pg/kg prolongs sensory block and analgesia when admin-
istered with local anesthetics for peripheral nerve block. This
supports the early opinion of Murphy and colleagues® that
clonidine is a beneficial adjuvant when added to peripheral
nerve block and that the effect is most likely mediated in the
PNS.

Although a number of studies have examined the effect of
clonidine added to peripheral nerve block, only a few have
controlled for a systemic effect. Singelyn and coworkers* evalu-
ated 30 patients receiving an axillary brachial plexus block with
40 mL of 1% mepivacaine plus epinephrine 5 pg/mL. Patients
were randomized to three groups and received (1) local anes-
thetic alone, (2) local anesthetic plus 150 pg of clonidine
administered subcutaneously, or (3) 150 pg of clonidine in the
brachial plexus block with local anesthetic. Clonidine added to
the axillary brachial plexus block delayed the onset of pain
twofold, without adverse effects when compared with systemic
control.

Hutschala and coworkers® have recently demonstrated the
peripheral analgesic effect of clonidine in volunteers when
added to brachial plexus block with 0.25% bupivacaine. How-
ever, other recent studies demonstrated no overall benefit of
adding clonidine to long-acting local anesthetics such as bupi-
vacaine and ropivacaine.“

More recently, a meta-analysis by Popping and colleagues
estimated that clonidine prolonged postoperative analgesia,
sensory block, and motor block by 122, 74, and 141 minutes,
respectively.”” Clonidine, however, also increased the probabil-
ity of hypotension (odds ratio [OR] 3.61), fainting (OR 5.07),
sedation (OR 2.28), and bradycardia (OR 3.09). There was no
observed dose response between a range of 30 and 300 pg, with
the majority receiving 150 pg.

The addition of clonidine to continuous peripheral nerve
blocks is not beneficial. Ilfeld and colleagues®™“’ have demon-
strated in two studies that both 0.1 and 0.2 pug/mL of clonidine
added to a continuous infusion of ropivacaine 0.2% failed to

reduce pain scores or oral analgesic use after upper extremity
surgery.

Dexmedetomidine, as previously postulated, does indeed
produce a more profound effect on analgesia when applied
perineurally in conjunction with local anesthetics. Four studies
have recently examined this, and a meta-analysis suggested that
dexmedetomidine prolongs the analgesic effects of brachial
plexus blocks by 284 minutes. Interestingly, despite initial con-
cerns that dexmedetomidine may have greater hemodynamic
effects than clonidine, this does not appear to be the case.”

Intravenous Regional Anesthesia

Intravenous regional anesthesia is a useful, simple regional anes-
thetic technique especially for minor peripheral upper limb
procedures that is limited by tourniquet tolerance and poor
postoperative analgesia. Clonidine has been demonstrated in a
number of studies to improve onset time’! and intraoperative
tourniquet tolerance.”* >4

Only one study has demonstrated improved postoperative
analgesia in the early postoperative period compared with
placebo. Reuben and coworkers® randomized 45 patients to
40 mL 0.5% lidocaine with clonidine 1 pg/kg, lidocaine alone
with intravenous clonidine, and lidocaine alone with intrave-
nous saline. Patients who were given clonidine with lidocaine
experienced significantly less pain and requested fewer analge-
sics then patients in the other two groups. Higher doses of
clonidine (150 pg) produced significantly more sedation and
incidence of hypotension.>?

To date only one study has used dexmedetomidine in IVRA.
Memis and colleagues® added 0.5 pg/kg of dexmedetomidine
to 0.5% lidocaine and demonstrated reduction in onset time
and improvement in postoperative analgesia compared with
placebo with no significant adverse effects.

Intra-articular Techniques

The intra-articular effect of clonidine has been examined when
administered with®® and without local anesthetic®>’ and been
found to have beneficial effects on postoperative analgesia. The
addition of morphine and clonidine may be expected to have
additive effects. Two studies have examined this question, with
one demonstrating improved analgesia’’ and the other no
difference.”’

Preclinical trials have demonstrated that, similar to opioids,
clonidine-mediated analgesia is enhanced by inflammation,
although at the present time the mechanism is not evident.*

DEXAMETHASONE

Dexamethasone is a potent synthetic corticosteroid with

approximately seven times the anti-inflammatory potency of
prednisolone® and very little mineralocorticoid activity. The
half-life is approximately 36 to 54 hours in the perioperative
setting. The effectiveness of dexamethasone as a postoperative
antiemetic (4 to 10 mg intravenously) has been confirmed by
over 60 randomized controlled trials, with a recent meta-analy-
sis estimating on OR of 0.31 and a 3.7 number needed to treat
(NNT).® Given its systemic anti-inflammatory properties, the
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analgesic effects of a single preoperative intravenous dose of
dexamethasone have been investigated in over 24 randomized
trials with modest effects up to 24 hours.”’ This meta-analysis,
published in 2011, included 2751 patients and estimated that
verbal rating scale for pain (VRS) scores were reduced to a
maximum of 0.64 points up to 24 hours after dexamethasone
administration.

Prior to these reviews, in vitro and murine studies of the
specific pharmacologic action of dexamethasone yielded several
novel applications in addition to systemic administration.

Perineural Application

Perineural corticosteroids are thought to exert their effect by
several mechanisms, including attenuating the release of inflam-
matory mediators, reducing ectopic neuronal discharge, and
inhibiting potassium channel-mediated discharge of nocicep-
tive C fibers.® % It is widely believed that dexamethasone
improves the quality and duration of peripheral nerve blockade
when administered in conjunction with local anesthetics. The
US Food and Drug Administration (FDA) (or any other regula-
tory body), however, does not approve dexamethasone for
perineural administration.

Nonetheless, multiple studies have assessed the effects of
combining dexamethasone (4 to 10 mg) with local anesthetic
for peripheral nerve blocks.”7? Upper and lower extremity
peripheral nerve blocks performed with dexamethasone dem-
onstrated prolongation of analgesia or sensory/motor block
ranging from approximately 50% to 75% beyond that per-
formed with local anesthetic alone.

Only one study to date has compared perineural to systemic
dexamethasone in the context of peripheral nerve blocks.” This
study randomized patients to interscalene brachial plexus block
with placebo or 8 mg of perineural or systemic dexamethasone.
The authors demonstrated block prolongation in both dexa-
methasone groups from 12 hours to approximately 20 and 22 hours
for systemic and perineural administration, respectively, and
concluded that systemic and perineural dexamethasone admin-
istration were equivalent. Further study is required comparing
the effects of perineural and systemic dexamethasone before
final conclusions can be drawn.

Concerns over complications related to dexamethasone,
such as effects on blood glucose and neurotoxicity from the
preservative used in multidose vials, have not been apparent in
practice. In particular, a single dose of dexamethasone, whether
administered perineurally or systemically, did not increase
blood glucose to a clinically significant degree.”*”> Murine
studies of sodium bisulfite demonstrated no neurotoxicity with
intrathecal administration.”

Intravenous Regional Anesthesia

Bigat and colleagues investigated the effects of adding dexa-
methasone to lidocaine IVRA in a randomized trial.”” Seventy-
five patients were randomized to lidocaine with placebo, 8 mg
of dexamethasone with lidocaine, or 8 mg of systemic dexa-
methasone. In this study, systemic dexamethasone exerted no
effect on the efficacy of IVRA, while lidocaine plus dexametha-
sone demonstrated improved block characteristics.

Analgesic Adjuvants in the Peripheral Nervous System

N-METHYL-p-ASPARTATE RECEPTOR
ANTAGONISTS

Within the dorsal horn of the spinal cord both ionotropic
[V-methyl-D-aspartate  (NMDA)], o0-amino-3-hydroxy-5-
methylisoxazole-4-propionic acid (AMPA), kainic acid (KA), and
metabotropic glutamate receptors are involved in nociceptive sig-
naling and central sensitization in conditions of chronic pain.”*"
Recently, multiple glutamate receptors have been found in
peripheral nerve terminals and may contribute to peripheral pain
signaling.®! Injection of the NMDA receptor agonist glutamate
into masseter muscle produces pain in both rats and humans.®>%
Subsequent injection of NMDA receptor antagonists such as
ketamine and dextromethorphan attenuates the pain.*

A number of studies have examined the effect of NMDA
antagonists in producing peripherally mediated analgesia in
patients. Tverskoy and colleagues® infiltrated bupivacaine with
0.3% ketamine or placebo for patients having inguinal hernior-
raphy and found that ketamine significantly enhanced the
anesthetic and analgesic actions of a local anesthetic adminis-
tered for infiltration anesthesia. Ketamine has been used as the
sole anesthetic in IVRA, but patients suffered excessive adverse
effects on tourniquet deflation.®® Other workers have added
ketamine (0.1 mg/mL) or clonidine (1 pg/kg) to lidocaine for
IVRA.¥ Patients in the ketamine group had the best pain con-
trol, although both clonidine and ketamine significantly
reduced analgesic consumption compared with lidocaine alone,
with mild psychomimetic side effects in the ketamine group.

Two studies have examined the use of intra-articular ketamine.
Dal and coworkers®® randomized patients to intra-articular
ketamine (0.5 mg/kg), neostigmine, bupivacaine, or placebo.
Patients receiving all three drugs had similar improvements in
analgesia with knee flexion compared with placebo; however,
the ketamine group had the longest duration of analgesia. Brill
and colleagues® performed a dose-response study using up to
1 mg/kg intra-articular ketamine after knee arthroscopy and
found that the analgesic benefit only occurred in the first hour
after surgery compared with placebo.

Magnesium has NMDA-blocking effects and blocks the ion
channel on the NMDA receptor during normal physiologic
states. Persistent nociceptive input in the dorsal horn of the
spinal cord removes magnesium, allowing calcium influx and
intracellular changes leading to persistent pain states.®

Turan et al” exploited this analgesic potential in the PNS by
adding 1.5 g magnesium to lidocaine 0.5% for IVRA. Magnesium
reduced onset time and significantly prolonged analgesic effect up
to 6 hours after surgery with no difference in adverse effects.

Overall, NMDA antagonists may have significant potential
for producing peripherally mediated analgesia in the future,
although currently available agents (except magnesium in
IVRA) have limited effects and at higher doses produce exces-
sive adverse effects.

CYCLOOXYGENASE INHIBITION

Prostaglandins sensitize peripheral nerve endings to the effects

of endogenous chemical mediators released during tissue injury.
NSAIDs inhibit the production of prostaglandins through their
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well-known effect of inhibiting cyclooxygenase (COX). Appli-
cation of NSAIDs directly in the PNS would therefore appear
to make sense as a means of reducing pain by peripheral
mechanism.

Intravenous Regional Anesthesia

A number of authors have added ketorolac to IVRA in doses
from 5 to 60 mg, producing an improvement in intraoperative
tourniquet tolerance and postoperative analgesia.”® Steinberg
and colleagues® performed a dose-response study with ketoro-
lac in IVRA using placebo, 5-, 10-, 15-, 20-, 30-, and 60-mg
doses of ketorolac. It was found that 20 mg was the ideal dose,
with lower doses producing less analgesia and higher doses
being no more effective.

Lysine acetylsalicylic acid 90 mg (equivalent to 50 mg ace-
tylsalicylic acid) has been added to prilocaine for IVRA with

prolongation of postoperative analgesia.”

Intra-articular Administration

The use of ketorolac alone, with local anesthetic or local anes-
thetic and morphine, is no more effective then local anesthetic
alone when administered in the intra-articular space.

Infiltration

Ketorolac has been successfully infiltrated in a dose of 30 to 60
mg following hernia repair, giving an effect similar to infiltra-
tion with bupivacaine. However, local infiltration was found to

be no more effective than systemic administration.”®”

CHOLINERGIC ANALGESIA

Muscarinic receptors mediate analgesia in the dorsal horn of the

spinal cord, and neostigmine has produced analgesia when
administered to both the intrathecal and epidural space.

Neostigmine has also been applied in the PNS in a number
of studies, with generally disappointing results. Van Elstraete
and coworkers” and Bone and colleagues® added neostigmine
500 pg to local anesthetic in axillary brachial plexus block. One
study demonstrated no difference,” and the other found only
significant reduction in pain at 24 hours, with no difference at
other time points.”

Neostigmine added to local anesthetic for IVRA has also
been disappointing. Turan and coworkers'” added 500 pg neo-
stigmine to prilocaine 0.5% and found improvement in sensory
and motor block onset and offset with prolonged time to first

analgesic request. However, McCartney and colleagues'

per-
formed a similar study using neostigmine 1 mg added to lido-
caine 0.5%, with no differences found between groups. Overall,
neostigmine appears disappointing as an analgesic adjuvant for
peripheral nerve block or IVRA.

Neostigmine, however, has been used successfully as an analge-

sicadjuvant for intra-articular use after knee arthroscopy.®10-103

Yang and coworkers'”

performed a dose-response study and
found 500 pg to be most effective, which was more effective
than 2 mg of intra-articular morphine.

The effectiveness of the intra-articular cholinergic analgesic

pathway compared with the poor results with perineuronal
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TABLE 9-3. Best analgesic adjuvants in the peripheral
nervous system by route of administration.

Route Agent and Dose

Perineuronal/ Dexamethasone 4-10 mg;

perineural buprenorphine 0.3 mg; clonidine
1-2 pg/kg; tramadol 200 mg
IVRA Dexmedetomidine 0.5 pg/kg;

magnesium 1.5 g
Intra-articular Clonidine 150 pg; morphine 5 mg

Local
infiltration

Ketamine 3 mg/mL

application may be related to the presence of the inflammatory
response in the intra-articular space, increasing the analgesic
efficacy of acetylcholine by a mechanism that is yet to be

defined.

SUMMARY

Peripheral nerve blocks provide significant anesthetic and anal-
gesic benefits for our patients. Analgesic adjuvants such as
opioids, o,-agonists, NMDA receptor antagonists, and other
agents can be added to local anesthetics both to facilitate onset
and to prolong anesthetic and analgesic effects by mechanisms
existing in the PNS. Several agents are effective when adminis-
tered in the perineuronal or intra-articular space and when
given in IVRA or local infiltration (Table 9-3). The effect size
of each particular adjuvant is variable, with dexamethasone
producing the largest effect size.

Our evolving knowledge of nociceptive mechanisms in the
PNS will allow novel techniques to be developed in the future
to further improve pain management.
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INTRODUCTION

DPeripheral nerve blocks (PNBs) provide numerous advantages
for surgical patients when used either as an analgesic supple-
ment or as an alternative to general anesthesia. These advan-
tages include superior pain control and avoidance of adverse
effects associated with volatile anesthetics and opioids.! How-
ever, the benefits of PNBs are limited by the pharmacodynam-
ics of the local anesthetic agents injected. Analgesia provided by
PNBs lasts only as long as the duration of action of the local
anesthetic at specific tissue sites. Typically, local anesthetics are
characterized according to their latency (“onset time”) and
duration of action. For practical clinical purposes, local anes-
thetics can be grouped into one of three categories: (1) rapid
onset and short duration (eg, chloroprocaine, procaine); (2) rapid
onset and intermediate duration (eg, lidocaine, mepivacaine);
and (3) slower onset and long duration (eg, bupivacaine, ropi-
vacaine, tetracaine).?

An ideal local anesthetic for a PNB would have a fast onset
coupled with a long duration and low toxicity.> At present, no
such drug exists. In an attempt to achieve a single-injection
PNB with characteristics close to ideal, mixtures of local anes-
thetics (most commonly, faster-onset, intermediate-duration
local anesthetic and slower-onset, long-duration local anes-
thetic) for PNBs have been used clinically and have remained a
common practice for over a century.>* While compounding
two drugs to obtain the “best” features of each is compelling,
few studies have objectively examined the pharmacodynamics
of mixtures of local anesthetics. Moreover, because many of the
existing studies were conducted before the era of ultrasound
guidance, it is difficult to extrapolate those data to current
practice given the reduced volumes and doses of local anesthetic
ultrasound guidance affords. This chapter examines the

evidence base for utilizing local anesthetic mixtures for PNBs
and summarizes the advantages and disadvantages of mixing
local anesthetics. This chapter does not address the eutectic
mixture of lidocaine and prilocaine used for topical analgesia.

PHARMACODYNAMICS OF
LOCAL ANESTHETICS

In clinical practice, local anesthetics are described according to
their clinical properties: potency, duration, latency, and toxicity.
These clinical properties are not independent and are deter-
mined by each local anesthetic’s structural, stereochemical, and
physicochemical properties, such as pK, lipid solubility, and
molecular weight (Table 10-1).

Latency is largely determined by pK and lipid solubility. The
more nonionized drug present at the lipid membrane of the
nerve, the more of the drug that can permeate to the sodium
channel inside the axon. As such, drugs with lower pK’s tend to
have shorter latencies—for example, lidocaine (pK, 7.8) has a
faster onset than bupivacaine (pK_ 8.1). Local anesthetics with
lower lipid solubilities tend to also have a prolonged latency (eg,
bupivacaine and ropivacaine are far more lipid soluble than lido-
caine). It may be difficult to predict latency based on a sole factor,
as the individual factors combine to provide an overall latency.
For example, two of the fastest local anesthetics are exceptions to
the rules, as chloroprocaine has a high pK and etidocaine is
highly lipid soluble. Molecular weight is often referred to as an
important factor affecting latency, as smaller molecules have
faster aqueous diffusion rates. Practically, however, local anesthet-
ics have roughly similar molecular weights.

Duration of action is associated with the lipid solubility of
the local anesthetic. This is due to a greater affinity of the drug
to lipid membranes and, therefore, greater proximity to its sites
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TABLE 10-1. Physicochemical properties of commonly used local anesthetics.

Octanol/Buffer Partition

Molecular Nonionized at Coefficient (Lipid Protein Binding

Weight (Da) pK, (at 25°C) pH 7.4 (%) Solubility) (%)
Chloroprocaine 271 9.0 5 810 e
Tetracaine 264 8.5 7 5822 94
Lidocaine 234 7.8 24 366 64
Mepivacaine 246 7.7 39 130 77
Ropivacaine 262 8.2 17 775 94
Bupivacaine 288 8.1 17 3420 95

“The percentage protein binding of chloroprocaine is unknown.

of action. The longer the drug remains in the vicinity of the
membrane, rather than being absorbed, the longer the effect on
the Na* channel in the membrane. Greater lipid solubility also
increases potency and therefore toxicity, decreasing the thera-
peutic index for highly lipophilic drugs. At standard pH and
body temperature, bupivacaine has an aqueous solubility of
0.83 mg HCI salt/mL, compared to 15 mg HCl salt/mL for
mepivacaine and 24 mg HCI salt/mL for lidocaine, and is
therefore much more lipophilic than these two drugs with
intermediate duration.”

Clinical Pearl

* A common misconception is that block duration is

related to protein binding. In fact, dissociation times of
local anesthetics from Na* channels are measured in
seconds and do not have a bearing on the speed of recov-
ery from the block. More important is the extent to which
local anesthetic remains in the vicinity of the nerve. This
is determined largely by three factors: lipid solubility, the
degree of vascularity of the tissue, and the presence of
vasoconstrictors that prevent vascular uptake.

LATENCY AND DURATION OF MIXTURES
OF LOCAL ANESTHETICS

Early Investigations and
Landmark-Based Techniques

Despite decades of clinical use of various local anesthetic combina-

tions for PNBs, little has been published about the clinical proper-
ties of local anesthetic mixtures, with surprisingly few randomized
controlled trials comparing specific local anesthetic mixtures
versus single agents. As a resultant, substantial controversy still
exists regarding advantages and disadvantages of various mix-
tures, and there are few available data to guide clinical practice.
In 1972, Moore et al reported on the safety and efficacy of a
combination of tetracaine with several intermediate-duration
local anesthetics, such as lidocaine, mepivacaine, and chloropro-
caine, in a retrospective analysis of over 10,000 regional anes-
thetic procedures.”> Compared to rapid-onset local anesthetics
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alone, the onset of action of the local anesthetic mixture was
unchanged by the addition of tetracaine, whereas the duration of
action of the intermediate-duration local anesthetic was pro-
longed with the addition of tetracaine. In this report, however,
the duration of the mixture was shorter than that of tetracaine
alone. The authors suggested that the mixing of local anesthetics
confers the optimal characteristics of each component for a
single-dose technique. However, this retrospective study was
limited both by the large variability of techniques and surgical
procedures that were included and by the focus on epidural and
spinal techniques. PNBs made up only a small minority of the
data and consisted of a heterogeneous mix of PNBs.

Bromage and Gertel combined carbonated lidocaine 1% with
bupivacaine 0.25% with epinephrine to perform supraclavicular
brachial plexus blocks and compared the combination to single
agents.® Again, latency of the mixture compared to bupivacaine
alone was reduced but duration of action was compromised by up
to 100 minutes, resulting in rapid block onset but moderate dura-
tion. However, the inconsistency in methodology between the
two groups limits the interpretation of the data and its applicabil-
ity to current practice. Although 60 mL total volume was used in
the mixture group, only 25 to 50 mL of volume was used in the
groups with a single local anesthetic.

Most of the earlier studies of local anesthetic mixtures
involved epidural analgesia. Yet, there are few data, and much
of these data are difficult to interpret due to methodological
inconsistencies. Defalque et al in 1966 reported that, for mix-
tures of local anesthetics for epidurals in dogs, the mixture
properties depended on the ratios of each component.” Latency
was determined by the faster-acting component, while duration
tended to reflect but did not equal the longer-acting compo-
nent. The authors concluded that shorter latency comes at the
expense of shorter duration than a single long-acting agent
alone. Moreover, duration of the local anesthetic mixture varied
and was less predictable.

Cohen et al compared epidural chloroprocaine 3% versus
bupivacaine 0.5% versus an equal mixture of chloroprocaine
1.5% and bupivacaine 0.375% for labor analgesia and observed
the latency and duration." All three groups had similar onset
times and block quality, although the bupivacaine 0.5% group
had an extended time to two-segment regression compared to the
other groups. In a separate study, Raj et al compared a mixture of
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chloroprocaine and bupivacaine to lidocaine and bupivacaine in
both epidural and brachial plexus block models and found that
latency was similar, although the authors pointed out that the
plasma concentrations of chloroprocaine were significantly less,
which may offer a safety advantage.!! However, duration of
action for either group was not measured. The authors suggested
that chloroprocaine and bupivacaine act independently of each
other, providing analgesia with rapid onset and long duration,
but no reference or data were cited to substantiate this claim.

Seow et al randomized patients undergoing abdominal sur-
gery to receive various ratios of lidocaine 2% and bupivacaine
0.5% (eg, ratios of 3:1, 2:2, 1:3), as well as each drug alone, by
epidural administration."” Somewhat surprisingly, no difference
in either latency or duration of action was observed when mix-
ing bupivacaine 0.5% or lidocaine 2% versus either alone,
although there was a slight trend toward prolonged duration in
the bupivacaine alone group.

In the first randomized trial comparing a local anesthetic
mixture with an individual agent, bupivacaine 0.5% was com-
pared to a mixture of chloroprocaine 3% and bupivacaine 0.5%
for axillary brachial plexus blocks in 25 subjects undergoing
arm surgery.’? In this case, the authors reported latency reduc-
tions of almost 50% with addition of chloroprocaine compared
to bupivacaine alone. In addition, bupivacaine’s latency was less
predictable and with greater variation. Surprisingly, there was
no difference in sensory duration between the two groups.
However, the study was limited by its small sample size and the
lack of a control group of chloroprocaine alone. It is important
to note that unequal volumes of the compounded agents were
used (10 mL of chloroprocaine and 20 mL of bupivacaine).
This may limit the comparison of these results to other studies
where 1:1 mixtures are used.

More recently, a double-blind, randomized, controlled trial
involving equal volume mixtures of bupivacaine 0.5% or ropi-
vacaine 0.75% with lidocaine 2% versus long-acting agents
alone for both femoral and sciatic nerve blocks in patients
undergoing lower extremity surgery reported significantly
shorter latency by 33% to 50% with mixtures containing
lidocaine." Consistent with the majority of prior studies,
equal-volume mixtures of lidocaine 2% with bupivacaine or
ropivacaine resulted in significantly shorter duration than
bupivacaine or ropivacaine alone by up to 4 to 9 hours. Inter-
estingly, no significant decrease in postoperative analgesic
requirements was found when comparing the three groups.

Although not considered a PNB, retrobulbar block per-
formed using 2% lidocaine, 0.5% bupivacaine, or a 1:1 mixture
of both resulted in identical latency of analgesia and eyeball
akinesia, as well as first report of pain postoperatively following
vitreoretinal surgery."”

The Age of Ultrasound

The use of ultrasound has a significant effect on PNB pharma-
codynamics, with the majority of studies demonstrating
decreased time to block onset and improved block success rates
compared to landmark-based techniques.'® The first random-
ized controlled trial to evaluate combinations of short- and
long-acting local anesthetic with ultrasound-guided PNBs
compared a mixture of 15 mL of mepivacaine 1.5% with 15 mL

Local Anesthetic Mixtures for Peripheral Nerve Blocks

bupivacaine 0.5% compared to equal volumes (30 mL) of bupi-
vacaine 0.5% or mepivacaine 1.5% alone for interscalene
block."” All three groups demonstrated similar onset times,
whereas duration was variable: Mepivacaine alone had the
shortest duration, bupivacaine alone had the longest duration,
and the mixture group had an intermediate duration. The
authors concluded that there is no tangible benefit to mixing
these two local anesthetics for ultrasound-guided interscalene
block, and that individual agents should be chosen on the basis
of desired duration. For example, at our institution we typically
use mepivacaine 1.5% alone for arteriovenous (AV) fistula cre-
ation, a procedure with limited postoperative pain intensity;
bupivacaine 0.5% is frequently used for rotator cuff repair,
where a prolonged duration of quality analgesia is required. The
authors did note that 30 mL is a volume larger than normally
given for interscalene brachial plexus block (ISBPB) and may
account for the lack of difference in onset of block. Another
potential factor in a lack of difference in onset is the possibility
that the local anesthetic was more precisely placed in the inter-
scalene sheath with ultrasound guidance compared to landmark
techniques, effectively reducing any previously observed differ-
ences in time for the local anesthetic to diffuse across fascial
planes and exert its effect. Of note, the mepivacaine group did
have significantly greater predilection for block of the inferior
trunk, which landmark-based interscalene brachial plexus block
is known to variably cover."® The authors hypothesized that the
hydrophilic nature of mepivacaine may have resulted in greater
spread and thus more complete coverage of the brachial plexus.

The same group of investigators followed this study by com-
paring sequencing rather than mixing of local anesthetic to see if
any differences were detectable by administering short-acting
local anesthetic (mepivacaine 1.5%) before long-acting local
anesthetic (bupivacaine 0.5%) during interscalene brachial
plexus block or vice versa.'” The rationale for this frequently used
clinical sequencing seems logical, if unsubstantiated: Exposing
roots and trunks of brachial plexus first to a solution of mepiva-
caine before injecting bupivacaine could result in the faster onset
of interscalene block (ISB) (characteristics of the intermediate-
acting drug), while the long-acting local anesthetic would pro-
vide a longer duration of action than the intermediate-acting
drug alone. As reported by these authors, the onset times and
duration for both groups were identical, showing that, if a mix-
ture is administered, it does not matter which drug is injected
first or last (Figures 10—1 and 10-2).

In the only other study using ultrasound guidance of PNB
to investigate properties of local anesthetic mixtures, Laur et al
compared 40 mL of bupivacaine 0.5% and 40 mL of mepiva-
caine 1.5% with an equivalent volume combination of each
(total 40 mL) during ultrasound-guided infraclavicular block.?
They reported that latencies were equal for the mepivacaine
and mixed group and longer for the bupivacaine group. Simi-
lar to the studies by Gadsden et al, duration of action of the
mixed group was shorter than bupivacaine alone, but longer
than mepivacaine alone. The duration of sensory and motor
block in the mixture group seemed unpredictable, with a wide
range among subjects, echoing previous studies’. Another
interesting finding was the substantially higher failure of
blocks in the bupivacaine group, despite the same practitioners
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FIGURE 10-1. Decay curve showing proportion of patients with a motor block following administration of mepivacaine followed by
bupivacaine (Group A: Mepi-Bupi) versus bupivacaine followed by mepivacaine (Group B: Bupi-Mepi).

and technique. With the use of ultrasound, onset time of Clinical Pearl
PNBs appeared to be significantly less than observed in prior

studies. While Laur et al demonstrated a significant differ-
ence in onset time of roughly 30%-50%, sensory onset was
achieved by 12 minutes versus 6 minutes in 75% of subjects in
the bupivacaine versus other groups. The controversy remains
if this is a clinically relevant difference. Moreover, the question
must be asked if an advantage of less than 10 minutes in
latency justifies a roughly 50% reduction in duration.

* For ultrasound-guided brachial plexus blocks, mixing
short- and long-acting local anesthetics appears to have
little influence on speed of onset. However, blocks per-
formed with such a mixture will not last as long as a
similar volume block performed with long-acting local
anesthetic alone.
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FIGURE 10-2. Decay curve showing proportion of patients with a sensory block following administration of mepivacaine followed by
bupivacaine (Group A: Mepi-Bupi) versus bupivacaine followed by mepivacaine (Group B: Bupi-Mepi).
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Opverall, the evidence, with different methodologies, lack of
standardization of technique, and various volumes, is difficult
to extrapolate and apply clinically. While these more recent
ultrasound-guided studies offer the most insight regarding cur-
rent clinical practice, additional randomized trials of specific
PNBs are needed to draw any conclusions.

Local Anesthetic Systemic Toxicity
and Mixtures

Concern over systemic toxicity of local anesthetics grew primar-
ily due to increasing numbers of toxic complications from
bupivacaine used in regional anesthesia. Bupivacaine’s elevated
cardiac toxic potential highlighted a need for safer local anes-
thetic practices. Therapeutic and toxic windows are different
for each local anesthetic. In particular, bupivacaine exhibits a
narrow therapeutic window that has all too often led to local
anesthetic systemic toxicity (LAST) and devastating
consequences.

One of the theoretical advantages of compounding local
anesthetics was decreased toxicity. By reducing the dose of each
local anesthetic used, toxic levels of any individual drug should
be decreased compared with a larger dose of each alone, which
appears to be the case.?! In a report of over 10,000 interven-
tions, most of which involved neuraxial techniques, Moore et al
showed mixtures of local anesthetics to be safe, and without
increased risk of toxicity versus single agents alone, supporting
the safety of admixing local anesthetic agents.?

However, toxicity of local anesthetic is additive,”? and the
calculation of the dose of each drug in a mixture required to
avoid toxicity is unclear. Daos et al used a small-animal model
to compare local anesthetic mixtures on the incidence of car-
diotoxicity. These authors found that the addition of tetracaine
to procaine, chloroprocaine, mepivacaine, or lidocaine reduced
the time to cardiac arrest significantly, in some cases by 75%.%
Another study investigated the possible synergistic or antago-
nistic role of amide-amide and amide-ester local anesthetic
combinations in rats and determined that there was no evi-
dence of either—the use of admixed local anesthetics resulted
in the same additive toxic risk as if either parent drug had been
administered sequentially.*

While cardiovascular adverse events are uncommon and
ropivacaine and lidocaine are both considered to be relatively
safe local anesthetics with clinically appropriate dosages,
Reinikainen et al reported sudden cardiac arrest in a 97-kg
young patient immediately following a landmark-based inter-
scalene brachial plexus block.”” The local anesthetic mixture
used consisted of ropivacaine (150 mg) and lidocaine with
epinephrine (360 mg), which represent 52% and 53% of
the maximum recommended weight-based doses (3 mg/kg
and 7 mg/kg), respectively. This highlights that, although
each drug was under the maximum recommended limits, the
total combined delivered dose was 105% of the recommended
maximum. It is noteworthy that the use of epinephrine did
not prevent this complication, neither in its role as an intra-
vascular marker nor as a means to truncate the peak plasma
concentration, further highlighting the need to carefully
monitor dosages.
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* Local anesthetic toxicity is additive. When mixing local
anesthetics, individual fractional contributions to overall
should be

maximum recommended dose limits
considered.

To what extent these reports apply to the modern practice of
regional anesthesia is unclear. In current clinical practice with
ultrasound-guided regional anesthesia, much smaller volumes
and doses are being used compared to the practice a decade ago.
For instance, interscalene brachial plexus blocks can be achieved
with as little as 5-7 mL compared to 40 mL historically.*
Although the reality of most clinical practices lies somewhere in
between, local anesthetic doses have dramatically decreased and
are well under the recommended maximum limits, and there is
now evidence that ultrasound guidance significantly reduces
LAST compared to landmark-based techniques.”

Anatomical Considerations

Anatomical considerations must be considered in the examina-
tion of the latency and duration of PNBs, as it can have a sig-
nificant effect on characteristics of individual PNBs. The
popliteal sciatic nerve block is one particular instance for which
anatomy and location of local anesthetic deposition signifi-
cantly determine nerve block characteristics, as the components
of the sciatic nerve in this location are surrounded by a tough
connective tissue paraneural sheath. Recently, ultrasound-
guided popliteal nerve blocks performed within the paraneural
sheath have been shown to result in a more rapid onset com-
pared to techniques where local anesthetic is placed outside the
sheath, probably due to an increased exposure of the nerve’s
surface area to local anesthetic.?®* For this reason, latency for
nerve blocks that rely on placement of local anesthetic within a
sheath may have more to do with technique than choice of local
anesthetics.'”'” However, more studies are needed to corrobo-
rate these findings. No study to date has compared latency of
various local anesthetics and their mixtures using ultrasound-
guided intraneural injections at the popliteal sciatic nerve.

SUMMARY

The ideal local anesthetic for single-dose PNB with short
latency and long duration has yet to be developed. Local anes-

thetic mixtures have long been used for PNBs in an attempt to
create improved pharmacodynamics. However, interpreting the
literature on this topic is difficult because (1) the literature is
relatively scant and spread out over six decades; (2) the meth-
odology is heterogeneous, with varying combinations of block
locations, drug combinations, and evaluative methods; and (3)
the results are somewhat conflicting. However, in considering
the more recent, and especially the ultrasound-guided, PNB
studies, a pattern emerges that suggests that latency is not sig-
nificantly affected when high-potency, long-acting agents are
admixed with low-potency, short-acting agents. At the same
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time, duration of neural blockade appears to suffer when bupi-
vacaine alone is mixed with a shorter-acting agent.

With the precision of ultrasound-guided PNBs, latency of
block onset is less an obstacle than duration. Duration of block
is the most important determining characteristic in choosing
local anesthetics. Due to the current shortcomings of local
anesthetics, specifically duration, when utilized for single-
injection PNBs, alternative solutions have been investigated.
Adjuvants to local anesthetics have been used and are discussed
in Chapter 9. Continuous methods have been developed and
consist of a large portion of modern regional anesthesia practice
today. Finally, recent advances in encapsulation of local anes-
thetic in liposomes offer promise, as these could extend the
analgesic profile well beyond the usual 16-24 hours typically
seen with our longest-acting agents.
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