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Preface

We are now ready to publish the third edition of Complications of Regional Anesthesia which
was first published 17 years ago. The title remains the same but we have added the subtitle,
Principles of Safe Practice in Local and Regional Anesthesia, to stress the relatively new empha-
sis and importance on safety and prevention and to broaden our horizons to include some discus-
sion about the practice and the administration of not just Regional but also Local Anesthesia.

We have made some significant changes to the book which we hope you approve. First of
all this is a much more comprehensive edition going from 24 to 35 chapters, and we have also
divided the book into seven separate parts based mostly on logic. In the opening part entitled
General considerations, we started out with a chapter on the History of Regional Anesthesia
which seemed like a good place to start. We also addressed the issue of Safety of Regional
Anesthesia. It is difficult to discuss much about regional and local anesthesia without mention-
ing toxicity of local anesthetics which has been a problem with regional and local anesthesia
since its inception more than 130 years ago, and we finished up that section with a good discus-
sion of Outcomes comparing Regional and General Anesthesia. In the second part we addressed
Special considerations, which includes a chapter on Mechanisms of Nerve injury, Infection,
Catheter techniques, and the whole issue of regional anesthesia in the presence of neurologic
disease and how to evaluate neurologic injury following regional anesthesia. We then dedi-
cated several chapters to Specific blocks involving anatomic regions of the body specifically
addressing safety and management of adverse events. We dedicated the next part to specific
Patient Populations—the young, the old, the pregnant, obese, and those suffering from
chronic pain. The next part is new territory for us and is entitled Special Environments. We
invited a group of practitioners, mostly surgeons, who frequently use local anesthetics in their
practices, to share their expertise and experiences with us. Among this group of specialists are
dentists, ophthalmologists, emergency room physicians, orthopedists, and plastic surgeons.
We have a lot to learn by sharing our experiences using local and regional anesthesia with
specialists outside our own discipline and they from us. We dedicated a part to Morbidity
Studies and this part includes writers from across the world adding an International flavor, as
we are sometimes accused of being too insular in North America. We dedicated the final part
to Medical Legal Aspects of Local and Regional Anesthesia, which we must realistically face
in the modern world of this twenty-first century.

Labat, in the 1920s, was the first fully trained specialist in Regional Anesthesia, and he
influenced the leaders of this new emerging specialty of anesthesiology to use regional anes-
thesia in their practices. Most anesthesiologists at that time opted for general anesthesia
because of its predictability. Tremendous advances have been made in Regional Anesthesia in
the past 30 or 40 years, so much so that most anesthesiologists in the modern era have become
interested in regional anesthesia again because there is far more predictability in the practice
of regional anesthesia than ever before. We can now actually see what we are doing instead of
blindly seeking neural targets, based on our knowledge of anatomy. Most anesthesiologists
fully appreciate the enormous benefits of regional anesthesia to patients especially in the post-
operative period but also long term. However, despite good practice, we encounter problems
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Preface

and unforeseen circumstances, so practitioners must be fully aware of the many pitfalls and
complications associated with the practice of regional anesthesia even though we have made
enormous advances in recent years.

This edition is much more comprehensive than our previous efforts and more inclusive and
there are more pages, tables, diagrams, and colored illustrations. This text is also comprehen-
sively referenced. As in previous editions, there is some repetition and that is inevitable.
However, it is refreshing to compare anesthesia practitioners’ experiences from around the
world and from outside our own discipline. Local Anesthetic Systemic Toxicity (LAST) is a
very common theme among all who practice Local and Regional Anesthesia, and we have
learned a lot about prevention and treatment of this malady in the past 30 years. Fortunately
most of the complications we have discussed are rare and all too often we appear to shoulder
the blame for injuries that we did not cause in the first place.

Our main emphasis is on safety and prevention of injury in the practice of local and regional
anesthesia, and we have called upon a great variety of experts from around the world to share
their experiences with us. We hope you appreciate the changes we have and as always we wel-
come your critique and recommendations for improvement.

There is one other important change I have made in this edition and that is I have invited my
colleague and friend from the Department of Anesthesiology and Pain Medicine from the
University of Alberta to co-edit this edition of the text with me. He has contributed enormously
to our knowledge of local and regional anesthesia in the past two decades and helped a great
deal with this latest version.

Edmonton, AB, Canada Brendan T. Finucane
Stanford, CA, USA Ban C.H. Tsui
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The History of Local and Regional

Anesthesia

Brendan T. Finucane

Key Points

* The discovery of the local anesthetic properties of cocaine
by Koller in 1884 was one of the most important discover-
ies in the history of Medicine and revolutionized the
practice of Ophthalmology, Dentistry, Anesthesia, and
Surgery.

e Chemists studied the pharmacological properties of
cocaine and developed a series of synthetic local anes-
thetic compounds which were less toxic than cocaine and
more predictable and efficacious.

* Systemic toxicity to local anesthetics continues to be an
issue, but we have seen a significant reduction in the inci-
dence of this problem and great advances in prevention
and management.

e Spinal anesthesia was first introduced by Bier in 1884 and
today remains one of the most reliable and safe tech-
niques used in regional anesthesia more than 120 years
after it was first introduced.

* Bier also introduced Intravenous Regional Anesthesia in
1908 (Bier Block) and this technique has also withstood
the test of time and remains one of the most reliable tech-
niques for short surgical procedures involving the upper
extremity.

* Asuccession of leading figures in regional anesthesia have
introduced and developed a number of safe and effective
local and regional techniques, including epidural anesthe-
sia and numerous peripheral nerve blocks. The lives of
these great contributors to local and regional anesthesia are
highlighted in this chapter, all of whom also wrote classic
textbooks on the subject of regional anesthesia.

B.T. Finucane, MB, BCh, BAO, FRCA, FRCPC (<)
Department of Anesthesiology and Pain Medicine,
University of Alberta, Edmonton, AB, Canada
e-mail: bfinucane6@gmail.com

© Springer International Publishing AG 2017

e The introduction of nerve stimulation more than 40 years
ago represented a significant advance in the practice of
regional anesthesia and the importance of this advance is
emphasized in this chapter.

e The recent introduction of ultrasonography has trans-
formed regional anesthesia practice, increasing safety and
precision of nerve blocks.

Definitions

Regional anesthesia is defined as the selective blockade of a
nerve or group of nerves supplying an area of the body such
as a limb(s) or an eye, using local anesthetics, thereby allow-
ing a surgeon to operate on a patient without the need for full
general anesthesia. Local anesthesia is a non-selective block-
ade of a smaller area of the body by infiltrating with local
anesthesia directly into the skin, subcutaneous, and deeper
tissues, without any attempt to target a particular nerve.
Topical anesthesia refers to anesthesia of the skin or mucous
membranes which occurs following topical application of a
local anesthetic.

A number of different approaches to regional anesthesia
were tried before and after general anesthesia was introduced
in 1846, but none of them were satisfactory. These included:
nerve compression, refrigeration, alcohol injections, acu-
puncture, and ether sprays, but no real progress was made
until the discovery of local anesthetics.

Of course in order to perform local and regional anesthe-
sia, we must have a delivery system. Therefore, you should
know that Sir Francis Rynd performed the first nerve block
injection for the treatment of trigeminal neuralgia using
morphine dripped through a cannula and this took place in
the Meath Hospital in Dublin, Ireland, in 1844 [1]. Alexander
Wood improved on this by producing a hollow needle in
1853 [2]. And the hypodermic syringe, known in Europe as
the Pravaz syringe, was introduced in 1853 [3].

B.T. Finucane, B.C.H. Tsui (eds.), Complications of Regional Anesthesia, DOI 10.1007/978-3-319-49386-2_1
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The Discovery of Local Anesthetics

It has been known for centuries that the chewing of the coca leaf
resulted in numbness of the tongue and lips. Gaedeke extracted
the active principle of the coca leaf in 1855 and named it eryth-
roxyline [4]. In 1858, the Austrian government sent the frigate
Novara on an expedition around the world. A trade expert on
board named Dr.Scherzer took samples of the coca leaf and
upon return gave them to a knowledgeable chemist at the
University of Gottingen in Germany, named Wohler. Dr.Wohler
and his assistant Niemann isolated the crystal extract from the
coca leaf and named the alkaloid cocaine [5].

Moreno y Maiz, a Peruvian army surgeon, saw the poten-
tial of sensory anesthesia with cocaine in a manual he wrote
for the military in 1868 [6]. Van Anrep in 1879 observed the
local numbing effects of cocaine on the throat and the dila-
tion of the pupil upon local application to the eye, but he did
not observe that the conjunctiva was anesthetized [7].
However, Karl Koller (Fig.1.1) put all this information
together and discovered the local anesthetic properties of
cocaine [8]. This happening deserves the full details.

Koller had studied cocaine in depth as a result of his friend-
ship with Freud when they were in Vienna, so he was very
knowledgeable about the compound. He was also highly moti-
vated to find a suitable analgesic for patients undergoing eye
surgery. General anesthesia was not used by ophthalmologists
for cataract surgery because of severe post-operative nausea
and vomiting frequently associated with its use, so most cata-

Fig.1.1 Karl Koller (1857-1944). All images presented in this chapter
are at the courtesy of the Wood Library-Museum of Anesthesiology,
Schaumburg, Illinois, USA

racts were performed without any anesthesia. Following is an
extract from Koller’s own writing on the topic:
The unsuitability of general narcosis for eye operations; for not
only is the co-operation of the patient greatly desirable in these
operations, but the sequelae of general narcosis-vomiting, retch-
ing and general restlessness-are frequently such as to constitute
a grave danger to the operated eye; and this was especially the
case at the time when narcosis was not skilfully administered as
it is now, by trained experts. Eye operations were formerly being
done without any anesthesia whatsoever [9]

Following is a description of cataract surgery performed
without anesthesia in 1882:

“It was like a red-hot needle in yer eye whilst they was
doing it. But he wasn’t long about it. Oh no. if he had been
long I couldn’t ha’ beared it. He wasn’t a minute more than
three quarters of an hour at the outside” —an old man’s
description of his cataract operation to Thomas Hardy and
his wife on their visit to Dorsetshire in 1882 [10].

Freud and Koller both worked at the same hospital in
Vienna, and in the summer of 1884, Freud planned a trip to
Germany and asked Koller if he would continue clinical
research on cocaine in his absence. Koller agreed to do so.
Freud had left some of the powdered cocaine to continue the
experiments. Koller allowed one of his colleagues (Engel)
to taste the cocaine and Engel said: “how that numbs the
tongue”. Koller immediately said: “Yes that has been noticed
by everyone that has eaten it’ and in the moment it flashed
upon me that I was carrying in my pocket the local anes-
thetic for which I had searched some years earlier.”

Koller went straight to his laboratory and asked his
assistant for a guinea pig for the experiment. This moment
was observed by Dr.Gaertner, an assistant in Stricker’s
laboratory, who said the following. “A few grains of cocaine
were dissolved in a small quantity of distilled water. A large
lively frog was selected from the aquarium and held immo-
bile in a cloth, and now a drop of the solution was trickled
into one of the protruding eyes. At intervals of a few seconds
the reflex of the cornea was tested by touching the eye with a
needle...After about a minute came the great historic moment,
I do not hesitate to designate it as such. The frog permitted
his cornea to be touched and even injured with out a trace of
reflex action or attempt to protect himself, where as the other
eye responded with the usual reflex action to the slightest
touch. ‘Now it was necessary to go one step further and to
repeat the experiment upon a human being. We trickled the
solution under the upraised lids of each other’s eyes. Then
we put a mirror before us, took a pin in hand and tried to
touch the cornea with its head. Almost simultaneously we
could joyously assure ourselves, “I can’t feel a thing”.

This information was obtained from Koller’s daughter
who went through his papers after his death and found notes
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her father had left about the actual discovery. This informa-
tion was published in the Psychoanalytic Quarterly in 1963
some 20 years after Koller’s death in 1944 [11].

Koller’s discovery had an enormous impact immediately.
Within 1 year of his discovery, cocaine was used in all parts of
the developed world for cataract surgery. Koller was just
27 years of age when he made the discovery that led to the
widespread use of local anesthetics all over the world. Local
anesthetics are still among the most important and frequently
used medications in Medicine, Surgery, and Dentistry and
Anesthesia today. It is interesting to note that Morfon gave his
first public demonstration of etherization when he was 27 years
old. By the turn of the twentieth century, General, Local,
Regional, and Topical Anesthesia had all been discovered.

Evolution of Local Anesthetics

It soon became apparent that cocaine was a very toxic sub-
stance, and between 1884 and 1891, 200 cases of toxicity
had been reported and as many as 13 deaths had occurred
[11]. Cocaine was also an addictive substance. Chemists and
pharmacologists studied the structure of cocaine and this led
to the introduction of the first synthetic local anesthetic,
novocaine [12], (later to be named procaine) in 1904.
Procaine was an ester compound, and although much less
toxic than cocaine, was not the most reliable local anesthetic,
was quite short acting, and was somewhat unstable when
sterilized and was associated with allergies. In the ensuing
years, numerous local anesthetics were tested with variable
results, but procaine, even with its limitations, was still con-
sidered to be the gold standard for almost 50 years. In the
1940s, Lofgren and Lundgvist from Sweden experimented
with local anesthetic compounds and discovered Xylocaine
(LL30), also known as lidocaine, an amino-amide compound
which proved to be an outstanding local anesthetic [13].
Lidocaine was the prototype and quickly replaced procaine
(novocaine) as the gold standard of local anesthetics. These
compounds proved to be very stable and allergies occurred
rarely. To this very day, Xylocaine is still considered the gold
standard of local anesthetics and it is interesting that its dis-
covery, like the local anesthetic effects of cocaine, was first
uncovered by tasting! (Ldofgren used taste to determine which
local anesthetic compound was better than another—from
the book entitled, “Xylocaine: a discovery, a drama, an
industry,” by Lindqvist and Sundling [14].)

Systemic toxicity was a problem with all local anesthetics
from the very beginning and continues to be a problem to this
day. The most serious reactions occur when local anesthetics
are injected into the circulation (in error). Although the amino-
amide compounds proved to be highly effective and relatively
safe, the duration of action was a limiting factor with their use.
The addition of epinephrine prolonged the duration of action
of these compounds significantly, but the maximum reliable

duration was only about 2—4 h for most major nerve blocks.
The search continued for the ideal local anesthetic. In 1957,
Bo Af Ekenstam introduced a new group of long-acting local
anesthetics and these were the pipecholylxylidine compounds
represented prominently by bupivacaine [15]. This group of
compounds presented a new set of problems in that they were
highly toxic not just to the central nervous system (CNS), but
also to the cardiovascular system. Etidocaine and bupivacaine
were the first pipecholylxylidine compounds used clinically
and were approved for use in humans in the early 1960s, first
in Europe and later in the United States. They were character-
ized by a markedly increased duration of action compared to
lidocaine and were initially received with great enthusiasm.
Etidocaine was much faster acting than bupivacaine because it
was highly lipid-soluble, but was associated with profound
motor blockade that sometimes outlasted the sensory block-
ade, which was very disturbing to some patients. This unusual
problem was only one factor that led to etidocaine being rele-
gated to the shelf. In 1979, Albright wrote a powerful editorial
exposing the dangers of both etidocaine and bupivacaine[16].
Both of these local anesthetics were associated with numerous
deaths in both the United States and the United Kingdom due
to selective and lethal cardio-toxicity that did not come to light
for more than 10 years after the drugs were first approved for
clinical use. A number of the fatalities reported with these
compounds occurred in healthy young patients and a high per-
centage of these fatalities occurred in young parturients.
Unlike the amino-amides and amino esters, the pipecholyl
xylidine compounds caused serious cardiac toxicity at blood
levels close to those associated with CNS toxicity. Furthermore,
treatment of both CNS and cardiac toxicity was very difficult
and required prolonged and aggressive resuscitation as these
compounds were highly lipid-soluble and attached firmly to
both CNS and cardiac receptors. This episode led to a major
investigation of these compounds by the FDA and restrictions
were placed on the use of these compounds thereafter. The
practice of regional anesthesia and use of local anesthetics was
carefully scrutinized by the leaders in the field of regional
anesthesia, which led to a series of safety guidelines published
by the American Society of Regional Anesthesia. Furthermore,
the academic anesthesia community was again challenged to
produce a safe and reliable local anesthetic.

Just as the anesthesia community was recovering from the
bupivacaine/etidocaine tragedy it was faced with another toxic-
ity problem, this time associated with the use of 2-chloroprocaine
(Nesacaine-CE). This ester compound was synthesized in 1949
and promoted by Foldes for obstetric anesthesia based on a
greatly reduced potential for systemic toxicity [17]. Ansbro
et al. estimated that the risk of systemic toxicity was 1/20 that
of lidocaine when injected epidurally[18]. It became very pop-
ular in obstetric anesthesia because the risk to the fetus from
trans-placental transfer was practically eliminated. In the early
1980s, there were reports of serious neural deficits following
accidental subarachnoid injection of 2-chloroprocaine in
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obstetric patients. The formulation of 2-chloroprocaine used
contained preservatives (sodium bisulfite) and was not intended
for subarachnoid use. The controversy continued for years
afterwards as to whether the neural deficits were caused by the
local anesthetic itself or the preservative. Eventually, a
preservative-free chloroprocaine was introduced and is now
being used for spinal anesthesia in ambulatory patients in some
medical centers in the United States.

When all the controversy about systemic and neural tox-
icity of local anesthetics subsided, most clinicians agreed
that, despite the toxicity potential of bupivacaine, it was oth-
erwise an excellent local anesthetic.

This discussion brings us into the world of stereochemis-
try[19]. If we take a closer look at the chemistry of bupivacaine,
we find that it is a chiral compound and can exist in two forms
(enantiomers) depending on how each one responds to polar-
ized light. Enantiomers have identical physical properties and
have the same chemical formula and the only way they differ is
in how they respond to polarized light. The enantiomer is dex-
trorotatory R (+) if polarized light is rotated to the right and
levorotatory S (—) if rotated to the left. Bupivacaine is a race-
mic mixture containing equal parts of both enantiomers that
neutralize each other and therefore do not rotate the plane of
polarized light. In the process of studying stereochemistry,
investigators learned that the S enantiomer of bupivacaine was
less cardiotoxic. The S enantiomer was produced and marketed
as levo-bupivacaine (Chirocaine) and proved to be less likely
to cause cardiotoxicity. Ropivacaine was subsequently intro-
duced after in-depth study and it too is the S enantiomer and
theoretically even less toxic than levo-bupivacaine.

The pharmaceutical industry invested a huge amount of
Research and Development funds into the development of
the chiral compounds and it is unlikely that they will invest
much more in this area of research at least in the near future.
Yet there is a serious need for a good short-acting local anes-
thetic for spinal anesthesia in ambulatory surgery. There is
still some discomfort among clinicians about using
2-chloroprocaine in spinal anesthesia. And after 50 years of
apparent safe use, 5 % lidocaine is no longer acceptable as a
spinal anesthetic as a result of reports of Transient Neurologic
Symptoms in a significant number of patients following its
use [20]. Also, more serious side effects have been reported
with lidocaine 5 %, following subarachnoid injection through
continuous micro-catheters.

Although the issue of systemic toxicity to local anesthetics
continues to be a permanent risk, a great breakthrough has taken
place recently in the treatment of this malady. Like many
advances in medicine, it was accidentally discovered that sys-
temic injections of lipids acted as a sponge which soaked up
lipid-soluble medications and quickly and efficiently reduced
the concentration of these toxic compounds in the circulation
[21]. This is a brief summary of the history of local anesthetics
without which we could not have Regional Anesthesia. Please

refer to Chap. 3 for a more complete discussion of Local
Anesthetics and Systemic Toxicity of local anesthetics.

The Birth of Regional Anesthesia

The same year that Koller discovered local anesthetics
(1884), Halsted performed a brachial plexus block in a
patient in the United States and so began the practice of
Regional Anesthesia using injectable local anesthetics [22].
Leonard Corning (Fig.1.2), a neurologist from New York,
was most likely the first person to perform spinal anesthesia, but
apparently was not fully aware that he had done so at the time
[23]. He described an experiment on a dog in which he injected
1.18 mL of 2 % cocaine hydrochloride into the space “‘situated
between the spinous processes of two inferior dorsal vertebrae”
with the result that the animal did not react for several hours
afterwards if a stimulus was applied from a powerful faradic bat-
tery or through pinching or pricking the hind limbs. He did a
similar experiment on a human with the same results and con-
cluded the following: Corning actually believed that cocaine
injected into the region between the two spinous processes was
absorbed by the veins and ‘then transferred to the substance of
the cord and gave rise to anesthesia of the sensory and perhaps
motor tracts of the same’. He said this in his own writings.
Corning was more interested in relieving pain than he was of
producing anesthesia. Corning was a prolific writer, and in 1894,
he described ‘The irrigation of the cauda equina with medicinal
fluids...” “I became impressed with the desirability of introduc-
ing remedies directly in to the spinal canal with a view to produc-

Fig.1.2 James Leonard Corning (1855-1923). All images presented in
this chapter are at the courtesy of the Wood Library-Museum of
Anesthesiology, Schaumburg, Illinois, USA
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ing still more powerful impressions on the cord and more
especially on its lower segment.” Probably, the reasons why
Corning did not make the connection between the injection of
the local anesthetic and spinal anesthesia was that when he
inserted a needle he always had a syringe attached to it. So he
never saw CSF drip back and therefore perhaps did not appreci-
ate that he was in the subarachnoid space on some of these occa-
sions, which would explain some of his observations. However,
he still deserves the credit for the first subarachnoid injection of
a local anesthetic.

Corning published one of the first textbooks on Local
Anesthesia in 1886 [24], and the first textbook on pain in
1894 [25], but nothing came of his suggested use of spinal
anesthesia for surgery.

The Discovery of Spinal Anesthesia by Bier

Another dramatic breakthrough occurred in Regional
Anesthesia in 1898 and that was the first recording of spinal
anesthesia in a human by August Bier [26]. Bier was influenced
by his senior mentor surgeon Heinrich Quincke who studied in
depth the anatomy of the spinal canal and the spinal nerves and
who pioneered the technique of lumbar puncture and treated
patients with hydrocephalus and tuberculous meningitis by
performing lumbar puncture as a therapeutic intervention [27].
Figure 1.3 shows a picture of August Bier, one of the great fig-
ures of surgery in Germany. He was born near Waldeck in
Germany in 1861. He was educated in Berlin and Leipzig and
graduated from medical school at Kiel in 1889 and dedicated
his life to surgery and he worked as an assistant to the famous
surgeon Professor Friedrich von Esmarch [28]. In 1898, Bier

Fig. 1.3 Professor August Bier (1861-1949). All images presented in
this chapter are at the courtesy of the Wood Library-Museum of
Anesthesiology, Schaumburg, Illinois, USA

worked with Heinrich Irenaeus Quincke. He was also familiar
with Koller’s work with cocaine. It is likely that he put the two
ideas together and developed the technique of spinal anesthe-
sia, a technique that we perform today in much the same way it
was performed by Bier 119 years ago. Bier anticipated that the
injection of cocaine into the subarachnoid space would result in
anesthesia of the lower body. He described his technique in 6
patients using 10-20 mg of cocaine and the first of these exper-
iments occurred on August 16 1898. Bier was not happy with
the initial results because the patients had intractable headaches
and many of them were vomiting for days afterwards. Bier
decided that he needed to experiment a little more before sug-
gesting that this was a viable and safe technique. In his opinion,
the results were not much better than those achieved with chlo-
roform. Bier asked his colleague Hildebrandt to perform spinal
anesthesia on him. Hildebrandt obliged but had trouble attach-
ing the syringe containing the cocaine to the needle, and by the
time he did so, most of the CSF had drained from the spinal
canal and no anesthesia developed. Hildebrandt obliged Bier
by inviting him to perform spinal anesthesia on him. Bier suc-
cessfully performed a lumbar puncture on his colleague and
then injected 5 mg of cocaine and obtained a very satisfactory
spinal block, and to prove the success of this block, they per-
formed a number of tests including pulling the pubic hair, hard
pressure on and pulling of the testes, and a sharp blow with an
iron on the shin! These experiments which began at 7.30 PM in
the evening were followed by dinner, wine, and cigars. Both
volunteers suffered headaches and nausea and vomiting for a
day or 2 afterwards. Bier’s symptoms of headache and dizzi-
ness were relieved when he lay down and could easily be attrib-
uted to leakage of CSF, and those of Hildebrandt, which
included vomiting, suggest that meningeal irritation may have
been the cause. Bier was quite discouraged by his observations
and did not feel justified in continuing his work on patients
without further animal work. Bier published the first paper on
spinal anesthesia in 1899 and this was followed by another
paper on this topic 3 months later by Tuffier in France [29].
Tuffier was more enthusiastic about his experiences and reports
from America soon after supported this. One of the first reports
of spinal anesthesia performed in the United States was written
up by Matas et al. from Charity Hospital in New Orleans in the
United States on December 18 1899 [30]. The technique was
not widely practiced until newer and safer local anesthetics
were introduced.

While we can all agree that the discovery of local anes-
thetics truly heralded the dawning of regional anesthesia, the
discovery of spinal anesthesia was a huge advance. As men-
tioned before, the novelty and enthusiasm of general anes-
thesia was waning especially when deaths were reported and
so spinal anesthesia was greeted with great enthusiasm by
the surgeons, who were not used to the profound degree of
muscle relaxation associated with its use, especially when
performing abdominal surgery.
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Spinal anesthesia was the mainstay of regional anesthesia
for the first 20 years or so of its use. During that time, great
advances were made in the physiology and pharmacology of
spinal anesthesia. The concept of baricity was introduced
[31], new local anesthetic mixtures were used, and spinal
anesthesia was found to be highly successful especially for
procedures involving the lower abdomen, perineum, and
lower extremity. Continuous techniques were used first using
a malleable needle and subsequently continuous catheters
were inserted for prolonged surgery. The great advantage of
spinal anesthesia was the profound muscle relaxation associ-
ated with its use particularly for abdominal surgery. At the
same time, the major drawback even today is the problem of
spinal headache which, even with greatly advanced needle
technology, continues to tarnish the reputation of a technique
that has withstood the test of time.

Sir Robert Macintosh (Fig.1.4) was one of the great propo-
nents of spinal anesthesia and wrote a remarkable handbook
named Lumbar Puncture and Spinal Anesthesia, which has
amazing illustrations and is still available today [32]. The fourth
edition was published in 1978 by Lee and Atkinson and many
more editions have been published since then. Spinal anesthesia
was very popular in Great Britain until a very highly publicized
tragedy involving spinal anesthesia was reported in the British
Press (Times) in 1947 (Wooley and Roe) [33]. In this case, two
patients in adjoining operating rooms remained permanently
paralyzed following spinal anesthesia for relatively minor pro-
cedures. This report put an end to spinal anesthesia in the United
Kingdom (UK) for the ensuing 50 years. Sir Robert Macintosh
testified at the trial. The doctor involved in these cases was
acquitted at trial. Spinal anesthesia came under serious scrutiny
in the United States a few years later when a report by a promi-
nent (former British) neurologist (Foster Kennedy) inferred that

Fig.1.4 Professor Macintosh (1897-1989). All images presented in
this chapter are at the courtesy of the Wood Library-Museum of
Anesthesiology, Schaumburg, Illinois, USA

spinal anesthesia was associated with permanent paralysis,
based on his observations in a series of 12 cases of paralysis
following spinal anesthesia [34]. However, Kennedy’s allega-
tions were proven to be incorrect in a subsequent report by
Dripps and Vandam, when they published one of the first major
outcomes studies of spinal anesthesia involving more than
10,000 cases [35]. These authors definitively proved that spinal
anesthesia was rarely associated with paralysis.

Evolution of Regional Anesthesia

Regional anesthesia was greeted with great enthusiasm by sur-
geons at least initially because it gave them a sense of indepen-
dence and autonomy because they did not have to rely on
someone else to induce unconsciousness, which in those days
could take as long as 30 min in the best of hands. The surgeon
was now in control of his/her own destiny. This worked very
well with spinal anesthesia, but not so well with other forms of
regional anesthesia because the discipline of regional anesthe-
sia was still in its infancy. Sometimes we forget that regional
anesthesia was originally firmly in the domain of surgery.

Intravenous Regional Anesthesia
(The Bier Block)

Bier’s name is also associated with another remarkable
regional anesthesia technique known as the Bier block [36].
Bier was mentored by Friedrich von Esmarch, a famous
German surgeon who introduced the Esmarch bandage. One
of Bier’s other important discoveries was the use of passive
hyperemia using the Esmarch bandage to treat tuberculous
bones and joints in 1907. This likely led to his idea of intra-
venous regional anesthesia. This idea was not very practical
initially because it required a venous cut-down at the elbow.
Sixty years later, a simple modification of Bier’s technique
by C Mck Holmes established the Bier block as one of the
most reliable regional anesthesia techniques for upper
extremity surgery of short duration [37]. Instead of using a
cut-down, Mck Holmes inserted a plastic cannula into the
venous system and the local anesthetic was injected below an
inflated tourniquet. The Bier block or intravenous regional
anesthesia remains one of the most reliable forms of regional
anesthesia of the upper extremity for procedures lasting
45 min or less. The technique can also be used for lower
extremity surgery, but not as reliably or safely.

Regional Anesthesia-Pre-emptive Analgesia

One of the early enthusiasts of regional anesthesia in America
was George Crile, the founder of the Cleveland Clinic [38].
His theory of “anoci-association” was quite advanced at that time.



1 The History of Local and Regional Anesthesia

He recognized that patients still responded to noxious stimuli
under general anesthesia, but that this response was blocked
in patients who had combined regional/general anesthesia.
He theorized that by preventing the noxious stimuli from
reaching the brain, he prevented “surgical shock™ in some
patients. This theory was formulated in 1908 and was the
forerunner of a more recent theory of ‘pre-emptive analgesia’
put forward by Woolf et al. in 1993, proving in animals at
least, that we can prevent or greatly reduce ‘wind up’, alter-
ing in a positive way the metabolic response to trauma and
greatly reduce or prevent the risk of chronic pain following
surgery [39].

Peripheral Nerve Blockade

Victor Pauchet (1869-1936) was another great pioneer of
regional anesthesia in France in the early 1900s and wrote a
text book on the subject of regional anesthesia and fostered the
idea of using peripheral nerve blocks in surgery, including
intercostal and paravertebral blocks in addition to spinal anes-
thesia [40]. Gaston Labat was one of Pauchet’s trainees [41].
In 1920, Charles Mayo was visiting Pauchet in his hospital in
Paris demonstrating some surgical techniques[42]. Mayo was
quite impressed by Labat’s skill set in regional anesthesia and
invited him to Rochester, Minnesota in the USA, to teach
regional anesthesia to his colleagues. Labat impressed a num-
ber of the doctors at Mayo, but his tenure there was short, but
he did manage to publish an outstanding textbook entitled:
Regional Anesthesia-Techniques and Application (on the basic
principles of regional anesthesia) in 1922. This text book is
still considered to be one of the classic textbooks ever pub-
lished on the topic of Regional Anesthesia. Labat moved to
New York to Bellevue hospital and worked with and taught
Emery Rovenstine the principles of regional anesthesia. Labat
was a great teacher of regional and his book was by today’s
standards a medical best seller with more than 10,000 copies
sold during his lifetime. Labat had a significant following in
New York and his enthusiasm as a teacher of regional anesthe-
sia led to the formation of the American Society of Regional
Anesthesia (ASRA) in 1923. This group consisted mostly of
surgeons in the beginning, but with time specialists in anesthe-
sia dominated the group. Labat was the first physician to
dedicate his career solely to regional anesthesia. He was ini-
tially trained as a surgeon, but spent most of his career per-
forming, teaching, and writing about regional anesthesia.
Labat died from complications following a cholecystectomy
in New York in 1934. ASRA was disbanded in 1939 and was
reformed again in 1975 by Alon Winnie, Don Bridenbaugh,
Harold Carron, Jordan Katz, and Pritvi Raj (Founding
Fathers). Labat’s name is memorialized by the annual award
(Medal) given by the ASRA for outstanding contributions to
Regional Anesthesia.

Epidural Anesthesia

Sicard and Cathelin injected cocaine into the epidural
space caudally in 1901 [43, 44]. Fidel Pages-Mirave
described the lumbar approach to the epidural space in
1923 [45]. Dogliotti popularized the technique in the
1930s when he described the “loss of resistance technique”
[46] and Curbelo introduced continuous epidural anesthe-
sia in 1949 [47]. Hingson popularized continuous caudal
anesthesia in obstetrics anesthesia in the 1940s [48]. The
progress of regional anesthesia was slow, but the technique
of spinal anesthesia was always an important technique in
the hands of most anesthesiologists.

There were a number of strong proponents of regional
anesthesia in Europe and North America in the middle of the
last century, but a few names deserve special mention.
Regional anesthesia was one of those pursuits that required
the most enthusiastic followers because, with the exception
of spinal and epidural anesthesia, there were not many fol-
lowers especially when it came to peripheral nerve blocks.
Most practitioners preferred general anesthesia because it
was far more predictable and easier to perform.

Development of Regional Anesthesia Post
WW II

Danny Moore from the Mason Clinic published an outstand-
ing textbook on Regional Anesthesia in 1953 entitled:
Regional Block [49]. It was the most popular book on the
topic of regional anesthesia since Labat’s classic textbook
was first published in 1922. In this book, Moore described
how to perform most regional anesthesia nerve blocks and
promoted regional anesthesia on a very broad scale. Moore
also published a very good textbook on Complications of
Regional Anesthesia (1955) [50]. He trained a large number
of residents and fellows in regional anesthesia from around
the world. He led the renaissance in regional anesthesia in
the USA in the post-WW II for close to 50 years and was a
legend in his own time.

John Bonica was another great proponent of regional anes-
thesia for Obstetric patients and published an outstanding
book on this topic entitled Principles and Practice of Obstetric
Analgesia and Anesthesia [51]. He also promoted the use of
regional anesthesia for chronic pain therapy and wrote two
definitive textbooks on these topics, both of which are anes-
thesia classics. In 1990, Pope John Paul II requested a copy of
his book entitled The Management of Pain [52]. John Bonica
was a pioneer in the discipline of chronic pain and was the
leader in establishing one of the first multi-disciplinary Pain
Centers in the world. He is also a founding member of the
International Association for the Study of Pain (IASP).
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Fig.1.5 Professor Philip Bromage (1920-2013). All images presented
in this chapter are at the courtesy of the Wood Library-Museum of
Anesthesiology, Schaumburg, Illinois, USA

Although spinal anesthesia became obsolete in the UK in
the 1950s, there was a great interest in epidural anesthesia
and one of the outstanding pioneers of epidural anesthesia in
the UK was Philip Bromage (Fig.1.5), who worked under the
tutelage of J Alfred Lee in South-End-On-Sea in the UK.
Bromage wrote the definitive textbook on epidural anesthesia
and was a leading expert in epidural and regional anesthesia
both in Europe and North America. His first text book was
entitled Spinal Epidural Anesthesia [53]. Bromage moved to
Montreal in 1956 and succeeded Harold Griffith as the Chair
of Anesthesia at McGill University. He wrote the definitive
textbook on Epidural Anesthesia in 1978 and it is today con-
sidered a classic[54]. He was very active in ASRA for many
years, was a prolific writer, and a leading authority on the
physiology and pharmacology of epidural anesthesia and the
use of epidural and spinal opioids. He also deserves much
credit for the promotion of epidural anesthesia for obstetric
anesthesia in the 1960s. This new enthusiasm about epidural
anesthesia for obstetrics attracted more interest in regional
anesthesia also.

In the late 1960s, another great proponent of regional
anesthesia emerged and that was Alon Winnie (Fig.1.6), who
was an extraordinary teacher of regional anesthesia. Brachial
plexus anesthesia was one of the great challenges to all enthu-
siasts of regional anesthesia. Even in the best of hands, most
honest reporters could not achieve anything near 100 % suc-
cess. Winnie described a new approach named the interscalene
method and convinced most of us that the brachial plexus was
contained in a single sheath, and if you could reliably place
a needle in that sheath, you would have a high degree of suc-
cess. His textbook entitled Plexus Anesthesia: Perivascular

Fig.1.6 Professor Alon Winnie (1932-2015). All images presented in
this chapter are at the courtesy of the Wood Library-Museum of
Anesthesiology, Schaumburg, Illinois, USA

Techniques of Brachial Plexus Block is a classic and has the
most spectacular illustrations [55]. Alon Winnie attracted a
large number of new enthusiasts to regional anesthesia and he,
Don Bridenbaugh, Harold Carron, Jordan Katz, and Pritvi
Raj reformed the American Society of Regional Anesthesia
(ASRA) and the first official meeting of that group occurred
in 1975.In 2015, we celebrated 40 years of the newly formed
ASRA (1975) during which tremendous advances were made
in the discipline of regional anesthesia.

Pritvi Raj deserves special mention in the evolution of
Regional Anesthesia. He popularized and promoted the idea
of nerve stimulation to first identify the proximity of a needle
to a nerve, and secondly, to actually identify which nerve
was being stimulated based on a motor response. This was a
major step forward because for the first time we had objec-
tive evidence indicating that a probing needle was in close
proximity to a nerve based on the motor response. The first
report about the use of nerve stimulation as an aid to regional
anesthesia was published in 1973 [56]. The science of
electro-location has evolved over the ensuing decades that it
has been used and is still being used in some major anesthe-
sia teaching centers in North America today. Ban Tsui has
contributed enormously to our understanding of the science
of electro-location today and was the first to use nerve stimu-
lation to verify entry into the epidural space at any level. His
textbook on ultrasound and nerve stimulation-guided
regional anesthesia [57] is one of the most popular regional
anesthesia textbooks published recently.

Nicholas Greene (Fig.1.7) was one of the great proponents
of spinal anesthesia in the United States and his textbook
entitled the Physiology of Spinal Anesthesia is one of the fin-
est monographs ever published in the anesthesia literature and
today remains a great resource in the understanding of all
aspects of spinal anesthesia [58]. Greene was famous for his
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Fig. 1.7 Professor Nicholas Greene-(1922-2004). All images pre-
sented in this chapter are at the courtesy of the Wood Library-Museum
of Anesthesiology, Schaumburg, Illinois, USA

much quoted adage about spinal anesthesia when he said:
“position is everything in life, but especially in spinal anes-
thesia”. His lectures and publications on the topic of spinal
anesthesia were outstanding and memorable experiences for
those of us who were lucky enough to witness them.

The practice of regional anesthesia remained dormant in the
UK for about 50 years after the Wooley and Roe case, but the
French and Nordic countries were strong proponents of
Regional Anesthesia. Torsten Gordh from Sweden was a leader
in the use of regional anesthesia in his country and was among
the first to test lidocaine clinically after Ldfgren’s discovery
and demonstrated that lidocaine was a significant improvement
on other available local anesthetics at the time [59].

Bruce Scott from Edinburgh deserves most of the credit
for the revival of regional anesthesia in the UK and deserv-
edly was named the founder and first President of the
European Society of Regional Anesthesia in 1979 [60].
Benjamin Covino (Fig. 1.8), former Head of Research at
ASTRA laboratories, was trained in regional anesthesia by
Bruce Scott. Covino subsequently became one of the leading
authorities on local anesthetics worldwide, and through his
leadership, promoted research towards the introduction of
newer, safer, long-acting local anesthetics. His textbook on
local anesthetics is outstanding and concise and without a
doubt is considered a classic today [61, 62].

Regional Anesthesia in the Modern Era

One of the greatest advances in regional anesthesia in recent
years was the introduction of ultrasound technology to help
identify peripheral nerves in regional anesthesia. This tech-
nology was first demonstrated in Europe and popularized in

Fig. 1.8 Professor Benjamin Covino-(1931-1961). All images pre-
sented in this chapter are at the courtesy of the Wood Library-Museum
of Anesthesiology, Schaumburg, Illinois, USA

North America by Vincent Chan [63], and subsequently by
Ban Tsui who recently published an outstanding publication
entitled: Atlas of Ultrasound and Nerve Stimulation-Guided
Regional Anesthesia [57]. The Regional Anesthesia Societies
around the world(ASRA, ESRA, LASRA, AOSRA, AFSRA)
deserve a great deal of credit also for hosting numerous
workshops promoting the use of Ultrasound-guided regional
anesthesia.

When one reflects on the progress that has been made in
Regional Anesthesia since Koller’s discovery of Local
Anesthetics in 1884 just over 130 years ago, we realize
how far we have come. When Halsted performed that first
brachial block in 1884, he had the advantage of direct
vision of the brachial plexus. For about 100 years, we
inserted our needles blindly towards peripheral nerves
based on knowledge of anatomy alone and that indeed was
a very “hit and miss affair”. Today, we can actually see the
nerve that we wish to block and see the needle as it
advances towards its target and then see and observe the
results of the subsequent injection. One has to wonder how
we can improve on that in the future. Without a doubt,
there will be some improvement.

There are many other names that deserve mention in this
brief history of local and regional anesthesia, but this chapter
should be a good introduction to this fascinating subject. For
a more complete history of local and regional anesthesia, we
refer you to the definitive text on that topic entitled The
Wondrous Story of Anesthesia [64].

Summary

The history of Local and Regional anesthesia is one of the
most interesting chapters in the annals of the history of
medicine and deserves special mention any time the
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history of anesthesia is discussed. Koller’s eureka moment
in 1884 changed the practice of Ophthalmology overnight
and sparked a new era in local and regional anesthesia in
ophthalmology, dentistry, surgery, and anesthesia. Spinal
anesthesia has changed very little in over 100 years of use
and remains one of the most reliable techniques in anes-
thesia today. We have made great strides in recent years to
relieve the scourge of acute postoperative pain by applying
regional anesthesia techniques prior to and during surgery.
We still have a long way to go before we develop reliable
methods of relieving chronic pain, but we already know
that the judicious use of local anesthetics, pre-emptively in
some procedures, reduces the incidence of chronic pain
following surgery.

References

10.

11.

12.

13.

15.

16.

17.

18.

19.

. Rynd F. Neuralgia-introduction of fluid to the nerve. Dublin Med

Press. 1845;13:167-8.

. Wood A. New method of treating neuralgia by direct application of

opiates to painful points. Edinb Med Surg J. 1855;82:265-81.

. Lawrence G. The hypodermic syringe. Lancet. 2002;359:1074.
. Gaedcke F. Ueber das Erythroxylin dargestelltaus den Blahern der

in Sudamerika cultivirten strauchen Erythroxylin Coca lam. Arch
Pharm. 1855;132:141-50.

. Woehler F. Concerning an organic base in coca. Translated from

Ueber eine organische Base in der Coca. Justus Liebigs Ann Chem.
1860;114:213-7.

. Moreno y Maiz T. Recherches chimiques et physiologiques sur

I’erythroxylum coca du Perou. Paris: Louis Leclerc Libraire-
Editeur; 1868. p. 76-9.

. Van Anrep B. Ueber die physiologische Wirkung des Cocain.

Pflugers Arch. 1880;21:38-77.

. Koller K. On the use of cocaine for producing anesthesia on the

eye. Lancet. 1884;2:290-2.

. Koller K. Historical notes on the beginning of local anesthesia.

JAMA. 1928;90:1742-3.

Hardy FE. The early life of Thomas Hardy, 1840-1891. New York:
Macmillan; 1928.

Gaertner G. Die Entdeckung der Lokalanésthesie. Der neue Tag.
1919;1(137):S.6.

Braun H. Ueber einige neue ortliche Anaesthetica (Stovain,
Alypin, Novocain). Deutche klinische Wochenschrift. 1905;31:
1667-71.

Lofgren NL, Lundquist B. Studies on local anesthetics II. Sven
Kem Tidskr. 1946;58:206.

. Lindqvist K, Sundling S. Xylocaine: a discovery, a drama, an

industry. Sodertalje: Astra; 1993.

Af Ekenstam B, Egner B, Pettersson G. Local anaesthetics:
I. N-alkyl pyrrolidine and N-alkyl piperidine carboxylic acid
amides. Acta Chem Scand. 1957;11:1187-90.

Albright GA. Cardiac arrest following regional anesthesia with eti-
docaine or bupivacaine. Anesthesiology. 1979;51:285-7.

Foldes FF, McNALL PG. 2-Chloroprocaine: a new local anesthetic
agent. Anesthesiology. 1952;13:287-96.

Ansbro FP, Blundell AE, Bodell B, Pillion JW. Nesacaine
(2-chloroprocaine): its relative nontoxicity as demonstrated by
in vivo studies. Anesth Analg. 1960;39:7-12.

Bentley R. From optical activity in quartz to chiral drugs: molec-
ular handedness in biology and medicine. Perspect Biol Med.
1995;38:188-229.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Schneider M, Ettlin T, Kaufmann M, Schumacher P, Urwyler
A, Hampl K, von Hochstetter A. Transient neurologic toxic-
ity after hyperbaric subarachnoid anesthesia with 5 % lidocaine.
AnesthAnalg. 1993;76:1154-7.

Weinberg GL, VadeBoncouer T, Ramaraju GA, Garcia-Amaro
MF, Cwik MJ. Pretreatment or resuscitation with a lipid infusion
shifts the dose-response to bupivacaine-induced asystole in rats.
Anesthesiology. 1998;88:1071-5.

Halsted W. Practical comments on the use and abuse of cocaine
suggested by its invariably successful employment in more than a
thousand minor surgical operations. NY Med J. 1885;42:294-5.
Corning JL. Spinal anesthesia and local medication of the cord. NY
Med J. 1885;42:483-5.

Corning JL. Local anesthesia. New York: Appleton; 1886.

Corning JL. Pain in its neuro-pathological, diagnostic, medico-
legal, and neuro-therapeutic relations. Philadelphia: J.B. Lippincott;
1894. p. 47.

Bier A. Versuche uber Cocainisierung des Ruckenmark. Deutsche
Zeitschrift fur Chirurgie. 1899;51:361-8.

Quincke H. Die Lumpalpunction des Hydrocephalus. Berliner
klinische Wochenschrift. 1891;28:929-33.

Herzenberg JE. Johann Friedrich August Von Esmarch: his life and
contributions to orthopaedic surgery. lowa Orthop J. 1988;8:85-91.
Tuffier T. Analgesie chirurgicale par I’injection sous arachnoidi-
enne lombaire de cocaine. C RSéances Soc Biol Par. 1899;51:822.
Matas R. Report on successful spinal anesthesia. JAMA.
1889;33:1659.

Greene NM. Distribution of local anesthetic solutions within the
subarachnoid space. Anesth Analg. 1985;64:715-30.

Macintosh RR. Lumbar puncture and spinal anesthesia. E & S
Livingstone: Edinburgh; 1951.

Maltby JR, Hutter CD, Clayton KC. The Woolley and Roe case. Br
J Anaesth. 2000;84:121-6.

Kennedy F, Effron AS, Perry G. The grave spinal cord paralyses
caused by spinal anesthesia. Surg Gynecol Obstet. 1950;91:385-98.
Vandam LD, Dripps RD. Long-term follow-up of patients who
received 10,098 spinal anesthetics. IV. Neurological disease inci-
dent to traumatic lumbar puncture during spinal anesthesia. JAMA.
1960;172:1483-17.

Bier A. Uber einen neuen weg lokalanasthesie an den gliedmas-
senzu erzeugen. Verh Dtsch Ges Chir. 1908;37:204—14.

Holmes C. McK: intravenous regional analgesia. A useful method
of producing analgesia of the limbs. Lancet. 1963;1:245-7.

Crile GW, Lower WE. Surgical shock and the shockless operation
through anoci-association. 2nd ed. Philadelphia: WB Saunders; 1920.
Woolf CJ, Chong MS. Preemptive analgesia— treating postopera-
tive pain by preventing the establishment of central sensitization.
Anesth Analg. 1993;77:362-79.

Sherwood-Dunn B. Regional anaesthesia. Philadelphia: FA Davis;
1920.

Labat G. Regional anesthesia: its technic and application.
Philadelphia: WB Saunders; 1920.

Charles Horace Mayo. https://en.wikipedia.org/wiki/Charles_
Horace_Mayo. Accesses 14 Feb 2016.

Sicard A. Les injections medicamenteuses extra-durales par voie
sacrococcygienne. C R Soc Biol. 1901;53:396-8.

Cathelin F. A new route of spinal injection; amethod of epidural
injections by way of the Sacral Canal; application to man. C
RSocBiol. 1901;53:452.

Mirave FP. Segmental anesthesia. Surv Anesthesiol. 1961;5:326.
Dogliotti AM. Anesthesia: narcosis, local, regional, spinal.
Chicago: S.B. Debour; 1939.

Curbelo M. Continuous peridural segmental anesthesia by means of
a ureteral catheter. Anesth Analg. 1949;28:13-23.

. Hingson RA. Continuous caudal analgesia in obstetrics, surgery

and therapeutics. CurrRes Anesth Analg. 1947;26:238-47.


https://en.wikipedia.org/wiki/Charles_Horace_Mayo
https://en.wikipedia.org/wiki/Charles_Horace_Mayo

The History of Local and Regional Anesthesia

13

49.
50.
51.
52.
53.
54.

55.
. Montgomery SJ, Raj PP, Nettles D, Jenkins MT. The use of the

Moore DC. Regional block a handbook for use in the clinical prac-
tice of medicine and surgery. 4th ed. IL: Springfield; 1979.

Moore DC. Complications of regional anesthesia: etiology - signs
and symptoms - treatment. IL: Springfield; 1955.

Bonica JJ. Principles and practice of obstetric analgesia and anaes-
thesia. Philadelphia: FA. Davis; 1967.

Bonica JJ. The management of pain. Ist ed. Philadelphia: Lea and
Febiger; 1953.

Bromage PR. Spinal epidural analgesia. E & S Livingstone:
Edinburgh; 1954.

Bromage PR. Epidural analgesia. Philadelphia: WB Saunders;
1978.

Winnie AP. Plexus anesthesia. 1st ed. Philadelphia: WB Saunders; 1983.

nerve stimulator with standard unsheathed needles in nerve block-
ade. Anesth Analg. 1973;52:827-31.

57.

58

59.

60.

61.

62.

63.

64.

Tsui BCH. Atlas of ultrasound and nerve stimulation guided
regional anesthesia. New York: Springer; 2007.

. Greene N. Physiology of spinal anesthesia. 2nd ed. Williams and

Wilkins: Baltimore; 1969.

Gordh T. Kliniska erfarenheter med Xylocain-ett nytt lokalanesteti-
cum. Sven Lékartidn. 1948;45:117.

Scott DB. Introduction to regional anaesthesia. New York: Appleton
& Lange; 1989.

Covino BG, Vassallo HG. Local anesthetics: mechanisms of action
and clinical use. New York: Grune and Stratton; 1976.

Covino BG, Scott BD, Lambert DH. Handbook of spinal anaesthe-
sia and analgesia. 1st ed. Philadelphia: WB Saunders; 1994.

Chan VWS. Ultrasound imaging for regional anesthesia. A practi-
cal guide. 2nd ed. Toronto: Vincent W.S. Chan; 2010.

Eger II EI, Saidman L, Westhorpe R. The wondrous story of anes-
thesia. New York: Springer; 2014.



Regional Anesthesia Safety

John W.R. McIntyre and Brendan T. Finucane

Key Points

* A thorough preanesthetic patient history helps identify
any risk factors related to the nervous, respiratory, cardio-
vascular, gastrointestinal, and hematologic systems. A
thorough physical exam will identify any potential pitfalls
or unforeseen surprises that could affect the ease and
effectiveness of the nerve block.

* Use of well-designed equipment, which is appropriate for
the procedure, can increase the success of regional blocks.
Today’s anesthesiologists have a wide range of needles,

perineural catheters, nerve stimulators, ultrasound
machines/probes, and monitoring devices at their
disposal.

* Unique complications are associated with specific blocks
and block procedures. These can occur during the block
or appear during the postoperative period. Vigilance and
knowledge on the part of the anesthesiologist and proper
monitoring can help in identifying and addressing block-
related complications perioperatively

e Prevention of complications is the key to safe and effec-
tive local and regional anesthesia practice. A preanes-
thetic checklist, good anatomical knowledge, patient
selection, and technical skill are factors that can prevent
adverse events during or after a block.

John W. R. MclIntyre (deceased).

B.T. Finucane, MB, BCh, BAO, FRCA, FRCPC (<)
Department of Anesthesiology and Pain Medicine,
University of Alberta, Edmonton, AB, Canada
e-mail: bfinucane6@ gmail.com

© Springer International Publishing AG 2017

Introduction

We are now in the third edition of this book and Professor
Mclntyre’s observations are still very relevant today and
more so in view of the fact that we are emphasizing safe
practice of local and regional anesthesia. I updated the infor-
mation in this chapter but the lion’s share of the credit for the
writing should still go to Dr. McIntyre (Fig. 2.1)
posthumously.

Every patient wishes to receive anesthesia care that is
safe, in other words, “free from risk, not involving danger or
mishap; and guaranteed against failure” [1]. The anesthesi-
ologist will present a more realistic view to the patient. The
personal view of the hoped-for care will be one in which the
clinical outcome is satisfactory and has been achieved with-
out complication (defined as “any additional circumstances
making a situation more difficult” [1]) because performance
has deviated from the ideal [2]. By this standard, most devia-
tions are trivial or easily corrected by a perfect process, and
outcome for the patient and a reasonably stress-free life for
the providers are objectives for all anesthesiologists. The
general objective here is to provide information that helps
the clinician to minimize complications that may occur dur-
ing the course of local and regional anesthesia practice. This
information is presented under the following headings:

* Complication anticipation

* Equipment

* Behavioral factors and complications

* Complication recognition

» Complications of specific neural blockades
e Complications in the postoperative period
e Complication prevention
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Fig.2.1 Professor John W.R. McIntyre (1925-1998)

Complication Anticipation: Recognizing
Precipitating Factors

The Preoperative Assessment: Patient History

Some anesthesiologists have a preconceived plan for regional
anesthesia before they visit the patient; others gather informa-
tion before considering what method of anesthesia is appro-
priate. The following paragraphs about the relationship
between regional anesthesia and pathology are intended to
aid recognition of potential complications for the patient
under consideration and planning of anesthesia to avoid them.

The Nervous System

Fundamental issues to be settled during the preoperative visit
are how the patient wishes to feel during the procedure and
the anesthesiologist’s opinion of how well the patient would
tolerate the unusual sensations, the posture, and the environ-
ment. Whatever decision is made about pharmacologic support,
it is absolutely essential that every patient has a clear under-
standing of reasonable expectations, once a plan has been
made, and of the importance of revealing his or her own
customary mood-altering medications. This is a convenient
occasion to inquire about the patient’s and relatives’ previous
experiences with local, regional, and general anesthesia.
Information should be sought regarding the presence of
any degenerative axonal disease involving spinal cord,
plexus, or nerve to be blocked and symptoms of thoracic
outlet syndrome, spinal cord transaction, and lumbar lesions.
Strong proponents of regional anesthesia have stated that a
wide range of conditions—multiple sclerosis, Guillain—

Barré syndrome, residual poliomyelitis, and muscular
dystrophy—are unaffected [3], although difficulty in a
patient with Guillain—Barré syndrome has been reported [4].
However, there are reports of permanent neurologic deterio-
ration in patients with unidentified preexisting problems [5-7].
Spinal anesthesia is an effective way of obtunding mass
autonomic reflexes in patients with spinal cord transaction
above T35, but a mass reflex has been described in a patient
with an apparently appropriate block [8]. It must be con-
cluded that the uncertainty of outcome when regional anes-
thesia is used in patients with established neurologic disease
demands that the technique be used only when it is clearly
advantageous for the patient. It is prudent to seek out symp-
toms of unrecognized neurologic abnormality when plan-
ning which anesthesia technique will be used. Parkinson’s
disease and epilepsy are not contraindications to regional
anesthesia, provided they are habitually well controlled by
medications, which should be continued during and after the
operative period. This topic will be discussed in much greater
detail in Chap. 9.

Thus far, the concerns addressed have largely involved
the possibility of long-term neuronal damage and uncon-
trolled muscle activity, but the rapid changes in intracra-
nial pressure during lumbar puncture can be dangerous [9,
10]. The lumbar extradural injection of 10 mL of fluid in
two patients increased the intracranial pressure from 18.8
to 39.5 mmHg in the first patient and from 9.3 to
15.6 mmHg in the second patient [11]. Among patients at
risk are those with head injuries, severe preeclampsia, and
hydrocephalus.

A history of sleep apnea is more a reminder of the need
for meticulous monitoring than a contraindication to regional
anesthesia. In any case, patients may not recognize their own
sleep apnea experiences. They are more likely to know of
snoring, daytime hyper-somnolence, and restless sleep.

The Respiratory System

Preoperative pulmonary function tests do not identify defini-
tive values predictive of hypoxia during regional anesthesia,
but for practical purposes, if there are spirometric values
<50 % of predicted, risk is increased [12]. It is certainly so if
the values are FEV < 1.0 L, FVC < 15-20 mL/kg, FEV/
FVC <35 %, PEF < 100-200 L/min, and PCO, > 50 mmHg.
Avoidance of the airway manipulation associated with gen-
eral anesthesia and preserving coughing ability are advanta-
geous for the patient with asthma or chronic obstructive
pulmonary disease. Unfortunately, that can be more than off-
set by a magnitude of motor blockade that decreases vital
capacity, expiratory reserve volume, maximum breathing
capacity, and the ability to cough, all of which can result
from anesthesia for abdominal surgery. If for some reason
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the patient is particularly dependent on nasal breathing, as
infants are, a block that is complicated by nasal congestion
due to Horner’s syndrome will cause respiratory difficulty.

Clinical assessment determines the need for acid-base
and blood gas measurements. Hypoxia and acidosis enhance
the central nervous system and cardiotoxicity of lidocaine
[13—-15]. In neonates, these effects are accentuated by poor
compensation for metabolic acidosis.

The Cardiovascular System

Cardiac disease has profound implications for regional anes-
thesia, as it has for general anesthesia. Among the systems
classifying the degree of cardiac risk, Detsky’s modification of
the Goldman index is useful (Table 2.1) [16]. However, this
risk assessment is not patient specific, and there are individual
asymptomatic patients with significant coronary artery disease
that is unlikely to be detected. Also, chronic and relatively
symptom-free chronic valvular dysfunction may lead to sud-
den and severe circulatory collapse [17]. There are many
potential causes of myocardial infarction in patients undergo-
ing extra cardiac surgery, as there are for other cardiovascular
complications [18]. The role of dipyridamole-thallium scintig-
raphy and ambulatory (Holter) electrocardiography (ECG)
has attracted interest [19, 20]; however, physiologic changes
that can occur in a patient during the operative period and sub-

Table 2.1 Detsky’s modified multifactorial index arranged according
to point value

Variables Points
Class 4 angina® 20
Suspected critical aortic stenosis 20
Myocardial infarction within 6 months 10
Alveolar pulmonary edema within 1 week 10
Unstable angina within 3 months 10
Class 3 angina® 10
Emergency surgery 10
Myocardial infarction more than 6 months ago 5
Alveolar pulmonary edema ever

Sinus plus atrial premature beats or rhythm other than 5
sinus on last preoperative electrocardiogram

More than five ventricular premature beats at any time 5
before surgery

Poor general medical status® 5
Age over 70 years 5

Sources: Detsky et al. [16] Copyright 1986, American Medical
Association. All rights reserved; Detsky et al. [17] Copyright 1986,
Blackwell Publishing. All rights reserved with permission of Springer
*Canadian Cardiovascular Society classification for angina

"Oxygen tension (PO,) <60 mmHg; carbon dioxide tension (PCO,)
>50 mmHg; serum potassium <3.0 mEqg/L; serum bicarbonate
<20 mEq/L; serum urea nitrogen >50 mg/dL; serum creatinine >3 mg/
dL; aspartate aminotransferase abnormality; signs of chronic liver dis-
ease; and/or patients bedridden from noncardiac causes

sets of patients to whom a specific test applies have yet to be
identified with certainty [17].

When assessing the patient with cardiovascular problems
for regional anesthesia and debating the addition, or perhaps
sole use, of general anesthesia, the anesthesiologist must make
predictions. These are the ability to satisfactorily control pre-
load and afterload, myocardial oxygen supply, and demand
and function. If one or more of these deviate from optimal
limits, will the rate of change that may occur exceed the rate at
which the therapeutic management can be developed?

The cardiac dysrhythmias of particular interest are the
array of clinical disorders of sinus function (sick sinus
syndrome). These are often associated with reduced auto-
maticity of lower pacemakers and conduction distur-
bances. Local anesthetic drugs that diminish sinoatrial
node activity, increase the cardiac refractory period, pro-
long the intracardiac conduction time, and lengthen the
QRS complex will, in sufficient quantity, aggravate sinus
node dysfunction.

It is important to realize that the pharmacokinetics of
medications is influenced by certain cardiac defects. Patients
with intracardiac right-to-left shunts are denied protection by
the lungs, which normally sequester up to 80 % of the intra-
venous drug. If this is reduced, the likelihood of central ner-
vous system toxicity is increased [21, 22].

The Gastrointestinal Tract

It is essential that the anesthesiologist obtain reliable infor-
mation about the food and drink the patient has or will have
taken preoperatively. A patient presenting for elective sur-
gery will have received the customary institutional manage-
ment, which may include one or more of the following:
anticholinergic, histamine-receptor blocker (H2), antacid,
and benzamide derivative. Based on knowledge up to 1990,
the following proposals have been made. First, solid food
should not be taken on the day of surgery. Second, unre-
stricted clear fluids should be permitted until 3 h before
scheduled surgery [23, 24].

In a study of the effect of epidural anesthesia on gastric
emptying, measured by the absorption of acetaminophen
from the upper small intestine, it appeared that block of sym-
pathetic innervation of the stomach (T6-10) did not affect
gastric emptying [25]; however, epidural injection of mor-
phine at the T4 level delayed emptying. Nevertheless, with
the onset of high spinal anesthesia, antiperistaltic movements
and gastric regurgitation may occur and the ability to cough
is reduced during a high blockade. Thus, the value of periph-
eral neural blockade for a patient with a potentially full
stomach cannot be overestimated: subarachnoid and epidural
anesthesia do not protect patients from aspiration. Similarly,
paralysis of a recurrent laryngeal nerve, a complication of
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blockades in the neck region, predisposes patients to aspiration
of gastric contents.

In a wide variety of abnormal circumstances, including
trauma and near-term pregnancy, it is impossible to predict
on the basis of the passage of time what the stomach con-
tains. If the stomach is not empty, there are other vital con-
siderations. In the presence of the blockade, the patient must
be able to protect himself from aspiration; alternatively, in
the presence of a failed blockade, it must be possible to
administer a general anesthetic safely or to abandon the sur-
gical procedure or delivery. Obstetric procedures usually
brook no delay, and so it is mandatory that at some time well
before the anticipated delivery date, the airway problems of
pregnant patients be identified and plans made to cope with
any eventuality.

The Hematologic System

Clotting Mechanisms

A regional anesthesia technique in which a hemorrhage
cannot be detected readily and controlled by direct pressure
is contraindicated in patients with a coagulation disorder,
which might be attributed to diseases such as thrombocyto-
penia, hemophilia, and leukemia, or to drugs. Drugs having
primary anticoagulant effects include unfractionated
heparin, low-molecular-weight heparins, coumadin, and
platelet inhibitors including aspirin, abciximab, clopidogrel,
dipyridamole, anagrelide, ticlopidine, and tirifiban. Other
drugs that to some degree influence coagulation are nonste-
roidal anti-inflammatory medications, urokinase, phen-
procoumon, and dextran 70.

Laboratory measurements determine the presence of a
significant coagulation defect. Anticoagulation during hepa-
rin therapy is most often monitored by the activated clotting
time. This method is not specific for a particular part of the
coagulation cascade, and for diagnostic purposes, a variety
of other tests are used: prothrombin (plasma thromboplastin)
time, activated partial thromboplastin time, platelet count,
and plasma fibrinogen concentration. Even in combination,
however, these fail to provide a complete description of the
status of the coagulation system. It is possible that viscoelastic
methods are a convenient technique to monitor perioperative
bleeding disorders [26].

Once a detailed history of drug use and laboratory mea-
surements is available, a decision regarding the potential
complications of central neural blockade, with or without
catheter insertion, may be necessary, as may the influence of
an anticoagulated state on postoperative developments.

Clinical experiences with these dilemmas have been
comprehensively reviewed [27, 28], the conclusion being
that performing epidural or spinal anesthesia in patients
treated with drugs that may jeopardize the normal responses

of the clotting system to blood vessel damage is a concern. It
is clear that major nerve-blocking techniques can be used in
some patients who have received or will be receiving antico-
agulant drugs. This success is not only dependent on an
appreciation of the properties of different anticoagulant man-
agements and a skilled regional anesthesia technique but also
very careful postblockade monitoring. Thus, the advantages
of the regional block envisaged must be carefully compared
with other anesthesia techniques for the patient and the over-
all patient care available.

“Histaminoid” Reactions

Histaminoid refers to a reaction whose precise identity—his-
tamine, prostaglandin, leukotremia, or kinin—is unknown.
Few patients would recognize that term, and it is wiser to
inquire of “allergy or sensitivity experiences.” This is particu-
larly valuable information if the patient describes a situation
that the anesthesiologist has contemplated repeating [29].
The patient’s story should not be discounted by attributing the
reported events to epinephrine or a misplaced injection.

The dose or rate of administration does not affect the
severity of a histaminoid reaction. Additionally, many stud-
ies have shown that reactions occur more often in patients
with a history of atopy [30], but that a history of allergy is not
predictive of severe clinical anaphylaxis [31]. The patient’s
history, or lack of it, is important and may guide the anesthe-
siologist away from certain drugs; however, an unexpected
reaction will challenge some anesthesiologists, somewhere,
sometime, and that complication will demand immediate
recognition and treatment.

Pseudocholinesterase Dysfunction

If a patient’s red cell cholinesterase is deficient or abnormal,
drugs metabolized by that enzyme, such as 2-chloroprocaine,
will be broken down more slowly, lowering the toxicity
threshold [32, 33].

Methemoglobinemia

Drugs predisposing to methemoglobinemia are aniline dyes,
nitrites, nitrates, sulfonamides, and antimalarial medica-
tions. It may also be associated with hemoglobinopathies
and glucose-6-phosphate dehydrogenase deficiencies. The
local anesthetics benzocaine, lidocaine, and prilocaine can
contribute to methemoglobinemia.

Muscle Disease

Inquiries about muscular dystrophy, myasthenia gravis, and
malignant hyperthermia are part of the preanesthetic evalua-
tion, regardless of the contemplated anesthetic technique. It
has been stated that neither amide nor ester-linked local
anesthetics are contraindicated in such cases [34], we now
have a clear message from the Malignant Hyperthermia
Association of the United States (MHAUS) that all local
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anesthetics in common use today are safe to use in patients at
risk of malignant hyperthermia [35].

If the patient has a muscular dystrophy it is important to
know because of associated problems that may be present,
such as ECG abnormalities, but regional anesthesia is not
contraindicated and may indeed be the technique of choice.

Diabetes

Diabetic patients usually announce their disease, but some
leave the anesthesiologist to find out. It is important that
the anesthesiologist knows that a patient is diabetic,
because although neural blockade may be the technique of
choice in some respects, the peripheral neuropathy and
autonomic dysfunction associated with the disease have
implications, particularly if they are in the area to be
blocked. Preanesthetic symptoms and signs should be
carefully documented.

Notably, a central conduction block limits the normal
physiologic response to hypoglycemia and a diabetic patient
can be unduly sensitive to the normal insulin regimen. This
may complicate postoperative care [36, 37].

Miscellaneous Medications

Neural blockade complications clearly caused by drug inter-
actions are rare, but possibilities can be taken into account
during anesthesia planning and in diagnosing any complica-
tions detected later.

Aspirin

Aspirin therapy, because of its antiplatelet activity, may
increase the risk of bleeding, which in, association with cen-
tral neural blockade, is potentially tragic. The effect of the
drug on platelets is irreversible and lasts 7-10 days; thus,
some assessment of platelet function should be made in
aspirin-treated patients [38]. Today, measurement of the
bleeding time is the only practical test of in vivo platelet
function. It may return to normal 72 h after discontinuation
of the drug, but in vitro platelet aggregation tests require
much more time. If the bleeding time is 10 min or more, the
clinician must weigh the relative disadvantages for that
patient of other forms of anesthesia and analgesia.

Quinidine and Disopyramide

Laboratory studies showed that lidocaine metabolites and the
metabolites of several antiarrhythmic agents had little effect
on lidocaine protein binding. However, bupivacaine, quini-
dine, and disopyramide caused a significant increase in the
lidocaine free fraction. These effects could cause unexpected
drug-related complications [39].

Benzodiazepines
Diazepam enhances the cardiovascular toxicity associated
with bupivacaine and verapamil [40]. Benzodiazepines mask

the early signs of systemic toxicity, so that the first evidence
of problems may be cardiorespiratory depression.

Verapamil

Verapamil increases the toxicity of lidocaine and bupiva-
caine in mice [41], and cardiovascular collapse in patients
has been reported [42].

Nifedipine
Nifedipine increases the toxicity of bupivacaine in dogs [43].

The Preanesthetic Visit: Physical
Examination

The routine preoperative examination for anesthesia is
described in many textbooks. The following paragraphs
address matters that, although interesting at any time, are
particularly important for the anesthesiologist contemplating
performing a neural blockade. Positive answers to the fol-
lowing questions are not necessarily contraindications to
regional anesthesia; indeed, they may support its selection,
but they do indicate matters that must be given particular
consideration.

Positioning for the Block

e Is the patient so large or heavy that a dangerous strain
may be placed on tables, stools, and assistants unless spe-
cial precautions are taken?

Blood Pressure
* [s the patient hypertensive or hypotensive?

Oxygenation
e Is the patient hypoxic?

Blood Volume
e Is the patient hypovolemic?

Infection

e Is there dystrophic skin or infection at the site of needle
entry or infection in the needle track?

o Is there systemic infection in the body?

e Is the patient febrile?

Previous Surgery
e Are there scars anywhere indicating previous trauma or
surgery that the patient has not mentioned?
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Abdominal Masses

e Is an abdominal mass present that could impair venous
return or respiration?

e Is there a gravid uterus beyond the first trimester that
could impair venous return and influence the spread of
subarachnoid injections?

Venous Access
e Will venous access for medications or fluids be easily
obtained?

The Upper Airway

e In an emergency situation, can the anesthesiologist easily
take control of the patient’s airway, ventilate the patient,
and prevent aspiration?

Technical Difficulty Performing the Proposed Block

e Will arthritis, amputation, or obesity hinder positioning
the patient?

* Does obesity obscure bony landmarks?

e Is arthritis likely to hinder neural access?

e Are spinal defects, abnormalities of vertebral fusions, or
foreign bodies present to hinder neural access?

e Can the arm be moved into a suitable position?

e Is there a hindrance to positioning a tourniquet?

Lymph Glands

* Are there axillary or femoral lymph glands in the needle
path for the proposed block?

e Evaluating the Hemodynamic Status of the Limb

* Will a cast or other hindrance prevent monitoring of
peripheral blood flow in a limb?

Conclusion

Surprises for an anesthesiologist in the block room are usu-
ally stressful, potentially hazardous for the patient, and may
delay the operating room schedule. It is cautionary to realize
that, in complex processes, be they medical care or industry,
dangerous situations result from a sequence of events. Failure
to obtain a certain item of information at the preanesthetic
visit can be compounded by related events in the surgical or
dental suite and the recovery area. The preoperative visit is
the opportunity to plan the patient’s anesthetic, be it a tech-
nique of regional anesthesia, general anesthesia, or a combi-
nation. A structured interview and examination is one facet
of safe regional anesthesia practice.

Equipment

The objective for any attempted neural blockade is to produce
the anesthesia required, and thus a major complication is
block failure. Neural blockade may fail for pharmacologic or
pharmacokinetic reasons, because the anesthesiologist lacks
mental imagery of the anatomy, manual dexterity, or tactile
sensitivity. Well-designed equipment does not make the user
skilled, but it can diminish the complication of “failed spinal”
and other complications associated with needle placement.
The following is a collation of published data criteria believed
to influence successful identification of the location for the
anesthetic and of the complications associated with these
attempts. Ultrasound-guided needle placement has greatly
enhanced success rates of regional anesthesia particularly
those involving peripheral nerves, in recent years.

Spinal Needles

Clinical Reports

The size of needles ranging from 18 to 25 gauge do not affect
the success rate for subarachnoid tap [44, 45], and Whitacre
25 and 27 gauge, Quincke 25 gauge, and Sprotte have been
used satisfactorily [46—49]. Thinner needles (29 and 30
gauge) have a greater tendency to deviate during their pas-
sage through ligamentous tissues, and an introducer through
which those needles can be passed is essential [S0-52].

Cerebrospinal fluid (CSF) spontaneous flow through a
29-gauge needle appears extremely slowly, if at all, even if
the hub is clear plastic instead of metal. Similarly, injection
of fluid can be accomplished only slowly, and drug distribu-
tion may be affected [51].

Spinal anesthesia in children can safely be done with 22-
or 25-gauge spinal needles or the hollow stylet from a
24-gauge Angiocath.

Headache is primarily a complication of spinal tap in
adults. An extensive and critical analysis of clinical
reports concluded that the smallest gauge needle with a
noncutting tip reduces its likelihood [53, 54]. Thus, choice
of needle gauge is a compromise because using a very fine
needle is more difficult. It has been suggested that when
avoiding headache is paramount, Quincke or Whitacre 27
gauge are the needles of choice [55]. Waiting times for the
appearance of CSF, with the patient in a lateral position
using these needles were 10.8 + 6.9 and 10.7 £ 6.8 s,
respectively.

Laboratory Reports

Laboratory reports address the technical problems about
which clinicians speculate and some complications to avoid.
The conclusions are summarized next.
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Changing the Needle Direction During Insertion
Deliberate change of direction of a needle is customarily
done by almost complete withdrawal and subsequent reen-
try, and inadvertent deviation during advancement is mis-
leading. A laboratory model demonstrated the occurrence of
needle deviation and the influence of needle point design
and gauge [56]. It was least with pencil-point spinal needles
and greatest with beveled spinal needles. The needle devia-
tion with beveled needles was consistent in direction as well
as degree, in contrast to pencil-point tip configurations.
Thus, rotating a beveled needle during insertion and redirec-
tion may hinder future identification of the epidural or sub-
arachnoid space.

Resistance to Penetration of the Dura Mater

The human dura mater is relatively resistant to penetration
by along, beveled 21-gauge (80 x 0.8 mm) Quincke-Babcock
needle [57]. After entering the epidural space (anatomically
believed to vary from 1 to 7 mm in depth), depending on the
site of insertion, the needle advanced 7-13 mm within it.
This tenting of the dura mater is believed to be a potential
hazard in the thoracic and cervical region because the spinal
cord could be impacted.

Detection Time for CSF After Dural Puncture

Features that determine the effective use of spinal needles
include rapid detectability of CSF and low resistance to
injectate. Experiments with a wide variety of needles
revealed that all Becton-Dickinson needles had a zero detec-
tion time [58]. The Quincke “Spinocan” 26 gauge and Portex
pencil-point had the greatest delay, which at an artificial CSF
pressure of 20-50 cm H,O was approximately 8 s. The cal-
culated relative resistance to flow through the needles varied
from 0.21 (Becton-Dickinson Whitacre 22 gauge) to 2.91
(Quincke, Spinocan 26 gauge).

Rate of CSF Leak Following Dural Puncture

The rate of CSF loss through a dural puncture site can be
measured in an in vitro model, and experiments demon-
strated that, although more force was required to pierce the
dura, CSF leakage from pencil-point needles was signifi-
cantly less than that from Quincke needles of the same exter-
nal diameter [59]. The authors concluded that the Whitacre
27-gauge needle lacks a clear advantage over the 25-gauge
needle, which may be easier to use.

Needle Orifice Shape and Unintended Extra

Dural Injection

A needle whose distal orifice is partially in and partially out-
side the subarachnoid space may deliver CSF from the hub,
but only part of the injectate will be delivered into the sub-
arachnoid space. The 22-gauge Whitacre needle is preferable

to long-orifice needles such as 22-gauge Sprotte, Quincke,
and Diamond point [53, 60].

Epidural Needles

A suitable needle has the following characteristics: (1) easy
penetration of ligaments, (2) minimally traumatic penetra-
tion, (3) minimal difficulty locating the epidural space, and
(4) a lumen that facilitates epidural catheter placement. There
are three needles that largely incorporate these features.

Tuohy Needle

The distal end is curved 20 degrees to direct a catheter into the
epidural space. It must be introduced into the epidural space at
least to the depth of the orifice. After a catheter has been inserted,
it cannot be withdrawn without a serious risk of transaction.

Crawford Needle

This needle lacks a curved end and so must approach the epi-
dural space obliquely if a catheter is to be inserted. It does not
have to penetrate as deeply as the Tuohy needle into the space.

Whitacre Needles

Whitacre epidural needles have a blunt tip to reduce the like-
lihood of dural puncture. The eye of the needle is located
laterally, so the distal end must be inserted well into the epi-
dural space.

Needle sizes appropriate to the ages of children are as fol-
lows: [61] until 6-7 years, 20 gauge; from 7 to 10 years, 19
gauge; over 10 years, 19 or 18 gauge. A 16- or 18-gauge
needle is customarily used in adults.

Combined Spinal and Epidural Techniques

The development of combined spinal and epidural (CSE)
techniques since their inception in 1937 has been recently
reviewed [62]. Various techniques, including conventional
epidural, long spinal needles, catheters, and special devices,
can be used. The double-segment technique involves the
insertion of an epidural needle followed by a spinal needle
inserted one or two segments below. The single-space tech-
nique (SST) requires an epidural needle insertion followed
by a spinal needle insertion through its lumen once the epi-
dural anesthesia solution has been injected. There are techni-
cal complications associated with the combined use of these
devices as well as the individual ones, and sets specifically
designed for SST have been designed.
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Double-Lumen Needles

In this technique, a Tuohy needle has a parallel tube as a
guide for a thinner spinal needle. There are two types—a
bent parallel tube and a straight parallel tube. The bent paral-
lel tube consists of a curved 20- to 22-gauge spinal needle of
the same length as the Tuohy needle. The straight tube is
fixed on the side of a Tuohy needle; the point of the guide is
situated 1 cm behind the eye of the Tuohy needle. Spinal
needles of normal length can be used. The double-lumen
concept allows insertion of the epidural catheter before posi-
tioning of the spinal needle.

Another device is a conventional Tuohy needle to which
has been added an additional aperture at the end of the longi-
tudinal axis [52]. It is through this that a spinal needle on its
way to the subarachnoid space will exit. Favorable clinical
reports of CSE techniques have been supplemented by labo-
ratory studies of flow characteristics of long spinal needles
and the risk of catheter migration from the epidural space.

Flow Characteristics of Long Spinal Needles

The 120-mm, 26-gauge Braun Spinocan needle was com-
pared in vitro with the 120 mm, 27-gauge Becton-Dickinson
spinal needle. A pressure of 10 cm H,O caused fluid to drop
from the needle after 330 + 14.8 and 129 + 20.7 s, respec-
tively. Clinical study findings were 33.5 and 10.85 s, respec-
tively. The internal diameter of the 26-gauge needle is
0.23 mm and of the 27-gauge needle, 0.25 mm. The gauge
value indicates the outer size, not the lumen [63].

Catheter Migration

An epiduroscopic study of cadavers demonstrated that the risk
of epidural catheter migration through a dural puncture hole was
very small. It was much less likely if the hole had been made by
a 25-gauge spinal needle than with a Tuohy needle [64].

Complications Associated with Spinal
and Epidural Catheters

1. Insufficient length to reach from the exit site to the
shoulder.

2. Venous penetration. The lumen must be sufficient for
aspiration. A stylet in the catheter must not project out of
the tip.

3. Dural penetration. The lumen must be sufficient for aspi-
ration. A stylet in the catheter must not project out of the
tip. A closed round-ended catheter with side openings
makes penetration less likely.

4. Kinking. This is less likely with currently manufactured
catheters and with the redesigned version of the Racz
catheter [65].

5. Knotting. Interval marking of the catheter is a useful
guide to the catheter length within the subarachnoid or
epidural space and discourages coiling.

6. Difficult withdrawal. A clinical study of forces necessary
for lumbar extradural catheter removal (range 1.57 +0.96 to
3.78 = 2.8 N) and literature review indicated that the origi-
nal approach to the space was inconsequential. However,
the withdrawal force required was greater with the patient
sitting than in the lateral position. Thus, the flexed lateral
position was recommended for removal [66, 67]. This opin-
ion is controversial. It has been recommended that the
patient be in the same position used for insertion when it is
removed [68].

Devices for Peripheral Nerve Blockade

Complications of nerve blockade include intravascular injec-
tion, intraneural injection, and failure to locate the nerve to
be blocked. Breakage at a weak junction between the hub
and stem is unlikely with modern needles, although in some
circumstances a security bead can be a useful precaution.

Intravascular needle placement may be impossible to
detect by aspiration if the needle lumen is very fine, and a
translucent hub is of little help. This has implications for
resuscitation arrangements established for minor surgical or
dental procedures performed in offices and clinics.
Intraneural injection is unlikely, but needles with side ports
provide some protection from that event.

Paresthesias are quite common and unwelcome during the
conduct of a central neural blockade especially spinal anesthe-
sia, but in the past peripheral nerves were often deliberately
located by eliciting paresthesias with the needle. This crude
method of identifying peripheral nerves is no longer necessary
with the advent of neurostimulation and more recently, ultra-
sound-guided regional anesthesia techniques. The causal rela-
tionship between paresthesia elicited in this manner and neural
damage is controversial, and no statistically significant clinical
data indicate that such stimulation produces neuropathy [69].
The animal experiments upon which claims for potential neu-
ropathy are based did not represent clinical practice, although a
clinician can never be absolutely certain that the tip of the nee-
dle is not actually within a nerve. Indeed, the sterile flexible
infusion line between syringe and needle is there to help immo-
bilize the needle when it is in position.

Concerns about mechanically produced paresthesia popu-
larized the introduction of nerve stimulation to locate and
identify peripheral nerves. The needle should ideally be insu-
lated by Teflon coating in order to enhance opportunities to
place the needle tip close to the nerve. Paresthesias may occur
when the instrument is in use, but its purpose is to elicit visible
contraction in a muscle served by the nerve to be blocked.
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Ideally, the nerve stimulator should have the following
characteristics [70]:

Constant current output

Clear meter reading to 0.1 mA
Variable output

Linear output

Clearly marked polarity

Short pulse width

Pulse of 1 Hz

Battery indicator

High-quality alligator clips
High- and low-output settings

R A G i ol e
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Instruments designed for testing neuromuscular transmis-
sion do not usually indicate voltage or current at the site of
stimulation and so are disadvantageous because they control
only voltage, whereas it is current that causes a nerve to depo-
larize [71]. It is possible to elicit a muscle response when the
needle is some distance from the nerve unless the stimulus
current is less than 0.5 mA [72]. The concept is attractive and
popular with some practitioners, but definitive evidence of its
superiority over other methods is lacking and the occurrence
of serious complications has been reported [69].

Another technique to safely identify the site for injection is
visualizing the anatomy by ultrasonography. Not only can
this increase the likelihood of successful neural blockade, but
it reduces the incidence of pneumothorax associated with the
supraclavicular approach to brachial plexus blockade [73].

Resuscitation Supplies

Cardiovascular failure, with or without respiratory failure, is
a rare complication of regional blockade whether for head,
trunk, or limbs. If competent treatment is not immediately
available, however, the result will be permanent cerebral
damage or death.

ASRA guidelines require the following medications and
equipment to be immediately available when performing any
regional anesthesia procedure:

Intravenous access and fluids, a tipping trolley, an oxygen
supply, and resuscitation drugs and equipment must be avail-
able. The equipment must include an anesthesia machine as
a source of oxygen, a means of lung ventilation, a laryngo-
scope, oropharyngeal airways, cuffed endotracheal tubes, a
stilette, and continuous suction. Benzodiazepine, propofol,
suxamethonium, ephedrine, epinephrine, atropine, and Lipid
Emulsion 20 % should be immediately available. For com-
plete details, please refer to the ASRA Practice Advisory on
Local Anesthetic Systemic Toxicity [74].

Those are the basic requirements of the caregivers trained
to provide advanced cardiopulmonary resuscitation and must
be present when neural blockade is attempted in the hospital,

“block” clinic, or indeed anywhere. They are just as neces-
sary in the office where a minor procedure is to be done
under neural blockade. Not only must equipment be there,
but the persons present should be trained to use it. In light of
the magnitude of the potential tragedy, they should be able to
communicate with extramural help while continuing their
efforts at cardiopulmonary resuscitation. In other words, the
anesthesiologist must always be accompanied by a trained
assistant when performing regional anesthesia.

Behavioral Factors and Complications

The behavioral factors that lead to complications are of sev-
eral categories. A lapse of safe habit is the routine failure to
check effectively the identity and concentration of fluid to be
injected. Another is the lack of a routine method of distin-
guishing between syringes. An unsafe habit could be the use
of an air-filled syringe to identify the epidural space of a
child. Other potential causes have been reviewed and in gen-
eral are referred to as vigilance decrement, vigilance being a
state of maximal and psychological readiness to react to a
situation [75-77]. These can be the cause of temporarily
breaking a safe habit or creating an unsafe habit or of miss-
ing evidence of a complication. It is an important feature of
complication avoidance that anesthesiologists be aware of
these behavioral pitfalls and to discipline themselves accord-
ingly, while establishing safe work scheduling.

Effects of Sleep Deprivation

Sleep deprivation can dramatically impair performance of
monitoring tasks, whether the signals are presented in an
auditory or visual mode—and particularly if the task is not
cognitively exciting. A cumulative sleep debt incurred over
days has a detrimental effect; however, there are wide indi-
vidual differences in responses to acute or chronic sleep
loss. Ideally, anesthesiologists should objectively establish
their own limitations because an anesthesiologist who has
been working most of the night may feel remarkably awake,
perhaps euphoric, in the morning, although studies have
documented reduced performance, and in the afternoons
the situation will have further deteriorated. Napping is not
necessarily helpful, particularly if it occurs during a period
of REM sleep.

A recommendation supported by evidence from a variety of
subjects, including anesthesiologists, for the anesthesiologist
who has been working most of the night and is scheduled for a
full day’s work is this: “Do not work [78]. If work is mandatory
do not nap for only 2 h. If 4 h is possible, accept it but be pre-
pared for some remaining performance decrement.”
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The Effects of Fatigue

Hours of continuous cognitively challenging work result in
fatigue. The effects of fatigue are accentuated by sleep depri-
vation and influenced by the position of the activity in the
individual’s circadian rhythm. Published data support the
contention that a fatigued anesthesiologist may be careless
and less likely to detect perioperative complications or to
respond optimally to evolving clinical situations [78].

The Hazard of Boredom

A task that is repetitious, uneventful, uninteresting, and unde-
manding is boring. In such a case, the anesthesiologist has too
little work. It is a problem shared by many other real-life
responsible tasks and results in inappropriate automatic behav-
ior, vigilance decrement, inappropriate interest, and a general
feeling of fatigue. Thus, the low-workload situation, similar to
the high-workload state, can cause performance decrement,
and thus complications, because evidence of their develop-
ment is overlooked. Anesthesiologists periodically change
their location in the operating room or converse with operating
room companions, probably in an unconscious effort to main-
tain vigilance by increasing sensory input [76]. An unsedated
patient under regional anesthesia is sometimes a highly enter-
taining and educational source of information and social com-
mentary, thus keeping the anesthesiologist close by. During
boring cases, the addition of occupations completely unrelated
to patient care demand a time-sharing technique that must be
learned, and even then their impact on an individual’s vigi-
lance for clinically important matters is variable and very dif-
ficult to predict. Thus, while reading or listening to personal
music in the operating room is common behavior it is difficult
to judge if these practices interfere with patient care.

The Influences of Physical and Mental Factors

An anesthesiologist is sometimes anxious in the operating
room, but when this is compounded by personal anxieties,
planning, decision making, and monitoring may be adversely
affected. Substance abuse reduces vigilance and psychomotor
performance and there is strong evidence that hangovers from
alcohol and marijuana have similar effects. Recent work sug-
gests that pilots should wait at least 14 h after drinking alcohol
before flying, although it is constituent aromatic substances in
some beverages that are more likely to cause a problem.

Work Environment

The physical environment for conducting hospital surgery
under regional anesthesia is similar to that for general anes-

thesia in that monitor displays should be discernible from the
variety of positions assumed by the anesthesiologist during
the course of the procedure [76].

Recently, verbal communications were found to be
responsible for 37 % of events that could have resulted in
patient deterioration or death in an intensive care unit, sup-
porting other anecdotal reports of communication errors
[78]. This confirms the need for an established routine to
check the identity and concentration of fluids to be injected
in every hospital or clinic location where neural blockades
are done or existing blockades reinforced.

Small clinics and professional offices may differ from the
hospital environment in one significant respect. In an acute
emergency, persons performing cardiopulmonary resuscita-
tion may be unable to communicate with outside help with-
out discontinuing their lifesaving activity, and in some
countries or states such behavior is illegal. Protection of
patients demands an arrangement that avoids such a situation
by ensuring a communication system that can be instantly
and conveniently activated.

The “mental environment” in which neural blockade and
surgery are performed is as important as the physical environ-
ment. It is salutary that anesthesiologists, who are sometimes
confronted with injured patients who have suffered because
the response to industrial production pressures was to ignore
certain defenses against injury, can find themselves faced with
the same decision as the industrial worker—and even under
similar production pressures. These pressures may be tempta-
tions for personal gain or generated by surgeons, dentists, or
institutional managers. A recent study concluded that pressure
from internal and external sources is a reality for many anes-
thesiologists and is perceived, in some cases, to have resulted
in unsafe actions being performed [79]. The implication is that
any effort to increase anesthesia and surgical productivity
should be based on methods other than reducing safe prac-
tices. Any attempt to achieve it by introducing new technology
should be accompanied by a careful analysis and, if necessary,
education of the person using it [80].

Complication Recognition During Neural
Blockade and Surgery

Sharing Human and Instrumental Monitoring

Regional anesthesia conducted expertly on the basis of a
careful medical history and examination of the patient is
safe, but complications can occur [81-93]. Signs and
symptoms, listed by body systems, are matched with the
human and instrumental monitoring techniques used for
their detection in Table 2.2.

The role of the patient is included, as is the anesthesiolo-
gist’s direct or monitor-assisted sensing. If heavy sedation or
a supplementary general anesthetic is used, the clinical
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Table 2.2 Complication recognition

Symptoms and signs to be detected

Detection methods

Nervous system events

* Peroneal numbness and tingling

¢ Dizziness, tinnitus

» Hearing impairment

e Headache

¢ Reduced vision

* Diplopia

e Taste in mouth

* Dysphagia

* Coughing and sneezing

* Nausea

¢ Throat numbness

* Dysphasia

* Pain and paresthesia

* Faintness

* Restlessness

Patient: Assuming there is no language barrier, the patient may report any of these spontaneously but
should be initially instructed to report any unusual sensation

Anesthesiologist: Communication with the patient and observation
Instrument: Instruments do not identify these sensations for the anesthesiologist

Postural pressure or tension on
peripheral nerves

Patient: An unreliable source of information

Anesthesiologist: Power of observation

Instrument: Limited in application. A pulse oximeter at a limb periphery may indirectly indicate a
threat to nerve or plexus

Horner’s syndrome

Patient: Reports unusual feeling

Anesthesiologist: Observation

Instrument: —

Phrenic nerve paralysis

Patient: Reports unusual feelings

Anesthesiologist: Observation

Instrument: Spo, value may diminish

Recurrent laryngeal nerve block

Patient: Reports unusual feelings

Anesthesiologist: Observation

Instrument: —

Presence or absence of CSF in hub of
needle or dripping from it

Patient: —

Anesthesiologist: Observation. After dural puncture, the delay before the first drop of CSF appeared
was approximately 11 s for a 27-gauge Becton-Dickinson spinal needle, and 33 s for a 26-gauge
Braun needle [63]

There is considerable variation among commercially available spinal needles [58]. Such details
regarding needles used for blocks other than central neural blockade are unavailable

Instrument: —

Loss of resistance to injection
(epidural space detection)

Patient: —

Anesthesiologist: Observation

Instrument: Pressure variations in the injection system can be digitized and displayed to show an
exponential pressure decline [94]

Blood reaching the hub of a needle
and not pulsating

Patient: —

Anesthesiologist: Observation. Note, blood will take substantially longer than CSF to pass through a
spinal, or other, narrow bore needle

There will be interpatient variability. Thus, a “bloody tap” is evidence that the needle is in a vein or
hematoma, but absence of blood is not necessarily definitive evidence that drug will not be injected
intravascularly

Instrument: —

Cerebral function

Patient: Reports unusual sensation

Anesthesiologist: Conversation or intermittent questioning of patient

Instrument: —

Evidence of planned neural blockade

Patient: Report of unusual sensations

Anesthesiologist: Questioning and examining the patient

Instrument: Thermography and plethysmography

(continued)
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Table 2.2 (continued)

Symptoms and signs to be detected

Detection methods

Evidence of unexpected neural
blockade

Patient: Report of unusual sensations and/or motor function

Anesthesiologist: Observation of blockade area and the patient

Instruments: Sphygmomanometer, ECG, pulse meter

Vagal stimulation

Patient: Faintness or loss of consciousness

Anesthesiologist: Observations

Instruments: ECG, pulse oximeter, pulse meter, sphygmomanometer

Respiratory system events

Patient: Dyspnea may be reported but in general patients seem unaware of the significance of
respiratory changes, and, if they have been sedated, unaware of them

* Respiratory rate changes

Anesthesiologist: Observations are valuable but are unlikely to assess function accurately or
continuously

* Tidal volume change

Instruments: Pulse oximetry is a late indicator of respiratory dysfunction, relative to end-tidal
capnography

* Apnea

e Stertor

* Respiratory obstruction

* Dyspnea

* Bronchospasm

The stethoscope in the operating room or PARR is now more of a diagnostic tool to identify such
things as atelectasis and pneumothorax than a monitor of respiration but a paratracheal audible
respiratory monitor has been described [95]

Erroneous gas delivery to patient

Patient: Comments may be made about odor

Anesthesiologist: Observation of patient behavior

Instrument: An Fio, monitor with functioning alarms is quicker and more reliable than patient or
anesthesiologist

Cardiovascular system events

Hypotension Patient: —
Hypertension Anesthesiologist: Sensing error is large
Instrument: Automated direct or indirect measurement
Bradycardia Patient: —
Tachycardia Anesthesiologist: Accurate observation is possible but may be intermittent.

Instruments: A variety is available to provide this information continuously

Cardiac arrhythmia

Patient: The patient may state their heart is beating irregularly

Anesthesiologist: Clinical observation

Instrument: Pulse oximeter and precordial stethoscope will indicate irregularity. The ECG provides
continuous information upon which a diagnosis can be based

Asystole

Patient: —

Anesthesiologist: Suspicion is aroused if at that moment the finger is on a pulse or a precordial
stethoscope is in use

Instrument: An ECG is a continuous and definitive indicator

A pulse oximeter can raise a delayed but serious suspicion

Increased or decreased central venous
pressure

Patient: Symptoms relative to cardiopulmonary function may be announced

Anesthesiologist: Clinical events indicate a possibility

Instrument: Central venous pressure measurement

Cyanosis

Patient: —

Anesthesiologist: Visual acuity and environmental circumstances create an undesirable error of
assessment

Instruments: Pulse oximetry and blood gas measurements

Muscle events

These range from twitching of facial
muscles to convulsive movements of
major muscle masses

Patient: —

Anesthesiologist: Observations

Instrument: —

Body temperature events

Hypothermia

Patient: Patients are aware of cold sometimes but are often poor judges of their real body
temperature. There is strong evidence that not only do spinal and epidural anesthesia impair central
and peripheral regulatory controls but are not perceived by the patient [96-99]

Anesthesiologist: The observations of the patient may be an unreliable assessment of temperature
because shivering is not occurring and, depending on the area felt, the skin may feel warm

Instrument: Thermometry
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situation changes radically. The cost-benefit picture of a
specific regional anesthesia plan must be estimated in light
of these factors. This is followed by an account of the docu-
mented complications for different neural blockades. It
would be possible to create monitoring algorithms for indi-
vidual blocks, but in this author’s opinion, such focusing of
patient care would be detrimental to the patient’s safety
because unrelated events might be ignored, threatening
though they might be. It is important to realize that, although
monitoring devices are invaluable, an astute anesthesiologist
will detect signs that are precursors to the resulting events
detected by the device. This anticipatory information enables
therapy to begin sooner.

Monitoring Devices

Contemporary recommendations for monitoring of patients
under regional anesthesia include the cardiovascular and
respiratory systems and body temperature. Whatever the
combination of human and instrumental monitoring might
be, its purpose is to recognize complications before damage
to the patient is inevitable. A vital question is, during what
period of patient care should monitoring be in progress? It
may not be surprising that reported serious complications
threatening patient outcome have occurred any time from the
onset of attempted neural blockade until surgery has been in
progress for several hours, or even when the patient is in the
recovery area [90]. In some instances, a complication has
been detected much later. Accordingly, it is prudent to moni-
tor patients carefully from entry into the block room until the
effects of the blockade have ended.

When instrumental monitors are used, they should be
calibrated correctly and located so that there can be a planned
balance of visual attention between patient and instruments,
and access by audible alarms. If they are to be used optimally
for the early detection of complications, however, the char-
acteristics of these essential pieces of equipment must be
appreciated. The following paragraphs concentrate on these
limitations but should not undermine their clinical value for
caregivers.

Pulse Oximetry [100-106]

Pulse oximeters require a pulse at the site of measurement
and provide only a crude indication of peripheral perfusion.
Blood flow is barely required. It has been shown that periph-
eral blood flow can be reduced to only 10 % of normal before
the pulse oximeter has difficulty estimating a saturation
[107]. It does not justify assumptions regarding cardiac out-
put, arterial blood pressure, or cardiac rhythm, which must
be assessed by other means. Regarding respiration, a normal

saturation measurement when the patient breathes an
increased inspired oxygen concentration does not confirm
adequacy of ventilation. The hypoxemia that would other-
wise accompany the rising carbon dioxide tension is masked.
Most pulse oximeters make measurements and calculations
that provide oxygen saturation. The more popular definition
of O, saturation is functional saturation, which is the concen-
tration of oxy-hemoglobin divided by the concentration of
hemoglobin plus reduced hemoglobin:Functional satura-
tion=0,Hb/(RHb + O,Hb)

The met or CO-Hb concentrations used in the algorithms
are estimations for the population under consideration; how-
ever, the presence of a large percentage of those abnormal
hemoglobin’s can cause erroneous readings of saturation and
mask serious hypoxia.

Regional anesthesia can produce profound changes of
sympathetic nerve activity in different parts of the body.
Evidence has been presented that pulse oximetry during
lumbar epidural anesthesia gives falsely low readings when
the sensor is placed on a finger [108].

Capnography [109-112]

Carbon dioxide production, pulmonary circulation, and ven-
tilation are necessary to produce a normal capnogram.
Change in the end-tidal carbon dioxide (ETco,) value can
have a cardiovascular or respiratory origin, but it is as a mon-
itor of spontaneous breathing that the capnograph has its role
in regional anesthesia.

End-tidal capnography sampling in the spontaneously
breathing, unintubated patient may be from inside a plastic
oxygen mask, a nasal cannula, or a catheter tip in the naso-
pharynx. The numeric value of the ETco, and its relationship
to the arterial CO, pressure is influenced by oxygen delivery,
ventilation—perfusion ratio, and sampling errors. The value
of such monitoring, beyond respiratory rate indication and
apnea detection, has been a contentious matter [113-115].
There have been very favorable recent reports of its use in
adults and children, but certain provisos apply [116-120].
Small differences in sampling technique affect the accuracy
of the values measured, so the technique requires expert
evaluation where it is in use. A gas temperature—flow rela-
tionship in the nostril has been proposed as a monitor of res-
piration and refuted [121, 122]. Previous attempts to utilize
such a relationship were unsuccessful.

Cardiac Rate and Rhythm

A normal ECG can be recorded from a patient who is pro-
foundly hypotensive, hypoxic, or hypercapnic, so although it
is valuable as an indicator of heart rate and rhythm, it is a
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very late indicator of other threatening complications, even if
the patient is conscious. Nevertheless, it provides potentially
useful diagnostic information not provided by peripheral
pulse-activated devices.

This information is more valuable for the diagnosis of
arrhythmias than detection of myocardial ischemia, even if a
modified V5 lead is used and the right arm electrode of lead
I is placed over a position on the intersection of the left ante-
rior axillary line and the fifth intercostal space and the ground
electrode is placed on the left shoulder. The principal guides
to cardiac ischemic complications are data gathered from
monitoring and management of heart rate, mean arterial
pressure, hemoglobin concentration, and saturation.

ECG monitoring should be used for major surgery and for
patients at cardiac risk, but for routine cases the use of an
ECG in preference to a pulse oximeter or capnograph is con-
troversial. Many anesthesiologists favor pulse oximetry or
capnography.

Systemic Arterial Pressure

The anesthesiologist predicts an acceptable blood pressure
range for the patient and selects the methods of measurement
on the basis of the anticipated margin of error. Invasive direct
methods have their own sources of error but are more accu-
rate than noninvasive techniques. Although invasive direct
methods are possible during regional anesthesia and neces-
sary for major surgery in very poor-risk patients, indirect
methods are used for most patients.

Manual Indirect Measurement of Blood
Pressure

Methods usually involve the application of a cuff (20 %
larger than the diameter of the arm), applied snugly to the
upper arm. After inflation to above the anticipated systemic
pressure, it should be deflated, reducing the pressure at
2-4 mmHg per heartbeat. Detection of the returning pulse by
palpation or oximeter provides a crude estimate, as do oscil-
lations of aneroid manometers or mercury columns.

The Korotkoff method of detection requires a sensor under
the cuff and over an artery, enabling the Korotkoff sounds to
be heard. Although the pressures measured may differ from
intra-arterial values by only a few millimeters of mercury, sys-
tolic, diastolic, and mean arterial pressures may be over- or
underestimated by up to 30 % [123]. During anesthesia and
surgery, the patient’s cardiovascular status changes and the
magnitude, and even the direction, of error may change [124].

Correlation with direct arterial pressure measurement is
poor [125, 126]. Additionally, even if the blood pressure
remains unchanged, alterations in the vascular tone in the

limb, such as may be produced by vasopressor agents, alter
Korotkoff sounds. When the patient is very vasoconstricted
or hypotensive, Korotkoff sounds are difficult to detect and
the palpatory method is reassuring rather than accurate [127].

Automated Oscillometric Measurement

The inflatable cuff functions as a sensor supplying a pressure
transducer within the instrument. The varying oscillations and
cuff pressures are analyzed electronically to determine sys-
tolic, diastolic, and mean arterial pressures. Comparisons with
pressures in the aorta or a peripheral artery have been made
[128-131], and these devices are accurate to +10 mmHg.
Another study demonstrated a good correlation only for sys-
tolic pressures [132]. Oscillometric diastolic pressures have
been found to be higher; however, in a survey of six commer-
cially available devices, errors ranged from —30 to +40 % for
mean arterial pressures [124]. In general, low pressures were
overestimated and high pressures were underestimated. If the
patient has cardiac arrhythmia, results may be erroneous.

There is no doubt that automated sphygmomanometers
are invaluable, providing blood pressure readings regularly
and frequently, particularly when the patient is otherwise
inaccessible. However, the anticipated accuracy of measure-
ment does not always meet the anesthesiologist’s require-
ments, and invasive methods are preferable, assuming they
are conducted skillfully with the proper equipment. If elec-
tronic transducer-amplifier systems are not available, mean
arterial pressure may be measured by a calibrated aneroid
gauge [133].

Plethysmography

The finger arterial pressure device (Finapres) consists of a
small finger cuff containing an inflatable bladder and an
infrared plethysmograph volume transducer that can provide
continuous monitoring. It seems that performance is better
on a thumb than a finger [134], and studies have shown the
Finapres to be as good as, if not better than, noninvasive
oscillometric devices as compared with direct arterial pres-
sure readings [135]. However, lacking precision, the instru-
ment has not been recommended as a substitute for invasive
arterial pressure measurement [135]. Since then, it has been
shown that even small degrees of cuff misapplication con-
tribute to measurement error as compared with intra-arterial
cannulation. A comparative study of patients undergoing spi-
nal anesthesia for lower segment cesarean delivery revealed
many inconsistencies in some patients, and it was concluded
that the Finapres was unsatisfactory for patients in whom
sudden hypotension was a threat to outcome [136]. Problems
with its use have been reviewed [137].
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Thermometrography

The location of the sensor is important if it is to be used as a
predictor of temperature at a site other than its location. The
ideal place for a probe is the lower third to fourth of the
esophagus, but this site, similar to the nasopharynx, tympanic
membrane, and rectum, is uncomfortable for conscious or
even mildly sedated patients. The axilla of an adducted area is
a useful site for the patient under regional anesthesia, reading
approximately 0.5 °C less than the oral temperature.

Liquid crystal skin thermometers have been evaluated
and are potentially useful as trend indicators during surgery,
because they can conveniently be applied to the skin. They
are susceptible to drafts, and it is recommended that, before
changing exclusively to such a device, it be standardized
using a thermocouple method in parallel until adequate expe-
rience has been obtained in that working environment [138].

Conclusion

Conventional practice demands that certain monitoring
devices be used routinely; however, funding for them com-
petes in society with all the nonmedical and medical factors
that contribute to health in that society. Accordingly, any
application for funds and decisions on the dispensation of a
global budget must be supported by a valid justification.
These are challenging tasks. Outcome studies designed to
predict individual risk of complications must be based on
very large population [139, 140]. They are very expensive
and can be confounded to a greater or lesser extent by learn-
ing contamination bias during their implementation [141].
Practitioners sometimes develop or improve clinical skills
when using a device, and that change affects patient care
when the device is not in use. The argument that once learn-
ing has occurred with the aid of a monitor the monitor is no
longer necessary is invalid, because reinforcement of the
learning will be necessary. Additionally, even if convincing
studies demonstrating a lack of change in patient outcome
were presented, the question of anesthesiologist outcome
remains to be addressed. Do these simple monitoring devices
render the task less stressful for anesthesiologists and enable
them to be more effective members of the hospital personnel
and better citizens, once the working day or night is over?

The template proposed for assessing the efficacy of diag-
nostic imaging [142] has been modified for the assessment of
anesthesia technology [139] and has five components: (1)
technical efficacy, (2) diagnostic efficacy, (3) diagnostic
thinking efficacy and therapeutic efficacy, (4) patient out-
come, and (5) societal efficacy. As new devices become com-
mercially available, future studies will be based on the
specific problems embraced by regional anesthesia.

Critical features of introducing any new device into the
workplace are new educational requirements and the atti-
tudes of the potential users, which will be strongly influ-
enced by the design features, additional work, its perceived
value, and health factors [80].

Complications of Specific Neural Blockades

The wide variety of symptoms and signs of complications
associated with regional blockade have been described as,
“When sorrows come, they come not single spies/But in bat-
talions” (Hamlet: Act 4, Scene 5) so the anesthesiologist
must be encouraged to take an overall view of the patient.
Nevertheless, initially the emphasis is on the complications
of the neural blockade under consideration, because of their
role in determining the final anesthesia plan and the matters
uppermost in the mind of the anesthesiologist while monitor-
ing that procedure and diagnosing complications during its
conduct. Some sources of complications are shared by all
patients and will not be described repeatedly for each block
(e.g., airway obstruction, drug toxicity, epinephrine side
effects, and neural damage).

Airway Obstruction

Traditionally in some institutions, nurses familiar to the
patient kept the patient comfortable during major surgery
under regional anesthesia. The patient was wide awake, and
this was considered an important feature; however, tolerance
of the procedure and cooperation must be ensured, not only
for the success of the procedure but for satisfaction of all
concerned. The choices range from complete consciousness,
through a mild state of cortical depression in which the
patient is calm and tranquil, to a drug-induced sleep or even
general anesthesia supplemented by the regional blockade.
The last is usually necessary for infants and children; there
are more options for adult patients.

From the anesthesiologist’s point of view, some warning
signs and symptoms are obtunded in unconscious patients. If
the patient is heavily sedated, as opposed to tracheally intu-
bated under general anesthesia, management of respiratory
obstruction may be needed. In the awake state, the upper air-
way muscles help keep the airway patent. In the supine pos-
ture, airway patency increases in response to greater airway
resistance. During normal sleep, muscle activity is reduced
and can be supplemented by drugs such as alcohol, benzodi-
azepines, and barbiturates [143—145]. Thus, respiratory
obstruction is a potential problem throughout the procedure
that must be immediately recognized and successfully man-
aged. This hazard is compounded in patients who normally
experience episodes of sleep apnea, from the influence of
deafferentation and central effects of the local anesthetic
agent, including respiratory depression.
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Local Anesthetic Focal Complications

In a conscious, unsedated patient, the first symptoms or signs
of focal complications are drowsiness or light-headedness. As
toxic activity increases, the characteristic sequence is circum-
oral and lingual numbness, tinnitus, visual disturbances, dys-
arthria, and restlessness. Muscular twitching, often facial,
progresses to convulsions, coma, and respiratory and circula-
tory depression. The quantity of drug reaching activity sites
and time after injection are influenced not only by distribution,
elimination, and drug characteristics, but by the site of injec-
tion. Sometimes all the vital systems are depressed simultane-
ously. This dangerous situation is compounded by inability of
the patient to report symptoms. In the case of pregnant patients
at term, neonatal depression can occur and hypotonia has a
prominent role [146—148]. Bradycardia, heart block, and ven-
tricular tachycardia have been reported [149, 150].

Epinephrine Complications

Epinephrine complications in regional anesthesia are related
to vasoconstriction at the site of the injected fluid. As such,
they are more likely to be evidenced in the postoperative
period. However, if absorbed into the general circulation at
the time of neural blockade, temporary hypertension is asso-
ciated with tachycardia or reflex bradycardia. Cardiac
arrhythmias, including ventricular fibrillation, occur when
the quantity entering the general circulation is sufficient.

Complications of Neural Blockade

The complications of neural blockade are directly related
to the anatomy of the route of the needle and the body into
which fluid or air has been introduced. Thus, the anesthe-
siologist with a good mental image of the relevant anatomy
can predict events that may occur, particularly if the preop-
erative visit has been informative. Those events comprise a
mix of the symptoms and signs outlined as complications
to be recognized during neural blockade, surgery, and
recovery. Risks depend not only on the skill and care of the
anesthesiologist, but also on the drugs, equipment, the
environment, and unanticipated scenarios. Their early
detection and management depend on the competence of
all those with care responsibilities and their performance.
In view of this multifactorial situation, it is virtually
impossible to know the chances of a specific complication
for a specific patient, although low reported incidences can
be an encouraging guide. Table 2.3 lists the complications
that have been associated with various neural blockades
and can be correlated with previous sections about detec-
tion methods. Complications associated with narcotics are
described elsewhere in this volume. The complications
identified have been gathered largely from references [61,
71,72, 81-93].

Miscellaneous Neural Blockade Complications
Neural blockades are created at a wide variety of sites in the
upper and lower limbs, the lumbar and sacral nerves, the
scalp, and nerves supplying the mandible and maxilla. These
complications are similar in character, and on occasion their
development is sudden and severe.

e Vascular penetration and hematoma

e Vascular penetration followed by the local anesthetic
focal complications (LAFC) that may culminate in car-
diac and respiratory arrest

e Neural trauma

e Local vasoactive effects of epinephrine resulting in
gangrene

e Cardiac arrhythmias produced by epinephrine

e Bradycardia

Complications in the Postoperative Period

Patients who have been neurally blocked or received cen-
trally administered opioids require meticulous surveillance if
complications are to be detected while therapy has an excel-
lent chance of being effective. Specific training of personnel
is necessary for these tasks.

Admitting the Patient: History and Physical
Examination

The activities of caregivers in recovery rooms and intensive
care units have much in common, and there is anecdotal as
well as research evidence in intensive care units that a signifi-
cant complication is failure of communication between physi-
cians and nurses [78]. This complication can occur in recovery
rooms as well. The nurse accepting responsibility for a patient
from the operating room is entitled to a report of the baseline
data about vital systems and other information that relates to
the neurally blocked patient. Presented verbally with a com-
pleted written protocol, recovery room complications may be
a continuation of intraoperating room or in-transit events on
new developments. They manifest themselves in several
categories.

Cardiovascular System

e Blood pressure, pulse rate, and cardiac rhythm: when
vasopressor drugs were administered, and whether their
waning effect will unmask residual sympathetic blockade
or hypovolemia

e Details of any evidence of circulatory overload during
surgical irrigation of the bladder
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Table 2.3 Complications of neural blockade®

Orbital regional blockade

Local effect by needle, catheter, or injected volume

Conductor blockade effects

Venous penetration causing retrobulbar hematoma

Brain stem anesthesia associated with optic nerve sheath penetration
resulting in

Arterial penetration causing a retrobulbar hematoma and
local ischemia

Vascular occlusion of the central retinal artery

Optic nerve penetration

Penetration of the globe

Penetration of the optic stem

Oculo-cardiac reflex

Increasing or decreasing cardiovascular vital signs, pulmonary edema,

cardiac arrest, shivering, convulsions, hyperreflexia, hemiplegia,
paraplegia, quadriplegia, contralateral amaurosis, contralateral

oculomotor paralysis, facial palsy, deafness, vertigo, aphasia, loss of neck

muscle power, loss of consciousness, vagolysis, respiratory depression,

apnea

Cervical plexus blockade complications

Entry to epidural space

Entry to subarachnoid space

High spinal anesthesia with cardiovascular and respiratory failure

Intravenous penetration

Aphasia and hemiparesis

Intra-arterial penetration

Penetration of esophagus (associated with the anterior
approach to the ganglion)

Pneumothorax (especially on the patient’s right side)

Nasal congestion

Blindness

Supraclavicular brachial plexus blockade complications

Vascular penetration of subclavian and axillary arteries or
veins, the vertebral artery, and external jugular vein. Ischemic
arm problems may develop, particularly in children

Stellate ganglion block producing Horner’s syndrome

Phrenic nerve block which in children impairs respiration

Penetration of apical pleura, causing a pneumothorax

Recurrent laryngeal in block causing hoarseness and possibility of
aspiration

Epidural space entry

Subarachnoid space entry

Epidural anesthesia with cardiovascular and respiratory depression

Nerve trauma

Vasovagal episodes in patients in the sitting position

Spinal anesthesia with cardiovascular and respiratory depression

Infraclavicular brachial plexus blockade complications

Axillary artery puncture, sometimes with a brief vascular
insufficiency

Venous penetration causing a hematoma

Apical pleura penetration and ensuing pneumothorax is
possible but unusual

Epidural blockade complications

Epidural vessel penetration

Hypotension

Epidural hematoma

Respiratory depression failure

Dural puncture

Bradycardia

Back pain

Total spinal anesthesia

Neural trauma

Horner’s syndrome

Air embolism (especially in children) if an air-filled
syringe has been used to locate the epidural space

Trigeminal nerve paralysis

If a catheter has been inserted:

Subdural space catheterization

Intravascular catheterization

Infection

Headache associated with supplementary injections

Caudal epidural blockade complications

Subcutaneous injection

Penetration of dura mater

Accidental spinal anesthesia with cardiovascular and respiratory
involvement

(continued)
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Table 2.3 (continued)

Orbital regional blockade

Penetration into epidural vein .

Hematoma

Intraosseous penetration

Pelvic visceral penetration

Infection, particularly if a caudal-epidural catheter is in situ

Urinary retention

Subarachnoid block complications

» Epidural vessel penetration * Total spinal anesthesia

e Epidural hematoma e Hypotension

* Neural trauma e Respiratory depression/failure
* Headache e Dyspnea

¢ Bradycardia/asystole

Intercostal nerve blockade complications

*  Pneumothorax ¢ Hemodynamic depression

* Penetration of intercostal vessels ¢ Respiratory depression/failure
e Penetration of pleural space ¢ Depressed cough reflex

* Entry to paravertebral space ¢ Blockade of spinal nerves

Entry to epidural space

Entry to subarachnoid space

Intravenous regional anesthesia (IVRA, Bier’s block) complications

Local effect by needle, catheter, or tourniquet

Conductor blockade effects

Tourniquet discomfort

Tourniquet leak

Tourniquet release less than 20 min after local anesthetic
injection

Vomiting followed by aspiration of recent food or drink

Neural damage caused by prolonged tourniquet time, or the
cuff too close to the elbow joint

Necrosis caused by ischemia created in an already injured
limb

Thoracic paravertebral anesthesia

Local effect by needle catheter

Conductor blockade effects

e Paravertebral vessel puncture ¢ Hypotension
*  Pneumothorax * Respiratory paralysis
* Intrapleural catheter placement or migration * Epidural analgesia

¢ Horner’s syndrome (possibly bilateral)

Headache .

Sepsis

Intercostal nerve trauma and pain

Phrenic nerve paralysis (possibly bilateral)

For an explanation of central effects, see the section Local Anesthetic Focal Complications

Fluid balance
Perfusion of peripheral vascular beds

Respiratory System

Respiratory rate, tidal volume, and apparent oxygenation
Administration of respiratory depressant drugs epidurally
or by any other route, and any antidote administration
Airway management in the operating room

Central Nervous System

Sedative or analgesic drugs

The likelihood that the patient will arouse before sensory and
motor block have disappeared and then will become agitated
State of consciousness and responses to sensory stimuli
Analgesia preparations for recovery room sojourn
Antinausea preparations administered

Peripheral Nervous System

The existing neural blockade and when it is expected to
have disappeared

The nerves in an anesthetized area that need protection
(e.g., ulnar or lateral peroneal nerves)

An epidural or subarachnoid catheter in situ
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Bladder Distention

* Presence of a urinary catheter, its drainage, and the state
of the bladder

e Perioperative Anticoagulant Therapy

e The drugs administered and anticipated effects on pro-
thrombin time or other measurements of coagulation

Endocrine Pathology

e Diabetes and its management in the operating room

e Steroid medications given in the operating room or
elsewhere

Body Temperature
e Evidence of hypo- or hyperthermia

Muscle Activity

* Restlessness

e Shivering

*  Muscle twitching

Monitoring the Patient

The demand for recognition of complications in the recov-
ery room is similar in most respects to recognition in the
operating room and as described in a previous section. It is
a judicious combination of human and instrumental sensing,
the former being the fundamental component of recovery
room care. Analysis of recovery room complications in
adults and children reveals that they were identifiable
largely by clinical observation rather than instrumental
monitoring [151]. Nevertheless, certain instruments are
invaluable for recovery room care because they provide for
patients at risk; they provide more precise information and
supply the caregiver with continuous vital information.
Instruments invaluable for recovery room care are an ECG,
pulse meter, pulse oximeter, automated sphygmomanome-
ter, thermometer, and stethoscope.

Complications monitoring include evaluation of respiration,
hemodynamics, level of consciousness, adequacy of analgesia,
degree of motor blockade, and other side effects on admission
to the postanesthesia recovery room. There are certain compli-
cations for which early detection, followed by early diagnosis
and treatment, reduces the chance of a permanent neurologic
deficit. They are those associated with central neural blockade,
and presenting symptoms include backache [152, 153]; pain in
thighs, calves, or buttocks [153]; headache; muscle twitching;
and increase in neural blockade or its failure to regress. The
detection of these complications can be made difficult by post-
operative sedation [154], and analgesia and the normal varia-
tion in block duration. Although these complications, indicative

of a wide variety of pathology, are chronologically related to
the neural blockade, they may be attributable to concomitant
pathology [155], and headache accompanying epidural supple-
mentation can be attributable to an increase in intracranial pres-
sure during labor [156], trauma, or another intracranial lesion.

Discharging the Patient

Ambulatory patients are discharged home with a companion
when the effects of the neural blockade have worn off and com-
plications such as nausea, pain, and dizziness have been treated.
Exceptions are patients who have had dental and very minor
surgical procedures, for whom the residual effects of sedation
determine fitness for discharge from the office or clinic, rather
than the disappearance of neural blockade effects. Subsequent
complications are detected by a follow-up call, visit 24 h later,
or an emergency communication from patient or relative.

The situation for hospitalized patients who have often
received a central neural blockade is somewhat different.
When the neural blockade has worn off; pain and nausea
have been treated; pharmacologic, neurologic, cardiovascu-
lar, and respiratory concerns resolved, the patient is trans-
ferred to a ward or intensive care unit. It is there that the
delayed, but potentially permanent, complications occur 2 or
3 days later, whose outcome is determined by the time
between detection and therapeutic intervention. The present-
ing symptoms and signs associated with different complica-
tions often include pain and evidence of increasing (rather
than decreasing) neural blockade that may end in permanent
disability. These complications are discussed elsewhere in
this volume. It suffices to say that it is likely to be helpful if
patient and caregivers are aware of the need to keep in touch
regarding symptoms of these rare complications.

Complication Prevention

Complication reduction, and ultimate abolition, depends on
consistent application of current knowledge and skills to
patient care plus further development of expertise. In 1940,
the leading article of the first issue of the Journal of the
American Society of Anesthesiologists (today Anesthesiology)
concluded with this statement: “The important decision is
what man shall give the anesthetic [in contrast to the drug or
technique]” [157]. The implications for training and practice
remain.

The baseline competence reached at the inception of
independent anesthetic practice is established by certifying
authorities but the significant variation among certificants
probably represents other training programs [158]. This is
partly attributable to limited clinical experience and, par-
ticularly relevant for regional anesthesia, a possibly doubt-
ful correlation between knowledge and skills [159-161].
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Thus, any further move toward complication prevention
must, among other things, include better regional anesthesia
training. This is occurring on several counts. Virtual reality
techniques that register in a three-dimensional manner on a
computer screen can radically change the pattern of training
[159]. Mental imagery of anatomy is an integral part of the
anatomic reasoning while performing neural blockade.
Three-dimensional computer-based methods of presenting
anatomic relations have great potential for overcoming
existing limitations of conventional teaching [162]. Last,
more critical evaluation techniques can assess training
methods and establish levels of competence reached in
manual skills [163, 164]. However, improvement in the
training of future anesthesiologists does little to reduce
complications perpetuated by recently training and estab-
lished anesthesiologists.

Contrasting characteristics of two competing perspectives
of safe practice are presented in Table 2.4 [165].

Anesthesiologists’ attitudes consistent with the same
characteristics of normal accident theory have been docu-
mented [166]. These reflect certain problems facing persons
who wish to implement factors supporting a high reliability
theory, for example, the five hazardous thinking patterns:
antiauthority, impulsivity, invulnerability, macho, and
resignation.

Ever since anesthesia has been practiced, a variety of
case reports and collations of mortality and morbidity have
been published under the auspices of individuals, groups, or
institutions. Nevertheless, controversy and democracy have
remained preeminent, and resistance “on principle” to exter-

Table 2.4 Competing perspectives on safety

High reliability theory

e Complications can be prevented through good organization and
management

» Safety is the priority of the organization

e Duplicating tasks and devices increase safety

e Continuous quality improvement with simulations creates and
maintains safety

* Trial-and-error learning from complications can be effective

Normal accidents theory

» Complications are inevitable in any complex system

» Safety is only a competing objective, “We cannot necessarily do
that here”

* Duplication encourages risks and reduces safety

» Discipline and socialization are incompatible with democratic
values

e Organizations cannot train for the unimagined. “Intuition is
better than algorithms”

* Learning efforts from critical incidents and complications are
crippled by faulty reporting and denial of responsibility

Source: Modified from Sagan. Copyright 1993, Princeton University
Press, 1995 paperback edition. Reprinted by permission of Princeton
University Press [165]. With permission of Springer

nal imposition of medical practice was firmly entrenched
until the last 25 years, when such independence was seri-
ously challenged and many anesthesiologists perceived cer-
tain changes to be in their own interests as well as those of
patients.

The Department of Anesthesia of Harvard Medical
School, Boston, in 1986 published specific, detailed, man-
datory standards for minimal patient monitoring during
anesthesia [167]. These were to be implemented in its nine
component teaching hospital departments and published for
the interest of other practitioners, organizations, and institu-
tions. The motivation was anesthetic complications that
incurred substantial financial settlements and that were
thought to have been preventable and strongly influenced by
a report of critical incidents. Included in those standards
were these references to regional anesthesia:

* An attending or resident anesthesiologist or nurse anes-
thesiologist shall be present in the operating room at all
times during its conduct.

e The arterial blood pressure and heart rate shall be measured
at least every 5 min, where not clinically impractical.

e The ECG shall be continuously displayed from the insti-
tution of anesthesia until preparing to leave the anesthe-
tizing location, unless clinically impractical.

The effect of these standards on complications of regional
anesthesia has not been published, but there has been a favor-
able association between the adoption of the standards and
diminishing cost of malpractice insurance.

The Canadian Anesthesiologists’ Society (CAS) has
promoted its guidelines to the practice of anesthesia for
close to 20 years [168]. A standard is a definite level of
excellence or adequacy demanded by an organization.
Clinical practice guidelines (CPGs) are systematically
developed statements to inform practitioners about appro-
priate care in specific clinical circumstances. Implicit in
this is planned avoidance of complications. The word
guidelines, as opposed to standards, was used advisedly,
because although mandatory requirements could be reason-
able for a hospital or group of institutions, it was deemed
inappropriate to address all Canadian anesthesiologists in
such a manner. The Canadian guidelines promulgated for
regional anesthesia in 1996 are as follows.

Patient Monitoring

The only indispensable monitor is the presence, at all times,
of an appropriately trained and experienced physician.
Mechanical and electronic monitors are, at best, aids to vigi-
lance. Such devices help the anesthesiologist to ensure the
integrity of the vital organs, and in particular the adequacy of
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tissue perfusion and oxygenation. The healthcare facility is
responsible for the provision and maintenance of monitoring
equipment that meets current published equipment
standards.

The chief of anesthesiology is responsible for advising
the healthcare facility on the procurement of monitoring
equipment and for establishing policies for monitoring to
help ensure patient safety.

The anesthesiologist is responsible for monitoring patients
receiving care and must ensure that appropriate monitoring
equipment is available and working property. A preanesthetic
checklist (such as found in Table 2.5 or equivalent) must be
completed before initiation of anesthesia. Monitoring guide-
lines for standard patient care apply to all patients receiving
regional anesthesia or intravenous sedation.

Table 2.5 Preanesthetic checklist

Monitoring equipment may be classified either as required
for each anesthetized patient (i.e., the device is attached, or
dedicated exclusively, to each patient) or immediately avail-
able (the device is available for the anesthetized patient with-
out inappropriate delay).

Required Equipment

* Pulse oximeter

Apparatus to measure blood pressure

Stethoscope, precordial, esophageal, or paratracheal
ECG monitor

Capnograph for an intubated patient

Apparatus to measure temperature

Appropriate lighting to visualize the exposed portion of
the patient

A. Gas pipelines

D. Vacuum system Suction adequate

Secure connections between terminal units (outlets) and anesthetic
machine.

E. Scavenging system Correctly connected to patient circuit and
functioning

B. Anesthetic machine

F. Routine equipment

1. Turn on machine master switch and all other necessary electrical
equipment

1. Airway Functioning laryngoscope (backup available)

Line oxygen (40-60 psi) (275-415 kPa)

Appropriate tracheal tubes: patency of lumen and integrity

of cuff
Line nitrous oxide (40-60 psi) (275415 kPa) Appropriate oropharyngeal airways
Adequate reserve cylinder oxygen pressure Stylet
Adequate reserve cylinder nitrous oxide content Magill forceps
Check for leaks and turn off cylinders 2.1V supplies
Flow meter function of oxygen and nitrous oxide over the working 3. Blood pressure cuff of appropriate size
range
2. Vaporizer filled 4. Stethoscope
Filling ports pin-indexed and closed Ensure “on/oft” function and turn 5. ECG monitor

off

3. Functioning oxygen bypass (flush) 6. Pulse oximeter
4. Functioning oxygen fail-safe device 7. Capnograph
5. Oxygen analyzer calibrated and turned on functioning mixer (where 8. Temperature monitor

available)

Attempt to create a hypoxic O,/N,O mixture and/or verify correct
changes in flow alarm

. Functioning low- and high-pressure alarm

=

Functioning common fresh gas outlet

G. Drugs

~

Ventilator function verified

1. Adequate supply of frequently used drugs and IV solutions

®

Backup ventilation equipment available and functioning

2. Appropriate doses of drugs in labeled syringes

If an anesthesiologist uses the same machine in successive cases,

departmental policy may permit performing an abbreviated checklist

between cases

H. Location of special equipment in each anesthetizing location

C. Breathing circuit

1. Defibrillators

1. Correct assembly of circuit to be used

2. Emergency drugs

Patient circuit connected to common fresh gas outlet

3. Difficult intubation kit

Oxygen flow meter turned on

2.
3.
4. Check for exit of fresh gas at face mask pressurizes. Check for leaks
and integrity at circuit (e.g., Pethick test for coaxial)

W

. Functioning high-pressure relief valve

. Unidirectional valves and soda lime

. Functioning adjustable pressure relief valve
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Immediately Available Equipment
e Peripheral nerve stimulator
* Respirometer (tidal volume)

It is recognized that brief interruptions of continuous
monitoring may be unavoidable. Furthermore, there are
certain circumstances when a monitor may fail; thus,
continuous vigilance by the anesthesiologist is essential.

The use of agent-specific anesthetic gas monitors is
encouraged.

Epidural Anesthesia During Childbirth

Experience since publication of the guidelines in the
September 1986 issue of the CAS newsletter has shown
that the incidence of major complications associated with
continuous low-dose epidural infusion for obstetric analge-
sia is extremely low. Consequently, it is not necessary for
an anesthesiologist to remain physically present or immedi-
ately available during maintenance of continuous infusion
epidural analgesia. Instead, the following requirements suf-
fice: (1) an appropriate protocol for the management of
these epidurals is in place; (2) an anesthesiologist can be
contacted for the purpose of advice and direction.

In contrast to continuous infusion epidural analgesia,
bolus injection of local anesthetic into the epidural space can
be associated with immediate life-threatening complications.
In recognition of this, the CAS recommends the following:

* When a bolus dose of local anesthetic is injected into the
epidural space, an anesthesiologist must be available to
intervene appropriately should complications arise.

e The intent of the phrase available to intervene appropri-
ately is that individual departments of anesthesiology
shall make their own determinations of availability and
appropriateness. This determination must be made after
each individual department of anesthesiology has consid-
ered the possible risks of bolus injection of local anes-
thetic and the methods of dealing with any emergency
situation that might arise from the performance of the
procedure in their facility.

Practice of Anesthesia Outside a Hospital

The basic principles, training requirements, techniques,
equipment, and drugs used for the practice of anesthesia are
noted in other sections of the guidelines. The following
guidelines are for certain aspects peculiar to anesthetic prac-
tice outside a hospital.

Patient Selection

Patients should be classified by physical status in a manner
similar to that in use by the American Society of
Anesthesiologists (ASA). Usually, only patients in the ASA
classifications I and II should be considered for an anesthetic
outside a hospital. Patients in classification III may be
accepted under certain circumstances.

Preoperative Considerations

The patient must have had a recent and recorded history,
physical examination, and appropriate laboratory investiga-
tions. This may be performed by another physician or anes-
thesiologist. The duration of fasting before anesthesia should
conform to the previously stated guidelines. The patient
should be given an information sheet with pre- and postanes-
thetic instructions.

Conduct of Anesthesia

The anesthetic and recovery facilities shall conform to hos-
pital standards published by the Canadian Standards
Association, as defined in other sections. The standards of
care and monitoring shall be the same in all anesthetizing
locations. The Canadian guidelines are comprehensive and
include the organization of hospital anesthesia services, the
responsibilities of the chief of anesthesiology, and anesthetic
equipment and anesthetizing locations.

Intuitively, CPGs are useful for collaboration with lay
persons in a managerial capacity and with physicians, and
they have been generated for a variety of reasons [169],
including quality assurance and the assistance of practitio-
ners in their decision making. However, a cause-and-effect
relationship between guidelines and anesthesia complica-
tions has been neither demonstrated nor sought [170].
Indeed, formal evaluation of CPGs in Canada is rare, and
there is concern that CPGs, lacking policies to ensure com-
pliance, will be ineffective. It is expected that guidelines
unsupported by peer review and prominent personalities
will be ignored; nevertheless, whether referred to as audit,
quality assurance, or continuous quality improvement or
CPG, developments continue. It is noteworthy that it was
insistence of the government of the United Kingdom that
motivated the Confidential Enquiry into Perioperative
Deaths there, and pressures elsewhere for establishing
actual standards of practice come from governments, insur-
ers, and the general public. In a definitive analysis of guide-
lines [170], the need for a clear target if they are to be
effective improvers of patient care is emphasized and that
they must be oriented to practitioners, managers, and plan-
ners as well as other stakeholders. Achieving consensus is
itself a difficult task, but guidelines for this process have
been promulgated [171].
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Conclusion

Safety—avoidance of complications—in regional anesthesia
is dependent on the cooperative efforts of anesthesiologists,
other care providers, and persons with management respon-
sibilities. The deficiencies at any moment in time may be
inadequacies in the state of the art or defects in what is a very
complex system. It may be that differences between general
and regional anesthesia detected in comparative studies are
affected by factors in the patient care systems other than dif-
ferences intrinsic to the techniques.

In 1858, the redoubtable John Snow published rules for
chloroform administration. These were not rules in the regu-
latory sense but advice or recommendations from a respected
figure. What would have been his views about competing
perspectives on safety will remain unknown; however, his
efforts for the greater good of patients can be emulated by
taking advantage of superior opportunities to promote safe
regional anesthesia practice, not only by improving training,
practice, and research but by international dissemination of
information.
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Local Anesthetic Toxicity: Prevention

and Management

Derek Dillane

Key Points

* An unintentionally high blood level of local anesthetic
results in an excessive concentration at the central ner-
vous and cardiovascular systems. This may lead to a clini-
cal spectrum of toxicity ranging from mild symptoms to
cardiac arrest and death.

* Rate of absorption of local anesthetic into the blood-
stream is a primary determinant of systemic toxicity and
is influenced by local vascularity and extent of local tissue
binding.

* Presentation and rapidity of onset of local anesthetic tox-
icity is variable and is dependent on the local anesthetic
used and whether the patient is sedated/anesthetized.

e Intralipid emulsion is effective at reversing local anes-
thetic toxicity, although the underlying mechanism is
poorly understood.

* CPR, ACLS, and low-dose epinephrine are the focus of
treatment for local anesthetic toxicity-induced cardiovas-
cular collapse.

* Preventative measures (safety checklists, monitoring,
appropriate dosing) can help reduce the incidence of local
anesthetic toxicity.

e Evidence from a large multi-center regional anesthesia
database reports a reduction in local anesthetic systemic
toxicity of 65 % when ultrasound guidance is used com-
pared with peripheral nerve stimulation alone.
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Introduction

Local anesthetic systemic toxicity is a potentially life-
threatening result of either unintentional intravascular injec-
tion of local anesthetic or slow absorption of an
inappropriately high dose of drug deposited perineurally.
With the widespread adoption of ultrasound guidance as a
nerve-seeking modality, there is reasonable evidence from
large clinical registries that toxicity is occurring less fre-
quently. Extensive whole animal and laboratory research
have validated the usefulness of Intralipid emulsion as a
treatment for evolving or established toxicity. Numerous
case reports with several local anesthetic agents provide
promising evidence that Intralipid is an invaluable element
of the treatment protocol. It is now an established component
of the American Society of Regional Anesthesia (ASRA)
recommendations for the treatment of systemic toxicity to
local anesthetic. Despite these advances, local anesthetic
toxicity remains a very real and disquieting prospect.
Constant vigilance, multiple preventive safety steps, educa-
tion, and simulation may best serve the practicing
regionalist.

Unintentionally, high blood levels of local anesthetics
resulting in an excessive concentration of local anesthetic
at the central nervous and cardiovascular systems encom-
pass a clinical spectrum ranging from mild symptoms to
cardiac arrest and death. Serious local anesthetic systemic
toxicity (LAST) is a rare occurrence. Most available infor-
mation comes from case reports and large clinical regis-
tries. Over the past decade, the widespread validation of
ultrasound guidance as an aid to locating target nerves and
vasculature has had a distinct effect on the success of
peripheral nerve blockade. This, in conjunction with the
serendipitous discovery of the utility of Intralipid emulsion
for the treatment of LAST, has made regional anesthesia a
safer prospect.
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Incidence

There has been a dramatic and evolving change in the inci-
dence of systemic toxicity to local anesthetics in the past
30 years. This is most perceptible for epidural anesthesia
which had a cumulative frequency of systemic toxicity as
high as 100 per 10,000 up to 1982 [1]. This is perhaps unsur-
prising given the large volumes of local anesthetic injected
into a highly vascular epidural space. The utilization of mul-
tiple safety steps has benefited maternal morbidity and mor-
tality more than any other group as evidenced by the
substantial reduction in the incidence of epidural-associated
systemic toxicity since 1982. At this time, in response to
multiple case reports of fatal cardiac toxicity, emphasis was
placed on epinephrine test doses, fractionated dosing, and
withdrawal of 0.75 % bupivacaine for obstetric use. These
safety measures eventuated a reduction in the incidence of
epidural-associated toxicity to 1.2 to 11 per 10,000 [2].

Peripheral nerve blockade (PNB) has been subject to a
similarly impressive reduction in the incidence of systemic
toxicity, conceivably associated with the introduction and
widespread use of ultrasound guidance as a means for locat-
ing the neural target. In the mid to late 1990s, the incidence
of systemic toxicity associated with PNB was reported in the
range of 7.5-20 per 10,000 blocks with an associated inci-
dence of serious cardiac toxicity of 1 per 10,000 [2, 3].
Recent prospective clinical registries report frequencies of
systemic toxicity for PNB of 0.8 to 8.7 per 10,000 blocks
with no serious cardiac toxicity in either registry [4, 5].

History

From the coca leaf of the Peruvian Andes to the office of
Viennese ophthalmologist Carl Koller, the early narrative of
local anesthetic pharmacology stretches from Spanish

Fig.3.1 Structure of local
anesthetic molecule consisting of a
lipophilic and a hydrophilic portion
joined by a connecting hydrocarbon
chain. The lipophilic portion is
usually an aromatic ring which is
responsible for the anesthetic
activity. The hydrophilic portion is
usually a tertiary amine. An ester
(—C0-) or an amide (-NHC-) bond
links the two moieties. The nature
of this bond allows the molecule to
be classified as an ester or amide
local anesthetic

Conquistadors to the psychoanalysts of the mid-nineteenth
century. Cocaine (Fig. 3.1), isolated from the coca leaf in
1860 by the German chemist Albert Niemann, was used clin-
ically for the first time by the Viennese ophthalmologist Carl
Koller in 1884 when he performed the first surgical proce-
dure using local anesthesia on a patient with glaucoma [6].
Two hundred cases of systemic toxicity and 13 deaths were
assigned to the drug between 1884 and 1891, diminishing its
initial widespread use as a local anesthetic [7]. Another
German chemist, Alfred Einhorn, searching for a safer alter-
native to cocaine, synthesized the compound novocaine in
1904, later to be renamed procaine in the United States dur-
ing World War I [8, 9]. Initially found to be safe, it became
the local anesthetic of choice until it was found that it pro-
voked allergic reactions in many patients and clinicians [10].

Lidocaine, the first amino-amide local anesthetic, was
developed by Lofgren and Lundquist in 1943 and was first
marketed in 1948 [11]. Lidocaine has been in clinical use for
almost 60 years and it remains one of the safest and most
efficacious local anesthetic agents ever manufactured. The
short duration of action of lidocaine precipitated the search
for a longer acting agent. Bupivacaine was synthesized by
Bo af Ekenstam in 1957 and introduced into clinical practice
10 years later [12]. Bupivacaine, an amino-amide local anes-
thetic belonging to the family of the n-alkyl-substituted
pipecholyl xylidines, was found to be long-acting and pro-
duced for the first time a dose-dependent separation between
sensory and motor anesthesia. Initial safety reports were
encouraging [13], but after 10 years of clinical use, serious
concerns regarding associated cardiac toxicity were reported.
In 1979, George Albright highlighted five anecdotal reports
of cardiac arrest following regional anesthesia with bupiva-
caine [14]. These cases of almost simultaneous convulsion
and cardiac arrest required prolonged and largely unsuccess-
ful resuscitation following a presumed intravascular injec-
tion. In October 1983, Albright, in an address to the United
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States Food and Drug Administration’s Anesthetic and Life
Support Advisory Committee, presented a series of 49
reports of cardiac arrest or ventricular tachycardia requiring
cardioversion occurring over the previous 10 years [15].
Most of these cases involved obstetric epidural anesthesia
using 0.75 % bupivacaine. This information led to the FDA-
sanctioned withdrawal of 0.75 % bupivacaine for obstetric
use in addition to the introduction of long overdue safety rec-
ommendations, including the use of an epinephrine test dose,
fractionated dosing, and improved patient monitoring [16].
At the same time in the United Kingdom, the Council of the
Association of Anesthetists of Great Britain and Ireland
launched a campaign to discontinue the use of bupivacaine dur-
ing Bier’s intravenous regional anesthesia (IVRA) [17]. The
agent of choice for IVRA up to this juncture, in which its use
was considered relatively safe [18], was implicated in the deaths
of 5 patients from 1979 to 1982. An editorial which appeared in
the British Medical Journal in 1982 signified their comparabil-
ity: all five were healthy patients being treated for minor condi-
tions in emergency departments, and all five received
bupivacaine during IVRA. Notwithstanding causative factors
including cuff inflation pressure, time, or mechanical failure, the
cardiac toxicity of bupivacaine was again demonstrated. In rela-
tively modern times, though bupivacaine is no longer used for
IVRA, this has not prevented deaths due to its intravenous
administration. In the decade leading up to 2004, it has been
directly responsible for the deaths of three patients in the United
Kingdom as a result of accidental intravenous administration.
In the 1980s, the development of new long-acting amides
took advantage of the fact that most of these molecules have
a chiral centre determined by the presence of a carbon atom
bound to four different molecules (Fig. 3.2). These three-
dimensional stereoisomers have an identical chemical com-
position, but differ in their spatial orientation [19]. This is of
significance for amide local anesthetics as it has been estab-
lished that the levorotatory isomer (S—) has less potential for

CH1 l c|-|3 CH, I CH3
NH .o o. NH
* *
L} /"
C,H, CH,
Levobupivacaine

Dextrobupivacaine

Fig.3.2 Molecular structure of stereoisomers levobupivacaine and dextrobu-
pivacaine. The asterisk denotes the presence of an asymmetric carbon atom

systemic toxicity than the dextrorotatory one (R+) [20]. This
led to the development of the single stereoisomers levobupi-
vacaine and ropivacaine, first approved for clinical use in
North America in 1996.

Structure and Properties of Local
Anesthetics

All local anesthetics are weak bases. Their formula consists
of a lipophilic aromatic ring connected to a hydrophilic resi-
due by a hydrocarbon chain. They are clinically classified as
amino-esters or amino-amides depending on the link between
the lipophilic ring and the hydrophilic tertiary amine
(Fig. 3.3). Amino-ester local anesthetics are hydrolyzed in
the plasma by cholinesterases, whereas amides are metabo-
lized in the liver by the cytochrome P450 enzyme system.

Onset of Action, Potency, and Duration

Local anesthetics as weak bases exist in solution as both ion-
ized (water-soluble) and non-ionized (lipid-soluble) molecules
but traverse phospholipid membranes in their non-ionized form
only. The degree of drug ionization is determined by the dis-
sociation constant (pKa) and the pH of the surrounding fluid.
The dissociation constant (pKa) of a molecule represents the
pH at which 50 % of the molecules exist in a lipid-soluble form
and 50 % in a water-soluble form. Local anesthetic molecules
with a pKa that approaches physiologic pH have a higher con-
centration of the non-ionized lipid-soluble form. As the pKa of
a drug increases, a greater proportion exists in the ionized
hydrophilic form at physiological pH. Commonly used local
anesthetics have a pKa between 7.8 (lidocaine) and 8.1 (ropiva-
caine and bupivacaine) (Table 3.1). Drugs with a lower pKa
(e.g., lidocaine) exist to a greater degree in a non-ionized form
and diffuse more easily across cell membranes. This explains
why lidocaine has a shorter onset of action than ropivacaine or
bupivacaine. At physiological pH, a significant fraction of the
drug is in a non-ionized form and readily crosses the membrane
to the cytosolic side of the nerve cell. Excessively lipophilic
drugs remain in the first membrane encountered. For the drug

ESTERS AMIDES
ol o)
Il | | |
COCH,CH,—N*— NHC— R —N*—
ESTER AMIDE

Fig. 3.3 Basic local anesthetic structure with lipophilic aromatic ring
joined to a hydrophilic tertiary amine by an ester or an amide hydrocar-
bon chain
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Table 3.1 Physicochemical properties of common amide linked local anesthetics
Lipid solubility
Plasma protein (partition
pKa Onset time binding (%) Duration of action | coefficient) Potency

Lidocaine 7.7 Fast 64 Medium 304 Medium

Bupivacaine 8.1 Medium 95 Long 2565 High

Levobupivacaine 8.1 Medium 96 Long 2565 High

Ropicacaine 8.2 Medium 94 Long 775 Medium

Mepivacaine 7.6 Fast 75 Medium 90 Medium

Partition coefficient (octanol/buffer coefficient) Strichartz, G. R. et al. Fundamental properties of local anesthetics. II. Measured octanol: buffer
partition coefficients and pKa values of clinically used drugs. Anesth Analg 1990;71:158-70

extracellular \/

intracellular

Fig. 3.4 Representation of sodium channels in various states of acti-
vation in a neuronal cell membrane. Left, the deactivated sodium
channel is impermeable to sodium ion passage. Middle, the activated
channel allows sodium ions to flow into the cell and ultimately trigger
an action potential. Right, the sodium channel is blocked by local

to effectively block the sodium channel, it must become re-
ionized on the cytosolic side of the membrane.

Potency is directly related to lipid solubility which is
expressed as lipid/water partition co-efficient. Drugs with
low lipid solubility need higher concentrations to produce a
block of similar intensity to that produced by local anesthet-
ics with higher lipid solubility (e.g. 2 % lidocaine vs. 0.5 %
bupivacaine). Duration of action is largely determined by the
degree of plasma protein binding.

Mechanism of Action

Local anesthetics prevent neural excitation and subsequent
propagation of action potential by inhibiting passage of Na*
ions through voltage-dependent Na* channels (Fig. 3.4). The
sodium channel is a large, multimeric complex which exists
in a closed, open, and inactivated state [21]. It contributes to
the control of membrane excitability and is responsible for
action potential generation. Local anesthetic molecules may
access the Na* channel through the hydrophilic inner pore or
traverse the hydrophobic cell membrane when the channel is

=

anesthetic. Local anesthetic crosses the phospholipid neural cell
membrane in its non-ionized form only. Drugs with a low pKa, e.g.
lidocaine, which exist to a greater degree in its non-ionized form at
physiological pH, more readily cross the cell membrane, and have a
faster onset time

closed. The local anesthetic must be re-ionized to prevent
passage of Na* ions. Equilibrium exists between the ionized
and unionized forms in the Na* channel.

Pharmacokinetic Considerations

Unlike many therapeutic agents, local anesthetics can be deliv-
ered directly to their site of action. Paradoxically, a relatively
large volume of a high concentration of local anesthetic is
injected during nerve blockade to ensure adequate anesthesia
and analgesia. Ultrasound guidance now allows for more accu-
rate deposition with a smaller volume and dose of local anes-
thetic. Historically, large volumes were utilized due to the
relatively small number of local anesthetic molecules thought
to reach the intended sodium channels. The nerve sheath or
perineurium is a very effective diffusion barrier. Direct mea-
surement in an animal model demonstrates that <2-3 % of an
injected dose enters the target nerve. A large fraction of the
delivered agent is absorbed by the surrounding tissue or is
removed by the systemic circulation and distributed to distant
organs according to their vascular density. More than 90 % of
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an injected dose is taken up by the systemic circulation within
30 min of injection [22]. The rate of absorption into the blood-
stream is a major determinant of systemic toxicity.

Table 3.2 Tissue-plasma partition coefficient for lidocaine in various
organs

Absorption

For both central and peripheral blocks, the cephalic parts of
the body have a more rapid rate of absorption [23]; for exam-
ple, a cervical epidural leads to higher plasma levels of local
anesthetic than a caudal epidural. Similarly, absorption
decreases from head to foot for peripheral conduction and
infiltration blocks due to the relative difference in vascularity
between these areas [24, 25]. Absorption rates at different
block sites are directly related to local blood flow and
inversely related to local tissue-binding [26]. As a conse-
quence, plasma uptake is faster from the more vascular inter-
costal space or the axilla than from the caudal space. Vascular
uptake of local anesthetic after intercostal nerve block occurs
more rapidly than with any other regional technique [27].

The main component of the epidural space is fat, which is an
important determinant of local anesthetic systemic uptake.
More lipophilic local anesthetic molecules will be retained to a
greater degree by epidural fat leading to subsequent delayed
absorption. It has been demonstrated in adults that after a sin-
gle-shot epidural injection, 30 % of a dose of lidocaine and
50 % of a dose of bupivacaine remained in the epidural space
for 3 h after injection [28]. The vasoconstrictive properties of
ropivacaine may contribute to its prolonged absorption from
the epidural space. After time to maximum plasma concentra-
tion (7,,.x) has been achieved, the rate of absorption slows down
significantly so that it becomes longer than that of elimination,
leading to a flip-flop effect in plasma drug concentration [23].
This continuous, protracted systemic absorption during the
elimination phase, in combination with the buffering effect of
plasma protein binding, limits the plasma concentration of
unbound drug and is protective against toxicity.

Distribution

Local anesthetic is distributed to organs according to their vas-
cular density. This accounts for the fact that highly vascular
organs such as brain, heart, lung, liver, and kidneys are exposed
to unmetabolized local anesthetic at peak concentration. The
local anesthetic is taken up within each organ according to the
tissue-plasma partition co-efficient (Table 3.2). The lungs
play an important buffering role by taking the full impact of
drug-laden venous blood. However, this buffering action of
the lung is saturable.

Local anesthetics are distributed to the tissues and body
fluid compartments after systemic absorption to the plasma.
Volume of distribution (V;) is the principal determinant of

Tissue-plasma partition

Organ co-efficient (1)
Spleen 3.5

Lung 3.1

Kidney 2.8

Stomach 24

Fat 2.0

Brain 1.2

Heart 1.0

Muscle 0.7

Liver 0.6

Skin 0.6

Bone 0.4-0.9

de Jong R.H.Local Anesthetics. Mosby-Year Book 1994: 165

this step. This is a mathematical expression which depicts
the distribution characteristics of a drug in the body and is a
measure of the degree to which a drug is delivered by the
plasma to the organs and tissues of the body. Drugs with a
small calculated V, have a high concentration of drug in the
plasma, a low tissue concentration, and are more likely to
accumulate to toxic levels. Drugs with a larger V, are subject
to slower elimination.

Plasma Protein Binding

Local anesthetics bind tightly to serum proteins, greatly lim-
iting the free fraction of available drug. This is clinically rel-
evant as it is only the free or unbound fraction which is active
(i.e., readily available to cross cell membranes to become
active at the sodium channel). Volume of distribution is
inversely related to protein binding, i.e. drugs which are
highly protein-bound, have limited passage into tissues
resulting in a high drug plasma concentration and a low V.
In adults, lidocaine is up to 70 % protein-bound, while bupi-
vacaine, levobupivacaine, and ropivacaine are over 90 %
protein-bound [29].

Three principal blood components are involved in local
anesthetic binding: the plasma proteins alpha-1-acid glyco-
protein (AAG) and human serum albumin (HSA), and eryth-
rocytes. Like most weak bases, local anesthetics bind mainly
to AAG. It is a major acute phase protein, and its concentra-
tion rapidly increases in the first 24—48 h after surgery. AAG
has a greater affinity for binding local anesthetic by an order
of magnitude of 5000—10,000 compared to albumin [30].
Capacity for binding is relatively low, however, and satura-
tion occurs at clinically relevant concentrations. Even though
albumin is the most abundant plasma protein (50-80 times
more abundant than AAG), it has a low affinity for amide
local anesthetic drugs [23]. By virtue of its enormous bind-
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Table 3.3 Select pharmacokinetic parameters of local anesthetics

Local anesthetic Clearance (L/min) Terminal half-life (min) Hepatic extraction (ratio)
Lidocaine 0.95 96 0.72
Etidocaine 1.11 162 0.74
Mepivacaine 0.78 114 0.51
Bupivacaine 0.58 162 0.40
Ropivacaine 0.73 111 0.40
Levobupivacaine 0.47 108 0.67

de Jong R.H.Local Anesthetics. Mosby 1994: 67. Reproduced with permission from author. Data for ropivacaine from A. Lee et al.'”

ing capacity (it is almost unsaturable), together with its abun-
dance, the role of HSA becomes significant when AAG is
saturated. Affinity for red blood cells is low and not satura-
ble. This may be considered as a buffer system when toxic
concentrations occur.

Hepatic Metabolism

Most absorbed local anesthetic is cleared from the liver.
Hepatic clearance is a function of the hepatic extraction ratio
which in turn is dependent on the ratio of free to protein-
bound drug. Lidocaine, being moderately protein-bound, has
a high hepatic extraction ratio (70-75 %). Clearance is there-
fore flow-limited and is reduced by factors that limit hepatic
blood flow, e.g. cardiac failure, intravascular volume deple-
tion, and upper abdominal surgery. Bupivacaine and ropiva-
caine, being highly protein-bound, are cleared by less than
50 % per pass; their clearance depends on free drug concen-
tration (Table 3.3). It follows therefore that factors which
influence hepatic extraction and plasma protein binding of
local anesthetic must be acknowledged when determining
the total dose of local anesthetic to be administered.

Renal Excretion

Only a small fraction of unmetabolized amide local anes-
thetic is excreted in the urine. Thus, renal dysfunction affects
local anesthetic clearance less than hepatic failure, notwith-
standing the accumulation of potentially harmful metabolites
[20]. The clearance of one of the main metabolites of ropiva-
caine, 2, 6-pipecoloxylidide (PPX), is decreased in uremic
patients. Its cardiotoxicity in rat studies is reported as half
that of bupivacaine.

Clinical Presentation

The presentation and speed of onset of LAST are extremely
variable. In a review from Vasques et al., of all published
LAST cases since the publication of ASRA treatment rec-
ommendations and guidelines, 26 % of toxicity presentations

40

B Convulsive dose
35

| Cardiovascular collapse
30 ! dose

25

20

Dose (mg/kg)

15

10 -

Lidocaine Etidocaine Bupivacaine

Fig. 3.5 Ratio of convusion:cardiovascular collapse dose. Lidocaine
has a far greater margin of safety, i.e. seizures can be taken as a timely
warning. Cardiovascular collapse may rapidly follow seizure for bupi-
vacaine toxicity. Covino BG. Pharmacology of local anesthetic agents.
Adapted from: Rogers MC, Tinker JH, Covino BG et al.(Eds). Principles
and Practice of Anesthesiology. St Louis: Mosby Year Book; 1993;
1235-57

after single shot blockade occurred within 1 min and 48 %
became apparent within 5 min of injection [31]. Twenty-two
percent did not manifest symptoms or signs of toxicity until
30 min or more had elapsed. Isolated cerebral toxicity
occurred in 50 % of cases, combined cerebral and cardiac
toxicity was reported in 36 % of cases, and 14 % of cases
exhibited cardiac toxicity alone.

The major toxic effects are on the cardiovascular and
central nervous systems. Neurologic toxicity occurs at
lower concentrations followed by cardiac toxicity at higher
concentrations. This is not always true for bupivacaine,
which has a narrower margin between the dose that pro-
duces cerebral and cardiac toxicity (Fig. 3.5). Early signs
of cerebral toxicity are subjective (dizziness, drowsiness,
and tinnitus). These will not be related by the heavily
sedated or anesthetized patient. Moreover, general anesthe-
sia itself raises the cerebral toxicity threshold, and neuro-
muscular blockade will preclude the onset of generalized
tonic-clonic seizures. Consequently, the first manifestation
of an accidental intravascular injection or rapid absorption
may be cardiovascular collapse.
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Central Nervous System Toxicity

Local anesthetics readily cross the blood—brain barrier to dis-
rupt cerebral function. The central toxic response is specifi-
cally related to plasma levels of local anesthetic in the central
nervous system (CNS) and their effect on the complex inter-
play between excitatory and inhibitory pathways that facili-
tate neurotransmission. Initially, there is a generalized
excitatory phase, as manifest ultimately by seizure activity.
This initial phase appears to be the result of blocking inhibi-
tory pathways in the amygdala, which allow excitatory neu-
rons to function unopposed. Early clinical prodromal signs of
CNS toxicity include light-headedness, dizziness, blurred
vision, and tinnitus. Vasques et al. report that prodromal man-
ifestations, i.e. confusion, dizziness, tinnitus, dysarthria, limb
twitching, tremor, and eye movement abnormalities were
reported in 40 % of all LAST cases reported since 2010 [31].
With increasing plasma concentrations, muscle twitching and
tremors involving facial musculature and distal parts of the
extremities are often observed. As blood and brain levels of
local anesthetic concentration increase, generalized tonic-
clonic reactions occur [21]. Seizure was the commonest
reported sign of CNS toxicity in Vasques’ series (54 % of
reported LAST cases) [31]. When levels of local anesthetic in
the CNS increase further, both inhibitory and excitatory path-
ways (being more resistant to the effects of local anesthetic
toxicity) are inhibited, leading to CNS depression, a reduced
level of consciousness, and eventually coma.

Cardiac Toxicity

Cardiotoxicity typically follows a two-stage pathway. In the
early stages, sympathetic nervous system activation during
the CNS excitatory phase indirectly leads to hypertension
and tachycardia. A direct myocardial depressant effect occurs
at higher concentrations epitomized by ventricular arrhyth-
mias, myocardial conduction delays, and profound contrac-
tile dysfunction ultimately leading to cardiovascular collapse.
Blockade of potassium and calcium channels may also con-
tribute to cardiotoxicity signifying up to three sites of action
[32]. Inhibition of cardiac potassium and calcium channels
appears to occur at a concentration greater than that at which
binding to sodium channels is maximal.

Most available information on this subject comes from
whole animal and in vitro studies and case reports. The prin-
cipal mechanism relates to the binding and inhibition of
myocardial voltage-dependent sodium channels by local
anesthetic molecules leading to an increase in the PR interval
and QRS duration, provoking a dose-dependent prolongation
of conduction time and eventual depression of spontaneous
pacemaker activity. Persistent sodium channel blockade pre-

disposes to re-entrant arrhythmias. Subtle T-wave changes
on the electrocardiogram may progress to ventricular
arrhythmias. These arrhythmias may subsequently be fol-
lowed by ventricular fibrillation. Alternatively, profound
bradycardia may ensue, followed by asystole [23]. These
electrophysiological effects are compounded by a direct neg-
ative inotropic effect of local anesthetic drugs.

Clarkson and Hondeghem, when comparing lidocaine to
bupivacaine in guinea pig ventricular muscle, developed the
concept that lidocaine blocks sodium channels in a “fast-in
fast-out” fashion, whereas bupivacaine blocks these channels
in either a “slow-in slow-out” manner in low concentrations
or a “fast-in slow-out” manner at higher concentrations [33].
The dissociation constants for the R(+) and S(—) bupivacaine
enantiomers demonstrate that the dextrorotatory isomer is
seven times more potent in blocking the potassium channel
than the levorotatory isomer [34]. The levorotatory isomer
(S—) of bupivacaine has less potential for cardiac toxicity
than the dextrorotatory one (R+) or racemic mixture of both
[20]. This led to the development of the single stereoisomers
levobupivacaine and ropivacaine. Ropivacaine blocks sodium
channels in a “fast-in medium-out” fashion [35]. In fact, the
dissociation constant (between ligand and receptor) for bupi-
vacaine is almost ten times longer than that of lidocaine
resulting in a prolonged and near irreversible cardiac depres-
sant effect [33]. There is a positive correlation between local
anesthetic lipid solubility and inhibition of cardiac contractil-
ity, further evidence for the clinically relevant finding that
ropivacaine is less toxic than bupivacaine (Table 3.1). If ropi-
vacaine and levobupivacaine are accepted as being the safest
options, the obvious question is, how do they compare to each
other? Existing evidence from animal studies and one volun-
teer study has demonstrated both reduced cardiotoxicity and
neurotoxicity of ropivacaine when compared to levobupiva-
caine [36]. This may be related to the reduced potency of
ropivacaine or, as suggested by Groban et al., due to its
smaller molecular size and piperidine-free structure [36].

The true equipotency ratio between the enantiomeric
agents has been the subject of much conjecture. Results from
a number of animal and clinical studies would suggest a rank
order of potency of ropivacaine < levobupivacaine < bupiva-
caine [19]. This suggests that any theoretical cardioprotec-
tive benefit derived from ropivacaine would be negated by
the clinical need for higher doses due to its lower potency.
The difference in potency does not appear to be clinically
relevant for surgical blocks (both peripheral and epidural)
when the newer agents are used at concentrations of 0.5—
0.75 %, with the clinical profile of the nerve block being
similar to that obtained with racemic bupivacaine. However,
the lower potency of ropivacaine becomes relevant when
used for post-operative analgesia with both epidural and con-
tinuous peripheral nerve blockade. For this application,
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0.2 % ropivacaine appears to be as effective as 0.125-0.15 %
levobupivacaine, which in turn is identical to racemic bupi-
vacaine [19].

Treatment of Toxicity

While the widespread use of ultrasound guidance may be the
defining hallmark of regional anesthesia in the last decade,
the discovery of the usefulness of Intralipid emulsion (ILE)
for resuscitation from LAST has been no less instrumental in
improving overall safety. Nonetheless, ILE is meaningless
without vigilant monitoring and a high index of suspicion.
This is especially important for the ‘ultrasound generation’
of regionalists who may not have had first-hand experience
of local anesthetic-induced cardiac toxicity. Conversational
contact with the patient is prudent on many levels. All
patients subject to a regional anesthesia procedure must have
electrocardiography, pulse oximetry, and blood pressure
monitoring.

Immediate intervention at the earliest sign of toxicity
improves the chances of successful treatment (Fig. 3.6).
Prominent display of a treatment checklist in locations where
regional anesthesia nerve blocks are frequently performed
may be helpful (Fig. 3.7). Extensive laboratory and animal
research suggest that important nuances exist between the
general supportive measures of Advanced Life Support
Guidelines (ACLS) and more specific measures directed at
local anesthetic toxicity.

Acute morbidity from seizure activity is due in large part
to airway complications. Hypoxia, hypercarbia, and acidosis

all worsen prognosis. Consequently, airway control must be
achieved prior to management of seizure activity. This was
recognized by Moore and Bridenbaugh over half a century
ago when they reported no instances of death attributable to
LAST induced cardiac collapse among 103 cases of severe
toxicity with mask ventilation and oxygenation [37].

Seizure control is optimally achieved with benzodiaze-
pines, e.g. midazolam (0.05-0.2 mg/kg). Small doses of pro-
pofol may be used in the absence of immediately available
benzodiazepine if there are no signs of cardiovascular insta-
bility. However, propofol can produce cardiovascular depres-
sion which may be harmful in the setting of evolving cardiac
compromise.

Intralipid Emulsion

Experimental animal studies, and more recently, numerous
clinical case reports document the dramatic reversal of the
toxic effects of local anesthetics by intravenous Intralipid
emulsion (ILE) [38-41]. Intralipid emulsion is an FDA-
approved hyper-alimentation source comprised of soybean
oil, glycerol, and egg phospholipids. The mechanism of
action of lipid emulsion in the reversal of local anesthetic
toxicity is contentious. It may have a scavenging effect by
acting as a circulating lipid sink extracting lipophilic local
anesthetic from plasma or tissues [40]. It also has the direct effect
of improving cardiac output in the absence of toxicity and
this also contributes to the rapid recovery from toxicity
[42-44]. Indeed, a recent study of LAST in a rat model dem-
onstrated that the direct cardio-tonic effect of ILE was
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Fig. 3.6 Algorithm for management of LAST. Early recognition and
intervention are vital to ensure a successful outcome. The generally
accepted order of care is airway control and oxygenation followed by
seizure control preferably with benzodiazepine. ILE should be initiated

Circulatory arrest present

« Start CPR and ACLS
(low-dose epinephrine)

= Continue IV lipid
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* Avoid lidocaine for
arrhythmia management

» Consider cardiopulmo-
nary bypass

Follow-up
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at the first sign of cerebral or cardiac symptoms. Adapted from: Vadi,
M. G. Local anesthetic systemic toxicity after combined psoas
compartment-sciatic nerve block: analysis of decision factors and diag-
nostic delay. Anesthesiology. 120(4) 987-96
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ASRP
- Ld

\v4
Checklist for Treatment

of Local Anesthetic Systemic Toxicity

AMERICAN SOCIETY OF
RecioNAL ANESTHESIA AND PAIN MEDICINE

The Pharmacologic Treatment of Local Anesthetic Systemic Toxicity (LAST)
is Different from Other Cardiac Arrest Scenarios

- Get Help
<l Initial Focus
d Airway management: ventilate with 100% oxygen
2 Seizure suppression: benzodiazepines are preferred; AVOID propofol
in patients having signs of cardiovascular instability
J  Alert the nearest facility having cardiopulmonary bypass capability
< Management of Cardiac Arrhythmias

J Basic and Advanced Cardiac Life Support (ACLS) will require
adjustment of medications and perhaps prolonged effort

J AVOID vasopressin, calcium channel blockers, beta blockers, or local anesthetic
< REDUCE epinephrine dose to <1 meg/kg
- Lipid Emulsion (209 ) Therapy (values in parenthesis are for 70kg patient)
dJ Bolus 1.5 mL/kg (lcan body mass) intravenously over 1 minute (~100mL)
3 Continuous infusion 0.25 mL/kg/min (~18 mL/min; adjust by roller clamp)
J Repeat bolus once or twice for persistent cardiovascular collapse
3 Double the infusion rate to 0.5 mL/kg/min if blood pressure remains low
J Continue infusion for at least10 minutes after attaining circulatory stability

d Recommended upper limit: Approximately 10 mL/g lipid emulsion
over the first 30 minutes

< Post LAST events at www.lipidrescue.org and report use of lipid to www.lipidregistry.org

Fig.3.7 ASRA checklist should be prominently displayed in any loca-
tion where regional nerve blocks are performed

primarily responsible for the rapid recovery from bupiva-
caine-induced toxicity with an apparent secondary effect
from the lipid sink [42]. Weinberg and colleagues conducted
the original research involving the successful resuscitation of
rats in whom cardiovascular collapse was induced with intra-
venous bupivacaine [45]. These findings were successfully
repeated in a canine model of bupivacaine toxicity [40]. The
first clinical case report of the successful use of lipid emul-
sion in the treatment of bupivacaine-induced cardiac toxicity
appeared 8 years after publication of the original animal
studies [39]. Its successful use has subsequently been
reported for the treatment of toxicity induced by ropivacaine,
levobupivacaine, and mepivacaine [46—48].

ILE should be administered as a bolus of 1.5 mL/kg over
1 min followed immediately by an infusion at a rate of
0.25 mL/kg/min. Two further boluses of 1.5 mL/kg with
5 min between boluses may be considered if the initial
response is inadequate. The infusion may be continued until
hemodynamic stability is restored. The rate may be increased
to 0.5 mL/kg if blood pressure remains low. The infusion
should be continued for at least 10 min after attaining hemo-
dynamic stability. In light of the current evidence, it would
appear prudent to ensure immediate availability of ILE in
areas where regional anesthesia is performed.

At what stage during a developing case of toxicity should
ILE be administered? Though minor differences exist
between various guideline recommendations, the general
approach involves establishing airway control and oxygen-
ation followed by seizure control and then intravenous ILE
administration. ILE appears to be relatively safe and no seri-
ous clinical complications have been reported after its use in
the treatment of drug-induced toxicity. This, in conjunction
with the potential devastating consequences of toxicity, con-
notes that administration of ILE should be considered at the
earliest signs of toxicity.

Advanced Cardiac Resuscitation

The focus of treatment of cardiovascular collapse is recovery
and/or preservation of coronary perfusion. Reports of suc-
cessful reversal of severe LAST with return to normal car-
diac function support the hypothesis that local
anesthetic-induced cardiac collapse does not lead to irrevers-
ible damage to cardiac myocytes [49]. CPR and ACLS
(modified to low-dose epinephrine and, of course, the exclu-
sion of lidocaine) should be commenced if circulatory arrest
is present. High-quality chest compressions are a prerequi-
site to circulate ILE to the coronary vasculature. It should be
borne in mind that resuscitation has been successful in the
past after prolonged periods of cardiac collapse.
Cardiopulmonary bypass has been used successfully in the
resuscitation of bupivacaine-induced cardiac arrest [50].
Though contentious as to its effect on long-term survival,
epinephrine has been recommended for the treatment of car-
diac toxicity [S1]. However, careful titration is required with
individual boluses of less than 1 pg/kg in order to avoid ven-
tricular fibrillation or tachycardia. Although standard dose
epinephrine (1 mg) may initially restore circulation and
improve systolic blood pressure, it is highly arrhythmogenic
and does not necessarily lead to improved long-term outcomes.
Animal studies of bupivacaine-induced cardiac arrest demon-
strated that epinephrine over a threshold of 10 pg/kg impaired
lipid resuscitation [52]. There is also evidence from a rat
model of bupivacaine toxicity that epinephrine should be
given immediately after ILE bolus completion to achieve
optimal success [53]. Vasopressin is contraindicated for the
treatment of local anesthetic-induced cardiovascular collapse;
moreover, it has been removed entirely from the ACLS Adult
Cardiac Arrest Algorithm, as it shows no benefit as an alter-
native or in combination with epinephrine. Similarly, beta-
blockade and calcium channel blockers must be avoided.
Medical management of LAST should not be determined
by the variability of whatever comes to mind based on
empirical experience and education. The merits of a system-
atic, practiced approach incorporating both cognitive and
behavioral components during anesthesia emergencies have
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Table 3.4 Common pediatric blocks and dosing

Maximum dose single

Route of administration Recommended agent shot (mg/kg) Maximum dose re-injection | Maximum dose continuous

Caudal epidural Bupivacaine® 2 Not recommended
Bupivacaine with 2.5
epinephrine

Lumbar epidural Bupivacaine with 1.25-1.75 0.75-1 mg/kg Infants 1 month—1 year
epinephrine 0.2-0.25 mg/kg/ h
Bupivacaine

Peripheral blocks Lidocaine 6 As for lumbar epidural
Lidocaine with epinephrine |8

2Use bupivacaine-equivalent doses (i.e., 1:1) for ropivacaine and levo bupivacaine

Table 3.5 Dose recommendations for commonly used local anesthetics

Maximum dose (mg/ | Maximum dose with | Onset time
Local anesthetic Concentration (%) kg) epinephrine (mg/kg) | (min) Duration (h)
Lidocaine 0.5-2 4-6 6-8 10-20 0.75-2
Bupivacaine 0.125-0.5 2 3 15-30 2.5-8
Ropivacaine 0.2-1 2-3 - 10-20 2.5-8
Mepivacaine 0.5-1.5 6-8 10 5-10 1-1.5
2-Chloroprocaine 2-3 10 15 5 1

been promoted for a number of years under the aegis of cri-
sis resource management [54]. Due to the rarity of a life-
threatening episode of LAST, management of LAST may be
practiced and reinforced using simulation. Use of the ASRA
guideline checklist (Fig. 3.7) has been shown to signifi-
cantly improve performance during simulated episodes of
LAST [55].

Prevention of Toxicity

Considering the potential severity and refractory nature of
local anesthetic toxicity, it is perhaps best to employ a cau-
tious and preventive approach. Unintentionally, high blood
levels of local anesthetic lead to a spectrum of neurologic
and cardiac complications with possible devastating
sequelae. This may be prevented by careful observation of a
number of safety steps. Strong evidence exists to support the
use of checklists as part of healthcare safety processes [56].
Implementation of a formalized checklist for the perfor-
mance of regional nerve blockade may be prudent to ensure
immediate availability of resuscitation equipment and medi-
cations [57].

Often overlooked but impossible to overemphasize is the
significance of monitoring. All patients undergoing a
regional anesthesia technique should have electrocardiogra-
phy, blood pressure monitoring, and pulse oximetry. This is
especially important when regional anesthesia is practiced in
so-called ‘block rooms’ outside the immediate operating
room environment. Oxygen therapy remains a prerequisite.

Slow, incremental injection of an appropriate dose
(Tables 3.4 and 3.5) of a safe agent is recommended. The
dose is determined by age and lean body mass and modified
according to pathophysiological concerns. Higher plasma
concentrations may occur after injection into a vascular
area. The highest plasma levels have been widely reported
after intercostal nerve blocks, followed by caudal, epidural,
brachial plexus, femoral, and sciatic blockade. Of note, in
their review of published cases of toxicity since publication
of the ASRA guidelines on LAST management in 2010,
Vasques et al. report that interscalene block was the tech-
nique most commonly associated with toxicity (23 % of all
published cases) followed by epidural/caudal (16 %) [31].
Twenty-two percent of cases were associated with field
infiltration anesthesia. Whether these data are an accurate
reflection of block-specific risk is of course subject to pub-
lication bias.

The use of a vasoconstrictor will serve to reduce the rate of
uptake in addition to prolonging the block. The author’s pref-
erence is for the addition of epinephrine (1:200,000) to a dex-
trose solution, the primary purpose of whichisultrasonographic
observation of spread of injectate. This is used in 0.5-1 mL
increments as a test dose prior to injection of local anesthetic.
A rise in heart rate of ten beats per minute or more is indica-
tive of intravascular injection. Electrocardiographic evidence
of T wave elevation with combinations of a small dose of
bupivacaine and epinephrine is mainly caused by epineph-
rine. However, research in neonatal pigs shows that a higher
dose of bupivacaine alone can also cause T wave elevation
(Fig. 3.8) [58]. Subsequently, T wave elevation is not a reliable
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Fig. 3.8 Electrocardiographic T-wave elevation caused by increasing
concentrations of bupivacaine. (a)No bupivacaine, (b)1.25 mg/kg,
(©)2.5 mg/kg, (d)5 mg/kg. IV bupivacaine without epinephrine can
cause T-wave elevation. Adapted from: Mauch J et al
Electrocardiographic changes during continuous intravenous applica-
tion of bupivacaine in neonatal pigs. Br J Anaesth. 105 (4) 43741

indicator for early detection of toxicity and may in fact be a
precursor to impending cardiovascular compromise.

The use of ultrasound-guided regional anesthesia may be
as important for local anesthetic systemic toxicity as the
pharmacological advances of previous decades. It is now
possible to visualize the target neural structure, potential
vascular hazards, and the spread of local anesthetic solution.
This allows for more accurate deposition of smaller volumes
of local anesthetic. For instance, successful interscalene bra-
chial plexus blockade has been reported with volumes as low
as 5 mL of 0.5 % ropivacaine [24]. Interestingly, this did not
translate into a measureable reduction in the risk of LAST
for several years after the popularization of ultrasound as a
nerve seeking modality [59, 60].

Large single- and multi-center regional anesthesia databases
are useful indicators of estimate of risk for infrequently occur-
ring events such as LAST. The largest registry in the ultrasound
era (over 25,000 peripheral nerve blocks in multiple institu-
tions) reports a reduction in local anesthetic systemic toxicity of
65 % when ultrasound guidance is used compared with periph-
eral nerve stimulation alone [4]. An unrelated large single center
registry (9062 dual ultrasound-nerve stimulator-guided blocks
and 5436 nerve stimulator-guided blocks) similarly demon-
strated a significant reduction in the incidence of LAST when
ultrasound was used. The use of ultrasound does not negate the
need for the more conventional safety mechanisms. After all,
the ultrasound image must be interpreted appropriately. The
importance of maintaining a persistent view of the needle tip,
especially when performing out-of-plane techniques, cannot be
overstated. Injection of local anesthetic solution must be imme-
diately stopped if spread of injectate is not clearly visible. Cases
of inadvertent vascular puncture during ultrasound-guided
nerve blockade with subsequent systemic toxicity have been
reported in the literature [61].

Dosing

Recommendations for maximal doses are widely available
in many anesthesia textbooks and in the monographs pro-
vided by pharmaceutical companies. Examples for both
adult and pediatric practice are provided in Tables 3.4 and
3.5. These have largely been extrapolated from animal
research, clinical case reports, and measured blood concen-
trations during routine clinical use. Maximal recommended
doses are neither evidence-based nor site-specific.
Differential absorption from injection site leads to a large
variation in peak blood levels. Modification of total dose of
local anesthetic in the presence of relevant pathophysiologi-
cal states, e.g. cardiac, hepatic, or renal failure, is essential.
Similarly, it would be unwise to adhere to these recommen-
dations in the obese population as dosing should be per-
formed usingleanbody mass. Finally, these recommendations
have been developed for the normal non-intravascular injec-
tion of local anesthetic and are meaningless after uninten-
tional intravascular injection.

A number of recent studies indicate that total mass (con-
centration xvolume) rather than concentration or volume
alone may be the most important determinant of peripheral
nerve block onset and duration [62]. Furthermore, investiga-
tions looking at the minimum effective anesthetic volume
(MEAV) and concentration (MEAC) for a variety of regional
anesthesia techniques suggest that improvements in onset
time, block intensity, and duration may plateau beyond a
threshold dose [24, 63].

A combination utilizing a local anesthetic with a fast
onset/short duration, e.g. lidocaine with a slow onset/long
acting agent, e.g. bupivacaine, iS a common practice in an
effort to maximize the favorable characteristics of both. This
may have the benefit of reducing the plasma concentration of
the longer acting potentially cardio toxic agent and has been
demonstrated for lidocaine /bupivacaine and lidocaine/ropi-
vacaine combinations [64]. A limited number of animal
studies indicate that local anesthetic toxicity can be additive,
i.e. an equipotent mixture of lidocaine and bupivacaine is as
toxic as the individual compounds [65].

Abdominal Wall Blocks

Transversus abdominis plane (TAP) and rectus sheath
blockade are frequently used as part of a multimodal strat-
egy to optimize post-operative analgesia after a wide vari-
ety of surgical procedures [66—68]. These techniques are
frequently used as ‘a low risk’ alternative to epidural anal-
gesia for abdominal wall incisions. However, when com-
pared with epidural blockade, a much larger dose of local
anesthetic is frequently used for TAP and rectus sheath
blockade. This is due in part to a lack of consensus with
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regard to the minimum effective anesthetic concentration
and volume for these blocks. Secondly, these blocks are
frequently bilateral. A number of case reports serve to high-
light the potential risk of toxicity with abdominal wall
blocks [69-71]. These serve as a cautionary reminder that a
large volume of local anesthetic injected into a neurovascu-
lar plane will be absorbed by blood vessels and surrounding
highly vascular musculature. Two recent investigations of
plasma ropivacaine concentration after single shot [72],
and continuous TAP blockade [73], found potentially toxic
plasma concentrations with wide variability between
patients. This serves to reinforce the need for individual-
ized dosing and close monitoring of patients receiving TAP
and rectus sheath blockade.

Intravenous Lidocaine Infusion

The potential benefits of systemically administered lidocaine
have been well-documented. Its value as a systemic analge-
sic was first described in 1954 in a study of over 2000 patients
[74]. Several other studies involving patients undergoing
colorectal surgery were collated in a meta-analysis demon-
strating rapid resumption of bowel motility, shortened length
of stay, and reduced nausea and vomiting [75]. No local
anesthetic toxicity was observed apart from a single episode
of transient arrhythmia. However, the safety of intravenous
lidocaine has yet to be established in large clinical trials.

Sustained Release Local Anesthetic
Formulations and Myotoxicity

Microscopic liposomal vesicles containing bupivacaine
are used as a drug delivery vehicle for the slow release of
the encapsulated drug, ostensibly avoiding high plasma
levels while prolonging the duration of the block. These
preparations are used primarily for infiltrative field blocks,
but ‘off-label’ use for peripheral nerve blockade has been
described [76]. Early reports of its safety for peripheral
nerve blockade are reassuring with a similar safety and
side-effect profile to that of bupivacaine and normal saline
[76]. Similarly encouraging was a report from Bergese
et al. on analyses of pooled safety data from 992 subjects
who received liposomal bupivacaine infiltrated into the
surgical site [77]. There have been reports of local inflam-
mation, myotoxicity, and neurotoxicity with encapsulated
formulations in both animal and human studies, which
have prompted concerns that myotoxicity may be an
unavoidable consequence of increased concentrations or
prolonged exposure to local anesthetic [78].

Summary

The recognition of the usefulness of cocaine as a local anes-
thesic by Koller more than 130 years ago was one of the
greatest medical advances ever made. It revolutionized the
practices of ophthalmology, dentistry, surgery, and anesthe-
sia. The only blemish that tarnished this revelation was, and
continues to be, the risk of systemic toxicity. However, we
have made enormous progress in the prevention, diagnosis,
and management of this problem. We have seen improve-
ments in the quality of local anesthetic agents and equipment
that we use today. In the early days of regional anesthesia,
anesthesiologists depended on their knowledge of anatomy
to predict nerve location as they blindly advanced a needle
towards its target. Today, using ultrasound guidance, we can
visualize the needle trajectory as it courses towards the target
nerve. We can identify and avoid blood vessels in our path
and we can deposit local anesthetic solution more accurately
in proximity to the nerve. These achievements have taken
place over a century of outstanding research and clinical
practice. However, we continue to be challenged by the ever-
present risk of potentially fatal local anesthetic toxicity.
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Outcome Studies Comparing Regional
and General Anesthesia
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Key Points

e Qutcome studies of regional anesthesia are hindered by
sample size issues and the possibility of selection bias;
however, overall, regional techniques appear to offer ben-
efits in the postoperative period.

* Neuraxial anesthesia and analgesia provide significant
reduction in pain following major surgery, but to date, its
effects on mortality, morbidity, cardiovascular/respiratory
complications, and postoperative delirium/cognitive dys-
function are inconclusive.

e Results of studies investigating the effects of regional
anesthesia on cancer recurrence are inadequate, although
several prospective trials are currently underway.

e The limited data available comparing regional anesthesia
and general anesthesia suggests benefits for the former
with respect to pain management, postoperative comfort,
and discharge readiness.
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Introduction

Amid the growing complexity and cost of delivering and
organizing healthcare, the role of outcomes research has
grown substantially over the past 20-30 years [1]. Outcomes
research can be defined as, “the study of the end results of
health services that takes patients’ experiences, preferences,
and values into account— (outcomes research) is intended to
provide scientific evidence relating to decisions made by all
who participate in healthcare” [2]. Outcomes research seeks
to inform medical decisions by focusing on the safety, effec-
tiveness, efficiency, and patient-centeredness of medical
interventions and health strategies. Although outcomes mea-
surements include a wide variety of patient-related assess-
ments (including functional health status, patient satisfaction,
and economic measurements), anesthesiologists have tradi-
tionally focused on clinically related patient outcomes, in
particular, mortality and major morbidity [3].

Regional anesthesia has been associated with favorable
outcomes in patients undergoing a wide range of surgeries.
Beneficial effects have been demonstrated in terms of post-
operative respiratory and cardiovascular endpoints [4, 5],
7-day survival [6], time to ambulation and hospital discharge
[7, 8], and postoperative analgesia [9, 10]. Many of the
advantages attributed to regional anesthesia are thought to be
associated with the provision of high-quality analgesia and
the attenuation of the surgical stress response. The stress
response to surgery is characterized by increased secretion of
pituitary hormones and activation of the sympathetic ner-
vous system, which can affect cardiovascular, immune, and
coagulation function with potentially negative impacts on
patient outcome [11]. Regional anesthesia attenuates the
stress response to surgery, thus providing the conceptual
framework for improved outcome after regional anesthesia
compared to general anesthesia.
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A number of factors make the interpretation of outcome
studies in regional anesthesia challenging. One such factor is
the poorly defined line between the use of regional techniques
for anesthesia and/or analgesia [12]. The quality of postoper-
ative pain relief offered by regional analgesic techniques is
well established [9, 10, 13—15]. However, these studies com-
pare the use of regional techniques with systemic analgesics
(e.g., opioids) and do not strictly compare regional anesthesia
with general anesthesia. While analgesic outcomes are impor-
tant for obvious reasons, these studies do not address the
question of outcomes based on anesthetic technique. Another
consideration is the fact that many large outcome studies
examining the role of regional anesthesia have focused on the
use of neuraxial anesthesia in comparison or in addition to
general anesthesia. The study of peripheral nerve blocks in
either large prospective or retrospective studies has been rela-
tively neglected. Therefore, most of the available data on
patient outcomes relate to neuraxial block. It cannot be
assumed that results attributable to central neuraxial block
might be similarly attributed to peripheral nerve block and
vice versa; in other words, not all ‘regional anesthetic’ tech-
niques are equal. This consideration has been alluded to in
several Cochrane reviews [16, 17]. There is, therefore, a
growing need to develop a robust nomenclature and evidence
base that reflects the differences inherent between neuraxial
and peripheral techniques in outcomes research.

Outcomes research comparing regional anesthesia with
general anesthesia essentially consists of one of the follow-
ing types of studies: prospective randomized controlled trials
(RCTs), meta-analyses, and retrospective database research.
Each study design has inherent advantages and disadvan-
tages when attempting to compare regional anesthesia to
general anesthesia. Before exploring individual studies on
the topic of outcome following general or regional anesthe-
sia, it is worth commenting briefly on the influence of study
design on our current understanding.

Randomized controlled trials are regarded by many as the
‘Gold Standard’ method to evaluate the effect of an interven-
tion on patient outcome. This study design permits hypothe-
sis testing on a primary outcome measure (e.g., 30-day
survival), in a controlled environment and on a carefully
selected, randomly allocated, statistically powered study pop-
ulation. Anesthesia-related mortality and major morbidity is
extremely uncommon. The number of patients required to
detect differences in mortality between patients randomly
allocated to receive either general anesthesia or regional anes-
thesia would be enormous, potentially necessitating the inclu-
sion of tens of thousands of patients. A randomized controlled
trial to evaluate the effect of such a very rare outcome, with
multiple confounding variables, would be extremely difficult
if not impossible to conduct. Potential solutions include
increasing the size of the study population by conducting the
study at multiple sites. Multicenter trials are possible, and

potentially increase the size of the study sample frame; how-
ever, protocol deviations, inconsistencies with data manage-
ment, and institutional differences in clinical practice may
affect the study results [3]. Additional challenges with RCTs
include the cost, time, and the potential for bias. One such
example of bias is blinding. It would be impossible to blind a
patient as to whether they received general or regional anes-
thesia. Studies comparing general anesthesia with regional
anesthesia are at best observer blinded only. Therefore, cur-
rent RCTs are hopelessly underpowered to evaluate major
morbidity and mortality outcomes, are difficult to perform,
and subject to significant bias and confounding.

Meta-analysis is a statistical approach to combine the data
derived from a systematic review. This approach seeks to
ascertain the best estimate of a treatment effect based upon
all of the available evidence. Meta-analysis involves strict
criteria for the inclusion and weighting of data from care-
fully selected studies. This facilitates the use of pooled data
from small, underpowered studies to explore treatment effect
size. This method of data analysis has been particularly pop-
ular in comparing regional anesthesia with general anesthe-
sia, where many of the individual studies were underpowered.
Meta-analyses have, however, several inherent disadvantages
such as the inclusion of studies with heterogeneity of study
population, study design, and outcome measures. Such
potential sources of bias will adversely influence the quality
of the individual studies and therefore influence the quality
of the data used for pooled analysis. Publication bias is an
additional problem in interpreting meta-analyses. Studies
with positive outcomes are more likely to be published,
while those with negative outcomes are either not submitted
by investigators or rejected by the peer review process. This
creates an environment whereby a systematic review of the
literature is likely to discover a greater proportion of positive
outcome studies for inclusion in a weighted pooled analysis.
Hence, although meta-analysis can prove a useful tool to
assess the effect of a treatment from pooled data, these data
should be interpreted carefully as they are subject to consid-
erable bias.

Retrospective database research has become increasingly
popular in recent years to compare outcomes after regional
anesthesia with general anesthesia. This method of research
has the ability to employ very large populations for analysis,
and thus can facilitate the assessment of infrequent out-
comes. These studies are generally less expensive and less
time consuming than equally large RCTs, and the informa-
tion derived from databases reflects typical clinical practice.
Disadvantages of database research include the essential ret-
rospective nature of the data. The quality and type of data
available is highly dependent on the initial purpose and his-
torical context of the database. As such retrospective data
may be both inaccurate and unreliable. Thus, this type of
research can propose associations but not confirm causation.
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Retrospective database research is therefore useful to iden-
tify associations, generate hypotheses, and estimate effect
size to inform further research.

The perioperative management of patients has changed
considerably over the past 20 years, with an increased empha-
sis on minimally invasive and ambulatory surgery. As a result,
the historical benefits of regional anesthesia (e.g., decreased
thromboembolism) may not apply to contemporary periop-
erative care. As perioperative care has become complex and
integrated, it is difficult to isolate the effect of a single com-
ponent from other facets of the perioperative pathway.

In this chapter, we will attempt to summarize some of the
key outcome studies comparing regional and general anesthe-
sia. A significant proportion of these studies will relate to
neuraxial anesthesia, reflecting the greater attention this mode
of regional anesthesia has received compared to peripheral
nerve blocks. We will highlight recent large, population-based
database studies to shed light on this controversial subject, and
we will focus our attention particularly on areas of current
interest: orthopedic surgery (in particular, hip fracture sur-
gery), postoperative cognitive dysfunction/delirium, and can-
cer recurrence after surgical excision.

Neuraxial Blockade for Major Surgery

During the 1990s, several small RCTs were published which
supported the beneficial effects of central neuraxial blockade
on postoperative outcome for major surgery [18, 19].
However, none were sufficiently powered to provide conclu-
sive evidence. In 2000, Rodgers et al. published a landmark
meta-analysis on this subject which included 141 RTCs with
9559 patients across several surgical disciplines [20]. All
studies included were performed before 1997 and a substan-
tial number before 1985. This meta-analysis demonstrated
that the use of epidural or spinal block (with or without gen-
eral anesthesia) resulted in a 30 % reduction (P = 0.006) in
overall 30-day mortality after surgery (OR 0.70; 95 % CI
0.54-0.90). Furthermore, neuraxial blockade lessened the
odds of deep vein thrombosis by 44 %, pulmonary embolism
by 55 %, transfusion requirements by 50 %, pneumonia by
39 %, and respiratory depression by 59 % (all P < 0.001).
Also identified were improvements in the incidence of peri-
operative myocardial infarction and renal failure. This paper
was regarded as a key, seminal paper at the time in establish-
ing the beneficial role of regional anesthesia in postoperative
outcome. Subsequently, however, this meta-analysis has
been heavily criticized. Many of the trials included were out-
dated at the time of publication, had methodological flaws,
and did not represent contemporary perioperative manage-
ment [21]. Several studies reported an unusually high mor-
tality rate of up to 27 % in the control group [14, 22-25].
Furthermore, on subgroup analysis, neuraxial anesthesia

only improved mortality in patients undergoing orthopedic
surgery and not in patients undergoing general, urologic, or
vascular surgery.

Three meta-analyses, mainly including studies in vascular
surgery, suggested a significant reduction in cardiac morbid-
ity with epidural techniques [9, 26, 27]. In patients undergo-
ing open abdominal aortic surgery, Nishimori et al. reported
a significant relative risk reduction of 0.52 (CI, 0.29-0.93)
for myocardial infarction (MI) in the presence of thoracic
epidural analgesia [9]. Beattie et al. included pooled data
from 17 studies comprising 1173 patients who underwent
major vascular, open aortic, or abdominal surgery [26]. They
found a nonsignificant risk reduction of 0.56 (confidence
interval [CI], 0.30-1.03, P = 0.06) for MI. On post hoc sub-
group analysis of only patients who received thoracic epidur-
als, a significant MI risk reduction was identified (odds ratio
of 0.43 (CI, 0.19-0.97)) [27]. However, the results of these
three studies critically depended on inclusion of a single
study by Yeager et al.; this study reported an unusually high
incidence (76 %) of adverse events in the nonepidural group
(19 of 25 patients) [28]. When data from this study is
excluded, no statistically significant effect on MI prevention
can be identified. Two further meta-analyses and two RCTs,
including high-risk cardiac surgery, also failed to identify a
beneficial effect of epidural analgesia on cardiovascular
complications [29-32].

The influence of epidural analgesia on respiratory com-
plications has been the subject of much debate. The
Multicentre Australian Study of Epidural Anesthesia
(MASTER trial) [32] recruited 915 high-risk patients under-
going major abdominal operations or esophagectomy and
randomized them to receive either intraoperative epidural
anesthesia with general anesthesia or general anesthesia and
systemic opioids. In an intention-to-treat analysis of 888
patients, no difference in 30-day mortality or major morbid-
ity was identified. The occurrence of respiratory failure was,
however, significantly reduced by epidural techniques from
30.2 % t0 23.3 % (P =0.02). A RCT on the effect of epidural
analgesia on postoperative outcomes by Park et al. failed to
identify any protective effect on respiratory complications
[31]. Pooled data in the form of meta-analyses of epidural
related outcome following major abdominal, vascular, and
cardiac surgery provide conflicting results [4, 29, 30, 33].

Most recently, Guay et al. performed a review of all
Cochrane reviews that assess the effects of neuraxial anes-
thesia on perioperative rates of death, chest infections, and
myocardial infarction [34]. They included all Cochrane sys-
tematic reviews that compared neuraxial anesthesia to gen-
eral anesthesia alone for the surgical anesthesia, or neuraxial
anesthesia plus general anesthesia to general anesthesia
alone for the surgical anesthesia. Compared with general
anesthesia, neuraxial anesthesia reduced the 0- to 30-day
mortality (risk ratio [RR] 0.71; 95 % confidence interval
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[CT], 0.53-0.94) based on 20 studies that included 3006 par-
ticipants. Neuraxial anesthesia also decreased the risk of
pneumonia (RR 0.45; 95 % CI, 0.26-0.79) based on five
studies that included 400 participants. No difference was
detected in the risk of myocardial infarction between the two
techniques (RR 1.17; 95 % CI, 0.57-2.37; 1, =0 %) based on
six studies with 849 participants. When neuraxial anesthesia
was combined with general anesthesia, there was no differ-
ence in 30-day mortality or risk of myocardial infarction,
compared to general anesthesia alone, though there was a
reduced risk of pneumonia (RR 0.69; 95 % CI, 0.49-0.98).

Clearly the evidence for outcome benefit of neuraxial
blockade in major general surgery is contradictory and
remains a source of controversy in current clinical practice.
Neuraxial analgesia and anesthesia may have a role in reduc-
ing pulmonary complications in high-risk patients undergo-
ing intrathoracic procedures, but a conclusive reduction in
overall mortality or major cardiovascular and pulmonary
complications has not been definitively established.
Alterations to perioperative care, including minimal access
surgery and the use of routine thromboprophylaxis, have led
to a reduction in postoperative pneumonia and deep venous
thrombosis (DVT) in recent years. Thus, the potential protec-
tive benefits of neuraxial blockade on cardiovascular and
respiratory complications may be diluted by the modern
perioperative environment [21]. It is worth noting, however,
that even in the studies which failed to demonstrate improve-
ments in morbidity and mortality, neuraxial techniques were
associated with a significant reduction in postoperative pain
[9, 31, 32]. This finding alone may be sufficient justification
to the continued appropriate use of epidural analgesia fol-
lowing major surgery.

A word of caution is appropriate at this point. Data from the
third National Audit Project of the Royal College of
Anesthetists (UK) (NAP 3) provides sobering insight as to the
potential morbidity burden associated with central neuraxial
block (CNB) [35]. Using a denominator of over 700,000
CNBs performed in the United Kingdom during the study
period, it was calculated that the incidence of ‘paraplegia or
death’ directly attributable to CNB is 1.8 (1.0-3.1) per 100,000
blocks performed. Given the absence of evidence demonstrat-
ing a survival benefit in those receiving CNB, the cost of better
analgesia at a population level is potentially high.

Neuraxial Blockade for Hip or Knee Surgery

Keen interest exists in the potential for regional anesthesia to
improve outcomes in the orthopedic population, particularly
in patients undergoing hip or knee arthroplasty surgery. As
previously mentioned, subgroup analysis of Rodgers et al.’s
influential meta-analysis in 2000 suggested improved mor-

tality only in the orthopedic population who underwent
regional rather than general anesthesia [20]. Lower limb
arthroplasty surgery is amenable to the use of neuraxial anes-
thetic techniques. The patient population is elderly, and
many have significant comorbidities which increase their
risk of adverse cardiovascular and pulmonary events follow-
ing surgery. Our aging population is an expanding group of
patients with an ever-increasing impact on healthcare eco-
nomics. Hip fractures, in particular, are a global public health
issue, and their incidence is anticipated to grow rapidly as
the population ages. Approximately 5 % of hip fracture
patients die during hospitalization, while up to 10 % die
within 30 days of fracture due to associated cardiovascular
and pulmonary complications [36—39].

A Cochrane review in 2004 examined the subject of anes-
thesia for hip fracture surgery [17]. This review included 22
trials involving 2567 patients which compared neuraxial
anesthesia (spinal or epidural) to general anesthesia, with
mortality as the primary outcome measure. Regional anes-
thesia was associated with a borderline statistically signifi-
cant reduction in mortality at 1 month: 6.9 % versus 10.0 %
(RR 0.69; 95 % CI 0.5-0.95), but at 3 months no difference
in mortality existed. There was no significant difference
between the two groups in most other perioperative out-
comes (e.g., length of operation, hypotension, and transfu-
sion requirements). Acute confusional state was reported in a
small number of studies, and summation of the limited
results demonstrated a significant reduction in the regional
anesthesia group (9.4 % vs. 19.2 %; RR 0.50, 95 % CI1 0.26—
0.95). The authors of this review acknowledged that all trials
included had methodological flaws that probably did not
reflect contemporary anesthetic practice, and that overall
there was insufficient evidence to rule out clinically impor-
tant difference between the two groups.

Subsequently, a meta-analysis compared neuraxial anes-
thesia with general anesthesia for elective total hip replace-
ment [40]. This study included ten trials involving 330
patients under GA and 348 patients under neuraxial block.
A lesser risk of both DVT (OR 0.27, 95 % CI 0.17-0.42)
and PE (OR 0.26, 95 % CI 0.12-0.56) and intraoperative
blood loss (275 mL/case) was identified in the neuraxial
block group. This study suggested significant outcome ben-
efits of neuraxial anesthesia versus general anesthesia for
THR, but significant criticism of this paper derives from
small numbers of patients and the fact that most included
studies were prior to 1990, and therefore might not repre-
sent current practice.

In 2009, a comprehensive systematic review examined the
effect of regional anesthesia on outcome after total knee
arthroplasty (TKA) [41]. The authors only included RCTs,
comparing general anesthesia and/or systemic analgesia with
regional anesthesia and/or analgesia for TKA, from 1990
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onward to reflect contemporary practice. Twenty eight studies
involving 1538 patients were identified, though only 11 of the
28 were considered to provide level I evidence, and the sample
sizes of the included studies were relatively small (varying
from only 20 to 262 patients). Overall, the authors felt there
was insufficient evidence to conclude that the anesthetic tech-
nique influenced mortality, cardiovascular morbidity, or the
incidence of DVT/PE. However, regional anesthesia/analgesia
improved patient postoperative pain experiences, lessened
morphine consumption and opioid-related side effects, and
facilitated better postoperative rehabilitation.

In recent years, there has been a renewed interest in the
use of large population-based databases to address the issue
of potential impact of anesthesia type on postoperative out-
comes. This method of research allows the analysis of large
populations, thus facilitating the assessment of infrequent
outcomes, while the information derived from databases
typically reflects actual clinical practice. As already dis-
cussed, past clinical trials suffered from small sample sizes
and exclusion of important patient groups (e.g., dementia);
therefore, the use of large-scale observational data may
enhance the validity of comparisons between anesthesia type
for hip fracture surgery.

In 2012, Neuman et al. published the results of a large
observational study of over 18,000 patients who underwent
surgery for hip fracture in 126 hospitals in New York between
2007 and 2008 [42]. The primary outcome analyzed was
inpatient mortality, while secondary outcomes included pul-
monary and cardiovascular complications. Twenty nine
percent of patients received regional anesthesia. Regional
anesthesia was associated with a lower adjusted odds of mortality
(OR 0.71, 95 % CI1 0.541-0.932) and pulmonary complica-
tions (OR 0.752, 95 % CI 0.637-0.887) relative to general
anesthesia. There was no difference in the odds of major
inpatient cardiovascular complications according to anesthe-
sia type.

Subsequently, White et al. published the results of an
observational review of over 50,000 patients who underwent
surgery for hip fracture, from the National Hip Fracture
Database (UK) [43]. However, this study revealed no signifi-
cant difference in either cumulative 5-day (2.8 % vs. 2.8 %,
p =0.991) or 30-day (7.0 % vs. 7.5 %, p = 0.053) mortality
between 30,130 patients who receive general anesthesia and
22,999 patients who received spinal anesthesia.

In 2013, Memtsoudis et al. published a large observa-
tional study of nearly 400,000 patients undergoing THA or
TKA [44]. Data from approximately 400 hospitals in the
USA between 2006 and 2010 were included. Patients were
allocated to subgroups by anesthesia technique: Neuraxial
(11 %), Combined Neuraxial-General anesthesia (14.2 %),
and General anesthesia (74.8 %). Multivariate analysis
was performed for THA and TKA separately. This study

found no difference in severity-adjusted mortality accord-
ing to anesthesia type among THA patients, but noted sta-
tistically significant increases in 30-day mortality among
TKA patients in the General anesthesia group compared
with the Neuraxial or Neuraxial-General groups (adjusted
odds ratio [OR] of 1.83, 95 % CI 1.08-3.1, P = 0.02; OR
of 1.70, 95 % CI 1.06-2.74, P = 0.02, respectively).
Incidence rates of in-hospital complications were gener-
ally lower among the Neuraxial and Combined Neuraxial-
General anesthesia groups versus the General anesthesia
group, including for PE, pulmonary compromise, pneumo-
nia, cerebrovascular events, renal failure, and prolonged
length of stay. There was no significant difference in the
rate of cardiac complications across the three groups.
When controlling for covariates, general anesthesia was
associated with higher odds for most systemic complica-
tions and resource utilization (including need for postop-
erative critical care services). The following year, some of
the same group published an even larger study of almost
800,000 patients who underwent THA or TKA performed
across approximately 500 hospitals in USA between 2006
and 2012 [45]. In this study, patients were categorized by
age (<65 years, 65—74 years, >75 years) as well as by pres-
ence of cardiopulmonary disease. A multivariate logistic
regression analysis was performed to assess the indepen-
dent influence of the type of anesthesia on complications
within each patient subgroup (including cardiac complica-
tions, pulmonary complications, prolonged length of stay,
ICU utilization). The incidence of major complications
was highest in the oldest patient group with cardiopulmo-
nary disease (26.1 %) and lowest in the youngest group
without cardiopulmonary disease (4.5 %). Neuraxial anes-
thesia was associated with decreased odds for major com-
plications and resource utilization after joint arthroplasty
for all patient groups, irrespective of age and comorbidity
burden, with patients of advanced age potentially having
the greatest benefit from choice of neuraxial technique.
Overall the effects of anesthesia were strongest when com-
paring neuraxial anesthesia with general anesthesia; effects
were less pronounced in the combined neuraxial-general
group versus general anesthesia group.

Postoperative Delirium and Postoperative
Cognitive Dysfunction

Over the last decade, postoperative delirium (POD) and
postoperative cognitive dysfunction (POCD) have been
identified as significant adverse outcomes following anes-
thesia and surgery, with the elderly being most at risk
[46]. Postoperative delirium is an acute neurological dis-
order characterized by inattention and disorganized thinking.
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It is an important postoperative complication as it is very
common, affecting up to 70 % of patients over the age of
60 undergoing major surgeries. It is associated with serious
adverse outcomes including mortality and persistent cog-
nitive decline [47]. Postoperative cognitive dysfunction
refers to deterioration in cognition temporally associated
with anesthesia and surgery, though its diagnosis is con-
troversial as there is no International Classification of
Disease Code for POCD. It is only detectable with com-
parison between appropriate pre- and postoperative neu-
ropsychological tests. Recent studies have demonstrated
that up to 50 % of elderly patients undergoing both cardiac
and noncardiac surgery experience persistent POCD [48,
49]. Steinmetz and colleagues of the International Study
of Postoperative Cognitive Dysfunction (ISPOCD) Group
demonstrated that POCD is associated with increased risk
of mortality, of leaving the labor market prematurely, and
dependency on social transfer payments [50]. Evidence
has emerged recently that preventing excessive depth of
general anesthesia using processed EEG may decrease the
incidence of POD and/or POCD in vulnerable patients
[51-53]. Conceptually, therefore, one might expect
regional anesthesia to be associated with a lower inci-
dence of POD and POCD than general anesthesia.

Rasmussen and colleagues from the International Study
of Postoperative Cognitive Dysfunction (ISPOD) group ran-
domly assigned 438 elderly patients undergoing major non-
cardiac surgery to either general or regional anesthesia [54].
This study demonstrated no difference in POCD after 3
months between the general anesthesia group compared to
the regional anesthesia group (14.3 % vs. 13.9 %, p = 0.93).
Subsequently, three separate systematic reviews on this subject
failed to demonstrate a benefit from regional anesthesia in
decreasing the incidence of POD and/or POCD [55-57],
though it is acknowledged that the interpretation of the lit-
erature on this subject is controversial due to numerous
methodological limitations such as underpowered studies,
variations in the number and range of neuropsychological
tests used, and different definitions of POCD.

Cancer Recurrence Postsurgery

Regional anesthesia attenuates the neuroendocrine stress
response and reduces the requirements for opioid and vola-
tile anesthetic agents. These factors may, in theory, preserve
perioperative immune function and potentially reduce the
incidence of cancer recurrence [58]. Over the last decade,
several retrospective studies suggested a role for regional
anesthesia in improving disease-free survival following pri-
mary surgery for malignant cancer [59-63]. However, other
retrospective studies during this period did not demonstrate

such benefit [64—67]. Many of these retrospective analyses
consisted of small numbers of patients and, as with all retro-
spective studies, are susceptible to selection bias.

In 2014, a Cochrane review was published regarding the
issue of anesthetic technique potentially influencing the risk
of cancer recurrence [68]. This review included four studies,
all of which were secondary data analyses of previously
published prospective RCTs. All studies compared general
anesthesia alone with combined general and epidural anes-
thesia [69-72]. The primary outcomes analyzed were over-
all survival, disease-free survival, and time to tumor
progression. One of the included RCTs was a long-term
follow-up analysis of the previously discussed MASTER
Trial [32]. This multicentre prospective study was the first
to provide long-term follow-up of patients prospectively
randomly assigned to general anesthesia plus opioid or gen-
eral anesthesia plus epidural blockade [71]. This study
showed a median time to recurrence of cancer or death of
2.8 (95 % CI 0.7-8.7) years in the control group and 2.6
(95 % C10.7-8.7) years in the epidural group (P =0.61); the
recurrence-free survival was similar in both epidural and
control groups (hazard ratio 0.95, 95 % CI 0.76-1.17;
P =0.61). Overall, this Cochrane review graded the quality
of available evidence as either low or very low. The authors
concluded that, at present, the evidence suggesting a benefit
of regional anesthesia on tumor recurrence is inadequate.
Recently, an expert group issued a consensus statement sup-
porting that position and called for randomized clinical tri-
als to evaluate the effect of anesthetic technique for primary
cancer surgery on cancer recurrence or metastasis [73].
Currently, there are several such RCTs ongoing, which
should significantly clarify the issue in the future.

Peripheral Nerve Blockade and Ambulatory
Anesthesia

Large multicenter RCTs comparing outcomes after surgery
performed under general anesthesia versus peripheral nerve
blockade (PNB) are lacking. In general, where RCTs on this
subject exist, the numbers of patients analyzed are small, and
therefore, definitive conclusions are lacking. Theoretically,
by providing site-specific analgesia while facilitating ambu-
lation, PNBs potentially could offer several advantages over
general or neuraxial anesthesia [74]. Liu et al. performed a
meta-analysis of trials comparing regional anesthesia (neur-
axial or PNB) with general anesthesia in the ambulatory sur-
gery setting [75]. Fifteen studies (1003 patients) comparing
neuraxial with general anesthesia, and seven studies (359
patients) comparing PNB with general anesthesia were iden-
tified that met the inclusion criteria. Compared to general
anesthesia, both neuraxial anesthesia and PNB were associ-
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ated with lower VAS pain scores (-9 and —24 mm, weighted
mean difference) and decreased need for analgesics (OR
0.32 and 0.11) in the postanesthesia care unit (PACU). With
regard to the other outcomes, there was little difference
between neuraxial anesthesia, while, in contrast, PNB was
associated with a greater ability to bypass PACU (OR 14), a
shortened time spent in PACU (24 min, weighted mean dif-
ference), and a higher patient satisfaction rating (OR 4.7).
While significant limitations in this meta-analysis existed,
not least the nonhomogenous nature of the patients included
from different studies, it suggested a more comfortable
recovery and better patient satisfaction when PNB was used
in the ambulatory setting.

Conclusion

In summary, the anesthesia literature has shown that the use
of regional anesthetic techniques provides better analgesia
and enhances patient experiences in the immediate postop-
erative period. With regard to CNBs in combination with
general anesthesia, better analgesia, however, does not
appear to translate into fewer cardiovascular or respiratory
complications on a population basis. This is either because of
a genuine absence of beneficial effect or due to the nature
and methodological flaws of outcomes research to date.
Where CNBs can be used instead of general anesthesia, for
instance, major lower limb joint arthroplasty, there is evi-
dence of beneficial effects in terms of lessening both cardio-
vascular and respiratory complications.

Data on comparing PNB to general anesthesia is very lim-
ited. In the ambulatory setting there appears to be a beneficial
relationship between PNB use and measures of pain, nausea
and vomiting, ambulation, and discharge readiness. Large
multicenter studies are required to ask appropriate outcomes-
based questions to ascertain the true (if any) influence of PNB
on important clinical outcomes following surgery.
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Nerve Injury Resulting from Intraneural
Injection When Performing Peripheral

Nerve Block

Rakesh V. Sondekoppam and Ban C.H. Tsui

Key Points

* A neuronal injury can be explained using an epidemio-
logical triad model as an interaction between an injurious
agent (local anesthetic/needle or pressure injury), a sus-
ceptible host (inadequately protected nerve), and a haz-
ardous working environment (poor supervision/guidance
for locating needle; unsafe practices, unintended expo-
sure). In theory, elimination of one of the triad’s compo-
nents should prevent the occurrence of the event.

e Long-term neurologic complications (lasting more than
6 months) are rare following peripheral nerve blocks while
the short-term neurologic symptoms although more com-
mon are known to resolve within a few weeks to 3 months.

*  Most of the evidence regarding needle, pressure, and local
anesthetic-related injuries comes from animal studies.

* In clinical practice, it is difficult to stay extraneurally all
the time and intraneural injections do occur while per-
forming PNB.

* To minimize the risk of neurological injury, one must
evaluate the patient properly (preprocedural examination
to ensure no preexisting neuropathy/risk factors), select
equipment appropriately (needle gauge, type), and admin-
ister local anesthetic accordingly (lower concentration for
nerves susceptible to insults).

e Allow a sufficient follow-up period particularly if pares-
thesia is noted during the procedure.
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e Utilize all available guidance methods if possible for the
performance of PNB including US, injection pressure
monitoring, and neurostimulation.

Introduction

Neurologic injuries following peripheral nerve blocks (PNB)
are rare, ranging between 2.4 and 4 per 10,000 blocks, but they
can be debilitating and, at times, devastating [1-6]. From a
health perspective, a rare event can be defined as any event
that occurs infrequently (>1/10,000 to <1/1000) [7]. Rare
events do not occur in a predictable pattern; thus, trying to
deduce event rates may prove to be erroneous. Predicting neu-
rologic complications following PNBs is subject to the same
issues affecting other rare events, such as multiplicity of
sources, difficulties in data collection, and variation in statisti-
cal analysis. The incidence of the event may be impacted fur-
ther by any change in the target population or the definition of
the problem. Unsurprisingly, no studies to date have investi-
gated neurologic complications following regional anesthesia
from a rare event perspective, likely due to the complex inter-
actions of known and unknown factors that influence these
complications. Although the use of ultrasound (US) has been
shown to reduce the incidence of vascular puncture, LA sys-
temic toxicity [7], and block success [8] we have yet to dem-
onstrate improvements with the introduction of US.

Neurologic injury following PNB is complex and includes
needle trauma, pressure injury [9], damage to the vasa nervo-
sum resulting in hematoma formation or ischemia, and
finally LA [10] or adjuvant-related toxicity. Other important
factors also include patient characteristics [11, 12], type of
surgery [13], and the anatomical location of injections.
Given the complexity of possible interactions among various
factors in regional anesthesia, the complication may be best
explained using the same epidemiological principles of
disease causation (Fig. 5.1).
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Causative Agents

(mechanical and chemical injury: needle,
local anesthetic, adjuvants)

Neurological
Injury

Environmental Influences

(methods to detect intraneural
injection and minimize neurological
complications, safe practices,
future technologies)

Host factors

{anatomic, surgical
and patient elements)

Fig. 5.1 Epidemiologic triangle demonstrating relationship between
causative agents, host factors, and environmental influences on neuro-
logical injury

Epidemiological principles have been used to determine
and study the interrelationship of various factors on the sus-
pected cause of diseases so that control measures can be
identified and implemented to prevent and minimize the dis-
ease. Typically, the event (complication) is said to occur
when there is interaction among an injurious origin (caus-
ative agents), a susceptible host (host factors), and suitable
circumstances (environmental influences) known popularly
as the epidemiological triad [14, 15]. Using this model, risk
factors can then be broadly classified to the host (anatomical
and biological factors), the injurious agent (mechanical,
pressure, and neurotoxic insults), and the environment
(guidance techniques, supervision, safety culture). The neu-
rological injury may represent the final result from the inter-
action between these risk factors. Elimination or
minimization of one of the triangle’s component may poten-
tially, in theory, interrupt the interaction and prevent the
event from occurring.

In fact, any discussion of epidemiology would be incom-
plete without mentioning John Snow, a pioneer anesthesiolo-
gist, who is also known as the “father of epidemiology” due
to his well-known first epidemiological studies conducted in
the 1850s [16]. In his studies, Snow used logic and common
sense to study the interaction of factors causing disease and
to develop preventative measures in ending the cholera out-
break. This work classically illustrates the effective use of
epidemiological principles used even today to investigate
and control disease and outbreaks. In this chapter, we, there-
fore, have performed a systematic review to evaluate the per-
tinent clinical and pathophysiological aspects of neurological
complications following PNBs from the perspective of the
epidemiological triangle.”

Search Strategy and Selection of Studies

A systematic review of the medical literature (MEDLINE,
OVID, and EMBASE) was performed during Nov—Dec 2015
using the search strategy described later. The MEDLINE
search used a combination of the following medical subject
headings: nerve injury, neurologic injury, peripheral nerve
injury, neurologic deficit, paresthesia, neurologic sequelae,
pathology, ultrastructure, anatomy, transient neurologic defi-
cit, transient neurologic symptoms, paralysis, nerve block,
peripheral nerve block, local anesthetic, local anesthesia,
conduction anesthesia, and regional anesthesia. Subsequent
searches combined the keywords intraneural injection, epi-
neurium, subepineurial injections, perineurium, intrafascicu-
lar injection, extrafascicular injection, injection pressure,
ultrasound, neurostimulation, and needles. EMBASE and
OVID database searches were performed for the period
1975-2015. We started from the year 1975 since the very
first investigations, looking into the factors important to the
causation of nerve injury following regional anesthesia in a
systematic way, began in 1977 [17].

Both human and animal studies were included in the
review. Additional database searches included Cochrane,
LILACS, DARE, IndMed, ERIC, NHS, HTA via Centre for
Reviews and Dissemination (CRD; York University), which
did not produce any additional unique results. The bibliogra-
phies of publications included for analysis were also
reviewed manually for additional material that may have
been missed by the database searches.

Literature Selection

The full text of all articles obtained from the searches was
retrieved for critical appraisal. References of all articles were
examined to ensure that no original research studies were
missed. We included closed claimed analyses, meta-analyses,
systematic reviews, randomized controlled trials (RCTs),
controlled studies without randomization, observational
studies, retrospective studies, comparative studies, and case
series for this review. For the purposes of this review, RCTs
were defined as such only when they included human sub-
jects; randomized studies of animal subjects were not classi-
fied as RCTs. We did not include correspondences, pediatric
population, or conference abstracts with incomplete data sets
in this review.

Evidence Evaluation

Relevant full-text articles were separated based on literature
type (database reviews, human and animal studies) and were
subsequently reviewed independently in duplicate. Data
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Table 5.1 Oxford Centre for Evidence-Based Medicine levels of evidence
and grades of recommendation (adapted from www.cebm.net)

Level Description

la Systematic review of RCTs or of prospective cohort
studies

1b Individual RCT or prospective cohort study with good
follow-up®

lc All or none studies

2a Systematic review of cohort studies

2b Individual cohort study (including retrospective)

2c “Outcomes” research

3a Systematic review of case—control studies

3b Individual case—control study, nonconsecutive cohort
study, or limited population

4 Case series

5 Expert opinion without explicit critical appraisal or
based on physiology, bench research, or “first principles”

Grades of recommendation

A consistent level 1 studies

B consistent level 2 or 3 studies or extrapolations® from
level 1 studies

C level 4 studies or extrapolations from level 2 or 3 studies

D level 5 evidence or inconsistent or inconclusive studies
of any level

“Defined as >80 % with adequate time for alternative diagnoses to
emerge (e.g., 1-6 months acute; 1-5 years chronic)

®Where data is used in a situation that has potentially clinically impor-
tant differences than the original study situation

were classified based on the epidemiologic triangle: (1) host
factors (anatomic, surgical, and patient-specific elements),
(2) damage-causing agents (needle, local anesthetic, adju-
vants, pressure injury), and (3) environmental factors (meth-
ods to detect intraneural injection, safe practices, future
technologies). Additionally, data relating to nerve injury and
the incidence of unintentional intraneural injection were
evaluated separately.

Data were extracted and entered into a database (Microsoft
Excel, Microsoft Corp., Redmond, WA). Level of Evidence
(Table 5.1) and Grades of Recommendation (Table 5.2)
developed by the Oxford Centre for Evidence-Based
Medicine were assigned to each study.

Furthermore, RCTs included in the current review were
assigned Jadad scores (0-5) [18] while case reports were
graded by Pierson scale [19] to assess scientific quality.
Nonrandomized studies were not assessed for quality. Animal
and cadaveric tissue studies were given a lower grade (Level of
evidence 5; Grade D) irrespective of the study design.

Selected studies: A total of 3328 abstracts were retrieved
from the MEDLINE, OVID, and EMBASE databases. After
elimination of 62 duplicates, 3266 articles were screened for
eligibility, 206 of which were selected for full-text review.
Seven additional articles identified from a manual search of
references from relevant articles were included. Seventy nine

studies were excluded based on the criteria earlier, leaving
134 full-text articles for review (Fig. 5.1).

A total of 43 animal [9, 17, 20-59] studies (Table 5.2), 60
human [1-6, 60-113], and 8 cadaver/laboratory studies
[114-121] (Tables 5.3 and 5.4) 21 case reports/case series
(Table 5.5) [122-143] were included for this review. The
statement of evaluated outcomes has been summarized in
Table 5.6.

Among animal studies, eight studies evaluated the impact
of needle design on nerve trauma, while seven studies
reported on the injection pressure, 21 studies evaluated neu-
rotoxicity of LA/adjuvants, and seven studies evaluated
guidance methods such as neurostimulation/US. Of the
human studies, six studies evaluated the incidence of unin-
tentional intraneural injections while four studies evaluated
the impact of deliberate intraneural injections. A total of 38
studies reported on neurologic complications in relation to
PNB, while the remaining 9 reported on methods to detect or
avoid intraneural injection.

Incidence of Neurologic Complications
Following PNB

Transient neurologic dysfunction following PNBs are more
common than long-term dysfunction and usually resolve with
time (LOE 1b; Grade A). Long-term postoperative neuro-
logic dysfunction is rare following peripheral nerve blocks
(LOE 1b; Grade A). Procedure-induced paresthesia may
increase the risk of postoperative neurologic dysfunction
(LOE 1b; Grade A). The safety of performing PNB under
general anesthesia and its impact on neurologic outcomes is
currently unknown (LOE 2b; Grade C).

Retrospective reviews tend to under-report the incidence
of neurologic complications due to selection, information,
and recall bias, whereas the medico-legal databases may
overestimate the incidence due to over-reporting and a lack
of denominator for the incidents (Table 5.4). Early attempts
to determine the incidence of neurologic sequelae following
regional anesthesia came from ASA closed claims analyses
[69, 88]. The first closed claims analysis included spinal
anesthesia, ophthalmic blocks, and chronic pain blocks,
while the latter looked specifically for neurologic complica-
tions following PNB. Closed claims analyses of PNBs have
shown a trend toward a rise in nerve injury claims over the
years (31-51 %), but only a few are thought to be related to
the PNB itself [88, 89]. This ambiguity necessitated several
prospective studies of block-related neurologic sequelae.

Prospective studies estimate the incidence of long-term
neurologic injury following peripheral nerve blocks to be in
the range of 2.4-4 per 10,000 blocks [2, 65-68, 144].
Transient neurologic deficits lasting up to 2 weeks occur
more frequently following PNB, with an incidence varying


http://www.cebm.net

surrgdaurda noym sureoeardow pue
ouredseArdng yim 3sed pue pruwt sem suriydourds Jnoyiim Jo YIIm QUIeOOpI] AQ dTeWER o

SAep 71—6 AQ [PWIUTW SeA PUE JWI) Y)IA JOA0IDI O}
S Swads afewe( “ouresoid 9, 7 pue duTeIRIR) 9 | YIIM I1SUSIY 9q O} SWIAS oFeWEp AIN o o1RIOS orl BN | [s2Z] ‘T8 10 muen

9pey00[q Jojow KI0SUIS
Jo uoneinp 1o3uo| APuedyrusis ur paynsal anssaid Mo[ yim suondolur [eInduenu]
Am(ur
QAIOU JO QATIBDIPUI SOFURYD [BIISO[0)SIY PUE [RUOIIOUNJ UT J[NsaI A[[ensn pue uonodfur
S Je[NOIOSBJRIUI JO ATJRIIPUI 9q Aew uondafur fernauenur suump sainssaid uonoafur ysry o o1RIDG s 3oQq [¢€] Te 10 Indey

UONELIOUAFI PIZIULSIOSID UT J[NSAI puk ow SUO © 10 IS1s19d UOTISUT A[PIAU [9AG-1I0YS
I9)Je so3ueyD [BUONOUNJ PUE (BUWIOPS [BUOINAU PUE UONEIOUSSIP [BUOXE) [BINIONNS UL, o

SO[PaU [9A2q-3U0] 0} paredwod BWIAPS [BUOINAU puE dFBWEP
S [EUOXE QIO PISNED SA[PIAU [9AIQ-1IOYS ‘UOTIIOSUT S[PASU JR[NOTOSLJeIUT 9JeIqQI[op IOV o RIS €9 LN | [1#] Te 10 2o1yg

9[paau Ayong, oY) YIm 95, 09 03 paredwod a[pasu apoIds ay) Ym
9 GG S BUIOJBWY pue ‘Sa[paau Ayon], pue a101dS y1oq ym 9, Of Sem oSewrep UI[AIN o

soLn[ur 9[pasu [joq I9)je d3ewep snxord
S uI[eAW JO BWOLWAY [BINQURIUI JO dOUIPIOUT 0) PILTI YIIM QOUIIIJIP JUBOYIUSIS ON o [eyoerg 8¢ Sid [S#] 'Te 19 Ip[oJuIals

s1aqy oAU 2y} 03 [d[[ered
9[Paau PaJaAdq Y Sunaasur Aq APUBOYIUSIS POONPAI SeM SUOXE PISeWep JO IOqUINU Y, e

9[Pasu PA[aARq A} J0J UeY) A[Padu parade) 10J sSA] APULIYTUSIS SeM SUOXE PIJIISUL)

S JO JoquNU UBdW Y[, "YIeaYs UI[oAW JO uondniiojul pue SISSWIOUOXE PISNED SI[PAAU [V oneIdS 06 jqqey [9€] ‘Te 10 pwrENATRIAl
uoneI0JI1od 9ATOU [BUOTIUIUIT JOJJE IDJOWRIP A[PIAU snxord
S JO3IR[ PIM I)BAIT 2IOM SAI00s AIn(ur pue (FeWEp UIAW PUR BUWOJRWAY) dFeWep AN [eryoerg ov 31 [$+] ‘T8 32 Ip[RJUINS
Kouapuo)

UOIXQ[ PUB JUSWAAOW UT ASLAIdAP B pamoys dnoid [9Aaq JI0YS oY) UI S[EWIUE 1IN0 o

[9A2q SUO[ © yIIm UBY) [2A2q MOYS B (M Appudnbaiy
S QIOW 9[PAJU Y} IIA JOBIUOD JO ow) Ay Je paddIfs pue poje)or YU} oAIOU YL, e oneros 1 LN | [L€] 'Te 10 seroeI

SO[PAAU (,GF7) [9A9G-1IOYS YL
uey) (o1) [9Aq-Suo yim Apuenbaly 10w ParINOd0 SALIN[UT JB[NOIOSE] QIOAS ISOW Y], e

So[padu
S [9A2q-110ys (im A[eroadsa ‘dn o[poau oy woly A[Isea Keme PO[[OI IO PIS SI[OIOSE] JAION o oaneg 0¢ Nnqqey [91] ‘Te 3 1opuUE[eS

SHWW (06 pue ¢ZT usamiaq sarssaid je parmnooo wnumaurrad oy Jo axmydny

Q[orose oy uryiim peads [eurpmyiuoy prder
S © pamoys pue (SHww ())9<) sainssaid uonoslur 1oysy pairnbar uonossfur enorosejenu] e o1eIS 0z Jqqey [€¥] 'Te 19 Iopue[os

Km(ur oAIou Jo sagueyd [ed130[03s1y pue (sAep /) porrad
Apmis 9y) Inoy3noIy) s)oYp Jojouw Jud)sisiad 210A9s ur paynsal sainssaid uondafur ySiy e

(1sd ¢z<) aunssaxd uonoasfur y3iy paxmbar suonosfur

S [emauenur //4 oym (1sd $>) ainssard uonodfur mof parmbar suonodfur [eInouLIdd oneIog ¥1 3oq [6] Te 30 o1zpeH
A0T s3urpuyy Aoy ad£y yoorg sydwoype [opouw [ewIuy Apms
/S90[q JO JaquInN

Amfur feorSojoinau SuneSsoAUl SAIPNIS [BWIUL JO JUSWISSASSY  °G d|gel



(panunuoo)

SOSED JO 9 L] UI' YW () [< PUE SASED JO 9, G/ Ul YW G'(S SeM P[OYSAIY) JUSLIND WNWIUIA

(VW ¢€—7°0) 9[qeLBA Seam 9suodsal J0J0UW © IO 0) Parnbar juarmnd Y,

sogewr uonuaArdjurald yjim paredwod 9, ()G URY) I0W AQ PASLAIOUT JOJQWERIP oY,

[eI0Wwoy
‘snxord
[ergoerg

¥C

Sid

[61 ] Te 30 Ny

% 001 “VW $°0 F 9§°0 = [BINAUBIU] 1% G6 *VW €670 F 6¢°0 = wntmnaurds up

% 0L VW €€°0 F 26°0 ‘W [°Q Sem Adudnbaij :juarmd :ooue)si(q

“I9SO[D IO QAIAU Y}
woIy wd [°Q pauonisod a1om SA[PIaU uaYm ATUO 9[qeuIeIqo sem asuodsar 1ojow | odAT,

oneg

or

Sid

[€L1] Te 10 TesL,

suonodalur /g Ul PaiINdd0 uonod[ur re[norosejenuy

% S UL VW [ pue 9 ¢ Ul YW ¢°(
Suroq proysary oyl i [(Vw 8 1—¢ 10 :95ueI) YW ¢4°()] S[qRLIBA SeA JUSLIND P[OYSAIY [,

snxord
[ergoerg

8¢

Sid

[e2] ‘T8 10 ueyD

dnoi3 aureoeardnq oy ur aseaour jueoyrusts jnq sdnoid
QUIPIWO)OPIWXAP PUB ‘QUI[ES ‘WEYS Y} UdIM)q SNJB)S JUBPIXO [210) UT dOUIJIP ON

dnoi3 osureoeardng ayj ur 1omof
Apueoyrusts sem Ing sdnoi3 QUIPIIO)IPIWXP + duledeardng pue ‘QUIPIOJIPIAWXIP
QuITes ‘Weys Udam)aq [enbo Jsowfe sem 9AISU O1JBIOS JO SNIe)S JUEPIXONUE [B10],

anerog

(1%

ey

[6v] T2 39 ojnL

aureoeardor Jo renuajod 91X0j0INAU ) PASLAIOUT WE[OZEPIA

wrejozeprw pue ‘ouoseyjowexap ‘ourydiouaidng ‘Qurpruopd ‘syuean(pe 291y
-0A1)EAISS2Id JO SUONEIUAOUOD YSIY URL]) OIX0JOINdU dI0W SI (Tuw/Sw ¢ 7) aureseardoy

B/u

e/u

SuoINou
jer parmn)

[£S] Te 30 sweripm

S)QOM T J© [BULIOU JBdU ST UOTJBIdUAFAI 9AIoU pue ‘[ouayd Jo Jey) uey) SS9 skem[e
st Anfur Jo Jua)xa oY) Jnq ‘@A1du pasodxa ue 0juo pade[d 10 ojur A[JO2IIp paId)SIUIUpPE
UQUM UONBISUISIP UBLID[[eA\ PUR uoneur[oAwap Suronpur jo 9[qeded st oureseardoy

aneg

123

ey

(61 T8 19 3popIy M

JGN Ut oSueyd JuedoyTuSIs Ou Ul S)NSI QUIBOLIA],

Jnoysem Aq pIsIoAal ST pue JgN Ul sjuowarorduwr juapuadop-osop sosned aureoeardng

jnoysem
JI9)Je SONUIIUO0D Yorym JgN Ul uoronpal juapuadap-osop sasned auresopr| + sutiydourdg

oneros

06

ey

[12] Te 30 o3pinred

£)191X030INAU JO SATUBYD
[eor3ojoyedo)siy Juanbasqns ur 3[nsal jou PIp JGN UI UONONPAI AY) “JUBIYIUSIS YINOyIy

AGN Ul 9sea100p Joy)ing ur Jynsal jou pip surydaurds jo uonippy

1831 9y £q Uay) pue
(9% GL°0) 2ureoeardnqoaa] Aq pamoj[oF aureorArdor Yirm pajou sem dSeaIdap 1s91eals oy,

AN 9SBIap PAIPNIS SONAYISAUE [BI0] [V

anerog

8Y

ey

[zz] 'Te 1o z1zenog

sdnoi3 onayjsoue
[200] UI JNOYSEM )M PISIOADI JOU SI JEN POONPAI A [, "QUIBIOPI] JO UONIPPE Io)Je
poounouoid a1ow ST 3991J9 SIY) (Apuedyrusis (JGN) MO Poo[q dAIdu saonpai surydourdyg

aneg

8

ey

[6€] ‘Te 10 SIOAN

uonouNy J0JOW AAIAU JMEIOS UO 1) SNOLII[AP OU pey
donjoead TeoTur[d ur pasn A[oUNNOI SUOTJEIIUAOUOD T8 duTedrAIdoT JO U0noa[ur [eInouenuy

onerog

49

Y

[LT] Te 30 woyoy

AyredoInau [BUOTIOUNJ OJUT JB[SUBI) A[LIBSSOOU
jJou $20p Inq AUl 9AIOU JO SOUIPIAD [EIISO[0ISIY UI SINSAI O[IAYISAUE [BIO] JO JWN[OA
JueAQ[aI A[[EOIUI[O B JO UONIS[UI [RINSURIUI SULIND PUNOSEI[N UO UIS uoIsuedxa dAION

RPN

0C

Sid

[c¢] Te 3o ndng

sageydoIoew JO UOTIBATIOR PUB UONBN[LJUI SB [[oM SB UI[oAW 0) d3ewep
sasned auredeAldng JO SUOISNJUI SNONUIIUOD O} OAIA UI SIAIdU Jo ainsodxa paguojoid

Jouuew juapuadop
-UONEIIUAOUOD PUB -OWIT) B UI OJJIA UT [JBP [[90 UUBMYDS 9SNED SOIIOYISAUE [800]

aneng

91

|

[8S] e 10 Suex




uoneloyrad oAU woj aFewep 03 J0adsar yym oSnes dwes ay) snxord
S JO SO[PIaU [9A9q-1I0Ys 0} Jorradns oq 03 Waas Jou op so[paau jurod-rouad (D) $7) [[eWS o reryoerg 0S Siq [L¥ ] Te 12 Ip[oJuUINg
uonewweJul/AInfur 9AISU [BINJONIS AIIADS
PUE SOAIAU AU} JO UOHRWWIRYUT OISk Ul ) NSAI 9AISU 2Y) PUNOIL UIWING[R PUB POO[q YIOF e
S SISBD JO 9, G UI UAAS Sem euwojeway [eindutrod Suimor[o] oSewep urfoAjN e BlSlGIN w 3id [9t] ‘T8 12 pRJUINS
Suoxe pue
wnunaurdd Jo uondnisip pajeaaar dnois Jualnd mof aYj JO USWIoAds dAIQU OIS AU o
A[rernauenur pue ‘-11ad ‘-qns punoj sem UOHBWWRUI ‘S[EWIULR
dnoi3 jua1md Mo ]/ U] "UOHBWWEUI JO SUSIS OU pamoys dnoi3 JuaLnd pIepuels e
dnoi3 Juarmd moy oy ur yu 4(°0 F §1°Q pue dnois juaumd prepue)s
) Ul YW GO’ F () Sem suodsar Jojow e urejqo o) parnbar juaumd S F ueow oy, e
suonoafur fernauenur 10y oyroads st (yw 7'0>)
S JUSLINO MO[ J[IYM SUOTIOSUT [EINOUBITXD SAINSUD YW G'()< SIUALIND 0) 9SUOdSaI IOJOJN o o1eIdS 0z Siq [16] T8 10 [oo100A
uonoafunsod g pue |
sAep uo pue A[eJeIpauUIWI UOTIRWWEHUL JO SuSIs pue wnunaurrad 1oejur pamoys ASO[0ISTH
S)oyap I0jou ul nsar 1o 1sd (jz< padoxa jou pIp suondauy e
sKep  unyim sanfea axmoundard 0 paunar pue suonoafur
S Q) 19} A[QIBIPIWIWI JUSIQJIP 2Iom san[eA AJIOTUISOYID QATIR[AI PUB BAIR [BUOIOIS-SSOI) o oneros 1 191314 [0z] Te 10 epleg
[[BIOA0 UOTJEIQUSAP JoqL QAT
9% €< pamoys Apnjs uonodfur snosueinorad o) Ul PIUTWEXS SIAIDU OIIRIJS A} JO QUON
SJel O1}OQRIPUOU SNSIAA SJE J1JoqRIp Ul YO0[q
S QAIOU AJOSUQS JO UOTJBIND UedwW JOSUO[ & Poonpoid Suornnjos onoyjsaue [ed0] oY) JO [[V oneIdS B/u ey [#€] T8 10 urory]
srewnue orwadA[31adAy
Q) UT [eINQUBNUI [[& 1om suxd)jed uonnqrnsip yur jng ‘dnoid oruedA[SourIou proysaiy)
MO[ U} Ul se awes ay) sem dnoi3 orwedA[31odAy ) ur pjoysaIy) uonenwns 93LIAY e
dnoi13 proysery) ySIy 9y} UT paIINdd0 UOTI[UT [RINSULNUT U o
sdnoi3
S PIoYsaIy) uone[nuns Y3y pue Mo[ Udom)dq JUIJIP Jou d1om suroped uonnquisip yu oneIds T Soq [z#] ‘T8 10 pne3dry
S9SNJ9J ueWINY
edY 869 < 2mssaxd uonoalur pey suoroafur [einouenur uIoqqms
S Jo Kofewr oy o[IyM ‘edy 76°L7S 2anssaid ur paynsar suonoofur [emautad [[y e UBIPIIAL % 2 s1ey [2S] 'Te 19 o1A0YONA
uonodfur
[eanauered 10J edY 61°¢ F 8715 03 uostredwod ur gy (797 €1 F 6S 98) danssard
uonoafur 1oy3ry pamoys suonoa(ur [einauenur jo Ajuolewr ay, -arnssaid 1omof ng Je[rurs
S © £q PoMO[[0J sem YOIy ‘a1nssard Ur ST [enIul ue £q PIZIISJOBILyd 9IoM SUONA[UI [V o UBIPOI T N [€6 1 Te 30 o1A0ONA
uonjeanp as[nd parjdde
JO SSo[pIe3al ‘JuaLINd ploysany) Joysiy Apuesyrusis parnbal uonenuns oAU [O1U0D) e
suonjisod
dr) 9[padu [eINSUBNUI PUE JOBIUOD JAIIU—I[PIDU UIIMII( JOUIYJIP JUBOYIUSIS ON o
uonenp as[nd 2y Jo aandadsaln {(yuw g'0>) senisuaiul snxayd
S JUSLINO PIOYSIY) JE[IWIS PAMOYS JUSAoe[d O[pIaU [EINSUBIIUL PUE JORIUOD JATON o [eryoerg 0S Siq [SS] 'Te 10 uuewSAIA
AT s3urpuyy Aoy ad4&) yoorg sydwoype [opow WUy Apms
/S390[q JO JaquInN

(ponunuoo) z'g ajqey



(panunuoo)

VT OTX0} ISBI] AU} Sem dUILd0PNT

3nIp Yoed JO SUOTBIUIIUOD
1S9USIY 2y} Je AJUO S[OIUOD YIIM URY) JUIIIP APueoyrugis sem Arnlur 9ATON

S[O1UO0D Jajem pue UIes uey) I1ojeaIs sa100s Jo[doip pidi| pue ewopd
[euoINdU Ur pay[nsal duresordoIo[yo pue ‘ouresoid ‘ouresopne ‘ouredopr 03 arnsodxyg

oneros

6V

ey

[z€] Te 30 uewryoIEey]

uoryse; yuapuadop-asop
ur paonpoid arom uonewrioy 39[doip pidi] pue ‘BWOPa [BLINSUOPUS ‘AIN[UT IOqY ATIN

AIn[ur 9AIOU 9I0AS JSOUWI AU} YA PUNOJ SKEMTE JOU SEA BUIOPS ATIADS ISOW
Q) cuondafur vy Jo 1S Ay 03 Juadelgns Isjealsd A[[eordA) arom Amnlur oAIou pue ewapyg

Sy oY) Suowe paLieA AInfur 9AIoU JO JUX pue 2139(]

Sy snouea 0y axsodxo
[ 8§ J9}J€ INDO0 JUSWUOIIAUSOIOIW [BLINQUOPUD JO SIOUBGINISIP pue AInfur 1oqy 9AIN

onerg

€8

ey

[1€] 'Te 30 vewyoIEy]

SO[o10sB] JogIe] Ul A[[eroads? ‘ewop [BLINOUOPU PAsned Y JO UONENUIUO0D ISAYSIY YL,

Amlur oAzou
juopuadap-uonenuasuod pasned auredsold pue ‘QuresoidoIo[yo ‘ouredopi| ‘Quresopng

anerg

09

ey

[0€] 'Te 10 uewyorey

juapuadap 9sop sem aured0d pue suredsord wory Amfur oAU
foureooid 95, ()] pue [ouBYIR %, ()8 10J A[IUBOYIUTIS PAJRA[Q 1M SI00s AInfur ‘y 84 IV

juajod 210U SEAM JUIBD0D INq
‘MO]J POO[Q QAIU UT SISBAIOIP JUIPUAIP-9SOP YIIM PIAJBIDOSSE AIdM UIBIOD PUEB dUIBI0I]

MO} POO[Q SAIU UI SISLIIOAP JULIYIUSIS
K[reonsnels paonpur [01294[S 9, 0§ IO ‘[OULYIR 9, ()8 “SUIes Jou Inq (% () AUILd0I]

oamerg

ey

[62] ‘T2 10 uewyoIey

sdnoi3 [onuod 0} paredwos sjes dN)OqRIP UT 10JBAIT dTOM SOI00S AInfUr 10q1) dATON

S)el O1JAQRIP UI 9, 7 QUIRIOPI] JO QUIES UBY) 9 7 QUIBOOPI|
M paounouold oIoW sem YOIy ‘BUWIAPS [BINAU pasned YT padeld A[[einsuenxyg

sjed [ewou o) paredwod
KJ100[0A UOIONPUOD DAIDU JOJOW JOMO] PRY SIBI O1JAGRIP PAonpuI-ur00jozoydong

oanerg

0C

ey

[82] ‘Te 10 uewIyOIEY]

uonuasul Jenorpuadiad/joaeq Suof ‘uontasur reynorpuadiod/[949q 110ys ‘uonosur [djered
/19A9q 3uo[ ‘uonasur [d[fered/[oA2q J10ys Aq oFewep JO IPIO JUISBAIOUT UT PIMO[0]

9[paau parade) woiy a5ewWep/20uLqINISIP 1SBIT

NRIOS

0s

nqqey

[92] ‘Te 10 emeseriy

SOTJAYISAUE [BO0] JAYIO ) Ukl SIoqL) 31| 0) 9FBWLp AI0W pasned uredealrdng

9)1s UONOA[UT A WOIJ JSAYLINJ Seare paInfurun
PUE 0] }SSO[O SeaIe paIn[ur A[oIoAas JSOW YIIm punoj sem Amfur jo £J1oAas jo Surrake] v

s[ewirue [0nuod 03 paredwos
Amfur jo A)119A9S PISBAIOUI PIMOYS SUONOAUT JB[NOIOSEJEIIUI PIAIIAI Jel]) S[eWIuy,

aneng

91

ey

[¥2] ‘T2 10 19q1e4

(9% ¢'1) douepIng [enp 10
(% S'7) SN Yim paredwos (9 §°01) SN Y Juonbaiy a1ow sewojeway paje[aI-aInjoung

dnoi3 SN ur 95 Gz sem juawade[d o[pasu [eInauenu] (9 ) dnoid
SN oy ypim paredwod (9, ¢'0) dnoid SN+SN Yl Ur sjuauraded 9[paaul [RINSUBIIUT JOMI]

(% 9°18) dnois g pue
‘(% 1°06) dnoi3 SN (% §'86) SN+SN uawade[d S[Padu 9SO[D UT SIOUAIAJIP JuLdYIUSIS

(% S°0) syuowaoe[d [PIAU [RINSUBIUT JOMIJ Pue (% G'86)
aarou ayy 0y Ayrwurxord ur juowose[d dny a[paau Jo AoeINdoE 19)8AIS pamoys 2ouepIng [eng

oneIos
‘snxord
[eryoeIg

119

Sid

[0S] “[2 39 norIsseA




u31Sap Apnjs JO SSI[PILTAI ‘G JO F(OT Uk PAUSISSE 9IoM [SPOW [RWUTUR UB UISN SAIPNIS [V,

SIOYAP
o130[0In9U WLIY-SUO] UT (NS jou pIp ‘durydiouardnq pue ‘QUIPIUO[D ‘QUOSBYIOWEXIP
)M PAUIqUIOD ‘WER[OZBPIW J0 duredeAldng Jo uorsnjur snonunuod 1o uonodalur o[gurg

oneIds

Sl/ec

Y

[9¢] Te 10 sweripm

ureuaIpe jo uonippe uodn A[NI] paSueyd UOA[UI JB[NOIOSEJLNUI JO SIOAYJD N0y

UIfeuaIpe
Jo uonippe Pim A[reroadse pue uonenuedUOd duredeAldng SUISLAIOUT YIIM PISBAIOUT
nq 9, G'( dureseardng pue auIfes Jo uond(ur 19)Je dWes ) Sem UONLRIIUITIP [BUOXY

JIOTIIRq 9AIQU—POO[q dY) paSewep pue UOHLISUATIP [BUOXE
9[qBISPISUOD PASNEd UONOA[UT Je[norosejenul (AInfur 9AIoU 9[qe)d9)op OU PAsnEd dAIU
® punore aureseAldng Jo SUONEIIUIIUOD PIPUAWWOIAI A[[edrur[d jo uonesijdde reordoy,

oanerng

9¢

nqqey

(€] 'Te 19 Iopue[ag

BUIOPI [BLINQUOPUD pue A)ifiqeaurtad [eunouriod pasearour Jo Jnsal e se 92139p SurkreA
0 PoJOU 21oM SOSUBYD O1}0IQL) [BLINQUOPUD PUE [eLINAULIdd ‘Syoom § PUE [ 7 Uoom)og

Ayqeourrad [eLmauriod pasearour 0 anp WP [BLINQUOPUD pue [eLndurradqns
ur APU9)SISu0d paj[nsar auredo1dIo[yo-g pue 9, | aureoena) jo uoneorjdde 10211

oneIos

&

ey

[8€] e 10 SIOAN

«HOT

s3urpuyy Aoy

ad4&) yoorg

sydwope
/S00]q JO Toquuny

[opow [ewuy

Apms

(ponunuoo) z'g ajqey



(panunuoo)

QAIQU O1EIOS pue snxa[d [eIyorIq Yl0q Ul 9 6—8 PISBAIOUL BAIL QIBJINS [BUOIOIS-SSOID)

uors1oald 9, 6 YIm uondalur [eInauesul paynuapr AJo1ua3oyd9 ut a3ueyd
M 191)250) BAIR 90BJINS [BUOI}OIS-SSOID UI dSLAIOUI, UOLINLIO dryderSouosenn ay ],

qc

91e)09(ur jo junowe [ews e 3unosfur AqQ SN UO PAJOARAP 2q Ued UONI[UI [eINdULIU]

onerds ‘repnoraeoerdng

SN

Apmis 11040

[€6] Te 10 t1akeO]

9suodsal 10J0W B JID1[d 0} JAIU
U} 9pISUI PUB APISINO YJ0q SP[OYsAIY) uone[nwins 1oysiy axmbar syusred oneqerq

$00[q
JAIou 0) pajefarun Appsow swojdwks [eorgojomnau Arerodway pey syuaned jo 9, 0]

juowooe[d
dn o[peau [eanauenUI INO S[NI JOU P[NOD YW G')S PUE 7'()< SPIOYSIY) UOTIR[NWIIS

K[qerar o[pasu ay3 Jo uonisod [BINAUELIUT 109)3p YW 7')S> JO SIUSLIND UOHR[NWIS

q¢

SaSED JO 9, 69 Ul A[1ea[o 1y 9[Pasu Sy} JO UOEIO] dY) J99J2p 0) (e SeA PUNOSEII[)

Iernoraeoeidng

SN

Apmis 1100

[€9] ‘T8 10 uasiopasIg

10BIU0D
QAIU—9[paau Sunoyep ur [nydjoy oq Aewr amssard uonosfur Suruedo Jo SuLIOyUOI

QouB)Sul 9Uo Ing [[e
ur 10BJUOD 2AIU—I[padu uodn uonodafur payuaaaid 1sd g1 03 arnssaxd uonosfur Sunrwr|

qc

1sd ¢ 1> amnssaxd uonosfur Suruado pey suonodfur [eINdUENX? [V

QUOTBISIAU]

SN

Apms 110700

[SL] Te 19 uspspen

qc

Sosu0dsal J0JOW UTRIO 0} POPIAU UYJO dIIM SIOURISIP S[PIQU-0)-9AIAU 1IOYS
pue [TeU[n VW (0°Z—+'0) 0°1 PU® [RIPRI VW (S'H—"0) L'T] SPIOYSIIY) U110 ySIH

Ieun ‘[eIpey

SN

Apns 11040D)

[8L1] 'Te 10 1oINES

9 €~ Sem SI[PIAU [0Aq ,G] JO UOTIASUT J}je
Amfur rernorosey jo 9ouaprour {AInfur Je[norose] ur 3 NSl Jou pIp SA[PAAU [9A2q ,0F

QNSST) JR[NOIOSE) UBY) JOUJLT SNSSI) ATIOUUOD ISIIALI) A[OYI[ SO[PISU [BINULIU]

oamerg

UOISIA
J0211

Apmis qe|

[00T1] T8 10 youe[g-e[es

JOSUO YO0[q ISk B 9ABY ABW SUOT}OS(UT [RINQURIU]

qc

Am(ur [eo130[0Inau JuaUIUWI INOYPIM (9% 99 03 dn) A[uowod N0 AewW JO0[q dAIU
oneros [eayjdod papin3-uone[nwns 9a1ou Surmp uondafur (jermourdoqns) [einouenuy

omerg

SN

Apnis 11040

[66] 'Te 19 youeg-eres

S UO [eINdUBIUT SBA
J[P2U UYM UAD YW G'T 03 dn JUSLIND YIIM 9, /°QT UI JUISqe s dsuodsar JOJo[

qc

uonOUNJSAp [BI130[0INAU AJIPAWWI UT J[NSAT Jou $o0p 1sd (7> sainssaxd
uonoafur yym yo0[q aaIau onjerds eayjdod Jurmp uonoslur [einauenur ajeraqIeq

aneg

SN+ SN

Apmis 11040

[L6] T8 10 spreqoy

Kanfur aA10u JO BIsAy)sared jo soudprour Surpresar sdnois oY) usamieq SAOUAIIJIP ON

ql

J00[q QAIU
[e1owy 10J (9 6) yoroidde suerd-ur 03 paredwos (9, $9) yoeoidde suejd-jo-no ue
M UOWWOD 2I0W 3q ued suondafur jeinauenul juaredde pue JoBIUOD SAISU—[PIAN

[eIoWwa,]

SN+ SN

(¥) 1LD¥9

[86] Te 10 zZIny

UONBINP YJ0[q UO JOJJ OU
M ‘suonodfur [emauenxe 0) paredwiod Josuo YI0[q JSBJ B dARY SUOOA[UT [eInoueu]

qc

suonear[dwos [eo130[0INU UI NS A[LISSA0AU JOU ABW PUB (9, £ ]) SYI0[q JAIU
O11RIOS [BAIN[3qNs papIn3-§) SUIMO[[OJ UOWWOD ST UONI[UT [BINSURNUT [BUOTJUJUTU)

aneg

SN+ SN

Apmis 110Y0D)

[8L] T& 10 IR

sporrad Yoom 9— pue | 3oq Je 95 () Sem Anlur aarou Arezodwd) jo souaprouy

qc

(% LT) sY001q duaTedsINUT
J0 Je[norAeoeIdns SUIMO[[0] UOWWOD ST UOIOR[UT [BINQUERIIUT [RUONIUJUIU )

QUIBISIAIUL
‘renoraeoerdng

SN

Apmis 11040

[16] 1810 nry

01

s3urputy A9y

ad£) yoorg

poyjow
douepInn

(21008 peper)
Apms jo od£7,

Apms

Amfur [eor3ojoinau SuneSsaAul SAIPNIS UBWINY JO JUSWISSISSY  €°G d|gel



JATOU
Q) POYIIUAPT A[JOA1I0D S)SITO[OISAYISOUE [BUOISI PAouLIadXe PaynuUapI-J[as JO 9, O

QATOU Q) PAYNUIPI A[3091100 $302[qns Jo 9, O¢

douanadxa Jojerado Jo aanoadsarn Ajfemauenur paoerd
st dn) 9[poou JoyIoyM A[qeI[I QUTULIANOP SIsISojorsayisaue d[oy jouued (99 9SULIAS

v/

v/u

Apmys 11070

[L01] Te 10 oIy,

q1

JIO1IP J0JOW JO KIOSUIS PaMOys Joom [ Je dn pamoj[o} syuaned Gf oy} Jo SQUON

dAIou [eauoIad uowwod pue [eIqn punole suondalur pajesie) ueyy sassed o[paou JomaJ
puE ‘ow) JOSUO I0JSe] ‘SOJe $S900NS 10332q U paj[nsal uonodfur rernourdoqns o[Surs v

oneIds

SN

(€) 1.D¥

[801] &30 vea],

qc

[9AQ] UQAIS AUB Je SOAIOU Fuowe A[Jeal3 paLIeA S[OI0se) JO Sulyouerg

(BaIe [BUOIIIIS-SSOID)
SOAIU JO SSQUMOIY) PUB SI[OIOSEJ JO JOqUUINU UdM)q punoj drysuoriear JoaIrq

S[unIy O1erds Ay Jo suorsiAp [eayrdod om) oY) usamIdq So[punq Jo 93ULYIX ON

oaneg

B/u

Apmis 100D

[oz1]
Key pue pueropung

d3ewep [euOXe JO UONI[UI
JIe[noTose] JO 90UIPIAD OU Sem 9JAY) ‘Juowooe]d o[paau [ermaurdoenur yjim sased ug

(% 08) ys1y AeAnear sem uonoafur ernaurdoenur
Jo Aouanbaig ‘uor3ar ouspeosiojur oy ur juowadeld diy o[paou papIns-§ YPIM

QUOBISIAU]

SN

(12A8pRD)
Apmis qe|

[LT1] T8 32 ySneqa1Q

qc

9% Gf Sem BaIe oAIou uondafunsod ur aseaIour 93eIAY

uonoafur [emauenul papns-gN
QJeIAqI[ap IojJe uondalUur [eINAUERIUI JO eLIAILID SN pey sjuaned (% $6) L1/9T

uono3fur [eIndUBNUI 2JBIAQI[AP I9)Je AInlur [ed130[0INdU
JO 20u9pIA? [B2150[01SAYdonI2[2 10 [eITUI[D PANIqIYX sjuaned ay) Jo JUON

RIS

SN

Apms 110Y0D)

[00T1] Te 12 youe[q Bles

qc

PSSIW 9IoM SUONO[UT [BINdUBIUL [[B JO 9, ()S—(0T ‘SIOIAOU FJuoury

suonoafur [eanauenur 10j (9, 86) oyroads A3y a1om sdnoi3 yjoq Aq SJUWSSISSY

K[9A1302dS31 ‘9 G puR 9 8 21oM SUONI[UT [RINSUBRIUT SUTO)OP UL SAITAOU
pue ‘s11adx9 Jo AJIADISUSS UBAW ‘(PAUIULIAIOPUN [T ‘[BINAUBIIXS §97 ‘[eINdUBIIUT
112) e3dafur ur ¢ () Jo uonoafur jo sdifd 09pIA ()OS JO JUIWSSISSE WOPULY

oanerng

SN

Apnys 11040D)

[98] "Te 19 101pary]

qc

SASED JO 9 G/~ UI JO0[q AIOSUDS [NJSSO00NS JO 9ANOIPaId powrdes peards
S1AY)SAUL [2I0] [BNUIJWNOIID JO 20uasaid ‘Uuorjodfur [eInauesiur Jo 90udsqe oY) uf

UuonI3UI [EINSUBIIUT JO DUIPIOUT 9, £~ SBY JOO[q QAISU URIPIW PIPINS-SN

ueIpapy

SN

Apms 110Y0D)

[€L] Te 19 mopnQg

qc

(teayrrdod pue [erowoypru) 1:7 03 (JeaIN[3qns pue [eAN[IpI)
[ 17 WOIJ APUBOYIUSIS SOFULBYD QAIOU DIJBIOS UT ANSST) [BINSUUOU 0) [BINAU JO ONEY

anerg

B/u

Apmis 110Y0D)

[911] '[e 1o L1okeolN

qaz

snxord eryoeiq jo 1red
Te1sip o3 Jewurxoid woiy A[oAISS21301d SOSBOIOUT ANSST) [BINAU 0} QAT}OIUUOD JO OBy

Jures Ay paurewal juauodwod [eIndu Ay} A[IYM ‘A[[eIsip 0) Ajjewrxoid pasearour
snx?[d Teryoeiq oyj Surpunoimns juounredwod ANSST) JATIOUUOD AY) JO BIE A,

e/u

B/u

Apnis 11040

[ST1] ‘Te 30 akeopy

qc

uoroUNJSAp [BOIS0[0INAU WLI)-IUO[
ur J[nsar jou pIp }o0[q snxad [eryoerq Arefrxe Surmnp uonodfur femauenur AeIdqIRQ

Krefrxy

SN

Apms 110Y0D)

[29] ‘e 10 uasiopsig

qc

9JBI SS30INS 191)9q pue Jasuo }O0[q J3)Se] pey mﬁoﬁoo._.ﬁm [eInauenul s sjusned

(9% G JO 9sBAIOUT BAIR Q0BJINS OAIOU B PRY 9, (€) JOO[q ONeIds
eaydod papIS-gN SuIMO[[0} UOWWOD SeA J1IAYISAUE [890] JO Pealds [eInduenuy

oneng

SN

Apmis 11040

[v6] ‘T2 1 netopy

H01

s3urpuryy A9y

ad4&) yoorg

poyjow
QouepInn

(91005 pepef)
Apms jo odAJ,

Apmg

(ponunuod) €°g a|qer



(% 6'St Aanisuas ‘g, §'g6 Aroyroads)
/.7 JO 01T SPPO Uk [Im uonisod 9[paou [eINSULIIUL UB PIJBIIPUL SBISAY)SAIe]

(% L°¢7) dnoi3 N "sA (% £'16) dnoid §n UI UOWWOD IOW SEM BISIYISATR]

q1 (100°0>4 ‘% 6°19 SA % 6'+6) dnoi3 S oy ur 19Y31Y APULOYIUTIS SBM )BT SS00NS o1RIOS SN 'SA SN (©) 10" [101] T 12 19p1oS
J1s1A 2aneIadoysod is1y uo pajou suonedrdwod

qz [221S0[0INAU OU YIIM ‘YU ¢°()> JUSLINO SUNBINWNS YIIM 9, 16 JO ) $$9001S Yoo[g Te[NOTAB[ORIJU] SN Kpmnys 31040 [#8] 'Te 10 ToUYOSaY]

q1 (Vuw 1°0) Juaxmnd mo[ s A[uo syuaned [[e ur paadryoe sem sisAered ojordwo) hlilGRIN SN (€) 1DY [€8] ‘Te 10 1osTRY]
(VW ¢'¢—¢(( dBULI "W £]°() UBIpIW)

qz v ¢'0> Ayranoe 1ojow paonpoid syuswaoed 9[paau jo 9, £/ ‘ersayjsared 101y Kre[Ixy BISAYISAIRJ Apmis 11070 [0L] Te 30 @0K0yD
oAIou Aue J0oj urdped Je[norose) oNSLIAJORIRYD JO JUBISUOD
Ou Sem QI [, "9AIU Aue 10 uIoyied Ie[norose] ONSLI9ORIRYD 0 JUBISUOD OU Sem QI ],
[9AQ] QU0 Aue Je paje[or A[OSIOAUT QIOM SI[OIOSE] JO JOqUUNU PUE 9ZIS
wur G sem wId)jed JURISUOD B )IM AIOU AUB JO UOIIOIS 1SATUO] Ay L,

qz QAIOU YOB? JO YISUQ[ amuo oy} Suofe paSueyd uraped Ie[norose,] Teupn ‘[eIpeI ‘UBIPIIA B/u Apns 11040 [zS1] puepopung
(1000 > d ‘SHWW $[
F GIL 'SA 907 F GL81) sainssaid yead 10y31y ur pajnsar poyjouw [99f SULIAS,
{(€0'0=d ‘SHUW $6] F §LE] "SA [L F 9£9) 10MO[ sem [[yD Suisn amssaid ueajy
poyjow [99
a3uniks, ursn uaym jurod owos je SHWW ¢ [< saInssaid pajerouas s13lqns o¢/67

qz LIVD Suisn SHWW ¢ [< seinssaid pojerauas Js1S0[o1sayisaue oN B/U B/U Apnis 11040 [Tz1] TR39 MST,
awn /Yyl Jo % 01
‘sd gg< fowm ay) Jo 95 6 ‘Isd G7< fowm ay) Jo 9, (0L pARIAUAT sem 1sd (g< Inssalg
)SuQ[/e3nes owes oY) JO SA[PAU JuOWe X ()7 St YONUW SB PILIBA SAINSSAIJ
uonoalur gNd porenuis

qz Surmnp paads pue anssaxd  [ewiou,, Jo uondoorad ur A[opim Area sisiSo[orsaysouy B/u '/Uu Apmis 11040 [#11] Te 30 orpne[)
wo)SAS ONIA UT UB UT SHWW ¢()] M0[oq sainssaid uonoalur paurejurewr

S K[9A1ND9JJ0 LIVD ‘SUOIRUIqUIOD dFULIAS—O[PI2U JUIQJIP QUIU UO PISI) U A e/u B/Uu Apmis qeT [601] 'Te 19 msy,




(% $10°0) [eIOWNY-PIN o
SN Sursn suop (% 810°0) ATe[IXY o
IoM 6 ‘gNd Joe Parndoo jey) suonedrdwod g1 JO e (% ¥20°0) ONeDS
(% 620°0) [eIOWd o
(9% 670°0) QUOEISIANU]
sreurds oureoeardng ueyy (% S1¢°0) [eandod o
qr suoneordwos a1ow YIm pajerdosse syeurds Qureoopry e €80°8ST/L eRlicllialiig €80°8ST V/IN (Ioyueonnu) 4 [2] Te 10 Aomy
(9% 99) sampadsoxd saun(ur Surjqesip Jo/pue judueuriod
Juonedino yirm pajeroosse a1om Swied Jo Ao\ o 1M PIJBIOOSSE QIOM 9, TE o
Kmfur Surjqesipuou
soun(ur SuriqesIp POAJOAUT SWIBD JO /] o VO 1opun pauriogiad $Y20[q 9/ 10 Are1oduro) 10J 91om 9, 89 e
soun(ur Surqesipuou PuB JO0[q QUILISIONUI O) Paje[al aFewep
qz 10 Arerodwa) yim pajeroosse (9, g/) swied jo Ajuofejy o swirepo Amfur p1oo reurds g/9 QAIQU JOJ QIOM SWIB[O JO 9 [S S001 V/N 00 [68] T8 10 99
VD Iopun pauriojrod arom sYO0[q
9 3591} JO 4 ‘aewep pI0d Teurds [BITAIID YIIM SYOO0[q
QUO[BOSINUI 0) pAje[al swie[d Amfur p1od feurds /9 o
soumfur urjqesip
J10/pue JuduewIad UM PIIRIOOSSE AIOM SWITR[O JO 9 TE o
Anfur
Surjqesipuou 10 Krexodwo) 10 9JOM SWIL[D JO % 89
qz oSewEp 0AIOU JOJ OJOM SWIL[D JO % [G - - 681 V/N 2D [88] Te 10 991
sisA[eue snoradxd
03 paredwos suonesridwos p1oo [eurds ur osearou] o
(% SL)
uow ur Apueurwopard paimooo Amfur oAU Jeujy e
VD 0 paredwod swred [69]
qz o3ewep oAIOU (PIM PIJRIOOSSe Apuonbaiy arow seM VY e - - I8y V/N 20 ‘Te 39 Kouay)
(% S8)
soun(ur 9AIU Teurn Jo AJIofew € UT POAJOAUI SEM VD) o
(% 9¢) VY 01 paredwoo swire[d a3ewep
qz QAIQU JIM PIJBIOOSSE A[UOWIWIOD AIOW SeM (% [9) VO - Kmfur Surjqesip 10J a1om SWILO JSOJA! §291 V/IN o) [£8] T 12 [jo1y]
swoldwAs [esr3ojoinau
A3U JO JuawdO[9AIP J0F 0TI SPPO PISEAIOUT
Ue 1M PaJeIoosse sem eisaysared Jo uoneionyg e
ANd 01 paje[oIun a1e uondunysAp K[oanoadsar ‘syjuowt 9 pue ‘ypuowt do-jsod [¢] 810
q1 TesrSojomou aaneIadolsod Jo sasned UOWWOD SO o - 1sKep Q1 38 9% 9°0 PUB ‘% L€ ‘% T8 0101 SYOaMm )y, 0] pug d UOSYOLIPI]
swojydwAs
(QueSyIUSIS J0u) N+S() PIsh 1210 :2uo[e SN Sutsn [ed150]0INAU JOSUO
Quop 1M gNd O} PAIe[dl AInfUr 9AIU Y)IM SYIO[q €/ o MOU 10§ SYOOM § [
q1 % ¥0°0 ST ¥00[q 9AISU 0} S[qeINqQLIIE OUPOU] o % 0 % ¥0°0 6818 10 skep 0[—9 d T2 10 uojBuLLRy
071 s3urpuy Aoy (sypuowt 9<) (sypuow (DD) swrepo potrad dn-mof[oq «Apms Jo adKJ, Apmig
Kmfur w1e)-Suoj Jo 9oudprouy 9>) Amlur oarou Arerodwd) Jo oouaprouy 10 gNd JO JoquinN

sy001q 2a1au [exoydirad Surmorjoy suonesrdwod [ed130[0INU JO OUIPIOU] 'S d|qeL



(panunuoo)

ql

K[oAnoadsar ‘10A0031 0] SY0aM 87 PUE 6] papaau sjudned
959} $SHUNIT) TOMO] PUE S[PPIW AY) SUIA[OAUT TP
J10j0W-£108U2s pasuojold pue 210A9s © pey sjuoned om],

300[q QudfessIalul 10j yoeordde payipowr
exare] Sursn ‘Afoanoadsar ‘syjuow g pue ‘¢ ‘1 18 9 ()
pue ‘9 €0 ‘9% ' Jo suoneordwos o15o[oInau JOUIA

% 0

quows [ Je 9 °¢ f01 Lep uo 9 8

00L

syjuowt
9 pue ‘¢ ‘1 ‘do-)sod
01 pue g1 skeq

[99]
‘[e 39 JedSIog

qc

uonisodsuen) dAIdU JeUn
oS1opun oym Ayredoinau reurn Sunsrxoard yim syuaned
Ul QWOOINO JISO[OINAU UISIOM 0] WIS JOU S0P VI

dn-mo[[0] "s)PaMm ¢—7 1B YD) SUIATRII
001/ Pue Yo0[q Are[[rxe SUIA12021 ()0 1/9

001

do-jsod
SY9M g pue ‘¢ ‘¢

[6L] T8 19 199H

qc

9% T'T~ SeM VS 9ANI9[0 1a)je AInfur oAIoU JO 9OUIPIOUL

(98°0-tz0=
1D % S6 “++°0) Amlur oa1ou 10§ sppo 1omof Apueoyrusis
UIIM POJBIOOSSE SeM YOO[q SU[LISISIUI JO S}

VS.L SutoSiopun sjuaned ur Linfur oazou
JO YSLI 3]} 3SBAIOUT JOU S0P JOO[q AUI[LISIANUI JO 3S)

8¢l

VIN

[vor]
‘Te 30 wn331Ag

qI

Jefonbes [esr3ojomau Jo s10301pard
Juopuadopur aIe 9IS }I0[q oY) e eIsayisared/ureq

sypuott ¢ pue [ 3e 9 [°Q
PUR 9 ¢'¢€ SBM YO0[q QUS[BISIAUI I3)JE UOHNQLISIP
snxo[d [eryoelq ur oe[onbas o15o[0Inau Jo doUSPIOUT

% 1°0

b EE

€69

syjuowt
€ pue ‘syoom
¥ PUB T Y 8 pue $T

[7¥1]
‘e 12 oprpue)

qc

yoeoidde [eo1Sins
Jou)sod pue ‘suonerado 103uof ‘Jopuas opewoy ‘ofe
I93UnoA Yim PAIRIoOsSse sem AInfur 9AIOU J0J YSLI Y],

ANd 10 e1sayisaue Jo 9dA) (iim pareroosse
jou sem Kysejdoxyyre diy Suimorjoy Anflur oazoN

laayd

[18] 18 19 qooer

qc

€Nd Y4 PUNOJ JOU SBM UOIJBIOOSSE IB[IWIS
© Inq erseyjsaue [eanpids pue ‘yo ‘A1a31ns jo sadAy
UIe)Iod YIIA SoLIfur o1uaSoner Jo UONBId0SSE JUBdYIUSIS

soLmfur o1uaSoner Jo 90UdPIdUI %, €70

$899

V/N

[er1l
T2 10 YolM

qc

K19A0991 d130[01NdU 2)9[dW0d dARY 0) A[NI] SSA|
Q1oM N JuaMIapUN oym AInfUr 9AISU YA SIUSTIRJ

Qi jenbruinoy

paguojoid yyim Inq ([[erouas s [erxenau] -]

O1)BI SPpO) BIsayIsaue Jo ad£) 10 (£6°( onel sppo) gNd
(I PIJBIDOSSE 10U SeM V3L, SUIMO[[0) AInfur 9ATON

£88¢

V/N

[z8] ‘210 qooef

ql

A[1ed PaynuOpI 9q 0} PIoU (AWOIPUAS SLIRU[N
snoNS “*32) sasned d[qeiean (9, () el SI J00[q
QUO[BOSIAUI 0) ANP UONOUNJSAP [EIIS0[0INAU ULI-FUOT

K[snoauejuods paA[osal Jsour
nq ‘gz pue O] sAep ueamiaq swoydwks padojaaap 9, 01
£J00[q a3 Jayje shep ¢z unpim pareadde swordwAs [y

Kroanoadsar ‘yjuow |
pue sAep () 18 £1931ns 19p[noys 03 paje[ai jou swoydwAs
[ea13ojoinau aAey syuaned Jo 9, 6", pue 9, 1 01 dn)

% v'0

% Y1

0cs

69 “¢ ‘1 sqpuow
01 ‘61 skep

[s9l
‘[e 19 Jed510g




SWITR[d J112)SqO
0} paredwod SaWOINO 9SIOM PEY SWIE[D ILISISqOUON

SO11191SQO 0} pAje[al ApIsowt
Q1M PUB SWIRD ) JO IS0UW PAIMISU0D (9, 7) [eanprda
/reutds pautquiod pue (9 ¢1) [eutds (9 7,) [emprdyg

SWITe[d BISAYISOUE [BUOITAI [[B JO 9 ¢ PUE SWIR[D PIsO[d [901]
q9C 18301 943 JO 9, ¢ PAIMNSUOD GNJ O3 poJe[al SWIe[) 99¢ V/N 20 Te 19 e[ndAzg
S00[q POpINS-S) 10 -§N Ud9M]IQq JUSIIFIP
OU dIoM (SYIUOW 7 [<) SALIN[UI 9AIOU WI)-FUOT o
$Y00[q papInG-g 01 paredwod s300[q PapINS-GN YIM [¢]
qz juonboIy d10W 219M SYIUOW 7[—9 SUNSE] SOUN[UT JATON syiuow 7 1< 18 6906/1 syuow 71-9 18 6906/ 6906 1eok | A ‘Te 30 ySneqaiQ
[¥'8-0
=10 % S61 % 0 Are[ixy o [LST1-90°0=1D % S6] €T Are[ixy o
[11€-01°0
=10%S61 % L8O [9L7€-LT0=1D % S6]
(SNONUIIUOD) QUJ[LISIAU] o 9, 7’1 (SNONUNUOD) QUA[BISIAU] o
[bOT-TT°0 =10 % S6l [y 1-1T0=10
9 1°(0 (SNONUNUOD) [RIOWD, % G6] % 1°0 (SNONUNUOD) [RIOWD]
[68°0-90°0 [v0'1-11°0
% 60°0 Sea squow 9< Funse] swordwks o | =1 % S6] % 1€°0 [pdod o =10 % $6] % O¥'0 [eandod o
[¥T0-0=1D [8¢°0—+0'0
% 6] % ( Tenoiaeoeidng o =1D % S6] % 070 Jemoiaeoeidng o
[86°0-800=1D [eLo-v10
% S6] % ST'0 duUSEISIAN] o =1D % S6] % S€'0 UaROSIAML o
% 81°0 sem gNd Surmoyfoy swordwiks [T1-0 [€T0-20'0
qc (skep ¢ 01 dn Sunse|) W0)-10YS JO RIUIPIDUI [[EIAQ o =10 % S61 % TO0 [BI0Wd] o =10 % S6]1 % 60°0 [BIOWS] o 899°CI sypuour 9-skep ¢ d [9] Te 10 sans
300[q 9y} O} PAJB[AIUN PUL dINJEU UL P[ILL OIIM JSO]A]
000°01/L€°0 sem swoydwAs o13oj0imau aaneradoisod (e1SayIsouL [RUOISAX [¥L]
qr JO DUIPIdUI [[BIAO .v—uo—n— %um—:xm UOU—:W.WD RV . V/IN 0] painqrije QEOEV OO0.0~ 1od LEO TmOnN\N w%va [0]8 AHDHEDUU_SEV d ‘e 1R %O@MOOM—
Km(ur o130101mau jo Kouanbaiy ur sdnoi3d
0M) ) U2IM]OQ DIUIIIJIP JUBOYIUSIS A[[LONISTILIS ON o
anbruyod)
SN yim Kmfur we)-Suof ou “sa anbruyoe) N-yrewpue| POAJOSAI }00[q [¥]
qc I Anfur oAIoU O SISO POWLIUO-DINH € % 60°0 VIN 9EvS oy [un 1o 1 ¢ d Te 10 ySneqaio
syoo1q [eidod pue ‘[erowdy
‘onjeros [ewrxoid £q pamoj[og syoo0[q Are[fixe pue
QUAIBOSIAUI YPIM Furaq YSLI ISAYSIY oY) YIIm 95 ' JO SaIpNIs ¥ pue 4
74 QoudpIdUI [[BIOA0 UE sey Ayjedornou yoojqisod jualsuel], e % $00°0 %81 LIT°0S V/N JO MOIAQI ONJRWISAS [£9] "Te 30 [ug
uorsnjur
aureoeardng pue ‘s1eak (> 93 Juaned ‘Aels Jun ared
QAISUSJUT 9PN[OUT UOTOUNISAD [8O130[0INAU IO S YSIH o
% ¢ pue
G'] U9aMI2q dTURI BISAYISISAP St yons swoldwAs 10Uy o
¥o01q syuow ¢
QAIQU [BIOWRJ 10J 9% [T 0~ ST gNd Snonunuod Suimoijoy PUE ‘S)29M § ‘S oom [89]
qr uonounysAp [eo1S0[0INAU UII)-JI0YS JO OUIPIOU]  « %0 % 120 9T¥1 ¢ ‘pourad do-1s0g (1oyueonnu) g ‘[e 12 e1aopde)
071 s3utpuy o3[ (sypuowt 9<) (sypuowr (DD) swrepd potrad dn-mofjoq <Apms Jo odK], Apmg

Amlur wid)-3uoj Jo douapIouf

9>) Anfur oazou Arerodwe) jo doudprouy

10 gNd JO JoquinN

(ponunuod) §°s ajqer



SISATeuR SWIB[D PAsO[d ) ‘MaTAaI 2AT)ddsomar i ‘Apms aanoadsord ge

SYO9M 9 UIYIIM PIA[OSAI suonedrduwod

[cor1]

qz ‘uonounysAp [eorojomau unodar syuaened yjoq ug - (% €0) 029/ 029 V/N N RERERIGNIEINN
V3LJo k|
UIy)IM PIATOSaI s)oyap d1Sojomau “uared auo nq [[e uf 100k | feorl
qz % 6S°0 Sem snLMau/AyredoInau [eIOWa) JO 916l [[eI0AQ % €170 % 99°0 60L pue sYoom 7T ‘9 ‘7 d ‘Te 10 puiIeyS
2mpasoid yo0[q Furmp ersayisared 189K [< Sunse| swoidwAs
[yured papiodar suoneardwos yim siuaned o v pey (dnois ersaypsared (dno13 oouepn3-£1o)e ur g pue [zo1]
qz dnoi3 K1eye oy ur eisayjsared proae 03 JnoyIq ur 9 €0'1) (% 95°0) €£S/€ dnoi3 soueping-ersayysared ur 8) 9 6| €¢S V/N Apmys 110y0) ‘[B 19 Jopue[es
s19)y1ed snxa[d requun| Y-z, SuImo[[oJ uonaunjskp dn-mojjoy
qaz [e213070In3U (9 9°9) Aresodura) jo dudPIOUT YSTH %61 %99 €1 orurpo Are31ns a [96] Te 10 24N
q1el are syeam 9< Sunse[ swoydwAs pey [s6]
qr S10JY1ed gNJ Surmorjoy suonesrduwod [es130[0IndN - (% 7°0) siuaned 9 s0m 9> 18 9, ¢°0 16¥€ V/N d ‘Te 30 10810qNON
juoned 1onel oy ur
Juowaderd Joo[q Sutmp pajou sem ersayisared pajsisiod [1L]
qr JIOYI0 9} pUe ‘SYHuOW g Je POAJOsAI uoneor[dwod duQ (9% S0°0) 00%/T - 00 SYIuoOW [ pue 9 ‘¢ d ‘Te 30 axedwo)
4NdD U-CL
M sarpns 10110 0} paredwod Ayyedornau wrrey-guoy
qz pue uonounysAp [ed130[oImnau Jo ooudeAdrd 1oySTH %921 - LS1 V/N i [LL] Te 12 YoleH
1919YJeD [RIOW) [zL]
ql YSNOIy) UOISNJUI | 81 SUIMO[[0f dIUIPIDUL % () % ¥°0 - e VIN d ‘Te 39 uo[IAny
(1eaK <) 9Fewep dAIoU L)-Suo] pey Juaned suQ
syoom g Je psisiad [111]
qz yet) soun(ur o130101nau Aresodwo) pey syuaned om, - (% 16°0) 812/T 81C V/N d Te 12 Jqap
uonounysAp [esrsojoInau
()M PIJBIOOSSE SYOO0[q €]/ UL PIsn SI0JayIe))
VD Iopun 9, 'y pue ‘uonepas (sypuowt 9<) Amflur
qI 1opun 9, 9°6g ‘syuaned axeme uo pawiograd s20[q % O¢ wi2)-3uof pey (% ¢7'0) $901/T (% TTT) S901/€T $901 do-sod z1-01 Aeq d [OTT] T2 10 snepy
32019
ANdD Io1je UOUIOOUN JOU dIE S109JJ0 ISIOAPE JUISULT) QAIOU [EIOWR) JA)e pajou Anfur syoyop do-1sod [e1T]
qz JouTul Jnq ‘oTer are gNJD Ie)e suoneordwods Jofejy TesrSojomau juouewrad auQ Tesr3ojomou Juatsuen pey (% 6°0) ¢TI 86¢1 qiuowr pIyJ, d ‘Te 19 [oSTopM
MITADI
Ayredomau oruoIydo (sKep 91— ‘o3uer) (sKep 09/—0[ ‘o3uer) aAndadsonargNd
JO 90UdPIOUT 9, 9T () PUE UOTIOUNISAD [EIIS0[0INAU skep 9/ T Jo uedw e e 7L1¢/41 sKep 70 JO UBdW E J& UOTIOUNJ [eULIOU ‘suoneorduwod [06]
qz JO QOUAPIOUIL 9, €/°() B YIIM PIIRIOOSSE ST gST ur Juasald S)oYp JUASISIO] Jo K10A0091 pey yoIyMm Jo [T ‘TL1E/LT LIE V/N o13o[omaNy ‘T8 10 SIQU]
v1 Sunoe-3uof dn-y1om
q1 Jo asn oY) yim Apuanbaijur smooo Anfur [eorgojomaN - % L1°0 78¢€T 1oyuny pue / Aep d [¢8] Te 10 udry
syuoned pazneysaue uo AoJes paurrograd oq 03 yo0[q [+9]
qz QUOEOSIUI SMO[[E dNbIUYd9) S STUUIA, JO UOTIBIYIPOIA! QUON QUON 81S SYOIM §8— d ‘Te 30 AouepSog
(% 9L°TD) ANd
$300[q (% ¥9°L1) sreanprdg
qI 000°01/6'T Jo 2ouaprout [e10) satmlut [edr5o[omau 4 (% 86°0L) sreurds 8LT1T V/N d [09] e 10 Koy




(syuuow ¢ ‘syaom

€ % Od) seAlou Ieun SISOIA[IS
14 QAJOSaIJou pIq SSAUNBIM pue uerpawr JO uoOnBAIUL( ON SN+SN joys u—wr:m 0_&5_52 ON N/S9 QUIISIUT Hmﬂﬂu '’ 1R Joy
uonoafur
uodn £10)1.119)
yjuowr QAU URIpaW
z A ssauquInu pue ured [ 78 Amfur oAIoU UBIPIJAL ur ured Sunerpey 1A joys 9[3uIS QUON. V/N ApS | snxord feryoerg [9g1] "Te 10 wry]
(qod ¢) Amfut
QA[OSAI JOU PI(] ssauquInu pue ureq QAISU [RIYORIQIUR [RIPIIN. QUON SN joys o[3uIg QUON V/N A/0€ Krepxy
(@od ¢) Amfu
8 QAJOSaI J0U PI ssouquinu pue ureq QAIDU [RIYORIGAIUE [RIPIIA QUON. sn Joys 9[3uIS QUON. V/N /29 Krepxy [se1] T8 19 Sunp
SYOM g T 9AIOU ATe[[TXE
z QAJ0SAI1 J0U PI V/N JO UONEBAIdUAD JUBdYIUSIS QUON Jyewpue| joys o[3uIg QUON V/N Wity Krepxy [¥€1] 8 30 ety
(AOd () 2AIdU [RIOW) Juownredwod
% sypuow 9 SIOSUQIXO QOUY UT SSOUNBIA Tewrxoxd Jo uoIs9[ [enreq QUON SN joys oSurg QUON V/IN W/ seosqd | [g€T] e 10 10Sunn
0% dOd UO SanId0[A
uoroNpuod SUIMO[S pue
sa1oud)e] [eISIp paguojoid
300]q Jojow pue Aqrenuajod jo sopmyijduwe Ayyredomou-Kjod QAIOU [ze1]
¢ s1e0h 7 KI0SUDS JU)SISIO] [eIQ1B[Iq PASEAIdd( QUON sn joys oSurg [edturfoqng V/IN A/S | oneros eanjdog ‘[e 12 TuBdIqRID)
yw ok
puey Jo wnsiop 01 dOd uo sdoown SOUOIIM] “DIUR)SISAT
¢ sypuour g1 ur ersayisadAy pue ssouyeop ur KJTATIO® [eOT1OA[ ON uonoofur ySryg SN joys oSuIg QUON V/IN N/SE QUATEOSINU] [1€1] T8 10 yung
[ogT]
T SYO9M Q | MOQ[d MO[IQ SSAUNEIM JU)ISISIO V/N QUON. sn joys 9[3uIS QUON. SO IN/9€ QuUO[BISINU] Ke1n) pue uayo)
SyooM
(K13A0021 7 8 soAIU [eIqn) Jotraysod
ented syjuow uonnqLysip pue [eauotad uowwod 9SBASIp Je[NISEA [621] 21pLig pue
v 9) syuow 7| OTJBIOS UT SSOUYBIM JUS)SISIO Ul UOTONPUOD JUASqY QUON SN joys oSuIg Teroydirog VN 4/6S QAIOU JNRIOS Iouuog
e1say)sadLy pue ¥ @Od UO SANIATIOR KyredomouLjod [8z1] 819
L QAJOSAI JOU PI ssowyeam sdooripenb juasisiod UONBAISUIP 9TBI[OA-MOT QUON. SN 918D [eorurdqns V/N W/ZL QAIAU [RIOWR] [equawn|g
ured gum A10j1u9) [erper [Le1] ums
9 syjuowt 9 ur sagueyd Jojow pue £10SU0g syoom 1 Je eIxeideInoN QUON Srewpue | joys 9[3uIg QUON. V/N N/8€ Krepxy pue piaeg-uog
I dOd uo Addns /D ur ayrey A1ojerrdsax
puey uonearouap [ented (Addns ‘SSQUSNOIISUOD [oz1] T8 10
L QA[OSsaIjoU PIq JO s9[dsnuwr I0SuUAX JO mmm%—mhwm 1.L/8D Ul UOTIBAIUIP [BIQ], JO sso nwavﬂuwvth rewrpue | joys O—w_.:m %u_moﬂo Nﬁn_mwmom d/6v QuIBISIdAU [[enregq
erukpoye pue asnqe [oyoo[e
ersayjsared unsisiad ‘unjowrs
{OAIOU [BIYORIQOIUR [RIPAUL syoam ¢ Je Aygedoxard ‘Kyredopnorperx [szi] B0
6 QAJOSAI JoU PI puR [RIPRI UI S)IOYIP AIOSUDS [BIYIBIQ 19SUO JUDIY QUON. sn 918D 8D ON /09 Ie[noIAR[ORIU] uoj3urLeg
SSQUYBIM Jojouwl pue y3iy) [$21] umorg
¥ 80Od | JIoudue 1040 eIsayisaue Ao[dwo)) V/N QUON Srewpue| joys 9[3uIg QUON| V/N A/8L BORI[I BIOSE,] pue uBIyRqRYOIY
(K19A0021 1dwone
rened syjuowr UONeNUAIU0d T Mo[ 1dsap U ¢ 1e Amfur 351y uo Juawaded Juounedwod [zz1] soroereq
9 9) syiuow 7| )90[q AIOSUS puL I0JOUW ASUS(] QAIOU [BIOWIJ AIIAS LREN AN | SN 129U)8) QUON. V/N /09 SeOSJ pue I9SSeN-[Y
21028 uornnjosal uonBIUSAL sSurpuy ONF | swojqoid [eInpadod poyjowr 19)1e SI0)OBJ NSIY | (PA0Ap uonodfur | x9g/e8y ad£) yoorg oy
uosIeaqd Joowry, Qouepinn | /0ys J[3uIg [eInauenup

sy001q aa1au [ereydrrad Surmorjoy uonounysAp [esisojoinau jo sypodar ase) §°g djqer



Syoam G Je soAtou dfdnnuu

¢ syoam 97 SSOUQUINU PUE SISAIRJ JO uoneaIsuap apdwo) QuoN SN j0ys 9[3uIg QUON ON IN/9E QUIRISIAU] [2i1] ‘T8 10 uoep
A1331ns
doup 100§ (AOd ) dAI2U d1YRIOS SuLmp pajou dAIU
T QAJOS2I J0U PI /SSOUYBAM OAIU OTIBIOS Ur SSO[ [BUOXE AI0AJS OTIRIOS PIpUAISI SN joys J[Surg QuUON V/IN /9% SAISU O1RIOS [1¥1] ‘e 1o reddn
Syoom g Je
QA[0Sa1 10U PI sisA[ered oAIoU JRU[() | UONRUI[AWIOP SAIU Teu[() V/N SN 199Y18) BULIIPOID[OS V/N N/SS Areixy
SYo9M 9 1B
9AJ0sa1J0U PIg sisA[ered oAIoU TeUT) | UOTJRUI[QATUSP QAU Jeuj() V/N SN joys J[Surg QuON V/IN 1/69 Krepxy
(uoneiordxs uo
S EETY AwojeuE JR[NOIOSE]
z QAJOSAI Jou PIg sisAered oAIou URIPIIA 0 e oSewWep AU UBIPIN V/N SN joys d[3urg QUON Jo uondnisip) ¢, W/IS Krepxy [op1] Y®as
Sy00M 1 J& YSIY) JO [9A9]
Je paIn(ur 9AISU O1IRIOS amssaid (prou amssaxd EINEL
S QAJOSAI Jou PIg e1soyIsadAy pue ssouyeopm J0 Juouodwos [eduoIdg uonoofur ySig SN joys d[3urg QUON uonoafur ysy) ¢, A/1S | onerds JoLeuy [6€1] T8 10 yeys
(Syom
8 e Ayedonau
Surajosar) eisoyysared pue JooMm [ Je SPI0D JO [9AJ] [Le1]
¥ | dn-moj[ojy 011507 puey Jo sisA[ereq 78 UONRUI[OAWIAP [BO0] BISOUISAIR] | BISAUISaIeq j0ys J[SuIg QUON V/IN A/v€ | Temoraeporidng BIIDI9] pUB WI]




$)09JJ0 O1SISIAUAS SBY UOTIRUIqUIOD

[6€ ‘9T ‘st ¢t ‘Tad a S 1104} PUB ‘MO[ POO[q [BINAU 2SLAIOAP SonAyIsaue [edo] pue suydourdo yjog
Tenuajod S1X010INAU 1Y) UT JOJJIP SONAYISOUE
[6S ‘8S “SS ‘vt ‘9T ‘¢tl a S [BO0] [eNPIAIPUT PUE SUOTIEIUIIUOD FUISBAIOUT UT JIX0)JOINAU I8 SOTOYISAUR [BIO] [[V o
[1om se Amfur
[LS “0S ‘¥ ‘OF ‘6€ [euonouny 03 Surpes] UOTO(UT JB[NOTOSEJeNUT SUIMO[[OF I0Jeald Iej ST Jnq ‘dSewep
‘9¢ ‘G¢ ‘€€—8T ‘9T ‘6T ‘€T ‘tal a S [89130[0ISIY UI J[NSI UBD JNJAYISAUL [8D0] JO UONI[UT JR[NJIOSEJeNUI PUB -BIIXd JOg o
£1121X0104M2U JU2ID [DI1UIIY))
a8ewep
QAIQU UT J[NSaI A[11BSSQ00U Jou Aew sainssaid uonosfur mof yjrm uonosfur [ernauenur
[L6 ‘¥€E ‘1T 6] 9) qz ¢ 9Fewep AU [BIIFO0[0)SIY PUB [BUOIIOUNJ UT J[Nsal sainssald uonoafur ysmy oIypy o

amssaxd uonoafur Y3y gerouasd suonoslur Jenoroseyenur o[Iym ‘uonsolur
[£9T ‘¢S ‘¢l a S Ie[noIoseJeIXd AQ pamol[o) anssaid uoroosfur Jsea] ayy arnbar suonoodfur [einouLdg

Kanlur aunssaad Juadp [pI1UDYII

sI9qQU 9AIdU Y} 0} Jepnorpuadiod

[LE LT LT] d S ST 31 uaym uey) [o[eted ST [9AQQ S[PI2U ) UAYM JJ[[RWS ST FBWEP JO JUNOWE Y], o
SO[PIU [9A3Q-3UO] JO JBY) UBY) I9)BaI3

[zr] a S st aFewep 2a1au Sunnsal ay ‘wnrmautiad ajenouad op SI[PIAU [9AAQ-1IOYS USYAY

[s¥] a S ad£y o1paau Jo aanodadsarir a5ewep JO 23139p Ay} doUINPUI J[3SII UT Aew 9FNET S[PAN

umouun ApuaLmo st sad£} o[paau
Qa1 1ne] oY) Suowe Ayrorradns dyy Inq sA[pasu Ayong, 1o ‘dn-[rouad ‘[oaaq-110ys
[611 ‘9% ‘S ‘8¢ ‘L€l a S 01 paredwod a3ewep [L2130[0ISIY IO [BUOIIOUN] IOUWL ASNBD SI[PIJU [9AdQ-3UOT

SO[PaaU [9A9g-3UO]
[611 ‘8¢ “L1] a S 0) paredwod A[PAU [9A2G-1I0YS SUIDUBAPE UB JOPUN IPI[S A[[ENSN SYUNI) JATON o

DWND.LY 2]P22U JUIED [DIIUDYII

sjuaSe aAnesne)

[¢¢ ‘62l a S SOT}OYISAUR [BIO] JO $1095F0 pasuojoid ay) 03 suoxd 10w o1e soAIoU o1yjedoInoN e
[291 “ev1 GNd Surmorjoy uonounys&p
‘o1 “TET ‘6C1 ‘8T ‘STT ‘111 a S [eor3oj0inau aaneradoisod Jo st oy asearout 0y Jysnoy) st Ayyedoinou Junsixoald e
&yipdoanap
[#+1 “TIT “v0T1 ‘991 q qz uonounysAp [esrsojoinau aaneradolsod Jo YSLI Y} ISBAIOUI JOU OP SYI0[q dAIU [eroydLIog
[zrT] q qz Amfur oarou aanerodojsod Jo S 10yYSIY B Yiim pajeroosse a1e £1931ns Jo sadA) urepro)
$.40300[ p2134Ng
A[[eISIp 9AIoU
[o11 “s11] q qz oy o Jred [ewirxold WOIJ ISLAIOUT SO[OIOSE JO JOqUUNU PUB ANSSI) JAIIOIUUOD [BINAN] o
QJIS UDAIS B & SI[O10Se]
[zt ‘ozl q qz Jo 1oquinu ay) uo Jurpuadap saLeA da1au [e1dydiad  JO JU2IUOD ANSST) DAIOAUUOD YL, o
9IS UQAIS AUR Je SISOWO)SBUE JO FUIYOURIQ
[ozT ‘91T “St1] q qz Jo uraned Juo)sIsuod ou Ym Afiqerrea apim sey AydeiSodo) refnorosey [einouenu] e
$1010Df [PO1UOIDUY

SI030eJ JSOH

SOOUQIRJIY 7 UOTJEPUSWIIOII JO dPEID) QOUIPIAD JO [OA] SQWOJINO pajen[eAq

UOT)EPUSWITIOIAI JO SIPRIS PuB 90UIPIAD JO SIUSWSILIS YIIM SIWO0IJNO Pajen[eAd Jo Arewwing 9°s ajqel



umowyun K[JUSLIND ST SAWOIINO

[o11 “¥9] qz [eo130[01nau o Joedwl S)I puL BISAY)SAUR [BIOUAS 1opun gNd Sutuiojrad jo A1ojes oy, e
uonounysAp
[¥¥1 ‘2ol ¢l q1 [eo13oj01nau 2aneIadoisod Jo YsLI 9y 9searoul Aew BIsaysared paonpuI-aInpadold e
Q) Y)IM SIAJOSI A[[ENSn PUB UONOUNJSAP WLI)-3UO[ UBY) UOWIOD
[S¥1 “vr1 '89-69 ‘¢ ‘Tl q1 Q10w A1k $)[00[q dAIU [eroydriad Surmo[[oJ uonouNJsSAp [edISO[0INAU JUIISURL],
GNd Suimojjof suornonduiod pa15ojoimau fo aouapi1ouf
[66 ‘v6 ‘8L qaz 1OSUO JSBJ B 9ARY SUOnoSfUr [eInouenu] o
[801 ‘001-L6
b6 ‘16 ‘8L ‘€9 ‘791 qz uonouUNYSAp [BO1S0[0INAU U J[NSAI AJLIESSAIAU JOU ABW SUONO[UI [BINSUBTU] o
[66 ‘86 ‘76 ‘16 ‘8L €91 qz pajoadxa Afsnoraaxd uey) uayjo arow uaddey suono(ur [eInduenUI [RUOHUAUIUN
101122[u1 |PANUDLIUI JO 2oUPIOUT
BISAYISUE [euoI3aI pue Amfur [2o130[0INAN
Qouepmng
[26 s ‘vl qz S() JO I[NSAI & SB PAUI[OIP JOU dARY GNJ SUIMmO[[0] suonedr[dwos [eoIS0[0INdN o
[86 ‘16 ‘8L ‘€91 qz uonoofur [emauenur Juaadld jou soop AydeiSouosenn jo osn e
Qouarradxa
[L1T°86 ‘16 ‘98 ‘8L ‘9] qz Joye10do oy U0 Juopuadap ST Inq UONOS(UT [EINSUBTUT J09)OP UBD 0ULPINS PUNOSEN) o
punosvajn
[sL] qz A[QRI[2I JOBIUOD DAIU J[PIU J0)p ued ainssaid Suruadp  «
SOOIAQD JUSWIAINSBIW
[121 ‘6011 qz assaxd 10 11y Sursn £q A[qerjas syrwif oyes urgiim ydoy oq ued anssaid uonoafuy
K[Surmouyjun srowrojrad £q
[LoT1] qz parerouas are sanssald 10y31y pue ‘sonssy SUNLHUAISMIP Ul AJBINDORUL ST [99] AFULIKS o
szouonnoeld pasuorradxauou
[¥11 ‘6011 qz pue pasuariadxo £q A[Surmouyun payorar uanjo are sanssaid uonoalur ySry
Suriojruowt 2.umssad uondaluy
juowraded ayposu
[€9 “evl qac [BINSUBIIXS PUB -BIJUT Y}0q JO§ SJUSLIND Sune[nwns JySy ambal soAIoU onaqel(] e
JOBJUOD IATIU—I[PIU
[96] S pue juowode[d 9[pIoU [BINAULIIUT USOMII] JBTIUSISIJIP JOUULRD UOTB[AWNS ATON o
SJUQLIND MO] & Juasald S uone[nNs uaym dAIU 12518} 23 0) dn
[L6 ‘0L ‘TS qz 9[paau a2y Jo Ayruarxoad 103 Ayrogroads Y31y nq AJANISUSS MO[ SBY UOTIR[NWINS JATIN] o
UOUD]NULIS dALIN
SooUANYUI [BJUSUOIIAUT
JAnd101doIndu 9q Aew SIAYO ‘[enuajod dIX0J0INAU dARY AB
[eL18S LS ‘O8] S sjueAn(pe wos 9[Iym Inq ‘s)ueAn(pe Iy} UBY) JIX0JOINAU AIOW I8 SONAYISAUL B0 o

spuvanlpp :Juadn o1y




86

R.V. Sondekoppam and B.C.H. Tsui

between 8.2 and 15 % [3, 145]. Transient neurologic symp-
toms are known to resolve by 6 months to 1 year [3, 66].
Neither ultrasound nor nerve stimulation guidance affected
the incidence of short- or long-term neurologic dysfunction
following PNB in one retrospective review [5], although a
recent update of the same database showed a lower incidence
of short-term neurologic dysfunction with the use of ultra-
sound guidance [4]. A retrospective database review of
ultrasound-guided blocks showed an incidence of long-term
neurologic dysfunction of 0.9/1000 [6], which is about 22
times higher than those reported by others [1-3, 67]. Various
definitions of long-term neurologic dysfunction (e.g., >6 vs.
>12 months) may have accounted for the difference in inci-
dence between these studies.

Procedure-induced paresthesia may increase the likeli-
hood of transient neurologic symptoms following PNB as
reported in three prospective cohort studies [3, 102, 144].
Certain peripheral nerve blocks have a predilection for neu-
rologic complications than others. In a retrospective review
of 12,668 patients undergoing ultrasound-guided nerve
blocks, Sites et al. [6] reported short-term neurologic dys-
function being highest with axillary nerve block (2.3 %), fol-
lowed by interscalene catheter (1.2 %), popliteal sciatic
block (0.4 %), single-injection interscalene block (0.35 %),
supraclavicular block (0.2 %), and femoral nerve block
(0.1 %). Long-term dysfunction was again common with
interscalene catheters (0.87 %), popliteal sciatic block
(0.31 %), and single-injection interscalene block (0.25 %).
In contrast, supraclavicular, axillary, and femoral nerve
blocks rarely caused long-term problems. In an internet-
based survey of 36 centers (27,031 patients), Ecoffey et al.
[74] reported an overall incidence of postoperative neuro-
logic symptoms of around 0.37 per 10,000 following
ultrasound-guided axillary brachial plexus block, most of
which were thought to be unrelated to the block. Although
the reported incidence indicates a decrease in block-related
neurologic symptoms compared to other studies [6], whether
or not the observed results are due to ultrasound guidance
cannot be extrapolated.

Neurologic complications must increase following pro-
longed exposure to nerves according to lab studies but there
has been conflicting evidence regarding this. While some
studies have noted a higher than normal incidence of neuro-
logic complications with the use of catheter in psoas com-
partment blocks, popliteal sciatic nerve blocks [77, 96], other
studies note a very low complication rate [68, 71, 72, 95,
105, 113]. This may be related to the method of data collec-
tion and the definition of neuropathy. Future prospective data
collection methods are needed to address this issue.

Although there are articles reporting low incidence of
neurologic complications following PNB performed under
general anesthesia [64, 110], there is limited information on
whether blocks performed under general anesthesia increase

the risk of postoperative neurologic dysfunction. A retro-
spective review by Bogdanov et al. [64] did not report neuro-
logic complications following interscalene blocks performed
under general anesthesia but two patients in the study by
Watts et al. [110] reported long-term neurologic dysfunction.
The details of whether these blocks were performed under
sedation or general anesthesia are not known from the study.
To date, there is no known pathological reason why general
anesthesia would directly increase the patient’s susceptibly
(host factor) in neurologic injury when receiving regional
anesthesia. However, one would expect that general anesthe-
sia would compromise the patient’s (environmental influ-
ences) ability to communicate and provide feedback of either
early symptoms of LAST or paresthesia from needle—nerve
contact. In a recent report, threshold currents that are needed
to generate a motor response were higher in an anesthetized
patient than those in awake patients. This observation may
suggest that there is a possibility of potential error which can
be made when using nerve stimulation to locate the nerve
when a patient is under general anesthesia [146].

Nevertheless, the current ASRA advisory panel suggested
that a conscious patient is preferred while performing PNBs
unless in selected patient populations (e.g., dementia and
developmental delay) where the risk-to-benefit ratio of per-
forming regional anesthesia under general anesthesia may
improve [147].

Lessons from Case Reports

Case reports identify the patient and performance charac-
teristics, neurologic presentation, and subsequent out-
comes. A total of 21 case reports/series reported on the
occurrence of neurologic complication in 24 patients fol-
lowing PNB (Table 5.5). The majority was middle aged
(Median age 50.5 years) and consisted of 12 males and 12
females. Only four of the 24 cases had some signs of intra-
neural injections while the rest of the cases did not mention
the possibility. It is not only those with some form of sub-
clinical or overt neuropathy (n = 5/24 patients) who are sus-
ceptible, but quite often it is an otherwise healthy patient
who suffers this unfortunate complications. The presence
of risk factors may be a bad prognostic sign since only two
of these 5 patients had recovery of some nerve function
after a prolonged period of time. The most common presen-
tation was persistent weakness (16 cases) followed by pain
and paresthesia (three cases) and a combination of both in
the remaining. Only 4 patients had catheters placed while
the rest had single shot blocks. A total of 12 patients did not
have recovery of nerve function back to normal while the
rest of the patients had recovery ranging anywhere from
1 week to 2 years. Five blocks were performed under US
guidance while 11 cases utilized neurostimulation, 1 case



5 Nerve Injury Resulting from Intraneural Injection When Performing Peripheral Nerve Block 87

used the combined US+NS technique, 1 case did not docu-
ment the guidance method used, and 5 cases used the land-
mark/paresthesia technique.

Benumof [148] reported a case of spinal cord injury fol-
lowing an interscalene block performed under general anes-
thesia. This case report is an invaluable reminder of the risks
associated with RA but is not strictly speaking PN injuries.

Analyzing Neurologic Injury
from the Perspective of Disease Causation

Given their complexity, neurologic complications can best
be evaluated by the same epidemiological principles of
event causation (Fig. 5.1). The epidemiological triangle is a
common injury model used to describe the relationship
between an agent, a host, and the environment [14, 15]. A
neuronal injury is more likely to occur when there is inter-
action between a susceptible host (inadequately protected
nerve), an injurious agent (local anesthetic, needle, or
injection pressure), and a hazardous working environment
(poor supervision/guidance for locating needle, unsafe
practices, unintended exposure). Elimination of one of the
triangle’s components should, in theory, prevent the occur-
rence of the event. Hence, the safest approach appears to be
identification of potential risk factors and prevention of
their interaction.

Epidemiological Triangle

Host/Biological Factors

The history of neurologic complications is as old as the field
of regional anesthesia itself. Early performers of regional
anesthesia acknowledged both the possibility of neurologic
complications following PNB [149, 150] and the lack of

7

Fig.5.2 Electron micrograph of a peripheral nerve stained with osmic
acid. (a) The entire nerve is encased in a connective tissue layer, the
epineurium (Epi), and the nerve fibers are arranged in fascicles. (b) Each
fascicle is surrounded by a cellular layer, the perineurium (red arrow).
Blood vessels (BV) can be seen collapsed in the interfascicular epineu-

complications following deliberate needle—nerve contact
[151]. Various anatomical, surgical, and patient factors may
affect the incidence of postoperative nerve injury and include
the type of surgery, associated comorbidities, the presence of
preexisting neuropathy, and whether temporary or perma-
nent injury is being considered.

Anatomy and Physiology

Not all nerves or nerve blocks are the same since intraneural
fascicular topography shows wide variability (LOE 2b;
Grade B). The connective tissue content of a peripheral
nerve varies depending on the number of fascicles at a given
site (LOE 2b; Grade B). Neural connective tissue and num-
ber of fascicles increase from proximal part of the nerve dis-
tally (LOE 2b; Grade B).

A total of three studies looked into the neural anatomy
with relevance to PNB [115, 116, 120]. In most cases, a
peripheral nerve is a mixed entity consisting of both sensory
and motor components and has both myelinated and unmy-
elinated axons. Connective tissue covering the axons is pres-
ent in different layers, providing support and nutrition to the
nerves and acting as a protective barrier to the axon (Fig. 5.2).
The three protective covers are the epineurium which covers
the nerve overall and separates the fascicles, perineurium
which lines the fascicles, and the endoneurium which lies
inside the fascicles and surrounds the axons. The epineu-
rium—the outer covering of the nerve—encases the fascicu-
lar bundles within a connective tissue network known as
interfascicular epineurium. The adipose tissue in the inter-
fascicular epineurium acts as a cushion for the fascicles and
causes them to slide under or over a slowly advancing nee-
dle, protecting the fascicles from needle trauma. The fascicu-
lar bundle is in turn encased by multiple layers of cells,
known as the perineurium, which act as a functional barrier
for the axons and protects against physical and chemical

rium. (c) Axons (Ax) within the fascicle are in an endoneurial network,
interspersed with nonfenestrated blood vessels (BV). (Reproduced with
permission from the Department of Anatomy and Cell Biology, Schulich
School of Medicine and Dentistry, Western University, London, ON,
Canada. http://slides.uwo.ca/spinal_cord.html)
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insults. The perineurium bathes the axons in an interstitial
fluid which is similar to CSF in composition and is continu-
ous with the neuraxis [152, 153]. Inside the fascicle, myelin-
ated or unmyelinated axons are supported by a network of
connective tissue known as endoneurium which also con-
tains the nonfenestrated capillaries that provide nutrition to
these tissues. The endoneurium serves a vital role in nerve
regeneration by aligning the regrowing axons toward its tar-
get. The perineurium maintains an intrafascicular pressure
which is reflected in the intracellular pressure of the axons
[154, 155]; thus, injection deep to the perineurium generally
requires greater injection pressure compared to injection
within the epineurium.

Nerve composition varies among different nerve types
and also within a given nerve. Sunderland [152] noted that,
in the upper limb, the fascicular topography of the radial,
median, and ulnar nerves varied every 0.25-0.5 mm seg-
ment, and the branching pattern was not constant for a given
nerve at a given site. While the sizes of individual fascicles
are inversely related to their number at a given location along
the nerve [152], the connective tissue content and cross-
sectional area of a nerve are directly proportional [120]. This
suggests that the amount of injury following intraneural
injection depends not only on the characteristics of the insult
but also on how protected a nerve is at the site of injection.
Nerves are thought to be oligofascicular at the level of nerve
roots and polyfascicular in areas prone to physical stress,
such as the joints. Hence it is common to see hypoechoic
(mono/oligofascicular) nerves at the level of roots (intersca-
lene block) whereas they are hyperechoic (multifascicular)
near a joint (popliteal nerve block). Moayeri et al. noted a
proximal oligofascicular pattern progressing to a polyfas-
cicular pattern in the brachial plexus [115] and sciatic nerve
[116]; Sunderland and Ray [120] noted a wide variation in
the fascicular pattern of the sciatic and forearm nerves with
no consistent pattern in any part of the nerve. Whether
neurologic complications are related to the fascicular mor-
phology is currently unknown [97, 99] since proximal blocks
(ISB, subgluteal sciatic nerve block) are known to have simi-
lar complications as distal blocks (popliteal sciatic, axillary
brachial plexus block). Although the connective tissue con-
tent increases with age due to endothelial proliferation as a
reaction to decreased vascularity of the nerves [156]. This
may influence block onset and recovery, but its implications
for neurologic injury are currently unknown. Since we did
not anticipate any differences between cadaver and live tis-
sue in terms of nerve composition, cadaver studies provided
good evidence to support the earlier statements even in the
absence of studies of live human tissue.

Surgical Factors

Certain types of surgery are associated with a higher risk of
postoperative nerve injury (LOE 2b; Grade B). Peripheral
nerve blocks do not increase the risk of postoperative neuro-
logic dysfunction. (LOE 2b; Grade D).

Some surgeries are more prone to nerve injuries than oth-
ers, especially those involving excessive neural stretch [157],
trauma [158], inflammation [80], or ischemia [127] includ-
ing a prolonged tourniquet time [82, 159]. In a retrospective
review of 380,680 anesthetics during a 10-year period, Welch
et al. [112] found a 0.3 % incidence of iatrogenic injuries.
There was a significant association of iatrogenic injuries
with certain types of surgeries, general anesthesia, and epi-
dural anesthesia but a similar association was not found with
peripheral nerve blocks. The lack of association between
regional anesthetic nerve blocks and iatrogenic injuries is
also confirmed by other studies in shoulder [65, 66, 144],
knee [82], and hip surgeries [81]. Shoulder surgeries have a
predilection for iatrogenic nerve injuries [13, 160] and the
incidence can be as high as 8.2 % following anterior stabili-
zation, around 1-4 % following shoulder arthroplasty or
1-2 % following rotator cuff repairs [161]. While Borgeat
et al. [66] and Candido et al. [ 144] noted different incidences
of persistent neurologic sequelae unrelated to surgery
1 month after ISB (7.9 % vs. 3.3 %), most of these complica-
tions were unrelated to ISB. Further, a retrospective review
of 1569 patients undergoing total shoulder arthroplasty by
Sviggum et al. also noted no such relationship between inter-
scalene block and nerve injury [104]. While some studies
indicate that the likelihood of complete recovery from
peripheral nerve injury is lower when the patient had a PNB
[82], other studies have not shown a similar association [82].

Neuropathy

Preexisting neuropathy is thought to increase the risk of
postoperative neurologic dysfunction following PNB (LOE 5;
Grade D). Neuropathic nerves are more prone to the pro-
longed effects of local anesthetics (LOE 5; Grade D).

Currently, there is no high-quality evidence regarding
cause and effect of neurologic sequelae following nerve
blocks but most anesthesiologists have a tendency to avoid
PNB in patients with neuropathy. Although a retrospective
cohort study [79] did not demonstrate worsening of neuro-
logic outcomes following PNB in patients with preexisting
neuropathy, a number of case reports [125, 128, 129, 132,
140, 143] indicate that either subclinical or overt preexisting
neuropathy may make them susceptible to long-term nerve
damage. Hence, the expert opinion regarding regional anes-
thesia in patients with neurologic disease tends to err toward
caution [11, 162]. The degree of neural dysfunction in a
chronically compromised nerve may be clinical or subclini-
cal, and any secondary insults such as hypoxia or ischemia,
local anesthetic neurotoxicity, or direct mechanical trauma
following nerve blockade is thought to exacerbate it [162].
Importantly, the secondary insult need not be at the site of
the neural compromise itself, a phenomenon known as
“double-crush syndrome” [163]. In fact, a double-crush
injury in the form of two distinct low-grade insults has been
shown to be more damaging to the nerve compared to an
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insult at a single site [164]. Thus, when suspecting underly-
ing chronic neuropathy such as in patients with peripheral
vascular disease, mechanical compression, metabolic
derangements (diabetes mellitus) or postchemotherapy (cis-
platin neurotoxicity), the decision to perform a PNB should
be made on a case-by-case basis after thorough physical
examination and discussion with the patient and the surgical
team [162, 165]. It is generally thought that any evolving
lesions or active inflammation of the nerves is a contraindi-
cation for PNB [162].

Two animal models of diabetic neuropathy have been
tested for local anesthetic neurotoxicity [29, 35]. In the study
by Kroin et al., local anesthetics produced a longer mean
duration of sensory nerve block in diabetic rats versus non-
diabetic rats [35]. Doses of lidocaine (with or without adju-
vants) or ropivacaine that did not cause noteworthy nerve
fiber damage in nondiabetic rats also failed to produce major
pathology in nerves of rats with streptozotocin-induced dia-
betic neuropathy. The study by Kalichman [29] not only
showed a lower conduction velocity in diabetic nerves, but
also it had neuronal edema subsequent to extraneurally
placed LA in a concentration-dependent fashion. This study
along with others indicating that local anesthetic neurotoxic-
ity is directly proportional to the dose and duration of local
anesthetic exposure [59, 166], higher LA concentrations
should be strongly discouraged for neuropathic patients and
deliberate intraneural injections should be avoided based on
conventional wisdom.

Causative Agent Factors

The insulting injury to a nerve can be as a result of direct
needle trauma, pressure injury, or local anesthetic neurotox-
icity. A majority of these factors have been evaluated in ani-
mal studies since human studies are not feasible due to
obvious ethical concerns and hence most of the evidence is
extrapolated to humans. It is difficult to judge as to which
factor is the most damaging since most of the evidence origi-
nated from different animal models and more than one inju-
rious agent may be evaluated in these studies.

Mechanical Agents

Needle Trauma

Nerve trunks usually slide under an advancing short-bevel
needle compared to long-bevel needles (LOE 5; Grade D).
Long-bevel needles cause more functional or histological
damage compared to short-bevel, pencil-tip, or Tuohy needles
but the superiority among the latter three needle types is cur-
rently unknown (LOE 5; Grade D). Needle gauge may in itself
influence the degree of damage irrespective of needle type
(LOE 5; Grade D). When short-bevel needles do penetrate the

perineurium, the resultant nerve damage is greater than that
of long-bevel needles (LOE 5; Grade D). The amount of dam-
age is greater when the needle bevel is perpendicular to nerve
fibers than when it is parallel (LOE 5; Grade D).

Eight animal studies and one cadaveric study evaluated
the impact of needle design on nerve injury. The degree of
nerve damage from needle trauma depends on the bevel type,
the angle of needle insertion, and the needle size (gauge).
Long-bevel (14° angle) needles penetrate fascicular bundles
through the perineurium, while these fascicles slide under or
away from short-bevel (45° angle) needles [17]. Animal [38]
and human cadaver [119] studies demonstrate that injection
with a long-bevel needle has a greater chance of being intra-
fascicular and resulting in nerve injury. One animal study
showed that even in the absence of direct neural trauma, the
presence of perineural hematoma might in itself result in
inflammation and structural injury to the nearby nerves [48]
and this has been implicated as a possible cause of injury in
a case report [127]. Using cadaveric tissue, Sala-Blanch
et al. [119] showed that, although fascicular contact is fairly
common with intraneural injections, injury to these fascicles
rarely occurs. Of the 134 fascicles contacted by the needle,
only four were damaged, all from long-bevel needles. In ani-
mal studies, needles with a tapered end, such as Whitacre
and Sprotte needles, are comparable to each other [37] and to
Tuohy needles with respect to neural damage [37, 45, 46].
While two studies show superiority of tapered-tip needles
over short-bevel needles in terms of neural damage caused
[27, 37], and its effect on nerve conduction [27] another
study reported similar neural perforations with tapered-tip
and short-bevel needles of the same gauge [46].

The amount of nerve damage following intraneural nee-
dle placement is also higher when the bevel is inserted trans-
versely to the nerve fiber compared to insertion along the
long axis of the nerve [17, 27, 37]. Regardless of the type,
needle gauge is directly proportional to the extent of nerve
damage, as demonstrated by the stark difference in the extent
of fascicular damage from 22G needles (3 %) and 17/18G
needles (40 %) [45]. In general, short-bevel needles are pre-
ferred for PNB since they have difficulty penetrating peri-
neurium; however, when short-bevel needles do penetrate
the perineurium, the amount of mechanical trauma far
exceeds that done by a long-bevel needle [42].

It is important to point out that basic science research
using animals or cadaver tissue as a study model, such as the
ones described earlier, were considered to be level 5 evi-
dence and given a grade D recommendation irrespective of
study design. This is because these studies arguably do not
provide direct research evidence in live human subjects,
although ethical issues and other difficulties obviously
preclude doing these studies in live subjects. Nevertheless,
the available evidence is quite convincing despite having a
lower grade.
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Pressure Injury

Perineural injections require the least injection pressure fol-
lowed by extrafascicular injection, while intrafascicular
injections generate high injection pressure (LOE 5; Grade
D). While high injection pressures result in functional and
histological nerve damage, intraneural injection with low
injection pressures may not necessarily result in nerve dam-
age (LOE 2b; Grade C).

The axons inside the fascicles are under pressure created
by the perineurium and hence any injection into the perineu-
rium will probably require higher injection pressure subse-
quently resulting in pressure injury. The evidence for
pressure injury is purely based on animal models [9, 17, 21,
34,53, 54, 167] and the human evidence is limited to studies
looking at pressure monitoring during PNB [75]. In animal
studies, low injection pressures (<25.1-27.9 kPa) are noted
for injection performed around the nerve without penetration
of the outer epineurium, while injection pressures increase
slightly (69.8-86.5 kPa) upon entering the epineurium [53,
54]. Selander et al. [167], in a study of intraneural injection
at different locations within the rabbit sciatic nerve, showed
that a relatively low injection pressure (25-60 mmHg [3.3—
7.9 kPa]) was required for subepineurial (extrafascicular)
injections and resulted in limited spread of injectate, whereas
intrafascicular injections required higher pressures (300—
750 mmHg [39.9-99.7 kPa]) and resulted in rapid spread of
injectate over long distances within the fascicle. To study the
clinical consequence of such injections, Hadzic et al. [9] per-
formed intraneural injections with 4 mL lidocaine in the
canine sciatic nerve. Low-pressure (<4 psi) injections (3/7)
were extrafascicular while high pressure injection (25—
45 psi) (4/7) were intrafascicular in location which was simi-
lar to that noted by Selander et al. [167]. In a similar study
design, Kapur et al. [34] showed that all intrafascicular injec-
tions resulted in clinical deficits in the form of paresis or
disability while none of the extrafascicular injections resulted
in any neural dysfunction. A study of ultrasound-guided
deliberate intraneural injections in piglets with injection
pressures <20 psi (~138 kPa) also showed that none of the
injected nerves had a breach in the perineurium. Although
the nerves showed signs of inflammation for up to 2 days
postinjection and changes in nerve architecture under ultra-
sound for up to 4 days, none of the animals developed any
functional deficits [21]. A similar evidence from a human
study also showed that a low injection pressure during delib-
erate intraneural popliteal sciatic nerve block does not neces-
sarily lead to early postoperative neurologic dysfunction [97]
but further studies on injection pressure in clinical practice
are needed. The pressure measurements following subepi-
neurial injections are similar between those obtained by
Vuckovic et al. [53, 54] and Hadzic et al. [9] but are higher
than those reported by Selander et al. [167]. This could be

related to differences in animal models, syringe, and injec-
tate volumes used in the two studies. Although injection
pressures <15 psi is recommended safe in clinical practice,
this needs to be further validated.

The generation of high injection pressures during intra-
fascicular injection can be explained by the high intrafascic-
ular pressure created by the perineurium and may also lead
to pressure injury. The low injection pressures needed for
perineural injection compared to subepineurial and intrafas-
cicular injections show the potential utility of continuous
monitoring of injection pressures during PNB. There is a
need for further evidence regarding the short- and long-term
safety of low-pressure intraneural injections.

Similar to studies related to needle design (see earlier), it
would be difficult and unethical to perform studies in live
humans to evaluate injury from high pressure injection. Thus,
the published evidence is limited to basic science research
using animals and cadaver tissue as study models. However,
as with studies of needle design, the available evidence is
fairly persuasive despite being assigned a lower grade.

Chemical Agents

Neurotoxicity

All local anesthetics are neurotoxic in increasing concentra-
tions and individual local anesthetics differ in their neuro-
toxic potential (LOE 5; Grade D). Both extra- and
intrafascicular injection of local anesthetic can result in his-
tological damage, but is far greater following intrafascicular
injection leading to functional injury as well (LOE 5; Grade D).
Both epinephrine and local anesthetics decrease neural
blood flow, and their combination has synergistic effects
(LOE 5; Grade D).

A total of 21 studies evaluated the neurotoxicity of LA in
different animal models. Broadly, the studies looked at com-
parative neurotoxicity of different LA solutions with or with-
out adjuvants [25, 26, 44, 55, 58, 59], the impact of topical
application of LA [22, 23, 29-33, 39, 40, 50, 57], or their
intraneural injection [25, 26, 28, 35, 36, 44]. Intraneurally
injected LA may often result in histological changes without
any functional neuropathy [28, 35, 36]. While there is a gen-
eral agreement over the increased amount of nerve damage
following intrafascicular injection of LA as compared to
topical application [44], whether or not LA solutions are
more toxic than saline intrafascicularly is currently debated.
While Farber et al. [25] in a study of Lewis rats noted intra-
fascicular injection of LA was more damaging than saline
[25], a study by Selander et al. [44] on rabbits showed both
saline and 0.5 % bupivacaine to cause equal amount of axo-
nal damage. Although the amount of damage was greater
with increasing concentrations of LA indicating that the
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pressure injury is far more damaging than LA neurotoxicity.
The damage following intrafascicular injections is a result of
a breach in the blood—nerve barrier and the loss of internal
hypertonic milieu [25] compounded by pressure injury,
interstitial edema, and direct neurotoxicity, resulting in clini-
cal nerve damage.

At therapeutic doses, all local anesthetic agents exhibit
neurotoxic potential [168] and, although debatable, some
drugs may be more neurotoxic than others. The direct neuro-
toxicity of local anesthetics is thought to be related to pro-
longed increases in cytosolic Ca** leading to depletion of
adenosine triphosphate, mitochondrial injury, membrane
dysfunction, and, ultimately, cell death [169, 170]. Transient
neurologic symptoms following spinal anesthesia are thought
to represent a mild consequence of local anesthetic neurotox-
icity [171], and transient neurologic symptoms following
PNB may represent a similar event, with small-diameter
axons (pain and temperature) being more affected than large-
diameter axons (motor and proprioception) [172].

The neurotoxic effect of local anesthetics is time and con-
centration dependent in an animal study and in vitro models
of cell cultures [59] but whether this holds true in human
subjects is not known. While long-acting LA [85] and con-
tinuous catheters [6, 68, 72] have been employed safely with
a low incidence of long-term nerve damage, some catheter
studies [3, 77, 95, 96] and case reports [122, 125, 128, 140]
do point toward a fairly high incidence of nerve dysfunction.
While Capdevilla et al. [68] in a study of continuous cathe-
ters noted a low incidence of long-term neuropathy, bupiva-
caine infusion was one of the risk factors for the same along
with ICU stay and age <40 years. Further prospective studies
are needed to know whether prolonged exposure of nerves to
different concentrations of LA is safe or neurotoxic.

The local anesthetic neurotoxic potential of individual
agents differs depending on the animal model and study
methodology but in general, most local anesthetics have
vasoconstrictive properties and that includes the common
agents such as lidocaine [39], levobupivacaine, and ropiva-
caine [23], hence making them both directly neurotoxic and
have neuronal ischemic effects. Although bupivacaine has a
vasodilatory effect on intraneural blood flow [22] and is
thought to be less neurotoxic following intraneural injection
according to one study [26], another study found it to be
more neurotoxic than lidocaine or ropivacaine when injected
into the fascicle [25]. Given that local anesthetic neurotoxic-
ity is well documented, deliberate intraneural injection of
local anesthetic is still strongly discouraged, despite the fact
that most of the evidence comes from animal studies.

Adjuvants

Local anesthetics are more neurotoxic than adjuvants and,
while some adjuvants may have neurotoxic potential, others
may be neuroprotective (LOE 5; Grade D).

The neurotoxic potential of local anesthetics far exceeds
that of any adjuvants used in regional anesthesia [57, 58],
and effects on nerve tissue depend on the individual agent.
While adjuvants, including opioids, clonidine, dexametha-
sone, and neostigmine, do not influence the neurotoxic
potential of local anesthetics in vitro, drugs such as ketamine
and midazolam may themselves be neurotoxic at higher
doses [173]. On the other hand, dexmedetomidine was shown
to be neuroprotective in rats following intraneural sciatic
nerve injection [50]. It was postulated that dexmedetomidine
decreased the neurotoxic potential of bupivacaine by decreas-
ing mast cell degranulation at the site of injury. Nevertheless,
the current evidence is limited to studies in animal models.

Intraneural Injections

Unintentional intraneural injections occur more often than
previously expected (LOE 2b; Grade B), but they may not
necessarily result in neurologic dysfunction (LOE 2b; Grade B).
Intraneural injections have a rapid block onset (LOE 2b,
Grade B).

Six trials studied the incidence of unintentional intraneural
injection [73, 78, 91, 94, 98, 99]. Three were performed with
the aid of nerve stimulation alone, one was done with ultra-
sound guidance alone, and two used dual guidance. The results
showed that unintentional intraneural injection occurs fre-
quently in both upper and lower limb blocks, with the inci-
dence varying from ~17 % to as high as 66 % [73, 78, 91, 94,
98, 99]. Intraneural injections were also shown to hasten block
onset [78, 94, 99], improve block success [108], and have also
been shown to prolong block duration in animal models [34].
The incidence of needle nerve contact could possibly be higher
with an out-of-plane (OOP) approach (64 % for femoral nerve
block) [98] but whether or not this results in an increased inci-
dence of intraneural injections is currently unknown. OOP
approaches although have not been shown to increase the inci-
dence of neurologic complications [3].

Irrespective of unintentional or targeted intraneural injec-
tions using either low current neurostimulation or US guid-
ance, none of the trials reported long-term postoperative
neurologic dysfunction related to PNB [62, 63, 78, 94, 97—
100, 108]. However, the follow-up period in some of these
studies was not long enough to allow symptoms to develop,
and none of the studies were sufficiently powered to assess
the incidence of neurologic dysfunction or nerve injury.
Hence, it cannot be recommended as safe practice to perform
deliberate intraneural injections until data from larger stud-
ies are available.

Five studies investigated deliberate intraneural injection
[62, 97, 100, 108]. In each one, ultrasound was used to
identify intraneural injection, and one study used nerve
stimulation in addition to ultrasound [97]. A 10 % inci-
dence of transient neurologic deficit was observed in one of
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the studies [63], and another study evaluating the deliberate
intraneural injections performed under ultrasound versus
neurostimulation showed an increased success rate with US
but resulted in a higher incidence of paresthesia [101].
None of the studies revealed any increase in neurologic
complications during follow-up (1-4 weeks after the proce-
dure). A cadaveric study of interscalene blocks reported a
50 % incidence of subepineural injection when the needle
tip was placed adjacent to the brachial plexus trunks [117].
While the results of these studies do not imply that intra-
neural injection is a safe procedure, they do show that it is
a fairly common occurrence and does not always lead to
neurologic complications.

The take-home message is not to think that deliberate
intraneural injections are safe to perform but to think that it
is fairly common in clinical practice to note intraneural injec-
tions and it does not necessarily result in neurologic compli-
cations. The occurrence of neurologic complications may
increase following intrafascicular (subperineural) injections
but currently most of the evidence for this is based on animal
studies and case reports.

Environmental Influences

The time-honored statement that “an ounce of prevention is
worth a pound of cure” is essential when considering the
ways to minimize adverse outcomes following intraneural
injection. To help reduce or prevent the possibility of intra-
neural injection, an effective method of detecting and moni-
toring the presence and extent of intraneural injection is
critical, as is the skill and willingness to use it in regional
anesthesia practice.

Nerve Stimulation

When used at low currents, nerve stimulation has low sensi-
tivity but high specificity for detecting proximity of the needle
tip to the target nerve (LOE 2b; Grade B). Nerve stimulation
cannot differentiate between intraneural needle placement
and needle—nerve contact (LOE 5; Grade D). Higher stimu-
lating currents are required in diabetic patients for detecting
intra- and extraneural needle placement (LOE 2b; Grade C).

For electrical nerve stimulation, the minimal stimulating
current intensity is proportional to the square root of the dis-
tance between the needle tip and the nerve, provided there is
a constant magnitude of charge between the two points. In
animal studies, a low stimulating current requirement
(<0.2 mA) was originally shown to correlate with histologi-
cal evidence of nerve injury in 50 % of the study animals,
while current intensity >0.5 mA implied extraneural place-
ment [52]. A similar study in humans employing noninsu-
lated needles showed that the median (Range) stimulating
current noted when a deliberate paresthesia is obtained was

0.17 (0.03-3.3 mA) [70]. This led to the popular practice of
eliciting motor response at stimulating currents between 0.2
and 0.5 mA and deliberately withdrawing the needle when
stimulation is obtained at currents <0.2 mA. A number of
studies later showed the inaccuracies of neurostimulation
both at low and high current stimulation. Even the studies
which established the notion that an MSC of <0.2 mA was
specific but not sensitive indicator of intraneural needle
placement possibly had extraneural needle placements as
evidenced by an extraneural injection in 50 % of injections in
the animal study [52] and the wide range of MSC noted with
the human study [70]. Animal studies have shown that higher
stimulating currents are sometimes needed to elicit a motor
response following intraneural needle placement [20, 24,
174]. The same phenomenon was observed in 16.7 % of
patients receiving deliberate low-pressure intraneural injec-
tions during popliteal sciatic nerve block [97]. On the con-
trary, low stimulation currents have been employed for
performing sciatic nerve block [83] and infraclavicular block
[84] without evidence of nerve damage.

Recently, Weismann et al. [56] showed that a low stimu-
lating current may indicate either needle—nerve contact or
intraneural placement. Hence, a low stimulating current, if
present, may only indicate that the needle tip is too close to
or within the nerve, rather than differentiating between the
two. The noncorrelation of needle tip location and nerve
stimulation is due to a variety of factors influencing motor
response following stimulation. The stimulating current is
influenced by pulse width, interaction of the needle tip with
the fascicles, and the degree to which a depolarization or
hyperpolarization occurs as a result of the stimulating cur-
rent [175-177]. Since the minimal stimulating current for
each nerve is different [178], a single value cannot be extrap-
olated for all nerves.

Evidence regarding whether or not diabetic individuals
require a higher stimulation threshold is evolving. In animal
models of hyperglycemia, when a low stimulation threshold
was used to guide the needle, all injections were intraneural,
while none of the low current stimulation injections in nor-
moglycemic animals had the same pattern of injectate dis-
persion [43]. A significant number of diabetic patients
undergoing supraclavicular brachial plexus block required a
higher stimulation threshold when the needle was placed
perineurally (57 % required currents >1.0 mA vs. 9 % non-
diabetic) or intraneurally (29 % required currents of 0.5—
1.0 mA vs. 2 % nondiabetic) [63]. It has been reported and is
worth pointing out that it also has been that the threshold
currents used for motor response from nerve stimulation
under general anesthesia might be higher than those in awake
patients [146]. Thus, their result also suggested that using
nerve stimulation as a technique to warn for intraneural
placement in patients under general anesthesia may require
different parameters compared with patients who are not
under general anesthesia.
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Injection Pressure Monitoring

High injection pressures are often reached unknowingly by
experienced and nonexperienced practitioners (LOE 2b;
Grade B). Syringe feel is inaccurate for differentiating tis-
sues, and higher pressures are generated unknowingly (LOE
5; Grade D). Injection pressure can be kept within safe limits
reliably by using compressed air injection technique (CAIT)
or pressure measurement devices (LOE 2b; Grade C).
Opening pressure can detect needle nerve contact reliably in
interscalene block (LOE 2b; Grade C).

While intrafascicular injections require higher injection
pressures, a low injection pressure has a good negative pre-
dictive value for neurologic dysfunction [21, 97]. Two
important pressures to monitor when performing a PNB are
the opening pressure (OP) and injection pressure (IP). The
OP is the pressure in the needle—tubing—syringe assembly
before the injectate begins to flow through the needle. A
high OP (>20 psi) has been shown to correlate with nerve
damage [75]. Once flow has begun, IP at the needle tip
depends on various factors, including needle size, length of
tubing, and syringe volume. Avoiding high IP is as impor-
tant as OP in preventing further damage from injectate flow
into the perineurium. Simple “syringe feel” is inaccurate in
determining what tissues the performer is injecting into,
irrespective of operator experience as shown in an animal
model where only 12 of 40 anesthesiologists (30 %) cor-
rectly identified intraneural injection using “syringe feel”
[107]. Anesthesiologists also vary widely in their perception
of injection pressure and the speed of injection. In a study of
30 anesthesiologists performing simulated injections in a
lab model, a 20-fold variability in baseline injection pres-
sure and speed of injection was noted. When resistance was
increased gradually in a blinded fashion during injection,
70 % of anesthesiologists exceeded the recommended injec-
tion pressure of 20 psi [109, 114].

The inaccuracy of “syringe feel” and a wide variability in
baseline perception of the performer has led to the use of
objective methods and devices to monitor injection pressure
during PNB performance. These include the compressed air
injection technique (CAIT) [109, 121] and B.Braun’s
BSmart™ injection pressure monitor. When using CAIT, a
set volume of air is drawn into the syringe containing the
injectate, and the air is compressed to a certain percentage of
its initial volume when injecting. In vitro evaluation of this
technique has been shown to ensure injection pressures sub-
stantially below the threshold considered significant for
nerve injury, irrespective of the needle or syringe type when
the air compression was <50 % of the original volume.
Currently, no animal or clinical studies have evaluated the
technique, so its impact on clinical outcomes is unknown.
Recently, the use of the BSmart™ device in patients (n = 16)
undergoing ultrasound-guided interscalene brachial plexus
block consistently (97 %) revealed an opening pressure of

>15 psiatthe time of needle—nerve contact [75]. Nevertheless,
the specificity of using injection pressure monitoring to
avoid intraneural needle placement is still suspect. High
injection pressures can be caused by contact with fascia, ten-
don, or bones. Moreover, needle tip pressure may be depen-
dent on the needle—syringe combination [179].

Ultrasound

Ultrasound guidance can detect intraneural injection and
is dependent on operator experience (LOE 2; Grade B).
Use of ultrasonography does not prevent intraneural injec-
tion (LOE 2; Grade B). Long-term neurologic complica-
tions following PNB have not declined as a result (LOE 2b;
Grade B).

Ultrasound can be a useful tool for avoiding and detecting
intraneural needle placement and injection but is not foolproof
in preventing intraneural injection. Currently available ultra-
sound technology cannot differentiate between the different
layers of the nerve and therefore cannot distinguish between
inter- and intrafascicular injection. Possible ultrasonographic
indicators of intraneural injections include visualization of the
needle tip within the nerve, increase in the nerve cross-sec-
tional area by at least 15 %, spread of local anesthetic within
the epineurium upon proximal-to-distal scanning, and real-
time visualization of fascicle separation on injection. It is
important to note that, if any of these signs is observed on
ultrasound, intraneural injection has already occurred.

When performing PNB, the needle tip is often not visual-
ized on ultrasound, and needle advancement without proper
needle tip visualization is a common error that persists even
after adequate experience. Surrogate markers, such as
increase in cross-sectional surface area or local anesthetic
solution found between the fascicles, are therefore used to
monitor for intraneural injection. The occurrence of uninten-
tional intraneural injections during ultrasound-guided PNB
has been noted frequently in cadaveric studies [117] and the
clinical setting [63, 78, 91, 98] and is most likely due to
dependence on the practitioner’s expertise in detecting intra-
neural needle placement or injection. In a study of assess-
ment of intraneural injection by novices and experts, the
sensitivity of detecting a low volume (0.5 mL) intraneural
injection was 65 % in novices and 84 % in experts, but the
specificity of assessment was 98 % irrespective of the level
of expertise [86]. Although Bigeliesen et al. [63] showed that
intraneural needle tip placement was detected reliably in
only 69 % of cases, surrogate markers of intraneural injection
(e.g., increase in cross-sectional area of nerve) can detect
intraneural injections reliably (94 %) [93, 100]. Ruiz et al.
[98] evaluated whether an in-plane (IP) approach to femoral
nerve block was better than an out-of-plane (OOP) approach
for avoiding needle—nerve contact and intraneural injection.
Although they noted a higher incidence of intraneural injec-
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tions with an OOP approach (64 % vs. 9 % IP), their defini-
tion of intraneural injection was the presence of local
anesthetic below the nerve, rather than visualization of intra-
neural needle tip or injectate placement on ultrasound. This,
combined with the lack of evidence from other types of
PNBs, suggests that further study is needed to conclude with
certainty that OOP approaches increase the chances of nee-
dle-nerve contact and intraneural injection.

Orebaugh et al. [4, 5] investigated whether the use of ultra-
sound has led to a decrease in neurologic complications. In
both retrospective reviews, no differences in long-term neuro-
logic complications were found between blocks performed
under nerve stimulation or ultrasound guidance.
Electromyography detected nerve injury following nerve
stimulation-guided block in 3/3290 cases, but no long-term
neurologic injuries were detected following ultrasound-guided
blocks (0/2146). An update in 2012 showed the incidence of
nerve injury lasting 612 months was significantly higher with
nerve stimulation alone (4/5436) compared to ultrasound
guidance (1/9069), but no significant difference in the inci-
dence of long-term injuries (>1 year) was observed between
the two groups (3/5436 nerve stimulation vs. 0/9069 ultra-
sound). This has also been supported by a prospective study by
Liu et al. [92]. Although the underlying reason(s) for not see-
ing a reduction in complications despite the increasing use of
ultrasound in regional anesthesia practice is unclear, it may
explained in part by the old adage, “A tool is only as good as
the person using it,” which is highly applicable when it comes
to using imaging technologies such as ultrasound.

Monitoring neurologic outcomes following regional
anesthesia.

To monitor and manage patients effectively with possible
peripheral nerve injury following regional anesthesia, it is
important to have a basic understanding about classification
and the pathophysiology of neurologic injuries.

Pathophysiology
The overall clinical course of pathophysiology of peripheral

nerve injury usually takes 2—4 weeks to manifest and prog-
ress [180, 181] for most nerves. However, there is a primary

Table 5.7 Classification of nerve injury

histological change involving physical fragmentation of both
axons and myelin, a process that begins within hours of
injury (Wallerian degeneration) occurring at the axon distal
to the site of injury [181]. For the portion of the nerve proxi-
mal to the injury, it also undergoes a retrograde degeneration.
Eventually, the axons in the endoneurial network undergo
chromatolysis and are replaced by Schwann cells. The pro-
cess of recovery begins after 4-6 weeks, and the integrity of
endoneurial network is crucial at this recovery phase and
correlates with clinical recovery (see the section on practical
aspects below). If the endoneurium is intact, the regenerating
axons grow into them and are subsequently myelinized by
the Schwann cells. If there is a disruption of endoneurial net-
work, the regenerating axons grow aimlessly in all direc-
tions, resulting in a neuroma. The classification of nerve
injury and its subsequent course is described in Table 5.7.
For practical purposes, Sunderland’s classification is used to
classify and predict outcomes.

As presented in Table 5.7, nerve injury is not necessarily
synonymous with clinical complications and at times may not
lead to any detectable clinical symptoms or signs. In other
words, the injury may lead to subclinical complications with
no overt clinical manifestations. Individuals who present with
neurologic symptoms and sequelae may therefore only repre-
sent the tip of the iceberg (Fig. 5.3). Thus, it is important to
consider and interpret carefully the evidence regarding the
incidence of clinical neurologic complications.

Practical Points in Mechanism of Nerve Injury

A neuronal injury is more likely to arise when a negative
interaction between a susceptible host (inadequately pro-
tected nerve), an injurious agent (local anesthetic, needle, or
injection pressure), and a hazardous working environment
(poor supervision/guidance for locating needle, unsafe prac-
tices, unintended exposure) occurs. Risk stratification by
minimizing one of the triangle’s components should, in the-
ory, preclude the manifestation of the event. Hence it is vital
to choose a technique tailored to each patient’s existing
physiology (nonmodifiable risks) as delineated earlier. The
clinician should attempt to minimize all modifiable risks

Sunderland Seddon Description of injury Recovery
First degree Neuropraxia Nerve is intact. Conduction block and demyelination Complete

noted recovery within days—weeks
Second degree Axonotmesis Wallerian degeneration noted from this stage onward. Recovery within weeks to months

Nerve structure is intact but with axonal disruption

following axonal regeneration

Third degree Axonotmesis Disruption of endoneurium Partial recovery may occur but
not complete recovery
Fourth degree Axonotmesis Disruption of perineurium. Cell body loss from this Permanent deficits. Recovery
stage onward unlikely
Fifth degree Neurotmesis Disruption of epineurium Permanent deficits. Recovery

unlikely even with surgery
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Clinical neurological
manifestations

Fig. 5.3 Schematic diagram of relationship of injury and clinical
symptoms

such as needle trauma, pressure injury, and LA neurotoxicity
using appropriate monitoring techniques and safe practices.
A clear understanding of the procedure by the patient and
good communication between the clinician and the patient is
vital to detect iatrogenic injury either during performance of
the block or in the recovery period. Hence we recommend
the following practice points which may help in early identi-
fication of neurologic outcomes:

e Preoperative assessment and documentation of neuro-
logic function (Identify at-risk patient)

e Clear communication with the patient regarding the block
procedures and postoperative recovery of sensory and
motor function

* Minimal sedation during the performance of PNB to per-
mit patient—clinician communication.

e Use of all available monitoring technique during the per-
formance of PNB. We routinely use US + NS guidance
(0.2 mA) for needle placement and employ CAIT for
injection pressure monitoring.

* Close monitoring and adequate follow-up in the event of
procedural paresthesia/signs of intraneural injection to
ensure recovery of neurologic function

e Use dilute LA solutions in high risk patients (i.e., preex-
isting neuropathy and presence of surgical risk for com-
partment syndrome).

» Early neurology referral in those patients with red flags
for iatrogenic nerve injury.

Classifying and managing patients with neurologic injury
can be challenging given that a widely accepted algorithm is
lacking for monitoring neurologic recovery following
PNB. We present a simplified algorithmic approach for fol-
low-up of peripheral nerve blocks (Fig. 5.4). Most common

symptoms following neurologic injury are sensory changes
such as persistent numbness, pain, or persistent paresthesia/
dysesthesia in the distribution of the nerve block. The pres-
ence of motor weakness out of proportion to that from PNB
or after the discontinuation of the block should prompt early
referral after ruling out mechanical causes such as tight sur-
gical dressing/tourniquet injury. Evolving sensory/motor
lesions also mandate early referral since neurologic deficits
arising within the first 24 postoperative hours likely repre-
sent acute injury. The routine practice in the majority of
institutions includes a follow-up visit or phone call on POD-1
to ensure the resolution of block following discontinuation
but, many of the sensory-motor disturbances arise several
days to a couple of weeks following PNB and such cases
need to be referred to neurology for evaluation if it does not
resolve within 4-6 postoperative weeks. Neurologists com-
monly perform nerve conduction studies, evoked potentials,
and electromyography which identifies the site of lesion and
the timing of injury thereby helping in the diagnosis and
prognosis of injury. These tests are invasive procedures and
are not without limitations. Nerve conduction studies are
useful in evaluating large sensory-motor nerve fibers while
unmyelinated fibers may be missed. EMG requires several
weeks of denervation before changes can be detected. Hence
cases wherein an evolving/nonresolving lesion is suspected
or motor weakness is present are referred to neurology and
the majority of cases with mild sensory disturbances are
managed conservatively with follow-up.

Conclusion

In summary, long term neurologic complications following
regional anesthesia are rare and are usually a result of an
interplay between the host (patient) factors, causative agents
(mechanical and chemical), and environment (regional anes-
thesia tools and methods). Many of the factors responsible
for the neurologic complications are nonmodifiable and
hence screening for at-risk patients is necessary. Unintentional
intraneural injections are thought to occur frequently during
PNB and intraneural injections may not necessarily result in
neurologic complications as long as they are extrafascicular.
Most of the evidence for neurologic injury following PNB
such as needle design, pressure monitoring, and local anes-
thetic neurotoxicity arises from animal models and their
findings are being extrapolated to clinical practice. Evidence
from animal experiments indicates that intrafascicular injec-
tions used with higher injection pressures are more likely to
result in nerve injury. While technological improvements in
regional anesthesia practice continue to improve our ability
to detect and prevent nerve damage, preparation, vigilance,
and careful observation remain a regional anesthesiologist’s
most important tools in ensuring patient safety.
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Suspected Neurological Dysfunction

*Un-resolving sensory-motor weakness
*Pain, paresthesia/ dysesthesia

*Sensory/motor block out of proportion to PNB

Perform and document
Thorough history and physical exam

Compare neurological status
with pre-operative examination

Suspected mechanical/ surgical cause
(tight cast, compartment syndrome,
iatrogenic injury, tourniquet, hematoma)

Is the deficit progressing?
Is there motor involvement?

Follow-up for 2-3 weeks

Improving symptoms?

Neurology consultation
EMG and nerve conduction studies

Axonal loss noted?

Physical therapy and rehabilitation for 3-5
months

Acceptable clinical recovery?

Observe and follow-up as out-patient

Urgent Surgical / neurology
consultation
(Consider imaging)

Consider surgical consult for
exploratory surgery

Fig.5.4 Pathway to classify and manage neurological injury following peripheral nerve blocks
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Regional Anesthesia in the Presence
of Neurologic Disease

John Shepler, Andrea Kattula, and George Arndt

Key Points

* Most anesthesiologists are very cautious about the use of
regional anesthesia in patients with neurologic disease,
mainly because of the medical legal risk. Lawyers seem
to have more success linking the exacerbation of neuro-
logic disease following regional anesthesia, than that fol-
lowing general. In truth we really do not have sufficient
data to determine which technique is more likely to cause
an exacerbation of neurologic disease. Therefore the
choice of anesthetic technique should be based primarily
on the preoperative assessment of the patient. As always,
a thorough consideration of the risks and benefits should
be performed for each patient.

* A number of reports describe successful regional anesthe-
sia in individuals suffering from multiple sclerosis,
including obstetric patients. However, practitioners
should be aware of other cases in which exacerbation of
symptoms or relapse has occurred following anesthesia
administration.

* Regional anesthesia can be used for individuals with spi-
nal cord injuries, but this can be challenging and may
require use of adjunct technologies such as nerve stimula-
tion or ultrasound. Similarly, regional blocks have been
performed successfully in patients with peripheral neu-
ropathy, but unique risks, such as hemodynamic instabil-
ity in diabetic individuals, must be considered.
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* A complete neurologic exam is required for all patients
with preexisting neurologic disease regardless of the
choice of anesthetic technique and this information must
be carefully recorded in the patient’s medical record.

Introduction

Performing regional anesthesia in patients with preexisting
neurologic or neuromuscular disease remains controversial
and presents a special challenge to anesthesiologists.
Historically, regional anesthesia has been relatively contrain-
dicated in these patients for fear of worsening neurologic
outcomes [1]. In addition, many practitioners may be reluc-
tant to provide regional anesthesia to these patients due to
medicolegal concerns. Factors contributing to this belief
include local anesthetic toxicity to neurons, ischemia sec-
ondary to additives such as epinephrine, and injury to nerves
from direct needle trauma. Upton and McComas described
the “double crush” phenomenon which suggested that
patients with nerve injury are more susceptible to nerve dam-
age at another site [2]. Other studies appear to not only sup-
port the double crush phenomenon but suggest that the
cumulative or dual injury to the nerve is greater than the
expected additive damage that one might expect [3]. Thus,
placing nerve blocks in patients with preexisting nerve injury
may theoretically increase their risk of further injury. In
addition, local anesthetic and additives in blocks may cause
a subsequent injury to nerves based on their neurotoxic prop-
erties. In fact, studies evaluating the toxicity of local anes-
thetic and additives that have been conducted in animal
models suggest that nerve injury is possible [4—6]. Therefore
it may be prudent to minimize the dose or avoid local anes-
thetics in some patients.

Numerous studies or case reports describe the successful
use of regional anesthetic techniques in a variety of neuro-
muscular disorders including multiple sclerosis, post-polio
syndrome, amyotrophic lateral sclerosis (ALS), muscular
dystrophies, myotonias, and others [7, 8]. These large studies
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are retrospective in nature and provide some evidence of the
safety of regional anesthetic techniques in such patients.
However, prospective randomized studies are not likely to be
conducted due to the relative infrequency of patients with
these disorders presenting for surgery. Specific guidelines
regarding the use of regional techniques in the setting of neu-
rologic disease are difficult to define because of these limita-
tions. Therefore, the goal of this chapter is to review several
of the more common neurologic disorders that an anesthesi-
ologist may encounter and outline what information cur-
rently exists to help guide the use of regional anesthesia. The
use of a regional anesthetic technique along with careful use
of local anesthetics in terms of concentration and dose should
be made in all patients but especially in patients with preex-
isting neurologic disorders [9].

General Considerations

Evaluation of the patient with neuromuscular disease must
consider not only the neuromuscular derangements, but also
the secondary effects the disease may have had on other
organ systems, particularly respiratory and cardiovascular.
These secondary effects may have a significant impact on the
administration and course of both general and regional anes-
thesia in these patients. In many cases, it may be advanta-
geous to utilize a regional anesthetic technique. Evaluation
and careful documentation of preexisting neurologic deficits
is a vital part of the preoperative anesthesia workup for any
patient with an underlying neurologic disorder. This is
imperative whether regional or general anesthesia is planned.
Changes in neurologic status are frequently seen in the peri-
operative period in these patients, and the documentation of
preexisting deficits facilitates the interpretation of any
changes seen postoperatively.

The patient with neuromuscular disease may be at risk for
respiratory compromise in the perioperative period. In par-
ticular, impaired ventilatory reserve with reduced ability to
respond to hypercapnia and hypoxia may result in an
increased risk of respiratory failure [10, 11]. The site of sur-
gical incision affects the risk of respiratory complications,
with a higher incidence in patients undergoing upper abdom-
inal and thoracic procedures. The method of perioperative
analgesia may have a significant influence on this risk of
respiratory compromise, providing the anesthesiologist with
an opportunity to positively influence the patient’s course.

In addition to hypoventilation, dysfunction of the pharyn-
geal muscles and the potential of aspiration add to the pos-
sibility of pneumonia postoperatively. Maintenance of an
awake patient using a regional technique can only aid in the
prevention of aspiration. In contrast, an endotracheal tube
can be protective at the expense of further loss of muscle
tone of both the respiratory and pharyngeal muscles. Finally,

patients with severe neurologic disorders may have a compo-
nent of restrictive lung disease which places them at higher
risk for pulmonary complications during mechanical ventila-
tion [12]. Preoperative assessment of respiratory function is
an essential component of the preoperative evaluation.

Similarly, the cardiovascular effects of neuromuscular
disorders must also be considered in the preoperative evalu-
ation. Autonomic dysfunction occurs with many neurologic
disorders and constitutes the major contributor to complica-
tions related to this organ system. ALS, Guillain—Barré syn-
drome, multiple sclerosis, and spinal cord lesions above the
level of T6 can all have alteration of the autonomic nervous
system. Several findings in the preoperative evaluation may
guide the clinician to an increased suspicion for the pres-
ence of autonomic dysfunction. The absence of beat-to-beat
heart rate variability with deep breathing is one of the most
sensitive signs of autonomic dysfunction. Additional char-
acteristic signs include resting tachycardia, orthostatic
hypotension, cardiac dysrhythmias, and impotence. Because
of the presence of autonomic dysfunction, these patients are
at risk for cardiac conduction abnormalities and wide fluc-
tuations in blood pressure. Required avoidance of oral
intake makes the presence of relative hypovolemia com-
mon. A sympathectomy from neuraxial blockade, but poten-
tially a variable amount from narcotics and inhalational
anesthetics as well, can result in exaggerated hypotension in
this setting. Finally, unexpected intraoperative cardiorespi-
ratory arrests have been reported in patients with autonomic
dysfunction which is second in frequency only to respira-
tory failure [8, 9].

Myocardial dysfunction and arrhythmias caused by
changes in the cardiac muscle and conduction pathways are
associated with numerous myopathic diseases including the
muscular dystrophies, Guillain—Barré syndrome, and polio.
A high index of suspicion must be maintained in the preop-
erative evaluation of these patients, as exercise tolerance is
likely to be very limited by underlying neuromuscular
disease.

Regional Anesthesia and Multiple Sclerosis

Multiple sclerosis is an acquired central nervous system dis-
ease characterized by multiple sites of demyelination pri-
marily in the brain and spinal cord. Multiple sclerosis was
once thought to spare the peripheral nervous system; how-
ever, emerging evidence suggests that peripheral neuropathy
can result as well [13, 14]. Demyelination of axons results in
a slowing of sensory and motor conduction which leads to
widely variable clinical signs and symptoms specific to the
sites of demyelination. MS typically begins in early adult-
hood and affects women more than men. It has a variable
prognosis and up to 50 % of patients may require assistance
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with ambulation within 15 years of diagnosis [15]. Symptoms
most commonly include fatigue, visual disturbances, gait
disturbances and incoordination, numbness and tingling,
weakness, depression, and bowel/bladder incontinence [16].

The diagnosis of multiple sclerosis is made on clinical
criteria with support from laboratory data such as cerebral
spinal fluid analysis showing oligoclonal bands and
repeated magnetic resonance images with findings of mul-
tifocal lesions of differing ages. Supportive information
may be gained from evoked potential studies with visual,
brainstem, and somatosensory potentials revealing slowed
conduction [15].

The clinical course of multiple sclerosis is variable in
nature and can include several forms with different pheno-
types. The two main types of MS include relapsing-remitting
disease or progressive disease. Eventually residual symp-
toms begin to persist between relapses. Extreme variability is
seen among individuals, and the waxing and waning course
makes it difficult to evaluate the effects of therapeutic inter-
ventions. Treatment with corticosteroids is often used to treat
relapses. Other treatments include Interferon f, glatiramer
acetate, immune globulin, mitoxantrone hydrochloride and
plasma exchange but these may not change the long-term
course of the disease.

The exacerbating factors of stress, fatigue, changes in
temperature, and infection are associated with the periopera-
tive period for more than one reason [17]. Delineating the
natural course of the disease from the exacerbations due to
surgery and anesthesia can be difficult. The purported effects
of anesthesia on the course of multiple sclerosis continue to
be controversial. However, it is the one neurologic disease
that has the most information about the effects of regional
anesthesia particularly in the obstetric population. Because
of a continuing lack, or perceived lack of evidence, there is
reluctance to utilize a regional technique in patients with
multiple sclerosis, especially when considering epidural or
spinal anesthesia.

Many of the studies and case reports available involve
obstetric patients with multiple sclerosis, which constitutes a
subset of patients likely to be considered for regional anes-
thesia. The natural history of multiple sclerosis in pregnancy
is characterized by remission during gestation [18, 19]
because of a presumed immunomodulatory protective effect
[20]. This is also seen in other parturients with other autoim-
mune disorders such as rheumatoid arthritis. In fact, patients
who have had a full-term pregnancy have a tendency toward
an increased time interval to sustained disability. Patients are
likely to have more multiple sclerosis relapses in the first 3
months postpartum regardless of whether they received an
epidural [20].

Neuraxial, and in particular spinal, anesthesia has been
implicated as a potential [21] cause of exacerbations in these
patients even though contradictory retrospective studies and

case reports exist [22, 23]. Theories to explain any exacerba-
tion of multiple sclerosis symptoms by spinal anesthesia,
focus on the potential for an increased susceptibility of
demyelinated areas of nerves to the neurotoxic effects of
local anesthetics [22]. The three to four times higher concen-
tration of local anesthetic reaching the spinal cord white mat-
ter with subarachnoid as opposed to epidural anesthesia
could explain the higher risk of exacerbation posed by this
modality [24]. Schapira [24] demonstrated that diagnostic
lumbar puncture alone did not appear to induce relapses in
patients with multiple sclerosis, lending support to the theory
that any effects of spinal anesthesia on multiple sclerosis are
related to local anesthetic neurotoxicity. In addition, intra-
thecal morphine has also been used successfully without
exacerbation anecdotally in patients with multiple sclerosis.
Bader et al. [22] performed a retrospective and partially
prospective review of all obstetric multiple sclerosis patients
at the Brigham and Women’s Hospital between 1982 and
1987 and noted no significant difference in exacerbation
rates between patients receiving epidural anesthesia and
local infiltration for vaginal delivery. The total number of
pregnancies in patients with multiple sclerosis in this study
was 32. However, all of the women who did experience a
relapse within 3 months postpartum had received epidural
anesthesia with a concentration of bupivacaine greater than
0.25 %. This was a total of three patients. The authors pro-
posed that the use of higher bupivacaine concentrations over
a longer period of time (i.e., labor epidurals) may affect the
rate of postpartum multiple sclerosis relapse, particularly if
multiple local anesthetic boluses are required. Warren et al.
[25] also reported minor exacerbations in a patient following
two separate epidurals (years apart) for vaginal delivery
although a relatively large total dose of bupivacaine was used
on the second occasion only. Of note, although these inci-
dents suggest that local anesthetics may potentially produce
neurologic symptoms in demyelinated areas of patients with
multiple sclerosis, these effects have not been permanent and
generally gradual recovery over time is the rule [26].
Despite these concerns, there are many reports of success-
ful use of epidural anesthesia in multiple sclerosis patients
without evidence of relapse. Capdeville and Hoyt [27] per-
formed a retrospective review of all obstetric patients with
multiple sclerosis admitted to University Hospitals of
Cleveland from 1986 to 1993. Over this 7-year period, eight
women with multiple sclerosis underwent eight vaginal
deliveries, one cesarean delivery, and five obstetric-related
procedures. The anesthetic techniques used were five epidur-
als, two general anesthetics, one pudendal block, and one
narcotic technique. Only two exacerbations of multiple scle-
rosis were noted by chart review. One of these occurred after
a general anesthetic, and the other was noted in a patient
receiving a pudendal block. No exacerbations were seen in
patients receiving epidural anesthesia. Confavreux et al.
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evaluated 254 women with MS and 256 pregnancies in 12
European countries [28]. They confirmed that the rate of
relapse during pregnancy is reduced and found a relapse rate
of 1.2 per woman per year in the first 3 months postpartum.
They found that epidural anesthesia had no adverse effect on
the rate of relapse. In a 2-year postpartum analysis of this
study, this was also confirmed that epidural anesthesia did
not have an effect on the relapse rate. The authors though
state that the study was not designed to assess this risk spe-
cifically [29].

Crawford et al. [23] documented only one perioperative
relapse in 50 non-obstetric and seven obstetric patients with
multiple sclerosis receiving lumbar epidural anesthesia. In
another series involving urologic surgery 14 spinal anesthet-
ics were utilized with only one case of transient worsening of
symptoms similar to patients receiving general anesthesia
[30]. Again, the numbers are too small to lead to generalized
recommendations but do indicate anecdotal success without
complication involving the use of neuraxial anesthesia in
patients with multiple sclerosis.

A significant concern in patients with multiple sclerosis is
the presence of autonomic dysfunction and the potential for
chronic hypovolemia in these patients, especially when con-
sidering employing a neuraxial technique. Episodes of
marked hypotension with epidural and spinal anesthesia in
MS patients with a reduced response to intravenous fluids
and vasopressor therapy have been reported [31]. Racosta
et al. performed a meta-analysis on cardiovascular auto-
nomic dysfunction in MS looking at 16 studies with 611
patients and concluded that there was a wide variation in
diagnosis and that using one abnormal autonomic test com-
pared to at least two dropped the diagnosis rate from 42.1 to
18.8 % [32]. They also concluded that consensus is needed to
define autonomic dysfunction in this patient group [33].
Regardless of the criteria used, autonomic dysfunction is
present in many MS patients and meticulous preoperative
evaluation needs to be completed when considering a
regional technique.

The use of regional anesthesia in patients with multiple
sclerosis can be safely conducted but can be controversial with
some techniques particular with spinal anesthesia. Multiple
case reports support its successful use, particularly in obstetric
patients. Other case reports suggest a risk of perioperative
symptom exacerbation and hemodynamic instability. If
regional anesthesia is considered, the risk and benefits must be
fully discussed with the patient. Special note during these dis-
cussions must be made of the potential for exacerbations of
multiple sclerosis related to stress and temperature changes
associated with the perioperative period regardless of the anes-
thetic technique used. In addition, parturients have a particular
issue with increased incidence of multiple sclerosis relapse
early in their postpartum period regardless of epidural use.

Regional Anesthesia and Amyotrophic
Lateral Sclerosis

Amyotrophic Lateral Sclerosis (ALS) is a degenerative dis-
ease of the upper and lower motor neurons involving the
brainstem and multiple spinal cord regions. There are multi-
ple phenotypes such as bulbar presenting with speech and
swallowing difficulties, limb-onset with combination of
upper motor neuron (UMN) and lower motor neuron (LMN)
signs in the limbs, primary lateral sclerosis with only UMN
involvement, and progressive muscular atrophy with only
LMN involvement [34, 35]. The etiology remains unclear,
and the disease affects males more than women with lifetime
risk for men of 1:350 and for women of 1:400 with peak age
of onset of 58—63 for sporadic disease and 47-52 for familial
disease [35].

The clinical features of ALS involve progressive muscu-
lar atrophy with weakness and fasciculations of skeletal
muscles. Bulbar muscle weakness often predominates with
an associated risk of aspiration. A characteristic emotional
lability and frontal lobe type cognitive dysfunction is seen
[34, 35]. Autonomic nervous system dysfunction is common
with the associated risk of exaggerated hemodynamic
responses during anesthesia. Death from myocardial or
respiratory failure ensues, often within 6 years of the onset of
symptoms.

Epidural anesthesia has been successfully used in patients
with ALS. Kochi et al. reported three cases in which lumbar
epidural anesthesia was used, emphasizing the advantage of
avoiding tracheal intubations [36]. Combined spinal epidural
has also been successfully used for femur fracture in a
woman with ALS and significant respiratory compromise
due to ALS. Sertoz and Karaman utilized a lumbar plexus
and a sciatic block in this patient with ALS and a collum
femoris fracture in order to avoid general anesthesia [37].
Finally, a report of paravertebral block for breast surgery was
reported by Agnoletti et al. [38]. Regional techniques can be
advantageous in this patient population as any duration of
mechanical ventilation could accelerate the loss of muscle
tone, and weaning from the ventilator could be quite a chal-
lenge. However, a high epidural or spinal block as well as
epidural spread from a PVB can affect muscle function with
detrimental effects in patients with severe restrictive lung
disease and minimal ventilatory reserve.

Regional Anesthesia and Spinal Cord Injuries

Spinal cord injury has classically been divided into two dis-
tinct stages. Initial injury is classified as spinal shock which
consists of a 1- to 3-week period of flaccid paralysis includ-
ing loss of sensation temperature regulation, and spinal cord
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reflexes below the level of injury [39]. Hypotension, brady-
cardia, and changes in the electrocardiogram (premature
ventricular contractions, nonspecific ST-T wave changes) are
characteristic. Regional anesthesia is not frequently used
during this stage of spinal shock because of the evolving
neurologic injury. There is also a risk of hemodynamic insta-
bility as well as hypothermia.

The chronic stage of spinal cord injury is characterized by
skeletal muscle spasticity and the return of spinal and auto-
nomic reflexes below the level of injury. Autonomic hyperre-
flexia is seen in approximately 85 % of patients with lesions at
or above T6. In this setting, a reflex response may be produced
by a cutaneous (incision) or visceral (bladder distension, uter-
ine contraction) stimulus below the level of injury. This affer-
ent stimulus activates preganglionic sympathetic nerves,
resulting in severe hypertension because of intense vasocon-
striction below the level of the lesion. Under normal condi-
tions, this response is modulated by inhibitory impulses from
higher central nervous system centers. With a spinal cord
lesion, this inhibitory input is lost and the vasoconstriction
proceeds unimpeded. The resulting hypertension stimulates
the carotid sinus baroreceptors, leading to reflex bradycardia
and vasodilation above the level of injury [39].

Prevention and early treatment of autonomic hyperre-
flexia is critical. Both general and regional anesthesia have
been used effectively. Broecker et al. noted that spinal and
epidural anesthesia were logical choices to prevent auto-
nomic hyperreflexia because the afferent limb of the reflex
would be blocked [40]. Spinal anesthesia has been shown to
be particularly useful [41], but epidural blocks are less reli-
able [40]. Parturients at risk for autonomic hyperreflexia
from uterine contractions are likely to benefit from the early
use of continuous lumbar epidural analgesia after the onset
of labor [42]. In addition to its prophylactic use, regional
anesthesia has been used therapeutically in patients with
autonomic hyperreflexia [42].

Concerns often raised regarding the use of spinal anes-
thetics in this group of patients with spinal cord injury
include potential difficulty in placement, difficulty in control
or examination of block level, difficulty in evaluating for
complications, and a potential increased risk of hypotension
[43]. Lambert et al. performed a retrospective review of 78
procedures in 50 spinal cord-injured patients considered “at
risk” for autonomic hyperreflexia [41]. No significant differ-
ences were seen in intraoperative blood pressure between
those receiving spinal or general anesthesia. Both techniques
seemed to protect equally against intraoperative hyperten-
sion. Several other studies describe successful use of neur-
axial anesthesia for treatment or prevention of autonomic
hyperreflexia.

Peripheral regional techniques can be utilized in patients
with spinal cord injuries but present unique challenges as
well. Interscalene or supraclavicular blocks can result in

temporary phrenic nerve paralysis and can worsen respira-
tory function in patients that have compromised respiratory
dynamics. Placement of peripheral blocks should utilize
ultrasound technique as nerve stimulation may be altered in
these patients in addition to potential altered anatomy.

Regional Anesthesia and Post-polio
Syndrome

In 1952-1954 at the peak of the polio crisis in the United
States approximately 40,000 cases of polio per year were
reported in the United States with an incidence of approxi-
mately 15/100,000. It mostly affected children and young
adults. Following the introduction of the Salk vaccination in
1955 the incidence of polio decreased dramatically and by
1963 the incidence was 0.04/100,000 [44]. The last natural
virus confirmed infection in the United States resulting in
paralysis was in 1979. Although eradicated in the United
States, there are still many countries where polio cases con-
tinue to be reported. The Centers for Disease Control, the
World Health Organization, and the Bill and Melinda Gates
foundation are working toward worldwide eradication in the
last few polio-infected countries including Afghanistan,
Cameroon, Equatorial Guinea, Ethiopia, Iraq, Nigeria,
Pakistan, and the Syrian Arab Republic. In March 2014,
India along with ten other countries in the South East Asian
Region was certified as polio-free [45]. Approximately
12-20 million people worldwide and 640,000 in the United
States have sequelae of poliomyelitis thus it remains one of
the most prevalent neuromuscular diseases in the United
States [44, 46].

Post-polio syndrome (PPS) is characterized by new onset
of weakness that occurs in polio survivors many years after
their initial illness. The weakness can occur in previously
affected muscles but also in muscles thought to be unin-
volved in the initial illness. The first description appeared in
1875. It wasn’t until 1984 when the first international confer-
ence of PPS was held that clarified the nature, pathogenesis,
and treatment of PPS [44]. While it appears that PPS is more
common in individuals who suffered more severe paralysis,
studies have shown that up to 64 % of polio survivors may
develop new symptoms [47].

The pathophysiology of PPS is complex but it is believed
to involve an ongoing denervation-reinnervation process.
After much time the reinnervation process is no longer pos-
sible. Several hypotheses have been proposed including
stress and overuse, aging, persistent virus, and immunologic
and genetic factors [46]. Symptoms of PPS most commonly
appear 30-50 years after the initial infection. Other symp-
toms associated with PPS include fatigue, joint pain, muscle
pain, cold intolerance, and breathing and swallowing diffi-
culties [44].
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There are few case reports of regional anesthesia in
patients with post-polio syndrome. Higashizawa et al.
reported a successful spinal anesthetic with tetracaine in a 70
year-old man with hemiparesis from post-polio syndrome
undergoing transurethral resection of the prostate [48]. There
was no progression of neurologic deficits following surgery.
In a retrospective study, Hebl et al. reviewed medical records
of 79 patients with post-polio syndrome that received a spi-
nal, epidural, or combined spinal epidural with primarily
bupivacaine [8]. Not one patient in this study suffered from
new or worsening postoperative neurologic symptoms.
Regional anesthesia can be performed on individuals with
post-polio syndrome; however, detailed discussion with the
patient concerning the risks and benefits should be conducted
and documented in the patient’s chart.

Regional Anesthesia and Peripheral
Neuropathies

Peripheral neuropathies result from either the disruption of
axons with distal degeneration or segmental demyelination
caused by Schwann cell degeneration. They classically start
distally and spread proximally resulting in a “glove and
stocking” distribution of decreased sensation, weakness, and
reduced reflexes. Some, such as diabetic and alcoholic neu-
ropathy, can be associated with tender muscles. The etiolo-
gies of peripheral neuropathies are considerable, including
metabolic disorders (diabetes mellitus, renal failure, hepatic
failure, porphyria, and nutritional deficiencies), connective
tissue disorders, infection, toxins, malignancy, endocrine
disorders, and Guillain—Barré syndrome. Diagnosis depends
on metabolic screening tests, serology, infection, and auto-
immune evaluations. Electromyogram studies reveal evi-
dence of denervation and a reduction in nerve conduction
velocity.

Diabetic peripheral and autonomic neuropathies are
encountered frequently in patients presenting for anesthesia
and surgery. Clinically, the peripheral neuropathy predomi-
nantly affects the lower extremities with paresthesias, weak-
ness, and sensory loss more distally. Occasionally, the
neuropathy of diabetes may present as a mononeuropathy
causing transient pain and weakness in an isolated nerve dis-
tribution. The associated autonomic neuropathy may be sig-
nificant, with anesthetic implications related to an increased
risk of intraoperative hemodynamic instability.

The use of regional anesthesia in patients with preexisting
peripheral neuropathies depends on a thorough analysis of
the risks and benefits for each individual patient. The dia-
betic patient with a propensity toward perioperative cardio-
vascular complications might benefit from a regional,
particularly spinal, technique that allows the patient to be
more awake or lightly sedated. Another purported advantage

of epidural or spinal anesthesia in diabetic patients relates to
an improved ability to maintain blood glucose control with
the inhibition of the surgical stress response [34]. Certainly,
some patients may have exaggerated hypotension with
respect to their preexisting autonomic neuropathy. This must
be weighed against other risks and benefits that would affect
the patient. Furthermore, large doses of local anesthetics
have been associated with myocardial depression in diabetic
patients [49].

Regional Anesthesia and Guillain-Barré
Syndrome

Guillain—Barré syndrome is an acute inflammatory demye-
linating disease of the peripheral nervous system with an
incidence of approximately 1:100,000 persons per year [50].
There are several subtypes that involve T cell interactions
against myelin proteins as well as antibodies to gangliosides
on the axolemma. Although there are many suspected etiolo-
gies such as recent vaccinations, history of surgery, and
recent respiratory infection, approximately 25 % of the cases
are in individuals with recent Campylobacter jejuni infection
[51]. Patients present with the acute onset of lower motor
neuron paralysis including flaccid paralysis and reduced
reflexes. It begins in the lower extremities and progresses
cephalad over hours to days [52]. Bulbar dysfunction and
intercostals muscle weakness may ensue, with resultant
respiratory failure and the patient’s inability to protect their
airway. Painful distal extremity paresthesias are common.
Autonomic dysfunction occurs in a significant number of
patients [53], which results in hemodynamic instability,
tachycardia, and cardiac conduction disturbances. Ninety
percent of patients will have the most progressive symptoms
within 2 weeks. Persistent disability occurs in approximately
20 % of these patients [51].

The treatment of Guillain—Barré is either intravenous
immunoglobulins or plasma exchange which are considered
to be equally efficacious. Steroids are not beneficial [51].
Some patients may require endotracheal intubation and
mechanical ventilation secondary to the respiratory weak-
ness and bulbar dysfunction. Management of hemodynamic
variability associated with autonomic dysfunction can be
very challenging. Guillain—Barré usually resolves spontane-
ously over weeks to months, but approximately 20 % of
patients will have residual neurologic deficits. The mortality
rate is estimated at approximately 4 % within a year of diag-
nosis [54].

Regional anesthesia has been used successfully in patients
with Guillain—Barré syndrome. In particular, epidural anes-
thesia has been used in parturients with Guillain—Barré with-
out adverse effects [55]. These patients had some residual
effects from an episode of Guillain—Barré in the past, but did
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not have an acute episode of the disease. Epidural narcotics
have been used without complication in the acute phase of
the disease in an attempt to control painful paresthesias [56,
57]. Although the case reports are infrequent, this is another
example that narcotics have not been shown to cause toxicity
administered neuraxially in patients with neurologic disease
[58]—even in the setting of acute demyelination. However,
no patients received local anesthetics in the acute phase of
Guillain—Barré. When considering regional techniques,
patients can have exaggerated responses to indirect vaso-
pressors because of their autonomic dysfunction.

Regional Anesthesia and Myotonic
Dystrophy

Myotonic dystrophy is the most common of the myotonic
disorders and includes two subtypes, type 1 and type 2 [59].
The disorders are characterized by persistent contraction and
delayed relaxation following muscle stimulation which is
unrelieved by denervation or paralysis [60]. Both types of
myotonic dystrophy are inherited as an autosomal dominant
with symptoms becoming chronically evident in the second
or third decade [61]. Type 1 has multiple subtypes including
adult onset, childhood onset, and congenital. Type 2 is adult
onset but typically presents later than adult onset type 1. In
general, there is progressive deterioration of skeletal, car-
diac, and smooth muscle function. Initially, involvement of
the intrinsic hand and facial muscles progresses to proximal
limb musculature as well as bulbar dysfunction with weak-
ness of pharyngeal and laryngeal muscles. Diaphragmatic
involvement is common. Cardiomyopathy is common as
well. The cardiac conduction system is particularly affected
with a significant risk of dysrhythmias and atrioventricular
block primarily in type 1 patients [62, 63]. Bulbar dysfunc-
tion and delayed gastric emptying place these patients at
high risk for pulmonary aspiration. Associated endocrine
disorders also occur, including diabetes mellitus, adrenal,
and thyroid dysfunction. Ultimately, death occurs as a result
of dysrhythmias, respiratory, or cardiac failure. Treatment is
mostly supportive, but can involve the use of quinine or pro-
cainamide for myotonic symptoms [63]. Type 1 patients
have a decreased life expectancy while type 2 patients have a
normal life expectancy.

When patients with myotonic dystrophy present for anes-
thesia, the preoperative evaluation of pulmonary function is
critical. Pulmonary function tests usually reveal a restrictive
deficit with mild arterial hypoxemia on a blood gas. A preop-
erative measurement of baseline negative inspiratory force
may be a useful guide to perioperative management. A base-
line electrocardiogram should be obtained to assess for car-
diac conduction abnormalities. Any underlying respiratory
infection should be treated.

General anesthesia presents unique problems in the
patient with myotonic dystrophy. Succinylcholine may result
in exaggerated contraction of muscles resulting in more dif-
ficulty with the placement of an endotracheal tube as well as
ventilation. The use of neostigmine to reverse neuromuscular
blockade may precipitate myotonic contractions. These
patients, especially type 1, tend to be extremely sensitive to
the respiratory depressant effects of sedatives, opioids, and
general anesthetics [64]. An underlying component of cen-
tral sleep apnea is often present, which further complicates
airway management and necessitates added caution in the
use of sedatives.

The use of regional anesthesia in patients with myotonic
dystrophy is attractive because of the avoidance of neuro-
muscular blocking agents and their reversal drugs. In addi-
tion, the use of sedatives and other anesthetics that may
produce respiratory depression can be minimized. Regional
anesthetics can present a different set of concerns. Myotonic
contractions are not relieved by spinal or epidural anesthe-
sia—only direct infiltration of an affected muscle with local
anesthetic will relieve myotonia. In patients with marginal
ventilatory reserve, the effect of high epidural or spinal
blockade on intercostals muscle function must be consid-
ered, especially because many of these patients may have
diaphragmatic dysfunction. When performing regional anes-
thesia, additional sedatives and anxiolytics should be used
with caution. Respiratory status should be continuously
assessed for signs of hypoventilation or apnea.

Pregnant patients with myotonic dystrophy may require
anesthesia for labor and delivery. General, spinal, and epi-
dural anesthetics have been used successfully in these
patients for caesarean delivery [65, 66]. However, myotonia
and weakness may be exacerbated during pregnancy. Patients
with myotonic dystrophy are at increased risk for caesarean
delivery because of prolonged labor, as well as postpartum
hemorrhage from uterine smooth muscle dysfunction [65,
66]. Others have reported successful regional anesthesia
using epidural and caudal approaches in patients with myo-
tonic dystrophy type 1. A case series of 35 patients with type
2 myotonic dystrophy found no anesthetic complications
with general and in two cases regional anesthesia [67].

Cold is a well-known trigger for myotonic contractions.
Therefore, no matter what technique is used, normothermia
is required throughout the perioperative period [68]. This is
particularly important if spinal anesthesia is provided due to
potential risk of increased heat loss due to vasodilation [69].

Regional Anesthesia and Myasthenia Gravis

Myasthenia gravis is an autoimmune disorder affecting the
neuromuscular junction with a decrease in the number of
acetylcholine receptors and the presence of antireceptor anti-
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bodies in 70-90 % of patients [70]. Skeletal muscle weak-
ness is characteristically worsened by activity. Although
smooth and cardiac muscle are uninvolved, myocarditis and
dysrhythmias may be present [71]. Treatment modalities
include cholinesterase inhibitors, corticosteroids, immuno-
suppressants, plasmapheresis, and thymectomy. Progressive
weakness may be associated with progression of the disease
(myasthenic crisis) or may reflect excessive muscarinic
effects of anticholinesterase drugs (cholinergic crisis).
Evaluation of the patient’s response to the administration of
edrophonium allows differentiation between the two
phenomena.

The major anesthetic consideration in myasthenia gravis
relates to the use of neuromuscular blockers with affected
patients displaying extreme sensitivity to nondepolarizing
blockers is unpredictable. Preexisting skeletal muscle weak-
ness, which is present in varying degrees in these patients,
may be potentiated by the relaxant effects of volatile anes-
thetic agents. Finally, ester local anesthetics may display a
prolonged elimination of half-life because of reduced plasma
cholinesterase activity in patients treated with anticholines-
terases [68], suggesting that amide local anesthetics may be
preferable when high or repeated doses are anticipated.

Patients with myasthenia gravis need preoperative assess-
ment of both pulmonary function and aspiration risk because
of bulbar dysfunction. Patients with preexisting respiratory
compromise are predisposed to significant respiratory
depression from anesthetic agents. Therefore, sedatives
should be used with caution.

Patients should be monitored closely throughout the peri-
operative period for myasthenic or cholinergic crisis as well
as for gradual deterioration in respiratory function
precipitated by stress, infection, missed or excessive anticho-
linesterase doses, electrolyte abnormalities, or aminoglyco-
side antibiotics. Identifying patients at particular risk for
perioperative compromise and the need for postoperative
ventilation was delineated by Leventhal et al. [72] as the
following:

1. A history of myasthenia gravis for more than 6 years.

2. A history of unrelated chronic obstructive airway
disease.

3. A pyridostigmine dose greater than 750 mg/day during
the 48 h immediately preoperative.

4. A vital capacity of less than 2.9 L.

Regional anesthesia has been used successfully in patients
with myasthenia gravis. It is the preferred analgesic tech-
nique in laboring parturients with the disease who are plan-
ning a vaginal delivery [73]. The use of regional anesthesia
may reduce respiratory risk by avoiding the depressant
effects of opioids as well as inhaled agents and neuromuscu-
lar blockers. Careful consideration should be made when

considering brachial plexus blocks utilizing interscalene or
supraclavicular blocks as some of these patients may not tol-
erate phrenic nerve paralysis. In addition, postoperative anal-
gesia and chest physical therapy can also be managed better
with neuraxial analgesia. Once again, there is the potential
risk of intercostal blockade resulting in respiratory compro-
mise. As is also present in some of the preceding disease
states, the combination of bulbar dysfunction with respira-
tory compromise makes securing the airway with an endotra-
cheal tube somewhat advantageous to avoid potential
aspiration.

Conclusion

Regional anesthesia has been used successfully in many
patients with neurologic disease. Controlled clinical studies
with regional anesthesia in these patients are still lacking;
however, there is an increasing number of anecdotal reports
indicating the safety of utilizing regional anesthesia in these
patients. Despite these reports, many anesthesiologists are
still apprehensive due to the medicolegal issues. There are
distinct benefits in avoiding the side effects of neuromuscu-
lar blockers, general anesthetics, and opioids. The whole
patient should be evaluated and examined before any type of
anesthetic to document disease progression and effects on
other organ systems. An informed decision should be made
by the patient and clinician and this should be carefully doc-
umented in the patient’s chart. A regional technique should
probably be avoided in the setting of an acute inflammation
of the nerves. If a regional technique is used, lower concen-
trations of local anesthetics should be considered. Neuraxial
narcotics with careful attention to dosing and postoperative
monitoring may be a safe alternative.
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Evaluation of Neurologic Injury
Following Regional Anesthesia

Quinn Hogan, Keith McCollister, Matthew Harmelink,
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Key Points

* Neurologic injury associated with regional blockade is
rare but does occur. Upon suspicion or discovery of a neu-
rologic injury following a nerve block, factors including
preexisting conditions, surgical or anesthetic events, and
development/course of the injury should be investigated.

* Physical examination of neurologic, cognitive, motor,
sensory, and reflex function, as well as electrodiagnostic
studies, can yield clues as to the source and site of nerve
injury following regional anesthesia.

* Examination of nerve conduction can help evaluate the
degree of the injury but can be limited by factors including
accessibility and size of the nerve, technical difficulties of
electrode placement and response measurement, nature of
the injury, and presence of preexisting neuronal damage.
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e Electromyography (EMG) can help determine the loca-
tion and type of neuronal injury, be it neuropraxia, axo-
notmesis, or neurotmesis, and prognosis for nerve
regeneration or reinnervation. The value of EMG findings
is dependent on the skill of the examiner.

¢ Imaging technologies, including conventional radiogra-
phy, computed tomography, magnetic resonance imaging,
magnetic resonance neurography, angiography, and ultra-
sonography, can be used to identify and evaluate neuro-
logic injury.

Introduction

Modern anesthesia is a highly predictable undertaking with a
very low failure rate. The ability to produce successful anes-
thesia is a less important characteristic of excellent anes-
thetic practice than the ability to recognize and treat adverse
perioperative events. Recognition of mycardial ischemia and
prompt treatment of catastrophic bleeding are examples of
situations requiring careful diagnosis and calm, decisive
action. This same approach should prevail when the adverse
event is a neurologic complication of regional anesthesia,
only there is an added difficulty. At few other times in the
practice of anesthesia will a practitioner be so directly con-
fronted with responsibility for an adverse outcome as with a
complication from neural blockade since, in a sense, the
“smoking gun” is clearly in our hands. Additional opprobrium
may stem from the common misconceptions that
complication rates should be zero in the practice of anesthe-
siology, and that the complication would not have occurred
if only a general anesthetic had been performed or the sup-
plemental pain block hadn’t been provided.

The goal for this chapter is to provide a framework for
evaluation of neurologic injury during regional anesthesia.
Because other chapters address the details of various types of
injury, diagnosis of specific complications will not be the
focus here. Rather, the means of diagnosis are discussed in
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sequence, specifically: gathering of pertinent history; physi-
cal examination, especially of the neurologic system; clinical
neurophysiologic analysis, including nerve conduction study
and electromyography; and radiologic imaging. Only rarely
are other methods used to determine the presence or cause of
neurologic injury, such as surgical exploration, or biopsy.
Occasionally, blood tests may be necessary, including blood
cell count (to identify leukocytosis from infection), glucose
(to test for diabetes mellitus), erythrocyte sedimentation rate
(indicative of infection such as Lyme disease or connective
tissue disease, if elevated), and blood serology (syphilis,
human immunodeficiency virus).

Knowledge of the patient’s baseline neurologic status
before anesthesia is a key element that is often missing and
impossible to recover at the time of evaluation of a neuro-
logic injury. A missing reflex or an anesthetic patch of skin,
for instance, has ominous implications only if they are absent
before neural blockade. It is therefore valuable to do a brief
neurologic examination focused on the area of blockade
before performing regional anesthesia.

History
Identifying the Complication

The initial step in diagnosis of neural injury is identification
and delineation of neural dysfunction. This is often vexing in
the context of regional anesthesia because temporary nerve
blockade is the desired goal of uncomplicated regional anes-
thesia. Therefore, a distinction must be made between
unexpectedly prolonged effects of local anesthetic and a
pathologic event.

The duration of local anesthetic effect is often confus-
ingly specified without consideration of the site of blockade.
Whereas lidocaine may produce only an hour of anesthesia
in the subarachnoid space, peripheral neural blockade can be
expected to last much longer, particularly if high volumes are
administered and epinephrine is coinjected. Another source
of confusion comes from the definition used in published
sources for anesthetic duration. Whereas the duration of pre-
dictable surgical anesthesia after a peripheral nerve block
may be specified as perhaps 3 h for 0.5 % bupivacaine, a
residual component of block may persist for more than 8 h.
The duration of neuraxial blockade is usually specified as the
time before the upper limit of skin analgesia recedes two der-
matomal segments. Sensory changes may be expected to per-
sist for a much greater time at sites close to the level of spinal
or epidural injection. In these cases, continued anesthetic
effect may mistakenly be interpreted as neural injury.

Certain features of neural change may suggest injury
rather than anesthetic effect. Resolving anesthesia should
show a pattern of steady regression of block, so any irregu-

larity in this expected pattern and rate of recovery should
prompt concern for a complication of the procedure [1]. Any
new or intensifying neural dysfunction in the absence of fur-
ther anesthetic injection must be considered to represent
neural injury. Sensory or motor defects produced by neural
injury are usually patchy rather than uniform in distribution
because of uneven damage among the components of a
plexus or nerve roots. Mechanical damage by catheter or
needle is typically restricted to a single nerve root or periph-
eral nerve.

Preexisting Conditions

If neural damage is suspected, information obtained preop-
eratively about the patient’s baseline neurologic status should
be supplemented by a thorough postoperative inquiry.
Reactivation of reflex sympathetic dystrophy and herpetic
neuralgia are examples of conditions that may be revealed by
thorough questioning. Spinal stenosis, which is a risk factor
for neurologic sequelae after epidural anesthesia [2], may be
discerned by a history of neurogenic claudication. Conditions
that might undergo exacerbation in the postsurgical setting
include polyneuropathies, peripheral nerve entrapments,
radiculopathies, myopathies, or relapsing-remitting disor-
ders, such as multiple sclerosis, myasthenia gravis, and vari-
ous autoimmune nerve and muscle diseases.

History should also focus on symptoms and past events
suggestive of a preexisting neuromuscular disease even in
the absence of such a diagnosis. Previously undiagnosed
acquired or hereditary neuromuscular disorders might have
produced symptoms in the past that are similar to the new
condition. Patients should be questioned about remote, epi-
sodic, or ongoing numbness, tingling, weakness, neuropathic
pain, muscle cramps, and muscle fasciculations. Inquiries
into prior changes in gait, tripping, falling, and in coordina-
tion (e.g., impaired ability to button shirt or tie shoes) pro-
vide insight into the possibility of previous motor
abnormalities. Risk factors for premorbid subclinical neu-
ropathies should also be identified, including but not limited
to diabetes mellitus, chronic kidney disease, cancers, alcohol
abuse, systemic autoimmune-inflammatory conditions, and
medications with known peripheral neurotoxicity.

Surgical Events

Discussion with the surgeon regarding possible etiologies for
a new neural deficit is imperative in order to ascertain the
presence or absence of intraoperative events (surgical or
local anesthetic) that might have caused new neurological
symptoms. Nerve injury in the wound may not have been
mentioned to the anesthetist, or long-acting local anesthetic
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Table 7.1 Examples of surgical and obstetric entrapments

Procedure or positioning Nerve(s) compressed Symptoms
Arthroscopic surgery of the elbow [3] Posterior interosseous nerve Wrist drop
Abduction, dorsal extension, and external rotation of | Brachial plexus Variable
the arm [4]

Elbow abduction to 90*with a sagging armboard [4] | Brachial plexus Variable
Trendelenburg positioning with shoulder braces [4] Brachial plexus Variable

Open heart surgery [5]

Lower brachial plexus

Ulnar nerve distribution numbness and
weakness with finger extensor weakness

Arm abduction without elbow pad [4] Ulnar

Numbness in digits I1I-V, weakness in ulnar
innervated muscles

Lithotomy [6]

Peroneal nerve

Foot drop

Lithotomy [6]

Femoral nerve

Quadriceps weakness, loss of patellar reflex

Semilateral position [4] Sciatic

Peroneal and tibial innervated nerves as well
as hamstring muscles

may have been injected by the surgeon. Compression by
dressings or casts may compromise neural function, as may
a compartment syndrome from edema or bleeding around
the wound. Vascular injury during the operation could result
in neurologic complications, most dramatically with spinal
cord injury after thoracic aneurysm repair. Because of this, it
is probably desirable to let the local anesthetic blockade
abate after aortic surgery and before continuous postopera-
tive blockade to allow confirmation of normal intact neuro-
logic function. Neuraxial opioid analgesia can be continued
during this period of observation.

Positioning of the patient should be reviewed because
direct pressure (e.g., peroneal nerve at the fibular head) or
tension on nerves (e.g., traction on the brachial plexus from
hyperextension of the shoulder during thoracotomy) may
produce nerve injury that might otherwise be attributed to a
regional anesthetic mishap. Table 7.1 contains examples of
focal neuropathies that can develop during and after surgical
and obstetric procedures.

Anesthetic Events

The details of anesthetic management should be thoroughly
reviewed, especially if portions of the anesthetic care were
delivered by other anesthetists. Drug choice, dose, and last
time of administration are of obvious importance. Long dura-
tion of blockade and high concentration of agents probably
increases the risk of neural complications. The development
of hypotension or hypertension should be identified, since
these can be a source of CNS injury. Examples include (1)
malignant hypertension-induced posterior reversible encepha-
lopathy syndrome [7], the lesions of which are typically occip-
italbutcanoccurelsewhereinthebrain; (2) hypotension-induced
spinal cord infarct, especially in the setting of thoracoabdomi-
nal aortic interventions [8]; and (3) hypotension-associated

cerebral watershed stroke leading to a “Man in the Barrel
Syndrome” characterized by bilateral arm weakness or paraly-
sis with intact leg function [9].

Blood return through the needle at the time of performing
the blockade, although sometimes intended, indicates the
possibility of hematoma as mechanism of neural compro-
mise. Undesired entry into the subarachnoid space may be
evident only after doses suitable for epidural anesthesia have
been injected, increasing the risk of local anesthetic toxicity.
Attempted aspiration of cerebrospinal fluid (CSF) before
each epidural injection should be a standard maneuver.
Observation of a gradual development and expected sequence
of blockade and hemodynamic changes offer some reassur-
ance that the proper site of drug deposition has been achieved.
Conversely, maldistribution will not only lead to possible
toxic results but also fail to produce desired anesthetic effects.
Examples include accumulation of hyperbaric subarachnoid
lidocaine in the terminal dural sac or injection through a cath-
eter intended for the epidural space but placed in or adjacent
to a spinal nerve in the intervertebral foramen.

The presence of paresthesia or pain during needle place-
ment may herald mechanical injury or injection within a
nerve fascicle, increasing the likelihood of mechanical or
chemical injury to individual nerve fibers. Because sedation
or general anesthesia precludes the observation of pain and
paresthesias, the exact timing of needle placement and injec-
tions relative to systemic medication may be critical, and the
depth of sedation or presence of general anesthesia at the
time of neural blockade should be noted. Injection into the
spinal cord is unlikely to take place in a patient who is awake
and can report the accompanying intense sensory event.
However, injection into the cord, or even into a peripheral
nerve with longitudinal passage of solution into the cord [10],
may go unrecognized in an unresponsive patient, resulting in
catastrophic myelopathy. Sudden hypotension may accom-
pany the cord injury. Such events are most likely to occur
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during thoracic epidural injections or subarachnoid injec-
tions in obese patients in whom the surface landmarks mis-
takenly lead to high lumbar needle placement.

Development of Neurologic Dysfunction

The sequence and timing of the onset of symptoms related to
the nerve injury should be determined to provide clues to the
etiology and best treatment. The onset of pain, weakness,
sensory deficit, and changes in sphincter control may be
obtained from the patient, although sedation in the early
postoperative period may compromise recollection of the
details. Nurses are important sources of information, as are
family members if the patient has already been discharged
home. The ideal is frequent and complete postoperative vis-
its by the anesthetist.

Physical Examination

General Examination

The general examination may yield clues to the etiology of
a suspected postanesthetic nerve injury. For example, a
local hematoma or ecchymosis will draw attention to the
possibility of a focal compressive or traumatic nerve injury.
Even in the absence of such superficial signs, focal nerve
compression by a deeper limb or spinal hematoma should be
considered if other manifestations of a coagulopathy are
identified (e.g., bleeding at multiple sites). The presence of
distal vascular insufficiency raises concern for a monomelic
ischemic neuropathy. Abnormal function of the gastrointes-
tinal or urologic system is a “red flag” for possible spinal
cord injury or cauda equina syndrome. A postprocedural
abscess should be excluded in the setting of fever or local
erythema, tenderness, induration, fluctuance, or gross puru-
lence. The presence of a fever, especially in the absence of
another obvious source, should raise the question of a deep
infection such as in the epidural space, although fevers are
often absent. Tenderness and spasm of the muscles may
result from bleeding, infection, or neural injury. A distended
bladder may indicate a dysfunctional sphincter.

Neurologic Examination

A detailed evaluation is essential for identifying signs of dys-
function, monitoring for progression, and tracking recovery
from regional anesthesia. In patients who have seen a neu-
rologist in the past for an established diagnosis or evaluation
of neurologic complaints, the previous neurologic examina-

tion should be employed as baseline against which the cur-
rent examination is compared to objectively differentiate
new from old findings. The neurologic examination should
encompass all of its usual subcomponents, including cranial
nerves and mental status, as abnormalities in these realms
will redirect attention away from the site of regional anesthe-
sia to more cephalad areas of the CNS. Additionally, exami-
nation of the muscles, skin, and hair in the extremities can
help to determine if the patient has had a previous neurologic
injury in the acutely symptomatic region. Muscle atrophy,
cutaneous atrophy, loss of hair, anhidrosis, hyperhidrosis,
scarring, or ulcers in a distribution similar to the current
complaints may signify the presence of a preexisting, chronic
neurogenic process. In patients with unilateral symptoms,
examination of the contralateral side of the body should be
done and may provide additional clues to the location and
extent of injury.

When evaluating a potential neurologic injury, diagnosis
and treatment hinge on first localizing the lesion in the neu-
rologic system. The process of localization commences with
the differentiation between central (brain and spinal cord)
and peripheral (peripheral nerves, muscles, and neuromuscu-
lar junctions) lesions. In the acute setting, both central and
peripheral injuries tend to suppress stretch reflexes.
Moreover, such lower motor neuron signs as muscle atrophy
and fasciculations are generally delayed in appearance.
Hence, shortly after the procedure and the onset of new neu-
rological deficits, careful mapping of the patterns of motor
and sensory abnormalities, combined with the presence ver-
sus absence of Babinski signs, is critical to the central versus
peripheral differentiation. Once this distinction is made, fur-
ther attention to the precise nature and distribution of the
motor and sensory deficits permits the region of injury to be
localized to specific areas of the central nervous system
(CNS), nerve roots, nerve plexuses, peripheral nerves, and/or
muscles. After the site of injury is determined, a refined etio-
logic differential diagnosis can be designed and investigated
with focused diagnostic testing. (With the advent of the
smart phone, localization can now be aided by applications
that provide a provisional localization based on input data
comprising regions of affected versus intact strengths.) [11].

Mental Status/Cranial Nerves

Abnormal mentation (e.g., confusion or aphasia) or cranial
nerves should prompt concern for an intracranial rather than
peripheral process. Postoperative altered mental status has a
broad differential diagnosis but most commonly results from
metabolic, toxic, and systemic infectious causes. When focal
neurologic deficits are accompanied by altered mentation, a
cerebrovascular event is more likely than a peripheral regional
injury. However, two (or more) processes may be concurrent.
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Motor Examination

To evaluate any neurologic complaint, manual muscle testing
should be performed. In manual muscle testing, the primary
action of the tested muscle is identified and its action isolated,
with the understanding that confounding by other muscles
with similar actions is inevitable. As such, grading of strengths
should be assigned to the action (e.g., elbow flexors) rather
than the muscle (e.g., biceps brachii). Once the active joint
and muscle are isolated, the joint is stabilized and the patient
is instructed to perform a maximal isometric contraction
against the examiner’s resistance. Strength is then graded on
a standard 0-5 scale originally defined by the United
Kingdom’s Medical Research Council (MRC) as shown in
Table 7.2. While other scales exist, this is the most commonly
used method of grading muscle strengths [12]. For regional
injuries that appear to involve a single extremity, it is impor-
tant to test not only ipsilateral but also contralateral muscles.
The sensitivity of individual muscle strength assignments is
enhanced by interside comparisons. Moreover, a bilateral
examination may reveal unexpected deficits in the “unaf-
fected” side, thereby altering the neurological localization.

Table 7.2 UK medical research council manual muscle grading scale

In patients who complain of weakness despite intact man-
ual muscle testing, other examination techniques may detect
more subtle weakness. Examples include assessment of fine
finger movements, such as those required with repetitive tap-
ping or buttoning tasks, observation for a pronator drift of
one arm with both upper arms forward flexed and eyes
closed, and rolling of the forearms around each other (also
known as “disco dancing”). Of note, asymmetries in arm
rolling and rapid finger tapping amplitude and rate can ensue
not only from subtle weakness but also handedness, bradyki-
nesia, or ataxia. Moreover, findings in these tasks are more
difficult to localize than those revealed in manual muscle
testing because multiple muscles contribute to these complex
movements.

Once the distribution of motor deficits has been deter-
mined by muscle strength testing, the resulting pattern
should be analyzed for lesion localization. If true injury has
occurred, the pattern of weakness should conform to an
upper motor neuron, spinal nerve root, plexus, or peripheral
nerve process. Typical motor deficits observed in patients
with cervical or lumbosacral nerve root injuries are itemized
in Table 7.3.

Grade Exam finding

5 Unable to overcome a patient’s antigravity positioning with an examiner’s muscle of similar strength

4+ Able to overcome with much effort a patient’s antigravity positioning with an examiner’s muscle of similar strength

4 Able to overcome with moderate effort a patient’s antigravity positioning with an examiner’s muscle of similar strength
4— Able to overcome with minimal effort a patient’s antigravity positioning with an examiner’s muscle of similar strength
3 Patient has full range of motion against gravity but cannot exert any power against the examiner

2 Full range of motion when gravity eliminated (action of muscle must be observed in plane perpendicular to gravity)

1 Contraction of muscle felt or seen without movement of joint

0 No movement of muscle

Table 7.3 Clinical findings in nerve root lesions

Root Sensory loss Reflex arc Motor deficits
C5 Lateral shoulder Biceps Shoulder abduction/external rotation,
elbow flexion
C6 Lateral forearm, thumb Biceps, brachioradialis Supination, elbow flexion, pronation, wrist
extension
Cc7 Dorsal arm and forearm, middle Triceps Elbow extension, wrist flexion/extension
finger
C8 Medial hand, small finger Finger flexors Finger extension, abduction, and flexion
T1 Anteromedial forearm - Thumb abduction
L2-3 Anterolateral thigh (L2), distal Adductor, patellar Hip flexion/adduction
medial thigh/knee (L3)
L4 Anteromedial lower leg Patellar Knee extension/adduction, hip flexion
L5 Lateral lower leg, dorsal foot, Medial hamstrings Ankle dorsiflexion, eversion, and inversion;
great toe great toe extension; hip abduction
S1 Posterior thigh and lower leg, Achilles Ankle plantar flexion, hip extension
lateral foot, sole
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Sensory Examination

The sensory examination involves evaluation of multiple
sensory modalities (pain, cold, heat, light touch, vibration,
and proprioception), but not all modalities need to be tested
in every patient. Testing of nociception with a truly sharp
object (i.e., pin) and light touch with a finger or cotton wisp
should be routinely performed. Similarly sized small
myelinated and unmyelinated fiber types convey both tem-
perature and pain sensation to the CNS. Within the spinal
cord, primary afferents subserving pain and temperature
cross over at their level of entry into the spine and then
jointly ascend in the contralateral spinothalamic tract.
Therefore, evaluation of cold and hot sensation need not be
undertaken in every patient already evaluated for pain sen-
sation, but thermal sensation testing may help to confirm a
region of abnormal sensation suggested by the pinprick
examination.

Vibration and proprioception sensation should also be
examined. Unlike pain and temperature, these sensory
modalities are carried by larger myelinated fibers, which
ascend ipsilaterally (no cross-over) in the posterior part of
the spinal cord (posterior columns). Loss of dorsal column
function may lead to an abnormal “sensory ataxic” gait, as
the patient loses their ability to sense the placement of their
lower extremities in space. Spinal cord infarcts are usually
caused by occlusion of the anterior spinal artery, which sup-
plies the spinothalamic tracts but not the dorsal columns.
Hence, vibration and proprioception are usually spared in
ischemic spinal cord injuries.

In all modalities, testing should not only be distal but also
delineate possible peripheral nerve, brachial or lumbosacral
plexus, nerve root, and spinal sensory tract lesions. Key der-
matomes (areas of sensory loss resulting from nerve root
lesions) are detailed in Table 7.3.

Reflexes

Muscle stretch reflexes should be tested in all extremities in
all patients. Normal reflexes range from 1+ (hypoactive) to
2+ (normal) to 3+ (brisk) depending on age, level of con-
sciousness, medications, and past medical history. Reflexes
are abnormal if they are asymmetric, absent (“0”), clonic
(“4+”), or incongruent with reflexes in other extremities.
Crossed adductor reflexes are also abnormal after a few
months of age. Localization can be assisted by understand-
ing the pathway of a reflex arc. Table 7.3 includes com-
monly tested reflexes and the nerve roots through which
they are mediated.

Coordination/Gait

Coordination is dependent not only on CNS control but also
intact peripheral motor and sensory function. Patients with
peripheral weakness or large fiber sensory loss can be as
clumsy and “ataxic” as those with cerebellar pathway lesions.
Similarly, tremors are centrally generated but modified by
peripheral sensorimotor function. As another confounding
factor, objective weakness of the extremities can produce
“tremulous,” impersistent movements mimicking tremors
and cerebellar or sensory ataxia. Retesting with the involved
joint isolated from gravity (e.g., testing finger—nose—finger
with the elbow supported) sometimes clarifies the source of
the impairment. If the ataxia and tremor then resolve, the
impersistent, clumsy movements are probably due to weak-
ness rather than an intracranial process.

In patients with complaints of leg weakness or disturbed
ambulation, evaluation of gait is mandatory. The patient
should be observed walking down a long hallway. Gait is
assessed with respect to multiple parameters including rate,
fluidity, stability, symmetry, step height, stride length, base,
arm swing, truncal posture, and extraneous movements.
There are characteristic features of abnormal gait due to
peripheral weakness (e.g., foot drop leading to steppage),
sensory ataxia, cerebellar ataxia, spasticity, Parkinsonism,
truncal weakness, hyperkinetic movement disorders, and
higher level cerebral dysfunction that are beyond the scope
of this chapter [13]. Toe and heel walking may reveal mild
posterior and anterior distal leg weakness occult to manual
muscle testing. Finally, an ataxic or Parkinsonian gait may
be misconstrued by some patients and providers as resulting
from leg weakness.

Electrodiagnostic Evaluation

Injuries to peripheral nerves are routinely evaluated by elec-
trodiagnostic studies that comprise electromyography
(EMG) and nerve conduction studies (NCS). These investi-
gations assess the electrophysiological function of the larger
diameter motor and sensory fibers, which is generally suffi-
cient for regional anesthesia-related nerve injuries, almost all
of which involve larger nerves to a greater or lesser extent.
For evaluation of those rare anesthesia-induced injuries
restricted to small cutaneous nerve fibers alone, autonomic
nervous system studies such as the quantitative sudomotor
axon reflex test (QSART) and thermoregulatory sweat test
(TST) can be performed [14].

The goals of electrodiagnostic testing in the setting of a
regional anesthesia-related nerve injury are to (1) confirm the
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Fig.7.1 Median nerve motor conductions. The CMAPs are on the left
with placements of the distal stimulator (above right) and proximal
(below right) shown. The yellow arrow highlights the onset latency, the

presence of a neurogenic lesion; (2) anatomically localize the
lesion; (3) characterize the lesion with respect to attributes of
diagnostic and prognostic significance, such as the primarily
axonal versus demyelinating nature of the injury; and (4)
monitor the evolution and progression of the lesion, with the
understanding that some NCS and EMG markers of nerve
injury are delayed in onset. Specific pathogenic processes
tend to exhibit preferential types of injury. For example,
chronic nerve compression usually produces demyelination/
remyelination whereas direct trauma (e.g., intrafascicular
injections), most neurotoxic drugs, and ischemic insults cause
predominantly axonal damage. Autoimmune inflammatory
nerve diseases can be either axonal or demyelinating depend-
ing on the target of the immune attack.

Nerve Conductions
Motor Conductions

Motor nerve conductions are performed by stimulating a
motor nerve at two separate locations along its course and
recording from a surface electrode placed over the belly of a
muscle supplied by that nerve. The amplitude of the evoked
compound muscle action potential (CMAP), distal latency
(time from the distal stimulation to the onset of the corre-
sponding motor response), and conduction velocity between

white arrow highlights the conduction velocity (CV), and the red high-
lights the amplitude. E1 is the recording electrode and E2 is the refer-
ence electrode. The ground electrode is not visible on the posterior hand

the two stimulation sites are then calculated (Fig. 7.1). Based
on comparisons to normative data, these values are then used
to determine if the motor NCS is normal or shows evidence
of a demyelinating or axonal lesion. As a general rule, motor
NCS in axonal neuropathies (with intact myelination) exhibit
reduced CMAP amplitudes with preserved conduction
velocities and distal latencies, whereas demyelinating neu-
ropathies feature slow nerve conductions, prolonged distal
latencies, and normal or relatively normal CMAP ampli-
tudes. Focal demyelination can also block conduction in
some (partial) or all (complete) axons at the affected site
despite the presence of structurally preserved axons. Similar
to axon loss, motor conduction block produces clinical
weakness. In a motor NCS performed on a nerve affected by
a partial demyelinative conduction block, the CMAP evoked
by stimulation above the site of block has significantly
smaller amplitude than that evoked by stimulation below the
block (Fig. 7.2). If the block is complete, no CMAP is evoked
with proximal stimulation. A partial motor conduction block
is the hallmark of an acquired demyelinating neuropathy.

Late Responses
A suprathreshold motor nerve stimulation evokes both an

orthodromically (proximal to distal) and antidromically (dis-
tal to proximal) conducted neural impulse. The routine motor
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NCS depends on the orthodromic response. The antidromic
impulse depolarizes the anterior horn cells of the constituent
motor axons. If one or more of these cells is depolarized to or
above its threshold, a recurrent discharge is generated that

Fig.7.2 Conduction block of the median nerve. In this patient, there is
demyelination between the distal and proximal stimulation sites result-
ing in a drop in amplitude and conduction velocity. The superior wave-
form is the distal recording and inferior recording is from a proximal
site. The yellow arrow highlights the onset latency, the white arrow
highlights the conduction velocity (CV), and the red highlights the
amplitude. Please note the differences between amplitude 1 (distal
stimulation) and amplitude 2 (proximal stimulation)

Fig.7.3 F-Waves. The F-waves are
located to the right of the red line. Please
note the variable morphologies and
latencies of these waveforms which
indicate different motor neurons involved
in each stimulation. The most common
parameter measured is the minimum
F-wave latency (yellow line)

Q.Hogan et al.

travels back down the nerve orthodromically resulting in
“late” reactivation of the muscle, the F-wave response. In a
single stimulation, only a small subset of motor neurons gen-
erates an F-wave. With multiple stimulations, consecutive
F-waves are usually generated by different motor neurons,
resulting in F-waves of varying latency and morphology
(Fig. 7.3). If, on the other hand, the large Ia afferent sensory
fibers are preferentially activated, typically by a lower inten-
sity, longer duration stimulus, the evoked antidromically
conducted impulse will synapse with and depolarize a pool
of anterior horn cells in the spinal cord. These monosynaptic
connections result in reflex activation of an orthodromically
conducted motor impulse, which is recorded from the inner-
vated muscle as the H-reflex. Unlike an F-wave, the latency
of an H-reflex does not vary between stimulations, but its
amplitude increases with progressively higher stimulus
intensities until reaching a maximum. Then, with still higher
stimulus intensities, the H-reflex decreases in amplitude and
eventually disappears (Fig. 7.4). Whereas F-waves can be
generated from all motor nerves and recorded from all mus-
cles, H-reflexes are only consistently recorded from the
soleus muscle after stimulation of the tibial nerve and more
inconsistently recorded from the flexor carpi radialis muscle
after stimulation of the median nerve.

Clinically, F-waves and H-reflexes are used to evaluate
the proximal portions of peripheral nerves not amenable to
standard motor NCS. Whereas, prolonged F-wave and
H-reflex latencies generally occur in demyelinating lesions,
absent F-waves and H-reflexes can result from both axonal
and severe demyelinating insults. F-waves that “repeat,” i.e.,
recur with the same latency and waveform morphology sug-
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Fig.7.4 Tibial H-reflex. The H-reflex is seen to the right of the red line
in (a, b); the CMAP is to the left. From fop to bottom, (a) shows sequen-
tial increasing levels of stimulation; the H-reflex gradually increases in
amplitude and then decreases in amplitude as stimulation increases. (b)

gest a dropout of the original number of anterior horn cells or
their motor axons. Focal or multifocal demyelinating lesions
frequently produce variable effects on different nerve fibers
in the same motor nerve, resulting in an increased spectrum
of conduction velocities within individual motor fibers and
hence an increased range of F-wave latencies.

Sensory Conductions

A sensory nerve conduction study is performed by
stimulating a sensory nerve at one or more sites along its
course and recording from a surface electrode placed over
the same nerve distal or proximal to the stimulation site.
Sensory conductions can be performed either antidromi-
cally or orthodromically. The evoked sensory nerve action
potential (SNAP) is then evaluated with respect to ampli-

Shows a series of reflexes at unchanged levels of stimulus intensity;
notice the uniform morphology and latency morphology (different from
F-waves). (¢) Shows montage with stimulator, ground (green), record-
ing electrode (E1) and reference electrode (E2)

tude, onset latency (time from stimulus to onset of the
evoked potential), peak latency (time from stimulus to peak
amplitude of the evoked potential), and conduction velocity
(Fig. 7.5).

Sensory responses are generally much smaller than motor
responses. As such, sensory NCS are more technically chal-
lenging and produce more variable results than motor
NCS. Similar to motor studies, SNAPs in axonal neuropa-
thies are reduced in amplitude or absent with normal or only
mildly abnormal latencies and conduction velocities. Sensory
responses can be slowed in demyelinating neuropathies, but
they more commonly lose amplitude because of the increased
range of individual nerve fiber conduction velocities. This
widened spectrum of velocities results in decreased syn-
chrony and increased phase cancellation of the waves gener-
ated by single fibers at the site of the recording electrode.
Peripherally directed sensory nerve axons originate from cell
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Fig.7.5 Median sensory nerve conduction. (a) Shows the wave forms
of distal (upper) and proximal (lower) waveforms. The yellow arrow
highlights the peak latency, the white arrow highlights the conduction
velocity (CV), and the red highlights the amplitude. The peak latency is
measured from the stimulus to the peak of the wave whereas the time

bodies of primary sensory neurons located in the dorsal root
ganglia. They only degenerate with corresponding loss of
SNAP amplitude when lesions damage the dorsal root gan-
glion or the sensory axons themselves, i.e., neuropathies or
plexopathies. On the other hand, peripheral sensory nerves
and thus SNAPs are preserved in most radiculopathies, in
which centrally directed sensory axons in the dorsal root
proximal to the dorsal root ganglion are primarily affected.

Limitations of Nerve Conduction Studies

There are some limitations to NCS. First, the nerve must be
readily accessible to superficial stimulation with an equally
accessible recording zone. This precludes NCS of most
proximal nerves and plexus structures. Spinal nerve roots
can be stimulated percutaneously with a needle electrode,
but root stimulation is painful, technically difficult, and gen-
erally unreliable. Second, NCS only evaluate large sensory
and motor fibers, so any process that is restricted to small-
diameter nerve fibers may remain undetected with standard
NCS. Third, sensory conductions can be technically diffi-
cult because of the inherently low amplitude of the evoked
responses, especially in patients with extra tissue between
the recording site and nerve (obesity and peripheral edema).

for the conduction velocity is measured from the stimulus to the onset
of the wave (onset latency). This is an example of a normal median
sensory conduction study. In (b, ¢) E1 is the recording electrode, E2 is
the reference electrode and the ground electrode is on the posterior
hand not visible in these photographs

Their performance requires utmost attention to proper tech-
nique to ensure the presence of a reproducible response.
Undesired motor responses are not infrequently mistakenly
identified as sensory responses when the SNAP is truly
absent. Fourth, small cutaneous nerves— whether proximal
or distal —cannot be reliably studied due to their inherently
small surface recorded potentials (e.g., medial femoral cuta-
neous nerve). Fifth, the electrodiagnostic consultant needs
to be attuned to the possibility of anomalous innervation
pathways, e.g., Martin—Gruber (median-to-ulnar) anasto-
mosis in the forearm, accessory peroneal branch in the
lower leg, and aberrant course of the superficial peroneal
sensory nerve. Sixth, CMAP amplitudes are exquisitely
dependent on proper placement of the recording electrode
over the “motor point” of the muscle, since the amplitude
can change significantly with even minor relocations of this
electrode. Seventh, preexisting conditions always need to be
considered, since preexisting polyneuropathies and nerve
entrapments are common and may confound interpretation
of a postinjury NCS.

Another salient limitation is the delayed onset of NCS
changes in response to acute axon-loss lesions. In traumatic
nerve lesions resulting in Wallerian degeneration of the tran-
sected axons, which includes most needle injuries, the por-
tion of the axon distal to the injury remains structurally intact
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and capable of transmitting a distally directed nerve impulse
for the next 2-3 days prior to undergoing Wallerian degen-
eration (which will last up to 1 week). As such, CMAP and
SNAP amplitudes do not begin to decrease until 2-3 days
after the injury. CMAP amplitudes do not reach their nadir
until 9 days after the insult. Sensory nerves degenerate at a
slightly slower rate than motor nerves; accordingly, SNAP
amplitudes do not achieve their nadir until 10-11 days
postinjury [15]. Hence, NCS performed immediately after
the injury serve as a preinjury baseline against which a fol-
low-up study performed after 12 days can be compared to
capture the true injury-related effects on the NCS.

There are also several practical limitations to the clinical
utility of late responses. F-waves and H-reflexes are often
normal in incomplete proximal axon-loss lesions due to the
presence of many unaffected motor and sensory fibers that
are capable of generating a normal response. These late
responses are also often normal in proximal demyelinating
lesions wherein focal slowing is limited to a small segment
of the entire nerve pathway or conduction is preserved
through the affected region by nondemyelinated nerve fibers.
Moreover, F-waves are typically mediated by two or more
nerve roots. As such, they tend to be normal in axonal or
demyelinating mono-radiculopathies in which adjacent roots
are spared. Unlike F-waves, H-reflexes are restricted in dis-
tribution and can only be recorded from the soleus (and occa-
sionally the flexor carpi radialis) muscle in adults. H-reflexes
tend to disappear in elderly individuals without known focal
neurologic injuries.

Electromyography

For EMG, a needle electrode is inserted into a muscle for
the purpose of directly recording the electrical activity
(voltage changes) of the muscle fibers. In current EMG
practice, two types of recording needle electrode are used,
the concentric and the monopolar. A concentric needle con-
sists of a cannula (reference electrode) and a core (active
electrode), which are generally made of different materials.
A monopolar needle consists of the active electrode alone
covered with an insulating material except for its sharpened
tip, which is the conductive area of the needle. When
employing a monopolar recording electrode, the reference
electrode is a surface electrode placed on the skin in close
proximity to the active monopolar needle.

There are three separate phases of the evaluation. First,
the electrical activity is evaluated during insertion of the
needle electrode (i.e., “insertional activity”). In the second
phase, the consultant searches for abnormal ‘“spontaneous
activity” within the muscle which occurs when the electrode
is stationary in the resting muscle. Multiple sites are assessed
in each examined muscle. The type of abnormal spontaneous

activity of greatest relevance to regional anesthesia-related
nerve injury is the so-called fibrillation potential. A fibrilla-
tion potential is an EMG waveform generated by spontane-
ous firing of a single muscle fiber. Most fibrillation potentials
discharge at a regular rate (Fig. 7.6). Positive sharp waves
have the same origin and significance as fibrillation poten-
tials. Fibrillations develop in acutely denervated muscle
fibers, which become supersensitive after a short delay fol-
lowing the injury. They also occur in many muscle diseases
associated with segmental necrosis of muscle fibers or pri-
mary electrical instability of the muscle fiber membrane.

The final stage is devoted to analysis of motor unit poten-
tials (MUPs). The motor unit is defined as a single motor nerve
and all of its innervated muscle fibers. When the patient volun-
tarily activates a motor nerve, a nerve impulse is generated at
the level of the spinal anterior horn cells that travels down the
individual motor axons within that nerve to their points of con-
tact with many individual muscle fibers, i.e., the neuromuscu-
lar junctions. Action potentials are then, in turn, elicited in all
of the muscle fibers supplied by each of the constituent motor
axons. The MUP is the sum of all the single muscle fiber
action potentials triggered by activation of a single motor
nerve as recorded by the needle electrode. The patient is asked
to slowly activate the muscle from rest in incremental steps to
full effort. With stronger and stronger contraction, more and
more motor units are recruited and the recorded MUPs begin
to overlap and interfere with one other, creating a so-called
interference pattern (Figs. 7.7 and 7.8). The assessment of the
manner whereby individual MUPs increase their firing rates
and new MUPs are recruited as the patient slowly increments
activation of the muscle is termed “recruitment.” MUPs are
analyzed at low effort when only a few are discharging so that
they can be easily and individually identified. Unlike fibrilla-
tion potentials, MUPs always fire irregularly (Fig. 7.9). The
salient morphological attributes of each MUP are its duration,
amplitude, complexity, firing rate, and stability.

Fig.7.6 Fibrillation potentials (settings at 100 ms per horizontal division
and 100 pV per vertical division) recorded while the muscle was at rest
(i.e., no voluntary muscle activity) without needle electrode movement.
There are two fibrillation potentials recorded (denoted by arrows: orange
and red). Please note that the regular firing frequency of these spontane-
ous potentials contrast with the irregularly firing MUPs seen previously
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Fig.7.7 Normal Interference pattern (settings at 100 ms per horizontal
division and 500 pV per vertical division). The baseline is obscured
with MUPs. This is done when the patient fully activates the muscle
against isometric resistance

Fig. 7.8 (a) Decreased recruitment (settings at 100 ms per horizontal
division and 200 pV per vertical division). Despite the MUP firing at
11 Hz, no other motor units have been recruited. This MUP is also
normal in size reflecting a recent-onset or purely demyelinating lesion.
On close inspection the firing irregularity of the MUPs can be appreci-
ated (i.e., variance I time intervals between the MUP discharges). (b)
The same normal-sized MUP shown at the highest level of activation
(interference pattern). Although more discharges of this MUP are seen
(now firing at 35 Hz) no other motor units have been recruited (settings
at 100 ms per horizontal division and 200 pV per vertical division). This
is a reduced interference pattern in the setting of a recent-onset or
purely demyelinating lesion. In a chronic axonal lesion (i.e., months
post onset), a similar recruitment and interference pattern might be
seen, but the MUP would be enlarged due to reinnervation

The needle electrode records from muscle fibers lying
within a radius of about 1.5-2.0 mm from the recording tip of
the electrode. On the other hand, the diameter of the circular
(in cross section) motor unit territory in most muscles ranges
from 5 to 10 mm [16]. As such, these electrodes selectively
record from only a fraction of the total number of muscles
fibers contributing to the MUP in the normal state. The muscle
fibers belonging to a specific motor unit are distributed in the
muscle in a patchy, noncontiguous pattern. In a low-power
cross section of muscle, muscle fibers from up to 40 motor
units may be represented [17]. Thus, the needle electrode
records MUPs from muscle fibers of several different motor
units within the limited recording area of the electrode tip, but
it does not sample every motor unit in the muscle.

Fig.7.9 Normal recruitment (settings at 100 ms per horizontal division
and 500 pV per vertical division). The larger amplitude MUP (red
arrow) is firing at a rate of 11 Hz with a smaller amplitude MUP (yellow
arrow) firing at almost the same rate (10-11 Hz). The variance in the
time interval between discharges of the same MUP (i.e., interpotential
interval) demonstrates how a MUP normally fires in a slightly irregular
manner

In neuromuscular disorders, the muscle fibers and their
organization within the motor unit territory may be altered,
resulting in corresponding changes in the EMG recording
from the affected muscles. In this chapter, only those changes
observed after neuropraxia and partial to complete denerva-
tion will be summarized. EMG findings in other neuromus-
cular processes, such as myopathy, polyneuropathy, and
neuromuscular transmission disorders have been recently
reviewed [18].

The Seddon classification divides nerve injuries into three
categories: neuropraxia, axonotmesis, and neurotmesis [19].
Neuropraxia is defined as functional or demyelinative con-
duction block without structural damage to the axon. The
ensuing loss of conduction is always transient, and prognosis
for complete recovery is excellent. In axonotmesis, axons are
damaged and the distal segments subsequently undergo
Wallerian degeneration, but the perineurium, epineurium,
and other supporting connective tissues are preserved, and
the nerve itself remains in continuity. If all axons in the nerve
degenerate, the supplied muscles fibers are completely
denervated. If only a subset degenerate, denervation is par-
tial and incomplete. Recovery from axonotmesis depends on
the slow process of axonal regeneration. Prognosis for full
recovery is fair but variable. Neurotmesis refers to injuries in
which the entire nerve and all its supporting connective tis-
sue are physically separated into distal and proximal seg-
ments. Denervation is complete. Prognosis for successful
regeneration of the nerve is poor.

In an injury not resulting in denervation (axon loss), i.e.,
neuropraxia, the first and only EMG change is a decreased
number of rapidly firing MUPs reflecting the functional but
not anatomic loss of motor units (Table 7.4). This is referred
to as “decreased recruitment” (Fig. 7.8). In mild neuropraxic
lesions, MUP dropout may not be detectable in the EMG
recording and recruitment remains essentially normal. An
injury of this nature is felt to result from damage to the
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Table 7.4 Types of neuronal injury
Type of injury Time after lesion Fibrillations MUP size MUP stability Recruitment
Neuropraxia <3-4 weeks No Normal Stable Variably reduced
1-6 months No Normal Stable Normal
6+ months No Normal Stable Normal
Partial denervation <3-4 weeks No Normal Stable Variably reduced
1-6 months Yes Increasing in Unstable Variably reduced
amplitude, duration,
and complexity
6+ months No Increased amplitude, | Stable Variably reduced
(reinnervation complete) duration, and
complexity
6+ months Yes (low amplitude)* | Increasing in Unstable Variably reduced
(reinnervation amplitude, duration,
incomplete) and complexity
Complete denervation | <3—4 weeks No No MUPS recorded Since no MUPS, | Absent
cannot measure
1-6 months Yes Increasing in Unstable Variably reduced
amplitude, duration,
and complexity
6+ months No Increased amplitude, | Stable Variably reduced
(reinnervation complete) duration, and
complexity
6+ months Yes (low amplitude)® | Increasing in Unstable Variably reduced
(reinnervation amplitude, duration,
incomplete) and complexity

“May also see complex repetitive discharges, myokymic discharges, decreased insertional activity.

myelin sheath or minor functional/structural disturbances at
the nodes of Ranvier that usually recover within minutes to a
few months. As the myelin sheaths and nodes of Ranvier are
repaired, MUPs begin to show more normal recruitment pat-
terns. In the absence of denervation and hence reinnervation,
fibrillation potentials do not occur and MUPs are unchanged
in their morphology (i.e., amplitude, duration, complexity).
The electrophysiologic changes in the acute phase
(<21 days) following partial denervation (axonotmesis) are
similar to those of neuropraxia, i.e., decreased recruitment of
rapidly firing MUPs of normal morphology. At about
14-21 days, increased insertional and spontaneous activity
(fibrillation potentials and positive sharp waves) begin to
appear. Muscles supplied by shorter nerves (proximal)
exhibit these changes sooner than muscles supplied by lon-
ger nerves (distal). Fibrillation potentials are larger in ampli-
tude during the acute phase of injury when the muscle fibers
are still normal in diameter. Muscle fibers that remain dener-
vated eventually atrophy (seen pathologically as small angu-
lar muscle fibers in routine H&E staining). As a single
muscle fiber action potential’s amplitude is proportionate to
fiber diameter, the amplitudes of these potentials decrease as
fiber diameters decrease. Hence, in the weeks following the
injury, fibrillation potentials become reduced in amplitude.
In partial motor axonal loss, reinnervation occurs primar-
ily via collateral sprouting. This is a process whereby termi-
nal axons of nondamaged fibers supplying the affected muscle

issue additional distal branches to innervate orphaned muscle
fibers that have lost their motor axon. Collateral sprouting
occurs within the preexisting motor unit territory of that sur-
viving motor unit. Thus, as reinnervation proceeds, the den-
sity of muscle fibers supplied by a particular motor neuron
increases (i.e., innervation ratio), but the size of the corre-
sponding motor unit territory remains unchanged. Muscle
fibers supplied by a single motor axon become more contigu-
ously than randomly distributed within the motor unit terri-
tory. The muscle biopsy correlate of this process is grouping
of fiber types. The efficiency of the reinnervational process
depends on a number of factors, such as the mechanism of
injury, severity of injury, patient age, premorbid conditions
(e.g., preexisting polyneuropathies), and length of nerve
involved in recovery.

As collateral sprouting and neural regeneration following
partial denervation proceed, more and more previously
denervated muscle fibers become reinnervated and fibrilla-
tion potentials become less and less prevalent. In most cases
of axonotmesis characterized by only partial denervation,
denervated muscle fibers are successfully reinnervated and
fibrillation potentials eventually disappear. As concerns
MUP morphology, the increase in innervation ratio arising
from reinnervation evolves over weeks to months. The
increased density of terminal axonal sprouting and muscle
fibers within a single motor unit territory is reflected in the
corresponding MUP by increased amplitude, longer dura-
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tion, and increased complexity (i.e., increased phases, turns,
or satellites; Figs. 7.10, 7.11, and 7.12).

If an EMG performed before 21 days following an injury
shows enlarged MUPs or well-developed fibrillation poten-
tials, one can infer that these abnormalities resulted from a
preexisting radiculopathy or neuropathic disorder. Examples
might include a patient with an underlying distal symmetric
diabetic polyneuropathy or history of a spondylosis-related
radiculopathy who then develops an acute focal neuropathy
following regional anesthesia affecting nerve fibers already
damaged by the preexisting polyneuropathy or radiculopa-
thy. If an EMG is routinely performed only a few days
postinjury, these preexiting, confounding conditions will be
identified. This immediate postinjury EMG will then serve
as a baseline against which follow-up EMGs can be com-
pared to more accurately attribute abnormal spontaneous
activity and MUP remodeling to the nerve injury itself.

In cases of complete denervation, no activation of MUPs
within the affected muscles will occur in the early and sub-
acute phases of the injury. As in partial denervation, fibrilla-
tion potentials will emerge at about 21 days. In this more
severe type of injury, recovery is typically incomplete. All
of the muscle fibers are denervated and require reinnerva-
tion. Reinnervation is accomplished primarily by axonal
regeneration from the point of injury. This is a slow (approx-
imately 1 mm/day or inch/month) and inefficient process.
Recovery is contingent on how many motor axons grow
back into the muscle to reinnervate the orphaned muscle
fibers. Important prognostic factors include the integrity of
the damaged nerve’s supporting connective tissue structures
(axonotmesis versus neurotmesis) and the distance from the
site of injury to the muscle (length that the regenerating
axons must traverse for successful reinnervation of the tar-
get muscle). The reinnervational MUPs encountered in this

Fig.7.10 Complex, stable MUP (settings at 10 ms per horizontal divi-
sion and 500 pV per vertical division). The left screen shows a single
MUP and the right shows the same MUP superimposed after four dis-
charges. This unit is complex due to the increased number of phases
(deviations above or below the baseline). The lack of variation between
discharges indicates that this unit is stable

Q.Hogan et al.

type of lesion tend to be complex and long in duration rather
than large in amplitude.

As reinnervation reaches completion following any
degree of axon-loss lesion, MUPs become enlarged and sta-
ble (Fig. 7.12). Stability ensues as the de novo neuromuscu-
lar junctions mature. Grossly unstable MUPs are readily
recognized by an experienced electrodiagnostic consultant.
To detect minimal to moderate instability, individual MUPs
are assessed at special instrument settings as used for jitter
analysis in a single fiber EMG. If an EMG is performed
months after the injury, the presence of fibrillation potentials
and unstable MUPs indicates that reinnervation is still
incomplete and ongoing. Conversely, the absence of fibrilla-
tion potentials and presence of stable MUPs indicate that
reinnervation is complete.

Fig. 7.11 Complex, unstable MUP (settings at 10 ms per horizontal
division and 500 pV per vertical division). The left screen shows a sin-
gle MUP and the right shows the same MUP superimposed after four
discharges. This MUP is complex due to the increased number of
phases. The variation between discharges indicates that this MUP is
unstable

Fig. 7.12 Increased MUP duration and amplitude. The right and left
screens show the same MUPs displayed at different settings (right is
10 ms per horizontal division and 1 mV per vertical division; left is
10 ms per horizontal division and 200 pV per vertical division). This
MUP has large amplitude (greater than 2 mV) and a prolonged duration
(greater than 15 ms). The right display shows standard settings for
assessing phases and duration
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Limitations and Benefits of EMG

EMG critically depends on the skill of the examiner. The
EMG test is a very dynamic process where the examiner
needs to choose muscles to test based upon patterns that may
evolve during testing. In addition, the abnormal discharges
may be very brief or distant, such that they may be misinter-
preted or missed by a novice examiner. The ability to identify
subtle changes in EMG waveforms in a short period of time
(they may only be present on the screen for a fraction of a
second), differentiate between multiple concurrent processes
affecting the same muscle, and estimate the duration of these
processes requires an electromyographer with significant
experience. Another limitation of EMG is its failure to deter-
mine the etiology of any neurogenic process. The greatest
benefit of EMG is its ability to refine the localization of a
nerve injury by examining muscles (and hence their inner-
vating nerves) that might otherwise be difficult to test indi-
vidually on clinical examination or by nerve conduction
studies. An added benefit is its potential to provide informa-
tion on the chronicity of a neurogenic injury. Of course, it is
important to remember that EMG findings should always be
used as an adjunct to the clinical history and examination.

Practical Approach

In designing the electrodiagnostic study, it is crucial to
first obtain a history from the patient, perform a focused
general and neurological examination, and then formu-
late a differential diagnosis regarding lesion localization.
Nerves for NCS and muscles for EMG are next selected
based on this differential diagnosis. As already noted, if
there are preexisting neuromuscular diseases, postinjury
studies can be confounded by these conditions. In this set-
ting, a prior comparison study performed in the same EMG
laboratory is invaluable. However, if such a premorbid
baseline study does not exist, a new study performed with
1-3 days of the putative injury can serve as that baseline,
given the delayed onset of all NCS and EMG changes after
acute trauma, except for decreased recruitment in the nee-
dle EMG examination mediated by axon loss or conduc-
tion block, which is not delayed in its appearance. If a
repeat study is then performed in 4 weeks, the new NCS
and EMG findings can be compared to those obtained in
the immediate postinjury study to determine the direct
effects of the injury in contrast to those ensuing from the
preexisting conditions. In both the baseline and follow-up
examination, nerves and muscles should be examined
bilaterally, as interside comparisons improve the sensitiv-
ity, specificity, and overall accuracy of the findings, espe-
cially in a patient with a chronic polyneuropathy.

Imaging

Here, we first describe the various imaging techniques that are
relevant to identifying and evaluating injury to nerves (and adja-
cent structures) caused by regional anesthesia, and thereafter
suggest choices of imaging for specific suspected injuries.

Plain Films

Plain films or conventional radiography is a simple, rela-
tively inexpensive method of imaging the bony, and to a lim-
ited extent, the soft tissue components of the spine. Spatial
resolution is good, but contrast resolution is inferior to that
of computed tomography (CT) or magnetic resonance imag-
ing (MRI). Plain film myelography after the administration
of intrathecal contrast has largely been supplanted by CT
myelography or MRI.

Computed Tomography

Technology

CT has been used for imaging the spine for more than
40 years. CT technology continues to advance with subse-
quent improved spatial and contrast resolution, decreased
scan time, and lower radiation dose. Although MRI is being
used increasingly for spine imaging, CT continues to have
advantages in some circumstances.

The CT gantry contains an array of X-ray detectors and an
X-ray tube that rotates about the patient. An X-ray beam is
passed through the patient at multiple different tube positions
or projections and the detectors measure the beam attenuation
at each projection. This process is repeated at multiple
sequential points to allow creation, via data reconstruction
programs, of thin cut (often <1 mm) cross sectional images of
the scanned anatomy. Each pixel, or picture element, of a CT
image is assigned a CT number or Hounsfield unit based on
the X-ray attenuation of the corresponding tissue in the
patient. To display this digital information as an image, the
Hounsfield numbers must be mapped onto a gray scale rang-
ing from white to black. The way in which the digital scale is
matched to the display gray scale is termed window. The win-
dow width is the range between the highest and lowest CT
number to be displayed, and the window level is the median
number in the range. By adjusting the window width and
level, various tissues may be optimally displayed.

Limitations
Tissues with similar beam attenuations are not well dis-
criminated by CT. The difference in X-ray attenuation of
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various soft tissues (excluding fat) is only about 4 %. In
spine imaging, the contrast between the soft tissues of the
spinal canal including the spinal cord, nerve roots, disc
margins, and CSF is low, which limits evaluation.
Visualization can be improved by the use of iodinated con-
trast material within the thecal sac (i.e., CT myelography),
but this requires lumbar puncture.

Artifacts are generally related to patient motion, high-
density objects, detector malfunction, and the inherent limi-
tations of reconstruction algorithms for portraying objects of
geometric complexity. Motion degrades images by produc-
ing misregistration artifacts that appear as shading or streak-
ing. Motion is generally less of a problem with CT than with
MRI as acquisition time with CT is much faster than MR
(seconds rather than minutes). Metallic foreign objects such
as aneurysm clips, bullet fragments, and spinal hardware
produce radially oriented streak artifact and can limit evalu-
ation of adjacent structures. Beam hardening artifact occurs
when dense structures in the field, such as bone, attenuate the
lower energy portions of the X-ray beam, resulting in dark
streaks in the adjacent tissues.

CT utilizes ionizing radiation during image acquisition,
so caution must be exercised to limit radiation exposure, par-
ticularly in children and pregnant women. While efforts are
being made to reduce dose, the balance of risks and benefits
of CT should always be carefully assessed, for which consul-
tation with a radiologist can be helpful.

Indications

CT imaging is well adapted to evaluation of neurologic
injury as it can be rapidly obtained and is readily available.
Although it provides excellent evaluation of bony anatomy, it
has limited contrast resolution, which limits soft tissue eval-
uation. Furthermore, processes within the spinal canal such
as epidural hematoma and spinal cord injury are poorly eval-
uated with CT.

Degenerative changes of the vertebral column are clearly
evident by CT imaging. As the intervertebral disc ages, there
is loss of axial height and development of radial bulging.
Additional signs of disc degeneration include endplate osteo-
phytes and gas within the disc space —both easily identified
on CT. While CT can usually identify disc bulges, MRI is
preferred to evaluate smaller disc protrusions and character-
ize the effects on adjacent structures (i.e., the degree of cord
and nerve root compression). CT myelography can improve
visualization of the disc margin in patients who cannot have
an MRI (due to contraindications such as certain types of
cardiac generators). Osseous stenosis of the vertebral canal
and intervertebral foramina, hypertrophic bone changes,
subarticular bony erosions, and defects of the pars interar-
ticularis are well evaluated with CT.

Magnetic Resonance Imaging

Technology

MRI is based on the phenomenon of nuclear magnetic reso-
nance. Hydrogen, with its single proton nucleus, is by far the
most abundant element in living organisms and has a large
magnetic moment. At present, virtually all clinical MRI is
based on magnetic resonance of the hydrogen nucleus.

When placed in a magnetic field, the hydrogen nucleus (a
proton) will process like a gyroscope about the axis of the
magnetic field at a frequency specific for the nuclear species
and the particular magnetic field strength. A radiofrequency
(RF) pulse is applied which results in temporary alignment
of the protons and signal production. Subsequently, the pro-
tons lose alignment (relaxation) at which time additional RF
pulses may be applied in order to realign the protons.
Relaxation can be resolved into two separable processes of
longitudinal and transverse relaxation, with rates measured
by time constants T1 and T2, respectively. Differential rates
of relaxation affect the intensity of the signal emitted by a
particular tissue and its appearance in the final image.

The patient is positioned within the bore of a large mag-
net. The most common field strengths are 1.5 and 3 T. A spe-
cific sequence of RF pulses is used to excite (align) the
protons. A receiver then detects the signal emitted by the
relaxing hydrogen protons, which is used to produce an
image. Varying patterns of RF pulses can be applied with the
goal of differentiating tissues from one another based on the
differences in tissue T1 and T2 relaxation rates. This results
in images with T1 weighting (Fig. 7.13) or T2 weighting
(Fig. 7.14). T1-weighted images provide contrast based on
longitudinal relaxation rate. Fat, protein, and blood products
are T1 hyperintense (bright). T2-weighted images provide
contrast based largely on differences in transverse relaxation
rates. Fluid appears bright on T2-weighted images. T1 and
T2 weighting is relative and images with components of both
can be obtained.

In certain situations, the contrast between tissues can be
increased through the intravenous administration of a gado-
linium chelate, which results in increased brightness on
T1-weighted images of tissues in which gadolinium has
accumulated. Although some degree of parenchymal
enhancement is normal, gadolinium tends to accumulate in
tissues with increased vascularity or vessel permeability,
such as infection, tumor, or breakdown of the blood—brain
barrier, allowing for increased conspicuity.

Limitations

No definite ill effects of magnetic fields on human beings
have been documented to date from exposure to
MRI. However, certain devices and ferromagnetic objects
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Fig.7.13 Normal T1-weighted MRIs. (a) In the axial plane through a
lumbar disc (anterior up). (b) In the midline sagittal plane of normal
lumbar vertebrae (anterior left). Fat has a high signal intensity (appears
bright), whereas muscle and disc have intermediate signal intensity.
Low signal intensity (dark) is characteristic of water (e.g., CSF, straight

Fig.7.14 Normal T2-weighted MRIs. (a) In the axial plane through a
lumbar disc (anterior up). (B) In the midline sagittal plane of normal
lumbar vertebrae (anterior left). CSF (white arrows) has a high signal
intensity, especially where stationary, whereas fat is not as bright as in

pose potential dangers to patients and others in the scanning
area. Patients with certain cardiac pacemakers, cochlear
implants, neurostimulators, heart valves, and older aneurysm
clips should not be examined by MRI as these devices may
malfunction, be displaced by the magnetic field, or result in
heating of the adjacent tissues. Additionally, rapidly changing
magnetic fields in the scanner may lead to the generation of
electric currents within a patient with implanted wires (usu-
ally related to cardiac pacemakers or nerve stimulators). If
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arrows) and fast flowing blood (vena cava, aorta). Cortical bone has no
signals (appears black) but marrow has low signal intensity. Roots and
cord appear as intermediate signal intensity (curved arrows). Note the
signal fall-off (darker mage) at greater distances from the posterior sur-
face coil

T1 images. Other tissues have intermediate signal intensity. Roots and
cord (black arrows) are of intermediate signal intensity, so contrast with
CSF. The disc nucleus is bright if it has not become desiccated from
degenerative disease

there is any question regarding the safety of an implanted
object or device, radiologic consult is recommended. Since
metallic objects such as oxygen tanks, wheelchairs, and other
loose items such as scissors and jewelry are potential missiles
when placed in the magnetic field, specially designed wheel-
chairs, oxygen tanks, and other items have been developed for
use in proximity to strong magnetic fields.

Many types of orthopedic/spinal hardware, surgical wires,
and surgical clips have been deemed MRI safe by the manu-
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facturers. Although imaging with these in place is possible,
many challenges arise in obtaining clinically useful images
due to resultant alterations in the local magnetic field leading
to image spatial distortion, signal loss, or failure of fat sup-
pression. Methods exist for reducing artifact surrounding
metal prosthesis. The most basic involve using pulse
sequences with multiple repeating pulses to mitigate the
magnetic field inhomogeneity. Additionally, obtaining
images using a wide bandwidth and lower strength magnets
(1.5 T) can decrease artifact but with a loss of signal to noise,
and newer techniques are being developed, such as field
mapping.

The radiofrequency pulse of an MRI scanner can generate
several kilowatts of peak power that is partially deposited as
heat in the body of the subject. While this has not been a
practical limitation, special consideration is given to patients
during pregnancy. Currently, there is no conclusive evidence
to suggest that an embryo is adversely affected by magnetic
or radiofrequency fields at the intensities used in clinical
MRI scanners. However, given the uncertainty, many centers
have developed specific policies regarding MRI during preg-
nancy. Anyone considering obtaining an MRI during preg-
nancy should consider the risk/benefit ratio associated with
the exam, be familiar with the institutional policies, and con-
sult with a radiologist regarding possible alternative imaging
modalities.

Successful MRI generally requires a cooperative, near-
motionless subject. Up to 10 % of the population experi-
ences some degree of claustrophobia upon being placed in
the magnet bore. Most of these patients will tolerate imaging
with mild oral or intravenous sedation, although the severely
claustrophobic may require general anesthesia.

For most clinical applications, the spatial resolution of MRI
is slightly less than that of CT or plain radiography. However,
contrast resolution is almost always superior. Limitations arise
in situations that involve moving structures, specifically rapidly
flowing blood and CSF. Because of the motion, the RF pulse
sequence cannot be completed and these structures lack signal
and appear black (flow void). Examples include CSF motion
(termed CSF pulsation artifact) in the thoracic spine which
cases dark CSF signal and may obscure subtle pathology. While
rapidly flowing blood may appear as a signal void, slow-flow-
ing blood tends to appear bright in T1-weighted images. The
intravenous administration of gadolinium generally tends to
increase the signal intensity of flowing blood.

Indications

MRI is an excellent method for imaging the spine. Multiple
levels can be studied simultaneously and in virtually any
desired plane with good soft tissue characterization and
without radiation exposure. Soft tissue injuries including
those of the peripheral nerves and contents of the spinal
canal are better visualized with MRI than with any other cur-
rent imaging modality. Epidural hematoma, syrinx, cord

edema and swelling, and myelomalacia can be well demon-
strated with MRI. Compression of the thecal sac and spinal
cord by bone or soft tissue is easily recognized.

MRI is generally sensitive for focal collections of blood,
whether acute, subacute, or chronic. Acute blood in the cen-
tral nervous system is usually most apparent in gradient
recalled echo (GRE) images and appears as an area of sig-
nificantly decreased signal intensity. Subacute blood (1 week
to 1 month) gradually becomes high in signal intensity in
T1-weighted images. This always precedes the subsequent
change from low to high signal intensity seen in T2-weighted
images. In the spine, epidural hematomas may appear inter-
mediate in signal intensity in both T1- and T2-weighted
images and may mimic herniated disc material or other epi-
dural soft tissue. Nonetheless, epidural blood and its resul-
tant mass effect in the vertebral canal are generally well seen
with MRI. Unlike an abscess, acute blood should not show
enhancement  following  gadolinium  administration.
Hematomas in the soft tissues at the site of needle insertion
will also be evident.

While CT can identify osseous changes related to degen-
erative disc disease, MRI is typically superior in evaluation
of disc bulging or herniation, loss of disc height, loss of T2
signal (disc desiccation), and reactive marrow changes in the
adjacent vertebral bodies. Additionally, hypertrophic, degen-
erative changes of the facet joints, synovial cysts, and thick-
ening of the ligamentum flavum can also be evaluated with
MRI, although small osteophytes, subchondral erosions of
the facet joints, and ligamentous calcification are generally
better demonstrated with CT. Defects of the pars interarticu-
laris (spondylolysis) are often better appreciated with CT.

Postoperative scarring associated with discectomy will
generally appear as epidural soft tissue of similar signal
intensity to residual or recurrent disc material. Differentiation
of fibrous tissue or scar from recurrent or residual disc mate-
rial is made easier by intravenous administration of a gado-
linium chelate. Fibrous tissue generally enhances uniformly,
whereas disc material, with the possible exception of the
periphery, generally does not enhance.

MRI has particular advantages for imaging infectious and
inflammatory lesions. Osteomyelitis is generally readily
apparent, and MRI is very sensitive for destructive or inflam-
matory process involving marrow or disc. Abscess adjacent
to nerve plexuses or at other sites of needle insertion will be
apparent by MRI. Any epidural or paraspinous soft tissue
inflammation or mass effect is usually identifiable, and gener-
ally demonstrates enhancement with administration of intra-
venous paramagnetic contrast agent (Fig. 7.15). Arachnoiditis
may reveal thickening and clumping together of nerve roots
of the cauda equina (Fig. 7.16). Alternatively, the involved
nerve roots may be adherent to the inner surface of the thecal
sac and give the appearance of an empty sac. After intrave-
nous paramagnetic contrast agent administration, there may
be enhancement of nerve roots affected by arachnoiditis.
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Fig. 7.15 Tl-weighted magnetic resonance lumbar vertebral images
after intravenous gadolinium injection, showing epidural abscess. The
patient had tibial osteomyelitis treated with intravenous antibiotics and
eventually amputation, leading to phantom limb pain treated by lumbar
epidural catheter. Midline sagittal image (a) shows a lenticular mass
(arrows) in the posterior vertebral canal of the second and third lumbar
vertebrae. The anterior rim of the mass is bright because of gadolinium

MRI is the best imaging modality for evaluation of
intramedullary masses, because the internal architecture
and not merely the contour of the cord is demonstrated.
Similarly, intradural extramedullary masses are well dem-
onstrated, particularly with the use of intravenous para-
magnetic contrast agent, although CSF pulsation artifact in
the thoracic spine can occasionally obscure lesions in the
spinal canal. The bone destruction and/or soft tissue mass
associated with malignant epidural tumors are generally
readily apparent with MRI. These lesions usually show
decreased signal intensity in T1-weighted images and
increased signal intensity in T2-weighted images relative
to normal bone. Most such lesions show varying degrees
of contrast enhancement.

Magnetic Resonance Neurography (MRN)

This is a technique used to optimize imaging of peripheral
nerves [20, 21]. Traditionally imaging has played a marginal
role in evaluation of peripheral nerves, while electromyogra-
phy (EMG), history, and physical exam have played the cen-
tral role in evaluation. However, MRN now provides direct
imaging of peripheral nerves allowing for a more complete
evaluation. Commonly imaged areas include the brachial

enhancement, whereas the area enclosed by this rim has lower signal
intensity, probably indicative of purulent material. Axial image (b)
shows dark CSF and the abnormal soft tissue posterior and to the left
(patient’s) of the dural sac. The rim of inflamed tissue enhances
(becomes bright) with gadolinium, especially on the anterior and right
aspects of the abscess (arrows)

plexus, the lumbosarcal plexus, and more peripheral nerves
of the upper and lower extremities.

MRN technique typically uses both standard and thin
slice acquisition techniques. 3 T magnets are preferred as
they provide higher signal to noise. However, 1.5 T may
sometimes be preferred to help reduce artifact from metallic
prosthesis. Field of view should be kept as small as possible,
necessitating close collaboration with referring physicians
and integration of all available data to best localize pathol-
ogy prior to imaging. Typically, 2D sequences include T1
and fat saturated (FS) fluid-sensitive sequences. In plane
resolution should be about 0.4 mm with slice thickness of
4-5 mm proximally and 2-3 mm in the distal extremities. Fat
is hyperintense on T1 sequences and thus is good for evalua-
tion of perineural fat or muscular atrophy. Nerves typically
appear isointense to muscle on T1 weight sequences. FS
fluid-sensitive sequences are an important part of
MRN. Normal nerves typically appear slightly hyperintense
to skeletal muscle while most pathology appears bright on
these sequences.

Similar to standard imaging, thin slice imaging is avail-
able with varying T1/T2 weighting and fat saturation. Thin
slice acquisition is a powerful tool that allows for creation of
multiplanar reformats as well as maximum intensity projec-
tion (MIP) reformats, which helps distinguish pathological
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Fig.7.16 CT image though the second lumbar vertebra after intrathe-
cal contrast injection (CT myelogram), showing arachnoiditis. The
nerve roots are thickened and clumped together in a mass (arrow)

anatomy. Disadvantages include artifact produced by adja-
cent vascular structures.

Gadolinium-based contrasts are not routinely used in
MRN as healthy nerves do not typically enhance due to the
presence of a blood—nerve barrier. Even in the setting of
trauma, contrast is of little value. Contrast is useful if there is
concern for a neoplasm/mass, polyneuropathy, or infectious/
inflammatory disorders. Since the blood—nerve barrier is
damaged after nerve injury [22], gadolinium may possibly
enhance injured nerve regions.

MRN has proven useful for evaluation of many different
types of neuronal injury including focal injuries such as pen-
etrating trauma, stretch injury, iatrogenic needle placement,
and anesthetic injection, as well as injury from processes such
as autoimmune disease, vasculitides, diabetes, or drug toxic-
ity. With injury, nerves typically become hyperintense on
fluid-weighted sequences and demonstrate focal enlargement
compared to adjacent nerves. Additionally, the typical fas-
cicular pattern becomes disrupted or irregular. After transec-
tion, a focal nerve discontinuity will be present. Enhancement
is typically absent unless infectious or neoplastic etiologies
are present. Secondary signs of nerve injury may be present
due to Wallerian degeneration of the distal fiber segments,
which results in edema and nerve swelling of the nerve, and
edema may be identified in muscles denervated by the injury.

Fig. 7.17 Anterior—posterior projection image of a patient with a
carotid pseudoaneurysm (arrow) after penetrating trauma using con-
ventional angiography with digital subtraction technology

Processes adjacent to the nerve that may contribute to injury
are often included in the field of view, including hematomas,
fractures, or degenerative changes. MRN allows for precise
localization of injury but it can be limited by technical factors
such as patient movement and field of view.

Conventional Angiography

Technology

State-of-the-art digital subtraction angiography systems use
computerized image processing, resulting in superior contrast
resolution. Vascular anatomy is delineated by intravenous injec-
tion of an iodine-containing contrast agent during simultaneous
rapid sequence filming. It is generally regarded as the “gold
standard” for blood vessel imaging (Fig. 7.17). Intravascular
injection of contrast material requires placement of a catheter
within the vascular tree of interest, generally via percutaneous
puncture of the common femoral or brachial artery.

Limitations

Catheter angiography is an invasive procedure, and as such it
carries with it a small but definite possibility of adverse
events, including arterial injury, infection, renal or cardiac
toxicity, infarction, bleeding, and idiopathic reaction to con-
trast media.
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Indications

If transarterial needle placement for nerve block has resulted
in symptomatic vascular damage, angiography is the optimal
means of evaluating compromise of the lumen resulting from
subintimal hematoma or creation of an arteriovenous fistula.
Angiography of the spine may be necessary if other, less-
invasive imaging modalities leave significant questions
unanswered. Arteriovenous malformations of the spinal
cord, for example, can be recognized with MRI, but the
detailed anatomy can be best appreciated with angiography.
Spinal dural arteriovenous fistulas or perimedullary
arteriovenous fistulas are generally not well seen with MRI,
because they typically occur in the thoracic region where
CSF pulsation artifact is greatest. However, MRI may dem-
onstrate accompanying signal change in the spinal cord sec-
ondary to ischemia from venous hypertension and stasis.

Noninvasive Angiography

Technology

While catheter (invasive) angiography remains the gold
standard for evaluation of vascular structures, new options
of noninvasive vascular evaluation are present [23]. Most
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Fig. 7.18 Anterior—posterior projection image of a patient with a
carotid pseudoaneurysm (arrow) after penetrating trauma using CT
angiography (Same subject as Fig. 10.20)
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commonly these include CT angiography (CTA) or MR
angiography (MRA), both of which provide excellent evalu-
ation of central and peripheral vessels (Fig. 7.18). CTA is
performed using a conventional CT scanner with iodinated
contrast administered intravenously while acquisition is
performed in the phase when the contrast is most concen-
trated in the arterial structures, which optimizes evaluation
of the lumen as well as the vessel wall [24]. A variety of
techniques are available for using MR to evaluate vascular
structures. Noncontrast MRA can be performed using “Time
of Flight” (TOF) phenomena which relies movement of
flowing blood to provide inflow enhancement to vascular
structures. While this technique avoids the administration of
con