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Course Objective

The purpose of this course is to provide intensive care,
emergency, and prehospital providers with the clinical
knowledge to administer neuromuscular blocking agents
in a safe and effective fashion, as well as to know how
such agents can be effectively monitored and, ultimately,
safely and efficiently reversed.

Learning Objectives
Upon completion of this course, you should be able to:
1. Review the pertinent history surrounding the
discovery and early administration of neuro-
muscular blocking agents.
2. Outline the anatomy and physiology of the
neuromuscular junction.

3. Identify commonly used neuromuscular blockers.

4. Discuss the use and effects of benzylisoquino-
linium nondepolarizing neuromuscular
blocking agents.

5. Describe the use and effects of amino steroid
nondepolarizing neuromuscular blockers.

6. Identify the crucial effects and side effects
of succinylcholine, listing both relative and
absolute contraindications to its use.

7. Analyze approaches to monitoring neuro-
muscular blockade.

8. Evaluate the effects and use of traditional
agents used to reverse neuromuscular blockade.

9. Discuss the reversal agent sugammadex.

10. Analyze the role of neuromuscular blockers
in various patient populations.

Sections marked with this symbol include
evidence-based practice recommen-
dations. The level of evidence and/or

EVIDENGE-BASED strength of recommendation, as provided

PRACTICE

RECOMMENDATION by the evidence-based source, are also

included so you may determine the validity or relevance
of the information. These sections may be used in con-
junction with the course material for better application
to your daily practice.
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INTRODUCTION

For those who administer drugs, the five “rights”
(i.e., right dose, right drug, right patient, right time,
and right route) are emphasized beginning in the
earliest days of instruction. There is, however, one
class of drugs—neuromuscular blocking agents—that
has the potential to end a patient’s life each time
they are administered, no matter how scrupulously
the “five rights” are followed. The body’s ability
to move in order to flee adverse stimuli; to seek
food, warmth, and shelter; and even to breathe has
many redundant motor pathways, emphasizing the
importance of motor function in the maintenance of
homeostasis. The interruption of motor function by
neuromuscular blocking agents places the patient’s
life in the hands of the practitioner administering
the drug. With this in mind, the following continu-
ing education course is designed to make the skilled
practitioner aware of the problems that can occur
with the administration of these agents, guide selec-
tion of the best agent for a particular intervention,
and provide guidelines for monitoring a relaxed
(i.e., paralyzed) patient and reversing the effects of
these drugs.

A BRIEF HISTORY OF
NEUROMUSCULAR BLOCKERS

The history of neuromuscular blockers, and how
they came into day-to-day clinical use, is a fascinat-
ing one. Curare (Chondrodendron tomentosum) is the
archetypal neuromuscular blocking agent, becom-
ing popular in the 1930s, though it is no longer
commonly used in practice in the United States
[1]. Several authors describe the first “discoverer”
of curare as Sir Walter Raleigh, though at least one
expert disputes this idea [2; 3; 4]. Raleigh witnessed
the natives in Guyana making a poison and applying
it to the tips of their arrows when hunting monkeys.
The slightest wound resulted in death to the mon-
key. In 1804, Charles Waterton (1782-1865) left
England for his family’s sugar estates in Guyana,
and there he observed native Guyanese men hunt-
ing with curare. Encouraged by English scientists
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to find the secret of these poison arrows, Waterton
brought curare back to England in 1812 for further
study, thinking it might be especially useful in the
treatment of rabies (then called hydrophobia) [5].
In the course of his time in Guyana, he witnessed
an event that affected him profoundly: the death of
a native man who was accidentally hit by his own
arrow after missing the monkey at which it was
aimed. His eyewitness description is [2]:

“Never,” he (the Indian) said to his com-
panion in a broken voice, and having
looked at his bow while he spoke, “will I
bend this bow again.” Having spoken these
words, he removed from his shoulder the
small bamboo box that contained the poi-
son, and having placed his bow and arrows
on the ground, he lay down, said goodbye
to his companion, and never spoke again.
“It will be a consolation for tender souls,”
remarked Waterton, “to know that the vic-
tim did not suffer, because ‘wourali’ take
life gently.”

Waterton continued his research in curare, as did
others, most notably the physiologist Claude Ber-
nard (1813-1878), who in 1840 discovered that
the cause of death of the drug was neuromuscular
paralysis [4]. One of Bernard’s early experiments
involved the application of a piece of dried curare
beneath the skin of a frog [2]. Bernard reported the
following [6]:

On opening the poisoned frog, I saw that its
heart continued to beat. Its blood became
red on exposure to the air and appeared
physiologically normal. I then used electri-
cal stimuli as the most convenient method
of provoking a reaction in the nerves and
muscles. Stimulating the muscle directly
produced violent contractions in every part
of the body, but on stimulating the nerves
there was no reaction. The nerves, that is,
the bundles of nervous tissue, were com-
pletely dead, while the other bodily compo-
nents, the muscles, the blood, the mucous
membranes, retained their physiological
properties for a number of hours, as one
sees in cold-blooded animals.
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Bernard then linked the effects of curare to its
ability to paralyze skeletal muscle while allowing
smooth muscle and cardiac muscle to continue to
function. Though Bernard died in 1878, the clini-
cal utility of his findings and their use in the care
of patients did not begin to occur until the early
20th century. In 1932, West described numerous
proposed uses of curare, though most of his uses
differ diametrically from the reasons that neuro-
muscular blocking agents are administered today
[7]. Indeed, West’s efforts focused on the degree
to which the side effects of curare could be best
used in patient care. He explained making the drug
itself from the raw material, which he describes as
“a resinous mass of the consistency of hard toffee...
incompletely soluble in water” [7]. The mass was
sterilized and placed in glass ampoules of 2-20 mg
designed for clinical administration. He injected
the drug “hypodermically” into 30 patients and
observed patients had no effects at 10 minutes, at
which point a feeling of “giddiness” and “feeling
stupid or fuddled” along with nystagmus began to
occur. Blood pressure fell 20 to 30 mm Hg, and the
hypotension was accompanied by both bradycardia
and by a headache that could be “entirely relieved by
administering 5 or 10 minims of adrenalin with or
shortly after the curare injection” [7]. In retrospect,
the “giddiness” and “fuddled” feelings could be the
result of hypoxia, though ventilatory responses to the
drug were not measured. His subsequent attempts to
treat hypertension with curare resulted in elevations
in blood pressure of 10 to 16 mm Hg, most likely
associated with a sympathetic discharge associated
with hypoxia, although again, no records of ventila-
tory response were obtained [7]. It is easy now, after
80 years of research, to be critical of West’s findings.
However, he helped advanced the research of the use
of neuromuscular blockers when he stated, “There
is the possibility of the myoneural junction being a
more selective apparatus than it is usually considered
to be. I have in mind a structure upon which curare
could actually act selectively, removing discharges of
certain electrical patterns, while allowing others to
pass” [7]. In fact, he was describing the nicotinic ace-
tylcholine receptor on the posterior neuromuscular
junction far before it was discovered.

The researchers who best directed use of neuromus-
cular blockers into what they have become today
are Griffith and Johnson who, in 1942, reported
on the use of a new tool for general anesthesia:
curare [8]. They reported that the use of curare in
doses of “10-20 mg per 20 Ibs. of body weight”
improved skeletal muscle relaxation in their first
cohort of 25 patients to whom it was administered.
They described its effect in many of their patients,
but it is important to note that in all of these cases,
patients breathed spontaneously and required no
“artificial respiration” [8]. In a particularly descrip-
tive part of the paper, the authors described the
surgeon’s difficulty in closing an abdominal wound
after an appendectomy. The administration of 5 mL
of Incostrin (the trade name for curare) resulted in
the patient’s abdomen being “soft as dough” within
one minute [8].

While curare began to take its place in the armamen-
tarium of anesthesia through the 1940s, some dis-
turbing data, most of it anecdotal, began to appear.
Practitioners were finding that individuals receiving
curare during surgery were dying at higher rates than
those who did not. This led to the groundbreaking
1954 study of Beecher and Todd in which they
reviewed 599,548 patients administered anesthet-
ics between 1948 and 1952 [9]. The study placed
a special emphasis on the curares, as described by
the authors when they state, “The muscle relaxants
have been singled out from the other agents and
technics [sic] for particular discussion because of
their newness, because of their greatly increasing
use, and because their employment appears to be
associated with certain anesthetic hazards not yet
entirely clear, nor completely appreciated” [9]. Could
it be that these new agents, in clinical use for less
than two decades, would be removed from practice?
Indeed, they found a six-fold increase in death rate
when “curares” were used, as compared to when they
were withheld [9]. The researchers, however, placed
the responsibilities for these deaths not on the drug
itself, but rather stated [9]:
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The data presented strongly suggest that
great caution in the use of the muscle relax-
ants is indicated, that the agents available at
present be considered as on trial, and that
they be employed only where there are clear
advantages to be gained by their use, that
they not be employed for trivial purposes,
or as a corrective for generally inadequate
anesthesia.

This is the best possible advice to all practicing cli-
nicians when it comes to the use of neuromuscular
blockade; it is only administered after careful risk/
benefit considerations, and its use is not trivial.
Though there are historical developments that occur
after this, they are mainly in the creation of various
types of agents.

THE NEUROMUSCULAR JUNCTION

The neuromuscular junction has been the subject
of intense research over the past 50 years. The work
of Griffith and Johnson in introducing curare into
clinical practice prompted the work of two genera-
tions of bench scientists to uncover the secrets of
this structure [8]. In order to understand why neu-
romuscular blocking agents work the way they do,
it is vital to understand the structural anatomy and
physiology related to the neuromuscular junction.

MOTOR NEURONS

The cells in the brain communicate with those in
the rest of the body by sending and receiving small
electric impulses (called action potentials) along
nerves from one area of the body to another. When
one wishes to move, specialized areas in the brain
send action potentials along specific motor neurons
that descend through the spinal cord. Bundles of
neurons, running together within an anatomic
sheath, are called nerves. The neurons comprising
the nerves are myelinated; that is, each neuron is
wrapped in a series of Schwann cells, increasing the
speed of transmission of a muscle action potential
along the nerve through a process called saltatory
conduction [10]. There are small spaces between the
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Schwann cells called the nodes of Ranvier, and the
underlying nerve is exposed at these points. These
exposed areas of the nerve allow the action potential
to skip from space to space, significantly increasing
the speed of transmission of the impulse [10]. The
point at which two nerves meet is called a synapse.

The neuron that sends the signal by releasing a
neurotransmitter is called a first-order or, more
commonly, a prejunctional neuron. The neuron
or muscle cell that receives the action potential can
be referred to as a second-order or postjunctional
neuron. These second-order neurons, or the second
nerve in a series of connecting nerves (bundles of
which are called peripheral nerves), exit the ven-
tral horn of the spinal cord and begin branching,
creating 10 to 300 separate nerve fibers, traveling
throughout the body, and finally ending in skeletal
muscle fibers [11]. The point at which the nerve
meets the muscle is referred to as the neuromuscular
junction, and the muscle fiber is the postjunctional
area (Figure 1). Though the nerve terminal (or
endpoint of the motor nerve) approaches each indi-
vidual muscle fiber, it does not contact it. Instead,
the terminal ending of the nerve sits in a highly
specialized invagination of the muscle fiber called
the neuromuscular junction. Each muscle fiber has
its own neuromuscular junction.

THE NEUROMUSCULAR JUNCTION

The neuromuscular junction is a complex of numer-
ous anatomic structures and is itself a synapse. At any
synapse, some ligand (an intracellular substance) is
released from a prejunctional neuron, crosses a syn-
aptic space, and binds with a receptor on a postjunc-
tional neuron (or postjunctional muscle). As noted,
the terminal nerve ending does not touch the muscle
fiber itself. Rather, there is a small space between the
two structures, referred to as the synaptic cleft or the
synaptic space [10; 11]. The terminal nerve ending
consists of thousands of small synaptic vesicles that
contain the neurotransmitter acetylcholine. When
an action potential leaves the spinal cord via a lower
motor neuron and travels to the terminal nerve end-
ing, the amount of voltage within the nerve changes
as the impulse passes. When the action potential
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THE NEUROMUSCULAR JUNCTION
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Source: [147]

Figure 1

(electric impulse) arrives at the prejunctional nerve
terminal, the resting membrane potential (i.e., the
electric “charge” inside the cell) suddenly increases
from a resting level of -90 millivolts to a depolarizing
level of +50 millivolts [11]. This change in voltage
activates small receptors in the prejunctional neu-
rons called voltage-gated calcium channels. These
channels are specialized proteins that open and
close, creating a tube through which calcium ions
(Ca?*) can flow when open [10]. Because there is
10,000 times more calcium outside of the nerve
cell than inside, Ca?* rushes through these tubes
into the prejunctional nerve cell [10]. The entry of
calcium effects a change in the vesicles, causing them
to move toward and fuse with the cell membrane.
After the fusion takes place, the vesicles are opened
to the extracellular space, resulting in thousands of
molecules of acetylcholine being released from the
prejunctional neuron and entering the synaptic
space [10].

ACETYLCHOLINE AND THE
NICOTINIC ACETYLCHOLINE RECEPTOR

Acetylcholine is one of the most important neu-
rotransmitters in the human body. It is crucial for
the function of both the autonomic and motor
nervous systems. This course will focus on acetyl-
choline’s role in ultimately making skeletal muscle
contract.

Acetylcholine is synthesized in the neuron in both
the soma and the terminal nerve ending [10]. It is
the product of acetyl-coenzyme-A, produced by the
mitochondria, and choline from dietary sources.
These substances are combined in the presence
of the enzyme choline acetyl-transferase and then
placed in the vesicles.
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THE NICOTINIC ACETYLCHOLINE RECEPTOR
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Figure 2

After being released from the vesicles, acetylcholine
molecules travel a short distance across the synaptic
cleft, where they bind to the nicotinic acetylcholine
receptor (Figure 2) [11; 12]. This receptor is crucially
important to neuromuscular function and has been
intensively studied. The receptor is a large protein
that spans from the cytosol outside the muscle cell
to the cytoplasm on the inside of the cell [13]. The
protein has five major subunits: two alpha, two beta,
and one delta. There are two acetylcholine binding
sites on the receptor. Once bound, the receptor
undergoes a change in shape and creates an opening
through which sodium ions (Na*) can pass. As Na*
passes into the muscle cell, the electrical charge in
the muscle rises, causing a muscular action potential,
similar to the neuronal action potential.

MECHANISM OF SKELETAL
MUSCLE CONTRACTION

Muscle cells have their own electrical charge when
at rest—in this case, approximately -90 millivolts [14].
When Na® enters the muscle, this potential rises
and causes the depolarization of the cell, sending
an action potential into the muscle fiber. Muscles,
however, are anatomically thicker than neurons, and

the action potential must activate the fibers inside
a mass of muscle (Figure 3) in the same manner it
activates those closer to the surface. The t-tubules
accomplish this, as they dive deep into the muscle
and allow the action potential to spread. In the
presence of this action potential, a series of vesicular
structures called the sarcoplasmic reticula become
permeable to Ca?*. This happens via specific chan-
nels on the sarcoplasmic reticulum called ryanodine
receptors. Figure 4 illustrates the entry of Ca®*
into the skeletal muscle, which then binds with the
ryanodine receptor, releasing more Ca?* from the
sarcoplasmic reticulum and allowing a buildup of
Ca?" in the cell [15). Ca?* is important in beginning
and maintaining the contraction of skeletal muscle.

The operant part of the skeletal muscle is the inter-
digitation of actin and myosin fibers within the
muscle cell. Actin has binding sites for the myosin
heads of the myosin fibers, but at rest, these are cov-
ered by a structure called the troponin-tropomyosin
complex. The tropomyosin portion of this complex
is tightly wound around the actin fiber and covers
the actin-binding sites [10]. Once covered, the myo-
sin heads remain quiescent, unable to bind with
the sites. In the presence of increased Ca®* levels,
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SKELETAL MUSCLE
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Figure 3

such as those that occur after an excitatory muscle
potential, the binding sites are uncovered. The Ca%*
binds with one part of the troponin-tropomyosin
complex called troponin C. Once bound, the tropo-
myosin undergoes a conformational change and
“rolls” off the actin binding sites. Myosin heads, in
the presence of magnesium (Mg?*) and adenosine
triphosphate (ATP), bind with the actin binding
sites. As the ATP dissociates into adenosine diphos-
phate (ADP) and a free phosphate ion, the head of
the myosin assumes an acute angle, and the myosin
head binds with the now-exposed actin-binding site,
releasing the ADP and phosphate ion. The myosin
head has been compared to a “cocked spring” [10].
Once bound to actin, the spring releases, causing the
head to change to a more acute angle, thus pulling
the actin fibers closer together. In the presence of
ATP, the myosin releases from the actin-binding site.

Ca?" is actively pumped back into the sarcoplasmic
reticulum and pumped outside the muscle cell, and
the process is free to begin again. Indeed, the muscle
stiffness called rigor mortis seen in individuals who

have died is the result of a lack of ATP allowing the

myosin heads to release from the actin fibers.

THE CLINICAL IMPORTANCE OF THESE
MECHANISMS AND STRUCTURES

Understanding the nature by which muscle con-
tracts in the face of the stimulation of the neuro-
muscular junction is at the heart of understanding
how to safely administer neuromuscular blocking
agents. As described, there are two binding sites for
acetylcholine on the alpha subunits of the neuro-
muscular junction.

8 NetCE © October 22, 2023

www. NetCE.com



#35111 Clinical Use of Neuromuscular Blocking Agents

CALCIUM RELEASE IN SKELETAL MUSCLE
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Figure 4

Some neuromuscular blockers, called depolarizing
agents, have structures similar to acetylcholine.
These agents bind with the neuromuscular junc-
tion, causing it to discharge and initiating random
depolarization of skeletal muscle, similar to acetyl-
choline. The difference is that these agents remain
bound to the receptor and do not allow the muscle
to repolarize. In short, the muscle shortens, then
relaxes, and then remains relaxed for a longer period
than it would if the depolarization was caused by
acetylcholine [15].

Other agents, called nondepolarizing agents, bind
with the receptor but do not cause it to be activated.
These are considered true antagonists, because they
interact with the receptor but the interaction results
in no downstream activity. In the case of these
agents, the muscles progressively weaken as impulses
through the neuromuscular junction are halted. As
drug molecules redistribute to other tissues and/or
undergo degradation, their numbers decrease, which
again allows acetylcholine to function normally and
muscle to contract and relax [15; 16].
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Motor nerves themselves will still conduct motor
action potentials; it is only at the point where the
nerve meets the muscle that contractility of the
skeletal muscle fibers is obtunded. Further, admin-
istration of reversal agents, which either increases
the amount of acetylcholine or surrounds the neu-
romuscular blocking agent molecules to render them
inert, will result in the accelerated return of normal
neuromuscular function [16].

NEUROMUSCULAR
BLOCKING AGENTS

As noted, there are two major classes of neuromus-
cular blocking agents: depolarizing and nondepo-
larizing. These agents interfere with the normal
transmission of messages from the prejunctional
neuron to the postjunctional muscle fiber.

There is only one depolarizing agent currently
available for use in the United States—succinylcho-
line [16]. As discussed, the nicotinic acetylcholine
receptor has two binding sites, one on each alpha
subunit. When bound to these sites, succinylcho-
line causes an uncontrolled depolarization of the
muscle cell, resulting in random muscle movement
(fasciculation). The binding of succinylcholine with
these sites prevents the repolarization of the muscle,
causing paralysis.

There are numerous nondepolarizing agents, which
are subsequently broken down into two major sub-
groups: benzylisoquinoliniums and amino steroids
[16; 17]. However, both of these groups have the
same mechanism of action when it comes to block-
ing neuromuscular transmission. Upon injection,
they travel to the nicotinic receptor and bind with
one of the two receptors. As can be recalled, in order
for a neuromuscular action potential to be passed
from the nerve to the muscle, both binding sites on
the receptor must be occupied by acetylcholine [10].
As the binding of a nondepolarizer to one of the
two binding sites will prevent this, neuromuscular
excitation is precluded and no muscular contraction
will occur.

During the testing and development of neuromuscu-
lar blocking agents, a dose that results in some level
of paralysis in a representative sample of patients is
established. If the dose results in an effect in 95%
of the patients tested, that dose is referred to as the
EDgs or the estimated dose at which 95% of patients
receive the desired effect (i.e., paralysis) [16]. Though
an agent may have an EDgys, there is often a signifi-
cant time lapse between the time of administration
and peak effect. During endotracheal intubation
and airway management, time is of the essence. The
prolonged onset of these agents in lower doses may
be deleterious, so most agents used for endotracheal
intubation are administered to patients at two to
three times the EDgs [14; 17]. This increased dose
speeds the onset of action, though it is important
for the practitioner to remember that the increased
dose also prolongs the effect of the injected agent.
Table 1 shows the typical EDgs dose as well as the
intubating dose of commonly used neuromuscular
blocking agents [17].

NONDEPOLARIZING NEUROMUSCULAR
BLOCKERS: AMINO-STEROID AGENTS

There are a number of amino-steroid agents on the
market today, most of them routinely used. These
agents all have a quaternary amine structure, which
prevents them from crossing the blood-brain barrier
and interacting with cholinergic receptors in the
brain. They are also highly water-soluble, allowing
them to move quickly from central circulation to
the peripheral neuromuscular junctions on skeletal
muscle. In nearly all cases, these agents are metabo-
lized in the liver and excreted by the kidneys.

Pancuronium Bromide

Pancuronium bromide is a long-acting, nondepolar-
izing neuromuscular blocking agent. It is an older
agent (as are most neuromuscular blockers) first syn-
thesized in 1966 [16]. The agent can be used for long
procedures in the operating room, prolonged air or
ground transport during which paralysis is required
for patients who are mechanically ventilated, and in
the intensive care unit (ICU) for patients requiring
immobility for long periods of time [18]. Table 2
provides the dosing regimens for pancuronium.
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NEUROMUSCULAR BLOCKING AGENT DOSAGES
Agent Approximate Factor to Calculate Intubating Intubating Dose
EDys Intubating Dose Dose For A Healthy
(x EDqgs) 80-Kg Male
Atracurium 0.25 mg/kg 2 0.5 mg/kg 40 mg
Cisatracurium 0.05 mg/kg 5 0.3 mg/kg 24 mg
Mivacurium 0.07 mg/kg 2 0.15 mg/kg 12 mg
Pancuronium 0.07 mg/kg 1.5 0.1 mg/kg 8 mg
Rocuronium 0.3 mg/kg 4 1.2 mg/kg 100 mg
Succinylcholine 1 mg/kg 1.5 1.5 mg/kg 120 mg
Vecuronium 0.05 mg/kg 0.2 mg/kg 16 mg
Source: [17] Table 1
PANCURONIUM DOSING AND CHARACTERISTICS
EDys Intubating Supplemental Onset Return to Infusion
Dose Doses Normal after Dose
Intubating Dose
0.07 mg/kg 0.1 mg/kg 0.02 mg/kg 2 to 3 minutes 60 to 90 minutes 0.03-0.22
mg/kg/hr?
aThis use was only reported in children.
Source: [14; 16; 19] Table 2

Cardiovascular Effects

Pancuronium bromide is noted for its cardiovascular
stability, with a slight propensity to cause minor
tachycardia in higher doses. This mechanism is
related to a combination of blockade of musca-
rinic receptors and blockade of the re-uptake of
norepinephrine in the periphery [20; 21]. In one
study of patients undergoing open-heart surgery,
pancuronium increased heart rate an average of 8
beats per minute (from 53 to 61) while changing
neither arterial blood pressure nor cardiac index
[22]. Indeed, the authors stated this mild increase
in heart rate may be “beneficial” [22].

Hepatic Effects

As pancuronium undergoes 40% to 60% of its
degradation in the liver, patients with cirrhosis may
expect prolonged time to recovery [16]. The key to
determining the duration of pancuronium’s effects is
a patient’s hepatocyte status. Laboratory indications
of destruction of hepatic parenchyma should lead
to caution in the administration of pancuronium,
as its action may be substantially lengthened [23].

In the presence of patients taking other drugs that
undergo extensive degradation by the liver (e.g.,
phenytoin), the upregulation of microsomal enzymes
may result in a substantial decrease in the duration

of action [16; 24].

Renal Effects

Pancuronium is 85% eliminated by the kidneys [25].
In patients with renal failure, the substantial need
for renal degradation of the agent combined with
decreased glomerular filtration rate can result in pro-
longed duration of action [17]. In the elderly patient
with decreased cardiac output, glomerular filtration
rate, and hepatic blood flow, one may expect to see
these comorbid conditions combine to result in a
prolongation of the drug’s effects [16]. Pancuronium
clearance time in the patient with renal disease is
doubled, resulting in prolonged action [26]. At least
two case studies involving three patients reported
prolonged paralysis after the administration of
pancuronium to patients with renal disorders, in
one case for nine days [27]. In the other two cases,
patients with comorbid kidney disease who received
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pancuronium as part of an anesthesia plan for open-
heart coronary artery bypass surgery. In these two
patients, one remained paralyzed for two days after
the administration of pancuronium, the other for

six days [28].
Ophthalmologic Effects

During ophthalmologic cases, pancuronium does
not change intra-ocular pressure and may be con-
sidered for prolonged surgical cases involving the

eye [29].

Effects of Pancuronium in Special Populations

Pediatric Patients. Pancuronium may be safely
administered to pediatric patients (including
neonates), though one should expect a somewhat
shorter duration of action. Its duration in pedi-
atric patients is approximately 60 minutes [16].
Pancuronium is especially useful in the pediatric
population, as heart rate rather than stroke volume
is a key indicator of cardiac output. Cote describes
pancuronium as “an appropriate choice” in pediatric
patients in whom maintaining an elevated heart
rate is particularly important [30]. Pancuronium
may also be used in the pediatric intensive care
unit (PICU). In one study of 25 pediatric patients
receiving pancuronium for three to five days in the
PICU, no signs of residual weakness were reported
after discontinuation of the of the drug [19].

Elderly Patients. Initial research on pancuronium
revealed that despite having both decreased clear-
ance and a prolonged elimination halflife, pan-
curonium administered to healthy elderly patients
has a profile that does not differ markedly from that
of young adults [31]. More recent reports recom-
mend caution with the use of pancuronium in the
elderly, especially in those with known age-related
decrements in hepatic or renal function [32].

Obese Patients. Dosing of any drug is always a chal-
lenge in the obese patient. Research has varied, with
some clinicians using total body weight and others
using ideal body weight or the patient’s body sur-
face area to calculate dose [14; 16; 17; 33; 34]. The

best clinical method of dosing the extremely obese

patient with pancuronium is to begin with the ideal-
body-weight dose and then modify the dose upward,
if needed, based on neuromuscular blocking results
[17]. The induction dose may need to be increased if
speed of onset is crucial for patient safety. As obese
patients frequently present with complex airway
problems, a long-acting agent such as pancuronium
may be best replaced with one of the shorter-acting
agents. The presence of prolonged neuromuscular
blockade, combined with a “can’t intubate/can’t
ventilate” scenario with the obese patient, may result
in severe comorbidity or death.

The Society of Critical Medicine suggests
that clinicians not use actual body weight
and instead use a consistent weight (ideal
body weight or adjusted body weight) when
EVIDENCE-BASED . .
PRACTICE calculating neuromuscular blocking agents

RECOMMENDATION .
doses for obese patients.

(https://journals.lww.com/ccmjournal/
Fulltext/2016,/11000/Clinical_Practice_Guidelines_
for_Sustained.16.aspx. Last accessed March 21, 2023.)

Strength of Recommendation: Weak

Rocuronium Bromide

Rocuronium is the most recently developed neuro-
muscular blocking agent, introduced in 1992 and
developed as a short- to intermediate-acting nonde-
polarizing agent with an extremely rapid, dose-based
onset (Table 3) [14; 16; 17]. This agent is primarily
used as an induction and maintenance agent in anes-
thesia or when neuromuscular relaxation is needed
for a comparatively short period in the non-surgical
venue. Rocuronium is typically used in the prehospi-
tal environment to facilitate endotracheal intubation
by paramedics in the field [35]. Its rapid onset has
placed it as a nondepolarizing alternative to succinyl-
choline; however, doses sufficient to speed onset to
this degree come with long durations of action. In
the patient whose airway is difficult and in whom
the chance of failure to rapidly intubate may lead to
a comorbid or mortal event, succinylcholine remains
the criterion standard. This circumstance, however,
has changed with the introduction of sugammadex
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ROCURONIUM DOSING AND CHARACTERISTICS

EDy; Intubating Supplemental Onset Return to Infusion
Dose Doses Normal after
Intubating Dose
0.3 mg/kg 0.6-1.2 mg/kg 0.1 mg/kg 45 to 90 seconds | 60 to 90 minutes | 9-12 mcg/kg/min

1.2 mg/kg allows intubating conditions in 45 to 60 seconds.

Source: [14; 16; 17]

Table 3

to clinical practice in the United States (as will be
discussed in more detail later in this course). This
novel reversal agent works by surrounding the mol-
ecules of rocuronium, precluding it from binding to
the nicotinic acetylcholine receptor [36]. Following
an intubating dose of rocuronium, administration
of sugammadex allows the complete recovery of
neuromuscular function in a shorter time than an
equipotent dose of succinylcholine. This innovation
has dramatically increased the use of rocuronium,
making it ideal for the prehospital environment.

Cardiovascular Effects

Rocuronium is a very cardiovascularly stable neuro-
muscular blocking agent [16; 37]. In one study in
which it was compared with atracurium, rocuronium
was significantly more cardiovascularly stable, with
no change in heart rate and significantly less decrease
in mean arterial pressure [38]. In another study of 80
healthy adults, rocuronium and cisatracurium were
found to have equal cardiovascular stability when
the parameters of heart rate, mean arterial pressure,
cardiac index, and stroke index were measured [39].
The study showed that during a 90-minute monitor-
ing period, mean arterial pressure and heart rate
were essentially unchanged throughout the surgical
procedures. Additionally, cardiac index varied less
than 0.4 L/min/m?, from a high of 3.4 L/min/m?
to a low of 3.0 L/min/m? [39]. Finally, its use in
managing the airways of prehospital trauma patients
also speaks to its stability in the injured patient [35].

Hepatic Effects

Degradation of the liver in any fashion prolongs
the effects of rocuronium [40]. In one study of 50
patients, patients with cirrhosis showed a slower
and more variable return to neuromuscular func-
tion and impaired elimination of the drug [41]. In
another study of 38 patients, 17 of whom had mild
or moderate cirrhosis, researchers found a definite
prolongation of duration of rocuronium in patients
with liver impairment, with a mean increase in total
duration of more than 30 minutes compared with

healthy controls [42].
Renal Effects

Rocuronium is eliminated 20% to 35% unchanged
in the urine and 55% to 80% unchanged in the bile
[15; 37]. It is, therefore, dependent on renal clear-
ance for its subsequent elimination from the body.
In one study comparing patients with renal disease
to healthy controls, equipotent doses of rocuronium
had clinical durations approximately 18 minutes
longer in those patients with kidney failure, and the
recovery time for patients with renal impairment
was 30 minutes longer than for those with normal

kidneys [43].

Respiratory Effects

Rocuronium does not have a significant histamine
release and may be safely administered to patients
with reactive airway disease [37].
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Effects of Rocuronium on Special Populations

Pediatrics Patients. Rocuronium has been safely
administered to pediatric patients both periopera-
tively and in the ICU. In its usual dose of 0.6 mg/
kg, children will experience 90% degradation of the
first twitch (T1) in a train of four (TOF) series within
90 seconds [44]. While rocuronium may be used
as a rapid sequence induction agent for children
as well, it is important to remember that as dose
speeds onset, it also increases the duration of the
block. Bock and colleagues successfully used prim-
ing doses of rocuronium, administered to children
premedicated with oral midazolam in subclinical
doses of 0.045-0.06 mcg/kg prior to a subsequent
intubating dose of 0.405-0.504 mg/kg [44]. They
found they were able to decrease the time required
for maximal suppression of T1 from a maximum of
90 seconds in the control group to 40 seconds while
increasing the maximum duration of the block less
than 10 minutes [44]. Rocuronium has not been
reported to change heart rate or blood pressure in
children in doses of two times the EDgs (0.6 mg/
kg) [45]. It is important to note that in the operating
room environment, the concomitant administration
of the volatile anesthetic sevoflurane may prolong
the effect of rocuronium in children [46].

Elderly Patients. Rocuronium is well tolerated by the
elderly population, and there have been no reports
of significant change in hemodynamic variables.
Elderly patients have inherent decreases in cardiac
output, hepatic blood flow, and both renal blood
flow and glomerular filtration rate. One might
expect a longer time until onset with any agent,
but the literature reports different findings. One
study reveals rocuronium’s onset was the same in
the elderly as in younger patients, but the duration
of action was markedly increased, from an average
of 82 minutes in younger patients to 98 minutes in
the elderly after a standard double EDgys5 dose of the
agent [25]. A second study showed that the onset
of rocuronium administered at a dose of 1 mg/kg
(slightly more than three times the EDgys) was, on
average, 18 seconds longer compared with younger

adult patients [47]. This 18-second difference may
or may not be clinically significant to practitioners,
depending on the circumstance of use. During times
when gaining control of the airway in an elderly
patient is crucial, this relatively short prolonga-
tion of onset may have dramatic effects on clinical
outcomes. As rocuronium undergoes both hepatic
and renal degradation and excretion, this prolonged
effect is expected [48]. At least one source suggests
that recovery from rocuronium after the adminis-
tration of sugammadex as a reversal agent may also
be prolonged when compared with a younger adult
patient [48].

Obese Patients. Rocuronium dosage modification in
obese patients is similar to that necessary for other
neuromuscular blockers. Specifically, it is important
to consider whether to dose by ideal body weight,
actual body weight, or some value between the two.
In their review of dosing morbidly obese patients,
Ingrande and Lemmons recommend using ideal
body weight in order to preclude prolongation of the
effects [49]. Their recommendation is confirmed by
other sources [37; 50]. In one reported case study
of bariatric surgery on a super-obese patient (77 kg,
body mass index [BMI] 66), rocuronium was success-
fully administered based on ideal body weight [51].

Trauma Patients. The cardiovascular stability and
rapid onset offered by rocuronium provide superior
advantages in its use in emergency rapid sequence
induction and intubation in the traumatically
injured patient. It is crucial, however, that these
advantages be balanced against the disadvantage of
a prolonged neuromuscular blockade coupled with
failed airway management. The latter results in the
necessity for rapid surgical management of the air-
way (quite difficult in the prehospital environment
and never routine outside of the operating room). If
the airway can be safely obtained in the prehospital
setting, the duration of rocuronium works to the
advantage of care providers during transport, as the
patient will not be able to move and inadvertently
remove the endotracheal tube [52].
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VECURONIUM DOSING AND CHARACTERISTICS
EDy; Intubating Supplemental Onset Return to Infusion
Dose Doses Normal after
Intubating Dose
0.05 mg/kg 0.1-0.2 mg/kg 0.02 mg/kg 2.4 minutes 20 to 50 minutes 0.8-1.0
mcg/kg/min
Source: [14; 16; 17] Table 4

Vecuronium Bromide

Introduced in 1980, vecuronium is an intermediate-
acting nondepolarizing neuromuscular blocker
that is quite potent; this can be expected, as it
is a monoquaternary analogue of pancuronium.
As a result, in larger doses one would expect to
see prolonged duration, though in normal doses
(Table 4) it is classed as intermediate-acting [15].
Further, vecuronium is unstable as an aqueous solu-
tion, so the agent is produced as a dry white powder
that must be reconstituted prior to its administra-
tion [15; 16; 37]. Vecuronium undergoes elimina-
tion in the liver and is excreted in the bile and urine
[14]. One of vecuronium’s metabolites, 3-desacetyl
vecuronium, is active and cleared more slowly than
vecuronium, which may result in prolongation of
action in patients with liver and kidney disorders.

Cardiovascular Effects

Vecuronium’s hemodynamically stable profile
has contributed to its popularity. In one study,
vecuronium administered in a dose of 0.1 mg/kg
showed no significant changes in heart rate or blood
pressure throughout the surgical case, during which
both the narcotic remifentanil and volatile inhaled
agent sevoflurane were also administered [53]. In
another study of 60 adult patients with limited
comorbidity undergoing laparotomy, vecuronium
administered by infusion was noted to result in no
significant changes in hemodynamic status. In this
study, the average change in heart rate throughout
the case was three beats per minute [54]. In a study
of patients undergoing coronary artery bypass graft,
Shah and colleagues found vecuronium somewhat
less stable than rocuronium [55]. There was no differ-

ence in postoperative outcomes, despite vecuronium
resulting in greater changes in heart rate and mean
arterial pressure as well as higher pulmonary vascular
resistance and decreased stroke volume [55].

Hepatic Effects

Vecuronium’s primary route of excretion is via the
biliary tract, with 40% to 80% of the drug being
eliminated in the bile and the rest excreted in the
urine [16; 26]. In patients with hepatic cirrhosis,
onset is slower at lower doses (0.1 mg/kg) com-
pared with healthy controls [26]. When the dose is
increased to 0.2 mg/kg, the opposite effect occurs;
onset becomes closer to normal controls, but dura-
tion is markedly lengthened [26]. In all patients
with significant hepatic disorder, the elimination
half-ife and the duration of any dose of vecuronium
is markedly increased [17]. Additionally, doses
of vecuronium tend to accumulate, making the
administration of multiple doses even more likely
to lead to prolonged neuromuscular blockade in
these patients [56].

Renal Effects

Though the primary route of excretion for
vecuronium is the biliary route, a significant portion
of the agent is also excreted renally. Renal clearance
is the primary mechanism of excretion of the drug
from the blood. A prolonged effect of vecuronium
should be expected in patients with renal disease. In
one study, duration of the agent increased approxi-
mately 35% in patients with chronic renal failure
versus those with normal renal function [57]. The
extent to which this prolongation can be seen is
described in a case study of a woman (61 years of
age) who, after losing consciousness in her home,
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was transported to the hospital, placed in the ICU,
and paralyzed with vecuronium for mechanical ven-
tilation and sedation for 15 hours [58]. The patient
did not recover central nervous system function and
was diagnosed brain dead, allowing her to serve as an
organ donor. The paralyzing effects of vecuronium
lasted for 64 hours after its cessation, an extreme
duration of action attributed to polycystic kidney
disease resulting in renal insufficiency and decreased
clearance [58]. Naturally, this is an extreme case, but
the prolonged duration of vecuronium in patients
with renal disease, including renal failure, is con-

firmed by other studies [37; 59].

Effects of Vecuronium on Special Populations

Pediatric Patients. Vecuronium may be safely
administered to infants and children. Its cardio-
vascular stability results in no change in heart
rate. However, the concomitant administration of
narcotics or high doses of volatile agents may result
in a decreased heart rate and resultant hypotension
[16; 37]. Although these effects are not caused by
vecuronium, they could be ameliorated with an
agent that increases heart rate (e.g., pancuronium).
The United Kingdom Paediatric Intensive Care Soci-
ety Sedation, Analgesia, and Neuromuscular Block-
ade Working Group has recommended vecuronium
as one of a small group of agents acceptable for
administration to children in the ICU [60]. As with
patients in renal failure, neonates and infants may
have reduced renal clearance of vecuronium, result-
ing in a prolonged action [30].

Elderly Patients. Elderly patients have less circulat-
ing body water than young adults. As monoqua-
ternary agents are hydrophilic in nature, elderly
patients will require a lower dose of vecuronium
(generally decreased by about 35%) to obtain the
same paralyzing effect as in younger adults [37; 48;
61]. Additionally, the decreased reserve manifested
by these elderly patients results in the need for spe-
cial care to be taken in ensuring that vecuronium
has either been adequately reversed or allowed to
completely wear off before a patient is considered
stable and capable of maintaining his or her airway
without assistance [16; 37; 48].

Obese Patients. Obese patients may safely receive
vecuronium at an ideal-body-weight dosage, assum-
ing there are no significant liver or kidney comor-
bidities [50]. In one study, researchers found that
0.015 mg/kg of vecuronium administered as an
intravenous bolus, based on actual body weight,
resulted in a faster onset in women than in men
[62]. They attributed this difference to the greater
body fat percentage in female patients compared
with male patients. In a subsequent observation,
they compared the onset times of the agent in obese
and non-obese women, finding a faster onset in the
obese group [62]. Other authors, however, have
recommended using ideal body weight in the dosing
of neuromuscular blocking drugs [34; 49].

Trauma Patients. Vecuronium is an excellent agent
for muscle relaxation in trauma patients. Its car-
diovascular stability coupled with its ability to be
administered for longer periods as an infusion make
it ideal for patients requiring mechanical ventilation
in the ICU. In the prehospital literature, at least one
source suggests the use of longer-acting agents such
as vecuronium to prevent excess movement during
transport, particularly air transport [63].

NONDEPOLARIZING
NEUROMUSCULAR BLOCKERS:
BENZYLISOQUINOLINIUM AGENTS

As opposed to the amino-steroid neuromuscular
blockers, there are primarily two benzylisoquino-
linium-based agents on the market in the United
States, and one of these (cisatracurium) is used far
more than the other (atracurium). These agents have
a bis-quaternary amine structure, which prevents
them from crossing the blood-brain barrier and
interacting with cholinergic receptors in the brain;
the same properties are present in monoquaternary
amino-steroids [37]. However, benzylisoquinolini-
ums were developed for a specific purpose, and their
structure is closely related to that purpose. In the
1980s, Stenlake and colleagues developed a neuro-
muscular blocking agent that could be administered
to patients with hepatic and renal comorbidities and
still undergo predictable degradation [16; 64]. The
discovery of the application of the Hofmann elimi-
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ATRACURIUM DOSING AND CHARACTERISTICS

EDy; Intubating Supplemental Onset Return to Infusion
Dose Doses Normal after
Intubating Dose
0.25 mg/kg 0.5-0.6* mg/kg 0.1 mg/kg 3 minutes 45 minutes 4-12 mcg/kg/min

that, in its most severe form, may progress to anaphylaxis.

4n patients who have atopic tendencies, the release of histamine at this dosage level may result in a hypersensitivity response

Source: [14; 16; 17]

Table 5

nation process in 1956, by which the drug “splits”
into inactive parts in the presence of normal blood
temperature and pH, and subsequent 25 years of
testing and research resulted in the development of
atracurium, followed by its cis isomer cisatracurium
[15; 16; 65]. These agents are both classed as “inter-
mediate-duration” nondepolarizing neuromuscular

blocking agents [14; 17].

A third benzylisoquinolinium-based agent—mivacu-
rium—was developed in the 1980s but removed from
the market in 2006 [149]. Mivacurium (name brand
and generic) is not being marketed in the United
States and is not currently available.

Atracurium Besylate

As noted, atracurium besylate was the first of its
class, introduced into clinical practice in the United
States in the early 1980s. It rapidly gained popularity
due to its reliability of degradation even in patients
with severe hepatic disease, renal disease, or a com-
bination of both. The dosing details for atracurium
can be seen in Table 5.

Cardiovascular Effects

Atracurium has been characterized as being hemo-
dynamically stable, except when administered
in doses resulting in histamine release. In other
words, the drug itself provides good stability in the
absence of an atopic response on the part of the
patient at doses of 0.4 mg/kg and lower [16; 64].
In one study of healthy adult patients (American
Society of Anesthesiology [ASA] Class I or II), the
administration of atracurium in a dose of twice the
EDos (0.5 mg/kg) resulted in an average of a 10-mm
Hg drop in mean arterial pressure and an average

increase of heart rate of approximately 10 beats per
minute [38]. These changes were correlated with a
peak plasma histamine increase 700 pg/mL higher
than in an equivalent group receiving rocuronium.
This represented a doubling of the average plasma
histamine level before administration of the drug
[38]. In another study comparing atracurium at a
dose of 0.5 mg/kg with vecuronium at 0.1 mg/kg
and a combination of both agents (atracurium 0.25
mg/kg and vecuronium 0.05 mg/kg), there was no
significant difference in heart rate or blood pressure
measured perioperatively between the atracurium
group and the vecuronium group [66]. Of inter-
est, however, is that the group that combined both
agents showed greater hemodynamic stability than
either one given alone [66]. In another study compar-
ing benzylisoquinolines to amino-steroid blockers,
a dose of 0.6 mg/kg of atracurium resulted again
in a doubling of plasma histamine levels within
two minutes after a five-second bolus injection of
the agent [67]. These levels were accompanied by
significant hemodynamic changes, including pulse
elevation and decreased blood pressure [67]. Con-
trary to this, one study describes the administration
of atracurium to ASA class Il and IV patients (those
with significant and life-threatening comorbidities)
diagnosed with sepsis and inherent cardiovascular
instability in which no mention was made of drug-
induced instability [68]. One phenomenon that
seems to be receiving greater scrutiny is long QT
syndrome, in which a triggering agent or condition
results in the polymorphic ventricular tachycardia
torsade des pointes [69]. Atracurium is not a trig-
gering agent for this phenomenon and may be safely
administered [69].
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Hepatic Effects

A significant part of atracurium’s raison d’étre is to
better treat patients with hepatic disease [14; 15; 16].
[t has been shown to reliably metabolize in patients
with severe liver disease at the same rate as in healthy
controls [23]. In one study of six patients with acute
hepatic and renal failure, a dose of atracurium 0.7
mg/kg resulted in a mean plasma elimination half-
life of 22 minutes, compared with 21 minutes in
healthy controls [70]. Another case study described
the administration of multiple doses of atracurium
to a patient with severe hepatic disease [71]. The
agent degraded reliably, and the patient’s remain-
ing neuromuscular block was reversed at the end of
the case without difficulty [71]. In one particularly
interesting case, a woman (37 years of age, primi-
gravida) presented for emergency cesarean delivery
with the diagnoses of twin pregnancy, pre-eclampsia,
and acute fatty liver of pregnancy syndrome with
elevated liver function tests, as well as fetal decel-
erations [72]. General anesthesia was administered
using atracurium for muscle relaxation, and the
resulting extubation and recovery postoperatively
was described as “uneventful” [72]. Other authors
have also recommended the perioperative use of
atracurium during surgery for pregnant patients
with liver disease [73].

Renal Effects

Atracurium was also developed to assist in the
effective treatment of patients with renal dysfunc-
tion. In a manner analogous to that of hepatic
function, the Hofmann elimination aspects of the
drug make it very attractive for use in the patient
with kidney disease, removing renal excretion from
the degradation pathway [15; 16; 59]. Atracurium
is valued for its use in the critically ill patient, as it
does not possess the accumulative properties lead-
ing to prolonged blockade, and is preferred over the
amino-steroids for this class of patients [74]. One
concern is the partial production of laudanosine,
one of the metabolites of Hofmann elimination.
This metabolite, in large doses, has rarely been asso-
ciated with central nervous system disorders in the
form of seizure activity [16; 74]. In a study compar-

ing the effects of atracurium in patients with renal
failure against those of healthy controls, Della Rocca
and colleagues found that there was no difference
in onset, duration, or recovery from 25% blockade
recovery to 80% blockade recovery [57]. Atracurium
is also indicated in renal transplant surgery [59; 75].

Effects of Atracurium on Special Populations

Pediatric Patients. Atracurium may be administered
to pediatric patients, but it is important to bear in
mind the significance of histamine release if adminis-
tered quickly or in high doses. Neonates and infants
have decreased renal clearance of anesthetic drugs,
so classes of agents that do not rely on renal excre-
tion are helpful in the care of these patients [30].
The onset of atracurium in neonates is more rapid
than in children [45]. A standard induction dose
of 0.5 mg/kg administered to children establishes
sufficient muscle relaxation for intubation in 1.2
minutes; in neonates, these same conditions occur
at 0.9 minutes [45]. In children, compared with
neonates and infants, atracurium has a more rapid
clearance rate [60].

Elderly Patients. In general, muscle relaxants, like
other drugs, have longer onsets (usually associated
with decreased cardiac output) and longer dura-
tions (associated with degraded performance of
the hepatic and renal systems) when administered
to elderly patients. The duration of atracurium fol-
lows this model, in spite of its lack of reliance on
hepatic and renal systems [61]. The ED5q needed for
neuromuscular blockade was slightly higher in the
elderly when compared with younger controls (137

mcg/kgvs. 126 mcg/kg), and the difference in dose
to reach EDgs was higher still (249 mcg/kg vs. 226
mcg/kg) [25]. Some research, however, has found no
difference in recovery from atracurium [48].

Obese Patients. As discussed, the decision of dos-
ing the obese patient by actual body weight, ideal
body weight, or some scaled body weight between
the two can be difficult. Van Kralingen and col-
leagues compared two different atracurium dosing
protocols on morbidly obese patients in their study
[76]. A group of 20 patients was randomized to
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CISATRACURIUM DOSING AND CHARACTERISTICS

EDy; Intubating Supplemental Onset Return to Infusion
Dose Doses Normal after
Intubating Dose
0.05 mg/kg 0.15-0.2 mg/kg 0.02 mg/kg 5 minutes 45 to 60 minutes | 1-2 mcg/kg/min

Source: [14; 16; 17]

Table 6

receive either atracurium 0.5 mg/kg based on ideal
body weight or the same dose based on actual body
weight. The researchers measured the onset in terms
of time to 100% blockade of a TOF and return to
5%, 25%, 75%, and 95% of the control value before
atracurium administration [76]. They found that
dosing on ideal body weight resulted in a predictable
return to function identical to that of a non-obese
patient of the same weight, while the total-body-
weight-dosing group had longer and unpredictable
durations [76]. Their findings coincide with those
of other researchers, advising the practitioner to
dose on an ideal body weight basis, monitor results
carefully, and be prepared to provide supplemental

doses as needed [33; 49].

Trauma Patients. While the traumatically injured
patient may receive atracurium acutely, those
requiring prolonged mechanical ventilation in the
ICU should not. The buildup of the metabolite
laudanosine, which is not easily cleared by those
with renal impairment or decreased glomerular
filtration, may result in seizure activity [37]. In the
prehospital setting, atracurium can easily be replaced
by other agents that will provide a more rapid onset
of muscle relaxation. Further, at the dose needed
for a rapid onset, atracurium may cause histamine
release accompanied by hemodynamic instability
and reactive airway response that is especially del-
eterious in the trauma patient. In one study of 566
patients at two tertiary care centers, 287 of whom
received neuromuscular blockers, atracurium was
not administered to any of the patients requiring
airway management, while rocuronium and suc-
cinylcholine were administered 70.4% and 29.6%
of the time, respectively [35].

Cisatracurium Besylate

Cisatracurium was developed and approved in the
mid-1990s as an alternative to atracurium and is
one of atracurium’s 10 stereoisomers [16; 17]. After
numerous reports of problems with atracurium’s
propensity to result in release of histamine, cisa-
tracurium was designed to result in less likelihood
of histamine release and to increase potency. The
increased potency allows prolonged administration
of the agent via infusion, with less buildup of the
toxic metabolite laudanosine [37]. Its use of Hof-
mann elimination as the primary pathway of degra-
dation has contributed to its popularity in clinical
use. The dosing characteristics of cisatracurium are

outlined in Table 6.

Cardiovascular Effects

Cisatracurium has demonstrated hemodynamic
stability in both the operating room and in the
ICU [16]. In a study of 70 patients undergoing
myocardial revascularization, patients received a
dose of cisatracurium of 0.1 mg/kg (approximately
two times the cited EDys) [77]. Cisatracurium was
administered over 60 seconds in one group, over
30 seconds in a second group, and over 5 to 10
seconds in a third group. None of the groups had
hemodynamic changes greater than or equal to 20%
of baseline [77]. These results were replicated in a
similar study in which 79 patients diagnosed with
coronary artery disease undergoing elective bypass
received a cisatracurium dose of either two or four
times the EDgs [78]. No hemodynamic instability
was noted in any of the patients, regardless of dose.
In another study of 60 patients who received an
intubating dose of 0.25 mg/kg of cisatracurium
(roughly five times the EDys), there were no signifi-
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cant changes in hemodynamic status noted [79]. A
study of 80 patients receiving either rocuronium
or cisatracurium for general anesthesia, combined
with either intravenous propofol or inhaled sevoflu-
rane, showed no significant changes in heart rate,
mean arterial blood pressure, or cardiac index [80].
Finally, a group of researchers compared two doses
of cisatracurium administered to patients in respira-
tory failure in the ICU for periods ranging from 1.6
to 650 hours [81]. Dose was maintained via infu-
sion pump and monitoring TOF at the orbicularis
oculi to obtain either O or 2 out of 4 twitches. The
researchers reported that, even after long durations
of the infusion, no patients had evidence of hemo-
dynamic instability [81].

Hepatic Effects

As with atracurium, cisatracurium was designed for
patients with either hepatic or renal comorbidities.
The Hofmann elimination process is applicable to
cisatracurium [16]. In patients with cirrhosis, cisa-
tracurium is a muscle relaxant of choice, although
the fluid retention found in patients with cirrhosis
necessitates an increased dose to obtain a similar
effect as in non-cirrhotic patients [82]. However,
a study assessing the effects of cisatracurium on
patients with a Child-Pugh Score of A or B (the
lowest and intermediate indicators of hepatic dis-
ease) found the dose response curve to be “clinically
insignificant” when compared to normal controls
[83]. Based on the evidence at hand, cisatracurium
is also favored for hepatic resection secondary to
tumor excision [84].

Renal Effects

In a study comparing various neuromuscular block-
ers in patients with renal disorders, there were no
significant differences in onset, duration, or supple-
mental doses, but offset from 25% recovery to 75%
recovery was roughly doubled (from 9 minutes in
healthy controls to 18 minutes in the renal disease
group), and offset from 25% recovery to 80% recov-
ery was slightly longer in patients with renal disease
(20 minutes vs. 16 minutes in healthy patients) [57].

Effects of Cisatracurium
on Special Populations

Pediatric Patients. Cisatracurium may be safely
administered to pediatric patients [16]. In a com-
parison of all neuromuscular blockers, cisatracu-
rium was noted to have no cardiovascular effects
and no histamine-releasing effects in children [85].
In a study of 75 children, cisatracurium doses of
0.1 mg/kg resulted in significantly longer onset;
larger doses (0.15 mg/kg and 0.2 mg/kg) did not
[86]. No significant difference in recovery time was
found at the highest two doses, and no evidence of
cardiovascular instability was noted at any dose. In
a study of intubating conditions in 181 infants and
children 1 month to 12 years of age, a dose of 0.15
mg/ kg produced “acceptable intubating conditions”
in two minutes [87].

Elderly Patients. Cisatracurium’s pharmacodynam-
ics are similar in both elderly and younger adult
populations [37; 61]. This assumes that the elderly
have only the normal renal changes brought on by
aging rather than renal comorbidities [25].

Obese Patients. Cisatracurium may be safely
administered to patients who are obese. In a study
of 20 obese women with BMIs greater than 40,
cisatracurium was administered based either on
actual or ideal body weight [88]. There was no
difference in onset time between the actual-body-
weight group and non-obese controls, though the
ideal-body-weight group had an onset delayed by 50
seconds on average. The duration of the block to
25% recovery was approximately 30 minutes longer
in the actual-body-weight patients when compared
with ideal-body-weight patients [88]. One report
of anesthesia for a super-obese patient (BMI: 70.7)
used cisatracurium at a dose of 0.2 mg/kg using an
ideal body weight of 80 kg (compared with an actual
body weight of 219 kg) [89]. The authors reported
the patient recovered uneventfully after reversal of
the neuromuscular blockade [89].
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SUCCINYLCHOLINE DOSING AND CHARACTERISTICS

EDy; Intubating Supplemental Onset Return to Infusion
Dose Doses Normal after
Intubating Dose
0.5-0.6 mg/kg 1.0-1.5 mg/kg 0.5-0.6 mg/kg* 1 minute 9 to 13 minutes 0.5-10
mg/kg/min?

of succinylcholine.

3At doses exceeding 5 mg/kg, patients may transition into a phase II block, which unpredictably prolongs the action

Source: [14; 15; 16; 17]

Table 7

Trauma Patients. There is no reference to the use
of cisatracurium in the prehospital role in the pro-
fessional literature. In the traumatized patient in
the ICU, it is crucial that the demands made upon
the patient’s liver and kidneys be minimized to the
extent possible. Not infrequently, patients with
severe cardiovascular stressors decrease both hepatic
and renal blood flow [74]. As this is the case, agents
not relying on these routes for degradation would
seem preferable to those that do require hepatic or
renal elimination. Further, the absence of inherent
cardiovascular instability makes cisatracurium desir-
able in this setting [90].

DEPOLARIZING
NEUROMUSCULAR BLOCKERS

Succinylcholine

Despite the plethora of nondepolarizing neuromus-
cular blocking agents currently in use in modern
healthcare practice, there remains one depolarizing
agent—succinylcholine chloride. As new drugs are
brought to the market, succinylcholine still has a
place in modern practice, despite its invention in
the 1950s [16]. The drug has numerous effects and
side effects that stand among its principal purpose,
which is to rapidly induce neuromuscular paralysis
and nearly as rapidly have it wear off again. Succi-
nylcholine differs in its mechanism of action signifi-
cantly from the nondepolarizing agents.

Succinylcholine, like its nondepolarizing counter-
parts, works at the postsynaptic neuromuscular
junction. Upon injection, it rapidly distributes
throughout the body, binding to the acetylcho-
line receptors on the postsynaptic muscle tissue.
Instead of preventing muscular contraction, it
causes a random and uncoordinated firing of these
receptors, resulting in the physical manifestation
of anything from minor twitching to tonic contrac-
tion of major muscle groups. These fasciculations
are an indicator that the drug is working. After the
muscle groups tighten, they relax, but the presence
of the drug on the receptors does not allow the
muscle tissue to immediately repolarize [16]. The
subsequent relaxation of the skeletal muscle results
in a transient paralysis that quickly dissipates. The
pharmacodynamic characteristics of succinylcholine

are described in Table 7.

Succinylcholine has been intensively studied since
its introduction into clinical practice in the 1960s.
A small molecule that is the functional analog of
two acetylcholine molecules joined together, succi-
nylcholine is degraded in the blood by plasma cho-
linesterase (also referred to as butyrylcholinesterase
or pseudocholinesterase) [14; 17]. In patients with
normal physiology, the abundance of this enzyme
allows rapid breakdown of succinylcholine into suc-
cinylmonocholine and choline, with approximately
10% being excreted in the urine [91]. This agent has
been successfully used in all areas of clinical care,
including prehospital, intensive care, anesthesia/
surgery, and surgical obstetric practice, and on all
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age groups. Perhaps due to this longevity, it has
been subjected to many clinical trials and research
studies. In light of this research, succinylcholine has
been found to have numerous side effects and post-
administration sequelae. Before addressing these,
however, it is important to stress that succinylcholine
still has a role in clinical practice. Succinylcholine is
the criterion standard for rapid relaxation of skeletal
muscle and for its ability to degrade allowing the
rapid return of muscular function [15; 16; 17; 37].
When skeletal muscle relaxation is needed quickly,
such as for rapid-sequence induction for intuba-
tion, succinylcholine remains an excellent choice.
[ts ability to wear off quickly also ensures that failed
intubation does not result in serious comorbidity or,
in the presence of a “can’t intubate/can’t ventilate”
scenario, possible patient death due to hypoxia.
These facts being accepted, there are many times
when succinylcholine may cause complications,
some of which are quite serious.

Succinylcholine Side Effects

Post-Administration Myalgias. Patients receiving
succinylcholine may complain of a diffuse muscu-
loskeletal pain after recovering from its use. These
muscle pains are believed to be the result of gener-
alized inflammation following uncoordinated mus-
cular fasciculations [56]. Numerous interventions
have been developed to decrease this pain, which
may be severe. The foremost technique is the use
of a defasciculating dose of nondepolarizing agents
two to three minutes before the administration of
succinylcholine, resulting in visibly decreased fas-
ciculations [16]. A meta-analysis assessed a broad
compendium of possible treatments to decrease
post-administration myalgias, including decreasing
the succinylcholine dose and the co-administration
of vitamin C, calcium gluconate, lidocaine, and
aspirin and nonsteroidal analgesics [92]. Most of
the treatments decreased reported pain, but none
proved to be ideal. In one study of 393 patients,
authors administered lidocaine, d-tubocurarine in a
defasciculating dose, a combination of the two, or a

placebo prior to the administration of succinylcho-
line [93]. The authors found that the combination
of lidocaine and d-tubocurarine resulted in 8% of
the patients having postoperative myalgias, com-
pared with 41.3% reporting myalgias in the placebo
group [93].

Hyperkalemia. When muscle and nerve cells depo-
larize, sodium ions enter the cell, followed by a
release of potassium ions during repolarization [10].
The action of the sodium potassium pump then
moves these ions against their concentration gradi-
ent to ensure the re-equilibration of the ions in their
correct concentrations both inside and outside of
the cell. However, the administration of succinylcho-
line, with its accompanying massive depolarization
of skeletal muscle, may cause the elevation of serum
potassium levels, usually about 0.5-1.0 mmol/L [16;
56]. This is especially important in patients with
prolonged immobility, neuromuscular weakness as a
result of stroke, and/or paralysis secondary to injury
[16]). These patients undergo a physiologic change
in which they upregulate the number of receptors
at their neuromuscular junctions [94]. A 2012 study
sought to determine the degree to which hyperka-
lemia becomes problematic in the critically ill. In a
study of 131 critically ill patients who were intubated
158 times (some requiring second intubation in the
course of their care), using succinylcholine as the
muscle relaxant of choice increased potassium levels
an average of 0.4 mmol/L [94]. The primary impact
on the elevation in potassium in this study was the
length of stay in the ICU. However, in some patients,
succinylcholine can cause potassium to rise precipi-
tously. In a case study of a male adolescent (16 years
of age) with Klebsiella pneumoniae-associated sepsis,
the administration of succinylcholine to facilitate
intubation resulted in an increase in his potassium
level from 3.19 mmol/L to 8.64 mmol/L [95]. The
patient developed cardiac arrest and was aggressively
resuscitated. The patient’s illness before intubation
resulted in him being on bed rest for 15 days prior
to the episode, illustrating the impact of immobility
on the upregulation of the receptors [95]. Practi-
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tioners should make a careful risk/benefit analysis
involving any use of succinylcholine. In each case
of its use, the question is whether the short onset
and, perhaps more importantly, the short duration
of this agent overcome the possibility of creating a
critical hyperkalemia in an immobile patient.

Masseter Muscle Spasm. One of the primary uses
of succinylcholine is to temporarily paralyze the
patient to ease the performance of laryngoscopy
and endotracheal intubation. Occasionally, the
administration of succinylcholine will result in the
spasm of the masseter muscle in the jaw, resulting
in a patient with a tightly clenched mouth and jaw
[16; 37]. This condition results in extraordinarily
difficult airway manipulation. In one case study, a
man became unconscious after an overdose of oral
clonidine and the decision was made to intubate
him [96]. The patient received 30 mg of etomidate
to obtund consciousness, followed by 1.5 mg/kg
of succinylcholine. With the jaw rigidly closed, two
subsequent attempts at intubation failed, relieved
only by the administration of the nondepolarizer
vecuronium 10 mg, resulting in sufficient relax-
ation to allow successful intubation [96]. In a more
extreme case, a man presented via ambulance to
the emergency room after significant hypovolemia
secondary to upper and lower gastrointestinal bleeds
[97]. In the face of impending respiratory failure,
rapid sequence intubation was selected, and the
patient received etomidate 20 mg and succinylcho-
line 100 mg, after which he rapidly developed a
masseter spasm so tight the mouth could not be
opened nor could the mandible be moved. Follow-
ing these findings, a repeat dose of succinylcholine
100 mg was administered without effect [97]. The
neck was subsequently prepped and, after a failed
nasal fiber optic attempt at intubation, a cricothy-
rotomy performed with the successful placement
of a 5.0 endotracheal tube. It is vital to anticipate
the possibility of masseter muscle spasm in patients
receiving succinylcholine. Deepening sedation or
the administration of a nondepolarizing agent will
ameliorate this condition [56].

#35111 Clinical Use of Neuromuscular Blocking Agents

Cardiovascular Effects. The acetylcholine-based
structure of succinylcholine may activate the musca-
rinic receptors in the parasympathetic nervous sys-
tem, resulting in bradycardia and bradyarrhythmias.
This is most common in patients with high vagal
tone and could be of concern in patients requiring
an elevated pulse rate to maintain cardiac output [16;
17; 99]. It is not uncommon to see these effects after
large initial doses of succinylcholine or supplemental
doses after an initial intubating dose (e.g., in the case
of an initial failure of intubation). The slowing of
heart rate may result in the generation of ventricular
dysrhythmias, which are further aggravated by eleva-
tions in potassium [37]. The administration of an
anticholinergic such as atropine or glycopyrrolate
will ameliorate both the bradycardia and excessive
secretions in the mouth and upper airway (another
problem of cholinergic stimulation) [15].

Hepatic Effects. As succinylcholine is primarily
metabolized by circulating plasma cholinesterases,
one would not imagine variations in liver function to
be of much concern. However, plasma cholinesterase
is produced in the liver, and its levels can be used as
proxy indicators of hepatic function [91]. Hepatic
abnormalities, ranging from hepatitis to cirrhosis,
and normal changes of pregnancy may result in
decreased production of plasma cholinesterase [16;

37; 56].

Genetic Issues. Certain genetic disorders result in
abnormal cholinesterases that will degrade succinyl-
choline far more slowly. This genetic predisposition
can be assessed using the dibucaine test, which
provides a dibucaine number based on the total
activity of cholinesterase and its modified activity
in the presence of the local anesthetic dibucaine.
Table 8 shows the relationship between dibucaine
activity and the ability of cholinesterase to degrade
succinylcholine. Dibucaine numbers less than 70
indicate genetic variation that may result in pro-
longed activity of succinylcholine [37; 91].
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CHANGES IN SUCCINYLCHOLINE ACTION BASED ON DIBUCAINE TEST RESULTS
Type of Cholinesterase Prevalence Genetic Dibucaine Succinylcholine
in Population Identifier Number Duration

Normal 96% Homozygous U 70-80 Normal
(typical)

Atypical 3% Heterozygous 50-69 Lengthened
atypical 50% to 100%

Fluoride-resistant, 1% Homozygous 16-30 Markedly prolonged

silent, and other atypical (4 to 8 hours)

variants

Source: [14; 15; 16; 17; 91] Table 8

Unfortunately, for some patients, this genetic
predisposition only becomes evident after the first
administration of succinylcholine. A prolonged
response is usually followed by genetic testing, and
the patient can then have the information placed
in their medical records. In extreme cases (such as
the “silent” variant), patients may obtain an alert
bracelet to warn emergency medical service provid-
ers of their altered response to succinylcholine.

Renal Effects. Hyperkalemic effects of succinylcho-
line can be even more severe in the patient with
acute or chronic renal failure. Ordinarily, ingested
potassium exceeds requirements, so the kidney
excretes excess potassium in the urine. The principal
cells in the kidney secrete potassium into the filtrate
via specialized channels [100]. Because this loss of
potassium is dependent upon glomerular filtration
in the kidney, decreased or absent blood flow in
the kidney will result in increased potassium levels.
One study indicated that while succinylcholine can
be safely administered to patients in renal failure,
patients with comorbidities or with a predisposition
toward hyperkalemia should not receive the drug
without a careful risk/benefit analysis [101].

Malignant Hyperthermia. Malignant hyperthermia
is a rare genetic disorder occurring in both adults
and children, characterized by an uncontrolled
release of cellular calcium creating a hypermetabolic
state [102; 103]. In extreme cases, the patient’s tem-
perature can rise as high as 110 degrees Fahrenheit

[102]. The syndrome is triggered by the adminis-
tration of volatile anesthesia inhalation agents or
succinylcholine. A prior history of masseter muscle
spasm has been noted in 20% to 30% of those
with malignant hyperthermia and decreases the
onset time of symptoms [103]. Though symptoms
can occur immediately after the administration of
a triggering agent, there can also be a significant
delay. One 2014 study reviewing 477 reported cases
of malignant hyperthermia showed its onset from
10 minutes to 75 minutes after the administration
of succinylcholine [103]. The initial onset is char-
acterized by an unexplained tachycardia, elevation
of end tidal carbon dioxide, and elevation of body
temperature. A history of malignant hyperthermia
is an absolute contraindication to the use of suc-
cinylcholine.

Effects of Succinylcholine
on Special Populations

Pediatric Patients. The use of succinylcholine in
pediatric patients has generated a great deal of
controversy over the past 20 years. In a healthy
child with no comorbidities, succinylcholine works
well, with the added advantage of being able to
be administered intramuscularly. In the event of
laryngospasm during the inhalation induction of
general anesthesia, succinylcholine may be used in
small intramuscular doses to allow muscular relax-
ation and reopening of the glottis. Infants require
somewhat larger doses of succinylcholine; 2 mg/kg

24 NetCE ¢ October 22, 2023

www. NetCE.com



is the dose most efficacious for quick blockade [30].
Because both infants and children are dependent
on heart rate for cardiac output and tend to have
higher vagal tone than adults, an anticholinergic
agent should be administered to offset succinylcho-
line’s cholinergic action (and resultant bradycardia)

[16; 30].

There have been a significant number of case
reports of hyperkalemia leading to death in chil-
dren receiving succinylcholine. One review cites 13
patients with no previous report of neuromuscular
disorders, almost all of whom were 8 years of age
or younger, who experienced hyperkalemic cardiac
arrest after exposure to succinylcholine [104]. All of
these patients had underlying Duchenne muscular
dystrophy or Becker muscular dystrophy, leading to
upregulation of nicotinic receptors. This problem
reached sufficient severity to prompt the U.S. Food
and Drug Administration to place a “black-box”
warning on the succinylcholine product insert. Part
of this warning reads as follows [105]:

When a healthy-appearing infant or child
develops cardiac arrest soon after admin-
istration of succinylcholine, not felt to
be due to inadequate ventilation, oxygen-
ation, or anesthetic overdose, immediate
treatment for hyperkalemia should be insti-
tuted. This should include administration
of intravenous calcium, bicarbonate, and
glucose with insulin, with hyperventilation.
Due to the abrupt onset of this syndrome,
routine resuscitative measures are likely to
be unsuccessful. However, extraordinary
and prolonged resuscitative efforts have
resulted in successful resuscitation in some
reported cases. In addition, in the presence
of signs of malignant hyperthermia, appro-
priate treatment should be instituted con-
currently.

#35111 Clinical Use of Neuromuscular Blocking Agents

Based on these findings, a nondepolarizing agent
should be strongly considered. Bearing this in mind,
succinylcholine has been successfully administered
to children in the prehospital environment with suc-
cess, with no reports of malignant hyperthermia-like
symptoms [106]. Succinylcholine should be reserved
for cases in which rapid onset and short action are
crucial to the success of the larger plan of care.

Elderly Patients. The normal degradation of organ
systems that accompany aging should be considered
when administering any neuromuscular blocker,
and succinylcholine is not an exception to this rule.
While no difference in duration of action has been
found, the elderly may experience longer onsets
when their decreased cardiac output is considered

(25; 61].

Obese Patients. Obese patients frequently have
airways that are difficult to manage, whether in the
inpatient environment, in the operating room, or
in the field during prehospital rescue or resuscita-
tion. Succinylcholine has been used to help facilitate
endotracheal intubation in these patients primarily
because of its ability to wear off quickly in the event
of failed airway management, allowing the patient
to breathe spontaneously [16; 49]. Succinylcholine
should be administered to adult patients using
total body weight, rather than ideal body weight, at
a dose of 1 mg/kg [33; 49]. This use of total body
weight to calculate dose is also appropriate for obese
adolescents [107]. It is important to remember that
these doses result in both rapid onset and some-
what prolonged activity, with duration increasing
to approximately 12 minutes [49].

Trauma Patients. In both the inpatient emergency
setting and the prehospital setting, succinylcholine
has been successfully administered to facilitate
intubation of the critically ill or injured patient. In
the Eastern Association for the Surgery of Trauma
practice guideline, succinylcholine is described as
the neuromuscular blocking agent of choice for use
in securing the airway via emergency intubation in
the prehospital setting [108]. However, European lit-
erature has recommended rocuronium, which, with
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the advent sugammadex, can be readily reversed in a
period as short as (or shorter than) the degradation
period of succinylcholine [109].

Burn Patients. The burn patient, like the immobi-
lized patient, presents with special concerns regard-
ing the administration of succinylcholine. Patients
who have been burned within the last 24 hours usu-
ally have had insufficient time to upregulate nicotinic
receptors and will not demonstrate the hyperkalemia
associated with patients extensively burned more
than 24 to 48 hours prior [16; 98]. The quick onset
and offset of succinylcholine may be of benefit for
patients whose emergent burn injuries involve or
are near the head and face, so the airway may be
rapidly and reliably secured despite any anatomic
anomalies. Indeed, inhalation of smoke and super-
heated air affects the delicate oropharyngeal and
nasopharyngeal mucosa, and intubation should be
attempted at the earliest practical moment. Patients
with burns will frequently return for various grafts
and wound maintenance. For these cases, and for
airway management in the burn unit, nondepolar-
izing agents represent the safest choice for neuro-

muscular blockade [16; 17; 98].

MONITORING
NEUROMUSCULAR BLOCKADE

Neuromuscular blocking agents are different from
other classes of agents in many ways, but perhaps
most exceptional is the ability to accurately and
precisely track levels and degrees of neuromuscular
blockade [15]. With most other agents, the patient’s
description is relied upon to determine efficacy (e.g.,
“My pain is less” or “My nausea is better”). Using
a simple nerve stimulator (or “twitch monitor”), an
anesthetized surgical patient or sedated intensive
care patient can be precisely evaluated. Note that the
sedation aspect in the description of these patients
is important—as the frequency of the impulse rises,
so does the degree of pain. An impulse of 50 Hz
administered to produce tetany is quite painful, so

patients being tested in such a fashion should be
sedated or deemed insensate to pain secondary to
severe injury or illness.

Peripheral nerve stimulators (PNSs) have been used
for more than 40 years to monitor neuromuscular
blockade, although its routine use is not as ubiqui-
tous as might be expected [11; 16]. In a 2015 edito-
rial, Rodney and associates reported that a PNS was
routinely used by only 18% of those in anesthesia
practice in Europe and 34% of those in the United
States [110]. This low use rate is despite the fact that
the monitor is small and easy to use and that the
patient who is inadequately recovered from neuro-
muscular blockade is at risk for severe complications,
including death [111; 112; 113]. The average PNS
(Image 1) is roughly 2-3 inches wide, 1 inch deep,
and 4-6 inches long. It has two wires, a positive and
negative, which, when attached to gel-filled pads
(e.g., electrocardiogram pads), provides a mechanism
by which to apply small electrical impulses down a
nerve, simulating the electrical synapses that would
ordinarily cause the contraction of skeletal muscle.
They range in complexity from extremely simple
(a twitch switch, a tetany switch, and little else) to
very complex (multiple settings, ability to select the
exact frequency needed, automatic settings for vari-
ous techniques of monitoring). Most are less than

$300 in price.

The PNS has several settings that are helpful to
the clinician and can be activated by pressing the
correct button. In this example, there are several
modes available by which the degree of neuromus-
cular blockade can be monitored. In the upper left
side of the control panel is the “standby” switch,
which stops all electrical impulse generation while
maintaining the PNS in the “on” state. Next is the
“TEN SEC” button, which will generate one impulse
every ten seconds. To the right is the “ONE SEC”
button, which will generate one twitch per second.
The “T'WO HZ” button increases the frequency of
the twitch from 1 Hz to 2 Hz. In the second row
on the left is the “100 HZ” button, which delivers
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PERIPHERAL NERVE STIMULATOR WITH PADS

Source: Author

Image 1

a high-intensity tetanic pulse for as long as the but-
ton is pressed. To the right is the “50 HZ” button,
which will also deliver a tetanic stimulation, albeit
at half the frequency, for as long as it is pressed.
The next button to the right is the “TOF” (train of
four) button, which will activate a single series of
four impulses. Next is the “TET” button, meaning
tetany. Finally, there is the “BATTERY” button.
If pressed, how much battery power is left in the
device will be displayed. Other, more advanced PNSs
may have other controls. For example, some have a
control marked “DBS” for double-burst stimulation.
The blank screen would show exactly how many Hz
are being administered during the production of
electric impulses. It is important to remember that
the PNS shown in Image 1 is just one example of
a PNS; they vary a great deal in complexity, utility,
and cost. At a minimum, all should provide single
twitches and tetany.

Monitoring of neuromuscular blockade could
conceivably occur anywhere that a motor nerve is
close enough to the skin that it may be stimulated
[16]. Most practitioners, however, use either the
adductor pollicis muscle in the patient’s forearm
and wrist (Image 2) or the orbicularis oculi muscles
surrounding the eye in the face (Image 3). Both
Image 2 and Image 3 show the correct placement
of the electrodes on the forearm (in the case of the
adductor pollicis) or over the temporal branch of
the facial nerve (cranial nerve VII), stimulation of
which results in twitches around the eye. In addi-
tion, Image 2 shows a comparison of the thumb
in the relaxed mode and the contracted mode. The
orbicularis oculi may be used if the practitioner
cannot gain access to the patient’s arms (e.g., due
to injury or positioning for surgery). The use of the
orbicularis oculi has been shown to be as effective
as the adductor pollicis in determining adequate
muscle relaxation for endotracheal intubation [114].
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PLACEMENT OF THE PNS MONITORING PADS TO SIMULATE THE ADDUCTOR POLLICIS

Pads placed, no impulse sent, thumbs relaxed.

Stimulated impulse sent through pads, thumb in contracted position representing a twitch.

Source: Author Image 2
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PAD PLACEMENT TO STIMULATE THE ORBICULARIS OCULI

Electrodes over the temporal branch of the right facial nerve.

Source: Author

Image 3

The most commonly used method of neuromuscular
blockade monitoring is the TOF, which will fire four
2-Hz impulses every half second for two seconds
[115]. If there is no neuromuscular blocking agent
present, one should see four muscular contractions
of equal intensity [16; 115]. The impulses should be
a monophasic, square type, and last no longer than
three milliseconds [115].

The Society of Critical Medicine suggests
that peripheral nerve stimulation with
train-of-four monitoring may be a
useful tool for monitoring the depth
Homacnes — of neuromuscular blockade but only if
RECOMMENDATION . . . . . .
it is incorporated into a more inclusive
assessment of the patient that includes clinical

assessment.

(https://journals.lww.com/ccmjournal/
Fulltext/2016,/11000/Clinical_Practice_Guidelines_
for_Sustained.16.aspx. Last accessed March 21, 2023.)

Strength of Recommendation: Weak

When activating the PNS to produce a 1-Hz impulse
each second, a tracing similar to the one seen in
Figure 5 could be produced. Using this figure as
an example, consider a patient who has received a
dose of neuromuscular blocking agent at the time
indicated in Figure 5. As the agent reaches the nico-
tinic receptors, the degree of muscular contraction,
represented by the height of the lines, will diminish.
As the muscle relaxant is degraded, the height of
the twitch returns to its original pre-block height.
Figure 6 shows the effect of the neuromuscular
blocker on the twitch height, and the specific mea-
sures showing how efficacious the agent is (after
a normal dose, to what extent paralysis occurs),
its onset (how long it took to reach the maximum
point of twitch suppression), and its duration (how
long it took to fully degrade and allow twitch height
to return to normal). These types of diagrams are
ordinarily used in research studies and occasionally
by clinicians fortunate enough to have a complex
accelerometer available for monitoring time.
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CHANGE IN TWITCH HEIGHT AFTER NONDEPOLARIZER AND REVERSAL AGENT

Injection of njection of

Nondepolarizer Reversal Agent

Twitch
Height

Time

This is an example of single twitches over time after the injection of a nondepolarizing neuromuscular blocker and
reversal agent. Note the reversal agent is administered after the re-appearance of a small degree of twitch height.

Source: Author

Figure 5

TWITCH HEIGHT SUPPRESSION AND RETURN
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Twitch depression is noted after the administration of a neuromuscular blocking agent. The efficacy of this dose shows 90%
twitch suppression after 12 minutes (Point 1). A return to 25% of original function (Point 2) is referred to as the T25; in
this case, it took approximately 35 minutes for the block to reach T25. At Point 3, there is a return to 75% of the original
twitch height, known as the T75, which in this case is slightly more than 40 minutes. Most clinicians are interested in the
T25 to T75 time (T25-75), as this is an indicator or measure of how quickly the drug degrades. In this example, this space is

surrounded by a dashed box, indicated as Point 4. Finally, the time to return to original function (T100) is shown at Point 5.
The entire duration is about 50 minutes.

Source: Author

Figure 6

30 NetCE © October 22, 2023

www. NetCE.com



#35111 Clinical Use of Neuromuscular Blocking Agents

TRAIN OF FOUR RESPONSE TO NONDEPOLARIZING NEUROMUSCULAR BLOCKERS

High ’

of (]

Height

Twitch
Low | l
T

Time
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beginning to wear off and normal function returning.

Each small upward arrow indicates the neuromuscular stimulator has fired, causing an electric impulse to be sent down

the patient’s nerve. The height of the twitch is an indicator of neuromuscular contractility. Point 1 shows the time the
nondepolarizer is administered. Area 2 is the period of eatly onset of the agent; area 3 is the late onset. Area 4 shows a
therapeutic level of profound paralysis, as only one twitch of the TOF is still present. Area 5 shows neuromuscular blockade

Source: Author

Figure 7

The average neuromuscular stimulator, however,
does not have this level of complexity. Instead, the
clinician uses either a series of four single twitches,
observed visually and/or using tactile senses, repeat-
edly administered one second apart (the TOF). The
TOF tells the clinician the approximate number of
receptors occupied by the neuromuscular blocker
at the point in time when the clinician activates
the stimulator. As previously mentioned, the
stimulator administers four 2-Hz impulses to the
patient. By simply counting the number of muscular
contractions produced by the electrical impulses,
the practitioner can estimate the degree to which
neuromuscular blockade is in force. The TOF looks
different in patients receiving succinylcholine than
it does in all of the nondepolarizing agents.

Figure 7 shows the height of TOF muscular twitches,
represented by lines reaching a certain height in the
patient receiving a nondepolarizing neuromuscular
blocker. In clinical practice, one would equate the
height of these lines with the degree of muscular
contraction. Therefore, a tall line is indicative of a
strong muscular contraction, a short line is a weak
contraction, and no line indicates no response to
the stimulus. A patient is tested before receiving an
initial dose of neuromuscular blocking agent (after
receiving sedation in the ICU or an induction dose
of intravenous or inhalation anesthesia). Following
the establishment of this baseline, the nondepolar-
izing agent is administered, a short amount of time
(i.e., 30 to 60 seconds) is permitted to pass, and the
patient is again retested. Note that all of the twitches
are reduced, with the first twitch being strongest and
the fourth being weakest. Subsequent tests show
further diminution of these twitch heights, until
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INTERPRETATION OF TWITCHES DURING TRAIN OF FOUR STIMULATION AFTER THE
ADMINISTRATION OF A NONDEPOLARIZING NEUROMUSCULAR BLOCKING DRUG

Number of
Twitches Seen

Clinical Interpretation

0 100% of the neuromuscular junctions are blocked. It is possible that the concentration of drug
is so high that the amount available exceeds the amount needed for a maximal response.

1 90% of the neuromuscular junctions are blocked. This degree of relaxation is ordinarily suitable
for most surgical or intensive care patients.

administration of reversal agents.

2 80% of the neuromuscular junctions are blocked. The patient may be readily reversed with the

3 75% of the neuromuscular junctions are blocked. This patient may have inadequate blockade
for some types of surgery and/or may attempt to breathe over the ventilator.

but may still be in a weakened state.

4 Less than 70% of the neuromuscular junctions are blocked. The patient may breathe adequately

Source: [13; 16; 116]

Table 9

finally only the first twitch is manifested. As the
block wears off, the twitches return in ascending
height from first to fourth, until, after reversal or
significant time for degradation, all four twitches
are equal in height and equal to the test conducted

before block administration. The interpretation of
these twitches is outlined in Table 9 [13; 16; 116].

Figure 8 shows the TOF response one sees when
succinylcholine is administered. The stair-step
appearance of the height of the twitches seen with
a nondepolarizing agent is no longer present. The
depolarizing action of this blocker suppresses muscle
response equally, resulting in all twitch heights
diminishing to the same degree until the relaxant
sets up, at which point they are completely abolished.
The twitches return in the same manner in which
they were ablated, with four twitches of the same
height increasing in contractility until a return to
normal function.

The degree to which a patient is relaxed may also
be determined by administering a tetanic impulse
of 50-100 Hz for a given period of time, usually
five seconds. For most practitioners, the presence
of five seconds of sustained tetany is used as a
proxy measure for adequate muscle contraction
needed for spontaneous and effective ventilation.

However, the transmission of these impulses may
provide a clouded picture of the patient’s blocked
status. Consider the patient who has received a
nondepolarizing neuromuscular blocking agent. The
practitioner administers TOF stimulation, but notes
zero twitches out of four. After waiting a short period
(i.e., one minute), the practitioner administers five
seconds of tetany, followed almost immediately by
a TOF stimulation, after which two of four twitches
can be seen. This latter reading is inaccurate, as the
tetanic impulse caused the temporary release of
large amounts of acetylcholine from the presynap-
tic neuron. This transient efflux results in a brief
period during which it appears the neuromuscular
blockade has dissipated. If one re-tests the TOF after
four to five minutes, during which the transiently
increased release of acetylcholine is redistributed
and/or broken down, the TOF will return to zero
of four twitches.

Double-burst stimulation is also useful, though it
should be noted that the higher impulses used by
this technique increase its painfulness and patients
who are sedated but not anesthetized may react to
this testing method. The double-burst stimulation
technique involves firing either two or three 50-Hz
impulse bursts, followed by a delay of 750 milli-
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TRAIN OF FOUR RESPONSES TO DEPOLARIZING NEUROMUSCULAR BLOCKERS
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to wear off and normal function returning.

Each small upward arrow indicates the neuromuscular stimulator has fired, causing an electric impulse to be sent down
the patient’s nerve. The height of the twitch is an indicator of neuromuscular contractility. Point 1 shows the time

the depolarizer is administered. Area 2 is the period of early onset of the agent; area 3 is the late onset. Area 4 shows

a therapeutic level of profound paralysis, with no twitches present. Area 5 shows neuromuscular blockade beginning

Source: Author

Figure 8

seconds [117]. A second two- or three-burst series
follows. The goal is to feel the degree of muscular
contraction of the first burst compared to the second
burst in terms of both strength of the contraction
and lack of fade (or sustained contractility through-
out the electric impulse). If the contraction on
the second set of bursts indicates fade, the patient
patient’s TOF ratio (current values compared to
baseline values) are 40% to 60%, indicating the
patient has residual weakness [117].

A final way of measuring neuromuscular function
is the use of post-tetanic count. As with the double-
burst stimulation, this is a painful technique and
patients who are not anesthetized may view this as
a noxious stimulus. It should be used with great
discretion in the ICU and prehospital arenas. In
this technique, 50 Hz is applied for five seconds,

followed after three seconds of no impulse with a
1-Hz twitch. The presence of a twitch indicates the
patient is not completely (100%) blocked [117]. It
also gives an indication of the time to the return of
the first twitch in TOF stimulation; after post-tetanic
count, the presence of a twitch during vecuronium
or atracurium relaxation indicates a return of T1 in
a TOF within seven to eight minutes [117].

For most patients receiving nondepolarizing agents
as part of anesthesia for surgical procedures, as well
as for most patients in the ICU requiring paralysis,
the return of the first twitch only in a series provided
by the TOF indicates the presence of a therapeutic
degree of neuromuscular blockade. It is possible
(and a common, though not desirable, occurrence)
that a dose of neuromuscular blocking drug can
completely extinguish all twitches in a TOF. Though
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indicative of a completely paralyzed patient, this
level of relaxation is, in most cases, both unneeded
and undesirable. In such cases, one must attempt
to anticipate how long it will take the block to wear
off in an environment of supersaturation. In other
words, the amount of neuromuscular blocking agent
exceeds the amount needed for a therapeutic effect;
there is excessive drug present even as the body starts
to break down the initial dose. This is analogous to
a “standingroom only” crowd. When one patron
leaves his/her seat, another person is waiting to take
it; no longer can the number of patrons be estimated
by counting the seats.

There are rare cases in the ICU, post-anesthesia care
unit (PACU), operating theatre, and prehospital
arena in which the benefits gained by the patient
being utterly immobile exceed the benefits of the
knowledge gained by seeing one twitch and know-
ing when offset will occur. However, these occasions
should be carefully planned and should not hap-
pen as a default administration of neuromuscular
blocking drugs. No patient should receive a relative
overdose of any agent unless there is benefit to be
gained by the use of that larger dose [113].

Note that this applies only to nondepolarizing
agents. Complete ablation of the TOF is common
with the depolarizing agent succinylcholine and is
a good indicator of adequate blockade. This reflects
the fact that succinylcholine, when administered to
a patient with normal plasma cholinesterase levels
and function, has a short duration, resulting in the
patient’s rapid return to normal neuromuscular
function [118]. The absence of any twitches only
becomes problematic in patients with pathologic
responses to the drug (e.g., atypical plasma cholin-
esterases) or in those developing a phase 2 block.
For the most part, such occasions are quite rare, and
succinylcholine reliably degrades very quickly, obvi-
ating the need for one-twitch maintenance [118].

If peripheral nerve stimulation is used,
optimal clinical practice suggests that
it should be done in conjunction with
assessment of other clinical findings
EVIDENCE-BASED . . .
PRACTICE (e.g., triggering of the ventilator and
RECOMMENDATION Lo
degree of shivering) to assess the degree
of neuromuscular blockade in patients undergoing

therapeutic hypothermia.

(https://journals.lww.com/ccmjournal/
Fulltext/2016,/11000/Clinical_Practice_Guidelines_
for_Sustained.16.aspx. Last accessed March 21, 2023.)

Strength of Recommendation: Good Practice

REVERSAL OF
NEUROMUSCULAR BLOCKADE

One of the properties that makes nondepolarizing
muscle relaxants so useful is their ability to be
reversed. In comparison, depolarizing blockers can-
not be reversed; the agent must run its natural course
and degrade spontaneously. As discussed, it is vital
to dose the agent correctly. In nearly all cases, this
means leaving a minimum of one twitch in the TOF
(for nondepolarizing agents). The biggest concern
with reversing neuromuscular blocking drugs is the
fact that reversal agents work at both the nicotinic
and muscarinic receptor sites. As the nicotinic recep-
tor and its activity have been discussed in detail in
a previous section, this section will provide a brief
review of the muscarinic receptor.

Muscarinic receptors are found ubiquitously
throughout the body, though its main areas of
concern when reversing neuromuscular blockade
are its effects in the heart, vasculature, upper air-
way, conducting airways, and nervous system. The
autonomic nervous system (Figure 9) is composed
of two major divisions: the sympathetic (or adren-
ergic) nervous system and the parasympathetic (or
cholinergic) nervous systems. The sympathetic ner-
vous system is associated with the “fight-or-flight”
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THE AUTONOMIC NERVOUS SYSTEM

Sympathetic nervous system
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Physiologic response at heart, vascular smooth muscle, bronchi, and glands

Source: Author

Figure 9

phenomenon, while the parasympathetic system is
associated with the “rest-and-digest” functions. Both
of these nervous systems are further divided into
the preganglionic neurons and the postganglionic
neurons.

In the reversal of neuromuscular blockade, concerns
revolve around the inadvertent and excessive acti-
vation of the parasympathetic nervous system and
its attendant muscarinic receptor activation. This
is because classic neuromuscular blockade reversal
agents work by deactivating acetylcholinesterase,
the enzyme primarily responsible for inactivating
acetylcholine. Lack of acetylcholinesterase causes
increased levels of acetylcholine to build up. These
acetylcholine molecules compete with nondepolar-

izing drug molecules for the acetylcholine receptor
site at the nicotinic receptor on the postsynaptic
neuromuscular junction membrane. This is a
therapeutic action, resulting in the return to normal
functioning of skeletal muscle.

Unfortunately, elevated levels of acetylcholine will
also bind with muscarinic receptors. Muscarinic
receptors are a family of receptor subtypes that are
primarily responsible for carrying out the physiologic
effects associated with the parasympathetic nervous
system [16]. When activated by acetylcholine, mus-
carinic receptors have a wide range of physiologic
responses that can be deleterious to the patient,
including bradycardia, bronchospasm, increased
nasal and oral secretions, and hypotension [37; 116].
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DOSAGE GUIDELINES FOR NEOSTIGMINE REVERSAL OF NEUROMUSCULAR BLOCKADE
Twitches in TOF Dose of Neostigmine
0 Delay reversal until TOF = 2
1 0.05-0.07 mg/kg
2 0.05-0.07 mg/kg
3 0.05-0.07 mg/kg
4 (with fade) 0.04-0.05 mg/kg
4 (without fade) 0.015-0.025 mg/kg
Source: [17; 116; 121; 122] Table 10

In patients with reactive airway disease, cholinergic
responses can result in full-blown asthma attacks.
The solution is to administer a concomitant dose
of an anticholinergic agent, which will work at the
muscarinic receptor to block the attachment of ace-
tylcholine while not affecting the nicotinic receptors.
[t is crucial that an adequate dose of anticholinergic
drug, either glycopyrrolate or atropine, is admin-
istered with the anti-acetylcholinesterase agent.
Failure to administer an anticholinergic may result
in severe cardiovascular collapse, pulmonary failure,
and, in extreme cases, death [119]. Fortunately, these
drugs are easy to administer.

ANTLIACETYLCHOLINESTERASE AGENTS

Upon release from the prejunctional neuron at
the neuromuscular junction, acetylcholine rap-
idly crosses the synaptic space and binds with the
nicotinic acetylcholine receptor on the muscle mem-
brane. The synaptic cleft, however, is also lined with
acetylcholinesterase that has the function of break-
ing down acetylcholine. This breakdown happens
very quickly, usually within 80 to 100 microseconds
[116]. In order to overcome this rapid breakdown
and to allow the neurotransmitter sufficient time
to build up to a level at which it can compete with
the nondepolarizing drug, the acetylcholinesterase
must be temporarily degraded. There are three com-
monly used anti-acetylcholinesterase agents that will
accomplish this task: edrophonium, neostigmine,
and pyridostigmine. Of these three, neostigmine
is the one used most frequently for the reversal of
neuromuscular blockade induced by a nondepolar-
izing agent.

Neostigmine

Injecting neostigmine intravenously results in the
drug quickly binding with acetylcholinesterase. This
binding process accomplishes two actions. First,
the acetylcholinesterase is inactivated, and then the
neostigmine itself is hydrolyzed, deactivating the
action of the drug as well [116]. These actions raise
the concentration of acetylcholine in the synapse of
the neuromuscular junction, resulting in a return
to normal function of the skeletal muscle [15]. The
kidney excretes approximately 50% of neostigmine,
so its effects may be prolonged in the patient with
renal disease [116]. Of the remaining drug, 30%
undergoes degradation in the plasma via cholines-
terases, and the rest in the liver [120]. Neostigmine
has a quick onset (i.e., 1 minute) but a slower peak
activity (approximately 10 minutes) after injection
[119; 121]. A dose of 0.07 mg/kg (maximum: 5 mg)
has been deemed sufficient to provide reversal for
patients who manifest at least one twitch in a TOF;
however, more recent research has called this into
question [15; 16]. A standard dose of neostigmine
does not reflect the pharmacologic standard of vary-
ing drug doses with patient needs. The ability to
monitor patients receiving neuromuscular blockers
allows one to determine the extent of the blockade
and thus modify the dose of reversal agent required.
In Table 10, the works of several researchers have
been combined to provide dosage guidance for the
administration of neostigmine in the face of neuro-

muscular block monitoring [11; 17; 113; 119; 121].
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This agent is a short-acting anti-acetylcholinesterase
with a more rapid onset than neostigmine. While
the administration of neostigmine results in the
degradation of the acetylcholinesterase enzyme,
edrophonium merely binds and then releases, leav-
ing the enzyme intact [116]. The dose of edropho-
nium is 0.5-1.0 mg/kg, and, like neostigmine, it
must be administered with an anticholinergic agent

[16; 116].

Pyridostigmine

Pyridostigmine has a somewhat longer duration
of action than neostigmine and, like neostigmine,
degrades the acetylcholinesterase enzyme. Pyridostig-
mine is not as effective as either neostigmine or
edrophonium at doses of 0.38 mg/kg [123]. A review
of the literature reveals the nearly total absence of
use of this agent as a reversal drug, and it is included
here solely in the interest of being complete.

Correct Administration

As with every other medication, the patient’s under-
lying comorbidities, pathology, and circumstances
regarding its administration should be considered.
The most common way of administering neuro-
muscular reversal agents is to mix them together in
a syringe of adequate size, usually 10 mL in capac-
ity. To prepare the medication for injection, the
clinician first aseptically draws up 5 mL of either
atropine (in a concentration of 400 mcg/mL; total
dose 2 mg) or glycopyrrolate (in a concentration of
200 mcg/mL; total dose 1 mg). Having filled the
syringe halfway with anticholinergic, the practitioner
fills the remaining 5 mL of the syringe with 5 mg of
neostigmine, resulting in a 10-mL syringe filled with
5 mg of neostigmine in a concentration of 0.5 mg/
mL, and either 2 mg of atropine at a concentration
of 200 mcg/mL or 1 mg of glycopyrrolate at a con-
centration of 100 mcg/mL. The drugs are now ready
for administration. Referring to Table 9, consider
a 60-kg patient with two twitches on a TOF being
reversed with glycopyrrolate and neostigmine. The
correct dose for reversal is 0.05-0.07 mg of neostig-
mine per kilogram of body weight. This calculates

#35111 Clinical Use of Neuromuscular Blocking Agents

to a dose of 3.5-4.2 mg of neostigmine. The dose
of 3.5 mg is selected. As the syringe contains 0.5 mg
neostigmine per mL, 7 mL of the mixed agents is
required; this will give a concomitant dose of 700
mcg of glycopyrrolate. Glycopyrrolate will amelio-
rate the adverse cardiovascular and pulmonary side
effects of neostigmine, while the therapeutic effects
of increasing acetylcholine at the neuromuscular
junction will continue, resulting in the reversal of
neuromuscular blockade. This technique also works
with atropine, though atropine’s ability to cross the
blood-brain barrier (which is not present in glycopyr-
rolate) has resulted in its use as a part of the reversal
mixture decreasing over time.

Occasionally, patients may experience a brief episode
of bradycardia if neostigmine binds with muscarinic
receptors before the anticholinergic can occupy and
block those same muscarinic receptors. If it is impor-
tant that the patient not become bradycardic (e.g.,
cardiac valvular disease with regurgitant flow), the
practitioner can mix the neostigmine and anticho-
linergic in two different syringes. A small dose of the
anticholinergic is then administered first, and, upon
seeing an increase in heart rate, the practitioner can
then inject the anti-acetylcholinesterase agent and
the remaining anticholinergic agent.

SUGAMMADEX

Sugammadex is the newest reversal drug to come on
the market, and it has been described as “revolution-
ary” [36]. It was approved for use in the United States
by the FDA in 2015 [36]. Prior to this, it was used
successfully in Europe for nearly a decade. Sugamma-
dex is described as a cyclodextrin with a hydrophobic
interior and hydrophilic exterior [124]. Its structure
allows other hydrophobic agents to enter the center
of the molecule and prevent the agent from binding
with the receptor. The drug was designed to have
a specific affinity for the nondepolarizing agents
rocuronium and vecuronium [125]. It differs from
other neuromuscular block reversal agents in that it
inactivates the nondepolarizing drug while leaving
acetylcholinesterase unaffected. As sugammadex
combines with the amino-steroid nondepolarizers,
there are fewer free nondepolarizing agent molecules
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available to bind with the nicotinic receptor. This in
turn allows the increased binding of acetylcholine
and a return to normal muscle function [36]. One
of the shortcomings of this drug is that it does not
work to reverse blocks from cisatracurium, atracu-
rium, or succinylcholine [36].

The most crucial impact of sugammadex is that,
when combined with the nondepolarizing agent
rocuronium, it offers an alternative to succinyl-
choline in a patient who requires both a rapid
onset and a rapid offset of muscle relaxation. This
is even more important when coupled with the
fact that the duration of time the block has been
in effect, the presence or absence of twitches, and
the dose of the block are immaterial to its reversal
[124]. As an example of the efficacy of this reversal
agent, consider the effects of a dose of 0.6 mg/kg
of rocuronium, which should last approximately
40 minutes. After the administration of a dose of
8 mg/kg of sugammadex, neuromuscular function
returns to normal in less than two minutes [124]. A
dose of conventional neuromuscular block reversal
agent, such as neostigmine, would have been inef-
fective until two twitches of the TOF had recurred
(approximately 20 minutes), and then the reversal
agent itself would have taken another 10 minutes to
peak. The recovery profile of sugammadex coupled
with rocuronium exceeds that of succinylcholine in
terms of onset and offset [113].

The dose of sugammadex varies depending on
the time delay between the administration of the
nondepolarizing agent and the subsequent reversal
dose of the drug. The doses of sugammadex for
shallow, moderate, and deep levels of neuromuscu-

lar blockade are 2 mg/kg, 4 mg/kg, and 16 mg/kg,
respectively [113; 119]. The latter dose of 16 mg/kg
is referred to as a rescue dose and can reverse doses
of rocuronium as high as 1.2 mg/kg in as little as
three to five minutes [113].

Sugammadex is eliminated via the kidney, with
95% of the drug being eliminated unchanged in
the urine [126]. The drug has not been associated
with any pulmonary or cardiovascular side effects,
despite initial concerns that its administration could
aggravate long QT syndrome [126].

COMMON USES OF NEURO-
MUSCULAR BLOCKING AGENTS
AND AREAS OF CONCERN FOR
THE PRACTITIONER

POST-ANESTHESIA CARE UNIT

Neuromuscular blockers are commonly admin-
istered in the operating room, and nurses in the
PACU will frequently receive patients who either
still have neuromuscular blocking drugs on board
or who have just undergone reversal. It is important
for the PACU nurse to rapidly and accurately deter-
mine the patient’s neuromuscular blockade status, as
the inadequate reversal of neuromuscular blockade
combined with an extubated patient may result in
hypoxemia, the need for emergent reintubation,
cardiac dysrhythmias, and, in extreme cases, death
[112; 113]. While using the PNS to determine the
degree of relaxant remaining in the patient would be
of greatest use, this is somewhat difficult unless the
patient arrives in the PACU sedated and intubated,
as the PNS tests may be painful. Fortunately, other
tests can be done to determine the degree to which

the patient’s neuromuscular function has returned
[111; 113; 121]. These tests include:

* A sustained head lift for longer than five
seconds: This tests the core muscles of the
patient and mimics the “five seconds of
tetany” produced by the PNS. The drawback
of this test is it may be impossible for certain
patients (e.g., those who have undergone
abdominal surgery).

e Protrusion of the tongue for longer than
five seconds: The tongue is the most likely
anatomic structure to occlude the upper
airway. Patients who can stick their tongue
out and hold it for five seconds reassure the
practitioner that they can clear their own
airway. Additionally, the five-second period
shows prolonged muscular activity is possible.
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e Firm handgrip for longer than five seconds:
This test offers the added benefit of determin-
ing the patient’s level of mentation and his or
her ability to respond appropriately to verbal
stimulus. As with the first two tests, the five-
second period shows the ability of the patient
for prolonged muscular contraction.

* An inspiratory force exceeding -25 cma H20O:
The ability of the patient to breathe deeply
is the prime reason all of the other tests are
performed. The ability to generate this level of
negative pressure (as measured by spirometry)
indicates the return of muscular function of
the diaphragm.

e Tidal volume of 5 mL/kg and a vital capacity
of greater than 15 mL/kg: These tests are
ordinarily performed by respiratory therapy
during a pulmonary function test but may
be performed at the bedside if the patient is
intubated. The ability to generate these values
on command is indicative of sufficient respira-
tory function to allow normal breathing. It is
important to note these values may be modi-
fied in patients with significant pulmonary
comorbidities.

PREHOSPITAL ADVANCED CARE
PROVIDERS (PARAMEDICS
AND PREHOSPITAL NURSES)

The prehospital arena presents numerous problems
for practitioners. There is a consistent dynamic ten-
sion between the option of staying on scene longer
to stabilize the patient prior to transport and load-
ing the patient for rapid transport to a hospital for
definitive care. The area in which these two schools
of thought converge is that of time management.
The “golden hour” applies not just to traumati-
cally injured patients, but to those suffering from
cardiovascular issues (e.g., myocardial infarction)
or cerebrovascular issues (e.g., stroke). In all of
these cases, perfusion of the damaged tissue with
oxygenated blood is among the highest priorities.

#35111 Clinical Use of Neuromuscular Blocking Agents

Providing supplemental oxygen via facemask, nasal
cannula, or even continuous positive airway pressure
may not be sufficient to meet the patients’ needs.
In these cases, the airway must be secured, either
with a supraglottic device blindly inserted or via
endotracheal intubation.

Administration of neuromuscular blockers can
relax the musculature of the jaw and oropharynx
and speed endotracheal intubation. The same
relaxation that makes endotracheal intubation easier
comes with the downside of increasing the likeli-
hood of vomiting and aspiration. As early as 1998,
researchers have sought to determine the extent
to which succinylcholine would ease intubations
in the emergency department [127]. Though not
in the prehospital venue as such, most prehospital
policies emanate from emergency departments. In
this study, researchers found that the administration
of succinylcholine decreased the number of intuba-
tions defined as “difficult” and advocated for the
use of the drug [127]. This study was followed by
a second confirming the utility of neuromuscular
blockers in the hands of non-anesthesia personnel
in the emergency room, again using succinylcholine
[128]. The rates of complications such as esophageal
intubation, aspiration, and airway trauma were
reduced after the administration of succinylcholine
for airway management.

Other studies conducted in the late 1990s began
to branch into the use of neuromuscular blocking
agents in the field by non-physician providers. One
such study advocated the use of succinylcholine,
along with lidocaine, oxygen, and midazolam, for
patients receiving aeromedical evacuation [129].
The researchers found an increased rate of suc-
cessful intubation, moving from 69.6% success in
non-medicated patients to 97.5% in those receiv-
ing paralysis [129]. A particularly interesting study
dealt with the paramedic administration of succi-
nylcholine to critically ill and injured children. As
discussed, succinylcholine may lead to significant
problems in children, such as bradycardia and
hyperkalemia, the latter complication in those with
undiagnosed muscle disorders. Despite these pos-
sible concerns, the study found that paramedics,
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under close medical direction, could use succinyl-
choline to successfully intubate pediatric patients,
with a reduced prevalence of airway complications
and no episodes of bradycardia [130]. This theme
was echoed by researchers determining the utility
of neuromuscular blockade assisted intubation
in patients with severe head injuries [131]. They
used succinylcholine followed by rocuronium after
endotracheal tube placement to provide ease in ven-
tilation during transport. Severely hypoxic patients
had statistically higher mortality rates than those
without hypoxia, and the success rate for oral tra-
cheal intubation was 84.5% [131]. Another study
in which paramedics intubated patients with severe
traumatic brain injury using succinylcholine showed
increased rates of favorable neurologic outcome six
months after the injury [132].

As prehospital care continued to develop, the use
of other types of medications for neuromuscular
blockade were researched. As with succinylcholine,
early research seeking to use rocuronium as a substi-
tute was performed in the emergency department.
In a study comparing the use of succinylcholine and
rocuronium for airway management in a tertiary
care facility, both agents were found to be equally
efficacious, though succinylcholine was preferred by
the clinicians, presumably due to its fast offset [133].
[t is important to note that during the time of this
study (2009) sugammadex was not yet approved for
use in the United States. In a later review article,
the author suggested rocuronium be substituted for
succinylcholine for the prehospital provider [63].
The availability of sugammadex takes the problem
of prolonged paralysis out of the equation while
also eliminating the plethora of side effects associ-
ated with succinylcholine. In short, neuromuscular
blocking agents used by well-trained field person-
nel decrease the likelihood of airway complication,
facilitate airway management in the field, and, when
accompanied by appropriate sedation protocols,
prevent the patient from fighting restraints and
mechanical ventilation during transport.

ANESTHESIA

The most common use of neuromuscular blocking
agents is during surgical procedures. Neuromuscular
blocking agents allow the anesthesia provider the
muscular relaxation needed to facilitate manipu-
lation of the patient’s airway, direct or indirect
exposure of the glottic opening, and placement of
an endotracheal tube to facilitate perianesthesia ven-
tilation and maximally protect the patient’s airway
during the procedure. Additionally, in the major-
ity of surgical cases, relaxation of skeletal muscle
aids the surgeon’s visualization of the organs and
results in the administration of lower doses of other
anesthetics. As discussed, neuromuscular blocking
agents work peripherally at the neuromuscular junc-
tion rather than centrally in the motor cortex of the
brain. It is, however, possible to decrease patient
movement and decrease the tension in skeletal
muscle by deepening the level of other anesthetic
agents, particularly the inhaled (volatile) anesthetic
agents. Years of experience have revealed that the
dose of inhalation agent required to accomplish
this is quite high and affects not only the brain but
also mechanisms at the spinal cord [134]. It is dra-
matically higher than the amount of inhaled agents
needed to obtund consciousness and obliterate the
patient’s memory during the surgical procedure
[134]. As this is the case, neuromuscular blocking
agents provide a quiet surgical field, increase the
patient’s tolerance of mechanical ventilation, and
quickly reverse the patient at the end of the case,
shortening the perianesthesia period.

The anesthetist is well placed to measure the degree
of neuromuscular blockade continuously through-
out the anesthetic and surgical procedure. With
rare exceptions, the anesthetist has access to either
the patient’s forearm (to stimulate adductor pollicis
muscles) or head (to stimulate orbicularis oculi mus-
cles). As this continuous monitoring is both quick
and easy to quantify, the guidelines recommend that
only intermediate-acting neuromuscular blockers be
administered and that the long-acting neuromuscu-
lar blockers (e.g., pancuronium) be removed from
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anesthesia practice [113]. Further, the anesthetist
should endeavor, whenever clinically possible,
to maintain a minimum of one twitch in a TOF
series. These two practices, both of which are easily
accomplished, have the potential to decrease the
problems with prolonged or inadequately reversed
neuromuscular blockade. Long-acting muscle relax-
ants may still have a place in anesthesia practice for
patients who require a long recovery, intensive care
hospitalization, and prolonged post-procedure ven-
tilation. As surgical practice moves more and more
toward “fast-tracking” the patient’s recovery, these
cases will probably be less common.

THE INTENSIVE CARE UNIT

Note: There are many types of ICUs, some generalized in
nature and some only accepting specific patients. In this
course, the term ICU includes any unit in which critically
ill or injured patients require extensive monitoring and in
which mechanical ventilation is used.

Critically ill patients in the ICU may be unable to
breathe for themselves secondary to severe injury,
extensive surgery, or respiratory failure secondary to
cardiac or pulmonary comorbidities. In cases such as
this, intubated patients (or those with tracheotomy)
may require mechanical ventilation. While such
ventilation is possible with the co-administration
of neuromuscular blocking drugs, some forms
of mechanical ventilation will be difficult for the
patient to tolerate. For example, as the mechani-
cal ventilator inflates the lungs, a volume will be
reached that triggers the Hering-Breuer response
[135]. This reflex ordinarily stops negative pres-
sure inspiration in the normally breathing adult;
however, in the mechanically ventilated patient,
it may cause the patient to violently attempt to
cough, more commonly known as “bucking” on the
ventilator. This phenomenon may be attenuated by
either sedation or narcotic analgesia, but the doses
of such medications may result in prolonged inhi-
bition of normal respiration and delay extubation.
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Further, in patients with either acute lung injury
or adult respiratory distress syndrome (sometimes
referred to as noncardiogenic pulmonary edema),
the administration of neuromuscular blockade can
decrease oxygen consumption [74]. In one study
of 340 patients requiring mechanical ventilation
secondary to adult respiratory distress syndrome, a
group that received a 15-mg bolus dose of cisatra-
curium followed by an infusion of 37.5 mg/hour
for 48 hours resulted in a 90-day mortality rate of
31.6%, compared with a mortality rate of 40.7% in
those not receiving the protocol [136]. While the
importance of the judicious use of neuromuscular
blockers in the critically ill cannot be understated,
one study provides clear and convincing evidence of
the importance of a sufficient level of sedation that
must also be given to these patients. In their study,
patients were more likely to develop delirium in the
absence of or inadequacy of sedation [137]. In their
research, 64.4% of mechanically ventilated patients
experienced delirium and had a 30-day mortality
rate of 30.3%, compared with a rate of 11.9% in
those not experiencing delirium [137]. Clinicians
should always keep in mind the concept that neu-
romuscular blockers offer no diminution of central
nervous system function whatsoever, and there can
be few things as terrifying as being paralyzed and
wide awake.

With the use of a PNS and the co-administration
of sedation, the ICU staff can closely monitor
a patient’s degree of neuromuscular blockade.
Indeed, one author has referred to the use of the
PNS as the “criterion standard” in musculoskeletal
monitoring [138]. Patients requiring prolonged
neuromuscular blockade in the ICU are best treated
with intravenous infusions of intermediate-acting
agents. As with all hospitalized patients, the goal is
to treat the underlying disease or injury as quickly
as possible, and then wean the patient from the
ventilator in a quick and efficient manner. While
intermittent boluses of neuromuscular blockers will
prevent patient movement, they may impede the
reversal and weaning process. A large loading dose
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of neuromuscular blocking drug, given to ensure
quick onset, has the disadvantage of exceeding the
therapeutic dose levels and extinguishing the TOF
response (no twitches). Until the dose begins to
degrade, the clinician is “flying blind,” as there is
no way to determine the extent of neuromuscular
blockade. Indeed, there may be a supramaximal
dose, resulting in prolonged blockade. The infusion
dose, though taking a bit longer to set up, stops at the
desired point. The lack of peaks and nadirs ensures
the correct dose throughout the administration
of the drug, easing recovery from neuromuscular
blockade. Finally, the administration of large bolus
doses of neuromuscular blocking agents in the
ICU has been associated with prolonged blockade
[138]. This is attributed primarily to those agents
degraded by the liver and eliminated by the kidney.
During the peak stages of the patient’s illness or
injury, hepatic and/or renal function may decrease.
Agents such as pancuronium and vecuronium, with
significant hepatic breakdown, active metabolites,
and diminished renal excretion, have been associ-
ated with prolonged neuromuscular blockade lasting
days or weeks after the cessation of administration
[138]. This phenomenon appears especially linked
to those patients presenting with sepsis. One group
of researchers speculated the aggravating effects of
neuromuscular blockers in these patients may also
be due to degraded renal function [139].

Another significant problem that may occur in I[CU
patients receiving muscle relaxants is the phenom-
enon of [CU-acquired weakness. This weakness may
be nerve-centered (critical illness polyneuropathy)
or muscle-centered (critical illness myopathy) [140].
One study reports an incidence of between 24% and
77% in patients with stays in the ICU as short as
one week, and men appear to be twice as likely to
experience this as women [140; 141]. The nature and
role of neuromuscular blocking in aggravating or
preventing this weakness is still under consideration.
One study, for example, found that cisatracurium
had no effect on the development or exacerbation
of ICU-acquired weakness [140]. A contrary view
states that the risk of myopathy increases with the
concomitant administration of corticosteroids and
neuromuscular blockers [138]. From this perspec-
tive, the institution of “drug-free holidays” dur-
ing which neuromuscular blockers are allowed to
completely wear off, as verified by the PNS, may
be warranted. Their findings were echoed by other
researchers, who identified prolonged neuromuscu-
lar blockade as a risk factor for prolonged weakness
[141]. These researchers recommended the same
drugfree holidays, as well as the use of an infusion
to keep the dose at a sufficient level to allow a TOF
of two twitches, with regular PNS monitoring.

The Society of Critical Medicine suggests
against the routine administration of

a neuromuscular blocking agents to
mechanically ventilated patients with

EVIDENCE-BASED :
PRACTIOE status asthmaticus.

RECOMMENDATION
(https://journals.lww.com/ccmjournal/

Fulltext/2016,/11000/Clinical_Practice_Guidelines_
for_Sustained.16.aspx. Last accessed March 21, 2023.)

Strength of Recommendation: Weak
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CONCLUSION

Neuromuscular blockers have a specific and carefully
defined place in health care. The primary warn-
ing that comes with each of the agents is that an
individual who is an expert in airway management
should always be immediately available prior to
their administration. The practitioner should always
consider carefully the comorbidities of the patient
receiving these agents. Further, every patient who
receives these agents should receive some form of
sedation, preferably deep sedation, to prevent him
or her from consciously experiencing the terrifying
phenomenon of being awake and paralyzed. Finally,
patients who have received neuromuscular blocking
agents should always be carefully monitored and,
with rare exceptions, the minimum dose to achieve
the therapeutic goal administered. Following these
guidelines will result in patient care that is safe and
comfortable.

Implicit Bias in Health Care

The role of implicit biases on healthcare outcomes
has become a concern, as there is some evidence that
implicit biases contribute to health disparities, profes-
sionals’ attitudes toward and interactions with patients,
quality of care, diagnoses, and treatment decisions. This
may produce differences in help-seeking, diagnoses, and
ultimately treatments and interventions. Implicit biases
may also unwittingly produce professional behaviors,
attitudes, and interactions that reduce patients’ trust and
comfort with their provider, leading to eatlier termina-
tion of visits and/or reduced adherence and follow-up.
Disadvantaged groups are marginalized in the healthcare
system and vulnerable on multiple levels; health profes-
sionals’ implicit biases can further exacerbate these
existing disadvantages.

Interventions or strategies designed to reduce implicit
bias may be categorized as change-based or control-
based. Change-based interventions focus on reducing
or changing cognitive associations underlying implicit
biases. These interventions might include challenging
stereotypes. Conversely, control-based interventions
involve reducing the effects of the implicit bias on the
individual’s behaviors. These strategies include increas-
ing awareness of biased thoughts and responses. The
two types of interventions are not mutually exclusive
and may be used synergistically.
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