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KEY POINTS

1 Neuromuscular blocking agents (NMBAs) improve conditions for tracheal
intubation and protect against vocal cord damage, improve surgical
conditions, and facilitate mechanical ventilation in the operating room
and intensive care unit.

2 All NMBAs (depolarizing and nondepolarizing) interact with specific sites
(α subunits) of the nicotinic cholinergic receptors and block muscle
membrane depolarization, leading to flaccid paralysis.

3 Neuromuscular function can be measured (monitored) using
neurostimulation. A train of four stimuli at 2 Hz (train-of-four [TOF])
will have four equal muscle contractions at baseline, indicated by a TOF
ratio of 1.0 (fourth twitch, T4, equal in amplitude to first twitch, T1).
With an increase in nondepolarizing block, the TOF ratio will decrease
from 1.0 to 0. This ratio will return to normal with offset of block
(recovery). The threshold for minimal recovery is TOF ratio 0.90 or
higher.

4 Subjective (visual, tactile) evaluation of fade is unreliable, particularly
when the TOF ratio is 0.40 or greater. Clinical testing (such as 5-second
head-lift, grip strength, vital capacity, tidal volume) is notoriously
inaccurate, and despite its wide clinical use, does not exclude residual
neuromuscular block. When using subjective and clinical methods of
assessment, the incidence of postoperative residual paralysis is 30% to
40%.

5 Objective methods of monitoring such as acceleromyography,
mechanomyography, or electromyography can eliminate the incidence of
residual paralysis and avoid postoperative critical respiratory events.

6 Monitoring of facial muscles instead of the adductor pollicis muscle in
the hand generally leads to overestimation of neuromuscular function,
and increases the incidence of postoperative residual paralysis and
postoperative pulmonary complications.

7 Upper airway muscles (e.g., genioglossus) are very sensitive to minimal
levels of neuromuscular block, and patients may be unable to protect the
airway against aspiration even when TOF = 0.90.

8 Cholinesterase inhibitors prevent acetylcholine breakdown, and allow
competition with nondepolarizing NMBAs for receptor sites. This restores
normal neuromuscular transmission, but the reversal of nondepolarizing
block is limited (cholinesterase inhibitors have a ceiling effect).

9 New selective relaxant binding agents such as sugammadex encapsulate
aminosteroid NMBAs and quickly and reliably reverse nondepolarizing
block of any depth if administered in sufficient doses that are based on
neuromuscular monitoring data.
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10 The combination of rocuronium (for rapid onset) and sugammadex (for
emergent reversal of block) in a failed rapid-sequence induction scenario
can be more rapid than spontaneous recovery from succinylcholine (as
long as recovery from induction drugs is sufficient and airway patency is
restored).

The neuromuscular junction (NMJ) is one of the most comprehensively
studied models of neural function.1 Neuromuscular blocking agents (NMBAs),
also called “muscle relaxants” or “paralytics,” have been used in the clinical
setting for almost 75 years. Unlike many other classes of drugs used in
medicine today, the list of NMBAs is relatively short, and they belong to only
two classes: aminosteroidal and isoquinolinium (tetrahydroisoquinoline)
compounds. A third class, quaternary amines (gallamine), is no longer in
clinical use. Experience with these drugs has taught us the clinical usefulness
of NMBAs, and the literature continues to remind us about the huge
variability in responses to these drugs among patients. A thorough
understanding of the concepts of neuromuscular transmission, of the effects of
NMBAs in the normal individual and how these effects might be altered by
certain disease states, electrolyte imbalances and interactions with other
drugs, and knowledge of how best to monitor the effects of NMBAs, are of

paramount importance in providing optimal, safe patient care.

Physiology and Pharmacology

Morphology of the Neuromuscular Junction

Lower motor neurons, whose cell bodies are located in the ventral horn of the
spinal cord and the motor nuclei of cranial nerves, project their axons via the
ventral roots to control effector organs (muscles and glands). The somatic
motor neurons are typically large-diameter, myelinated, and fast conducting;
as the axons approach their endings, they lose their myelin sheaths before
branching into terminal fibers. Each terminal fiber supplies a muscle fiber via
a specialized connection, the NMJ (or gap). The NMJ consists of the
presynaptic motor neuron, the postsynaptic muscle fiber, and the intervening
50- to 70-nm gap (synaptic cleft) between the two, which contains the
enzyme acetylcholinesterase (Fig. 21-1).

The NMJ has a highly ordered mechanism that converts the electrical
signal of the motor nerve (the action potential) into a chemical signal
(effected by the release of acetylcholine [ACh]), which in turn is converted
into an electrical event (muscle membrane depolarization), leading to a
mechanical response (muscle contraction). The motor unit consists of the
motor neuron and the muscle fiber it innervates. The number of muscle fibers
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that each neuron innervates (innervation ratio) determines the precision of
the muscle contraction: for muscle groups that require very fine control (e.g.,
eye or facial muscles), the innervation ratio is close to 1:2 (i.e., 1 nerve
innervating 2 fibers). For large muscles that require coarse, powerful
movement (thigh or back muscles), the innervation ratio approaches 1:2,000.

Nicotinic muscle-type Ach receptors (muscle-type nAChRs) are located in
folds of the postsynaptic muscle membrane in very high concentrations and
are not normally found extrasynaptically (see later). More than 90% of all
nAChRs in a muscle fiber are located at the synapse, an area that represents
less than 0.1% of the total muscle membrane surface area. At birth, the
nAChRs are termed “fetal” or “immature” and are comprised of five protein
subunits (two α subunits, one β, one γ, and one δ subunit—denoted as α2βγδ),
arranged in a rosette with a central transmembrane channel (Fig. 21-2). The
initial fetal receptor density is relatively low, approximately 1,000 receptors/
μm2. After birth, the fetal nAChRs become “mature” or “adult” nAChRs by
replacing the fetal γ subunit with an  subunit (denoted as α2βδ ), and the
receptor density increases substantially (10,000 receptors/μm2) (Fig. 21-3).
The two α subunits of the receptor contain the ACh-binding sites (the α-
recognition site).2 The nAChRs are found preferentially at the endplate,
on the crest of the membrane invaginations (folds), and their density
decreases markedly outside the junctional area.3

Nerve Stimulation

ACh mediates transmission of an impulse from nerve to muscle. When
depolarization of the motor nerve reaches the nerve terminal, voltage-gated
Ca2+ channels open, and the vesicles (quanta) that contain ACh are released
by exocytosis from the nerve terminal into the cleft. This release of ACh
quanta (each containing 5,000 to 10,000 ACh molecules) is antagonized by
hypocalcemia and hypermagnesemia. The K+ channels in the nerve terminal
area limit the extent of Ca2+ entry into the terminal, and regulate the
transmitter quantal release, initiating nerve membrane repolarization.
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Figure 21-1 Schematic representation of the neuromuscular junction (not drawn to
scale).

Figure 21-2 Nicotinic acetylcholine receptors (nAChRs) termed “fetal” (due to their
expression early in development) consist of five subunits: two α subunits, as well as one
β, one γ, and one δ subunit (denoted as α2βγδ). During the first 2 postnatal weeks, each
postsynaptic motor site is innervated by multiple presynaptic nerve terminals. The α
subunits contain the recognition site for ACh and all neuromuscular blocking agents.
(Reprinted with permission from Brull S, Naguib M. Review of neuromuscular junction
anatomy and function. In: Mashour GA, Lydic R, eds. The Neuroscientific Foundations
of Anesthesiology. New York, NY: Oxford University Press; 2011:205–210.)

Presynaptic Events: Mobilization and Release of Acetylcholine

ACh is synthesized in the presynaptic nerve terminal from acetate and
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choline, and is divided into two functional pools: the “immediately available
pool” consists of a small fraction of all ACh available in the nerve terminal.
Most of the ACh is contained in the “reserve pool” that first must be
transported (mobilized) to the area adjacent to the membrane (the active
zone) and become part of the immediately available pool before it can be
released into the cleft. Once nerve depolarization occurs and the intracellular
Ca2+ concentration increases, ACh quanta are released into the synaptic cleft.
Released ACh can then bind to the postsynaptic nAChRs to initiate muscle
contraction (see later), followed by rapid hydrolysis by acetylcholinesterase
into choline and acetic acid; choline then re-enters the presynaptic nerve
terminal. ACh can also bind to presynaptic neuronal nAChRs to facilitate ACh
mobilization (feedback mechanism).

Postsynaptic Events

Small quantities of ACh are released spontaneously into the cleft, resulting in
small depolarizations (5 mV) of the muscle membrane. These miniature end-
plate potentials (MEPPs) may represent the membrane effects of a single ACh
quantum. When sufficient ACh quanta are released (200 to 400 quanta,
representing 1 to 4 million ACh molecules), the postjunctional muscle
membrane depolarization reaches an end-plate potential (EPP) and the
excitation–contraction sequence is activated: ACh binds to both recognition
sites of the α subunits of the nAChRs, inducing a conformational change of
the receptor that results in the opening of a central channel (pore). The
central channel allows Na+ influx and K+ efflux, resulting in muscle cell
membrane depolarization. Voltage-gated Na+ channels on the muscle
membrane propagate the action potential across the membrane, leading to the
development of muscle tension (excitation–contraction coupling).
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Figure 21-3 Nicotinic acetylcholine receptors (nAChRs) termed “adult” (due to their
expression later in development) consist of five subunits: two α subunits, as well as one
β, one δ, and one  subunit (denoted as α 2βδ). Each postsynaptic adult motor site
receives neuronal input from a single motor axon, and the adult nAChRs are restricted
in high concentrations (10,000/μm2) in the postsynaptic membrane, but are virtually
absent extrasynaptically. As with fetal nAChRs, the α subunit contains the recognition
site for ACh and all neuromuscular blocking agents. (From Brull S, Naguib M. Review of
neuromuscular junction anatomy and function. In: Mashour GA, Lydic R, eds. The
Neuroscientific Foundations of Anesthesiology. New York, NY: Oxford University Press;
2011:205–210.)

Receptor Up- and Downregulation

When the frequency of stimulation at the NMJ decreases over days (or
longer) due to severe burns, immobilization, infection/sepsis, prolonged use
of NMBAs in the intensive care unit (ICU), or cerebrovascular accidents
(CVAs), the number of immature (fetal) nAChRs increases (receptor
upregulation) and they extend beyond the NMJ into the adjacent muscle
membrane. The immature nAChRs have increased sensitivity to agonists (ACh
and succinylcholine [SCh]), and decreased sensitivity to nondepolarizing
NMBAs. The channel opening time of the immature nAChRs is up to 10-fold
longer than that of mature receptors and may allow systemic release of lethal
doses of intracellular K+ in response to administration of SCh. Downregulation
of mature nAChRs occurs during periods of sustained agonist stimulation; for
instance, chronic neostigmine use (in patients with myasthenia gravis) or
organophosphorus poisoning leads to resistance to SCh but extreme sensitivity
to nondepolarizing NMBAs.

Pharmacologic Characteristics

NMBAs can be classified based on their mode of action: depolarizing NMBAs
(e.g., SCh) produce muscle relaxation by directly depolarizing the nAChRs.
This occurs because SCh (made up of two ACh molecules joined end to end)
acts as a “false transmitter,” mimicking ACh. Nondepolarizing NMBAs compete
with ACh for the two α-subunits’ (apostrophe) recognition sites, preventing
normal nAChR function. Nondepolarizing agents can be classified further
according to their chemical structure (benzylisoquinolinium or steroidal) or to
their duration of action (short-, intermediate, or long-duration; see later).

Potency of a drug is determined by the dose required to produce a certain
effect and is calculated from the dose-response sigmoidal curve (Fig. 21-4).
For NMBAs, the effect (response) is depression of normal muscle contraction.
Thus, a dose that depresses the baseline twitch height by 50% is termed “50%
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effective dose” or ED50. Most NMBA potencies are expressed as the dose
required for 95% depression of the baseline twitch height during nerve
stimulation, or ED95.

Figure 21-4 Example of a dose–response relationship. The actual numbers are
approximately those for rocuronium. The ED50 is the dose that produces 50%
depression of the control twitch height and ED95 is the dose that produces 95%
depression of the control twitch height.

Onset of action (onset time) for all NMBAs is defined as the time from their
administration (usually intravenously, IV) until maximal neuromuscular block
(disappearance of ST). Onset time is inversely related to dose, and can be
affected by its rate of delivery to the site of action (blood flow, speed of
injection, etc.), receptor affinity (higher affinity leading to faster onset of
action), drug potency (in general, less potent drugs will have a faster onset),
mechanism of action (depolarizing vs. competitive), and plasma clearance
(metabolism, redistribution).

Duration of action until recovery to 25% (DUR 25%) is defined as the time
from intravenous (IV) drug administration until spontaneous recovery of ST
to 25% of the baseline (normal) strength. The total duration of action is
defined as the time from drug administration until spontaneous recovery of
train-of-four (TOF) ratio to 0.90 (DUR 0.90). Duration of action is directly
related to the total dose of NMBA administered. Recovery index is defined as
the time of spontaneous recovery of ST from 25% to 75% of control (RI25–75),
a period during which the spontaneous recovery is relatively linear and is not
affected significantly by the NMBA dose.

Depolarizing Neuromuscular Blocking Drugs:
Succinylcholine

Neuromuscular Effects
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SCh is the only depolarizing NMBA available clinically (Table 21-1). It has the
fastest onset, the shortest duration, and greatest reliability (i.e., narrowest
onset variability around the mean) of any NMBA. Because of its molecular
similarity to ACh, SCh depolarizes both postsynaptic and extrajunctional
receptors, but since it is not degraded by acetylcholinesterases, it depolarizes
the muscle membrane for a longer period of time, leading to membrane
hyperpolarization and desensitization. This desensitization then leads to
flaccid paralysis after the initial receptor activation (which is
manifested clinically as muscle “fasciculations”).

Characteristics of Depolarizing Blockade

As with all NMBAs, increasing the dose of SCh leads to a progressive decrease
in the force of muscle contraction (ST). However, the response to repetitive
stimulation (TOF and tetanus patterns—see later) is maintained (no fade)
because of progressive but equivalent decrease in the force of contractions.
Additionally, after a brief period of high-frequency stimulation (tetanus),
there is no increase (amplification) in the force of subsequent muscle
contractions (no posttetanic potentiation—see later; Fig. 21-5). Large doses
(>10 times ED95) or prolonged (>30 minutes) exposure to SCh, or the
presence of abnormal (atypical) plasma cholinesterases
(pseudocholinesterase/butyrylcholinesterase deficiency), may lead to dual (or
phase II, or nondepolarizing) block. This is characterized by fade of responses
to repetitive stimulation and amplification of muscle responses after high-
frequency stimulation (posttetanic potentiation—see later), similar to the
changes observed during nondepolarizing block (Fig. 21-6).

Pharmacology of Succinylcholine

The onset of SCh at peripheral muscles (such as the adductor pollicis muscle
[APM]) is the fastest of any NMBA (1 to 2 minutes) at equivalent doses. Its
ED95 is approximately 0.30 mg/kg, and at doses of 1.0 to 1.5 mg/kg (3 to 5
× ED95), the DUR 25% of SCh is 10 to 12 minutes, but is prolonged beyond
15 minutes with larger doses. Despite paralysis at the APM, the diaphragm
(and other central muscles) may start to contract, and spontaneous breathing
may resume as fast as 5 minutes after 1 mg/kg SCh administration. SCh is
most commonly administered intravenously, but intraosseous, intralingual,
and intramuscular routes have been reported if an IV cannot be established.
Onset is delayed, particularly with intramuscular administration. Hydrolysis
of SCh by pseudocholinesterase (also known as butyrylcholinesterase or
plasma cholinesterase) occurs in the plasma, where almost 90% of the IV dose
of SCh is hydrolyzed before reaching the NMJ.
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Table 21-1 Pharmacokinetic and Pharmacodynamic Properties of the Depolarizing
Neuromuscular Blocking Agent Succinylcholine

Figure 21-5 Characteristics of depolarizing block. Left: decrease in train-of-four (TOF)
amplitude without fade in response to depolarizing agent administration. Right: lack of
posttetanic (5 second) potentiation of evoked response. TOF, train-of-four; TOFc,
control (baseline) TOF; PTF, posttetanic facilitation.

Side Effects

SCh can induce significant bradycardia and asystole, particularly in children,
and in any patient after readministration. Premature ventricular escape beats are
also common; cardiac effects can be attenuated by pretreatment with
anticholinergics. Disorganized muscle contractions (fasciculations) after SCh
are very common (80% to 90% of patients). Myalgias are also very common 1
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to 2 days postoperatively and can occur in 50% to 60% of patients.
Fasciculations have been considered a possible etiology for postoperative
myalgia, but systematic reviews have not established a clear relationship. A
“defasciculating” pretreatment with a small dose of nondepolarizing NMBA
(10% ED95) is sometimes used to decrease the incidence of fasciculations and
myalgia. However, this technique may render susceptible patients at risk of
regurgitation and pulmonary aspiration because of partial paralysis of
pharyngeal muscles. Alternatively, because of large interindividual
variability, pretreatment may be ineffective in some patients. If pretreatment
is used, the dose requirement for SCh is increased (up to 2 mg/kg).
Defasciculation also may be achieved by administering 5 to 10 mg of SCh
prior to administering the full SCh dose—this has been termed a “self-taming”
dose of SCh, but is rarely used in modern practice. The most effective
prophylaxis for myalgia without using nondepolarizing NMBAs is
pretreatment with nonsteroidal anti-inflammatory drugs (e.g., aspirin or
diclofenac), with a number needed to treat (NNT) of 2.5.4 Lidocaine and
rocuronium pretreatment also decrease the incidence of postoperative
myalgia (NNT = 3), but the risk of untoward side-effects such as blurred
vision, diplopia, inability to speak, and difficulty in breathing and swallowing
likely do not justify this practice (number needed to harm [NNH] <3.5
patients).4

Figure 21-6 Characteristics of nondepolarizing block. Left: progressive decrease in
train-of-four (TOF) ratio in response to non-depolarizing agent administration. Right:
significant TOF fade and tetanic (5-sec) fade, followed by potentiation of evoked
responses (increased amplitude, decreased fade). TOF, train-of-four; TOFc, control
(baseline) TOF; PTF, posttetanic facilitation.

Although SCh may increase intragastric pressure, the lower esophageal
sphincter tone is also increased, such that the intragastric-esophageal pressure
gradient remains the same; thus, there is no increase in the risk of aspiration
from the use of SCh. Normal intraocular pressure (IOP) is 12 to 20 mmHg with
a diurnal variation of 2 to 3 mmHg, whereas changes in position may induce
increases of up to 6 mmHg. In fact, otherwise innocuous settings, such as the
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Valsalva maneuver while playing wind instruments, can significantly (+9.2
mmHg) increase IOP (Fig. 21-7).5 IOP also increases after administration of
SCh (up to 15 mmHg increase), but these changes are transient (5 minutes).6
Pretreatment with an NMBA does not attenuate this increase; lidocaine and
sufentanil have been reported to decrease IOP by a mean of 5 mmHg, thus
attenuating the IOP increases after SCh.7

Despite fears that this SCh-induced increase in IOP may induce extrusion
of ocular contents in patients with an “open-globe” injury, clinical practice in
thousands of patients has not reported this complication.8,9 It should be noted
that increases in IOP can be significant in the context of inadequate anesthesia
and neuromuscular block that allows the patient to cough and perform
Valsalva, particularly during laryngoscopy and tracheal intubation. Such
settings generate much larger increases in IOP than those associated with SCh
administration and must be avoided, particularly in the patient with an open-
globe injury.10

Elevation in intracranial pressure (ICP) from SCh may occur, and this
increase is attenuated by defasciculation. Inadequate levels of anesthesia
during laryngoscopy and tracheal intubation, however, are much more likely
to increase ICP. In a group of patients with head injury, a hypertensive
response to laryngoscopy and tracheal intubation was observed in 80% of
patients; importantly, in 11% of patients, the increase in ICP was 100% or
more.11

SCh administration induces a mild elevation in the plasma level of
potassium of 0.5 mEq/L; however, severe hyperkalemia with attendant cardiac
arrest has been reported in cases in which there is proliferation of immature
nAChRs (see earlier, Receptor Upregulation). Rare case reports have also
associated administration of SCh with fatal hyperkalemia in children receiving
oral β-blocker therapy (propranolol).12 Other settings in which the use of SCh
has been associated with hyperkalemia include chronic denervation states
(spinal cord injury, prolonged bed rest), major burns, acute renal failure,
sepsis, encephalitis, and severe trauma. Pretreatment with a nondepolarizing
NMBA prior to SCh administration has not been shown to attenuate the
hyperkalemic response. Treatment of hyperkalemia generally consists of
hyperventilation, IV calcium chloride, and glucose/insulin to shift potassium
intracellularly.

Particularly important is the association between pediatric myotonia and
muscle dystrophies, and SCh administration, leading to rhabdomyolysis and
fatal hyperkalemia. For this reason, the U.S. Food and Drug Administration
(FDA) has a “black box” warning on the use of SCh and, in the pediatric
population, SCh should only be used for emergency tracheal intubation. SCh
may also trigger lethal malignant hyperthermia (MH), especially in patients
anesthetized with volatile anesthetics. Some patients (both adults and
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children) may exhibit masseter muscle spasm after SCh, making intubating
conditions difficult. In some cases, particularly in pediatrics, masseter spasm
is associated with malignant hyperthermia (MH). SCh can produce allergic
reactions (anaphylaxis) in about 1 out of 10,000 administrations.

Figure 21-7 Mean increase in intraocular pressure (IOP) from baseline in response to
various procedures and maneuvers. Normal IOP is 10 mmHg. LMA, laryngeal mask
airway; ETT, endotracheal tube. (Adapted with permission from Aniskevich S, Brull S,
Naguib M. Neuromuscular blocking agents. In: Johnson KB, ed. Clinical Pharmacology
for Anesthesiology. New York, NY: McGraw-Hill Education, 2015.)

Patients receiving statin therapy may be particularly susceptible to muscle
injury from administration of SCh, resulting in high plasma concentrations of
myoglobin and creatine kinase, as well as hyperkalemia. However, these
changes are likely of limited clinical significance.13

Clinical Uses

SCh is indicated for rapid attainment of optimal intubating conditions and
prevention of regurgitation and pulmonary aspiration of gastric contents in
patients at risk (those unfasted, with gastroparesis or gastrointestinal
obstruction) in the “rapid sequence induction and intubation” (RSII) scenario.
In this setting, SCh is the drug closest to the “ideal” NMBA. It has the shortest
clinical duration (5 to 10 minutes at 1 mg/kg dose), so most patients will
resume some diaphragmatic function before significant apnea-induced hypoxia
occurs; it has the shortest onset time (1 minute at 1.5 mg/kg); and it has the
highest reliability, with the fewest outliers (patients whose intubating
conditions are poor at the time of intubation; Fig. 21-8). In obese individuals
who need RSII, the dose of SCh should be calculated on the basis of actual
body weight rather than ideal body weight. Children are more resistant than
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adults to the actions of SCh, and the usual dose (see Side Effects) is 1.5 to 2.0
mg/kg (up to 3 mg/kg in infants). In the 2015 Cochrane Database systematic
review, the authors found there were no statistically significant differences in
intubation conditions between SCh and rocuronium (1.2 mg/kg), but
concluded that SCh “was clinically superior as it has a shorter duration of
action.”14

Figure 21-8 Neuromuscular blocking agents provide better intubating conditions than
high doses of opioids, without hypotension. Hypnotic agent was propofol or thiopental.
Intubating conditions are plotted against dose of remifentanil (in micrograms per
kilogram). Results for succinylcholine (Sux), 1 mg/kg (with little opioid) are given for
comparison. Hypotension was seen with remifentanil, 4 μg/kg.

Contraindications

In the surgical population, the relative risk of MH with SCh administration
(vs. without SCh) is 20 times higher when combined with volatile
anesthetics.15 Use of SCh is contraindicated in patients (and their relatives)
with a history of MH. Other settings in which SCh is contraindicated include
states of receptor upregulation (see earlier) due to potential for lethal
hyperkalemia, critical care patients or those immobilized for prolonged
periods (e.g., weeks), and patients with pseudocholinesterase deficiency.
Patients with pseudocholinesterase (butyrylcholinesterase) deficiency are at
risk of unintended intraoperative awareness and recall if they are awakened
while paralyzed and neuromuscular monitoring is not used.16 Approximately 1
in 25 patients may be heterozygous and 1 in 2,500 individuals may be
homozygous for the “atypical” deficiency gene, and may require prolonged

1366



(hours) postoperative mechanical ventilation after SCh administration. In
patients with renal failure, SCh may be administered if the plasma K+ is not
elevated. Lethal hyperkalemia following administration of SCh has been
reported in severely acidotic and hypovolemic patients, and, in these settings,
its use is contraindicated. In the intensive care setting, patients can be at
increased risk of significant hyperkalemia (>6.5 mmol/L) after receiving SCh
because of nicotinic receptor upregulation, particularly if their ICU length of
stay at the time of SCh administration was greater than 16 days.17

Succinylcholine has the potential to induce acute rhabdomyolysis and
hyperkalemia followed by ventricular dysrhythmias, cardiac arrest and death
after administration to pediatric patients who were subsequently found to
have undiagnosed skeletal muscle myopathy, most frequently Duchenne’s. For
this reason, the U.S. Food and Drug Administration (FDA) has issued a black
box warning for the use of succinylcholine in pediatric patients.

Nondepolarizing Neuromuscular Blocking Agents

Characteristics

Nondepolarizing NMBAs compete with ACh for binding to one or both of the
α subunits of the nAChRs. With repetitive stimulation at frequencies between
0.1 and 2.0 Hz during partial block, muscle contraction fatigue (fade)
develops (Fig. 21-6). The degree of fade can be determined with a sequence
of four stimuli delivered at a 2-Hz frequency (TOF) by calculating the ratio of
the amplitude (strength) of the fourth response (T4) to the amplitude of the
first response (T1) of the TOF. This ratio is termed the TOF ratio, or T4/T1.
Normal (baseline) TOF ratio is 1.0 (100%).

Another characteristic of nondepolarizing block is the transient
amplification of responses that follows a 5-second period of tetanic
stimulation (posttetanic potentiation [PTP], or facilitation [PTF]) that lasts
about 2 to 3 minutes following tetanic stimulation (see PTP). Unlike
depolarizing blockade, which is potentiated by the administration of
anticholinesterases, the nondepolarizing block can be antagonized by these
agents as long as the depth of block at the time of reversal is not excessive.

Pharmacology

Nondepolarizing NMBAs can be classified as long-, intermediate-, and short-
acting, and their duration of action depends on metabolism, redistribution,
and elimination (Tables 21-2 and 21-3). They also can be classified based on
their chemical structure as aminosteroid (vecuronium, rocuronium,
pancuronium, pipecuronium) or benzylisoquinolinium (mivacurium,
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atracurium, cisatracurium, doxacurium) compounds. Nondepolarizing NMBAs
are almost always administered IV, because intramuscular delivery leads to
very slow and variable absorption and onset of action. Because they are
positively charged, nondepolarizing NMBAs are distributed mostly in the
extracellular fluid (ECF). Thus, in patients with renal or hepatic failure (who
have increased ECF), and in burn patients, who exhibit shorter elimination
half-life, larger initial doses may be required.18
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Table 21-2 Pharmacokinetic and Pharmacodynamic Properties of Aminosteroid
Nondepolarizing Neuromuscular Blocking Agents
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Table 21-3 Pharmacokinetic and Pharmacodynamic Properties of Benzylisoquinolinium
Nondepolarizing Neuromuscular Blocking Agents

Onset and Duration of Action

Onset of nondepolarizing NMBAs generally depends on potency; less potent
agents such as rocuronium (ED95 of 0.30 mg/kg) have more molecules per
equivalent dose than a potent NMBA such as vecuronium (ED95 of 0.05
mg/kg); thus, an ED95 dose of (the less potent) rocuronium will have six
times more molecules than an equipotent dose of vecuronium, and the plasma
concentration of rocuronium will be greater than that of vecuronium. This
greater concentration difference between the plasma and the biophase partly
explains the more rapid onset of rocuronium (and SCh), as the rate of

1370



equilibration between blood and the effect compartment (the keO) will be
faster (Fig. 21-9). A similar plasma/biophase concentration gradient might be
achieved by administering, for instance, six times the ED95 of vecuronium;
although this dose increase will speed up the onset, the much larger dose will
also markedly prolong the total duration of action. Typically, a dose of 2 to 3
× ED95 of a nondepolarizing NMBA is used to facilitate tracheal intubation,
whereas only 10% of the ED95 of a drug will be necessary to re-establish an
existing deeper level of block.

Individual Nondepolarizing Agents

Aminosteroid Compounds
Pancuronium (Table 21-2) is one of the oldest nondepolarizing NMBAs. It is
considered a long-acting agent with high predilection for significant
accumulation because its main metabolite, 3-OH pancuronium, has 50% of the
parent compound potency. DUR 25% is often more than 1 to 2 hours, but it
can be prolonged further in renal or hepatic failure, or with repeated
administration. Pancuronium has vagolytic effects as well as direct
sympathomimetic effects; it blocks norepinephrine presynaptic reuptake.
Because of its high potency, it is slow in onset so doses greater than 2 × ED95
are usually needed for intubation in less than 5 minutes. It has traditionally
been used in cardiac surgery, because its vagolytic effects counteract the
bradycardic effects associated with high-dose opioid techniques.
Anticholinesterase reversal of pancuronium-induced block is much less
effective, but the reversal of shallow pancuronium block by the new agent
sugammadex (see Selective Relaxant Binding Agents) appears to be
effective.19 Today, many clinicians find pancuronium obsolete because of the
significant risk of postoperative residual neuromuscular weakness.

Figure 21-9 Neuromuscular blockade as a function of time for four neuromuscular
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blocking agents. Onset is faster for the less potent succinylcholine and rocuronium than
for the more potent vecuronium and cisatracurium. (Adapted with permission from
Kopman AF, Klewicka MM, Kopman DJ, et al. Molar potency is predictive of the speed
of onset of neuromuscular block for agents of intermediate, short, and ultrashort
duration. Anesthesiology. 1999;90:425.)

Pipecuronium (Table 21-2) is a long-acting aminosteroid NMBA that is
currently not used in the United States, but it is still in use in Europe and Asia.
It is structurally similar to pancuronium and vecuronium, and its antagonism
of residual block by neostigmine is more effective than by edrophonium.20

Recent data indicate that sugammadex is able to adequately and rapidly
reverse pipecuronium-induced moderate block within 5 minutes.21

Vecuronium (Table 21-2) is an intermediate-duration NMBA that is devoid
of cardiovascular effects; because it is more potent than rocuronium, its onset
of action is slower. Vecuronium metabolism produces three byproducts (3-
OH, 17-OH, and 3,17-(OH)2 metabolites). The 3-OH (3-desacetyl) metabolite
has 60% of the parent compound potency, and its accumulation with large
and/or repeated doses in ICU patients likely is responsible for persistent
paralysis in the critically ill patient (see Altered Responses to Neuromuscular
Blocking Agents). Vecuronium precipitates in the IV tubing if administered
immediately after thiopental, but does not precipitate after propofol. It has
been reported that vecuronium recovery time may be prolonged significantly
in patients with diabetes mellitus.22 Since the introduction of rocuronium,
vecuronium is no longer recommended for RSII.

Rocuronium (Table 21-2) is structurally similar to pancuronium and
vecuronium. Because of its low potency, the high plasma concentration
achieved after bolus administration decreases rapidly, such that its duration of
action in patients with normal renal and hepatic function is determined
mostly by its redistribution, and not its elimination. Unlike vecuronium,
rocuronium metabolites are minimal, with very low neuromuscular blocking
activity (17-OH rocuronium), so the risk of accumulation is minimal. In many
cases, rocuronium has replaced the use of SCh in the RSII sequence. At doses
of 3.5 to 4 × ED95 (1.0 to 1.2 mg/kg), the onset rivals that of SCh, with
similar intubating conditions.23 The DUR 25%, however, at these doses
averages 50 to 70 minutes (with a very wide range).

Similar to vecuronium, rocuronium does not cause significant
hemodynamic perturbations and releases no histamine. Allergic reactions have
been documented, and the rates of anaphylaxis (in Australia and New
Zealand) are higher with rocuronium and SCh than any other NMBAs,
whereas cisatracurium has the lowest rate of IgE-mediated anaphylaxis even
in patients with previous anaphylaxis to rocuronium or vecuronium.24,25
Reports from Europe also suggest that the incidence of anaphylaxis following
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rocuronium may be higher than with other NMBAs—this propensity having
been ascribed in part to sensitization to an antitussive medication, pholcodine,
that was previously available in some European countries. A similar increase
in the incidence of IgE-mediated sensitization to NMBAs has been described in
hairdressers, likely because of repetitive exposure to quaternary ammonium
compounds used in cosmetics and hair products.26 In the pediatric population,
whereas both cisatracurium (see Nondepolarizing Neuromuscular Blocking
Agents) and rocuronium have been shown to induce mild decreases in
pulmonary function, these changes (maximum expiratory flow rate at 10%,
MEF10) were more pronounced in patients receiving rocuronium.27

Interestingly, anaphylaxis to rocuronium has been treated successfully with
the new selective relaxant binding agent (SRBA) sugammadex.28

Potency of rocuronium appears to be greater in women, in older (60 to 75
years) patients, and in North American than in European patients. In
laparoscopic procedures, the duration of neuromuscular block produced by
rocuronium is increased by approximately 25%; this increase is attributed to
the effects of pneumoperitoneum on hepatic perfusion and blood flow, which
may alter the pharmacokinetics of rocuronium.29 Patients with type II
diabetes also have been reported to be at increased risk of residual
neuromuscular block following rocuronium exposure.30 In children, onset is
faster and duration of action is shorter, although dose requirements are
slightly increased. In patients aged 60 years and older, preadministration of
magnesium may shorten its onset without significantly prolonging the
duration of action.31 The ability of sugammadex to reverse rocuronium-
induced neuromuscular block, however, is not affected significantly by
magnesium administration.32

Because of its rapid onset, rocuronium can be used in high doses (1.2
mg/kg) in the RSII setting, particularly in those patients in whom the use of
SCh is contraindicated. It must be noted, however, that although the mean
onset time at this dose approaches that of SCh (60 seconds), the variability of
onset is greater with rocuronium, such that it is more likely that some rare
outliers may have poor intubating conditions at the time of attempted
laryngoscopy. It also must be borne in mind that after large doses, the DUR
25% is significantly prolonged (>60 minutes), and spontaneous
(diaphragmatic) ventilation cannot be relied upon for maintenance of
oxygenation in the “cannot-intubate, cannot-oxygenate” (CICO) scenario. In
such emergencies, the administration of a large dose (16 mg/kg) of
sugammadex may be life-saving, as long as the spontaneous ventilatory drive
has not been blocked by the administration of opioids or anesthetics.
Administration of high doses (4 × ED95) of rocuronium has no effect on the
corrected QT interval in cardiac patients.33
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Tetrahydroisoquinolinium (“Benzylisoquinolinium”) Derivatives
These compounds, ubiquitously called “isoquinolinium” NMBAs, are
tetrahydroisoquinolinium derivatives.

Doxacurium (Table 21-3) is a long-acting bisquatenary
benzylisoquinolinium nondepolarizing NMBA. It is very potent (ED95 is 0.025
mg/kg), so it is the least rapid in onset (3 to 10 minutes), and also the longest
acting (77 to 164 minutes) nondepolarizing NMBA.34 Doxacurium releases no
histamine in doses up to 2.7 times its ED95, so is very stable from a
cardiovascular standpoint.35 Its elimination is primarily renal, and its duration
of action is prolonged in renal failure36 and elderly37 patients. It was used
preferentially during long surgical procedures, particularly in cardiac surgery,
and in the ICU. Doxacurium is no longer available for clinical use in the
United States.

Atracurium (Table 21-3) is a bis-benzylisoquinolinium compound of the
curare family and is made up of a mixture of 10 optical isomers. It shares,
with most of the isoquinolinium compounds, a unique, dual metabolic
pathway: a nonenzymatic degradation that is directly proportional with
temperature and pH (Hoffman reaction), and a secondary pathway that
involves hydrolysis by nonspecific plasma esterases (same enzymes that
degrade esmolol, remifentanil, and oseltamivir). At the usual dose for tracheal
intubation (2 × ED95), atracurium has a relatively long onset (3 to 5
minutes). Onset can be shortened by increasing the dose, but above 0.5
mg/kg, atracurium induces histamine release, resulting in skin flushing,
tachycardia, and hypotension. DUR 25% is intermediate (30 to 45 minutes)
and similar to the other intermediate-duration agents, but it is slightly more
predictable, likely because of the dual metabolic pathway. Unlike
aminosteroid NMBAs, atracurium potency is similar between men and
women, and is not affected appreciably by age or organ failure. Allergic
reactions have been reported with the same frequency as the other
benzylisoquinolinium compounds. The breakdown products, such as
laudanosine and acrylates, have no clinical significance at the doses of
atracurium used in the clinical setting.

Cisatracurium (Table 21-3) was developed in an attempt to reduce
atracurium’s propensity for histamine release. It is a potent cis-cis isomer of
atracurium, and its onset time is longer than that of atracurium. Because five
times less cisatracurium is administered than atracurium at equipotent (ED95)
doses, cisatracurium does not induce histamine release. For this reason, the
plasma concentrations of the metabolite laudanosine are similarly lower when
cisatracurium is used.38 Metabolism is largely independent of liver function,
and because the organ-independent Hoffman elimination is the predominant
pathway for its elimination, cisatracurium is preferred for use in the ICU
setting. The incidence of anaphylactic reactions is similar to that of
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atracurium and lower than that of rocuronium and SCh.
Mivacurium (Table 21-3) was developed initially as the “ideal

nondepolarizing neuromuscular blocking agent” that promised to achieve
rapid onset with a duration of action significantly shorter than that of
intermediate-duration agents. It consists of three stereoisomers (cis-trans,
trans-trans, cis-cis). The cis-cis isomer has a much longer half-life (30 minutes)
than the other two isomers (2 to 3 minutes), but it represents only 6% of the
mixture, so its overall contribution to the drug’s duration of action is limited.
Mivacurium is rapidly hydrolyzed in plasma by butyrylcholinesterases, giving
it a duration of action almost twice that of SCh (15 to 20 minutes). Because of
its high potency, large doses (3 to 4 × ED95) are needed for good intubating
conditions and rapid onset, but at these doses, histamine release is observed.
In smaller doses of 0.2 mg/kg (2.5 × ED95), even when combined with
propofol and remifentanil, mivacurium resulted in optimal intubating
conditions in only 20% of patients.39 In order to avoid histamine release when
large doses are administered, some have suggested a “split-dose” technique in
which a dose of 0.15 mg/kg is followed 30 seconds later by 0.10 mg/kg.40

Even with this split administration, however, histamine release can still occur,
and clinicians have not adopted the technique widely. When mivacurium is
administered for tracheal intubation, four factors increase the probability of
achieving excellent conditions: increasing mivacurium dose; opioid
coadministration; delaying time to intubation (from 1 minute to 2 minutes);
and patient age (>70 years).41 Because of its rapid metabolism, the
differential onset between the central (laryngeal) and peripheral (adductor
pollicis) muscles is exaggerated. Thus, if the timing of tracheal intubation is
guided by neuromuscular responses of peripheral muscles (e.g., APM),
intubating conditions may not be ideal since the central muscles (e.g., the
diaphragm) may have started recovering already.

Reversal of mivacurium-induced neuromuscular block is either
spontaneous or pharmacologic, using anticholinesterases. Neostigmine also
inhibits plasma cholinesterases (that should slow mivacurium metabolism),
but these effects are less than the inhibition of acetylcholinesterases, resulting
in a “net” reversal of nondepolarizing block. In patients with homozygous
butyrylcholinesterase deficiency, the use of mivacurium (and SCh) will result
in prolonged neuromuscular paralysis of 2 to 6 hours, so monitoring of
neuromuscular function, mechanical ventilation, and appropriate
sedation/amnesia are necessary to prevent unintended patient awareness and
recall.42 Administration of whole blood or fresh frozen plasma (each of which
contains pseudocholinesterase) is not recommended unless there is another
primary indication for the transfusion. Although mivacurium had been
withdrawn from the United States market, it recently (2017) has been re-
introduced into clinical use.
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Drug Interactions

Nondepolarizing NMBAs may have either additive or synergistic effects when
combined. Usually, combining two chemically similar drugs with similar
duration of action (e.g., atracurium and cisatracurium) results in an additive
potency interaction with no effect on total duration. When drugs of different
classes are combined (e.g., cisatracurium plus rocuronium), the effects in term
of total dose are synergistic, in which, for instance, ED25 of rocuronium plus
ED25 of cisatracurium may have an ED95 effect.43 Combining different drugs
with different duration of action is a special case of interaction: when a short-
duration drug (mivacurium) is added at the end of a vecuronium-based block,
recovery will follow the intermediate (vecuronium) block. In contrast, when
vecuronium is added during recovery from mivacurium, the vecuronium
recovery will be shorter, similar to that of mivacurium. This apparent paradox
is due to the fact that recovery will always follow that of the drug that
blocked the majority (70% to 90%) of the receptors (the loading dose drug);
the additional, maintenance drug dose is in comparison very small, and only
blocks a small proportion (10% to 15%) of the free receptors. Thus, the
predominant characteristics of recovery will be those of the loading drug.

Adding depolarizing and nondepolarizing NMBAs results in mutual
antagonism. For instance, defasciculating doses of a nondepolarizing NMBA
prior to administration of SCh will increase the SCh dose requirement and
shorten the SCh duration of action.

Inhalational anesthetic agents potentiate neuromuscular block (desflurane
> sevoflurane > isoflurane > halothane > nitrous oxide), likely by direct
effects at the postjunctional receptors. Higher concentration (minimum
alveolar concentration [MAC]) and longer agent exposure will potentiate the
neuromuscular block to a greater extent. The intravenous agent propofol has
minimal effect on neuromuscular transmission, although the potency of
rocuronium is enhanced after a 30-minute propofol infusion.44

Local anesthetics can potentiate the effects of both depolarizing and
nondepolarizing NMBAs, but are insufficient to significantly shorten the onset
time; NMBAs’ duration of action can be prolonged due to both pre- and
postsynaptic effects in animal studies.45 In humans, epidurally administered
levobupivacaine can significantly prolong the recovery time of vecuronium,46

but a continuous infusion of IV lidocaine has no impact on the time course of
rocuronium-induced neuromuscular block.47 It is likely that these apparently
contradictory effects of local anesthetics on neuromuscular transmission
depend more on their plasma concentration rather than the type of local
anesthetic.

The new generation of antibiotics has little, if any, propensity for
prolonging the effects of NMBAs. Older antibiotics, such as streptomycin and
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neomycin, that were known to depress neuromuscular function, are used
rarely today; the aminoglycosides have limited effects, but they may be
involved in the process of ACh release.48 Hypercarbia, acidosis, or
hypothermia, however, may further potentiate the depressant effects of
antibiotics in the critically ill patient.

In patients receiving acute administration of anticonvulsants (phenytoin,
carbamazepine), neuromuscular block is potentiated, whereas chronic
administration significantly decreases the duration of action of aminosteroids
while having little effect on benzylisoquinolinium compounds. Calcium
channel antagonists have clinically insignificant effects on NMBAs; β-receptor
antagonists appear to delay the onset of rocuronium, whereas ephedrine has
been shown to hasten the onset of rocuronium, likely by increasing cardiac
output.49

Corticosteroids, particularly when administered in critical illness for
prolonged periods in conjunction with neuromuscular blockade, will markedly
increase the risk of myopathy (up to 50% of mechanically ventilated patients
who receive both drugs may develop myopathy).

Altered Responses to Neuromuscular Blocking Agents

The use of NMBAs in the ICU setting is commonplace. Multiple reports have
documented their benefits in facilitating tracheal intubation and maintenance
of mechanical ventilation, particularly in patients requiring prone positioning
for acute respiratory distress.50 Short-term infusion of nondepolarizing
NMBAs (cisatracurium) in the ICU has been shown in systematic reviews to
reduce in-hospital mortality and barotrauma from mechanical ventilation,
although not having any effect on the incidence of ICU-acquired weakness, as
long as patients are not hyperglycemic and do not receive corticosteroids.51,52
Similarly, continuous short-term neuromuscular blockade (<24 hours) after
cardiac arrest was associated with improved lactate clearance, functional
outcome, and survival.53 However, when using NMBAs in the ICU, it is
critical to remember that sedation is paramount in order to provide comfort
and amnesia and avoid unintended patient awareness and recall. In addition,
continuous neuromuscular block for prolonged periods (days) should be
avoided, particularly in patients who receive steroid therapy concurrently.
Although initially most reports of persistent paralysis involved aminosteroidal
NMBAs, similar complications have been reported after benzylisoquinolinium
compounds as well.54

Patients with neuromuscular disease may present a particular challenge to
the anesthesiologist because of their increased risk of perioperative events,
such as pulmonary and cardiovascular complications, residual neuromuscular
weakness after administration of NMBAs, and metabolic syndromes such as
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MH.55 In general, neuromuscular diseases can be classified into disorders of
neuromuscular transmission, disorders of muscle and muscle membrane,
disorders of lipid or glycogen storage, peripheral neuropathies, and disorders
of the central nervous system with neuromuscular manifestations (Table 21-
4). Patients with neuromuscular disorders have increased sensitivity to
depolarizing, and variable sensitivity to nondepolarizing, NMBAs. In addition,
because of the increased association with MH and rhabdomyolysis in many of
the disorders, the use of SCh should be avoided, whereas the use of
nondepolarizing NMBAs should always be guided by objective monitoring,
not by subjective or clinical evaluation.

Multiple factors affect the pharmacokinetics of all drugs, including
NMBAs. Intraoperative hypothermia prolongs the duration of NMBAs by
decreasing receptor sensitivity and ACh mobilization, decreasing the force of
muscle contraction, reducing renal and hepatic metabolism, and the Hoffman
degradation pathway (and therefore prolonging the action of
benzylisoquinolinium drugs, such as atracurium and cisatracurium). Aging
results in decreased total body water and serum albumin concentration,
reducing the volume of distribution of NMBAs; decreased cardiac function,
glomerular filtration rate, and liver blood flow decrease the rate of NMBA
elimination (especially the steroidal compounds). Acid–base and electrolyte
imbalance affect the duration of action of NMBAs and their metabolism and
elimination. Hypokalemia potentiates nondepolarizing block and decreases
the effectiveness of anticholinesterases (neostigmine) in antagonizing
nondepolarizing block. Hypermagnesemia prolongs the duration of action of
NMBAs by inhibition of Ca2+ channels (both pre- and postsynaptically).
Acidosis interferes with the effects of anticholinesterases in reversing a
nondepolarizing block. Hypercarbia also leads to acidosis and interferes with
NMBA antagonism. Organ dysfunction (aside from changes induced by aging)
affects all NMBAs. All drugs with significant hepatic and renal metabolism
(aminosteroids) will be affected and their duration of action prolonged by
liver and kidney dysfunction. For this reason, benzylisoquinolinium-class
NMBAs are preferred in patients with organ dysfunction (such as critically ill
patients in the ICU), since the nonenzymatic Hoffman degradation is less
dependent on normal organ function.

Monitoring Neuromuscular Blockade

Monitoring and Risk–Benefit Ratio

The introduction of NMBAs into clinical medicine (curare in 1942 and
SCh in 1949) has facilitated major advances in medicine. Despite the
tremendous advances afforded by NMBAs, these agents have their own set of
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complications. Allergic reactions and anaphylaxis, although rare, are
significant problems; use of NMBAs without the ability to secure the airway
may be lethal; and a substantial minority (30–40%) of patients who receive
NMBAs has significant postoperative residual neuromuscular weakness (mis-
termed, “residual curarization” since curare is no longer used). Given that
there are over 230 million major surgeries performed every year
worldwide,56 the number of patients exposed to potential complications is
huge, and appropriate monitoring is a major patient safety issue. Aside from
the cost of the monitors and related disposables (electrodes), there are no
significant potential complications from monitoring neuromuscular function,
so the risk–benefit ratio is heavily in favor of monitoring.57 Several
anesthesiology organizations around the world have recently published best-
practice guidelines that recommend neuromuscular monitoring when
neuromuscular blocking drugs are administered.58,59

Table 21-4 Sensitivity of Patients with Neuromuscular Disease to Neuromuscular
Blocking Agents and Association with Malignant Hyperthermia

Stimulator Characteristics

Monitoring involves the stimulation of a peripheral nerve and evaluation of
the response (contraction, or twitch) of the innervated muscle. Nerve
stimulators (also named peripheral nerve stimulators [PNSs]; Fig. 21-10A)
have been in use for over 60 years; they are generally battery-operated,
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handheld units that provide the stimulus via wires connected to surface (skin)
electrodes. Nerve stimulators should not be confused with neuromuscular
monitors (Fig. 21-10B–E); the monitors not only provide nerve stimulation but
also measure the evoked muscle response by using different technologies (see
later). Neuromuscular monitors either are battery-operated, handheld devices
(Fig. 21-10B,C) or can be incorporated into the anesthesia workstations as
modular units (Fig. 21-10D). Nerve stimulators (and the stimulation units of
the neuromuscular monitors) deliver a range of currents between 0 and 70
milliamperes (mA). The impulse generated by the nerve stimulator should
have a square-wave pattern (i.e., should be monophasic and rectangular), as
biphasic pulses may induce repetitive nerve stimulation.60 The intensity of
neurostimulation (charge, in Coulombs, Q) is a product of current (in
amperes, A) and the duration of stimulation (pulse width, in seconds).61 For
instance, a charge of 4 μC can be achieved by either using a current stimulus
of 20 mA with a pulse width of 200 μsec or a current stimulus of 10 mA with
a pulse width of 400 μsec. The current should be constant over the duration of
the impulse (which is at least 100 μsec to ensure depolarization of all nerve
endings, but less than 300 to 400 μsec to avoid exceeding the nerve refractory
period).

The current is delivered via surface (skin) stimulating electrodes that have a
silver–silver chloride interface with the skin, reducing its resistance. Surface
electrodes are preferred to the invasive, transcutaneous needle electrodes.
The optimal conducting surface area is circular, with a diameter of 7 to 8 mm;
this area provides sufficient current density to depolarize peripheral nerves.
Skin can have very high resistance (up to 100,000 Ohms), and “curing” the
skin (i.e., placing the electrodes over the abraded, cleansed skin and allowing
at least 15 minutes for the silver chloride gel to penetrate the dermis) will
decrease skin resistance to below 5,000 Ohms and will ensure delivery of a
constant, maximal current.

Monitoring Modalities

The first nerve stimulators delivered single repetitive stimuli at frequencies
between 0.1 and 10.0 Hz. The muscle response was an ST to each stimulus
(Fig. 21-11A). The frequency of ST stimulation should not exceed 0.1 Hz (1
stimulus every 10 seconds), because muscle fatigue may occur with higher
stimulation rates. To measure the degree of neuromuscular block, the current
intensity is increased progressively (prior to NMBA administration) from 0
mA in 5-to 10-mA steps. The amplitude of the evoked muscle response is
plotted over time, and has a sigmoidal shape. Once the amplitude of the
muscle response no longer increases as current intensity increases, the
response is maximal, and the current required is called “maximal current.”
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Increasing the current value by 20% above maximal level ensures that all
fibers in the innervated nerve will depolarize despite changes in skin
resistance over time; this is termed “supramaximal current.” Because a
baseline control value is needed in order to compare the force of contraction
over time, ST modality is used clinically to determine onset of neuromuscular
block, not its recovery. The characteristics of the various patterns of
neurostimulation currently in use clinically are summarized in Table 21-5.
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Figure 21-10 A: Peripheral nerve stimulator—MiniStim (Life-Tech, now Kimberly-Clark,

1382



Irving, TX). B: Acceleromyographic neuromuscular monitor—StimPod (Xavant
Technologies, Pretoria, South Africa). C: Acceleromyographic neuromuscular monitor—
TOF-Watch S (Organon Ltd, Swords, Co. Dublin, Ireland). The TOF-Watch
accelerograph recently has been discontinued from manufacture and is no longer
available. D: Philips NMT Modular Unit (Philips Healthcare, Amsterdam, The
Netherlands). E: Philips acceleromyographic NMT monitor (Philips Healthcare,
Amsterdam, The Netherlands). Electrodes are placed along the ulnar nerve, with the
negative (black) electrode distal to the positive (red) electrode. The accelerometer is
taped to the thumb, with the sensor perpendicular to the direction of thumb adduction.

Figure 21-11 A: Single twitch (ST) stimulation. Following establishment of a baseline
(control) ST amplitude at supramaximal current (STc), subsequent ST amplitudes are
compared to STc (ST/STc ratio). ST is delivered at a frequency of 1 Hz or 0.1 Hz. B:
Train-of-four (TOF) stimulation pattern. Unblocked state, TOF ratio = 1.0 (100%). Inset
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shows the TOF as displayed by a monitor. T1 = first stimulus in the sequence; T2 =
second stimulus in the sequence; T3 = third stimulus in the sequence; T4 = fourth
stimulus in the sequence. C: TOF stimulation pattern. Partial block, TOF ratio = 0.5
(50%). Inset shows the TOF as displayed by a monitor (TOF ratio = 0.5). D: Tetanic
stimulation. Unblocked state, no fade between tension at the beginning of the 5-second
stimulation (S1) and the end of the stimulation (S5). The ratio of tension at the end of the
5-second stimulation to that at the beginning is the tetanic ratio (S5/S1 ratio). Insets
show the TOF and the TET as displayed by a monitor (TOF ratio = 1.0; TET ratio =
1.0). S1 = tetanic tension at the beginning of 5-second TET; S5 = tetanic tension at the
end of 5-second TET; S5/S1 = TET ratio. E: Tetanic stimulation. Partial blockade, with
fade of tension from S1 to S5. The ratio of tension at the end of the 5-second stimulation
to that at the beginning is the tetanic ratio (S5/S1 ratio). Insets show the TOF and the
TET as displayed by a monitor (TOF ratio = 0.5; TET ratio = 0.5). F: When there is no
muscle response to TOF stimulation, a 5-second tetanic (50 Hz) stimulus is followed, 3
seconds later, by a series of ST stimuli at a frequency of 1 Hz. The number of rapidly
fading twitches is counted; the resulting number of twitches is the posttetanic count. A
lower posttetanic count (PTC) denotes deeper block.

Figure 21-11 G: Double-burst stimulation (DBS3,3) consists of a mini-tetanic burst of
three stimuli at 50 Hz (D1), separated by 750 msec from the second such mini-tetanic
burst of three stimuli (D2). Top panel depicts the evoked muscle responses to DBS
stimuli. Because the stimuli are mini-tetanic, each of the two bursts result in a single
(fused) muscle contraction. In the unblocked state, the ratio of the second burst (D2) to
the first (D1) is the DBS ratio (D2/D1), and is 1.0 (100%). Insets show the TOF and the
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DBS3,3 responses as displayed by a monitor (control TOF ratio = 1.0; DBS3,3 ratio =
1.0). H: DBS3,3 consists of a mini-tetanic burst of three stimuli at 50 Hz (D1), separated
by 750 msec from the second such mini-tetanic burst of three stimuli (D2). Top panel
depicts the evoked muscle responses to DBS stimuli. Because the stimuli are mini-
tetanic, each of the two bursts result in a single (fused) muscle contraction. During
partial block, the ratio of the second burst (D2) to the first (D1) is the DBS ratio (D2/D1),
and is less than 1.0 (100%). Insets show the TOF and the DBS3,3 responses as
displayed by a monitor (for instance, when TOF ratio = 0.5; DBS3,3 ratio = 0.5). I:
DBS3,2 consists of a mini-tetanic burst of three stimuli at 50 Hz (D1), separated by 750
msec from the second such mini-tetanic burst of two stimuli (D2). Top panel depicts the
evoked muscle responses to DBS stimuli. Because the stimuli are mini-tetanic, each of
the two bursts results in a single (fused) muscle contraction. Because D2 consists of
only two mini-tetanic stimuli, the evoked (fused) muscle response is slightly less than
that induced by D1. In the unblocked state, the ratio of the second burst (D2) to the first
(D1) is the DBS ratio (D2/D1), and is 0.8 (80%). Insets show the TOF and the DBS3,2
responses as displayed by a monitor (control TOF ratio = 1.0; DBS3,2 ratio = 0.8). J:
DBS3,2 consists of a mini-tetanic burst of three stimuli at 50 Hz (lower panel, D1),
separated by 750 msec from the second such mini-tetanic burst of two stimuli (D2).
Upper panel depicts the evoked muscle responses to DBS stimuli. Because the stimuli
are mini-tetanic, each of the two bursts results in a single (fused) muscle contraction.
During partial block, the ratio of the second burst (D2) to the first (D1) is the DBS ratio
(D2/D1), and is less than 1.0 (100%). Insets show the TOF and the DBS3,2 responses as
displayed by a monitor (for instance, when TOF ratio = 0.5; DBS3,2 ratio = 0.3).

TOF (Fig. 21-11B) stimulation was introduced clinically in 1971, and
consists of four sequential ST stimuli (named T1, T2, T3, and T4) delivered at
a frequency of 2 Hz.62,63 Each train is delivered no more frequently than
every 15 to 20 seconds to avoid facilitation of subsequent muscle responses.
The TOF ratio is calculated by dividing the T4 amplitude by the T1 amplitude.
The control TOF ratio (before administration of NMBA) is 1.0 (100%). During
a partial nondepolarizing block, the ratio decreases (fades) as the degree of
block increases (Fig. 21-11C). There is a well-described relationship between
TOF fade and percent (%) postsynaptic receptor occupancy by
nondepolarizing NMBAs.64 Up to 65% to 70% of the nAChRs can be blocked
without any apparent fade in the TOF ratio; these receptors make up the
“margin of safety” of neuromuscular transmission.65,66 Once approximately
70% to 75% of the receptors are blocked (occupied), T4 starts to decrease in
amplitude, and as the % receptor occupancy increases, fade increases (TOF
ratio decreases from 1.0). When 75% to 80% of the receptors are blocked, T4
disappears, so the TOF ratio (T4/T1) becomes 0; at this point, the TOF count
(TOFC) is 3, meaning that there are three discernible muscle responses. As the
% receptor occupancy increases to 80% to 85%, the TOFC becomes 2, and at
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85% to 90% occupancy, T2 disappears (TOFC = 1). Once over 95% of the
receptors are blocked, TOFC becomes 0 (Table 21-6).

TOF has multiple benefits over ST monitoring: at supramaximal
stimulation, T1 and ST amplitudes are the same, so TOF does not require a
baseline measurement—all subsequent responses are then measured as a
fraction of T1. By eliciting four responses, the clinician sometimes is able to
assess the degree of fade subjectively by visual or tactile means, or, more
reliably, by counting the number of evoked responses (twitches) of TOF
(TOFC). Additionally, the TOF ratio remains consistent over a range of
stimulating currents, as long as the stimulating current intensity is at least 10
mA above the threshold current (Table 21-7).67 This TOF consistency at
varying stimulating currents allows this pattern to be used to measure the
degree of neuromuscular recovery in patients recovering from anesthesia, as
currents of 20 to 30 mA are not associated with the high degree of discomfort
of supramaximal 60- to 70-mA stimulation.68
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Table 21-5 Characteristics of Various Patterns of Neurostimulation

Tetanic stimulation (tetanus; Fig. 21-11D) describes repetitive stimulation at
a frequency above 30 Hz. Below this threshold, repetitive nerve stimuli result
in individual, rapid contractions. At frequencies above 30 Hz, the muscle
responses become fused into a sustained contraction without fade (tetanic
ratio = 1.0). During partial nondepolarizing block, the tetanic contraction
gets weaker (fades; Fig. 21-11E). The maximal voluntary muscle contraction
is approximately 60 Hz, so frequencies above this level are supraphysiologic
and may result in muscle contraction fade even in the absence of NMBAs.69

The fade of TOF in response to nondepolarizing NMBAs corresponds to the
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fade of tetanic stimulation. Tetanus has been studied extensively for durations
of 5 seconds, so clinicians should always use 5-second durations to evaluate
neuromuscular function—decisions based on tetanic durations shorter than 5
seconds will undoubtedly be inaccurate. When tested during partial
nondepolarizing block, the high frequency of tetanic stimulation will cause a
temporary increase in the amount of ACh released such that subsequent
responses will be increased transiently (period of PTP; Fig. 21-6). Depending
on the tetanic frequency, this period of potentiated responses may last 1 to 2
minutes after a 5-second, 50-Hz tetanus, or up to 3 minutes after 100-Hz
tetanus.70,71 The response to stimulation during the period of PTP can be used
to evaluate the degree of block when there are no responses to TOF
stimulation (i.e., when the TOFC = 0).

Table 21-6 Relationship between % Receptor Occupancy and Train-of-Four Ratio
during Nondepolarizing Block

Posttetanic count (PTC; Fig. 21-11F), used during periods of profound
neuromuscular block, consists of a 5-second, 50-Hz tetanic stimulus, followed
3 seconds later by a series of 15 to 30 ST at a frequency of 1 Hz.72 The
number of posttetanic twitches is inversely proportional to the depth of block:
the fewer posttetanic twitches there are, the deeper the block. From a depth
of block of PTC = 1 until recovery to a TOFC of 1, intermediate-acting
NMBAs require 20 to 30 minutes. PTC can also be used for dosing of
sugammadex (See Selective Relaxant Binding Agents).

Studies have shown that visual and tactile (subjective) evaluation of fade
to TOF stimulation fail to identify significant degrees of residual block (when
the TOF ratio is >0.40).73 By delivering two (instead of four) intense stimuli
(mini-tetanic bursts) separated by 0.75 second, the two fused responses can be
evaluated as a direct comparison, instead of comparing the fourth response of
TOF to the first. This modality is termed double burst stimulation (DBS3,3; Fig.
21-11G). The numbers 3,3 signify that each burst contains three stimuli at a
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frequency of 50 Hz.74 Because the two individual bursts are tetanic in
frequency, a longer recovery period between successive stimulations is
necessary (20 seconds). Using DBS subjectively, clinicians are able to detect
fade (Fig. 21-11H) when the TOF is less than 0.60, an improvement over the
subjectively detected TOF fade (<0.40). The relationship between TOF ratio
and DBS3,3 ratio is linear and identical between 0.0 and 1.0. In order to
further increase the ability to detect small degrees of fade, another pattern of
DBS only uses two mini-tetanic stimuli in the second burst—this is called
DBS3,2, and the baseline control DBS3,2 ratio is 0.8 when the TOF ratio and
DBS3,3 ratio is 1.0 (Fig. 21-11I).75 This offset of 0.2 units is maintained as fade
progresses (e.g., DBS3,3 ratio of 0.5 corresponds to a DBS3,2 of 0.3; Fig. 21-
11J).

Testing and Recording the Response

There are different modalities to assess the degree of neuromuscular block,
including subjective and objective evaluation and assessment of clinical
criteria.76 There are also different technologies for measuring the evoked
response (objective evaluation). When assessing the degree of block (or state
of neuromuscular recovery), it is important to note that most clinicians even
today evaluate responses subjectively: by visual or tactile means.

Table 21-7 Consistency of the Train-of-Four Ratio in Response to Neurostimulation at
Varying Current Intensity at Three Depths of Neuromuscular Block
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Table 21-8 Reliability in Correctly Identifying Presence of Fade in Response to Train-of-
Four and Double-Burst Stimulation using Subjective (Visual or Tactile) Methods during
Minimal Neuromuscular Block (TOF Ratio = 0.40–0.70).

Subjective evaluation of neuromuscular function may consist of feeling
(tactilely) or observing (visually) the degree of fade to TOF stimulation. Such
subjective assessments however are inaccurate (Table 21-8); when the TOF
recovers to more than 0.40, clinicians are unable to detect TOF fade reliably.
Evaluation of fade to 50-Hz tetanic stimulation is no more precise than
evaluation of TOF fade. Subjective detection of fade to DBS or 100-Hz tetanic
stimulation may be closer (when TOF <0.70) to the threshold of adequate
recovery (defined as TOF ≥0.90), but such evaluations cannot be performed
in awakening patients awaiting tracheal extubation due to the pain associated
with DBS and tetanic stimulation. The ability to detect fade is not influenced
by the observers’ experience, and there is also no difference in the ability to
detect fade between visual and tactile means.73 Therefore, clinical decisions
based on subjective (qualitative) evaluation of fade likely are incorrect, and
do not decrease the risk of oxygen desaturation or need for tracheal re-
intubation.77 This fact is borne out by numerous studies for the past 40 years
that continue to document the inability of clinicians to detect TOF fade,
leading to a significant incidence of residual postoperative paralysis (Table
21-9).

Table 21-9 Selected Reports of Postoperative Residual Paralysi, 1979–2016
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The limitations of subjective evaluation extend to intraoperative
management of the depth of block. Clinicians may consider that
intraoperative management based on subjective evaluation of the depth of
block (determined by the TOFC) may be more reliable than the evaluation of
residual block (determined by TOF fade) performed prior to tracheal
extubation. Unfortunately, such subjective evaluation of TOFC also is prone to
significant overestimation of the degree of neuromuscular recovery (and
underestimation of the depth of block).81,82 All available data support the
conclusion that subjective evaluation of neuromuscular function is inadequate
in guiding intraoperative NMBA management or in detecting sufficient
neuromuscular recovery to prevent residual neuromuscular paralysis and the
occurrence of critical respiratory events.

Clinical testing has been advocated for decades; tests such as grip strength,
vital capacity, tidal volume, head-lift, or leg-lift (despite their continued use)
are notoriously poor at detecting residual fade. It should be noted that none
of the currently used clinical signs require sufficient muscle function to allow
clinicians to identify residual neuromuscular weakness. The negative
inspiratory force (NIF) of −20 cm H2O often (and incorrectly) used as an
indicator of neuromuscular recovery83 is less than 25% of the normal NIF of
90 cm H2O (Table 21-10). In fact, none of the clinical tests has a sensitivity
above 0.35 (general weakness); specificity above 0.89 (5-second sustained
grip); a positive predictive value above 0.52 (sustained tongue depressor
test); or negative predictive value above 0.66 (general weakness).84 Even the
often-used test of 5-second head-lift has the same poor predictive value: a
majority of volunteers were able to maintain head lift for more than 5
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seconds at a TOF ratio of 0.5. The best clinical test, the ability to resist
removal of a tongue blade from clenched teeth, cannot be used in patients

whose tracheas are still orally intubated.85

For decades, investigators have shown that regardless of the NMBA
used, over 40% of patients managed intraoperatively by clinical criteria or
subjective evaluation had residual paralysis (TOF <0.90) when tested
objectively in the PACU (Table 21-9). This is significant, since postoperative
mortality was increased 90-fold if patients who had residual paralysis
required unplanned tracheal reintubation and ICU care postoperatively.77

Given that postoperative pulmonary complications are relatively common in
patients with residual neuromuscular block, objective monitoring of adequacy
of reversal prior to tracheal extubation is strongly recommended.

Table 21-10 Relationship between Various Clinical Signs and Peak Inspiratory Force in
Healthy Awake Volunteers during Partial Neuromuscular Block

Objective evaluation involves the actual recording, processing, and
measurement of responses (electrical or mechanical) of muscles-to-nerve
stimulation. Electromyography (EMG) is one of the oldest methods of
measuring neuromuscular transmission. For EMG monitoring, a peripheral
nerve (usually the ulnar nerve) is stimulated via surface (skin) electrodes, and
the action potential generated at the innervated muscle (the APM) is
measured. Measurement of the evoked response may involve the area under
the curve of the muscle action potential, the peak-to-baseline, or the peak-to-
peak amplitude of the signal. The stimulating electrodes should be placed
along a peripheral nerve to avoid direct muscle stimulation (that is not
subject to NMBA-induced blockade). One of the recording electrodes is placed
on the belly of the monitored muscle (close to the location of the NMJ), and
the second on the muscle’s insertion point. Clinically, the ulnar nerve/APM
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combination is used most frequently because APM is the sole hand muscle on
the radial side of the hand that is innervated by the ulnar nerve—decreasing
the chance of direct muscle stimulation. Other muscles of the hand that can be
monitored include the first dorsal interosseous (FDI) and the abductor digiti
minimi (ADM) muscles. Although there are minor differences in the time
course of relaxation and recovery between the hand muscles, the differences
are clinically insignificant. A limitation of EMG is that the response is very
sensitive to electrical interference (e.g., diathermy).

Mechanomyography (MMG), like EMG, is one of the standards of
measurement of neuromuscular function that records the force of muscle
contraction. With MMG (and EMG), the ulnar nerve is innervated, and the
force of thumb (APM) adduction is measured via an interfaced force
transducer. Although a majority of studies have used MMG for research,
MMG monitors are no longer available clinically because of their cost, large
size, and difficulty of use. In order to obtain accurate and consistent results,
the monitored arm has to be immobilized, pre-tension has to be measured and
applied as a control value, and strict temperature parameters have to be
maintained, as MMG is sensitive to temperature fluctuation.

Acceleromyography (AMG) has been the most commonly used method of
measuring muscle function in the past two decades. AMG consists of an
accelerometer mounted to a moving muscle (usually the thumb) that
measures the acceleration in response to nerve stimulation (the ulnar nerve;
Fig. 21-10B,C,E). The technology is based on Newton’s Second Law of
Motion, F = m • a, in which the force of APM contraction is proportional to
the thumb acceleration (since mass remains unchanged). Although it is the
most commonly used monitor, it has several major limitations that prevent it
from becoming the “gold standard of care.” The AMG setup can be simple, but
is relatively time consuming, if performed properly; the thumb must be
allowed to move freely throughout surgery—any arm or hand movement may
change the direction of thumb adduction or the baseline, necessitating
recalibration, because calibrated and noncalibrated measurements are not
interchangeable86; AMG monitors cannot be used in procedures that require
the patient’s arms to be tucked under the surgical drapes unless the arm is
protected in a specifically designed tube87; and during recovery from
neuromuscular block, AMG-derived TOF values are less precise than EMG
values and overestimate the extent of EMG-derived recovery.88,89 Baseline
(prerelaxant) TOF values measured with AMG are generally greater than 1.0
(100%), and may in fact be as high as 147%. This overshoot necessitates
“normalization”—or calculation of the percent recovery of the TOF as a
function of the higher TOF ratio prior to tracheal extubation.90 Newer AMG-
based monitors employ three-dimensional accelerometers to improve

consistency and reliability, but most of the rest of the limitations remain.
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Measurement of displacement (kinemyography [KMG]) is a form of
mechanomyography in which an electrical current is generated by bending of
a mechanosensor (metallic strip). The molded strip is placed in the groove
between the thumb and index finger; ulnar nerve stimulation produces APM
contraction and bends the strip, generating a current. KMG is simple to use,
but the results obtained are not interchangeable with those obtained with
other technologies. For instance, a TOF ratio of 0.90 measured with KMG is
equivalent to an EMG-obtained TOF ratio of 0.80. The limits of agreement
between the two technologies, moreover, can be as low as 0.65 or as high as
1.0.91 Another limitation is that KMG (similar to AMG) needs a freely moving
thumb, and is very susceptible to arm or hand movement that will change the
baseline and therefore introduce inaccuracy in subsequent measurements.
Nevertheless, KMG is accepted as a valuable monitor in daily clinical practice.

Differential Muscle Sensitivity

It has long been appreciated that NMBAs do not affect all muscles at the same
time, nor produce the same depth of relaxation. It is also important to note
that NMBAs are administered in order to produce good intubating conditions,
vocal cord paralysis, abdominal muscle relaxation, or diaphragmatic
immobility. Yet, clinicians do not monitor laryngeal muscles, abdominal
muscles, or the diaphragm. Understanding the relationship between the
response of the different muscles to the effects of NMBAs is therefore
clinically important.

The APM is monitored most commonly (subjectively or objectively). Being
a peripheral muscle, the onset time at the APM is delayed compared to
centrally located muscles, where blood flow (and thus drug delivery) is
greater. However, the APM is more sensitive to nondepolarizing NMBAs, so
recovery is delayed in comparison to central muscles (diaphragm, laryngeal
muscles; Fig. 21-12). Even monitoring of similar peripheral muscles can
induce error: stimulation of the ulnar nerve produces flexion of the fifth
finger as well as APM contraction. However, the recovery of the fifth finger
contraction occurs more rapidly than at the APM, so making clinical decisions
based on recovery of the fifth finger will overestimate the degree of recovery
at other muscles (Table 21-11).
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Figure 21-12 Approximate time course of twitch height after rocuronium, 0.6 mg/kg, at
different muscles. Larynx, laryngeal adductors (vocal cords); CS, corrugator supercilii
muscle (eyebrow); Abd, abdominal muscles; OO, orbicularis oculi muscle (eyelid); GH,
geniohyoid muscle (upper airway); AP, adductor pollicis muscle (thumb).

When the patient’s arms are not available for intraoperative monitoring,
clinicians will often monitor facial muscles: innervation of the facial nerve
and evaluation of contractions of the eye muscles, either the orbicularis oculi
or the corrugator supercilii. However, the time course of recovery is not the
same for these two facial muscles: the orbicularis oculi moves the eyelid and
have a recovery time course similar to the APM. In contrast, the eyebrow
muscle, the corrugator supercilii, has a time course similar to the central
muscles, the laryngeal adductors (Fig. 21-12).

Less commonly, monitoring of neuromuscular blockade takes place
using the flexor hallucis brevis in the lower extremity, which produces
contraction of the great toe. The time course of this muscle is similar to that
of the APM.

Electrode Placement

For monitoring the APM, stimulating electrodes are placed along the ulnar
nerve, on the volar surface of the forearm. The distal (negative) electrode is
placed 2 cm proximal to the wrist crease, and the proximal (positive)
electrode is placed along the ulnar nerve, 3 to 4 cm proximal to the negative
electrode (Fig. 21-10E).

A common clinical practice is to place the stimulating electrodes on the
face and to monitor the eyelid (orbicularis oculi) muscle. Improper placement
of electrodes on the temple and lower jaw may lead to direct muscle
stimulation and false assessment of neuromuscular recovery. In fact, current
clinical practice of monitoring “eye muscles” has been shown to result in a
fivefold increased risk of postoperative residual paralysis.92 Placement of the
stimulating electrodes just lateral to the eye or along the zygomatic arch, as
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done most commonly in the clinical setting, may activate other facial muscles
and confound assessment. The facial nerve is best stimulated at the anterior
portion of the mastoid process, as the nerve exits the cranial vault, with the
second electrode in front of the ear. Even with optimal electrode positioning,
however, muscle responses can be elicited despite complete block due to
direct muscle stimulation. Neurostimulation of the posterior tibial nerve along
the medial malleolus produces flexion contraction of the great toe. The time
course of neuromuscular block monitored at the great toe is similar to that at
the APM.

Monitoring and Clinical Applications

Knowledge of time course for onset, duration, and recovery of neuromuscular
block of NMBAs is important for optimal patient care. A current definition of
“adequate” recovery is also important, as the threshold of adequate recovery has
changed over the past 30 years. Currently, the recovery of a calibrated,
normalized TOF ratio to 0.90 or more is considered the threshold (minimum
requirement) for full recovery of neuromuscular function. At this level of
recovery, most of the respiratory and other motor functions have returned to
the prerelaxant state. Conversely, postoperative pulmonary function test
(PFT) values (forced vital capacity and peak expiratory flow) can be
decreased by 20% in patients who experience residual neuromuscular block.93

Similarly, impairment in the ability to swallow and resultant aspiration of
pharyngeal fluids can be observed in healthy volunteers who had achieved
TOF ratios as high as 0.90 (Fig. 21-13).94 Respiratory muscle weakness
(measured by maximum inspiratory and expiratory pressures, forced vital
capacity, and forced expiratory volume in 1 second) was noted following
major abdominal surgery, and the presence of residual neuromuscular
paralysis was not ruled out until an acceleromyographic TOF ratio threshold
of at least 1.0.95 For these reasons, this threshold (TOF ≥0.90) should be the
minimum accepted level of neuromuscular function, particularly in the
elderly, in patients with pulmonary disease, or patients at risk of pulmonary

aspiration.96

Table 21-11 Suggested Management of Neuromuscular Blockade According to
Monitoring
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Figure 21-13 Upper esophageal resting tone in volunteers given vecuronium. Train-of-
four (TOF) ratio was measured at the adductor pollicis muscle. Statistically significant
decreases compared with control were found at all levels of paralysis until TOF ratio
>0.9. (Adapted from Eriksson LI, Sundman E, Olsson R, et al. Functional assessment of
the pharynx at rest and during swallowing in partially paralyzed humans: Simultaneous
videomanometry and mechanomyography of awake human volunteers. Anesthesiology.
1997;87:1035.)

For assessing the quality of intubating conditions, monitoring of central
muscles (or peripheral muscles with time course similar to central muscles) is
paramount. When the dose of nondepolarizing NMBA is sufficiently large to
offset the relative resistance of central muscles, onset at the laryngeal muscles
will be faster than at the APM because of greater blood flow (and drug
delivery; Fig. 21-12 and Table 21-11).

A special clinical challenge presents when surgery requires an intense
(profound) or deep level of intraoperative block (see Reversal of Intense
(Profound) Neuromuscular Block) (Table 21-12). This can be accomplished
with larger doses of nondepolarizing NMBAs, but at the expense of markedly
prolonging the duration of block, and increasing the likelihood of residual
neuromuscular block and its complications. If a level of block that prevents
diaphragmatic movement is required, the depth of block can be monitored
with PTC—a PTC of 1 or 2 should be sufficient for most surgeries. At this
level of block, reversal may be achieved with a medium dose of sugammadex
(4 mg/kg). In contrast, spontaneous recovery of at least a TOFC of 2 or 3
should have occurred before attempting pharmacologic reversal with
anticholinesterases (see Reversal of Neuromuscular Blockage). Patients
managed with deep intraoperative block are at particular risk for
postoperative residual paralysis, which is associated with an increased risk of
silent aspiration, hypoxemia, need for reintubation, and prolonged stay in the
postanesthesia care unit (PACU).76

It should also be noted that monitoring of the depth of anesthesia using the
bispectral index (BIS monitor) may be affected by muscle activity. The BIS
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monitor is sensitive to changes in EMG activity, and the BIS values in awake,
paralyzed volunteers decreased in response to neuromuscular paralysis to
levels associated with general anesthesia (BIS values of 44 to 47).97 The effect
of NMB on depth of anesthesia monitors, however, remains controversial.
Although one report suggested that both BIS and the spectral entropy levels
(Entropy) may remain unchanged after sugammadex reversal of rocuronium
block,98 others have reported increases in the numerical values of BIS and
Entropy during reversal of rocuronium-induced block by sugammadex (and
neostigmine).99,100

Reversal of Neuromuscular Blockade

Anticholinesterase Agents

Blocking or inhibiting the breakdown of ACh at the NMJ results in an increase
in the available pool of ACh at the synaptic cleft and better chances of
competing with the nondepolarizing NMBA for binding to the receptor’s α-
subunit; this binding of ACh to nAChR results in normal transmission. There
are three clinically available acetylcholinesterase inhibitors
(anticholinesterase agents) in clinical use today: neostigmine, edrophonium,
and pyridostigmine. These cholinesterase inhibitors are quaternary
compounds and do not cross the blood–brain barrier in sufficient
concentrations to have central effects. Their duration of action, at equivalent
doses, is similar (60 to 120 minutes), but onset of action is fastest for
edrophonium, intermediate for neostigmine, and longest for pyridostigmine.
Physostigmine, another cholinesterase inhibitor, is a tertiary amine, but
because it crosses the blood–brain barrier (and has central effects), it is not
used for pharmacologic reversal of neuromuscular block. Edrophonium,
similar to all cholinesterase inhibitors, is ineffective in reversing deep block,
and it is used infrequently as a first-line agent, unless other agents are
unavailable (see Drug Shortages and Clinical Impact). Because of its longer
onset time than neostigmine, pyridostigmine is used rarely in anesthesia
practice to antagonize neuromuscular block; it is used most often as an oral
cholinesterase inhibitor for the treatment of myasthenia gravis. Neostigmine
is the most frequently used anticholinesterase agent today, although a new,
more effective agent recently has been approved in the United States (see
Selective Relaxant Binding Agents).
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Table 21-12 Classification of Depth of Nondepolarizing Neuromuscular Block Based on
Subjective and Objective Criteria

Neostigmine
All cholinesterase inhibitors, including neostigmine, block
acetylcholinesterases and result in increased concentrations of ACh at the
NMJ, increasing the size and duration of EPPs, and facilitating normal
neuromuscular transmission. Neostigmine’s inhibitory effects are
concentration dependent, and at higher concentrations (>2.5 × 10−5M) it
may have a direct action to block the ACh receptor.101 Because
acetylcholinesterase is blocked at all cholinergic synapses, all cholinesterase
inhibitors have significant parasympathomimetic effects. For this reason, they
are generally coadministered with either glycopyrrolate (which has a slower
onset of action similar to neostigmine) or atropine (which has a more rapid
onset of action similar to edrophonium). Neostigmine as a reversal agent has
a ceiling effect, and may be limited in its ability to antagonize the
neuromuscular block beyond neuromuscular function equivalent to a TOF
ratio of 0.6. Increasing the dose beyond 70 μg/kg is not recommended, as this
dose may induce neuromuscular dysfunction. Similarly, administration of
even small doses of neostigmine (30 μg/kg) at a time when recovery of
neuromuscular function is almost complete may produce upper airway
collapse and may decrease the activity of the genioglossus muscle.102

In the pediatric population, residual neuromuscular block can be
associated with serious complications, and NMBA reversal with neostigmine is
routine in many settings. However, there are currently few if any data on the
effectiveness or safety of routine neostigmine use in the pediatric
population.103

Factors Affecting Reversal

The rate of cholinesterase inhibitor-aided recovery depends on several factors:
depth of neuromuscular block at the time of pharmacologic reversal; dose of
cholinesterase inhibitor; type of NMBA (long-acting vs. intermediate-acting);
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patient age; anesthesia type (total intravenous anesthesia [TIVA] vs.
inhalational anesthesia). When administered at a deep degree of block, such as
PTC of 1 or 2, duration of neostigmine-induced reversal (to a TOF ≥0.90)
may be over 50 to 60 minutes, with a very wide range of recovery times of
46 to 312 minutes.104 When administered at this level of deep block (PTC of 1
to 2), 23% of patients receiving neostigmine required more than 60 minutes
for full recovery.105 The literature suggests that reversal should not be
attempted at a deep level of block for at least two reasons. First, studies have
shown that “early” reversal (5 minutes after vecuronium or rocuronium
administration when the TOF count is 0) does not confer any advantage over
reversal at TOF count of 3 or 4: total recovery time was similar and
independent of the timing of neostigmine administration.106 Second, it is
known that neostigmine-induced recovery is characterized by an initial rapid
(and partial) recovery, followed by a later slower recovery (Fig. 21-14). If
neostigmine is administered at a deep block, the initial rapid recovery will
occur during a blind period, when no responses are possible (or visible),
followed by a slow and prolonged recovery at shallower depths of block. The
time course of this slower phase will occur during recovery of TOF ratio when
subjective evaluation of residual fade is inadequate (TOF of 0.4 to 0.9), and
when the patient is at increased risk of critical respiratory events due to
premature tracheal extubation. On the other hand, if neostigmine reversal is
administered later (or is effected with sugammadex), once spontaneous
recovery progresses to a TOFC of 3 or 4, the initial rapid recovery from
neostigmine will effect a return of TOF ratio toward normal, followed by a
slower and later recovery to TOF of 1.0.107

It should also be mentioned that clinical practice sometimes differs from
what scientific data show. Attempts at pharmacologic reversal using doses of
neostigmine larger than 70 μg/kg or using a combination of cholinesterase
inhibitors (e.g., neostigmine plus edrophonium) in an attempt to hasten
pharmacologic reversal should be avoided. Cholinesterase inhibitors inhibit
cholinesterases, and once they are 100% inhibited, no additional dose or type
of inhibitor will be able to further increase the concentration of ACh at the
NMJ to facilitate normal neuromuscular transmission. At this point, additional
cholinesterase inhibitors may actually block the ACh receptors, leading to
neuromuscular weakness.101

Most inhalational anesthetic agents potentiate neuromuscular block to
varying degrees (desflurane > sevoflurane > isoflurane > halothane >
nitrous oxide), whereas intravenous anesthetic techniques (for instance, based
on propofol and/or opioid) will have minimal, if any, NMBA potentiation
effects. When neostigmine 70 μg/kg is administered to antagonize a moderate
degree of block (tactilely determined TOFC of 1), a dose of 2 × ED95 of
rocuronium requires an average of 8.6 minutes (range 5 to 19 minutes) for
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recovery to TOF of 0.9 during propofol-maintained anesthesia; the same dose
of rocuronium requires 28.6 minutes (range 9 to 76 minutes) during
sevoflurane-based anesthesia.108 However, even during anesthetic techniques
that do not potentiate NMBAs (such as nitrous oxide/propofol-based
anesthesia), neostigmine reversal from a tactile-guided TOFC of 3 to recovery
of TOF = 0.9 may require 17 minutes (range 8 to 46 minutes).109

The speed of reversal from light and minimal nondepolarizing block is
markedly increased by neostigmine, as is the effectiveness of this reversal.
Reversal of atracurium (during nitrous oxide/enflurane anesthesia) from T1
values of 40% to 50% of control (TOFC of 4 with fade) to TOF at least 0.70
using neostigmine 20 μg/kg required 4.5 minutes (range 3 to 8 minutes).
When the neostigmine dose was increased to 40 μg/kg and 80 μg/kg (a dose
that is currently not recommended for use, regardless of the depth of
neuromuscular block), the recovery times were 3.0 (range 2 to 5) minutes
and 2.3 (range 1 to 4) minutes, respectively, a statistically (and clinically)
insignificant change.110 The authors concluded that neostigmine 20 μg/kg is
the optimum dose when atracurium-induced light (shallow) block is
antagonized. A similar dose of neostigmine (20 μg/kg) was found effective in
reversing rocuronium-induced minimal block.111

These data emphasize that the time from neostigmine (or any
cholinesterase inhibitor) administration until full recovery (TOF ≥0.90)
depends on the number of molecules of nondepolarizing NMBA in the body,
the NMBA duration (long- vs. short-acting), factors affecting the NMBA
elimination from the body, and the dose of neostigmine administered. In turn,
the number of NMBA molecules in the body at the time of reversal depends
on the total dose of NMBA administered during the case; the total duration of
continuous (or intermittent) NMBA administration; and the time between the
last NMBA dose and neostigmine administration. These factors underscore and
explain why neostigmine-induced reversal of deep block may take upwards of
300 minutes, as recovery from this depth of block is mostly driven by
spontaneous recovery.

Reversal of minimal neuromuscular block (TOF ratio of 0.40 and 0.60) to a
TOF of 0.9 using neostigmine 10, 20, and 30 μg/kg during TIVA was reported
to be shorter than spontaneous recovery.112 Reduced doses of neostigmine (20
μg/kg) were required to reach reversal (TOF of ≥0.90) from a TOF ratio of
either 0.4 or 0.6 with a 100% probability in the setting of atracurium-induced
block during TIVA anesthetic.112
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Figure 21-14 Time from injection of rocuronium until recovery to train of-four (TOF)
ratio of 0.9 in adults. Reversal with neostigmine was either spontaneous or neostigmine
was administered 5 minutes after rocuronium (no twitch), or at 1% twitch recovery (T1
1%), or at 25% twitch recovery (T1 25%). The TOF ratio is indicated against time until a
TOF ratio of 0.9 was reached (end of the line). Time is shorter when neostigmine is
given at T1 25%, than it is at reappearance of T1. This strategy also minimizes duration
of blind paralysis (dark blue segment), when the TOF ratio is between 0.4 and 0.9 and
fade is difficult to detect by visual or tactile means. (Data from Bevan JC, Collins L,
Fowler C, et al. Early and late reversal of rocuronium and vecuronium with neostigmine
in adults and children. Anesth Analg. 1999;89:333–339.)

The TOF data were nonnormalized acceleromyographic ratios.112 The
AMG-based recovery times to a TOF ratio of 1.0 (complete recovery) are
equivalent with the measurements obtained with MMG or EMG monitors to a
TOF ratio of 0.90.113 Similar results were reported using rocuronium; during
TIVA-based anesthetic and EMG monitoring, a rocuronium-induced block was
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antagonized from a TOF ratio of 0.50 with various doses of neostigmine. The
recovery time to a TOF ratio of 0.90 was 2.0 minutes (range 2 to 4 minutes)
after neostigmine 40 μg/kg.114 Low-dose neostigmine (10 μg/kg)
administered to antagonize shallow atracurium block (TOF 0.6 to 0.9) during
desflurane anesthesia required 5 minutes (range 3 to 8 minutes).115 Compared
with spontaneous recovery, neostigmine 10 μg/kg effected a faster recovery
to TOF of 0.9. It should be pointed out, however, that the conclusion that
neostigmine 10 μg/kg is effective in antagonizing this level of block is based
on data from 12 patients; outlier patients who might require significantly
longer recovery times are likely. For instance, a 2016 study found that even
at a threshold TOFC of 4 (TOF ratio ≥0.20), neostigmine was not a 100%
reliable antagonist of rocuronium-induced nondepolarizing block.116

Given the well-known variability in patient responses to NMBAs, we must
ensure that there are no outlier patients who require unexpectedly long times
for adequate neuromuscular recovery. Since there are no data to
unequivocally demonstrate the reliability of a 10 μg/kg dose of neostigmine
for reversal of light or minimal neuromuscular block, neostigmine doses of
less than 20 μg/kg cannot be recommended.

Regardless of when administered, neostigmine-induced reversal is always
faster than spontaneous recovery. Larger doses of neostigmine will also be
more effective than lower doses in effecting neuromuscular block reversal—
within the dose ranges in which neostigmine is effective (i.e., at doses less
than the maximum 60 to 70 μg/kg). Although there is no difference in the
speed of recovery induced by neostigmine among the intermediate-acting
nondepolarizing NMBAs, reversal is prolonged when used with long-acting
agents such as pancuronium.117,118 Age also affects neostigmine-induced speed
of reversal, being faster (and likely more complete) in children than in adults,
and slower in the elderly.106 Finally, drugs and conditions that potentiate the
effect of nondepolarizing NMBAs will also prolong neostigmine-induced
recovery: volatile anesthetics, aminoglycoside antibiotics, magnesium, opioids
(because of the hypercarbia and acidosis they induce), and hypothermia.

Other Effects

Neostigmine (and the other anticholinesterases) induce vagal stimulation, so
anticholinergic agents are usually coadministered. Atropine is faster in onset
than glycopyrrolate, produces more tachycardia, and crosses the blood–brain
barrier. For these reasons, glycopyrrolate is generally preferred. It is slower
in onset and induces less tachycardia; for these reasons, it is preferred
especially in patients with coronary artery disease. Neostigmine has been
associated with prolongation of cardiac repolarization (prolonged corrected
QT interval, QTc), which may trigger malignant ventricular arrhythmias
(torsade de pointes).119 Other side effects of neostigmine include increased
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salivation and bowel motility; although the anticholinergic agents are
effective in preventing salivation, their effects on bowel motility are limited.
Several recent meta-analyses of the effects of neostigmine on postoperative
nausea and vomiting (PONV) in adult patients have not been able to
conclusively show a connection.120,121 When sugammadex- and neostigmine-
induced pharmacologic reversal of neuromuscular block were compared with
regard to incidence of PONV in adults, avoidance of neostigmine only slightly
and transiently reduced PONV, but antiemetic and analgesic consumption was
similar.120 In the pediatric population, a recent systematic review of the
literature has found no study that satisfied the inclusion criteria to determine
whether neostigmine should be used routinely to reverse neuromuscular
blockade, or to determine whether the use of neostigmine is associated with
an increased incidence of nausea and vomiting.103

As previously noted, halogenated anesthetics potentiate neuromuscular
block, and when continued after administration of neostigmine, they will
prolong time to full reversal (TOF >0.90). Similarly, treatment with
magnesium sulfate will slow neostigmine-induced spontaneous recovery.122

It is well known that administration of neostigmine to subjects who had
not received any nondepolarizing NMBA may result in a significant reduction
in the peak tetanic muscle contraction and severe tetanic fade; these effects
persist for about 20 minutes, while the ST is slightly potentiated.123 Similarly,
an atracurium-induced neuromuscular block that corresponded to a TOF ratio
of either 0.50 or 0.90 was established, followed by the administration of two
doses of neostigmine 2.5 mg each, given 5 minutes apart. The effect of
neostigmine on the depth of block was monitored with TOF and tetanic
stimuli.124 The first neostigmine dose antagonized the block, whereas the
second 2.5-mg dose diminished tetanic height and increased tetanic fade,
although it had minimal effects on the TOF measurement.

More significant effects on respiratory function were reported when
neostigmine was administered after full recovery from neuromuscular block;
there was a significant impairment of the upper airway dilator ability as a
result of impaired genioglossus muscle and diaphragmatic function.102,125,126
It should be noted that the preceding should not be interpreted as an
argument in favor of omitting pharmacologic reversal; neostigmine-induced
recovery is always faster than spontaneous recovery. The only remaining
variable is the appropriateness of neostigmine administration as it relates to
timing and dose.127 The typical recovery curve for NMBAs (or any drug) is
depicted in Figure 21-15. After administration of an intubating dose of a
nondepolarizing NMBA, the depth of block may be profound (Table 21-12). At
this depth of block, neostigmine will be ineffective, and should not be
administered.

At the other extreme of this recovery curve, once the objectively measured
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TOF ratio is above 0.9 (full neuromuscular recovery), neostigmine reversal is
unnecessary; in fact, if administered, it may induce respiratory muscle and
diaphragmatic weakness. Full reversal (doses of neostigmine of 60 to 70
μg/kg) should be administered once the TOFC is at least 3 (preferably, 4) and
when the TOF ratio is less than 0.4 (fade is present on subjective evaluation).
In the absence of quantitative monitoring to ensure full recovery, even TOFCs
of 4 without fade (determined subjectively) should prompt pharmacologic
reversal. However, in these circumstances, doses of neostigmine of 20 to 30
μg/kg are sufficient to reliably assure satisfactory return of neuromuscular
function within approximately 10 minutes (Fig. 21-15). While these guidelines
may offer the clinician some broad parameters for improving the efficacy of
pharmacologic reversal using cholinesterase inhibitors based on subjective
evaluation of neuromuscular function, an optimal reversal strategy can only
be assured if clinical decisions are based on quantitative assessment of the
depth of neuromuscular block (see Monitoring Neuromuscular Blockade). As
already noted, subjective (tactile, visual) assessment and clinical testing are
inadequate substitutes for objective (quantitative) monitoring.

Drug Shortages and Clinical Impact

Drug shortages have existed for decades, but the number of drugs on the
shortage list and the duration of shortages have increased significantly in the
last decade.128 There are several reasons for drug shortages, including the
scarcity of raw materials, industry consolidation that trims redundant
manufacturers, inconsistent and variable manufacturing quality control, and
discontinuation of older drugs by manufacturers in favor of newer, more
profitable alternatives. In 2011, the U.S. Food and Drug Administration (FDA)
published revised guidance on “marketing of unapproved drugs” and
established “an orderly approach for removing unapproved drugs from the
market.” Neostigmine was one of the drugs that had not been FDA approved.
A proprietary, FDA-approved preparation of neostigmine methylsulphate was
later marketed as Bloxiverz (Eclat Pharmaceuticals, Chesterfield, MO).
Following FDA approval, the manufacturing company requested that the FDA
remove all unapproved (generic and much cheaper) neostigmine formulations
from the market; currently, Bloxiverz is the only available neostigmine
preparation, at a price at least six times as much as its “unapproved”
predecessors. Other pharmaceutical companies are authorized distributors of
Bloxiverz. In many clinical settings, the disappearance from the market of
generic (and much less expensive) neostigmine has forced clinicians to seek
alternative cholinesterase inhibitors, including edrophonium.
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Figure 21-15 Neuromuscular blocking agent recovery curve and recommendations for
pharmacologic (neostigmine) reversal of neuromuscular block. Typical recovery curve
for a nondepolarizing neuromuscular blocking agent (NMBA), from maximal depth of
block (PTC = 0) to full recovery (TOF ratio = 1.0). Dosing recommendations for
administration of cholinesterase antagonism (neostigmine) are shown on the x-axis at
four depths of neuromuscular block. TOF, train-of-four; PTC, posttetanic count; PTC0,
posttetanic count of 0; TOFC, train-of-four count; TOFC1, train-of-four count of 1.

Edrophonium
Edrophonium is an anticholinesterase agent that is used clinically for reversal
of nondepolarizing neuromuscular block. It is much faster in onset and to
peak antagonism (1 to 2 minutes) than neostigmine (7 to 11 minutes) or
pyridostigmine (12 to 16 minutes).129 Edrophonium is also less effective as an
antagonist than neostigmine, as it forms ionic (and much weaker) bonds with
the acetylcholinesterase enzyme, rather than the stronger, covalent bonds that
neostigmine forms.130 Its elimination half-life is 33 to 110 minutes, and 67%
of the dose is excreted renally. Because of its lower affinity for
acetylcholinesterases, edrophonium should only be used to antagonize a
shallow block (TOFC of 4). The usual dose of edrophonium is 0.50 mg/kg
(approximately 4 × ED95).

Edrophonium’s duration of antagonism (66 minutes) is similar to that of
neostigmine (76 minutes), but shorter than that of pyridostigmine.129 Doses
of 0.75 mg/kg provide minimal increases in efficacy over the 0.5 mg/kg
dose.131 Because of its propensity to induce bradycardia and its more rapid
onset of action than neostigmine, edrophonium is usually administered in
conjunction with atropine (as Enlon-Plus). The administration of the
combination drug in divided doses over several minutes, as opposed to rapid
bolus administration, will result in a lower peak plasma concentration of both
agents, and will minimize the potential for bradycardia (from edrophonium)
or tachycardia (from atropine).

Selective Relaxant Binding Agents

1408



Sugammadex
Sugammadex is an FDA-approved gamma-cyclodextrin that has been
developed as an selective relaxant binding agent (SRBA).132,133 It is an
eight-membered ring with a central cavity that perfectly encapsulates the

steroid nucleus of steroidal intermediate-acting NMBAs
(rocuronium>vecuronium >>pancuronium/pipecuronium)21—but has no

affinity for any of the other depolarizing or nondepolarizing NMBAs.
Binding to rocuronium is extremely tight, with no clinically relevant

dissociation (dissociation constant estimate of 0.055 μmol/L).134 Binding to
vecuronium is one-third as tight, but because a dose of vecuronium has 6
times fewer molecules than an equivalent rocuronium dose, the effectiveness
of reversal is similar for the two drugs. The affinity for pancuronium may be
lower than for other aminosteroids, although successful reversal with
sugammadex (4 mg/kg) from reappearance of the second TOF twitch (T2) has
been accomplished in less than 3 minutes (±1.5 minutes).19 Once
sugammadex is administered intravenously, the rapid and complete binding to
rocuronium (and vecuronium) occurs in the plasma, and the concentration of
free plasma NMBA decreases rapidly. This decrease in plasma concentration of
free NMBA leads to an increased concentration gradient between the biophase
(NMJ) and plasma, resulting in movement of free NMBA back into the
plasma. This movement of free NMBA from the NMJ back into plasma will
occur as long as the concentration of free (unbound) sugammadex is
sufficiently high. When this occurs, there is normalization of neuromuscular
function (pharmacologic reversal).

Pharmacology

Sugammadex is highly water soluble and initial studies have shown it to be
devoid of the side effects associated with the use of cholinesterase inhibitors
and muscarinic antagonists.135 The molecular weight of sugammadex is 2,178
daltons (Da), while that of rocuronium is 610 Da. Because the
sugammadex/rocuronium complex occurs in a 1:1 molar ratio, 3.57 mg of
sugammadex is required to bind to 1 mg of rocuronium. The 1:1 tight binding
properties confer sugammadex significant advantages. The speed of reversal is
dose dependent, and in general, larger sugammadex doses will hasten
recovery. In doses of 2 mg/kg, sugammadex will antagonize both rocuronium
and vecuronium from a TOFC of 2 to TOF of 0.9 in 2 to 4 minutes, a recovery
that is significantly shorter than that induced by neostigmine.136–139 When the
level of neuromuscular block is deep (Table 21-12), larger sugammadex doses
of 4 mg/kg are needed for recovery to TOF of 0.9, and the recovery time for
sugammadex (geometric mean of 2.9 minutes) is significantly faster than the
recovery following neostigmine (geometric mean of 50.4 minutes).105
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Reversal from profound block, such as that encountered during a failed RSII
scenario in which mask ventilation is not possible (cannot-intubate-cannot-
oxygenate [CICO]) requires doses of 16 mg/kg of sugammadex.140 In this
emergent situation, reversal of high-dose rocuronium with high-dose
sugammadex is faster than spontaneous recovery from SCh for failed RSII
(Fig. 21-16).141 The rescue from CICO events can be effected as long as the
induction agents and opioids administered do not interfere with spontaneous
ventilation, and airway instrumentation has not caused airway swelling.
Sugammadex (in rhesus monkey) also rapidly and effectively antagonizes the
main metabolite of vecuronium, 3-desacetyl vecuronium, at a dose (0.5 to 1.0
mg/kg) that is lower than that required for reversal of vecuronium.142

Pharmacokinetics

The volume of distribution in adults approximates the ECF compartment.
Metabolism of sugammadex is very limited, and it is eliminated primarily via
renal excretion.143 The sugammadex/rocuronium (or vecuronium) complex is
also almost completely excreted by the renal route; its elimination half-life is
approximately 100 minutes. In patients with severe renal impairment, both
sugammadex and the sugammadex/rocuronium complex may be effectively
removed with hemodialysis using a high-flux dialysis method.144

Current recommendations suggest waiting for 24 hours before repeating
administration of rocuronium after sugammadex reversal of NMB. However,
recent studies have shown that earlier readministration of rocuronium for re-
establishment of neuromuscular block may be acceptable if a high dose of
sugammadex has not been used (see Re-establishment of Block after
Sugammadex Reversal).

Side Effects and Safety

Sugammadex is biologically inactive and does not have affinity for any known
receptors; therefore, it is devoid of hemodynamic side effects. It has been
tested for its predilection to bind hundreds of different compounds, and only
toremifene, flucloxacillin, and fusidic acid have been found to bind to
sugammadex.134 Oral contraception may be affected, equivalent to missing one
daily oral dose, and alternative means of birth control are recommended for a
week after exposure to sugammadex. While the use of most cholinesterase
antagonists (neostigmine, pyridostigmine) has been associated with
prolongation of the QTc interval and with an increased risk of malignant
arrhythmias (torsade de pointes), such an effect has not been associated with
use of sugammadex, even in high doses.119

One of the major side effects associated with sugammadex administration
has been the potential for hypersensitivity reactions. The perioperative
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prevalence of anaphylactic reactions is estimated to be between 1:3,500 and
1:20,000 procedures, with an associated mortality of up to 9%.145 The main
agents responsible for perioperative anaphylaxis are NMBAs, latex,
antibiotics, hypnotics, opioids, and colloids. In a 2014 review, 15 cases of
hypersensitivity to sugammadex were identified. In 93.3% of these cases,
most of which met the World Anaphylaxis Organization criteria for
anaphylaxis, the reactions occurred within the first 4 minutes after
sugammadex administration.146 For diagnosis of hypersensitivity reactions
during general anesthesia, an elevated acute serum tryptase level is highly
predictive of immunoglobulin-E (IgE)-mediated anaphylaxis.147

Cardiovascular collapse following administration of sugammadex has been
treated successfully with high-dose epinephrine and fluid resuscitation.148

The effects of sugammadex on coagulation have been investigated, and
bleeding events within 24 hours of surgical procedures were reported in 2.9%
of patients receiving sugammadex, compared with an incidence of
postoperative bleeding of 4.1% in patients not exposed to the drug.149

Compared with patients not exposed to sugammadex, increases of 5.5% in
activated partial thromboplastin time (aPTT) and 3.0% in prothrombin time
(PT) were observed 10 minutes after sugammadex administration; these
values returned to baseline within 60 minutes.149 In patients with a history of
pulmonary disease, bronchospasm has an incidence similar to other drugs.
Administered at a TOFC of 2, sugammadex 2 mg/kg rapidly and effectively
reverses rocuronium in renal failure patients (creatinine clearance <30
mL/min) as quickly as in control patients (2 ± 0.7 minutes vs. 1.65 ± 0.63
minutes, respectively).150 Deep neuromuscular block (PTC of 1 to 2) induced
by rocuronium was reversed with sugammadex 4 mg/kg to full recovery
(TOF >0.9) within a median of 3.1 minute (95% CI of 2.4 to 4.6 minutes) in
renal patients (creatinine clearance <30 mL/min) versus patients with
normal renal function (1.9 minutes, 95% CI of 1.6 to 2.8 minutes).151 During
mild intraoperative hypothermia (34.5°C to 35.0ºC), sugammadex reversal of
rocuronium-induced block was prolonged minimally (<1 minute).152

Although certain antibiotics may potentiate postoperative neuromuscular
block, administration of antibiotics prior to sugammadex reversal did not
affect recovery time from rocuronium-induced block.153 Sugammadex has
been marketed in Europe since 2009 without changes in its safety profile.
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Figure 21-16 Duration of action of neuromuscular blockade with succinylcholine 1
mg/kg (Sux), and rocuronium 1.2 mg/kg followed 3 minutes later by sugammadex 16
mg/kg (Roc-sug). T10 and T90: Duration to 10% and 90% first twitch recovery,
respectively. Bars indicate standard deviation. (Data from: Lee C, Jahr JS, Candiotti KA,
et al. Reversal of profound neuromuscular block by sugammadex administered three
minutes after rocuronium. Anesthesiology. 2009;110:1020–1025.)

Clinical Use

Sugammadex is indicated for reversal of steroidal NMBAs, particularly
rocuronium and vecuronium. Because it binds to the NMBA in a 1:1 molecular
ratio, the recommended sugammadex dose is dependent on the depth of
neuromuscular block. For immediate reversal of profound block (PTC = 0;
Table 21-12), such as that achieved with 1.2 mg/kg rocuronium in the RSII
scenario, a dose of sugammadex 16 mg/kg is recommended; for reversal of
deep block (PTC = 1 to 2), a dose of 4 mg/kg is recommended; and for
reversal of moderate block (TOFC of 1 to 2), the recommended dose is 2
mg/kg. In a dose of 1.0 mg/kg, sugammadex reverses rocuronium block from
a TOFC of 4 in 2 minutes, whereas a dose of 0.5 mg/kg from the same depth
of block requires 8 minutes.154 In all these scenarios, reversal of block is
typically accomplished in 2 to 3 minutes, as long as the sugammadex dose is
sufficient to bind all of the free NMBA molecules in the plasma. In the
morbidly obese patient, the dose of sugammadex has been calculated based on
ideal body weight plus 40%. Alternatively, pooled analyses have indicated
that recommended sugammadex doses based on actual body weight (in
patients with BMI ≥30 kg/m2) provided rapid and reliable recovery from
neuromuscular block, and that no dosing adjustments were required.155

High-dose rocuronium for RSII and sugammadex-induced reversal may
currently provide “near-ideal” neuromuscular block management without
significant side effects: optimal intubating conditions with rocuronium, and
rapid and effective reversal of block with sugammadex. In addition, such a
drug combination may be preferable in clinical scenarios of CICO, as reversal
of rocuronium with sugammadex may be quicker than waiting for
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spontaneous recovery of SCh.141

The reliability of sugammadex in reversing aminosteroid NMBA
blockade has been documented, provided that sugammadex is administered in
sufficient doses to encapsulate all NMBA molecules (see Sugammadex
Pharmacology). However, as with any drug, there is a small but significant
variability in patient response to sugammadex. A recent literature review156

has documented that rare prolonged recovery times may occur after reversal
with low doses (2 mg/kg) of sugammadex (up to 12 minutes,157 with
intermediate (4 mg/kg) doses (up to 22.3 minutes,158 and even after high (16
mg/kg) doses (up to 16.6 minutes).159 In special population groups such as
the elderly (patients ≥75 years old); those with pulmonary, cardiac or renal
disease; or those with body mass index (BMI) 40 or more–reversal to TOF
0.90 or more also can be prolonged.139,144,157,160,161

When used in the obese patient in suboptimal doses of 1 to 2 mg/kg,
reparalysis has been reported.162 In pediatric patients, a suboptimal dose of
sugammadex also can lead to recurrent or residual paralysis.163 Similar
reports of reoccurrence of rocuronium-induced block (recurarization) after
sugammadex reversal have been reported with administration of magnesium
(60 mg/kg) for treatment of atrial fibrillation.164 In contrast, when
administered in adequate doses, the efficacy of sugammadex in reversing
moderate and deep neuromuscular block was not affected by the
administration of magnesium.165 Importantly, if no neuromuscular monitoring
is used intraoperatively, there is a significant risk of residual weakness
(incidence of TOF < 0.9 as high as 9.4% of patients) even with
administration of sugammadex 2 to 4 mg/kg.166,167 Therefore, monitoring
neuromuscular function to determine the appropriate dose of sugammadex
and minimize the risk of residual block is strongly recommended.

The effectiveness of sugammadex-induced reversal of neuromuscular block
was compared with that of neostigmine. The EMG activity of the diaphragm
(EMGdi), as well as the tidal volume and oxygen saturation (PaO2) were
increased after sugammadex reversal compared with neostigmine, suggesting
a more complete and faster recovery of the diaphragmatic ACh receptors.168 A
similar advantage of sugammadex over neostigmine reversal is reported as
improved physiologic and nociceptive postoperative recovery, as well as
superior patient satisfaction with recovery and anesthetic care.169

Sugammadex-induced reversal was also associated with a lower incidence of
PONV and with a reduced risk of pulmonary complications in elderly
patients.170

One of the limiting factors to the wide adoption of sugammadex into
routine clinical practice has been its relatively high acquisition cost; as of
2010, approximately $85, $170, and $506, for the 2 mg/kg, 4 mg/kg, and 16
mg/kg dose, respectively, for a typical 75-kg patient.171 The cost of the drug

1413



in relation to the increased OR efficiency gained with its use (anesthesia OR
time decreased from 144 minutes to 120 minutes) remains to be
determined.172

Special Clinical Situations

Reversal in Patients with Neuromuscular Disorders
It is well known that patients with neuromuscular disorders may be at
increased risk of complications from residual neuromuscular block. The use of
sugammadex may be advantageous in such clinical situations, given its
pharmacology and its rapid and predictable effects. Rapid and effective
reversal of rocuronium-induced block without block reoccurrence has been
reported in myotonic dystrophy and spinal muscular atrophy patients.173 In
patients with myasthenia gravis, judicious use of NMBAs is advocated;
patients are generally resistant to the effects of SCh, although they are more
sensitive to the effects of nondepolarizing NMBAs, particularly in more
advanced disease states. For this reason, neuromuscular blocking drugs are
generally avoided, and a deep inhalation anesthetic plus a regional anesthetic
block are preferred. Since the introduction of sugammadex, multiple reports
have documented the safety of NMBA reversal in patients with myasthenia
gravis, both in elective and in emergency surgery that required RSII.174–176

Reversal of Intense (Profound) Neuromuscular Block
Laparoscopic and robotic surgical procedures present a particular challenge
for both surgeons and anesthesiologists. Insufflation of the abdomen with
carbon dioxide (pneumoperitoneum) facilitates the surgical procedure by
allowing the surgeon a better field of vision. However, high
pneumoperitoneum pressures (12 to 15 mmHg) that improve surgical
exposure are associated with greater physiologic derangements (hypotension,
tachycardia) and increase postoperative shoulder pain.177 The hemodynamic
effects of high-pressure pneumoperitoneum can be attenuated by decreasing
the insufflation pressures (8 to 10 mmHg), but such maneuvers may worsen
surgical exposure.

One way to address both surgical need (better exposure) and
anesthesiologist need (maintenance of hemodynamic stability) is to achieve a
profound level of neuromuscular block of the abdominal musculature, thereby
allowing better surgical exposure at lower intra-abdominal pressures. These
goals can be achieved by administering NMBAs in sufficient doses to obtain a
PTC of 0 (Table 21-12). However, at the end of the surgical procedure,
recovery from such an intense block is prolonged (60 minutes or more), and
pharmacologic reversal with cholinesterase inhibitors (neostigmine) is
contraindicated. Theoretically, all the ideal goals could be achieved by
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establishing intraoperative profound neuromuscular block (PTC of 0) with an
aminosteroid NMBA (rocuronium) that would maximize surgical exposure at
low intra-abdominal pressure (8 to 10 mmHg), followed by rapid (<5
minutes) and complete neuromuscular reversal with sugammadex. The
literature on the actual benefits of such an approach, however, remains
divided (Table 21-13). Some authors have shown that the enlargement of the
surgical space (measured as the distance from the sacral promontory to the
trocar) achieved with deep block was minor, and of “unknown clinical
significance.”178 Others have shown that deep neuromuscular block reduced
the intra-abdominal pressure requirements by up to 25%, particularly in
younger females.179 Deep neuromuscular block improved surgical conditions
during laparoscopic hysterectomy, improved surgical field scores (rated by
the surgeon), and prevented unacceptable surgical conditions.180 Similar
benefits of improved surgical conditions (scored on a five-point surgical rating
scale) were described during retroperitoneal laparoscopies performed with
deep neuromuscular block, and without adversely affecting the patients’
perioperative cardiopulmonary conditions.181 Although deep block facilitated
surgical field visibility and prevented involuntary patient movement,182 the
benefits of deep block do not appear to be significant during low-pressure
pneumoperitoneum.183 Finally, the utility of moderate neuromuscular block
(Table 21-12) in optimizing surgical conditions also has been investigated. A
recent systematic review found that moderate block improved surgical
conditions during open radical retropubic prostatectomy as well as
laparoscopic cholecystectomy, nephrectomy, and prostatectomy.184

Until a clear and reproducible definition of surgical field
exposure/visibility is developed, the interaction between intra-abdominal
pressure and depth of block will likely remain controversial (Table 21-13).

Re-establishment of Block after Sugammadex Reversal
A specific clinical situation may occur when rapid re-establishment of
neuromuscular block is needed after the patient has already received
sugammadex. The drug’s package insert recommends that at least 24 hours
lapse before an aminosteroid NMBA is administered to patients who received
sugammadex-induced reversal of neuromuscular block. Such a period would
allow sufficient elimination of sugammadex via the renal route. In a recent
report, rocuronium 1.0 mg/kg was administered 19 minutes after reversal
with sugammadex; 3.5 minutes later, T1 was still present, and an additional
30 mg resulted in good intubating conditions. At the end of surgery, recovery
was again facilitated with sugammadex, with return of normal neuromuscular
function.185 Similarly, a total dose of rocuronium between 0.6 and 1.2 mg/kg
was sufficient to re-establish neuromuscular block when administered 12 to
465 minutes after sugammadex reversal.186 Alternatively, depolarizing
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(succinylcholine) or nondepolarizing (benzylisoquinolinium) agents can be
administered in usual doses to re-establish neuromuscular block after
sugammadex.

Table 21-13 Summary of Randomized Trials Investigating the Relationship between
Depth of Neuromuscular Block, Pneumoperitoneal (Intra-abdominal) Pressure and
Outcome
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Figure 21-17 Calabadion 2 (A), the second-generation cucurbituril receptor, features a
cavity with naphthalene walls and binds with high affinity to steroidal (B; Ka = 0.53–3.4
× 109 M-1) and benzylisoquinoline (Ka = 4.8 × 106 M-1) neuromuscular-blocking
agents. (Adapted from Haerter F1, Simons JC, Foerster U, et al. Comparative
effectiveness of calabadion and sugammadex to reverse nondepolarizing
neuromuscular-blocking agents. Anesthesiology. 2015;123(6):1337–1349.)

Calabadion

A cucurbit[n]uril derivative, calabadion-1 has been reported to inactivate both
steroidal and benzylisoquinoline nondepolarizing NMBAs by encapsulation.187

However, its binding affinity toward rocuronium is less than that of
sugammadex. A new compound, calabadion 2, was developed that has 89
times greater affinity for rocuronium than sugammadex, and a higher molar
potency (Fig. 21-17).188 In vivo experiments (in rats) report that calabadion 2
also has a very high affinity for cisatracurium, a property that sugammadex
lacks. Interestingly, SCh can be administered safely and effectively after
administration of calabadion 2 if rapid reparalysis is required.188 Similar to
sugammadex, the calabadion-NMBA complex is eliminated unchanged via the
renal route.

Conclusion

After a relatively long period in which few pharmacologic advances were
made with regard to NMBAs or their antagonists, the last decade has
witnessed the introduction of a new and much more effective antagonist of
aminosteroidal NMBAs, sugammadex. Current work suggests that newer, and
even more effective, broad-spectrum encapsulating agents are being
developed that could potentially reverse the actions of all NMBAs,
aminosteroids and benzylisoquinolinium compounds alike. It is hoped that
these advances in pharmacology will be paralleled by similar advances in
perioperative monitoring that will increase the anesthesiologist’s ability to
provide optimal care and improve patient safety.
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