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History and Clinical Use

In 1942, Griffith and Johnson described d-tubocurarine 
(dTc) as a safe drug to provide skeletal muscle relaxation 
during surgery.1 One year later, Cullen described the use of 

this drug in 131 patients who had received general anes-
thesia for surgery.2 In 1954, Beecher and Todd reported 
a six-fold increase in mortality in patients receiving dTc 
compared with patients who had not received a muscle 
relaxant.3 The increased mortality resulted from a general 

!"!  Two different populations of nicotinic acetylcholine receptors exist at the mammalian neuro-
muscular junction. In the adult, the nicotinic acetylcholine receptor at the postsynaptic (muscu-
lar) membrane is composed of #2$%& subunits, while the fetal (immature) receptor is composed 
of #2$'%. The presynaptic (neuronal) nicotinic receptor is a pentameric complex composed of 
#3$2 subunits. Each of the two # subunits of the postsynaptic receptors has a ligand (acetylcho-
line) binding site.

!"!  Nondepolarizing muscle relaxants produce neuromuscular blockade by competing with 
acetylcholine for the postsynaptic # subunits. In contrast, succinylcholine acts directly with the 
recognition sites and produces prolonged depolarization that results in decreased sensitivity of 
the postsynaptic nicotinic acetylcholine receptor and inactivation of sodium channels so that 
propagation of the action potential across the muscle membrane is inhibited.

!"!  Different patterns of stimulation examine neuromuscular blockade at different areas of the 
motor end plate. Depression of the response to single twitch stimulation is likely caused by 
blockade of postsynaptic nicotinic acetylcholine receptors, whereas fade in the response to 
tetanic and train-of-four stimuli results from blockade of presynaptic nicotinic receptors.

!"!  Succinylcholine is the only available depolarizing neuromuscular blocking drug for clinical use. 
It is characterized by rapid onset of effect and ultrashort duration of action because of its rapid 
hydrolysis by butyrylcholinesterase.

!"!  Available nondepolarizing neuromuscular blocking drugs can be classified according to chemi-
cal class (aminosteroid, benzylisoquinolinium, or other compounds) or by duration of action 
(long-, intermediate-, and short-acting drugs) of equipotent doses.

!"!  The speed of onset is inversely proportional to the potency of nondepolarizing neuromuscular 
blocking drugs. With the exception of atracurium, molar potency is highly predictive of a drug’s 
rate of onset of effect. Rocuronium has a molar potency that is approximately 13% that of 
vecuronium and 9% that of cisatracurium. Its onset of effect is more rapid than either of these 
muscle relaxants.

!"!  Neuromuscular blockade develops faster, lasts a shorter time, and recovers faster in the more 
centrally located neuromuscular units (e.g., laryngeal adductors, diaphragm, and masseter 
muscle) than in the more peripherally located adductor pollicis muscle.

!"!  Many long-acting neuromuscular blocking drugs undergo minimal or no metabolism, and they 
are primarily eliminated, largely unchanged, by renal excretion. Neuromuscular blocking drugs 
of intermediate duration of action have faster distribution and more rapid clearances than the 
long-acting drugs because of multiple pathways of degradation, metabolism, and elimination. 
Mivacurium, a short-acting neuromuscular blocking drug, is cleared rapidly and almost exclu-
sively by metabolism by butyrylcholinesterase.

!"!  After the administration of nondepolarizing neuromuscular blocking drugs, it is essential to en-
sure adequate return of normal neuromuscular function using objective (quantitative) means 
of monitoring. Residual neuromuscular paralysis decreases upper esophageal tone, coordina-
tion of the esophageal musculature during swallowing, and hypoxic ventilatory drive. Residual 
paralysis can increase healthcare costs and the patient hospital length of stay, morbidity, and 
mortality.
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lack of understanding of the clinical pharmacology and 
effects of neuromuscular blocking drugs (NMBDs). The effect 
of residual neuromuscular blockade postoperatively was not 
appreciated, guidelines for monitoring muscle strength had 
not been established, and the importance of pharmacologi-
cally antagonizing residual blockade was not understood.

Succinylcholine, introduced by Thesleff4 and Foldes 
and associates5 in 1952, rapidly gained widespread use 
and changed anesthetic practice drastically because the 
drug’s rapid onset of effect and ultrashort duration of action 
allowed for both rapid endotracheal intubation and rapid 
recovery of neuromuscular strength.

In 1967, Baird and Reid reported on the clinical admin-
istration of the first synthetic aminosteroid, pancuronium.6 
The development of the intermediate-acting NMBDs was 
based on the compounds’ metabolism and resulted in the 
introduction of vecuronium,7 an aminosteroid, and atracu-
rium,8 a benzylisoquinolinium, into clinical practice in the 
1980s. Vecuronium was the first muscle relaxant to have 
an intermediate duration of action and minimal cardiovas-
cular actions. Mivacurium, the first short-acting nonde-
polarizing NMBD, was introduced into clinical practice in 
the 1990s,9 as was rocuronium,10 an intermediate-acting 
NMBD with a very rapid onset of neuromuscular blockade. 
Other NMBDs have been introduced into clinical practice 
since the use of dTc was first advocated. These include pipe-
curonium, doxacurium, cisatracurium, and rapacuronium. 
Although not all remain in clinical use today, each repre-
sented an advance or improvement in at least one aspect 
over its predecessors. Still other NMBDs, such as CW 00211 
and CW 1759-5011a,11b are undergoing investigation.

NMBDs should be administered only to anesthetized indi-
viduals to provide relaxation of skeletal muscles. Because this 
class of drugs lacks analgesic or amnestic properties, NMBDs 
should not be administered to prevent patient movement. 
Awareness during surgery12 and in the intensive care unit 
(ICU)13 has been described in multiple publications. As stated 
by Cullen and Larson, “muscle relaxants given inappropriately 
may provide the surgeon with optimal [operating] conditions 
in…a patient14 [who] is paralyzed but not anesthetized—a 
state that [is] wholly unacceptable for the patient.”15 Addi-
tionally, “muscle relaxants used to cover up deficiencies in 
total anesthetic management…represent an…inappropriate 
use of the valuable adjuncts to anesthesia.”15 Administration 
of NMBDs intraoperatively to maintain neuromuscular block 
requires that the time course of block be monitored and the 
depth of anesthesia be assessed continuously.

NMBDs have been integrated into most anesthetic tech-
niques for major surgery and have become key components in 
the continuous improvement of safe anesthetic practice and 
the development of advanced surgical techniques. As earlier 
stated by Foldes and colleagues,5 “…[the] first use of…mus-
cle relaxants…not only revolutionized the practice of anes-
thesia but also started the modern era of surgery and made 
possible the explosive development of cardiothoracic, neuro-
logic, and organ transplant surgery.” Certainly, NMBDs are 
now used routinely to facilitate endotracheal intubation and 
mechanical ventilation, and are commonly used to maintain 
neuromuscular blockade through any number of different 
surgical procedures. This chapter reviews the pharmacology 
and clinical use of NMBDs and anticholinesterases in anes-
thesia and intensive care settings.!

Principles of Action of 
Neuromuscular Blocking Drugs at 
the Neuromuscular Junction

A brief description of the physiology of neuromuscular 
blockade is presented in this chapter. A more comprehen-
sive overview is provided in Chapter 12.

POSTJUNCTIONAL EFFECTS

Nicotinic acetylcholine receptors (nAChRs) belong to a large 
pentameric family of ligand-gated ion channel receptors 
that include the 5-hydoxytryptamine3 (5-HT3), glycine, and 
'-aminobutyric acid (GABA) receptors. They are synthetized 
in muscle cells and anchored to the end plate membrane by 
a special protein called rapsyn. Development of innervation 
in the first weeks of life leads to the replacement of the ' 
subunit by & subunit. In adult mammalian skeletal muscle, 
the nAChR is a pentameric complex of two # subunits in 
association with single $, %, and & subunits (Fig. 27.1). Stoi-
chiometrically, the receptor is represented as #2$&%, while 
organizationally it is #&#%$.

The subunits are organized to form a transmembrane 
pore, or channel, as well as extracellular binding pockets 
for acetylcholine and other agonists or antagonists.16 The 
receptors are clustered on the crests of the junctional folds; 
the receptor density in this area is 10,000 to 30,000/µm2. 
Each of the two # subunits has an acetylcholine-binding site. 
These sites are located in pockets within the receptor pro-
tein, approximately 3.0 nm above the surface membrane at 
the interfaces of the #H-& and #L-% subunits.17 #H and #L 
indicate the high- and low-affinity binding sites for dTc; the 
difference in affinity probably results from the contribution 
of the different neighboring subunits.18 For instance, the 
binding affinity of dTc for the #H-& site is approximately 
100 to 500 times higher than that for the #L-% site.18 The 
fetal nAChR contains a ' subunit instead of an adult & sub-
unit. Once activated by acetylcholine, the mature nAChR 
has a shorter opening time and a higher conductance to 
sodium (Na+), potassium (K+), and calcium (Ca2+) than the 
fetal nAChR, which has a smaller, single-channel conduc-
tance and a much longer open channel time.16

Functionally, the ion channel of the acetylcholine recep-
tor is closed in the resting state. Simultaneous binding of 
two acetylcholine molecules to the # subunits is required to 
initiate conformational changes that open the channel. If 
one molecule of a nondepolarizer NMBD (i.e., a competitive 
antagonist) is bound to a subunit at the AChR, two agonist 
molecules of acetylcholine cannot bind simultaneously, 
and neuromuscular transmission is inhibited.19

Succinylcholine, a depolarizing NMBD, produces prolonged 
depolarization of the end plate region, which is similar to, but 
more persistent than, the depolarization induced by acetyl-
choline. This mechanism results in (1) desensitization of the 
nAChR, (2) inactivation of voltage-gated Na+ channels at the 
neuromuscular junction, and (3) increases in K+ permeability 
in the surrounding membrane.19 The end results are failure of 
action potential generation and neuromuscular blockade.

The fetal nAChR is a low-conductance channel, in con-
trast to the high-conductance channel of the adult nAChR 
and upregulation of nAChRs found in states of functional 
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or surgical denervation is characterized by the spreading 
of predominantly fetal-type nAChRs. These receptors are 
resistant to nondepolarizing NMBDs and are more sensitive 
to succinylcholine.20-22!

PREJUNCTIONAL EFFECTS

Prejunctional receptors are involved in the modulation of 
acetylcholine release in the neuromuscular junction. The 
existence of both nicotinic and muscarinic receptors on the 
motor nerve endings has been described. Prejunctional nico-
tinic receptors are activated by acetylcholine and function in a 
positive-feedback control system, which could mediate mobi-
lization of the reserve store into the readily releasable store in 
case of high-frequency stimulation; this mobilization serves 
to maintain availability of acetylcholine when demand for it 
is high (e.g., during tetanic stimulation).23 These presynap-
tic receptors are #3$2 neuronal subtype receptors. Although 
most nondepolarizing NMBDs have a distinct affinity for the 

#3$2 cholinergic receptor, succinylcholine lacks this affinity. 
The action of nondepolarizing versus depolarizing NMBDs at 
this neuronal cholinergic receptor explains the typical fade 
phenomenon after any nondepolarizing drugs, and the lack 
of such effect in the clinical dose range for succinylcholine. 
The G-protein–coupled muscarinic receptors also are involved 
in the feedback modulation of acetylcholine release.24 The 
prejunctional M1 and M2 receptors are involved in facilitation 
and inhibition of acetylcholine release, respectively, by modu-
lating Ca2+ influx.24 The prejunctional nicotinic receptors are 
involved with mobilization of acetylcholine but not directly 
with its release process.25 Hence, blockade of the prejunctional 
nicotinic receptors by nondepolarizing NMBDs prevents 
acetylcholine from being made available fast enough to sup-
port tetanic or train-of-four (TOF) stimulation. In contrast, 
the prejunctional muscarinic receptors are involved with up-
modulation or down-modulation of the release mechanism.!

Pharmacology of Succinylcholine

STRUCTURE-ACTIVITY RELATIONSHIPS

All NMBDs contain quaternary ammonium compounds and 
as such are structurally closely related to acetylcholine. Pos-
itive charges at the quaternary ammonium sites of NMBDs 
mimic the quaternary nitrogen atom of acetylcholine and 
are the structural reason for the attraction of these drugs 
to muscle- and neuronal-type nAChRs at the neuromuscu-
lar junction. These receptors are also located at other sites 
throughout the body where acetylcholine is the transmitter. 
These sites include the neuronal-type nicotinic receptors in 
autonomic ganglia and as many as five different muscarinic 
receptors on both the parasympathetic and sympathetic 
sides of the autonomic nervous system. In addition, popu-
lations of neuronal nicotinic and muscarinic receptors are 
located prejunctionally at the neuromuscular junction.19

The depolarizing NMBD, succinylcholine, is composed of two 
molecules of acetylcholine linked through the acetate methyl 
groups (Fig. 27.2). As described by Bovet,26 succinylcholine is 
a small, flexible molecule, and like the natural ligand acetyl-
choline, succinylcholine stimulates cholinergic receptors at 
the neuromuscular junction and muscarinic autonomic sites, 
thus opening the ionic channel in the acetylcholine receptor.!
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Fig. 27.1 Subunit composition of the nicotinic acetylcholine recep-
tor (nAChR) in the end plate surface of adult mammalian muscle. The 
adult AChR is an intrinsic membrane protein with five distinct sub-
units (!2"#$). Each subunit contains four helical domains, labeled M1 
to M4. The M2 domain forms the channel pore. The upper panel shows 
a single # subunit with its N and C termini on the extracellular surface 
of the membrane lipid bilayer. Between the N and C termini, the # sub-
unit forms four helices (M1, M2, M3, and M4), which span the membrane 
bilayer. The lower panel shows the pentameric structure of the nAChR 
of adult mammalian muscle. The N termini of two subunits cooperate 
to form two distinct binding pockets for acetylcholine. These pock-
ets occur at the &-# and the %-# subunit interface. The M2 membrane- 
spanning domain of each subunit lines the ion channel. The doubly ligan-
ded ion channel has equal permeability to sodium (Na) and potassium 
(K); calcium (Ca) contributes approximately 2.5% to the total permeabil-
ity. (From Naguib M, Flood P, McArdle JJ, et al. Advances in neurobiology of 
the neuromuscular junction: implications for the anesthesiologist. Anesthesi-
ology. 2002;96:202–231, with permission from Anesthesiology.)
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Fig. 27.2 Structural relationship of succinylcholine, a depolarizing 
neuromuscular blocking drug, and acetylcholine. Succinylcholine con-
sists of two acetylcholine molecules linked through the acetate methyl 
groups. Like acetylcholine, succinylcholine stimulates nicotinic recep-
tors at the neuromuscular junction.
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PHARMACOKINETICS AND PHARMACODYNAMICS

Succinylcholine is the only available NMBD with a rapid 
onset of effect and an ultrashort duration of action. The ED95 
(the dose causing on average 95% suppression of neuro-
muscular response) of succinylcholine is 0.51 to 0.63 mg/
kg.27 Using cumulative dose-response techniques, Kopman 
and coworkers estimated that its potency is far greater,28 
and it has an ED95 of less than 0.3 mg/kg.

Administration of 1 mg/kg of succinylcholine results in 
complete suppression of response to neuromuscular stim-
ulation in approximately 60 seconds.29 In patients with 
genotypically normal butyrylcholinesterase (also known as 
plasma cholinesterase or pseudocholinesterase), recovery 
to 90% muscle strength following administration of 1 mg/
kg succinylcholine requires 9 to 13 minutes.30

The ultrashort duration of action of succinylcholine 
results from its rapid hydrolysis by butyrylcholinesterase to 
succinylmonocholine and choline. Butyrylcholinesterase 
has a large enzymatic capacity to hydrolyze succinylcho-
line, and only 10% of the intravenously administered drug 
reaches the neuromuscular junction.31 The initial metabo-
lite, succinylmonocholine, is a much weaker NMBD than 
succinylcholine and is metabolized much more slowly to 
succinic acid and choline. The elimination half-life of suc-
cinylcholine is estimated to be 47 seconds.32

Because little or no butyrylcholinesterase is present at 
the neuromuscular junction, the neuromuscular blockade 
induced by succinylcholine is terminated by its diffusion 
away from the neuromuscular junction into the circula-
tion. Butyrylcholinesterase therefore influences the onset 
and duration of action of succinylcholine by controlling the 
rate at which the drug is hydrolyzed before it reaches, and 
after it leaves, the neuromuscular junction.!

BUTYRYLCHOLINESTERASE ACTIVITY

Butyrylcholinesterase is synthesized by the liver and found 
in the plasma. The neuromuscular blockade induced by 
succinylcholine is prolonged when the concentration 
or activity of the enzyme is decreased. The activity of the 
enzyme refers to the number of substrate molecules (µmol) 
hydrolyzed per unit of time, and it is often expressed in Inter-
national Units. Because the normal range of butyrylcholin-
esterase activity is quite large,30 significant decreases in 
activity result in only modest increases in the time required 
to return to 100% of baseline muscle strength (Fig. 27.3).

Factors that lower butyrylcholinesterase activity include 
liver disease,33 advanced age,34 malnutrition, pregnancy, 
burns, oral contraceptives, monoamine oxidase inhibitors, 
echothiophate, cytotoxic drugs, neoplastic disease, anti-
cholinesterase drugs,35 tetrahydroaminacrine,36 hexafluo-
renium,37 and metoclopramide.38 Bambuterol, a prodrug 
of terbutaline, produces marked inhibition of butyrylcho-
linesterase activity and causes prolongation of succinyl-
choline-induced blockade.39 The $-blocker esmolol inhibits 
butyrylcholinesterase but causes only a minor prolonga-
tion of succinylcholine-induced blockade.40

Decreased butyrylcholinesterase enzyme activity is not 
a major concern in clinical practice because even large 
decreases in butyrylcholinesterase activity result in only 
modest increases in the duration of action of succinylcholine. 

Even when butyrylcholinesterase activity is reduced to 20% 
of normal by severe liver disease, the duration of apnea 
after the administration of succinylcholine increases from 
a normal duration of 3 minutes to only 9 minutes. When 
glaucoma treatment with echothiophate decreased butyryl-
cholinesterase activity from 49% of control to no activity, the 
increase in the duration of neuromuscular blockade varied 
from 2 to 14 minutes. In no patient did the total duration of 
neuromuscular blockade exceed 23 minutes.41!

DIBUCAINE NUMBER AND ATYPICAL 
BUTYRYLCHOLINESTERASE ACTIVITY

Succinylcholine-induced neuromuscular blockade can be 
significantly prolonged if a patient has an abnormal genetic 
variant of butyrylcholinesterase. Kalow and Genest discov-
ered a variant that responded to dibucaine differently than 
it did to normal butyrylcholinesterase.42 Dibucaine inhibits 
normal butyrylcholinesterase to a far greater extent than 
the abnormal enzyme. This observation led to the estab-
lishment of the dibucaine number. Under standardized 
test conditions, dibucaine inhibits the normal enzyme by 
approximately 80% and the abnormal enzyme by approxi-
mately 20% (Table 27.1). Many other genetic variants of 
butyrylcholinesterase have since been identified, although 
the dibucaine-resistant variants are the most important. 
A review by Jensen and Viby-Mogensen provides more 
detailed information on this topic.43

Although the dibucaine number indicates the genetic 
makeup of an individual with respect to butyrylcholinester-
ase, it does not measure the concentration of the enzyme 
in the plasma substrate. This is determined by measuring 
butyrylcholinesterase activity in plasma, and it may be 
influenced by comorbidities, medications, and genotype.

The molecular biology of butyrylcholinesterase is well 
understood. The amino acid sequence of the enzyme is 
known, and the coding errors responsible for most genetic 
variations have been identified.43 Most variants result from 
a single amino acid substitution error or sequencing error 
at or near the active site of the enzyme. For example, in the 
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Fig. 27.3 Correlation between duration of succinylcholine neuromuscular 
blockade and butyrylcholinesterase activity. The normal range of activity 
lies between the arrows. (From Viby-Mogensen J. Correlation of succinylcho-
line duration of action with plasma cholinesterase activity in subjects with the 
genotypically normal enzyme. Anesthesiology. 1980;53:517–520.)
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case of the “atypical” dibucaine-resistant (A) gene, a muta-
tion occurs at nucleotide 209, where guanine is substituted 
for adenine. The resultant change in this codon causes sub-
stitution of glycine for aspartic acid at position 70 in the 
enzyme. In the case of the fluoride-resistant (F) gene, two 
amino acid substitutions are possible, namely, methionine 
for threonine at position 243, and valine for glycine at posi-
tion 390. Table 27.1 summarizes many of the known genetic 
variants of butyrylcholinesterase: the amino acid substitu-
tion at position 70 is written as Asp ( Gly. New variants of 
butyrylcholinesterase genotypes continue to be discovered.44!

SIDE EFFECTS

Cardiovascular Effects
Succinylcholine-induced cardiac dysrhythmias are many 
and varied. The drug stimulates cholinergic autonomic 
receptors on both sympathetic and parasympathetic gan-
glia45 and muscarinic receptors in the sinus node of the 
heart. At low doses, both negative inotropic and chrono-
tropic responses may occur. These responses can be attenu-
ated by prior administration of atropine. With large doses 
of succinylcholine, these effects may become positive,46 
causing tachycardia. The clinical manifestation of gener-
alized autonomic stimulation is the development of sinus 
bradycardia, junctional rhythms, and ventricular dys-
rhythmias. Clinical studies have described these dysrhyth-
mias under various conditions in the presence of the intense 
autonomic stimulus of tracheal intubation. It is not entirely 
clear whether the cardiac irregularities are caused by the 
action of succinylcholine alone or by the added presence of 
extraneous autonomic stimulation. An in!vitro study using 
ganglionic acetylcholine receptors subtype #3$4 expressed 
in Xenopus laevis oocytes suggested that succinylcholine 
at clinically relevant concentrations had no effect on the 
expressed receptors.47 Only high doses of succinylcholine 
caused inhibition of ganglionic acetylcholine receptors.47 
Whether or not these findings are applicable to clini-
cal practice is unclear because the methodology (X. laevis 
oocytes expression model) has no clinical equivalent.

Sinus Bradycardia. Stimulation of cardiac muscarinic 
receptors in the cardiac sinus node causes sinus bradycardia. 
This side effect is particularly problematic in individuals with 
predominantly vagal tone, such as in children who have not 
received atropine. Sinus bradycardia can occur in adults and 
appears more commonly after a second dose of the drug admin-
istered approximately 5 minutes after the initial dose.48 The 
bradycardia may be prevented by administration of atropine, 
ganglion-blocking drugs, and nondepolarizing NMBDs.49 The 
ability of these drugs to prevent bradycardia implies that direct 

myocardial effects, increased muscarinic stimulation, and 
ganglionic stimulation may all be involved in the bradycardic 
response. The greater incidence of bradycardia after a second 
dose of succinylcholine suggests that the hydrolysis products 
of succinylcholine (succinylmonocholine and choline) may 
sensitize the heart to a subsequent dose.!

Nodal (Junctional) Rhythms. Nodal rhythms occur com-
monly following administration of succinylcholine. The 
mechanism responsible for this likely involves relatively 
greater stimulation of muscarinic receptors in the sinus 
node, thus suppressing the sinus mechanism and allow-
ing the emergence of the atrioventricular node as the pace-
maker. The incidence of junctional rhythm is greater after 
a second dose of succinylcholine, and may be prevented by 
prior administration of dTc.49!

Ventricular Dysrhythmias. Under stable anesthetic condi-
tions, succinylcholine decreases the threshold of the ventricle 
to catecholamine-induced dysrhythmias in monkeys and 
dogs. Circulating catecholamine concentrations increase 
fourfold, and K+ concentrations increase by one third, fol-
lowing succinylcholine administration in dogs.50 Similar 
increases in catecholamine levels occur following admin-
istration of succinylcholine to humans.51 Other autonomic 
stimuli, such as endotracheal intubation, hypoxia, hypercar-
bia, and surgery, may be additive to the effect of succinylcho-
line. The possible influence of drugs such as digitalis, tricyclic 
antidepressants, monoamine oxidase inhibitors, exogenous 
catecholamines, and anesthetic drugs such as halothane, 
which may lower the ventricular threshold for ectopic activ-
ity or increase the arrhythmogenic effect of the catechol-
amines, should also be considered. Ventricular escape beats 
may also occur as a result of severe sinus bradycardia and 
atrioventricular nodal slowing secondary to succinylcholine 
administration. The incidence of ventricular dysrhythmias is 
further increased by the release of K+ from skeletal muscle as 
a consequence of the depolarizing action of the drug.!
Hyperkalemia
The administration of succinylcholine to an otherwise 
healthy individual increases the plasma K+ levels by 
approximately 0.5 mEq/dL. This slight increase in K+ is well 
tolerated by most individuals and generally does not cause 
dysrhythmias. The increase in K+ results from the depo-
larizing action of succinylcholine. With activation of the 
acetylcholine channels, movement of Na+ into the cells is 
accompanied by movement of K+ out of the cells.

Patients with renal failure are no more susceptible to an 
exaggerated response to succinylcholine than are those 
with normal renal function.52 Patients who have uremic 

TABLE 27.1 Relationship Between Dibucaine Number and Duration of Succinylcholine or Mivacurium Neuromuscular 
Blockade

Type of Butyrylcholines-
terase Genotype Incidence Dibucaine Number*

Response to Succinylcho-
line or Mivacurium

Homozygous typical E1
uE1

u Normal 70-80 Normal

Heterozygous atypical E1
uE1

a 1/480 50-60 Lengthened by 50%-100%

Homozygous atypical E1
aE1

a 1/3200 20-30 Prolonged to 4-8 h

*The dibucaine number indicates the percentage of enzyme inhibited.
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neuropathy may possibly be susceptible to succinylcholine-
induced hyperkalemia, although the evidence supporting 
this view is scarce.52,53,53a

However, severe hyperkalemia may follow the admin-
istration of succinylcholine to patients with severe meta-
bolic acidosis and hypovolemia.54 In experimental animals 
(rabbit), the combination of metabolic acidosis and hypo-
volemia results in a high resting K+ level and an exagger-
ated hyperkalemic response to succinylcholine.55 In this 
situation, the K+ originates from the gastrointestinal tract, 
rather than from muscle.56 In patients with metabolic aci-
dosis and hypovolemia, correction of the acidosis by hyper-
ventilation and sodium bicarbonate administration should 
be attempted before succinylcholine administration. Should  
severe hyperkalemia occur, it can be treated with immediate 
hyperventilation, infusion of 500-1,000 mg calcium chlo-
ride or calcium gluconate over 3 minutes intravenously, 
and 10 units of regular insulin in 50 mL of 50% glucose for 
adults or, for children, 0.15 units/kg of regular insulin in 
1.0 mL/kg of 50% glucose intravenously.

Kohlschütter and associates found that four of nine 
patients with severe abdominal infections had an increase 
in serum K+ levels of as much as 3.1 mEq/L after succinyl-
choline administration.57 The likelihood of a hyperkalemic 
response to succinylcholine increases in patients who have 
had intraabdominal infections for longer than 1 week.

Stevenson and Birch described a single, well-documented 
case of a marked hyperkalemic response to succinylcholine 
in a patient with a closed head injury without peripheral 
paralysis.58

Hyperkalemia after administration of succinylcholine is also 
a risk in patients who have had physical trauma.59 The risk 
of hyperkalemia occurs 1 week after the injury, at which time 
a progressive increase in serum K+ occurs during an infusion 
of succinylcholine. The risk of hyperkalemia can persist. Three 
weeks after injury, three of the patients studied in this series, 
who had especially severe injuries, became markedly hyperka-
lemic with an increase in serum K+ of more than 3.6 mEq/L. 
Birch and coworkers also found that the prior administration 
of 6 mg of dTc prevented the hyperkalemic response to succi-
nylcholine.59 In the absence of infection or persistent degenera-
tion of tissue, a patient is likely susceptible to the hyperkalemic 
response for at least 60 days after massive trauma or until 
adequate healing of damaged muscle has occurred.

Additionally, patients with conditions that result in the 
proliferation of extrajunctional acetylcholine receptors, such 
as upper or lower motor denervation, immobilization, burn 
injuries, and neuromuscular disease, are likely to have an 
exaggerated hyperkalemic response following the admin-
istration of succinylcholine. The response of patients with 
neuromuscular disease to NMBDs is reviewed in detail later 
in this chapter. Some of these disease states include cerebro-
vascular accident with resultant hemiplegia or paraplegia, 
muscular dystrophies, and Guillain-Barré syndrome. The 
hyperkalemia following administration of succinylcholine 
may be severe enough that cardiac arrest ensues. For a 
review of succinylcholine-induced hyperkalemia in acquired 
pathologic states, see Martyn and Richtsfeld.22!
Increased Intraocular Pressure
Succinylcholine may cause an increase in intraocular pres-
sure (IOP). The increased IOP develops within 1 minute of 

injection, peaks at 2 to 4 minutes, and subsides by 6 min-
utes.60 The mechanism by which succinylcholine increases 
IOP has not been clearly defined, but it is known to involve 
contraction of tonic myofibrils and/or transient dilata-
tion of choroidal blood vessels. Sublingual administration 
of nifedipine may attenuate the increase in IOP caused by 
succinylcholine, a finding suggesting a circulatory mech-
anism.61 Despite this increase in IOP, the use of succinyl-
choline for eye operations is not contraindicated unless the 
anterior chamber is open. Although Meyers and colleagues 
were unable to confirm the efficacy of small (0.09 mg/kg) 
doses of dTc (“precurarization”) in attenuating increases 
in IOP following succinylcholine,62 numerous other inves-
tigators have found that prior administration of a small 
dose of nondepolarizing NMBD (e.g., 3 mg of dTc or 1 mg of 
pancuronium) prevents a succinylcholine-induced increase 
in IOP.63 Furthermore, Libonati and associates described 
the anesthetic management of 73 patients with penetrat-
ing eye injuries who received succinylcholine.64 Among 
these 73 patients, no extrusion of vitreous occurred. Thus, 
despite the potential concerns, the use of succinylcholine 
in patients with penetrating eye injuries, after pretreat-
ment with a nondepolarizing NMBD and with a carefully 
controlled rapid-sequence induction of anesthesia, can be 
considered. Succinylcholine is only one of many factors 
that may increase IOP.62 Other factors include endotra-
cheal intubation and “bucking” on the endotracheal tube 
once it is positioned. Of prime importance in minimizing the 
chance of increasing IOP is ensuring that the patient is well 
anesthetized and is not straining or coughing. For instance, 
coughing, vomiting and maximal forced lid closure may 
induce increases in intraocular pressure that are 3-4 times 
greater (60-90 mm Hg) than those induced by succinylcho-
line administration.63a Because a nondepolarizing NMBD 
with a rapid onset of effect, rocuronium, is available, it is 
possible to perform a rapid sequence induction of anesthesia 
and endotracheal intubation without administering suc-
cinylcholine. Finally, should a patient become too lightly 
anesthetized during intraocular surgery, succinylcholine 
should not be given to immobilize the patient. Rather, the 
surgeon should be asked to pause while anesthesia is deep-
ened. If necessary, the depth of neuromuscular blockade 
can also be increased with nondepolarizing NMBDs.!
Increased Intragastric Pressure
Unlike the rather consistent increase in IOP following admin-
istration of succinylcholine, increases in intragastric pres-
sure (IGP) are much more variable. The increase in IGP from 
succinylcholine is presumed to result from fasciculations of 
the abdominal skeletal muscle. This is not surprising because 
more coordinated abdominal skeletal muscle activity (e.g., 
straight-leg raising) may increase the IGP to values as high 
as 120 cm H2O (88 mm Hg). In addition to skeletal muscle 
fasciculations, the acetylcholine-like effect of succinylcholine 
may be partly responsible for the observed increases in IGP. 
Greenan observed consistent increases in IGP of 4 to 7 cm 
H2O (3-5 mm Hg) with direct vagal stimulation.65

Miller and Way found that 11 of 30 patients had essen-
tially no increase in IGP after succinylcholine administration, 
yet 5 of the 30 had an increase in IGP of greater than 30 cm 
H2O (22 mm Hg).66 The increase in IGP from succinylcholine 
appeared to be related to the intensity of the fasciculations of 
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the abdominal skeletal muscles. Accordingly, when fascicu-
lations were prevented by prior administration of a nondepo-
larizing NMBD, no increase in IGP was observed.

Whether the increases in IGP following succinylcholine 
administration are sufficient to cause incompetence of the 
gastroesophageal junction are debatable. Generally, an IGP 
greater than 28 cm H2O (21 mm Hg) is required to overcome 
the competence of the gastroesophageal junction. However, 
when the normal oblique angle of entry of the esophagus 
into the stomach is altered, as may occur with pregnancy 
or an abdomen distended by ascites, bowel obstruction, or 
a hiatus hernia, the IGP required to cause incompetence of 
the gastroesophageal junction is frequently less than 15 cm 
H2O (11 mm Hg).66 In these circumstances, regurgitation of 
stomach contents following succinylcholine administration 
is a distinct possibility, and precautionary measures should 
be taken to prevent fasciculations. Endotracheal intubation 
may be facilitated with administration of either a nondepo-
larizing NMBD or a defasciculating dose of nondepolarizing 
relaxant before succinylcholine use. Although the increase 
in IGP from succinylcholine is well documented, the evi-
dence of clinical harm is not clear.

Succinylcholine does not increase IGP appreciably in 
infants and children. This may be related to the minimal or 
absent fasciculations from succinylcholine in these young 
patients.67!
Increased Intracranial Pressure
Succinylcholine has the potential to increase intracra-
nial pressure.68 The mechanisms and clinical significance 
of this transient increase are unknown, but pretreatment 
with nondepolarizing NMBDs prevents intracranial pres-
sure increases.68!
Myalgia
The incidence of muscle pain following administration of 
succinylcholine varies widely, from 0.2% to 89%.69 Mus-
cle pain occurs more frequently after minor surgery, espe-
cially in women and in ambulatory, rather than bedridden, 
patients.70 Waters and Mapleson postulated that pain is 
secondary to damage produced in muscle by the unsyn-
chronized contractions of adjacent muscle fibers just before 
the onset of paralysis.70 This concept has been substanti-
ated by finding myoglobinemia and increases in serum cre-
atine kinase following succinylcholine administration.71 
Prior administration of a small (“defasciculating”) dose of a 
nondepolarizing NMBD clearly prevents fasciculations from 
succinylcholine.71 The efficacy of this approach in prevent-
ing muscle pain is not clear; however, most investigators 
report that pretreatment with a nondepolarizing NMBD has 
minimal effect.69 Pretreatment with a prostaglandin inhibi-
tor (e.g., lysine acetyl salicylate) has been shown effective 
in decreasing the incidence of muscle pain after succinyl-
choline.72 This finding suggests a possible role for prosta-
glandins and cyclooxygenases in succinylcholine-induced 
myalgias. Other investigators have found that myalgias 
following outpatient laparoscopic surgery (and atracu-
rium administration) occur even in the absence of suc-
cinylcholine.73 Other investigators reported a significant 
reduction in postoperative myalgia in elective oral surgery 
patients pretreated with rocuronium (20%) compared with 
vecuronium (42%) and placebo (70%).73a!

Masseter Muscle Rigidity
An increase in tone of the masseter muscle is a frequent 
response to succinylcholine in adults74 as well as in chil-
dren.75 Several studies have reported that an increase in 
masseter muscle tone of up to 500 g lasting 1 to 2 minutes 
is a normal finding in adults.76 Most cases of the so-called 
masseter muscle rigidity (MMR) may represent simply the 
extreme of a spectrum of muscle tension changes that occur 
in response to succinylcholine. Meakin and associates sug-
gested that the high incidence of spasm in children may 
result from inadequate dosage of succinylcholine.75 In all 
likelihood, this increase in tone is an exaggerated contrac-
tile response at the neuromuscular junction and cannot be 
used to establish a diagnosis of malignant hyperthermia. 
Although an increase in tone of the masseter muscle may 
be an early indicator of malignant hyperthermia, this find-
ing is not consistently associated with that syndrome.76 
Currently, no indication exists to change to a “nontrigger-
ing” anesthetic technique in instances of isolated MMR.77!
Anaphylaxis
There is some controversy concerning the incidence of ana-
phylaxis following succinylcholine. The incidence of ana-
phylactic reactions may be close to 0.06%. Almost all cases of 
anaphylaxis have been reported in Europe or Australia. When 
the muscle relaxant cross-links with IgE, degranulation and 
release of histamine, neutrophil chemotactic factor, and 
platelet-activating factor occur. The release of these media-
tors can induce cardiovascular collapse, bronchospasm, and 
skin reaction.77a Patients with a history of anaphylactic reac-
tion to succinylcholine may exhibit a cross-reaction, at least 
in!vitro, with other NMBDs. The cross-reactivity is related to 
the common structural features of these drugs, all of which 
contain quaternary ammonium ions.!

CLINICAL USES

In spite of its many adverse effects, succinylcholine remains in 
clinical use. Its popularity is likely the result of its rapid onset 
of effect, the profound depth of neuromuscular blockade it 
produces, and its short duration of action. Succinylcholine is 
not used as regularly as in the past for routine endotracheal 
intubation, but it is still a muscle relaxant frequently used for 
rapid-sequence induction of anesthesia and tracheal intuba-
tion. Although 1.0 mg/kg of succinylcholine is recommended 
to facilitate endotracheal intubation at 60 seconds, as little as 
0.5 to 0.6 mg/kg may result in adequate intubating conditions 
60 seconds after administration.78 Reduction in the succinyl-
choline dose from 1.0 to 0.6 mg/kg decreases the incidence 
of hemoglobin desaturation but does not shorten the time to 
spontaneous diaphragmatic movements.79 Decreasing the 
dose of succinylcholine is appealing as long as it does not inter-
fere with provision of adequate conditions for endotracheal 
intubation and subsequent adequate ventilation.79

Typically, after administering succinylcholine for tra-
cheal intubation, a nondepolarizing NMBD is given to 
maintain neuromuscular blockade. Prior administration of 
succinylcholine enhances the depth of blockade caused by 
a subsequent dose of nondepolarizing NMBD.80,81 However, 
the effect on duration of action is variable. Succinylcho-
line has no effect on the duration of pancuronium,82 but it 
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increases the duration of atracurium and rocuronium.80,83 
The reasons for these differences are not clear.

With administration of large doses of succinylcholine, the 
nature of the block, as determined by a monitor of neuro-
muscular blockade, changes from that of a depolarizing drug 
(phase 1 block) to that of a nondepolarizing drug (phase 2 
block). Clearly, both the dose and the duration of administra-
tion of succinylcholine contribute to this change. The relative 
contribution of each factor has not been established, however.

Posttetanic potentiation and fade in response to TOF and 
tetanic stimuli can be demonstrated after bolus administra-
tion of different doses of succinylcholine.84 It seems that some 
characteristics of phase 2 blockade are evident from an initial 
dose (i.e., as small as 0.3 mg/kg) of succinylcholine.84 Fade 
in response to TOF stimulation has been attributed to the pre-
synaptic effects on NMBDs. The etiology of the appearance 
of fade phenomenon in the TOF response following excessive 
administration of succinylcholine has been suggested to be 
dependent on a concentration-dependent affinity for succi-
nylcholine to the presynaptic #3$2 neuronal subtype AChR 
in concentrations exceeding the normal clinical concentra-
tion range seen after routine doses.47!

INTERACTIONS WITH ANTICHOLINESTERASES

Neostigmine and pyridostigmine inhibit butyrylcholines-
terase, as well as acetylcholinesterase. If succinylcholine is 
administered after antagonism of residual neuromuscular 
block, as it may be with postextubation laryngospasm, the 
effect of succinylcholine will be pronounced and significantly 
prolonged. The effect of succinylcholine (1 mg/kg) was pro-
longed from 11 to 35 minutes when it was given 5 minutes 
after administration of neostigmine (5 mg).35 Ninety minutes 
after neostigmine administration, butyrylcholinesterase activ-
ity will have returned to less than 50% of its baseline value.!

Nondepolarizing Neuromuscular 
Blocking Drugs

The use of NMBDs in anesthesia has its origin in the arrow 
poisons or curares of South American Indians. Several non-
depolarizing NMBDs were purified from naturally occurring 
sources. For example, dTc can be isolated from the Amazo-
nian vine Chondodendron tomentosum. Similarly, the inter-
mediates for the production of metocurine and alcuronium, 

which are semisynthetic, are obtained from Chondodendron 
and Strychnos toxifera. Malouetine, the first steroidal NMBD, 
was originally isolated from Malouetia bequaertiana, which 
grows in the jungles of the Democratic Republic of Congo 
in central Africa. The NMBDs pancuronium, vecuronium, 
pipecuronium, rocuronium, rapacuronium, atracurium, 
doxacurium, mivacurium, cisatracurium, gantacurium, and 
gallamine are all synthetic compounds.

Available nondepolarizing NMBDs can be classified 
according to chemical class, based on structure (steroids, 
benzylisoquinoliniums, fumarates, and other compounds), 
or, alternatively, according to onset or duration of action 
(long-, intermediate-, and short-acting drugs) of equipotent 
doses (Table 27.2).

STRUCTURE-ACTIVITY RELATIONSHIPS

Nondepolarizing NMBDs were originally classified by Bovet 
as pachycurares,26 or bulky molecules having the amine 
functions incorporated into rigid ring structures. Two 
extensively studied chemical series of synthetic nondepo-
larizing NMBDs are the aminosteroids, in which the intero-
nium distance is maintained by an androstane skeleton, 
and the benzylisoquinolinium series, in which the distance 
is maintained by linear diester-containing chains or, in the 
case of curare, by benzyl ethers. For a detailed account on 
structure-activity relationships, see Lee.85

Benzylisoquinolinium Compounds
dTc is an NMBD in which the amines are present in the form 
of two benzyl substituted tetrahydroisoquinoline structures 
(Fig. 27.4). Using nuclear magnetic resonance spectros-
copy and methylation–demethylation studies, Everett and 
associates demonstrated that dTc contains three N-methyl 
groups.86 One amine is quaternary (i.e., permanently 
charged with four nitrogen substituents), and the other 
is tertiary (i.e., pH-dependent charge with three nitrogen 
substituents). At physiologic pH, the tertiary nitrogen is 
protonated so that it is positively charged. The structure-
activity relationships of the bis-benzylisoquinolines (see Fig. 
27.4) have been described by Waser87 and by Hill and asso-
ciates,88 and these relationships are as follows:
  

 1.  The nitrogen atoms are incorporated into isoquinoline 
ring systems. This bulky molecule favors a nondepolar-
izing rather than a depolarizing activity.

TABLE 27.2 Classification of Nondepolarizing Neuromuscular Blockers According to Duration of Action (Time to T1 = 25% of 
Control) after Twice the Dose Causing on Average 95% Suppression of Neuromuscular Response

CLINICAL DURATION

Long-acting (>50 min)
Intermediate-acting 
(20-50 min) Short-acting (10-20 min) Ultrashort-acting (<10 min)

Steroidal compounds Pancuronium Vecuronium
Rocuronium

Benzylisoquinolinium compounds d-Tubocurarine Atracurium
Cisatracurium

Mivacurium

Asymmetric mixed-onium fumarates CW 002 Gantacurium

Most nondepolarizing neuromuscular blockers are bisquaternary ammonium compounds. d-Tubocurarine, vecuronium, and rocuronium are monoquaternary 
compounds.

T1, First twitch of train-of-four.
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 2.  The interonium distance (distance between charged 
amines) is approximately 1.4 nm.

 3.  Both the ganglion-blocking and the histamine-releasing 
properties of dTc probably result from the presence of the 
tertiary amine function.

 4.  When dTc is methylated at the tertiary amine and 
at the hydroxyl groups, the result is metocurine, a 
compound of greater potency (by a factor of two in 
humans) with much weaker ganglion-blocking and 
histamine-releasing properties than dTc (see Fig. 
27.4). Metocurine contains three additional methyl 
groups, one of which quaternizes the tertiary nitro-
gen of dTc; the other two form methyl ethers at the 
phenolic hydroxyl groups.

 5.  Bisquaternary compounds are more potent than their 
monoquaternary analogues. The bisquaternary deriva-
tive of dTc, chondocurine, is more than twice as potent 
as dTc (see Fig. 27.4).

 6.  Substitution of the methyl groups on the quaternary 
nitrogen with bulkier groups causes a reduction in both 
potency and duration of action.

  

Atracurium is a bis-benzyltetrahydroisoquinolinium 
with isoquinolinium nitrogens connected by a diester-
containing hydrocarbon chain (Fig. 27.5). The presence 
(in duplicate) of two-carbon separations between quater-
nary nitrogen and ester carbonyl renders it susceptible 
to the Hofmann elimination reaction.89 The compound 
can also undergo ester hydrolysis. In a Hofmann elimi-
nation reaction, a quaternary ammonium group is 
converted into a tertiary amine through cleavage of a 
carbon-nitrogen bond. This is a pH- and temperature-
dependent reaction in which higher pH and temperature 
favor elimination.

Atracurium has 4 chiral centers at each of the chiral 
carbons adjacent to the two amines. It is composed of 10 
isomers.89 These isomers have been separated into three 
geometric isomer groups that are designated cis-cis, cis-
trans, and trans-trans according to their configuration 
about the tetrahydroisoquinoline ring system.89 The ratio 
of the cis-cis, cis-trans, and trans-trans isomers is approxi-
mately 10:6:1, corresponding to 50% to 55% cis-cis, 35% to 
38% cis-trans, and 6% to 7% trans-trans isomers.

Cisatracurium, the 1R cis–1)R cis isomer of atracurium, 
comprises approximately 15% of atracurium by weight but 
more than 50% in terms of neuromuscular blocking activity 
(see Fig. 27.5). R designates the absolute stereochemistry of 
the benzyl tetrahydroisoquinoline rings, and cis represents 
the relative geometry of the bulky dimethoxy and 2-alky-
ester groups at C(1) and N(1), respectively.90,91 Like atra-
curium, cisatracurium undergoes Hofmann elimination. 
It is approximately four times as potent as atracurium, 
and in contrast to atracurium, it does not cause histamine 
release,90,92 thus indicating that histamine release may be 
stereospecific.90,93

Mivacurium differs from atracurium by the presence of an 
additional methylated phenolic group (see Fig. 27.5). Com-
pared with other isoquinolinium NMBDs, the interonium 
chain of mivacurium is longer (16 atoms).88 Mivacurium 
consists of a mixture of three stereoisomers.94 The two most 
active are the trans-trans and cis-trans isomers (57% and 
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37% weight/weight, respectively), which are equipotent; 
the cis-cis isomer (6% weight/weight) has only one tenth 
the neuromuscular blocking activity of the more potent 
isomers in cats and monkeys.94 Mivacurium is metabolized 
by butyrylcholinesterase to a monoester and a dicarboxylic 
acid at 70% to 88% the rate at which succinylcholine is 
metabolized by the same enzyme.9!
Steroidal Neuromuscular Blockers
For the steroidal compounds to have neuromuscular 
blocking potential, it is likely that one of the compound’s 
two nitrogen atoms be quaternized. The presence of an 
acetyl ester (acetylcholine-like moiety) facilitates their 
interaction with nAChRs at the postsynaptic muscle 
membrane.

Pancuronium is characterized by the presence of two 
acetyl ester groups on the A and D rings of the steroidal mol-
ecule. Pancuronium is a potent NMBD with vagolytic prop-
erties. It is also an inhibitor of butyrylcholinesterase (Fig. 
27.6).95 Deacetylation at the 3 or 17 positions decreases its 
potency.96

Vecuronium, in which the 2-piperidine substituent is 
not methylated, is the N-demethylated derivative of pan-
curonium (see Fig. 27.6).7 At physiologic pH, the tertiary 
amine is largely protonated, as it is in dTc. The minor 
molecular modification results in the following: (1) a 
slight increase in the potency when compared with pan-
curonium; (2) a marked reduction in its vagolytic proper-
ties; (3) molecular instability in solution; and (4) increased 
lipid solubility, which results in a greater biliary elimination 
of vecuronium than pancuronium.88

Vecuronium is degraded by the hydrolysis of the acetyl 
esters at the C3 and the C17 positions. Hydrolysis at the C3 

position is the primary degradation pathway because the 
acetate at the 3 position is more susceptible to hydrolysis 
in aqueous solutions than the acetate at the 17 position. 
This is because of the adjacent basic piperidine at the 2 posi-
tion that facilitates hydrolysis of the 3-acetate. Therefore 
vecuronium cannot be prepared as a ready-to-use solution 
with a sufficient shelf life, even as a buffered solution. In 
contrast, the 2-piperidine of pancuronium is quaternized 
and no longer alkaline and therefore does not facilitate 
hydrolysis of the 3-acetate.

Rocuronium lacks the acetyl ester that is found in the A 
ring of the steroid nucleus of pancuronium and vecuronium 
(see Fig. 27.6). The introduction of cyclic substituents other 
than piperidine at the 2 and 16 positions results in a com-
pound with a more rapid onset of effect than vecuronium or 
pancuronium.97 The methyl group attached to the quater-
nary nitrogen of vecuronium and pancuronium is replaced 
by an allyl group in rocuronium. As a result of this change, 
rocuronium is approximately 6 and 10 times less potent 
than pancuronium and vecuronium, respectively.97-99 The 
replacement of the acetyl ester attached to the A ring by a 
hydroxy group means that rocuronium is stable in solution. 
At room temperature, rocuronium is stable for 60 days. In 
contrast, pancuronium is stable for 6 months. The rea-
son for this difference in shelf life is related to the fact that 
rocuronium is terminally sterilized in manufacturing, and 
pancuronium is not. Terminal sterilization causes some 
degree of degradation.!
Asymmetric Mixed-Onium Fumarates and 
Analogues
These compounds share some structural properties with 
mivacurium. Gantacurium and CW 002 represent a new 
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class of bisquaternary nondepolarizing NMBDs (Fig. 27.7). 
Gantacurium, an asymmetric mixed-onium chlorofuma-
rate, is unique among nondepolarizing compounds in terms 
of its rapid onset of effect, its short duration of action, and its 
unique means of inactivation.11,100 Because of the presence 
of three methyl groups between the quaternary nitrogen 
and oxygen atom at each end of the carbon chain, this com-
pound does not undergo Hofmann elimination.100

Gantacurium has an ultrashort duration of action in 
human volunteers and in different animal species. In human 
volunteers receiving a nitrous oxide–opioid anesthetic, the 
ED95 of gantacurium is 0.19 mg/kg.100 Onset of and recov-
ery from block resemble those of succinylcholine. Following 
administration of approximately 2.5 times the ED95 dose, 
onset of maximal block occurs in 1.5 minutes. Spontaneous 
recovery to a TOF of 0.9 or greater occurs 10 minutes after 

administration of an ED95 dose, and complete spontaneous 
recovery occurs in 14 to 15 minutes after administration 
of doses ranging from 2 to 3.5 times the ED95. Recovery is 
accelerated by administration of edrophonium at the begin-
ning of spontaneous recovery. Transient hypotension and 
tachycardia occur following administration of doses three 
times the ED95 and greater, a finding suggesting that hista-
mine release occurs with administration of these doses.100

Gantacurium appears to undergo two pathways of inac-
tivation. One is a slower ester hydrolysis, and the second 
one, which occurs much more quickly, occurs through the 
adduction of cysteine, a nonessential amino acid, to create 
a new compound that can no longer bind to the nAChR of 
the neuromuscular junction.101 This unique means of inac-
tivation likely accounts for the drug’s ultrashort duration of 
effect. It also provides a novel means of shortening recovery 
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Fig. 27.7 Chemical structure of gantacurium (a mixed-onium chlorofumarate). In whole human blood, two pathways of deactivation occur, neither of 
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from gantacurium-induced neuromuscular block. Admin-
istration of L-cysteine (10 mg/kg) 1 minute after adminis-
tration of gantacurium results in rapid return to complete 
neuromuscular function within 1 to 2 minutes.102

An analogue of the asymmetric fumarate gantacurium, 
CW 002 has been synthesized to undergo slower L-cysteine 
adduction. Because of its slower metabolism, it has an inter-
mediate duration of action. In animals, it causes a nonde-
polarizing block that can be antagonized by neostigmine. 
Administration of L-cysteine 1 minute after administration 
of CW 002 effectively speeds recovery of neuromuscular 
function, whereas neostigmine does not.22 Volunteer trials 
are required to determine whether onset, recovery, and ease 
of antagonism are improved over those using compounds 
that are currently available.

CW 011 (an asymmetrical maleate) is a nonhaloge-
nated olefinic diester analogue of gantacurium101 that can 
undergo L-cysteine adduction in animal models. Because 
this adduction reaction is slower than that of gantacurium, 
its duration of neuromuscular block is longer (approxi-
mately 21 minutes). Exogenous L-cysteine (50 mg/kg) 
administration can induce full recovery of neuromuscu-
lar block (after five times ED95 dose of CW 011) in 2 to 3 
minutes.101

The clinical development of gantacurium was suspended 
in 2006, but since then, several other compounds similar to 
gantacurium have been tested. CW 1759-50 is a fast-onset, 
ultrashort-acting NMBA that is devoid of histaminoid side 
effects in animal testing.11a,11b CW 1759-50 is ultrashort 
acting because it is inactivated by plasma L-cysteine. Spon-
taneous recovery (5%-95% interval) from either bolus or 
infusion was similar (5-6 minutes), and reversal by L-cyste-
ine required about 2 minutes.!

POTENCY OF NONDEPOLARIZING 
NEUROMUSCULAR BLOCKING DRUGS

Drug potency is commonly expressed by the dose-response 
relationship. The dose of an NMBD required to produce 
an effect (e.g., 50%, 90%, or 95% depression of baseline 

twitch height, commonly expressed as ED50, ED90, and 
ED95, respectively) defines its potency.9,98,103-114 The 
NMBDs have different potencies, as illustrated in Table 
27.3 and Fig. 27.8. For factors affecting the potency 
of NMBDs, see the section on drug interactions later in 
this chapter. The dose-response relationship for nonde-
polarizing NMBDs is sigmoidal (see Fig. 27.8) and has 
been derived in various ways. The simplest method is to 
perform linear regression over the approximately linear 
portion of a semilogarithmic plot between 25% and 75% 
neuromuscular blockade. Alternatively, the curve can 
be subjected to probit or logit transformation to linear-
ize it over its whole length, or the data can be subjected 
to nonlinear regression using the sigmoid Emax model of 
this form:

 Effect (e) = F dose!
e, dose!

e + dose!
e50

TABLE 27.3 Dose-Response Relationships of Nondepolarizing Neuromuscular Blocking Drugs in Human Subjects

ED50 (mg/kg) ED90 (mg/kg) ED95 (mg/kg) References

LONG-ACTING

Pancuronium 0.036 (0.022-0.042) 0.056 (0.044-0.070) 0.067 (0.059-0.080) 98, 103

d-Tubocurarine 0.23 (0.16-0.26) 0.41 (0.27-0.45) 0.48 (0.34-0.56) 103

INTERMEDIATE-ACTING

Rocuronium 0.147 (0.069-0.220) 0.268 (0.200-0.419) 0.305 (0.257-0.521) 98, 104-106

Vecuronium 0.027 (0.015-0.031) 0.042 (0.023-0.055) 0.043 (0.037-0.059) 103

Atracurium 0.12 (0.08-0.15) 0.18 (0.19-0.24) 0.21 (0.13-0.28) 103

Cisatracurium 0.026 (0.015-0.031) — 0.04 (0.032-0.05) 107-109, 371

SHORT-ACTING

Mivacurium 0.039 (0.027-0.052) — 0.067 (0.045-0.081) 9, 110-112

ULTRASHORT-ACTING

Gantacurium 0.09 — 0.19 100

Data are the medians and ranges of reported values. ED50, ED90, and ED95 are the doses of each drug that produce, respectively, 50%, 90%, and 95% decrease in 
the force of contraction or amplitude of the electromyogram of the adductor pollicis muscle following ulnar nerve stimulation.
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Fig. 27.8 Schematic representation of a semilogarithmic plot of a 
muscle-relaxant dose versus neuromuscular blockade. A drug of high 
potency is doxacurium, one of medium potency is atracurium, and 
one of low potency is gallamine. The graph illustrates that the relative 
potencies of the muscle relaxants span a range of approximately two 
orders of magnitude.
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More complex models relating the concentration of 
NMBDs at the neuromuscular junction to their phar-
macologic effect have been developed, and are discussed 
later.115,116

Factors that govern duration of action of NMBDs.

Onset
There is ample evidence that potent NMBDs have slower 
onset times than less potent drugs with similar physi-
cochemical properties. These facts can be explained by 
the concept of the margin of safety. A critical number of 
receptors at the neuromuscular junction must be occu-
pied before appearance of neuromuscular block, and at 
least 90% of the receptors must be occupied before block is 
complete at the adductor pollicis. When the drug reaches 
the synaptic cleft, most molecules will bind to receptors 
that are present with a high density. As the concentra-
tion of free drug decreases, more molecules are driven in 
and the process will continue until the concentrations of 
free drug within and outside the synaptic cleft are equal. 
When a potent drug is administered, fewer molecules 
are given than in a case of a less potent drug, and the 
onset will be slower compared to onset of lower potency 
NMBD.116a Nondepolarizing NMBDs of low potency (e.g., 
rocuronium) have more molecules to diffuse from the cen-
tral compartment into the effect compartment. Once in the 
effect compartment, all molecules act promptly. Weaker 
binding of the low-potency drugs to receptors prevents 
buffered diffusion, a process that occurs with more potent 
drugs. Buffered diffusion causes repetitive binding and 
unbinding to receptors, thus keeping potent drugs in the 
neighborhood of the effector sites and potentially length-
ening the duration of effect. This phenomenon is probably 
what contributes to the slower onset time for cisatracu-
rium than atracurium. However, for very short-acting 
drugs, the ideal ED95 might be greater (0.5-1.0 mg/kg) 
because rapid metabolism in the plasma destroys some 
of the administered muscle relaxant before it reaches the 
neuromuscular junction. This phenomenon can explain 
the relatively slow onset time for mivacurium.

Plasma concentrations have only modest influence 
on onset time. Arterial plasma concentrations peak 25 
to 35 seconds after administration, thus before onset of 
neuromuscular block. This paradox can be explained by 
assuming that the site of action, the neuromuscular junc-
tion, is represented by the effect compartment in which 
the concentration of the NMBD is directly related to the 
magnitude of neuromuscular blockade.116b The rate con-
stant for transfer into the effect compartment is similar 
for most intermediate duration action NMBDs and corre-
sponds approximately to neuromuscular junction blood 
flow divided by neuromuscular junction/plasma partition 
coefficient. Whatever muscle relaxant, the limiting factor 
appears to be the time required for the drug to reach the 
neuromuscular junction, which in turn depends on car-
diac output, the distance of the muscle (and neuromus-
cular junction) from the central circulation, and muscle 
blood flow. Therefore in most cases, the onset time will be 
dependent on blood flow to muscle. Under normal circum-
stances, muscle blood flow increases when cardiac out-
put increases, with a direct relationship between speed of 

onset and cardiac output. This may explain why infants 
and children have a faster onset of neuromuscular block, 
and elderly patients have a slower onset than younger 
individuals.

It is obvious that the intensity of maximum blockade is 
affected directly by the administered dose. However, when 
the dose increases in the subparalyzing range (that is, when 
maximum blockade is between 0% and 100%), time to 
reach maximum effect is dose-independent. This is because 
the time to peak concentration at the effect compartment is 
independent of the dose. When the administered dose, how-
ever, is sufficient to effect complete disappearance of neu-
romuscular response, time to maximum blockade becomes 
dose-dependent.!

DURATION OF ACTION

Although it is commonly believed that the rate of decline of 
NMBD plasma concentrations during recovery from neu-
romuscular blockade determines the duration of action 
and the rate of recovery, further explanations are needed. 
It has been suggested that muscle blood flow is, to a cer-
tain extent, a limiting factor in the termination of action. 
For long-acting NMBDs, the dominant effect for the recov-
ery from neuromuscular blockade is the rate of decrease 
of plasma concentration because there is pseudo-equilib-
rium between concentrations at the neuromuscular junc-
tion and plasma. Therefore changing blood flow will not 
affect the duration of action. For intermediate duration of 
action NMBD, after a single bolus dose, plasma concentra-
tions decrease at a rate that differs slightly from the equi-
librium half-life with muscle. It can induce a significant 
concentration gradient between neuromuscular junction 
and plasma during recovery, but provided that recovery 
rate is constant, the ratio of concentrations between the 
neuromuscular junction and plasma will remain rela-
tively constant.

The most important factor is that the rate of decline 
of plasma concentration during recovery is not always 
related to the NMBD terminal half-life because after ini-
tial administration, plasma concentrations will decrease 
because of redistribution. It is only when redistribution 
will be complete that the decrease in plasma concentra-
tions will be dependent on the terminal half-life and will 
decrease more slowly. For long-acting NMBD such as pan-
curonium, the recovery time will take place during the 
terminal half-life. In this situation the duration of action 
will be dependent on the rate of decrease of plasma con-
centrations. This is different for intermediate duration 
of action NMBDs. The terminal half-life of atracurium is 
around 20 minutes, whereas the elimination half-lives of 
both vecuronium and rocuronium are between 60 and 
120 minutes. Although such differences can be observed, 
the duration of action and recovery from neuromuscular 
block of these three drugs are very similar. These appar-
ent discrepancies can be explained by the fact that the dis-
tribution phase is the most important factor and extends 
for a much longer period than for long-acting NMBDs.116c 
If their duration of action and recovery rates are almost 
identical, it is due to the decrease of plasma concentrations 
to levels compatible with recovery during the redistribu-
tion phase.!
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CLINICAL MANAGEMENT

The main goal of neuromuscular blockade during induc-
tion of anesthesia includes paralysis of the vocal cords and 
muscles of the jaw to facilitate endotracheal intubation. 
Relaxation of the respiratory muscles, particularly the 
diaphragm, allows controlled ventilation. Paralysis of the 
abdominal muscles and the diaphragm is often required 
intraoperatively, particularly during abdominal, robotic, or 
laparoscopic surgery. During recovery from neuromuscu-
lar block, restoration of complete neuromuscular strength 
is essential to ensure adequate spontaneous ventilation 
with normal regulation of breathing during hypoxia and 
the patency of the musculature of the upper airway with 
maintained airway protection. The choice of the initial dose 
of NMBD, timing of readministration of NMBD, timing of 
administration of anticholinesterase, and interpretation of 
monitoring require an understanding of the varying sensi-
tivities of different muscle groups to NMBDs.

Although the practice of administering an NMBD to facili-
tate tracheal intubation may be routine, it has been sug-
gested that the combination of propofol with a rapid-acting 
opioid may provide good to excellent intubating conditions 
in most patients. However, relatively large doses of opioids 
are required to obtain satisfactory intubating conditions. 
Mencke and coworkers demonstrated that adding atracu-
rium to a propofol-fentanyl induction regimen significantly 
improved the quality of intubating conditions and decreased 
the frequency of vocal cord lesions following intubation from 
42% to 8%.117 The rate of postoperative hoarseness was also 
significantly decreased to 16% from 44%.117 Combes and 
associates confirmed that the use of NMBD for tracheal intu-
bation decreased the incidence of adverse postoperative upper 
airway symptoms, resulted in better intubating conditions, 
and also reduced the rate of adverse hemodynamic effects 
caused by deeper levels of anesthesia.118 Patients intubated 
without an NMBD had three to four times more Cormack 
scores of 3 to 4, and difficult intubation was more common 
(12% vs. 1%). In a cohort of more than 100,000 patients, 
Lundstrom and colleagues demonstrated that avoidance of 
NMBD was associated with more difficult tracheal intubation 
conditions compared with NMBD use, with an odds ratio of 
1.5.118a A recent Cochrane review supported the use of an 
NMBD (vs. avoidance of NMBD) in order to create the best 
intubating conditions.118b

Several alternative approaches are available to enhance 
surgical relaxation when administration of additional 
NMBDs may be inappropriate. These options include 
increasing the depth of general anesthesia with a drug such 
as a volatile anesthetic or propofol, administering lidocaine, 
using regional anesthesia, positioning the patient properly 
on the operating table, and appropriately adjusting the 
depth of neuromuscular blockade. The choice of one or sev-
eral of these options is determined by the estimated remain-
ing duration of surgery, the anesthetic technique, and the 
surgical maneuver required. Importantly, the single best 
(and only) method to ensure appropriate dosing and timing 
of additional NMBD is assessment of the depth of neuromus-
cular block by objective (quantitative) means.118c

It is important to keep these options in mind to avoid rely-
ing on only neuromuscular blockade to achieve a desired 
degree of surgical relaxation.

Varying Sensitivities of Different Muscle Groups
The sensitivity of the neuromuscular junctions to the effects 
of neuromuscular relaxants among various muscle groups 
varies greatly. Paton and Zaimis118d demonstrated in 1951 
that some of the muscles of respiration, such as the dia-
phragm, were more resistant to curare than others. The 
dose of nondepolarizing NMBDs needed to block the dia-
phragm is 1.5 to 2 times that of the adductor pollicis. Thus 
complete paralysis of the diaphragm is not expected with 
doses of NMBDs used to block neuromuscular transmission 
at the adductor pollicis.119 Similarly, the laryngeal adduc-
tor muscles are more resistant to nondepolarizing NMBDs 
than the more peripheral muscles such as the adductor pol-
licis,120 at which all dosing recommendations for NMBDs 
and their antagonists have been made. The sparing effect of 
NMBDs on the laryngeal adductor muscles has been docu-
mented with vecuronium, rocuronium, cisatracurium, and 
mivacurium.120-122 Plaud and colleagues studied the phar-
macokinetic-pharmacodynamic relationship of NMBDs at 
the adductor pollicis and the laryngeal adductors.123 These 
investigators found that the concentration in the effect com-
partment producing 50% of the maximum block was signifi-
cantly greater at the laryngeal adductor muscles (1.5 µg/mL) 
than that at the adductor pollicis muscle (0.8 µg/mL). Con-
vincing evidence indicates that the EC50 for almost all drugs 
is 50% to 100% higher at the diaphragm or larynx than it 
is at the adductor pollicis. These differences may be caused 
by any of several factors. Waud and Waud found that fol-
lowing curare administration, neuromuscular transmission 
occurs when approximately 18% of the receptors are free at 
the diaphragm, whereas it does not occur at the peripheral 
muscles unless 29% of receptors are free.124 The reason may 
be higher receptor density, greater release of acetylcholine, 
or less acetylcholinesterase activity. The lower density of 
acetylcholine receptors in slow muscle fibers, such as found 
in the peripheral muscles, explains, in part, the lower mar-
gin of safety for neuromuscular transmission when com-
pared with that in the faster muscle fibers in the laryngeal 
adductors. Muscle sensitivity to succinylcholine is different 
from that of other NMBDs. Succinylcholine is the only mus-
cle relaxant that, at equipotent doses, causes greater neu-
romuscular block at the vocal cords than at the adductor 
pollicis. Some data suggest that in contrast to nondepolariz-
ing NMBDs, succinylcholine is more effective in blocking the 
muscles composed of primarily fast-contracting fibers.125

In spite of the relative resistance to NMBDs, the onset 
of neuromuscular block is significantly faster at the dia-
phragm and the laryngeal adductors than at the adduc-
tor pollicis. Fisher and associates postulated that more 
rapid equilibration (shorter effect site equilibration half-
life [t"ke0]) of the NMBD between plasma126 and the effect 
compartment at these more centrally located muscles was 
the explanation for this observation. The accelerated rate 
of equilibrium probably represents little more than dif-
ferences in regional blood flow. Therefore muscle blood 
flow (i.e., the rate of drug delivery to the tissue), rather 
than a drug’s intrinsic potency, may be more important 
in determining the onset and offset time of nondepolariz-
ing NMBDs. Greater blood flow per gram of muscle at the 
diaphragm or larynx results in delivery of a higher peak 
plasma concentration of drug in the brief period of time 
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before rapid redistribution occurs. Plaud and colleagues 
confirmed this hypothesis by demonstrating a faster 
transfer rate constant (i.e., t"ke0) at the laryngeal adduc-
tors (2.7 minutes) than at the adductor pollicis (4.4 min-
utes).123 Greater resistance to neuromuscular blockade 
accounts for the faster recovery of the respiratory muscles 
and the muscles of the abdominal wall than at the adduc-
tor pollicis muscle. Recovery occurs more rapidly because 
blood concentration of the NMBD must decrease more in 
the muscles of respiration than in the adductor pollicis for 
recovery of neuromuscular function to begin.

In contrast, the muscles of the upper airway are par-
ticularly sensitive to the effects of muscle relaxants. The 
masseter is 15% more sensitive to nondepolarizing NMBDs 
than is the adductor pollicis.127 Significant weakness of the 
muscles of the upper airway may exist even when strength 
at the adductor pollicis has recovered almost to baseline 
values. A TOF ratio less than 0.9 at the adductor pollicis 
(with a calibrated neuromuscular monitor) is associated 
with impaired pharyngeal function, reduced resting tone 
in the upper esophageal sphincter muscle, and decreased 
coordination of the muscles involved in swallowing, all of 
which cause an increased incidence of misdirected swal-
lows, or aspiration.128 Because of the resistance of the dia-
phragm and laryngeal muscles to neuromuscular block, 
patients may be weak in pharyngeal muscle groups while 
being able to breathe as long as an endotracheal tube is 
in place. Once the trachea is extubated, however, patients 
may not be able to maintain a patent airway or protect 

their airway.129 This is likely the reason that patients with 
a TOF less than 0.9 in the postanesthesia care unit (PACU) 
are more likely to develop critical respiratory events than 
those whose TOF ratio is 0.9 or greater.129a Some inves-
tigators129b have demonstrated that among patients who 
received NMBD, those who did not receive reversal were 
more than twice as likely to develop pneumonia after 
surgery.

The increase in ventilation during hypoxia is mainly gov-
erned by afferent neuronal input from peripheral chemore-
ceptors of the carotid body. Acetylcholine is involved in the 
transmission of afferent neuronal activity from the carotid 
body to the central nervous system (CNS). Eriksson and asso-
ciates have shown that partial neuromuscular block (TOF 
ratio of 0.7) reduces specifically the ventilatory responses to 
isocapnic hypoxia without altering the response to hyper-
capnia. The ventilatory response to hypoxia returns to con-
trol values after recovery of a TOF ratio to above 0.9.129c 
The mechanism behind this interaction seems to be a spon-
taneous, reversible depression of carotid body chemorecep-
tor activity during hypoxia.129d!

DOSAGE

General Dosage Guidelines
Proper selection of the dose of nondepolarizing NMBD and 
quantitative monitoring are required to ensure that the 
desired effect is achieved without overdose of the relaxant 
(Tables 27.4 and 27.5).

TABLE 27.4 Guide to Nondepolarizing Relaxant Dosage (mg/kg) Under Different Anesthetic Techniques

DOSAGE FOR RELAXATION

ED95 Under N2O/O2 Dose for Intubation
Supplemental Dose 
after Intubation N2O Anesthetic Vapors*

LONG-ACTING

Pancuronium 0.07 0.08-0.12 0.02 0.05 0.03

d-Tubocurarine 0.5 0.5-0.6 0.1 0.3 0.15

INTERMEDIATE-ACTING

Vecuronium 0.05 0.1-0.2 0.02 0.05 0.03

Atracurium 0.23 0.5-0.6 0.1 0.3 0.15

Cisatracurium 0.05 0.15-0.2 0.02 0.05 0.04

Rocuronium 0.3 0.6-1.0 0.1 0.3 0.15

SHORT-ACTING

Mivacurium 0.08 0.2-0.25 0.05 0.1 0.08

Continuous Infusion Dosage (µg/kg/min) Required to Maintain 90%-95% Twitch Inhibition Under N2O/O2 With Intravenous Agents

Mivacurium 3-15

Atracurium 4-12

Cisatracurium 1-2

Vecuronium 0.8-1.0

Rocuronium 9-12

*The potentiation of nondepolarizing relaxants by different anesthetic vapors has been reported to vary from 20% to 50%. More recent data suggest, however, 
that this variation may be much less, particularly in the case of the intermediate- and short-acting relaxants. Therefore for the sake of simplicity, this table 
assumes a potentiation of 40% in the case of all volatile anesthetics.

Suggested dosages provide good intubating conditions under light anesthesia. Satisfactory abdominal relaxation may be achieved at dosages listed after intu-
bation without a relaxant or with succinylcholine. This table is intended as a general guide to dosage. Individual relaxant requirement should be confirmed 
with a neuromuscular monitor.

ED95, Dose causing on average 95% suppression of neuromuscular response; N2O, nitrous oxide; O2, oxygen.
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The intensity of maximum blockade is directly affected 
by dose. If a small dose of NMBD is administered, neu-
romuscular block may not occur because the amount 
administered is inadequate to overcome the margin of 
safety at the neuromuscular junction. When doses lower 
than those required to cause 100% neuromuscular block-
ade are administered, the time required to reach maxi-
mum effect is a function of the NMBD and blood flow to 
the muscles. It is independent of the dose administered. 
However, if the administered dose is high enough to cause 
100% neuromuscular blockade, the time required for 
maximum block will depend on the dose of NMBD admin-
istered. Larger doses will, up to a certain point, produce 

a faster onset of effect.130 Increasing the dose of NMBD 
beyond that point will not further decrease the time to 
onset of maximal effect, and may significantly prolong the 
total duration of neuromuscular blockade, contributing to 
residual postoperative paralysis.

In addition to a general knowledge of the pharmacody-
namics and pharmacokinetics of NMBDs and understand-
ing of the guidelines for dosing, optimal practice requires 
that dosing be adjusted to account for variability in individ-
ual patients’ responses to NMBDs. This adjustment cannot 
be made without using a quantitative (objective) monitor of 
neuromuscular blockade any time that an NMBD is admin-
istered to a patient. Overdosage must be avoided for several 

TABLE 27.5 Pharmacodynamic Effects of Succinylcholine and Nondepolarizing Neuromuscular Blockers

Anesthesia
Intubating 
Dose (mg/kg)

Approximate 
ED95 Multiples

Maximum 
Block (%)

Time to  
Maximum Block 
(min)

Clinical  
Duration* 
(min) References

Succinylcholine Opioids or halothane 0.5 1.7 100 — 6.7 372

Succinylcholine Desflurane 0.6 2 100 1.4 7.6 373

Succinylcholine Opioids or halo-
thane

1.0 2 100 — 11.3 372

Succinylcholine Desflurane 1.0 3 100 1.2 9.3 373

Succinylcholine Opioids 1.0 3 — 1.1 8 374

Succinylcholine Opioids 1.0 3 — 1.1 9 375

Succinylcholine Isoflurane 1.0 3 100 0.8 9 140

STEROIDAL COMPOUNDS

Rocuronium Opioids 0.6 2 100 1.7 36 142

Rocuronium Isoflurane 0.6 2 100 1.5 37 140

Rocuronium Isoflurane 0.9 3 100 1.3 53 140

Rocuronium Isoflurane 1.2 4 100 0.9 73 140

Vecuronium Isoflurane 0.1 2 100 2.4 41 140

Vecuronium Opioids 0.1 2 100 2.4 44 376

Pancuronium Opioids 0.08 1.3 100 2.9 86 148, 377

Pancuronium Opioids 0.1 1.7 99 4 100 378

BENZYLISOQUINOLINIUM COMPOUNDS†

Mivacurium Opioids 0.15 2 100 3.3 16.8 9

Mivacurium Opioids 0.15 2 100 3 14.5 142

Mivacurium Halothane 0.15 2 100 2.8 18.6 379

Mivacurium Opioids 0.2 2.6 100 2.5 19.7 9

Mivacurium Opioids 0.25 3.3 100 2.3 20.3 9

Mivacurium Opioids 0.25 3.3 — 2.1 21 375

Atracurium Opioids 0.5 2 100 3.2 46 107

Cisatracurium Opioids 0.1 2 99 7.7 46 323

Cisatracurium Opioids 0.1 2 100 5.2 45 107

Cisatracurium Opioids 0.2 4 100 2.7 68 107

Cisatracurium Opioids 0.4 8 100 1.9 91 107

d-Tubocurarine Opioids 0.6 1.2 97 5.7 81 378

*Time from injection of the intubating dose to recovery of twitch to 25% of control.
†For atracurium and mivacurium, slower injection (30 seconds) is recommended to minimize circulatory effects.
ED95, Dose causing on average 95% suppression of neuromuscular response.
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reasons: to limit the duration of drug effect so that it matches 
the anticipated length of surgery; to avoid unwanted cardio-
vascular side effects associated with large NMBD doses; and 
to minimize residual neuromuscular block postoperatively.!
Initial and Maintenance Dosage
The initial dose of NMBD is determined by the reason for 
administration. Traditionally, doses used to facilitate tracheal 
intubation are twice the ED95 (see Table 27.4). If, however, 
the trachea has been intubated without the use of an NMBD 
and the purpose in administering an NMBD is to produce 
surgical relaxation, a dose that is slightly less than the ED95 
(see Table 27.5) may be sufficient in most surgical settings. 
Administration of NMBDs solely for surgical relaxation does 
not prevent vocal cord injury and postoperative hoarseness 
caused by intubation without NMBD. Additionally, ensur-
ing maximal neuromuscular block by using quantitative 
means (e.g., a TOF count of zero) rather than being guided by 
clinical judgment will result in less hemodynamic instability 
during laryngoscopy and better intubating conditions.130a 
Administering a smaller initial dose may be sufficient in the 
presence of any of the potent inhalational anesthetics (see 
the later section on drug interactions), but the dosing should 
always be guided by quantitative monitoring.

To avoid prolonged residual paralysis, inadequate antag-
onism of residual blockade, or both, the main goal in dos-
ing NMBDs should be to use the lowest possible dose that 
provides adequate relaxation for surgery. Moreover, clini-
cal management of individual patients should be guided 
by monitoring of the neuromuscular block, ideally with 
an objective neuromuscular monitoring technique, to 
allow safe intraoperative administration of the NMBD and 
its antagonism by neostigmine or sugammadex (see also 
Chapter 43, Neuromuscular Monitoring).

In an adequately anesthetized and monitored patient, 
little reason exists to abolish the TOF responses to periph-
eral nerve stimulation completely. However, if deep levels 
of block are required to maintain paralysis of the diaphragm 
and the abdominal wall muscles, response of the adductor 
pollicis to stimulation of the ulnar nerve may disappear. 
In this case, monitoring the depth of neuromuscular block 
can be accomplished using the posttetanic count (PTC) at 
the adductor pollicis or TOF ratio at the corrugator super-
cilii.131,132 Supplemental (maintenance) doses of NMBDs 
should be approximately one tenth (in case of long-acting 
NMBDs) to one fourth (in the case of intermediate- and 

short-acting NMBDs) the initial dose and should not be 
given until quantitative evidence of beginning recovery 
from the previous dose is present.

Relaxation can be maintained by continuous infusion 
of intermediate- and short-acting drugs. This approach 
is useful in maintaining a stable depth of neuromuscular 
blockade and allows adjustment of the depth of relaxation 
according to surgical needs. The depth of neuromuscular 
blockade maintained is moderate, if possible, to ensure com-
plete spontaneous recovery of neuromuscular function at 
the end of a surgical procedure or prompt antagonism of 
residual effects. Suggested definitions of the depth of neu-
romuscular block are listed in Table 27.6.132a Table 27.4 
lists the approximate dose ranges that are typically required 
during infusions to maintain 90% to 95% blockade of the 
twitch (one twitch visible on TOF stimulation) during a 
nitrous oxide–oxygen anesthetic supplemented with intra-
venous anesthetics. Infusion dosage is usually decreased by 
30% to 50% in the presence of potent volatile anesthetics.!

NEUROMUSCULAR BLOCKING DRUGS AND 
TRACHEAL INTUBATION

Rapid onset of neuromuscular blockade is one of the 
requirements for securing an airway promptly. It is 
affected by several factors, including muscle blood flow, 
rate of delivery of the drug to the neuromuscular junction, 
receptor affinity, plasma clearance of the NMBD, and the 
mechanism of neuromuscular blockade (depolarizing vs. 
nondepolarizing)96,116a,133(see Table 27.5 and Fig. 27.9). 
Onset time decreases as ED50 increases. When a potent 
NMBD is administered, fewer molecules are administered 
than in the case of an equipotent dose of a less potent drug. 
Because of this lower concentration gradient, more time 
is required for sufficient molecules of a potent drug to be 
delivered to the neuromuscular junction. Thus onset time 
is longer. This concept was verified by Kopman and col-
leagues, who demonstrated that, when giving equipotent 
doses of gallamine, dTc, and pancuronium, onset time was 
slower with the more potent pancuronium and faster with 
the less potent gallamine. Except for atracurium,135 the 
molar potency (the ED50 or ED95 expressed as µM/kg) is 
highly predictive of a drug’s initial rate of onset of effect (at 
the adductor pollicis muscle).133 A drug’s measured molar 
potency is the end result of many contributing factors: the 
drug’s intrinsic potency (the CE50, which is the biophase 

TABLE 27.6 Suggested Definitions of the Depth of Neuromuscular Block Based on Subjective and Objective Criteria

Depth of Block Posttetanic Count Train-of-Four Count
Subjective Train-of-Four  
Ratio

Measured Train-of-Four 
Ratio

Intense (profound) block 0 0 0 0

Deep block *1 0 0 0

Moderate block NA 1-3 0 0

Light (shallow) block NA 4 Fade present 0.1-0.4

Minimal block (near  
recovery)

NA 4 No fade >0.4 but <0.90

Full recovery (normal  
function)

NA 4 No fade *0.90-1.0

NA, Not applicable.
From Brull SJ, Kopman AF. Current status of neuromuscular reversal and monitoring. Challenges and opportunities. Anesthesiology. 2017;126:173, see Table 1.
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concentration resulting in 50% twitch depression), the 
rate of equilibration between plasma and biophase (ke0), 
the initial rate of plasma clearance, and probably other fac-
tors as well.136 Notably, rocuronium has a molar potency 
(ED95) of 0.54 µM/kg, which is approximately 13% that of 
vecuronium and only 9% that of cisatracurium; this find-
ing illustrates the expected faster onset of rocuronium at 
the adductor pollicis muscle, as opposed to vecuronium and 
cisatracurium. Donati and Meistelman proposed a model to 
explain this inverse potency–onset relationship.116a

The times to 95% blockade at the adductor pollicis 
after administration of the ED95 dose of succinylcholine, 
rocuronium, vecuronium, atracurium, mivacurium, and cis-
atracurium are shown in Fig. 27.10.114,133,135 The illustra-
tion shows that the most potent compound, cisatracurium, 

has the slowest onset, and the least potent compound, 
rocuronium, has the most rapid onset.114,133,135 Bevan also 
proposed that rapid plasma clearance is associated with 
a rapid onset of action.137 The fast onset of succinylcho-
line’s action is related to its rapid metabolism and plasma 
clearance.

The onset of neuromuscular blockade is much faster in 
the muscles that are relevant to obtaining optimal intu-
bating conditions (laryngeal adductors, diaphragm, and 
masseter) than in the muscle that is typically monitored 
(adductor pollicis) (Fig. 27.11).121 Thus neuromuscular 
blockade develops faster, has a shorter maximum depth 
and duration of effect, and recovers more quickly in these 
central muscles (Table 27.7).120-122,138,139

Paralysis following intravenous administration does not 
occur instantaneously even with large doses of muscle relax-
ants. Onset of blockade occurs 1 to 2 minutes earlier in the 
laryngeal muscles than at the adductor pollicis after admin-
istration of nondepolarizing NMBDs. The pattern of blockade 
(onset, depth, and speed of recovery) in the corrugator super-
cilii muscle is similar to that in the larynx,119 the diaphragm, 
and the muscles of the abdominal wall. By monitoring the 
onset of neuromuscular blockade at the corrugator superci-
lii, one can predict the quality of tracheal intubating condi-
tions. Good to excellent intubating conditions are observed 
in more than 90% of patients after disappearance of the TOF 
responses (a TOF count of zero) at the corrugator superci-
lii.131 The onset of maximal blockade in the larynx also cor-
responds with the point at which the adductor pollicis muscle 
begins to show palpable evidence of weakening.

Rapid Tracheal Intubation
Rocuronium in high dose (0.9-1.2 mg/kg) or succinyl-
choline 1.5 mg/kg can be used interchangeably for rapid 
tracheal intubation because they provide adequate intubat-
ing conditions within 60 to 90 seconds. Hence if succinyl-
choline is considered undesirable or contraindicated, high 
doses of rocuronium can be administered.140 The onset of 
action of other nondepolarizing NMBDs can be acceler-
ated by administering a priming dose of the NMBD141 or 
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Fig. 27.9 Linear regression of onset of neuromuscular blockade (ordi-
nate) versus potency of a series of steroidal relaxants studied in the cat 
model by Bowman and associates.96 The data show that onset may be 
increased in compounds of low potency and encouraged the eventual 
development of rocuronium and rapacuronium (ORG 9487). A, Pipe-
curonium; B, ORG 8788; C, pancuronium; D, vecuronium; E-M and O-T, 
ORG 9274, 9360, 9273, 8715, 6502, 9216, 7931, 8730, 7617, 9275, 6368, 
8764, 9382, and 7684 (respectively); N, RGH-4201. Data from Reference 96.

100
90
80
70
60
50
40
30
20
10

0

0 60 120 180 240 300 360 420 480
Time (s)

1 ! ED95

Pe
ak

 e
ffe

ct
 (%

)

Succinylcholine (75 ± 11 s)
Rapacuronium (77 ± 17 s)
Rocuronium (105 ± 36 s)
Atracurium (192 ± 23 s)
Mivacurium (192 ± 26 s)
Vecuronium (201 ± 20 s)
Cisatracurium (268 ± 45 s)

Fig. 27.10 Percentages of peak effect after a dose causing on average 
95% suppression of neuromuscular response (ED95) of succinylcholine, 
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Fig. 27.11 Evolution of neuromuscular blockade in the larynx and 
thumb (adductor pollicis) after a 0.07 mg/kg dose of vecuronium. 
Onset and recovery from blockade occur more rapidly in the larynx. 
T1, First twitch of train-of-four. (From Donati F, Meistelman C, Plaud B. 
Vecuronium neuromuscular blockade at the adductor muscles of the lar-
ynx and adductor pollicis. Anesthesiology. 1991;74:833–837.)
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by using combinations of NMBDs.142 Although combina-
tions of mivacurium and rocuronium can achieve rapid 
onset without undue prolongation of action and without 
undesirable side effects,142 combinations of compounds of 
different structures may result in a marked prolongation of 
neuromuscular blockade. Additionally, combining different 
NMBDs may not consistently result in a rapid onset of neu-
romuscular block.

Timing Technique. This technique entails administra-
tion of a single intubating dose (two times the ED95) of 
a rapid-onset NMBD such as rocuronium to an awake 
patient, followed by the administration of the anesthetic 
induction agent at the onset of clinical signs of weakness 
such as ptosis or loss of ability to maintain the raised arm. 
Using this technique, 0.6 mg/kg rocuronium can provide 
good to excellent intubating conditions within 45 seconds 
after induction of anesthesia.142a Because of the potential 
for unpleasant symptoms and recall associated with neuro-
muscular paralysis in awake patients, this technique is no 
longer used clinically.!

Priming Technique. Since the introduction of rocuronium 
into clinical practice, the use of priming technique has 
almost disappeared. When priming, a small, subparalyzing 
dose of the nondepolarizer (+20% of the ED95 or +10% of 
the intubating dose) is administered 2 to 4 minutes before 
the intubating dose of the compound.141 This procedure 
accelerates the onset of blockade for most nondepolarizing 
NMBDs only by 30 to 60 seconds, thereby indicating that 
intubation can be performed within 90 seconds of the sec-
ond dose. However, the intubating conditions that occur 
after priming are only marginally improved and do not 
match those that occur after succinylcholine. The size of the 
priming dose is limited by its effects on the awake patient, 

since the anesthetic induction agent is administered only 
immediately prior to the intubating dose of NMBD. Further, 
priming doses can cause subtle degrees of neuromuscular 
blockade and increase the patient’s discomfort, the risks 
of aspiration, and difficulty swallowing and breathing.143 
This technique is contraindicated in patients with abnor-
mal airway anatomy or increased sensitivity to NMBDs 
such as patients with myasthenia gravis or those taking 
magnesium.!

Large-Dose Regimen for Rapid Tracheal Intubation. 
Large doses of NMBDs are usually recommended when 
intubation must be accomplished in less than 90 seconds. 
High-dose regimens are associated with considerably pro-
longed duration of action and potentially increased car-
diovascular side effects, however (see Table 27.5).140,144 
Increasing the dosage of rocuronium from 0.6 mg/kg 
(twice the ED95) to 1.2 mg/kg (four times the ED95) short-
ens the onset time of complete neuromuscular block from 
89 to 55 seconds but essentially doubles the clinical dura-
tion of action of the compound (the recovery of the first 
twitch of TOF [T1] to 25% of baseline values) from 37 to 
73 minutes.140!

Small-Dose Relaxants for Tracheal Intubation. Small 
doses of NMBDs can be used for routine tracheal intuba-
tion. The use of smaller doses of NMBDs has the following 
two possible advantages: (1) it shortens the time to recov-
ery from neuromuscular blockade, and (2) it reduces the 
requirement for anticholinesterase drugs. Rocuronium has 
the shortest onset time of all the nondepolarizing NMBDs 
currently available.121,122 The maximal effect of either 
0.25 or 0.5 mg/kg of rocuronium at the laryngeal muscles 
occurs after 1.5 minutes.121 This interval is shorter than 
the 3.3 minutes reported after administration of equipotent 

TABLE 27.7 Time Course of Action and Peak Effect Data at the Laryngeal Adductors and Adductor Pollicis

Dose (mg/kg) Anesthesia

LARYNGEAL ADDUCTORS ADDUCTOR POLLICIS

ReferenceOnset Time (s)

Maximum 
Block (% 
Depression)

Clinical Dura-
tion (min) Onset Time (s)

Maximum 
block (% 
Depression)

Clinical Dura-
tion (min)

Succinylcho-
line, 1.0

Propofol- 
fentanyl

34 ± 12 100 ± 0 4.3 ± 1.6 56 ± 15 100 ± 0 8 ± 2 122

Rocuronium, 
0.25

Propofol-
fentanyl

96 ± 6 37 ± 8 — 180 ± 18 69 ± 8 — 121

Rocuronium, 
0.4

Propofol-
fentanyl

92 ± 29 70 ± 15 — 155 ± 40 99 ± 3 24 ± 7 122

Rocuronium, 
0.5

Propofol-
fentanyl

84 ± 6 77 ± 5 8 ± 3 144 ± 12 98 ± 1 22 ± 3 121

Vecuronium, 
0.04

Propofol-
fentanyl

198 ± 6 55 ± 8 — 342 ± 12 89 ± 3 11 ± 2 120

Vecuronium, 
0.07

Propofol-
fentanyl

198 ± 12 88 ± 4 9 ± 2 342 ± 18 98 ± 1 22 ± 2 120

Mivacurium, 
0.14

Propofol-
alfentanil

137 ± 20 90 ± 7 5.7 ± 2.1 201 ± 59 99 ± 1 16.2 ± 4.6 138

Mivacurium,  
0.2

Propofol- 
alfentanil

89 ± 26 99 ± 4 10.4 ± 1.5 202 ± 45 99 ± 2 20.5 ± 3.9 139

Clinical duration is the time until the first twitch of train-of-four (T1) has recovered to 25% of its control value. Mean and standard deviation122,138,139 or standard 
error of the mean.120,121
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doses of vecuronium (0.04 or 0.07 mg/kg),120 and it is only 
slightly longer than the 0.9 minutes reported after 0.25 or 
0.5 mg/kg of succinylcholine (see Table 27.7).125

With a better understanding of the multiple factors that 
contribute to satisfactory conditions for intubation, it is 
now possible to administer NMBDs thoughtfully in this 
fashion. Intubating conditions are related more closely 
to the degree of neuromuscular blockade of the laryngeal 
adductor muscles than to the degree of blockade typically 
monitored at the adductor pollicis. Fig. 27.12 demonstrates 
this principle.136 In the presence of an adequate depth of 
anesthesia, complete blockade at the larynx or diaphragm, 
or both, may not be a prerequisite for satisfactory intubat-
ing conditions. Kopman and colleagues noted that 0.5 mg/
kg of rocuronium (1.5 times the ED95) provided satisfactory 
conditions for intubation in patients anesthetized with 12.5 
µg/kg of alfentanil and 2.0 mg/kg of propofol if laryngos-
copy was delayed for 75 seconds after drug administra-
tion.145 It was furthermore estimated that 1.5 times the 
ED95 of rocuronium would produce at least 95% blockade 
in 98% of the population.145 A similar or lower multiple of 
rocuronium’s ED95 was shown to have a faster onset and 
shorter duration of action than those of atracurium146 or 
cisatracurium.109 In most patients receiving 15 µg/kg of 

alfentanil followed by 2.0 mg/kg of propofol and 0.45 mg/
kg of rocuronium, good to excellent conditions for intuba-
tion are present 75 to 90 seconds after the completion of 
drug administration.!

METABOLISM AND ELIMINATION

The specific pathways of the metabolism (biotransforma-
tion) and elimination of NMBDs are summarized in Table 
27.8. Of the nondepolarizing NMBDs listed, pancuronium, 
pipecuronium, vecuronium, atracurium, cisatracurium, 
and mivacurium are the only drugs that are metabolized 
or degraded. Nearly all nondepolarizing NMBD molecules 
contain ester linkages, acetyl ester groups, and hydroxy or 
methoxy groups. These substitutions, especially the qua-
ternary nitrogen groups, confer a high degree of water 
solubility with only slight lipid solubility. The hydrophilic 
nature of relaxant molecules enables easy elimination in 
the urine through glomerular filtration, with no tubu-
lar resorption or secretion. Therefore all nondepolarizing 
NMBDs show elimination of the parent molecule in the 
urine as the basic route of elimination; those with a long 
duration of action thus have a clearance rate that is lim-
ited by the glomerular filtration rate (1-2 mL/kg/min).

Steroidal Compounds
Long-Acting Neuromuscular Blocking Drugs. Pan-
curonium is cleared largely by the kidney147 and, to a 
limited extent, by hepatic uptake and elimination. A 
small amount (15%-20%) is deacetylated at the 3 posi-
tion in the liver, but this makes a minimal contribution 
to the total clearance. Deacetylation also occurs at the 
17 position, but to such a small extent as to be clinically 
irrelevant. The three known metabolites have been indi-
vidually studied in anesthetized humans.148 The 3-OH 
metabolite is the most potent of the three, being approxi-
mately half as potent as pancuronium, and is the only one 
present in detectable concentrations in the plasma. This 
metabolite has pharmacokinetics and duration of action 
similar to those of pancuronium.148 The 3-OH metabolite 
is most likely excreted largely by the kidney.148 The par-
ent compound and the 3-OH metabolite are also cleared 
in small amounts through a minor liver pathway. The 
total clearance is delayed, and the duration of action is 
significantly lengthened, by severe disorders of renal or 
hepatic function.149-151!

Intermediate-Acting Neuromuscular Blockers. 
Vecuronium, the 2-desmethyl derivative of pancuronium, 
is more lipid soluble than pancuronium because of the 
absence of the quaternizing methyl group at the 2 posi-
tion. It undergoes two to three times more metabolism than 
pancuronium. Vecuronium is taken up into the liver by a 
carrier-mediated transport system,152 and it is then deacet-
ylated at the 3 position by liver microsomes. Approximately 
12% of vecuronium clearance is through conversion to 
3-desacetylvecuronium,153 and 30% to 40% of the drug is 
cleared in the bile as the parent compound.154 Although the 
liver is the principal organ of elimination for vecuronium, 
the drug also undergoes significant (up to 25%) renal excre-
tion, and this combined organ elimination gives it a clear-
ance rate of 3 to 6 mL/kg/min.153,155
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Fig. 27.12 A computer simulation based on Sheiner’s model115 and 
data reported by Wierda and colleagues. The dose causing on average 
95% suppression of neuromuscular response (ED95) of rocuronium at 
the adductor pollicis from this model is 0.33 mg/kg. Rocuronium, 0.45 
mg/kg is given as a bolus at time zero. Muscle X represents a muscle 
(e.g., the diaphragm or the laryngeal adductors) that is less sensitive 
to the effects of nondepolarizing relaxants than the adductor polli-
cis but has greater blood flow. In this example, the concentration of 
rocuronium producing 50% block (EC50) of muscle X is 2.5 times that of 
the adductor pollicis, but the half-life of transport between the plasma 
and effect compartment (t!ke0) of muscle X is only half as long. The 
rapid equilibration between plasma concentrations of rocuronium 
and muscle X results in the more rapid onset of blockade of muscle X 
than of the adductor pollicis. The greater EC50 at muscle X explains the 
faster recovery of this muscle than of the adductor pollicis from neuro-
muscular blockade. Lower blood concentrations of rocuronium must 
be achieved at the adductor pollicis than at muscle X before recovery 
begins. T1, First twitch of train-of-four. (From Naguib M, Kopman AF. 
Low dose rocuronium for tracheal intubation. Middle East J Anesthesiol. 
2003;17:193–204, with permission from the Middle East Journal of Anesthe-
siology.)
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TABLE 27.8 Metabolism and Elimination of Neuromuscular Blocking Drugs

ELIMINATION

Drug Duration Metabolism (%) Kidney (%) Liver (%) Metabolites

Succinylcholine Ultrashort Butyrylcholinesterase (98%-
99%)

<2% None Monoester (succinyl 
monocholine) and 
choline; the monoester 
is metabolized much 
more slowly than suc-
cinylcholine

Gantacurium Ultrashort Cysteine (fast) and ester 
hydrolysis (slow)

? ? Inactive cysteine adduc-
tion product, chloro-
formate monoester, 
and alcohol

Mivacurium Short Butyrylcholinesterase (95%-
99%)

<5% None Monoester and qua-
ternary alcohol; the 
metabolites are inac-
tive and most likely 
are not metabolized 
any further

(Metabolites eliminated in urine and bile)

Atracurium Intermediate Hofmann elimination and 
nonspecific ester hydroly-
sis (60%-90%)

10%-40% None Laudanosine, acrylates, 
alcohols, and acids; 
although laudanosine 
has CNS-stimulating 
properties, the clini-
cal relevance of this 
effect is negligible

(Metabolites eliminated in urine and bile)

Cisatracurium Intermediate Hofmann elimination (77%?) Renal clearance is 
16% of total

Laudanosine and acry-
lates; ester hydrolysis 
of the quaternary 
monoacrylate occurs 
secondarily; because 
of the greater 
potency of cisatra-
curium, laudanosine 
quantities produced 
by Hofmann elimina-
tion are 5-10 times 
lower than in the case 
of atracurium, thus 
making this a nonis-
sue in practice

Vecuronium Intermediate Liver (30%-40%) 40%-50% 50%-60% +60% The 3-OH metabolite 
accumulates, particu-
larly in renal failure; it 
has +80% the potency 
of vecuronium and 
may be responsible 
for delayed recovery 
in ICU patients

(Metabolites excreted in urine and bile) 
+40%

Rocuronium Intermediate None 10%-25% >70% None

Pancuronium Long Liver (10%-20%) 85% 15% The 3-OH metabolite 
may accumulate, 
particularly in renal 
failure; it is approxi-
mately two thirds as 
potent as the parent 
compound

d-Tubocurarine Long None 80% (?) 20% None

3-OH, 3-hydroxy; ?, unknown; CNS, central nervous system; ICU, intensive care unit.
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The principal metabolite of vecuronium, 3-desacetylve-
curonium, is a potent NMBD (+80% of the potency of 
vecuronium). The metabolite, however, has slower 
plasma clearance and longer duration of action than 
vecuronium.153 3-Desacetylvecuronium has a clearance 
rate of 3.5 mL/kg/min, and renal clearance accounts for 
approximately one sixth of its elimination.153 In patients 
with renal failure in the ICU, 3-desacetylvecuronium can 
accumulate and produce prolonged neuromuscular block-
ade.156 Other putative metabolites are 17-desacetylve-
curonium and 3,17-bisdesacetylvecuronium, neither of 
which occurs in clinically significant amounts.

Rocuronium is eliminated primarily by the liver, with a 
small fraction (+10%) eliminated in the urine.157 It is taken 
up into the liver by a carrier-mediated active transport sys-
tem.158 The putative metabolite, 17-desacetylrocuronium, 
has low (5%-10%) neuromuscular blocking activity of 
the parent drug and it has not been detected in signifi-
cant quantities. The elimination of rocuronium occurs 
predominately through its biliary excretion. The organic 
anion transporting peptide 1A2 (OATP1A2) mediates 
the hepatocellular uptake of a variety of drugs, including 
rocuronium. The peptide is encoded by the SLCO1A2 gene 
and is expressed in the bile duct cells (cholangiocytes) of 
the liver.158a Genetic polymorphism of the SLCO1A2 gene 
has recently been reported, and was shown to reduce the 
clearance of rocuronium in patients undergoing elective 
surgeries.158a This reduction in the biliary excretion may 
partially explain the marked prolongation in the duration 
of action of rocuronium in some patients.158b!
Benzylisoquinolinium Compounds
Short-Acting Neuromuscular Blocking Drugs. Mivac-
urium is hydrolyzed in the plasma by butyrylcholinesterase 
to a monoester and an amino alcohol,9 which are excreted 
in urine and bile. They have less than 1% of the neuromus-
cular blocking activity of the parent compound. Less than 
5% of mivacurium is excreted in the urine as the parent 
compound.

Mivacurium consists of three stereoisomers, and the 
clearances of the two most pharmacologically active iso-
mers, the cis-trans and trans-trans, are approximately 100 
and 50 to 70 mL/kg/min, respectively.94,159,160 These two 
isomers show elimination half-lives of 2 to 3 minutes.94 
The third stereoisomer, the cis-cis, is present as only 4% to 
8% of the mivacurium mixture and has less than 10% of 
the neuromuscular blocking potency of the other two iso-
mers.94 Consequently, even though it has a much longer 
elimination half-life (55 minutes) and lower clearance (+4 
mL/kg/min) than the two other isomers, it does not contrib-
ute significantly to the duration of action of mivacurium.94 
This rapid enzymatic clearance of mivacurium accounts 
for its short duration of action.9,94 When butyrylcholin-
esterase activity is significantly decreased, however, as in 
the rare patient who is homozygous for genetically atypical 
enzymes, the duration of action of mivacurium is prolonged 
for up to several hours.161-164

CW 1759-50 is an ultrashort-acting nondepolarizing 
NMBD that was developed to minimize the histaminoid 
side effects associated with gantacurium. In laboratory 
animals, the ED95 of CW 1759-50 is 0.03 mg/kg (cat) and 
0.069 mg/kg (rhesus monkey). Its total duration of action 

(spontaneous recovery) is approximately 8 minutes, and it 
is minimally prolonged (12 minutes) after administration of 
doses four times its ED95.11a,11b It can be antagonized rap-
idly (2 minutes) by L-cysteine. Its development for clinical 
use is undergoing.!

Intermediate-Acting Neuromuscular Blocking 
Drugs. Atracurium is metabolized through two pathways: 
Hofmann elimination and nonspecific ester hydrolysis. Hof-
mann elimination is a purely chemical process that results 
in loss of the positive charges by molecular fragmentation 
to laudanosine (a tertiary amine) and a monoquaternary 
acrylate, compounds that are thought to have no neuro-
muscular and little or no cardiovascular activity of clinical 
relevance.165

Because it undergoes Hofmann elimination, atracurium 
is relatively stable at pH 3.0 and 4°C and becomes unstable 
when it is injected into the bloodstream. Early observations 
of the breakdown of the drug in buffer and plasma showed 
faster degradation in plasma, a finding suggesting a possible 
enzymatic hydrolysis of the ester groups. Further evidence 
suggested that ester hydrolysis may be more important 
than originally realized in the breakdown of atracurium.166 
By using a pharmacokinetics analysis, Fisher and associ-
ates concluded that a significant amount of clearance of 
atracurium may be by routes other than ester hydrolysis 
and Hofmann elimination.167 Thus it appears that atracuri-
um’s metabolism is complicated and may not be completely 
understood.167

Laudanosine, a metabolite of atracurium, has CNS-
stimulating properties. Because it crosses the blood-brain 
barrier, laudanosine was thought to cause excitement and 
seizure activity. However, plasma concentrations of this 
metabolite are very low, and adverse effects are unlikely to 
occur with atracurium (or cisatracurium) use in either the 
operating room or the ICU.

Atracurium is a mixture of 10 optical isomers. Cisatra-
curium is the 1R cis–1)R cis isomer of atracurium.90 Like 
atracurium, cisatracurium is metabolized by Hofmann 
elimination to laudanosine and a monoquaternary acry-
late.168,169 In contrast, however, no ester hydrolysis of the 
parent molecule occurs. Hofmann elimination accounts for 
77% of the total clearance of 5 to 6 mL/kg/min. Twenty-
three percent of the drug is cleared through organ-depen-
dent means, and renal elimination accounts for 16% of 
this.169 Because cisatracurium is approximately four or five 
times as potent as atracurium, approximately five times less 
laudanosine is produced, and, as with atracurium, accu-
mulation of this metabolite is not thought to be of any con-
sequence in clinical practice.!

Long-Acting Neuromuscular Blocking Drugs. dTc has 
no active metabolism and the kidney is the major pathway 
of elimination, with approximately 50% of a dose elimi-
nated through renal pathways. The liver is likely a second-
ary route of elimination.!
Asymmetric Mixed-Onium Fumarates
Gantacurium and CW 002 are degraded by two chemi-
cal mechanisms, neither of which is enzymatic: (1) 
rapid formation of an apparently inactive cysteine 
adduction product and (2) slower hydrolysis of the ester 
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bond to presumably inactive hydrolysis products (see 
Fig. 27.7).11,170 CW 1759-50 is degraded nonenzymati-
cally by endogenous L-cysteine at physiological pH and 
temperature, which accounts for its ultrashort duration 
of action.

In summary, the only short-acting nondepolarizing 
NMBD, mivacurium, is cleared rapidly and almost exclu-
sively by metabolism by butyrylcholinesterase, thus result-
ing in much greater plasma clearance than that of any 
other nondepolarizing NMBD.9 NMBDs of intermediate 
duration, such as vecuronium, rocuronium, atracurium, 
and cisatracurium, have clearance rates in the range of 3 to 
6 mL/kg/min because of multiple pathways of degradation, 
metabolism, and/or elimination. Atracurium is cleared 
two to three times more rapidly than the long-acting 
drugs.171-174 Similar clearance values have been obtained 
for rocuronium175-179 and cisatracurium.168,169,180 The 
long-acting NMBDs undergo minimal or no metabolism, 
and they are eliminated largely unchanged, mostly by renal 
excretion. Hepatic pathways are less important in their 
metabolism.!

ADVERSE EFFECTS OF NEUROMUSCULAR 
BLOCKING DRUGS

NMBDs seem to play a prominent role in the incidence 
of adverse reactions that occur during anesthesia. The 
Committee on Safety of Medicines in the United Kingdom 
reported that 10.8% (218 of 2014) of adverse drug reac-
tions and 7.3% of deaths (21 of 286) were attributable to 
the NMBDs.181

Autonomic Effects
While NMBDs have little penetration through the blood-
brain barrier, they may interact with nicotinic and musca-
rinic cholinergic receptors within the peripheral nervous 
system, in particular the sympathetic and parasympathetic 
nervous systems and at the nicotinic receptors of the neuro-
muscular junction.

Dose-response ratios comparing the neuromuscular 
blocking potencies of these drugs (the ED95) with their poten-
cies in blocking vagal (parasympathetic) or sympathetic 

ganglionic transmission (the ED50) can be constructed 
(Table 27.9). These ratios are termed the autonomic mar-
gin of safety of the relaxant in question. The higher the dose 
ratio, the lower is the likelihood of, or the greater the safety 
ratio for, the occurrence of the particular autonomic effect. 
The side effect is considered absent (none) in clinical prac-
tice if the safety ratio is greater than 5; it is weak or slight if 
the safety ratio is 3 or 4, moderate if 2 or 3, and strong or 
prominent if the ratio is 1 or less.

These autonomic responses are not reduced by slower 
injection of the muscle relaxant. They are dose related 
and additive over time if divided doses are given. If iden-
tical to the original dose, subsequent doses will produce 
a similar response (i.e., no tachyphylaxis will occur). 
This is not the case, however, when the side effect of his-
tamine release is in question. Cardiovascular responses 
secondary to histamine release are decreased by slow-
ing the injection rate, and the response undergoes rapid 
tachyphylaxis. The autonomic effects of NMBDs are 
summarized in Table 27.10.

Histamine Release. Quaternary ammonium compounds 
(e.g., NMBDs) are generally weaker histamine-releasing 
substances than are tertiary amines such as morphine. 
Nevertheless, when large doses of certain NMBDs are 
administered rapidly, erythema of the face, neck, and upper 
torso may develop, as well as a brief decrease in arterial 
pressure and a slight to moderate increase in heart rate. 
Bronchospasm in this setting is very rare. The clinical 
effects of histamine are seen when plasma concentrations 
increase 200% to 300% of baseline values, and these effects 
involve chemical displacement of the contents of mast cell 
granules containing histamine, prostaglandin, and possi-
bly other vasoactive substances.182 The serosal mast cell, 
located in the skin and connective tissue and near blood 
vessels and nerves, is principally involved in the degranula-
tion process.182

The side effect of histamine release is most often noted 
following administration of the benzylisoquinolinium 
class of muscle relaxants, although it has also been noted 
in steroidal relaxants of low potency. The effect is usu-
ally of short duration (1-5 minutes), is dose related, and is 

TABLE 27.9 Approximate Autonomic Margins of Safety of Nondepolarizing Neuromuscular Blockers

Drugs Vagus* Sympathetic Ganglia* Histamine Release†

BENZYLISOQUINOLINIUM COMPOUNDS

Mivacurium >50 >100 3.0

Atracurium 16 40 2.5

Cisatracurium >50 >50 None

d-Tubocurarine 0.6 2.0 0.6

STEROIDAL COMPOUNDS

Vecuronium 20 >250 None

Rocuronium 3.0-5.0 >10 None

Pancuronium 3.0 >250 None

*In cats.
†In human subjects.
Definition: number of multiples of the dose causing on average 95% suppression of neuromuscular response (ED95) for neuromuscular blockade required to 

produce the autonomic side effect (ED50).
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clinically insignificant in healthy patients. The hypotensive 
cardiovascular response to 0.6 mg/kg of dTc in humans is 
prevented both by antihistamines and by nonsteroidal anti-
inflammatory drugs (e.g., aspirin).183 The final step in dTc-
induced hypotension is modulated by prostaglandins that 
are vasodilators.183 This side effect can be reduced consid-
erably by using a slower injection rate that results in lower 
peak plasma concentrations of dTc. It is also prevented by 
prophylaxis with combinations of histamine1 and hista-
mine2 blockers.184 If a minor degree of histamine release 
such as described earlier occurs after an initial dose of an 
NMBD, subsequent doses will generally cause no response 
at all, as long as they are no larger than the original dose. 
This is clinical evidence of tachyphylaxis, an important 
characteristic of histamine release. A much more signifi-
cant degree of histamine release occurs during anaphylac-
toid or anaphylactic reactions, but these are very rare.!

Clinical Cardiovascular Manifestations  
of Autonomic Mechanisms

HYPOTENSION. The hypotension seen with the use of 
atracurium and mivacurium results from histamine 
release, whereas dTc causes hypotension by histamine 
release and ganglionic blockade.185,186 The effects of dTc 
occur closer to the dose required to achieve neuromuscu-
lar blockade.113 The safety margin for histamine release 
is approximately three times greater for atracurium and 
mivacurium than it is for dTc.182,183,186 Rapid administra-
tion of atracurium in doses greater than 0.4 mg/kg and of 
mivacurium in doses greater than 0.15 mg/kg has been 
associated with transient hypotension secondary to hista-
mine release (Fig. 27.13).!

TACHYCARDIA. Pancuronium causes a moderate 
increase in heart rate and, to a lesser extent, in cardiac 
output, with little or no change in systemic vascular 
resistance.187 Pancuronium-induced tachycardia has 
been attributed to the following: (1) vagolytic action,187 
probably from inhibition of M2 receptors; and (2) sympa-
thetic stimulation that involves both direct (blockade of 
neuronal uptake of norepinephrine) and indirect (release 
of norepinephrine from adrenergic nerve endings) mecha-
nisms.188 In humans a decrease in plasma norepinephrine 

levels was surprisingly found after administration of either 
pancuronium or atropine.189 The investigators postulated 
that the increase in heart rate or rate-pressure product 
occurs because pancuronium (or atropine) acts through 
baroreceptors to reduce sympathetic outflow.189 More 
specifically, the vagolytic effect of pancuronium increases 
heart rate and hence blood pressure and cardiac output, 
in turn influencing the baroreceptors to decrease sym-
pathetic tone. Support for this concept is provided by the 
finding that prior administration of atropine attenuates or 
eliminates the cardiovascular effects of pancuronium.187 
However, a positive chronotropic effect that places 
emphasis on the vagolytic mechanism has not been found 
in humans.190 The tachycardia seen with benzylisoquino-
linium compounds is the result of histamine release.!

DYSRHYTHMIAS. Succinylcholine and dTc actually reduce 
the incidence of epinephrine-induced dysrhythmias.191 Pos-
sibly because of enhanced atrioventricular conduction,192 
the incidence of dysrhythmias caused by pancuronium 
appears to increase during halothane anesthesia.187 There 
are reports of rapid tachycardia (>150 beats/min) that pro-
gressed to atrioventricular dissociation in two patients anes-
thetized with halothane who also received pancuronium.193 
The only other factor common to those two patients was that 
both were taking tricyclic antidepressant drugs.!

BRADYCARDIA. Several case reports described the 
occurrence of severe bradycardia and even asystole after 
vecuronium or atracurium administration.194,195 All 
these cases were also associated with opioid coadministra-
tion. Subsequent studies indicated that administration of 
vecuronium or atracurium alone does not cause brady-
cardia.196 When combined with other drugs that do cause 
bradycardia (e.g., fentanyl), however, the nonvagolytic 
relaxants such as vecuronium, cisatracurium, and atracu-
rium allow this mechanism to occur unopposed. Thus the 
moderate vagolytic effect of pancuronium is often used to 
counteract opioid-induced bradycardia.!

Respiratory Effects. The muscarinic cholinergic system 
plays an important role in regulating airway function. Five 
muscarinic receptors have been cloned,197 three of which 
(M1 to M3) exist in the airways.198 M1 receptors are under 

TABLE 27.10 Clinical Autonomic Effects of Neuromuscular Blocking Drugs

Drug Type Autonomic Ganglia
Cardiac Muscarinic  
Receptors Histamine Release

DEPOLARIZING SUBSTANCE

Succinylcholine Stimulates Stimulates Slight

BENZYLISOQUINOLINIUM COMPOUNDS

Mivacurium None None Slight

Atracurium None None Slight

Cisatracurium None None None

d-Tubocurarine Blocks None Moderate

STEROIDAL COMPOUNDS

Vecuronium None None None

Rocuronium None Blocks weakly None

Pancuronium None Blocks moderately None
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sympathetic control, and they mediate bronchodilation.199 
M2 receptors are located presynaptically (Fig. 27.14), at the 
postganglionic parasympathetic nerve endings, and they 
function in a negative-feedback mechanism to limit the 
release of acetylcholine. The M3 receptors, which are located 
postsynaptically (see Fig. 27.14), mediate contraction of 
the airway smooth muscles (i.e., bronchoconstriction).199 
Nondepolarizing NMBDs have different antagonistic activi-
ties at both M2 and M3 receptors.200 For example, blockade 
of M3 receptors on airway smooth muscle inhibits vagally 
induced bronchoconstriction (i.e., causes bronchodila-
tion), whereas blockade of M2 receptors results in increased 
release of acetylcholine that acts on M3 receptors, thus 
causing bronchoconstriction.

The affinity of the compound rapacuronium to block 
M2 receptors is 15 times higher than its affinity to block 
M3 receptors.200 This explains the high incidence (>9%) of 
severe bronchospasm201-203 reported with this drug that 

resulted in its withdrawal from the market. In laboratory 
animals (guinea pig), CW 1759-50 is reported to have 
five times greater safety at both M2 and M3 receptors than 
rapacuronium.11b

The administration of benzylisoquinolinium NMBDs 
(with the exception of cisatracurium) is associated with 
histamine release, which may result in increased airway 
resistance and bronchospasm in patients with hyperactive 
airway disease.!

Allergic Reactions. The frequency of life-threatening 
anaphylactic (immune-mediated) or anaphylactoid reac-
tions occurring during anesthesia has been estimated at 1 
in 10,000 to 20,000 anesthetic procedures, whereas it is 
estimated at 1 in 6500 administrations of NMBDs in some 
countries.204,205 In France, the most common causes of 
anaphylaxis in patients who experienced allergic reac-
tions were reported to be NMBDs (60.6%), antibiotics 
(18.2%), dyes (5.4%), and latex (5.2%).206,206a Patients 
were sensitized to 2 or more NMBDS in approximately 
50% of the cases and no cross-sensitivity could be pre-
dicted without skin testing. Anaphylactic reactions are 
mediated through immune responses involving immu-
noglobulin E (IgE) antibodies fixed to mast cells. Anaphy-
lactoid reactions are not immune mediated and represent 
exaggerated pharmacologic responses in very rare and 
very sensitive individuals.

However, anaphylaxis to nondepolarizing NMBDs is 
not uncommon in patients without any previous exposure 
to any nondepolarizing NMBDs. Cross-reactivity occurs 
between NMBDs and food, cosmetics, disinfectants, and 
industrial materials.207 Sensitization to nondepolarizing 
NMBDs may also be related to pholcodine, a cough-relieving 
medicine. Cross-reactivity is seen in 70% of patients with a 
history of anaphylaxis to an NMBD.206 Six years after the 
withdrawal of pholcodine from the Norwegian market, the 
prevalence of IgE sensitization to NMBDs (succinylcholine) 
decreased significantly.207a

Steroidal compounds (e.g., rocuronium, vecuronium, or 
pancuronium) result in no significant histamine release.186 
For example, four times the ED95 of rocuronium (1.2 mg/
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kg) causes no significant histamine release.208 Neverthe-
less, rocuronium and succinylcholine are reportedly asso-
ciated with a 43.1% and 22.6% incidence, respectively, 
of anaphylaxis in France.206 Rose and Fisher classified 
rocuronium and atracurium as having intermediate levels 
of risk for causing allergic reactions.209 These investigators 
also noted that the increased number of reports of anaphy-
laxis with rocuronium is in line with the market share of 
that drug’s usage. Watkins stated, “The much higher inci-
dence of rocuronium reactions reported in France is cur-
rently inexplicable and is likely to remain so if investigators 
continue to seek a purely antibody-mediated response as an 
explanation of all anaphylactoid reaction presentations.”210 
All nondepolarizing NMBDs may elicit anaphylaxis. More 
recent publications have highlighted the need for stan-
dardization of diagnostic procedures of anaphylactic reac-
tions. Biochemical tests should be performed rapidly after 
occurrence of an anaphylactic reaction. An early increase 
in plasma histamine is observed 60 to 90 minutes after ana-
phylactic reactions. Serum tryptase concentration typically 
reaches a peak between 15 and 120 minutes, depending on 
the severity of the reaction, and is much more specific than 
histamine as a marker of anaphylactic reaction. It is highly 
suggestive of mast cell activation. Skin testing remains the 
gold standard for detection of the culprit agent.77a For many 
years, dilution thresholds have been debated. For instance, 
Laxenaire used a 1:10 dilution of rocuronium for interder-
mal skin testing,212 whereas Rose and Fisher used a 1:1000 
dilution.209 Levy and associates showed that rocuronium in 
a 1:10 dilution can produce false-positive results in intra-
dermal testing and suggested that rocuronium be diluted 
at least 100-fold to prevent such results.213 The authors 
also reported that high concentrations (*10–4 M) of both 
rocuronium and cisatracurium were capable of producing a 
wheal-and-flare response to intradermal testing, which was 
associated with mild to moderate mast cell degranulation 
in the cisatracurium group only.213 However, in contrast 
to control patients, skin tests with nondepolarizing NMBDs 
that were performed in patients who had an anaphylactic 
reaction were considered reliable. In the case of suspected 
anaphylactic reaction to any NMBD, it is mandatory to 
complete investigation for cross-reactivity with other com-
mercially available NMBDs to identify safe alternative 
regimens.

All NMBDs can cause noncompetitive inhibition of 
histamine-N-methyltransferase, but the concentrations 
required for that inhibition greatly exceed those that 
would be used clinically, except in the case of vecuronium, 
with which the effect becomes manifest at 0.1 to 0.2 mg/
kg.214 This finding could explain the occurrence of occa-
sional severe bronchospasm in patients after receiving 
vecuronium.215 For goals of treatment of anaphylactic 
reactions, see Chapters 5 and 6.!

DRUG INTERACTIONS AND OTHER FACTORS 
AFFECTING RESPONSE TO NEUROMUSCULAR 
BLOCKERS

A drug-drug interaction is an in! vivo phenomenon that 
occurs when the administration of one drug alters the effects 
or kinetics of another drug. In! vitro physical or chemical 
incompatibilities are not considered drug interactions.216

Many drugs interact with NMBDs or their antagonists, or 
both, and it is beyond the scope of this chapter to review 
them all.216,217 Some of the more important drug interac-
tions with NMBDs and their antagonists are discussed in 
the following sections.

Interactions Among Nondepolarizing 
Neuromuscular Blocking Drugs
Mixtures of two nondepolarizing NMBDs are considered 
to be either additive or synergistic. Antagonistic interac-
tions have not been reported in this class of drugs. Additive 
interactions have been demonstrated after administra-
tion of chemically related drugs, such as atracurium and 
mivacurium,218 or after coadministration of various pairs 
of steroidal NMBDs.98 Conversely, combinations of struc-
turally dissimilar (e.g., a steroidal with a benzylisoquino-
linium) NMBDs, such as the combinations of pancuronium 
and dTc,219 pancuronium and metocurine,219 rocuronium 
and mivacurium,142 or rocuronium and cisatracurium,109 
produce a synergistic response. An additional advantage 
(rapid onset and short duration) is noted for mivacurium-
rocuronium combinations.142 Although the precise mecha-
nisms underlying a synergistic interaction are not known, 
hypotheses that have been put forward include the exis-
tence of multiple binding sites at the neuromuscular junc-
tion (presynaptic and postsynaptic receptors)220 and the 
nonequivalence of binding affinities of the two # subunits 
(#H and #L). Further, inhibition of butyrylcholinesterase 
by pancuronium results in decreased plasma clearance of 
mivacurium and marked potentiation of the neuromuscu-
lar blockade.221

The pharmacodynamic response to the use of two dif-
ferent nondepolarizing NMBDs during the course of anes-
thesia depends not only on the specific drugs used but also 
on the sequence of their administration.222,223 Approxi-
mately three half-lives are required for a clinical change-
over (so that 95% of the first drug has been cleared) and for 
the duration of the blockade to begin to take on the char-
acteristics of the second drug. After the administration of 
pancuronium, recovery from the first two maintenance 
doses of vecuronium is reportedly prolonged, although 
this effect becomes negligible by the third dose.222 Simi-
larly, Naguib and colleagues noted that the mean dura-
tion of the first maintenance dose of mivacurium to 10% 
recovery of the first twitch was significantly longer after 
atracurium (25 minutes) than after mivacurium (14.2 
minutes).218 However, the duration of the second main-
tenance dose of mivacurium after atracurium (18.3 min-
utes) was similar to that of mivacurium after mivacurium 
(14.6 minutes).

The apparent prolongation of action of the first main-
tenance dose of mivacurium administered after atracu-
rium,218 and of those reported with vecuronium after 
pancuronium,222,223 is not related to synergism. Combina-
tions of atracurium and mivacurium218 and of vecuronium 
and pancuronium98 are simply additive. However, this 
prolongation in the duration of action could be attributed 
to the relative concentrations of these drugs at the recep-
tor site. Because most receptors remain occupied by the 
drug administered initially, the clinical profile depends on 
the kinetics or dynamics (or both) of the drug administered 
first, rather than on those of the second (maintenance) 
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drug. However, with further incremental doses of the sec-
ond drug, a progressively larger proportion of the recep-
tors is occupied by that second drug, and its clinical profile 
becomes evident.!
Interactions Between Succinylcholine and 
Nondepolarizing Neuromuscular Blocking Drugs
The interaction between succinylcholine and nondepolar-
izing NMBDs depends on the order of administration and 
the doses used.81,224,225 Small doses of different nondepo-
larizing NMBDs administered before succinylcholine to 
prevent fasciculations have an antagonistic effect on the 
development of subsequent depolarizing block produced 
by succinylcholine.27,81 Therefore it is recommended that 
the dose of succinylcholine be increased after the admin-
istration of a defasciculating dose of a nondepolarizing 
NMBD.27

Studies of the effects of administering succinylcholine 
before nondepolarizing NMBDs have produced conflicting 
results. Several investigators reported potentiation of the 
effects of pancuronium,224 vecuronium, and atracurium225 
by prior administration of succinylcholine. In contrast, 
other investigators found no significant influence of succi-
nylcholine on subsequent administration of pancuronium, 
rocuronium, or mivacurium.81,226,227!
Interactions With Inhaled Anesthetics
Deep anesthesia induced with potent volatile anesthetics (in 
the absence of neuromuscular blockade) may cause a slight 
reduction of neuromuscular transmission, as measured 
by depression of sensitive indicators of clinical neuromus-
cular function, such as tetanus and TOF ratio.228 Inhaled 
anesthetics also enhance the neuromuscular blocking 
effects of nondepolarizing NMBDs. Inhaled anesthetics 
decrease the required dose of NMBDs, and prolong both the 
duration of action of the NMBD and recovery from neuro-
muscular block,229 depending on the duration of anesthe-
sia,228,230,231 the specific inhaled anesthetic,232 and the 
concentration (dose) given.233 The rank order of potentia-
tion is desflurane > sevoflurane > isoflurane > halothane 
> nitrous oxide/barbiturate/opioid or propofol anesthesia 
(Fig. 27.15).234-236

The greater clinical muscle-relaxing effect produced 
by less potent anesthetics is mainly caused by their larger 
aqueous concentrations.237 Desflurane and sevoflurane 
have low blood-gas and tissue-gas solubility, so equilibrium 
between the end-tidal concentration and the neuromuscu-
lar junction is reached more rapidly with these anesthetics 
than with older inhaled anesthetics.

The interaction between volatile anesthetics and NMBDs 
is one of pharmacodynamics, not pharmacokinetics.238 
The proposed mechanisms behind this interaction include 
(1) a central effect on # motoneurons and interneuronal 
synapses,239 (2) inhibition of postsynaptic nAChR,240 and 
(3) augmentation of the antagonist’s affinity at the receptor 
site.237!
Interactions With Antibiotics
Most antibiotics can cause neuromuscular blockade in the 
absence of NMBDs. The aminoglycoside antibiotics, the poly-
myxins, and lincomycin and clindamycin primarily inhibit 
the prejunctional release of acetylcholine and also depress 
postjunctional nAChR sensitivity to acetylcholine.241 The 
tetracyclines, in contrast, exhibit postjunctional activity 
only. When combined with NMBDs, the aforementioned 
antibiotics can potentiate neuromuscular blockade.242 The 
cephalosporins and penicillins have not been reported to 
potentiate neuromuscular blockade. Because antagonism 
of neuromuscular blockade with neostigmine has been 
reported to be more difficult after the administration of ami-
noglycosides,243 ventilation should be controlled until the 
neuromuscular blockade terminates spontaneously. Ca2+ 
should not be used to hasten the recovery of neuromuscu-
lar function for two reasons: the antagonism it produces is 
not sustained, and it may prevent the antibacterial effect of 
the antibiotics.!
Temperature
Hypothermia prolongs the duration of action of nondepolar-
izing NMBDs.244-246 The force of contraction of the adductor 
pollicis decreases by 10% to 16% per degree Celsius decrease 
in muscle temperature lower than 35.2°C.247,248 To main-
tain the muscle temperature at or higher than 35.2°C, the 
central temperature must be maintained above 36.0°C.244 
The mechanical response recovery to 10% twitch height 
with 0.1 mg/kg of vecuronium increases from 28 minutes 
at a mean central temperature of 36.4°C to 64 minutes 
at 34.4°C.244 The mechanism or mechanisms underlying 
this prolongation may be pharmacodynamic or pharma-
cokinetic, or both.246 They include diminished renal and 
hepatic excretion, changing volumes of distribution, altered 
local diffusion receptor affinity, changes in pH at the neu-
romuscular junction, and the net effect of cooling on the 
various components of neuromuscular transmission.244,249 
Hypothermia decreases the plasma clearance and prolongs 
the duration of action of rocuronium and vecuronium.246 
Temperature-related differences in the pharmacodynamics 
of vecuronium have also been reported. The ke0 decreases 
(0.023/min/°C) with lower temperature, a finding sug-
gesting slightly delayed equilibration of drug between the 
circulation and the neuromuscular junction during hypo-
thermia.246 The Hofmann elimination process of atra-
curium is slowed by a decrease in pH and especially by a 
decrease in temperature.250 In fact, atracurium’s duration 
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Fig. 27.15 Cumulative dose-response curves for rocuronium-induced 
neuromuscular blockade during 1.5 minimum alveolar concentration 
anesthesia with desflurane, sevoflurane, isoflurane, and total intrave-
nous anesthesia (TIVA). (From Wulf H, Ledowski T, Linstedt U, et al. Neu-
romuscular blocking effects of rocuronium during desflurane, isoflurane, 
and sevoflurane anaesthesia. Can J Anaesth. 1998;45:526–532, with permis-
sion from the Canadian Journal of Anaesthesia.)
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of action is markedly prolonged by hypothermia.245 For 
instance, the duration of action of a dose of 0.5 mg/kg atra-
curium is 44 minutes at 37°C but 68 minutes at 34.0°C 
when evoked mechanical responses are monitored.

Changes in temperature also affect the interpretation 
of the results of monitoring neuromuscular blockade. For 
example, the duration of action of vecuronium measured in 
an arm cooled to a skin temperature of 27°C is prolonged, 
and monitoring by PTC in that arm is unreliable.251 In the 
same patient, TOF responses are different if the arms are at 
different temperatures, and the correlation of responses in 
the two arms becomes progressively poorer as the tempera-
ture difference between the arms increases.252

The efficacy of neostigmine is not altered by mild hypo-
thermia.253-255 Hypothermia does not change the clear-
ance, maximum effect, or duration of action of neostigmine 
in volunteers.255 Mild hypothermia prolonged sugamma-
dex reversal of deep rocuronium block by 46 seconds, a 
prolongation considered clinically acceptable.255a!
Interactions With Magnesium and Calcium
Magnesium sulfate, given for treatment of preeclampsia and 
eclamptic toxemia, potentiates the neuromuscular blockade 
induced by nondepolarizing NMBDs.256,257 After a dose of 40 
mg/kg of magnesium sulfate, the ED50 of vecuronium was 
reduced by 25%, the onset time was nearly halved, and the 
recovery time nearly doubled.257 Neostigmine-induced recov-
ery is also attenuated in patients treated with magnesium.256 
The mechanisms underlying the enhancement of nondepolar-
izing block by magnesium probably involve both prejunctional 
and postjunctional effects. High magnesium concentrations 
inhibit Ca2+ channels at the presynaptic nerve terminals that 
trigger the release of acetylcholine.16 Further, magnesium 
ions have an inhibitory effect on postjunctional potentials 
and cause decreased excitability of muscle fiber membranes. 
In patients receiving magnesium, the dose of nondepolarizing 
NMBDs must be reduced and carefully titrated using an objec-
tive monitor to ensure adequate recovery of neuromuscular 
function prior to tracheal extubation.

The interaction between magnesium and succinylcholine 
is controversial, with some reports suggesting that magne-
sium antagonizes the block produced by succinylcholine.258 
Ca2+ triggers the release of acetylcholine from the motor 
nerve terminal and enhances excitation-contraction cou-
pling in muscle.16 Increasing Ca2+ concentrations decreased 
the sensitivity to dTc and pancuronium in a muscle-nerve 
model.259 In hyperparathyroidism, hypercalcemia is asso-
ciated with decreased sensitivity to atracurium and thus a 
shortened time course of neuromuscular blockade.260!
Interactions With Lithium
Lithium is used for treatment of bipolar affective disorder 
(manic-depressive illness). The lithium ion resembles Na+, 
K+, magnesium, and Ca2+ ions, and therefore may affect the 
distribution and kinetics of all these electrolytes.261 Lithium 
enters cells via Na+ channels and tends to accumulate 
within the cells.

By its activation of K+ channels, lithium inhibits neu-
romuscular transmission presynaptically and muscular 
contraction postsynaptically.262 The combination of lith-
ium and pipecuronium results in a synergistic inhibition 
of neuromuscular transmission, whereas the combination 

of lithium and succinylcholine results in additive inhibi-
tion.262 Prolongation of neuromuscular blockade was 
reported in patients taking lithium carbonate and receiv-
ing both depolarizing and nondepolarizing NMBDs.263 
Only one report did not demonstrate prolongation of 
recovery from succinylcholine in patients receiving lith-
ium.264 In patients who are stabilized on lithium therapy 
and undergoing surgery, NMBDs should be administered 
in incremental and reduced doses and titrated to the 
degree of blockade required.!
Interactions With Local Anesthetic and 
Antidysrhythmic Drugs
Local anesthetics act on the presynaptic and postsynaptic 
part of the neuromuscular junction. In large intravenous 
doses, most local anesthetics block neuromuscular trans-
mission; in smaller doses, they enhance the neuromuscular 
blockade produced by both nondepolarizing and depolar-
izing NMBDs.265 The ability of neostigmine to antagonize 
a combined local anesthetic–neuromuscular blockade has 
not been studied. Procaine also inhibits butyrylcholines-
terase and may augment the effects of succinylcholine and 
mivacurium by decreasing their hydrolysis by the enzyme.

In small intravenous doses, local anesthetics depress 
posttetanic potentiation, and this is thought to be a neural 
prejunctional effect.266 With larger doses, local anesthetics 
block acetylcholine-induced muscular contractions, a find-
ing suggesting that local anesthetics have a stabilizing effect 
on the postjunctional membrane.267 Procaine displaces Ca2+ 
from the sarcolemma and thus inhibits caffeine-induced con-
tracture of skeletal muscle.268 Most of these mechanisms of 
action probably apply to all local anesthetics.

Several drugs used for the treatment of dysrhythmias 
augment the blockade induced by NMBDs. Single-fiber 
electromyography found that verapamil and amlodip-
ine impair neuromuscular transmission in subjects with-
out neuromuscular disease.269 Clinical reports suggested 
potentiation of neuromuscular block with verapamil270 
and impaired reversal of vecuronium in a patient receiving 
disopyramide.271 However, the clinical significance of these 
interactions is probably minor.!
Interactions With Antiepileptic Drugs
Anticonvulsants have a depressant action on acetylcho-
line release at the neuromuscular junction.272,273 Patients 
receiving long-term anticonvulsant therapy demonstrated 
resistance to nondepolarizing NMBDs (except mivacu-
rium274 and probably atracurium as well273), as evidenced 
by accelerated recovery from neuromuscular blockade and 
the need for increased doses to achieve complete neuromus-
cular blockade. Vecuronium clearance is increased two-fold 
in patients receiving long-term carbamazepine therapy.275 
Other investigators, however, attribute this resistance 
to the increased binding (i.e., decreased free fraction) of 
the NMBDs to #1-acid glycoproteins or to upregulation of 
neuromuscular acetylcholine receptors (or to both mecha-
nisms).276 The latter could also explain the hypersensitiv-
ity seen with succinylcholine.277 The slight prolongation of 
succinylcholine’s action in patients taking anticonvulsants 
has few clinical implications. Conversely, the potential 
hyperkalemic response to succinylcholine in the presence 
of receptor upregulation is of concern.!
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Interactions With Diuretics
Early results showed that in patients undergoing renal 
transplantation, the intensity and duration of dTc neuro-
muscular blockade was increased after a dose of furosemide 
(1 mg/kg intravenously).278

Furosemide reduced the concentration of dTc required 
to achieve 50% twitch tension depression in the indirectly 
stimulated rat diaphragm and intensified the neuromuscu-
lar blockade produced by dTc and succinylcholine.279 Furo-
semide appears to inhibit the production of cyclic adenosine 
monophosphate. In addition, the breakdown of adenosine 
triphosphate is inhibited, resulting in reduced output of ace-
tylcholine. Acetazolamide antagonized the effects of anticho-
linesterases in the rat phrenic-diaphragm preparation.280 
However, in one report, 1 mg/kg of furosemide facilitated 
recovery of the evoked twitch response after pancuronium.281 
Long-term furosemide treatment had no effect on either dTc- 
or pancuronium-induced neuromuscular blockade.282

In contrast, mannitol appears to have no effect on a non-
depolarizing neuromuscular blockade. Increasing urine out-
put by the administration of mannitol or other osmotic or 
tubular diuretics has no effect on the rate at which dTc and 
presumably other NMBDs are eliminated in the urine.283!
Interactions With Other Drugs
Dantrolene, a drug used for the treatment of malignant hyper-
thermia, prevents Ca2+ release from the sarcoplasmic reticu-
lum and blocks excitation-contraction coupling. Although 
dantrolene does not block neuromuscular transmission, the 
mechanical response to stimulation is depressed, resulting in 
potentiation of nondepolarizing neuromuscular blockade.284

Azathioprine, an immunodepressant drug that is used 
in patients undergoing renal transplantation, has a minor 
antagonistic action on muscle relaxant–induced neuro-
muscular blockade.285

Steroids antagonize the effects of nondepolarizing NMBDs 
in both humans286 and animals.287 Possible mechanisms 
for this interaction include facilitation of acetylcholine 
release because of the effect of steroids on the presynaptic 
motor nerve terminal.288 Other reports, however, described 
a noncompetitive inhibition and channel blockade of the 
nAChR.289 Endogenous steroids act noncompetitively on 
nAChRs.290 Prolonged treatment with a combination of 
corticosteroids and NMBDs can result in prolonged weak-
ness in patients receiving critical care (see the later section 
on NMBDs and weakness syndromes in critically ill patients).

Antiestrogenic drugs such as tamoxifen appear to poten-
tiate the effects of nondepolarizing NMBDs.291!

Special Populations

PEDIATRIC PATIENTS

The development of the neuromuscular junction is not com-
plete at birth.16 In humans, maturation of neuromuscular 
transmission occurs after the first 2 months of age, although 
immature junctions have been found up to 2 years of age. 
The main evolution during the first months of life is that the 
fetal receptors located outside the neuromuscular junction 
will disappear and will be replaced by mature receptors with & 

subunits instead of ' subunits. These changes suggest that that 
the neonate’s neuromuscular junction may exhibit evidence 
of its immaturity by changes in response to NMBDs, although 
NMBDs can be used safely in term and preterm infants.

The routine administration of succinylcholine to healthy 
children should be discontinued. In apparently healthy 
children, intractable cardiac arrest with hyperkalemia, 
rhabdomyolysis, and acidosis may develop after succinyl-
choline administration, particularly in patients with unsus-
pected muscular dystrophy of the Duchenne type292 (see 
the section on complications of succinylcholine).

Significant age-related differences in the potency of non-
depolarizing NMBDs exist in infants and children when 
compared with adults. Children require higher doses of non-
depolarizing NMBDs than any other age group of patients. 
In infants less than 1 year old, the ED95 at the adductor 
pollicis is approximately 30% less than in older children. It 
is not apparent from older studies whether the neonate is 
more sensitive than adults to nondepolarizing NMBDs,293 
although most of the studies showed a wider range of dosage 
requirement in the neonate. These apparent discrepancies 
have been explained in studies by Fisher and associates on 
the pharmacokinetics and pharmacodynamics of NMBDs in 
infants, children, and adults.294-296 Neonates and infants are 
more sensitive than adults to the neuromuscular blocking 
effects of dTc.294 Plasma concentrations required to achieve 
a desired level of neuromuscular blockade are 57% and 32% 
lower in neonates and infants, respectively, when compared 
with children. However, the dosage should not be decreased 
as much because neonates and infants have a larger volume 
of distribution at steady state. This increased volume of distri-
bution results from the increase in extracellular fluid volume 
during the first months of life. This increase, in association 
with a lower elimination clearance, contributes to a longer 
elimination half-life.294,297 In infants, less frequent dosing 
(longer dosing intervals) of nondepolarizing NMBDs may be 
required than in older children.

Atracurium, vecuronium, cisatracurium, rocuronium, 
and mivacurium are commonly administered to children 
because many surgical procedures are of short duration in 
children and are compatible with the duration of action of a 
single intubating dose. Onset time of neuromuscular block 
is faster in infants (30%) and children (40%) when com-
pared with adults. This age-related effect is probably caused 
by circulatory factors such as the relative decrease in car-
diac output and increase in circulation time with age.

As for long-acting NMBDs, the sensitivity of infants to 
vecuronium is greater than that of children (ED95 0.047 
mg/kg vs. 0.081 mg/kg, respectively).298,299 An increased 
duration of action in infants is most likely secondary to the 
increased volume of distribution of vecuronium because its 
clearance is unchanged.295,297 An age-dependent prolon-
gation of action has been demonstrated in infants. A dose of 
0.1 mg/kg of vecuronium produces almost a complete neu-
romuscular block of approximately 60 minutes’ duration 
in infants but of only 20 minutes’ duration in children and 
adults. Vecuronium therefore acts as a long-acting muscle 
NMBD in the neonate.295,297

In contrast, the duration of action of atracurium is not 
significantly different in the pediatric patient from that in the 
adult.300 As with vecuronium and dTc, the volume of distri-
bution is increased in infants.296 However, the clearance of 
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atracurium is also more rapid.296 Therefore the same dose 
(0.5-0.6 mg/kg) can be used in infants, children, and adults 
for tracheal intubation without any major differences among 
the three groups in the drug’s duration of action. Atracurium 
recovery from neuromuscular blockade is little affected by 
age in pediatric patients more than 1 month old. Histamine 
release and the occurrence of untoward reactions caused by 
atracurium are less frequent in children than in adults. In 
children, a dose of 0.1 µg/kg of cisatracurium has an onset 
just longer than 2 minutes and a clinical duration of approxi-
mately 30 minutes during balanced or halothane anesthe-
sia.301 The calculated ED95 doses of cisatracurium in infants 
and children are 43 and 47 µg/kg, respectively.302 The mean 
infusion rate necessary to maintain 90% to 99% neuromus-
cular blockade is also similar in infants and children.302

Rocuronium in adults is an intermediate-acting NMBD with 
a faster onset of action than other nondepolarizing NMBDs, 
and this is also true in infants and children.303,304 The ED95 is 
approximately 0.4 mg/kg in children; it is approximately 20% 
to 30% greater than that in adults, but its onset is faster in 
adults.304 In children, 0.6 mg/kg of rocuronium produces bet-
ter conditions for rapid tracheal intubation (approximately 60 
seconds) than does 0.1 mg/kg of vecuronium (approximately 
100 seconds) or 0.5 mg/kg of atracurium (approximately 180 
seconds).303 Evidence indicates that, even during sevoflurane 
induction in infants, the addition of 0.3 mg/kg rocuronium 
significantly improves intubating conditions and significantly 
decreases the frequency of respiratory adverse events such as 
desaturation because of laryngospasm during induction.305 
As with adults, for rapid sequence induction and intubation 
(60 seconds) in the presence of a full stomach, a 1.2 mg/kg 
dose of rocuronium is suggested to provide rapid, excellent 
intubating conditions in pediatric patients.

The rate of recovery of intermediate- or short-acting 
NMBDs is faster than that of long-acting drugs in children. A 
neostigmine dose of 30 µg/kg in children is quite comparable 
to the usual dose of 40 µg/kg in adults and provides satisfac-
tory antagonism of nondepolarizing NMBD. Neostigmine-
assisted recovery is dependent on age and is more rapid in 
children than either infants or adults.305a Several studies 
have demonstrated that when children’s tracheas were extu-
bated using clinical criteria of recovery, the TOF ratio did not 
exceed 0.50 to 0.60, whereas a TOF ratio greater than 0.90 
is required to guarantee full recovery from neuromuscular 
block. These results highlight the need for objective (quan-
titative) assessment of neuromuscular block, even in infants 
and children, because of their sensitivity and variability in 
their responsiveness to nondepolarizing NMBDs.!

OLDER PATIENTS

The pharmacodynamics of NMBDs may be altered in older 
patients. Physiologic changes such as decreases in total 
body water and lean body mass, increases in total body 
fat, decreases in hepatic and renal blood flow and hepatic 
enzyme activity, and decreases in glomerular filtration rate 
(+20%/year in adults) typically accompany the aging pro-
cess. These changes may account for the altered responses 
of older adults to NMBDs. Some physiologic and anatomic 
changes at the neuromuscular junction also occur with 
aging. These include an increase in the distance between 
the junctional axon and the motor end plate, flattening of 

the folds of the motor end plate, decreased concentration of 
acetylcholine receptors at the motor end plate, decrease in 
the amount of acetylcholine in each vesicle in the prejunc-
tional axon, and decreased release of acetylcholine from the 
preterminal axon in response to a neural impulse.16

Several studies found no differences in the initial dose 
requirement for nondepolarizing muscle relaxants in older 
adults. The dose-response curves of atracurium, pan-
curonium, and vecuronium were shifted slightly to the 
right of the curves for the younger adult subjects; however, 
no significant differences were noted. After a bolus dose of 
pancuronium, no significant difference was observed in 
any of the plasma concentrations corresponding to a fixed 
degree of neuromuscular block. Such results confirm that 
nondepolarizing muscle relaxants are as potent in older as 
in young adult patients. The onset of neuromuscular block 
can be delayed and can be correlated with age.306 This age-
related effect is probably caused by circulatory factors such 
as the decrease in cardiac output and increase in circulation 
time in older adults. These factors induce slower biophase 
equilibration with plasma. The onset of rocuronium neuro-
muscular block was prolonged to 3.7 from 3.1 minutes in 
older adults. Similarly, the onset of cisatracurium is delayed 
approximately 1 minute in this age group.

A prolongation of the duration of action of nondepolar-
izing muscle relaxants and a decrease in dose requirements 
for the maintenance of neuromuscular block have been 
observed with several currently available muscle relax-
ants in older adults. These results are explained by phar-
macokinetic changes in this population. The distribution 
and elimination may be altered by any of the multitude of 
physiologic changes that accompany the aging process. 
The effect of aging alone, as opposed to disease states often 
associated with the aging process, may be difficult to distin-
guish in identifying mechanisms of altered NMBD action in 
older adults.

Pancuronium,307 vecuronium,295,308 and rocuronium177 
depend on the kidney or the liver (or both) for their metabo-
lism and elimination. Therefore they all show altered phar-
macodynamics and pharmacokinetics in older patients. 
Pancuronium has delayed recovery in older adults because 
of decreased plasma clearance secondary to delayed uri-
nary excretion. Vecuronium dose requirements to maintain 
a constant neuromuscular block are decreased by approxi-
mately 36% in patients older than 60 years, and sponta-
neous recovery is significantly longer in older patients.25 
Plasma clearance is reduced by more than 50% and elimi-
nation half-life prolonged by 60% in older patients.308 The 
prolongation of vecuronium action appears to be secondary 
to decreased drug elimination consistent with age-associ-
ated decreases in hepatic and renal blood flows. The dura-
tion of action of rocuronium and the recovery index are also 
increased in older adults. The prolongation of action can be 
explained by a 27% decrease in plasma clearance.

In the case of drugs whose elimination is independent of 
hepatic or renal blood flow, pharmacokinetics and pharma-
codynamics should not be altered significantly by age. Atra-
curium has multiple routes of elimination. Degradation by 
Hofmann elimination and ester hydrolysis is independent of 
the liver and the kidney and is not affected by age. The only 
pharmacokinetic change is a slight increase of the volume of 
distribution at steady state leading to a modestly increased 

Downloaded for alex arman davidson (arman@amazingstudy.tk) at Florida International University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.



SECTION II • Anesthetic Physiology822

elimination half-life. Consequently, the duration of action, 
the recovery index, and the dose requirement during a con-
tinuous infusion are independent of age. Cisatracurium is 
mainly eliminated by Hofmann elimination, and unlike 
atracurium, cisatracurium does not undergo hydrolysis by 
specific esterases. It exhibits a slightly delayed onset of effect 
in older patients because of slower biophase equilibration. 
Clearances are not decreased in patients of advanced age. 
The slight prolongation of the elimination half-life of the 
drug in older adults is secondary to an increased volume of 
distribution at steady state (+10%). These minor pharma-
cokinetic changes are not associated with changes in the 
recovery profile in older patients.

Butyrylcholinesterase activity in older adults, although 
still in the normal range, is approximately 26% lower than 
that in young adults.309 Because mivacurium is metabo-
lized by butyrylcholinesterase, its clearance is likely to be 
slightly reduced in older patients, thus resulting in a 20% 
to 25% longer duration of action,310 as well as a decreased 
infusion requirement to maintain a stable depth of block. 
Succinylcholine metabolism is unaffected by these changes.

In general, when maintaining neuromuscular blockade 
with nondepolarizing NMBDs in older patients, one can 
expect that, with the exception of atracurium and cisatra-
curium, the dosing interval will be increased to maintain 
the desired depth of neuromuscular blockade. The choice of 
drug and monitoring the depth of blockade are exception-
ally important in this population because recovery of neu-
romuscular function is generally delayed in older patients. 
Inadequate or incomplete recovery of muscle strength after 
the use of pancuronium is associated with an increased 
incidence of perioperative pulmonary complications in 
this patient population.129 The clear relationship between 
incomplete recovery from neuromuscular block and occur-
rence of critical respiratory events in the PACU highlights 
the need for objective monitoring to ensure recovery of neu-
romuscular block in older patients.!

OBESE PATIENTS

The level of plasma pseudocholinesterase activity and the 
volume of extracellular fluid, which are the main deter-
minants of the duration of action of succinylcholine, are 
increased in obese patients. For complete neuromuscular 
paralysis and predictable intubating conditions, a 1-mg/kg 
dose based on total-body weight (TBW) is recommended.311

Initial studies showed that obese subjects needed signifi-
cantly more pancuronium than nonobese patients to main-
tain a constant 90% depression of twitch height. However, 
when corrected for body surface area (BSA), no significant 
difference was noted in dose requirement to maintain neu-
romuscular block.

The use of NMBDs with an intermediate duration of 
action should be preferred. Vecuronium doses based 
on TBW induce a prolonged duration of action in obese 
patients, although vecuronium pharmacokinetics is unal-
tered by obesity. The prolonged recovery in obese patients 
can be explained by the larger total dose of vecuronium 
administered to these patients. With larger doses, when 
administration is based on TBW, recovery occurs during the 
elimination phase when plasma concentration decreases 
more slowly than during the distribution phase.312 The 

pharmacokinetics of rocuronium is not altered by obesity. 
In the same way, the duration of action of rocuronium is 
significantly prolonged when the dose is calculated accord-
ing to TBW. In contrast, when rocuronium is dosed accord-
ing to ideal body weight (IBW), the clinical duration is less 
than half.313,314

A correlation exists between the duration of action of 
atracurium and TBW when the dose is given as milligrams 
per kilogram of TBW. The clinical duration of action is 
doubled when the drug is given based on TBW versus IBW. 
There is little difference between obese and normal-weight 
patients in atracurium elimination half-life (19.8 vs. 19.7 
minutes), volume of distribution at steady state (8.6 vs. 
8.5 L), and total clearance (444 vs. 404 mL/min).315 The 
finding that IBW avoids prolonged recovery of atracu-
rium-induced blockade can be explained by an unchanged 
muscle mass and an unchanged volume of distribution in 
morbidly obese patients compared with normal-weight 
patients.316 The duration of cisatracurium is also prolonged 
in obese patients when the drug is given on the basis of TBW 
versus IBW.

In summary, nondepolarizing NMBDs should be given 
to obese patients on the basis of IBW rather than on their 
actual body weight, to ensure that these patients are not 
receiving relative overdoses and to avoid prolonged recov-
ery. When using maintenance doses, objective monitoring 
is strongly recommended to avoid accumulation.!

SEVERE RENAL DISEASE

NMBDs contain quaternary ammonium groups that 
make them very hydrophilic. They are therefore usually 
completely ionized at a pH of 7.4 and are poorly bound to 
plasma proteins. The predominant pathway of elimination 
of steroidal muscle relaxants is ultrafiltration by the glom-
eruli before urinary excretion. Renal failure influences the 
pharmacologic characteristics of nondepolarizing NMBDs 
by producing either decreased renal elimination of the drug 
or its metabolites. Only atracurium, cisatracurium, and, to 
some extent, vecuronium are independent of renal func-
tion. Succinylcholine elimination is mainly independent 
of kidney function. However, succinylcholine is metabo-
lized by plasma cholinesterases, and concentrations may 
be slightly decreased in patients with severe renal failure 
(Table 27.11). The decrease in plasma cholinesterase activ-
ity is always moderate (30%) and does not result in prolon-
gation of succinylcholine-induced neuromuscular block. 
Succinylcholine induces a transient increase in plasma K+ 
concentration (<0.5 mmol/L). Therefore succinylcholine is 
not contraindicated in severe renal failure when plasma K+ 
concentrations are within the normal range. The duration 
of action of NMBDs may be prolonged in patients with renal 
failure.

Renal failure does not alter the sensitivity (dose response) 
of patients to the neuromuscular blocking action of 
pancuronium,317 atracurium,318 vecuronium,319 or 
rocuronium.320 All long-acting muscle relaxants are elimi-
nated predominantly through the kidney, and renal failure 
is associated with reduced plasma clearance and increased 
elimination half-life for these drugs as well.103 The elimi-
nation half-life of pancuronium is increased by 500% in 
patients with severe renal failure. As a consequence of these 
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pharmacokinetic changes, the duration of neuromuscular 
blockade produced by these drugs is longer and more vari-
able than in patients with normal renal function. Because 
of the potential for prolonged blockade and the availabil-
ity of intermediate- and short-acting NMBDs, long-acting 
NMBDs should not be used in patients with renal failure.

The pharmacokinetics and duration of action of atra-
curium are unaffected by renal failure.321,322 This lack of 
effect is in part because Hofmann elimination and ester 
hydrolysis173 account for 50% of its total clearance.167 Lau-
danosine, the principal metabolite of atracurium, is elimi-
nated unchanged by the kidney. The elimination half-life of 
laudanosine increases in renal failure.322 Even during con-
tinuous administration of atracurium, laudanosine plasma 
concentrations are 10 times lower than concentrations 
associated with seizures in dogs.

In patients with chronic renal failure, the duration of 
action of cisatracurium is not prolonged.323 Hofmann 
elimination accounts for 77% of the total clearance of cisa-
tracurium,169 and renal excretion accounts for 16% of its 
elimination.169 The peak plasma laudanosine concentra-
tion is 10 times lower than after equipotent doses of atracu-
rium. In patients with end-stage renal failure, the volume of 
distribution is unchanged, but there is a 13% reduction in 
clearance and an increase from 30 to 34 minutes in elimi-
nation half-life.

Vecuronium relies principally on hepatic mechanisms 
for its elimination. However, its clearance is reduced and its 
elimination half-life is increased in patients with renal fail-
ure.324,325 In one study, the duration of action of 0.1 mg/

kg of vecuronium was both longer and more variable in 
patients with renal failure than in those with normal renal 
function.325 In three other studies, the duration of action 
of 0.05 to 0.14 mg/kg of vecuronium was not prolonged 
by renal failure, but this result was likely caused by the 
use of relatively small doses or inadequate sample sizes.324 
The principal metabolite of vecuronium, 3-desacetylve-
curonium, has 80% of the neuromuscular blocking activ-
ity of vecuronium153; it may cause prolonged paralysis in 
patients with renal failure in the ICU.156 In patients with 
renal failure, the duration of action and the rate of recovery 
from vecuronium- or atracurium-induced neuromuscular 
blockade during surgery are similar.326

The major routes of elimination of rocuronium are bili-
ary and urinary excretion. Rocuronium is taken up by the 
liver and metabolized, excreted, or both, in bile and feces in 
high concentrations. After 0.6 mg/kg rocuronium, up to 
one fifth of the dose is recovered unchanged from the urine 
within 24 hours, and no active metabolites can be found 
in humans. Pharmacokinetic studies showed that the clear-
ance of rocuronium was reduced by 33% to 39% in patients 
with renal failure.326a The distribution volume of this drug 
remained unchanged or slightly increased.175 The elimina-
tion half-life was 70 and 57 minutes in patients with and 
without renal failure, respectively. The duration of action 
of single and repeated doses, however, was not affected 
significantly.320

In renal failure, there is no significant change in the 
volume of distribution of neostigmine. The clearance is 
decreased by two thirds and the elimination half-life is 

TABLE 27.11 Pharmacokinetics of Neuromuscular Blocking Drugs in Patients With Normal Renal Function or Renal Failure

PLASMA CLEARANCE (ML/KG/MIN) VOLUME OF DISTRIBUTION (ML/KG) ELIMINATION HALF-LIFE (MIN)

ReferencesNormal Function Renal Failure Normal Function Renal Failure Normal Function Renal Failure

SHORT-ACTING DRUGS

Mivacurium 
isomers

160

Cis-trans 106 80 278 475 2.0 4.3

Trans-trans 57 48 211 270 2.3 4.3

Cis-cis 3.8 2.4* 227 244 68 80

INTERMEDIATE-ACTING DRUGS

Atracurium 6.1 6.7 182 224 21 24 172

5.5 5.8 153 141 19 20 173*,†

10.9 7.8 280 265 17.3 19.7 322

Cisatracurium 5.2 — 31 — — — 169

Vecuronium 3.0 2.5 194 239 78 97 324

5.3 3.1* 199 241 53 83* 325

Rocuronium 2.9 2.9 207 264* 71 97* 175

LONG-ACTING DRUGS

d-Tubocurarine 2.4 1.5 250 250 84 132 115

Pancuronium 74 20* 148 236* 97 475* 149†

1.7 0.9 261 296* 132 257* 380

*Significant difference between normal renal function versus renal failure.
†Values expressed as mL/min, not weight adjusted.
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prolonged from 80 to 183 minutes in patients with renal 
failure. The clearance of edrophonium is also significantly 
reduced and its elimination half-life significantly prolonged 
in patients with end-stage renal failure.!

HEPATOBILIARY DISEASE

In comparison with renal elimination, liver function is a 
modest determinant of the pharmacokinetics of nondepo-
larizing muscle relaxants. The influence of hepatobiliary 
disease on the pharmacokinetics of NMBDs can be complex 
because of the different types of liver failure (Table 27.12). 
Cirrhosis is associated with an increased extracellular water 
compartment, edema, and, often, kidney dysfunction. Cho-
lestasis induces decreased biliary excretion but is not associ-
ated with significant liver failure, contrary to acute hepatic 
failure.

A delayed onset of action and an apparent resistance to 
nondepolarizing muscle relaxants occur in patients with 
cirrhosis, although studies demonstrated that the sensitiv-
ity of the neuromuscular junction was unaltered. This is the 
consequence of the increased volume of distribution, which 
induces greater dilution of muscle relaxants in cirrhotic 
patients. The increase of terminal half-life can be secondary 

to either the increased volume of distribution or decreased 
biliary excretion for muscle relaxants dependent on hepatic 
function for elimination.154 Following a single dose of 
nondepolarizing muscle relaxant, in most of the cases, no 
prolongation of the duration of action occurs because it is 
dependent on distribution. However, for muscle relaxants 
dependent on hepatic elimination, prolongation of neuro-
muscular block can be observed following repeated doses or 
continuous infusion.

Pancuronium is mainly eliminated through the kidney, 
although one third of the dose is metabolized and excreted 
through the liver. The elimination half-life increases 
from 114 to 208 minutes in cirrhotic patients.150 This is 
the consequence of a 50% increase of the volume of dis-
tribution in conjunction with a 22% decrease in plasma 
clearance.150 Cholestasis induces a 50% decrease in pan-
curonium clearance leading to a prolonged elimination 
half-life of 270 minutes. Severe acute hepatic failure also 
induces reduced plasma clearance and a prolonged elimi-
nation half-life.

Vecuronium elimination is mainly through the 
bile.326b Only a small fraction is metabolized to 
3-hydroxyvecuronium, which still has 60-80% of 
the potency of vecuronium. This metabolic process is 

TABLE 27.12 Pharmacokinetics of Neuromuscular Blocking Drugs in Patients With Normal Liver Function or Hepatobiliary 
Disease

PLASMA CLEARANCE  
(ML/KG/MIN)

VOLUME OF DISTRIBUTION  
(ML/KG)

ELIMINATION HALF-LIFE  
(MIN)

Hepatic  
Pathology ReferencesNormal Disease Normal Disease Normal Disease

SHORT-ACTING DRUGS

Mivacurium isomers Cirrhosis 159

Cis-trans 95 44* 210 188 1.53 2.48*

Trans-trans 70 32* 200 199 2.32 11.1*

Cis-cis 5.2 4.2 266 237 50.3 60.8

INTERMEDIATE-ACTING DRUGS

Atracurium 5.3 6.5 159 207* 21 22 Hepatorenal 318

6.6 8.0* 202 282* 21 25 Cirrhosis 174

Cisatracurium 5.7 6.6* 161 195* 23.5 24.4 Transplantation

Vecuronium 4.26 2.73* 246 253 58 84* Cirrhosis 154

4.30 2.36* 247 206 58 98* Cholestasis 381

4.5 4.4 180 220 58 51 Cirrhosis 155

Rocuronium 2.79 2.41 184 234 87.5 96.0 Cirrhosis 176

217 217 16.4 23.4* 76.4 111.5* Mixed 178†

296 189 151 264* 56 98* Cirrhosis 326c†

3.70 2.66* 211 248 92 143* Cirrhosis 179

LONG-ACTING DRUGS

Pancuronium 123 59* 261 307* 133 267* Cholestasis 151†

1.86 1.45* 279 416* 114 208* Cirrhosis 150

1.76 1.47 284 425* 141 224* Cholestasis 383

*Significant difference between normal hepatic function versus hepatobiliary disease.
†Values expressed as mL/min, or L, not weight adjusted.
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presumed to occur in the liver because 40% of the total 
dose of vecuronium is found in the liver and bile as both 
parent drug and metabolite.147 The elimination half-life 
is increased in mildly decompensated cirrhotic patients 
as the result of a decreased clearance,154 whereas the 
volume of distribution of the central compartment 
and the volume of distribution at steady state can be 
increased. In cirrhotic patients, the duration of action of 
vecuronium is related to the dose. A dose of 0.1 mg/kg 
has a slower onset of action and a shorter duration of 
action because the volume of distribution is increased. 
In contrast, after 0.2 mg/kg vecuronium, the duration 
of action is increased from 65 minutes to 91 minutes in 
cirrhotic patients because elimination is impaired. Cho-
lestasis can increase plasma concentration of bile salts 
and thus reduce the hepatic uptake of vecuronium,147 
as well as pancuronium. This may explain the decreased 
clearance observed by some investigators. The duration 
of action of vecuronium is increased by 50% in patients 
with biliary obstruction.

Rocuronium is mainly excreted into the bile. The volume 
of both the central compartment (+33%) and the volume 
of distribution at steady state (+43%) are increased in cir-
rhotic patients, whereas clearance may be decreased.326c 
The duration of action is prolonged in patients with hepatic 
disease, and a correlation exists between the increased vol-
ume of distribution and the slower onset of action when 
compared with controls.176

Atracurium and cisatracurium share organ-indepen-
dent modes of elimination.165,168,169 As a consequence, 
their clearance should be little affected by hepatic dis-
ease. In fact, and in contrast to all other NMBDs, the 
plasma clearances of atracurium and cisatracurium are 
slightly increased in patients with liver disease (see Table 
27.12).174,180 Because elimination of atracurium and cis-
atracurium occurs outside of, as well as from within, the 
central compartment, investigators have suggested that 
a larger distribution volume should be associated with 
greater clearance.169 In two studies,174,180 volumes of dis-
tribution and clearances of the drugs increased with liver 
disease, thereby lending support to this hypothesis.169 The 
increased clearance of the relaxant in patients with liver 
disease is not reflected in a decrease in the drug’s duration 
of action.174,180

One concern raised about administering atracurium 
to patients with hepatic disease is the possible accu-
mulation of laudanosine. Although laudanosine relies 
principally on hepatic mechanisms for its elimination, 
the concentrations encountered during liver trans-
plantation are unlikely to be associated with clinical 
sequelae.327

Because of the wide interindividual variations seen 
in the response to nondepolarizing muscle relaxants in 
patients with hepatic disease, quantitative monitoring of 
neuromuscular block is required, with careful titration 
of doses.

In patients with severe liver disease, butyrylcholinester-
ase activity is decreased because of decreased synthesis of 
the hepatic enzymes. Consequently, the plasma clearance 
of the isomers of mivacurium is decreased by approximately 
50% (see Table 27.12),159 and the drug’s duration of action 
is prolonged and may be almost tripled.159!

BURNS

In patients with burn injuries, muscle relaxants can be 
used to facilitate mechanical ventilation, which can be 
associated with sustained improvement in oxygenation. 
After a period of immobilization, burn injury causes 
upregulation of both fetal (#2$'%) and mature (#2$&%) 
nAChRs.328 This upregulation of nAChRs usually is 
associated with resistance to nondepolarizing NMBDs 
and increased sensitivity to succinylcholine.329 Causes 
of upregulation of nAChRs are listed in Table 27.13. A 
significant increase in the quantal content of evoked 
acetylcholine release is typically noted by 72 hours after 
scald injury in rats.330 This increase also contributes to 
the resistance to NMBDs in patients with burn injuries. 
In mice, thermal injury induces changes in diaphragm 
acetylcholinesterase with respect to total content and 
specific molecular forms.331

Resistance to the effects of nondepolarizing NMBDs is 
usually seen in patients with burns over at least 25% of their 
total BSA.329,332,333 Recovery of neuromuscular function to 
preburn levels may take several months or even years after 
the burn injury.334 The increase in serum K+ concentra-
tion that normally follows succinylcholine administration 
is markedly exaggerated in burned patients and may be 
lethal.335 K+ concentrations as high as 13 mEq/L, resulting 
in ventricular tachycardia, fibrillation, and cardiac arrest, 
have been reported.335 The magnitude of the hyperkalemic 
response does not appear to correlate closely with the mag-
nitude of the burn injury. Potentially lethal hyperkalemia 
was seen in a patient with only an 8% total BSA burn.336 
Succinylcholine has been safely administered within 24 
hours of a burn injury. It can be used for prehospital or 
emergency room intubation. After an initial 24-hour inter-
val, however, sufficient alteration in muscle response may 
have occurred. Because of the unpredictability of occur-
rence of hyperkalemia, the use of succinylcholine is best 
avoided after 24 hours following a burn injury.

The time course of abnormal muscle membrane function 
corresponds with that of the healing process. Once normal 
skin has regrown and any infection subsides, the normal 
acetylcholine receptor populations appear to return.334 
Although normal responses to succinylcholine have been 
demonstrated in burned patients studied 3 years after 
injury,334 the actual length of time during which a patient 

TABLE 27.13 Conditions Associated With Upregulation 
and Downregulation of Acetylcholine Receptors

nAChR Upregulation nAChR Downregulation

Spinal cord injury Myasthenia gravis

Stroke Anticholinesterase poisoning

Burns Organophosphate poisoning

Prolonged immobility

Prolonged exposure to neuro-
muscular blockers

Multiple sclerosis

Guillain-Barré syndrome

nAChR, Nicotinic acetylcholine receptor.
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with a burn injury may be at risk for the hyperkalemic 
response is not well defined. A conservative guideline there-
fore would be to avoid the use of succinylcholine in patients 
24 hours after a thermal injury and for at least 1 or 2 years 
after the burned skin has healed.!

USE OF NEUROMUSCULAR BLOCKING DRUGS 
AND WEAKNESS SYNDROMES IN CRITICALLY ILL 
PATIENTS

NMBDs are frequently used in conjunction with sedatives 
and analgesics in ICUs. The indications for the use of NMBDs 
in the ICU are outlined in Box 27.1. Few available data sup-
port their use, and evidence for a beneficial effect on pul-
monary function or patient oxygenation is inconclusive.337 
However, a multicenter, double-blind trial showed that, 
in a subset of patients with acute respiratory distress syn-
drome, early and short-term administration of cisatracu-
rium for 48 hours could be beneficial.338 Half of the patients 
in the placebo group in that study received one or more 
doses of cisatracurium. The study was underpowered, and 
the effect on mortality was statistically borderline, with no 
between-group difference in crude mortality rate. Yet, non-
depolarizing NMBDs are sometimes used in ICU patients. Of 
particular concern in intensive-care settings is the risk that 
paralyzed patients receive inadequate analgesia and seda-
tion.339 This reason for this concern may be that ICU nurses 
and physicians are unfamiliar with the pharmacology of 
the NMBDs.339,340 For instance, pancuronium was thought 
to be an anxiolytic by 50% to 70% of ICU nurses and house 
staff, and 5% to 10% thought it was an analgesic.339 In 
the United Kingdom, the erroneous use of NMBDs as seda-
tives in intensive care was not uncommon in the 1980s.341 
Approximately 96% of ICU patients received NMBDs to 
aid mechanical ventilation in 1980. By 1986, their use 
had decreased to 16% of ventilated patients.341 Currently, 
intensivists are aware of the side effects and generally 
avoid administration of NMBDs to critically ill ICU patients. 
Clinical practice guidelines for management of critically 
ill adults who require neuromuscular paralysis have been 
published.341a Specific indications for the use of NMBDs 
in the ICU setting include severe, refractory hypoxemia; 
suppression of shivering during therapeutic hypothermia 
after cardiac arrest; elimination of unwanted movement 

in patients with status asthmaticus, high intracranial or 
intraabdominal pressure, massive hemoptysis, or to facili-
tate short procedures such as bronchoscopy or endoscopy; 
and acute respiratory failure in patients who require emer-
gent tracheal intubation.341a

A prolonged ICU stay during critical illness is associated 
with disorders of neuromuscular function that contribute 
to morbidity, length of hospital stay, weaning difficulties, 
and prolonged rehabilitation.342 The complications of long-
term administration of NMBDs in the ICU are outlined in 
Box 27.2. In the ICU, duration of mechanical ventilation, 
sepsis, the dysfunction of two or more organs, female sex, 
administration of steroids, and hypercapnia are known risk 
factors for developing neuromuscular dysfunction. Syn-
dromes of weakness in critically ill patients are relatively 
common and likely polymorphic in origin. In a retrospective 
study of 92 critically ill patients with clinically diagnosed 
weakness, electromyographic studies indicated that acute 
myopathy (critical illness myopathy [CIM]) is three times as 
common as acute axonal neuropathy (critical illness neu-
ropathy): 43% versus 13%, respectively.342 The additional 
healthcare cost of a single case of persistent weakness was 
estimated at approximately $67,000.343 Conditions to con-
sider when making a differential diagnosis of neuromuscu-
lar weakness in the ICU are listed in Box 27.3.

Critical Illness Myopathy
Lacomis and colleagues suggested using the term CIM,344 
instead of the current terms used in the literature, such as 
acute quadriplegic myopathy,345 acute (necrotizing) myop-
athy of intensive care, thick filament myopathy, acute cor-
ticosteroid myopathy, and critical care myopathy.

Initial published reports of CIM in the ICU focused on 
patients with status asthmaticus346 who typically had been 
treated with corticosteroids and nondepolarizing NMBDs. 

Facilitation of mechanical ventilation
Facilitation of endotracheal intubation
Enabling patient to tolerate mechanical ventilation
High pulmonary inflation pressures (e.g., acute respiratory 

distress syndrome)
Hyperventilation for increased intracranial pressure
Facilitation of therapeutic or diagnostic procedures
Tetanus
Status epilepticus
Reduction of oxygen consumption

Abolishing shivering
Reduction of work of breathing

BOX 27.1 Reported Indications for the Use 
of Muscle Relaxants in the Intensive Care 
Unit

Short-term use
Specific, known drug side effects
Inadequate ventilation in the event of a ventilator failure or 

circuit disconnection
Inadequate analgesia and/or sedation

Long-term use
Complications of immobility

Deep vein thrombosis and pulmonary embolus
Peripheral nerve injuries
Decubitus ulcers

Inability to cough
Retention of secretions and atelectasis
Pulmonary infection

Dysregulation of nicotinic acetylcholine receptors
Prolonged paralysis after stopping relaxant

Persistent neuromuscular blockade
Critical illness myopathy
Critical illness polyneuropathy
Combination of the above

Unrecognized effects of drug or metabolites
Succinylcholine and metabolic acidosis or hypovolemia
3-Desacetylvecuronium and neuromuscular blockade
Laudanosine and cerebral excitation

BOX 27.2 Complications of Muscle 
Paralysis in the Intensive Care Unit
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Nevertheless, myopathy has also been documented in asth-
matic patients and in patients with chronic lung disease 
without paralysis who received corticosteroids,347 as well 
as in critically ill patients with sepsis who received neither 
corticosteroids nor nondepolarizing NMBDs.348 The pri-
mary cause of this condition is a loss of myosin in myocytes 
with subsequent loss of contractile capacity. Animal stud-
ies also reveal that the number of cytosolic corticosteroid 
receptors is increased in immobilized muscles relative to 
that in contralateral controls.349 It seems—at least in some 
patients—that prolonged immobility may be the key risk 
factor for myopathy in corticosteroid-treated patients,350 
and selective muscle atrophy is a result of changes in gluco-
corticoid sensitivity.349

Sepsis, immobility, and the catabolism associated with 
negative nitrogen balance may also result in myopathy.16 
Skeletal muscle hypoperfusion is noted in patients with 
severe sepsis despite normal or elevated whole blood oxy-
gen delivery.351 Antibodies to nAChRs were demonstrated 
in a rodent model of sepsis.352 Thus myasthenia-like syn-
drome is also seen in critically ill patients. Evidence for local 
immune activation by cytokine expression in the skeletal 
muscle was reported in patients with CIM.353

The major feature of CIM is flaccid weakness that tends 
to be diffuse and sometimes also includes the facial muscles 
and diaphragm.344 The clinical features of CIM overlap with 
those of critical illness polyneuropathy (CIP) and prolonged 

neuromuscular blockade.344 Electrophysiologic studies and 
increases in serum creatine kinase concentrations may 
differentiate neuropathy from myopathy.344 Lacomis and 
colleagues stated, “muscle biopsy should be considered if 
another myopathic process such as an inflammatory myop-
athy is suspected or if the histologic findings would affect 
management.”344!
Critical Illness Polyneuropathy
CIP is the polyneuropathy seen in critically ill patients. It affects 
both sensory and motor nerves and occurs in 50% to 70% of 
patients with multisystem organ failure and systemic inflam-
matory response syndrome.354 Investigators have postulated 
that systemic inflammatory response syndrome contributes to 
CIP by releasing cytokines and free radicals that damage the 
microcirculation of the central and peripheral nervous sys-
tems.353 Dysregulation of the microcirculation may render the 
peripheral nervous system susceptible to injury.

Although no pharmacologic treatment for muscle weak-
ness syndromes in the critically ill patient currently exists, 
increasing evidence indicates the positive effects of early 
physical rehabilitation during ICU stay. Previously, inten-
sive insulin therapy during critical illness was found to 
decrease the risk of CIP, and the maintenance of blood glu-
cose at or below 110 mg/mL in critically ill patients may 
reduce the risk of CIP.

The outcomes from CIM and CIP appear to be similar. 
The reported mortality rate of patients with CIP syndrome 
is approximately 35%. In one study, 100% (13 of 13) of the 
patients who survived had abnormal clinical or neurophysio-
logic findings 1 to 2 years after the onset of the CIP syndrome, 
and quality of life was markedly impaired in all patients.355!
Clinical Implications
Nondepolarizing NMBDs are the most common chemical 
agents producing immobilization and inducing a denerva-
tion-like state. In such circumstances, besides the mature or 
junctional nAChR formed of two # and one each of $, &, and % 
subunits, two other isoforms, the immature AChR or 'AChR 
and the neuronal #7AChR, are expressed in the muscle. The 
immature AChR is also referred to as extrajunctional because 
it is expressed mostly in the extrajunctional part of the 
muscle. Upregulation of nAChRs was noted in the muscles 
of deceased critically ill adults who had received long-term 
infusions of vecuronium.356 Upregulation refers to changes 
in the number of available receptors, but these changes usu-
ally do not involve a change in isoform configuration. These 
three types of receptors can coexist in the muscle.!
Should Succinylcholine Be Used in Patients in the 
Intensive Care Unit?
It is likely that upregulation of nAChRs induced by immo-
bilization and by prolonged administration of nondepo-
larizing NMBDs contributes to (1) the higher incidence of 
cardiac arrest associated with the use of succinylcholine 
in ICU patients356 and (2) increased requirements for non-
depolarizing NMBDs in ICU patients.357 Even more impor-
tant, succinylcholine more easily depolarizes immature 
nAChRs that may induce profound outward K+ flux, with 
subsequent hyperkalemia. Moreover, the #7AChR can also 
be depolarized by succinylcholine, thus contributing to the 
K+ efflux from the cell to the extracellular space. Therefore 

Central nervous system
Septic or toxic-metabolic encephalopathy
Brainstem stroke
Central pontine myelinolysis
Anterior horn cell disorders (e.g., amyotrophic lateral sclerosis)

Peripheral neuropathies
Critical illness polyneuropathy
Guillain-Barré syndrome
Porphyria
Paraneoplasia
Vasculitis
Nutritional and toxic neuropathies

Neuromuscular junction disorders
Myasthenia gravis
Lambert-Eaton myasthenic syndrome
Botulism
Prolonged neuromuscular junction blockade

Myopathies
Critical illness myopathy
Cachectic myopathy
Rhabdomyolysis
Inflammatory and infectious myopathies
Muscular dystrophies
Toxic myopathies
Acid maltase deficiency
Mitochondrial
Hypokalemia
Hypermetabolic syndromes with rhabdomyolysis (e.g., neuro-

leptic malignant syndrome)

BOX 27.3 Causes of Generalized 
Neuromuscular Weakness in the Intensive 
Care Unit

From Lacomis D. Critical illness myopathy. Curr Rheumatol Rep. 
2002;4:403–408.
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succinylcholine should be avoided in ICU patients in whom 
total body immobilization exceeds 24 hours.16!

Should Nondepolarizing Neuromuscular Blocking 
Drugs Be Used in Patients in the Intensive Care Unit?
NMBD-associated persistent weakness appears to be a dis-
tinct pathologic entity and is not simply a manifestation of 
weakness syndromes in critically ill patients. In a prospec-
tive study, there was a 70% incidence of persistent weak-
ness in ICU patients who received NMBDs for more than 2 
days, compared with a 0% incidence in similar ICU patients 
who received no NMBD.358 This is compelling evidence for 
the effects of nondepolarizing NMBDs in this complication.

Long-term weakness has been described after nondepo-
larizing NMBDs.156,359,360 Approximately 20% of patients 
who received NMBDs for more than 6 days,359 15% to 
40% of asthmatic patients who also received high-dose 
steroids,346 and 50% of patients with renal failure who 
received vecuronium developed prolonged weakness.156 
Clinically, it appears that prolonged recovery from neuro-
muscular blockade occurs more frequently when steroidal 
NMBDs are used.156,359

However, prolonged weakness was also noted after the 
use of atracurium in ICU patients.360 Further, the use of 
atracurium has raised concerns about its metabolite, lau-
danosine. Laudanosine, also detected in the cerebrospi-
nal fluid (CSF) of ICU patients given atracurium,361 is an 
analeptic and can trigger seizures in animals.362 The toxic 
dose in humans is not known, but case reports have noted 
patients having seizures while receiving atracurium, and 
laudanosine has not been ruled out as a cause of these sei-
zures.363-365 Evidence also indicates that laudanosine can 
activate neuronal nicotinic receptors.366 Cisatracurium is a 
single isomer of atracurium, and because it is four to five 
times more potent than atracurium, it is given in smaller 
total doses. Therefore the risk of laudanosine-related 
adverse effects should be minimal.367

Nondepolarizing NMBDs are polar molecules and do not 
readily cross the blood-brain barrier, but vecuronium and 
its long-acting active metabolite, 3-desacetylvecuronium, 
have been detected in the CSF of patients in the ICU. The 
CNS effects of NMBDs and their metabolites in humans 
have not been well studied, but in rats, atracurium, pan-
curonium, and vecuronium injected into the CSF caused 
dose-related cerebral excitation culminating in seizures.362 
Cerebral excitation with consequent increased cerebral 
oxygen demand is undesirable in ICU patients at risk of 
cerebral ischemia. Investigators have also suggested that 
nondepolarizing NMBDs can gain access to nerves during 
systemic inflammatory response syndrome, thus resulting 
in direct neurotoxicity.362

When nondepolarizing NMBDs are necessary, the 
use of an objective neuromuscular monitor is recom-
mended, and periodic return of muscle function should 
be allowed. Adjusting the dosage of NMBDs by periph-
eral nerve stimulation versus standard “clinical dosing” 
in critically ill patients reduces drug requirements, pro-
duces faster recovery of neuromuscular function, and is 
cost-effective.369 Daily interruption of sedative-drug infu-
sions decreases the duration of mechanical ventilation 
and the length of stay in the ICU.370 The effect of such an 

approach on the weakness syndromes in the ICU patient 
is unknown. When nondepolarizing NMBDs are used, the 
guidelines in Box 27.4 may help minimize the incidence of 
complications. As stated in the clinical practice guidelines 
for sustained neuromuscular blockade in the adult criti-
cally ill patient,337 “Independent of the reasons for using neu-
romuscular blockers, we emphasize that all other modalities 
to improve the clinical situation must be tried, using neuro-
muscular blockers only as a last resort. To this admonition, 
we would add a plea that clinicians use objective moni-
tors, whenever possible, to guide NMBD administration 
and assess readiness for tracheal extubation, whether in 
the operating room or ICU settings. The unquestionable 
benefits of quantitative neuromuscular monitoring are 
described in Chapter 43.

Acknowledgment

The editors and publisher would like to thank Drs. Mohamed 
Naguib and Cynthia A. Lien for contributing a chapter on 
this topic in the prior edition of this work. It has served as 
the foundation for the current chapter.

 Complete references available online at expertconsult.com.

References
 1.  Griffith H, Johnson GE. Anesthesiology. 1942;3:418.
 2.  Cullen SC. Surgery. 1943;14:216.
 3.  Beecher HK, Todd DP. Ann Surg. 1954;140:2.
 4.  Thesleff S. Nord Med. 1951;46:1045.
 5.  Foldes FF, et!al. N Engl J Med. 1952;247:596.
 6.  Baird WL, Reid AM. Br J Anaesth. 1967;39:775.
 7.  Savage DS, et!al. Br J Anaesth. 1980;52(suppl 1):3S.
 8.  Stenlake JB, et!al. Eur J Med Chem. 1981;16:515.
 9.  Savarese JJ, et!al. Anesthesiology. 1988;68:723.
 10.  Wierda JM, et!al. Br J Anaesth. 1990;64:521.
 11.  Lien CA, et!al. J Crit Care. 2009;24:50.
 11a.  Savarese JJ. Anesthesiology. 2018;129:970.
 11b. Deleted in proofs.
 12.  On being aware. Br J Anaesth. 1979;51:711.
 13.  Shovelton DS. Br Med J. 1979;1:737.
 14.  Poggesi I, et!al. Drug Metab Rev. 2009;41:422.
 15.  Cullen SC, Larson CPJ. Essentials of Anesthetic Practice. Chicago: 

Year Book Medical; 1974.
 16.  Naguib M, et!al. Anesthesiology. 2002;96:202.
 17.  Machold J, et!al. Eur J Biochem. 1995;234:427.
 18.  Deleted in proofs.

Avoid the use of neuromuscular blockers by
Maximal use of analgesics and sedatives
Manipulation of ventilatory parameters and modes

Minimize the dose of neuromuscular blocker
Use a peripheral nerve stimulator with train-of-four monitoring
Do not administer for more than 2 days continuously
Administer by bolus rather than infusion
Administer only when required and to achieve a well-defined 

goal
Continually allow recovery from paralysis
Consider alternative therapies

BOX 27.4 Recommendations for the Use 
of Neuromuscular Blockers in the Intensive 
Care Unit

Downloaded for alex arman davidson (arman@amazingstudy.tk) at Florida International University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.

http://expertconsult.com/


27 • Pharmacology of Neuromuscular Blocking Drugs 829

 19.  Bowman WC. Pharmacology of Neuromuscular Function. 2nd ed. 
London: Wright; 1990.

 20.  Martyn JA. Keio J Med. 1995;44:1.
 21.  Kallen RG, et!al. Neuron. 1990;4:233.
 22.  Martyn JA, Richtsfeld M. Anesthesiology. 2006;104:158.
 23.  Bowman WC. Anesth Analg. 1980;59:935.
 24.  Deleted in proofs.
 25.  Deleted in proofs.
 26.  Bovet D. Ann NY Acad Sci. 1951;54:407.
 27.  Szalados JE, et!al. Anesth Analg. 1990;71:55.
 28.  Kopman AF, et!al. Anesth Analg. 2000;90:1191.
 29.  Curran MJ, et!al. Br J Anaesth. 1987;59:989.
 30.  Viby-Mogensen J. Anesthesiology. 1980;53:517.
 31.  Gissen AJ, et!al. Anesthesiology. 1966;27:242.
 32.  Torda TA, et!al. Anaesth Intensive Care. 1997;25:272.
 33.  Foldes FF, et!al. Anesth Analg. 1956;35:609.
 34.  Lepage L, et!al. Clin Chem. 1985;31:546.
 35.  Sunew KY, Hicks RG. Anesthesiology. 1978;49:188.
 36.  Lindsay PA, Lumley J. Anaesthesia. 1978;33:620.
 37.  Walts LF, et!al. Anesthesiology. 1970;33:503.
 38.  Kao YJ, et!al. Br J Anaesth. 1990;65:220.
 39.  Fisher DM, et!al. Anesthesiology. 1988;69:757.
 40.  Barabas E, et!al. Can Anaesth Soc J. 1986;33:332.
 41.  Pantuck EJ. Br J Anaesth. 1966;38:406.
 42.  Kalow W, Genest K. Can J Biochem. 1957;35:339.
 43.  Jensen FS, Viby-Mogensen J. Acta Anaesthesiol Scand. 1995;39:150.
 44.  Primo-Parmo SL, et!al. Pharmacogenetics. 1997;7:27.
 45.  Galindo AHF, Davis TB. Anesthesiology. 1962;23:32.
 46.  Goat VA, Feldman SA. Anaesthesia. 1972;27:149.
 47.  Jonsson M, et!al. Anesthesiology. 2006;104:724.
 48.  Stoelting RK, Peterson C. Anesth Analg. 1975;54:705.
 49.  Schoenstadt DA, Witcher CE. Anesthesiology. 1963;24:358.
 50.  Leiman BC, et!al. Anesth Analg. 1987;66:1292.
 51.  Derbyshire DR. Anesth Analg. 1984;63:465.
 52.  Walton JD, Farman JV. Anaesthesia. 1973;28:666.
 53.  Powell JN, Golby M. Br J Anaesth. 1971;43:662.
 53a.  Thapa S, Brull SJ. Anesth Analg. 2000;91:237.
 54.  Schwartz DE, et!al. Anesth Analg. 1992;75:291.
 55.  Antognini JF, Gronert GA. Anesth Analg. 1993;77:585.
 56.  Antognini JF. Anesth Analg. 1994;78:687.
 57.  Kohlschütter B, et!al. Br J Anaesth. 1976;48:557.
 58.  Stevenson PH, Birch AA. Anesthesiology. 1979;51:89.
 59.  Birch Jr AA, et!al. JAMA. 1969;210:490.
 60.  Pandey K, et!al. Br J Anaesth. 1972;44:191.
 61.  Indu B, et!al. Can J Anaesth. 1989;36:269.
 62.  Meyers EF, et!al. Anesthesiology. 1978;48:149.
 63.  Miller RD, et!al. Anesthesiology. 1968;29:123.
 63a.  Cunningham AJ, Barry P. Can Anaesth Soc J. 1986;33:195.
 64.  Deleted in proofs.
 65.  Greenan J. Br J Anaesth. 1961;33:432.
 66.  Miller RD, Way WL. Anesthesiology. 1971;34:185.
 67.  Salem MR, et!al. Br J Anaesth. 1972;44:166.
 68.  Minton MD, et!al. Anesthesiology. 1986;65:165.
 69.  Brodsky JB, et!al. Anesthesiology. 1979;51:259.
 70.  Waters DJ, Mapleson WW. Anaesthesia. 1971;26:127.
 71.  McLoughlin C, et!al. Anaesthesia. 1992;47:202.
 72.  Naguib M, et!al. Br J Anaesth. 1987;59:606.
 73.  Smith I, et!al. Anesth Analg. 1993;76:1181.
 73a.  Findlay GP, Spittal MJ. Br J Anaesth. 1996;76:526.
 74.  Leary NP, Ellis FR. Br J Anaesth. 1990;64:488.
 75.  Meakin G, et!al. Br J Anaesth. 1990;65:816.
 76.  Van der Spek AF, et!al. Anesthesiology. 1987;67:459.
 77.  Littleford JA, et!al. Anesth Analg. 1991;72:151.
 77a.  Dewachter P, et!al. Anesthesiology. 2009;111:1141.
 78.  Naguib M, et!al. Anesthesiology. 2003;99:1045.
 79.  Naguib M, et!al. Anesthesiology. 2005;102:35.
 80.  Donati F, et!al. Br J Anaesth. 1991;66:557.
 81.  Naguib M, et!al. Br J Anaesth. 1995;74:26.
 82.  Erkola O, et!al. Anesth Analg. 1995;80:534.
 83.  Dubois MY, et!al. J Clin Anesth. 1995;7:44.
 84.  Naguib M, et!al. Anesth Analg. 2004;98:1686.
 85.  Lee C. Br J Anaesth. 2001;87:755.
 86.  Everett AJ, et!al. J Chem Soc D. 1970:1020.
 87.  Waser PG. Chemistry and pharmacology of natural curare com-

pounds. Neuromuscular blocking and stimulating agents. In: 

Cheymol J, ed. International Encyclopedia of Pharmacology and Thera-
peutics. Oxford: Pergamon Press; 1972:205.

 88.  Hill SA, et!al. Bailliere’s Clin Anesthesiol. 1994;8:317.
 89.  Stenlake JB, et!al. Eur J Med Chem. 1984;19:441.
 90.  Wastila WB, et!al. Anesthesiology. 1996;85:169.
 91.  Lien CA. Curr Opin Anesthesiol. 1996;9:348.
 92.  Lien CA, et!al. Anesthesiology. 1995;82:1131.
 93.  Savarese JJ, Wastila WB. Acta Anaesthesiol Scand Suppl. 

1995;106:91.
 94.  Lien CA, et!al. Anesthesiology. 1994;80:1296.
 95.  Stovner J, et!al. Br J Anaesth. 1975;47:949.
 96.  Bowman WC, et!al. Anesthesiology. 1988;69:57.
 97.  Wierda JM, Proost JH. Eur J Anaesthesiol Suppl. 1995;11:45.
 98.  Naguib M, et!al. Br J Anaesth. 1995;75:37.
 99.  Goulden MR, Hunter JM. Br J Anaesth. 1999;82:489.
 100.  Belmont MR, et!al. Anesthesiology. 2004;100:768.
 101.  Savarese JJ, et!al. Anesthesiology. 2010;113:58.
 102.  Heerdt PM, et!al. Anesthesiology. 2010;112:910.
 103.  Shanks CA. Anesthesiology. 1986;64:72.
 104.  Booij LH, Knape HT. Anaesthesia. 1991;46:341.
 105.  Bartkowski RR, et!al. Anesth Analg. 1993;77:574.
 106.  Bevan DR, et!al. Can J Anaesth. 1993;40:127.
 107.  Belmont MR, et!al. Anesthesiology. 1995;82:1139.
 108.  Savarese JJ, et!al. Anaesthesist. 1997;46:840.
 109.  Naguib M, et!al. Anesthesiology. 1998;89:1116.
 110.  Weber S, et!al. Anesth Analg. 1988;67:495.
 111.  Caldwell JE, et!al. Anesthesiology. 1989;70:31.
 112.  Diefenbach C, et!al. Anesth Analg. 1992;74:420.
 113.  Wierda JM, et!al. Can J Anaesth. 1994;41:213.
 114.  Kopman AF, et!al. Anesthesiology. 2000;93:1017.
 115.  Sheiner LB, et!al. Clin Pharmacol Ther. 1979;25:358.
 116.  Holford NH, Sheiner LB. Pharmacol Ther. 1982;16:143.
 116a.  Donati F, Meistelman C. J Pharmacokinet Biopharm. 1991;19:537.
 116b.  Ducharme J, et!al. Clin Pharmacokinet. 1993;24:507.
 116c.  Donati F. Semin Anesth. 1994;13:310–320.
 117.  Mencke T, et!al. Anesthesiology. 2003;98:1049.
 118.  Combes X, et!al. Br J Anaesth. 2007;99:276.
 118a.  Lundstrøm LH, et!al. Br J Anaesth. 2009;103:283.
 118b.  Lundstrøm LH, et!al. Cochrane Database Syst Rev. 2017;5:CD009237.
 118c.  Naguib M, Brull SJ, et!al. Anesth Analg Nov. 2017;30.
 118d.  Paton WD, et!al. J Physiol. 1951;112:311.
 119.  Donati F, et!al. Anesthesiology. 1990;73:870.
 120.  Donati F, et!al. Anesthesiology. 1991;74:833.
 121.  Meistelman C, et!al. Can J Anaesth. 1992;39:665.
 122.  Wright PM, et!al. Anesthesiology. 1994;81:1110.
 123.  Plaud B, et!al. Clin Pharmacol Ther. 1995;58:185.
 124.  Waud BE, Waud DR. Anesthesiology. 1972;37:417.
 125.  Meistelman C, et!al. Anesth Analg. 1991;73:278.
 126.  Fisher DM, et!al. Anesthesiology. 1997;86:558.
 127.  Smith CE, et!al. Anesthesiology. 1989;71:57.
 128.  Sundman E, et!al. Anesthesiology. 2000;92:977.
 129.  Berg H, et!al. Acta Anaesthesiol Scand. 1997;41:1095.
 129a.  Murphy GS, Brull SJ. Anesth Analg. 2010;111:129.
 129b.  Bulka CM, et!al. Anesthesiology. 2016;125:647.
 129c.  Eriksson LI, et!al. Anesthesiology. 1993;78:693.
 129d.  Wyon N, et!al. Anesth Analg. 1996;82:1252.
 130.  Chen BB, et!al. J Cardiothorac Vasc Anesth. 1991;5:569.
 130a.  Nandi R, Basu SR, et!al. Indian J Anaesth. 2017;61:910.
 131.  Plaud B, et!al. Anesthesiology. 2001;95:96.
 132.  Lee HJ, et!al. Br J Anaesth. 2009;102:869.
 132a.  Brull SJ, Kopman AF. Anesthesiology. 2017;126:173.
 133.  Kopman AF, et!al. Anesthesiology. 1999;90:425.
 134.  Deleted in proofs.
 135.  Kopman AF, et!al. Anesth Analg. 1999;89:1046.
 136.  Naguib M, Kopman AF. Middle East J Anesthesiol. 2003;17:193.
 137.  Bevan DR. Can J Anaesth. 1999;46:R88.
 138.  Plaud B, et!al. Anesthesiology. 1996;85:77.
 139.  Hemmerling TM, et!al. Br J Anaesth. 2000;85:856.
 140.  Magorian T, et!al. Anesthesiology. 1993;79:913.
 141.  Mehta MP, et!al. Anesthesiology. 1985;62:392.
 142.  Naguib M. Anesthesiology. 1994;81:388.
 142a.  Sieber TJ, Zbinden AM, et!al. Anesth Analg. 1998;86:1137.
 143.  Engbaek J, et!al. Acta Anaesthesiol Scand. 1985;29:117.
 144.  Savarese JJ, et!al. Anesthesiology. 1989;70:386.
 145.  Kopman AF, et!al. Anesth Analg. 2001;93:954.

Downloaded for alex arman davidson (arman@amazingstudy.tk) at Florida International University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.



SECTION II • Anesthetic Physiology830

 146.  Miguel RV, et!al. J Clin Anesth. 2001;13:325.
 147.  Agoston S, et!al. Acta Anaesthesiol Scand. 1973;17:267.
 148.  Miller RD, et!al. J Pharmacol Exp Ther. 1978;207:539.
 149.  McLeod K, et!al. Br J Anaesth. 1976;48:341.
 150.  Duvaldestin P, et!al. Br J Anaesth. 1978;50:1131.
 151.  Somogyi AA, et!al. Br J Anaesth. 1977;49:1103.
 152.  Mol WE, et!al. J Pharmacol Exp Ther. 1988;244:268.
 153.  Caldwell JE, et!al. J Pharmacol Exp Ther. 1994;270:1216.
 154.  Lebrault C, et!al. Anesthesiology. 1985;62:601.
 155.  Arden JR, et!al. Anesthesiology. 1988;68:771.
 156.  Segredo V, et!al. N Engl J Med. 1992;327:524.
 157.  Khuenl-Brady K, et!al. Anesthesiology. 1990;72:669.
 158.  Smit JW, et!al. Br J Pharmacol. 1998;123:361.
 158a.  Costa ACC, et!al. Eur J Clin Pharmacol. 2017;73:957–963.
 158b.  Leonard PA, Todd MM. A A Case Rep. 2017;9:190–192.
 159.  Head-Rapson AG, et!al. Br J Anaesth. 1994;73:613.
 160.  Head-Rapson AG, et!al. Br J Anaesth. 1995;75:31.
 161.  Goudsouzian NG, et!al. Anesth Analg. 1993;77:183.
 162.  Maddineni VR, Mirakhur RK. Anesthesiology. 1993;78:1181.
 163.  Ostergaard D, et!al. Acta Anaesthesiol Scand. 1993;37:314.
 164.  Naguib M, et!al. Anesthesiology. 1995;82:1288.
 165.  Neill EA, et!al. Br J Anaesth. 1983;55(Suppl 1):23S.
 166.  Stiller RL, et!al. Br J Anaesth. 1985;57:1085.
 167.  Fisher DM, et!al. Anesthesiology. 1986;65:6.
 168.  Lien CA, et!al. Anesthesiology. 1996;84:300.
 169.  Kisor DF, et!al. Anesth Analg. 1996;83:1065.
 170.  Boros EE, et!al. J Med Chem. 2003;46:2502.
 171.  Fisher DM, et!al. Anesthesiology. 1986;65:286.
 172.  Fahey MR, et!al. Anesthesiology. 1984;61:699.
 173.  Ward S, et!al. Br J Anaesth. 1987;59:697.
 174.  Parker CJ, Hunter JM. Br J Anaesth. 1989;62:177.
 175.  Szenohradszky J, et!al. Anesthesiology. 1992;77:899.
 176.  Khalil M, et!al. Anesthesiology. 1994;80:1241.
 177.  Matteo RS, et!al. Anesth Analg. 1993;77:1193.
 178.  Magorian T, et!al. Anesth Analg. 1995;80:754.
 179.  van Miert MM, et!al. Br J Clin Pharmacol. 1997;44:139.
 180.  De Wolf AM, et!al. Br J Anaesth. 1996;76:624.
 181.  Anaesthetists and the reporting of adverse drug reactions. Br Med J 

(Clin Res Ed). 1986;292:949.
 182.  Basta SJ. Curr Opin Anaesthiol. 1992;5:572.
 183.  Hatano Y, et!al. Anesthesiology. 1990;72:28.
 184.  Scott RP, et!al. Br J Anaesth. 1985;57:550.
 185.  Savarese JJ. Anesthesiology. 1979;50:40.
 186.  Naguib M, et!al. Br J Anaesth. 1995;75:588.
 187.  Miller RD, et!al. Anesthesiology. 1975;42:352.
 188.  Docherty JR, McGrath JC. Br J Pharmacol. 1978;64:589.
 189.  Roizen MF, et!al. J Pharmacol Exp Ther. 1979;211:419.
 190.  Reitan JA, et!al. Anesth Analg. 1973;52:974.
 191.  Wong KC, et!al. Anesthesiology. 1971;34:458.
 192.  Geha DG, et!al. Anesthesiology. 1977;46:342.
 193.  Edwards RP, et!al. Anesthesiology. 1979;50:421.
 194.  Clayton D. Br J Anaesth. 1986;58:937.
 195.  Starr NJ, et!al. Anesthesiology. 1986;64:521.
 196.  Cozanitis DA, Erkola O. Anaesthesia. 1989;44:648.
 197.  Bonner TI, et!al. Neuron. 1988;1:403.
 198.  Mak JC, Barnes PJ. Am Rev Respir Dis. 1990;141:1559.
 199.  Coulson FR, Fryer AD. Pharmacol Ther. 2003;98:59.
 200.  Jooste E, et!al. Anesthesiology. 2003;98:906.
 201.  Kron SS. Anesthesiology. 2001;94:923.
 202.  Naguib M. Anesthesiology. 2001;94:924.
 203.  Meakin GH, et!al. Anesthesiology. 2001;94:926.
 204.  Laxenaire MC, et!al. Ann Fr Anesth Reanim. 1990;9:501.
 205.  Fisher MM, More DG. Anaesth Intensive Care. 1981;9:226.
 206.  Mertes PM, et!al. Anesthesiology. 2003;99:536.
 206a.  Tacquard C, et!al. Acta Anaesthesiol Scand. 2017;61:290.
 207.  Baldo BA, Fisher MM. Nature. 1983;306:262.
 207a.  de Pater GH, Florvaag E, et!al. Allergy. 2017;72:813.
 208.  Levy JH, et!al. Anesth Analg. 1994;78:318.
 209.  Rose M, Fisher M. Br J Anaesth. 2001;86:678.
 210.  Watkins J. Br J Anaesth. 2001;87:522.
 211.  Deleted in proofs.
 212.  Laxenaire MC, Mertes PM. Br J Anaesth. 2001;87:549.
 213.  Levy JH, et!al. Br J Anaesth. 2000;85:844.
 214.  Futo J, et!al. Anesthesiology. 1988;69:92.
 215.  O’Callaghan AC, et!al. Anaesthesia. 1986;41:940.

 216.  Naguib M, et!al. CNS Drugs. 1997;8:51.
 217.  Miller RD. Factors affecting the action of muscle relaxants. In: Katz 

RL, ed. Muscle relaxants. Amsterdam: Excerpta Medica; 1975.
 218.  Naguib M, et!al. Br J Anaesth. 1994;73:484.
 219.  Lebowitz PW, et!al. Anesth Analg. 1981;60:12.
 220.  Paul M, et!al. Eur J Pharmacol. 2002;438:35.
 221.  Motamed C, et!al. Anesthesiology. 2003;98:1057.
 222.  Kay B, et!al. Anaesthesia. 1987;42:277.
 223.  Rashkovsky OM, et!al. Br J Anaesth. 1985;57:1063.
 224.  Katz RL. Anesthesiology. 1971;35:602.
 225.  Ono K, et!al. Br J Anaesth. 1989;62:324.
 226.  Katz JA, et!al. Anesthesiology. 1988;69:604.
 227.  Cooper R, et!al. Br J Anaesth. 1992;69:269.
 228.  Kelly RE, et!al. Anesth Analg. 1993;76:868.
 229.  Saitoh Y, et!al. Br J Anaesth. 1993;70:402.
 230.  Miller RD, et!al. Anesthesiology. 1972;37:573.
 231.  Miller RD, et!al. Anesthesiology. 1976;44:206.
 232.  Rupp SM, et!al. Anesthesiology. 1984;60:102.
 233.  Gencarelli PJ, et!al. Anesthesiology. 1982;56:192.
 234.  Miller RD, et!al. Anesthesiology. 1971;35:509.
 235.  Wulf H, et!al. Can J Anaesth. 1998;45:526.
 236.  Bock M, et!al. Br J Anaesth. 2000;84:43.
 237.  Paul M, et!al. Anesth Analg. 2002;95:362.
 238.  Stanski DR, et!al. Anesth Analg. 2002;95:362.
 239.  Pereon Y, et!al. Anesth Analg. 1999;89:490.
 240.  Franks NP, Lieb WR. Nature. 1994;367:607.
 241.  Singh YN, et!al. Anesthesiology. 1978;48:418.
 242.  Burkett L, et!al. Anesth Analg. 1979;58:107.
 243.  Hasfurther D, Bailey P. Can J Anaesth. 1996;43:617.
 244.  Heier T, et!al. Anesthesiology. 1991;74:815.
 245.  Leslie K, et!al. Anesth Analg. 1995;80:1007.
 246.  Caldwell JE, et!al. Anesthesiology. 2000;92:84.
 247.  Heier T, et!al. Anesthesiology. 1989;71:381.
 248.  Heier T, et!al. Anesthesiology. 1990;72:807.
 249.  Miller RD, et!al. J Pharmacol Exp Ther. 1978;207:532.
 250.  Stenlake JB, Hughes R. Br J Anaesth. 1987;59:806.
 251.  Eriksson LI, et!al. Acta Anaesthesiol Scand. 1991;35:387.
 252.  Thornberry EA, Mazumdar B. Anaesthesia. 1988;43:447.
 253.  Miller RD, et!al. J Pharmacol Exp Ther. 1975;195:237.
 254.  Miller RD, Roderick LL. Anesthesiology. 1977;46:333.
 255.  Heier T, et!al. Anesthesiology. 2002;97:90.
 255a.  Lee HJ, Kim KS, et!al. BMC Anesthesiol. 2015;15:7.
 256.  Sinatra RS, et!al. Anesth Analg. 1985;64:1220.
 257.  Fuchs-Buder T, et!al. Br J Anaesth. 1995;74:405.
 258.  Tsai SK, et!al. Br J Anaesth. 1994;72:674.
 259.  Waud BE, Waud DR. Br J Anaesth. 1980;52:863.
 260.  Al-Mohaya S, et!al. Anesthesiology. 1986;65:554.
 261.  Price LH, Heninger GR. N Engl J Med. 1994;331:591.
 262.  Abdel-Zaher AO. Pharmacol Res. 2000;41:163.
 263.  Hill GE, et!al. Anesthesiology. 1977;46:122.
 264.  Martin BA, Kramer PM. Am J Psychiatry. 1982;139:1326.
 265.  Usubiaga JE, et!al. Anesth Analg. 1967;46:39.
 266.  Usubiaga JE, Standaert F. J Pharmacol Exp Ther. 1968;159:353.
 267.  Kordas M. J Physiol. 1970;209:689.
 268.  Thorpe WR, Seeman P. J Pharmacol Exp Ther. 1971;179:324.
 269.  Ozkul Y. Clin Neurophysiol. 2007;118:2005.
 270.  van Poorten JF, et!al. Anesth Analg. 1984;63:155.
 271.  Baurain M, et!al. Anaesthesia. 1989;44:34.
 272.  Selzer ME, et!al. Brain Res. 1984;304:149.
 273.  Ornstein E, et!al. Anesthesiology. 1987;67:191.
 274.  Spacek A, et!al. Br J Anaesth. 1996;77:500.
 275.  Alloul K, et!al. Anesthesiology. 1996;84:330.
 276.  Kim CS, et!al. Anesthesiology. 1992;77:500.
 277.  Melton AT, et!al. Can J Anaesth. 1993;40:939.
 278.  Miller RD, et!al. Anesthesiology. 1976;45:442.
 279.  Deleted in proofs.
 280.  Deleted in proofs.
 281.  Deleted in proofs.
 282.  Hill GE, et!al. Anesth Analg. 1978;57:417.
 283.  Matteo RS, et!al. Anesthesiology. 1980;52:335.
 284.  Lee C, Katz RL. Br J Anaesth. 1980;52:173.
 285.  Glidden RS, et!al. Anesthesiology. 1988;68:595.
 286.  Meyers EF. Anesthesiology. 1977;46:148.
 287.  Leeuwin RS, et!al. Eur J Pharmacol. 1981;69:165.
 288.  Parr SM, et!al. Br J Anaesth. 1991;67:447.

Downloaded for alex arman davidson (arman@amazingstudy.tk) at Florida International University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.



27 • Pharmacology of Neuromuscular Blocking Drugs 831

 289.  Bouzat C, Barrantes FJ. J Biol Chem. 1996;271:25835.
 290.  Valera S, et!al. Proc Natl Acad Sci U S A. 1992;89:9949.
 291.  Naguib M, Gyasi HK. Can Anaesth Soc J. 1986;33:682.
 292.  Henderson WA. Can Anaesth Soc J. 1984;31:444.
 293.  Goudsouzian NG, et!al. Anesthesiology. 1974;41:95.
 294.  Fisher DM, et!al. Anesthesiology. 1982;57:203.
 295.  Fisher DM, et!al. Clin Pharmacol Ther. 1985;37:402.
 296.  Fisher DM, et!al. Anesthesiology. 1990;73:33.
 297.  Fisher DM, Miller RD. Anesthesiology. 1983;58:519.
 298.  Meretoja OA, et!al. Anesth Analg. 1988;67:21.
 299.  Wierda JM, et!al. Br J Anaesth. 1997;78:690.
 300.  Goudsouzian NG, et!al. Anesthesiology. 1983;59:459.
 301.  Meretoja OA, et!al. Paediatr Anaesth. 1996;6:373.
 302.  de Ruiter J, Crawford MW. Anesthesiology. 2001;94:790.
 303.  Scheiber G, et!al. Anesth Analg. 1996;83:320.
 304.  Taivainen T, et!al. Paediatr Anaesth. 1996;6:271.
 305.  Devys JM, et!al. Br J Anaesth. 2011;106:225.
 305a.  Meakin G, et!al. Anesthesiology. 1983;59:316.
 306.  Koscielniak-Nielsen ZJ, et!al. Anesthesiology. 1993;79:229.
 307.  Duvaldestin P, et!al. Anesthesiology. 1982;56:36.
 308.  Lien CA, et!al. Anesth Analg. 1991;73:39.
 309.  Maddineni VR, et!al. Br J Anaesth. 1994;72:497.
 310.  Maddineni VR, et!al. Br J Anaesth. 1994;73:608.
 311.  Lemmens HJ, Brodsky JB. Anesth Analg. 2006;102:438.
 312.  Schwartz AE, et!al. Anesth Analg. 1992;74:515.
 313.  Meyhoff CS, et!al. Anesth Analg. 2009;109:787.
 314.  Leykin Y, et!al. Anesth Analg. 2004;99:1086.
 315.  Varin F, et!al. Clin Pharmacol Ther. 1990;48:18.
 316.  van Kralingen S, et!al. Br J Clin Pharmacol. 2011;71:34.
 317.  Miller RD, et!al. J Pharmacol Exp Ther. 1977;202:1.
 318.  Ward S, Neill EA. Br J Anaesth. 1983;55:1169.
 319.  Bevan DR, et!al. Can Anaesth Soc J. 1984;31:491.
 320.  Khuenl-Brady KS, et!al. Anaesthesia. 1993;48:873.
 321.  Hunter JM, et!al. Br J Anaesth. 1982;54:1251.
 322.  Vandenbrom RH, et!al. Clin Pharmacokinet. 1990;19:230.
 323.  Boyd AH, et!al. Br J Anaesth. 1995;74:400.
 324.  Fahey MR, et!al. Br J Anaesth. 1981;53:1049.
 325.  Lynam DP, et!al. Anesthesiology. 1988;69:227.
 326.  Hunter JM, et!al. Br J Anaesth. 1984;56:941.
 326a.  Robertson EN, et!al. Eur J Anaesthesiol. 2005;22:4.
 326b.  Bencini AF, et!al. Br J Anaesth. 1986;58:988.
 326c.  Servin FS, et!al. Anesthesiology. 1996;84:1092.
 327.  Lawhead RG, et!al. Anesth Analg. 1993;76:569.
 328.  Ward JM, et!al. J Burn Care Rehabil. 1993;14:595.
 329.  Martyn JA, et!al. Anesthesiology. 1980;52:352.
 330.  Edwards JP, et!al. Muscle Nerve. 1999;22:1660.
 331.  Tomera JF, et!al. J Burn Care Rehabil. 1993;14:406.
 332.  Marathe PH, et!al. Anesthesiology. 1989;70:752.
 333.  Han T, et!al. Anesth Analg. 2004;99:386.
 334.  Martyn JA, et!al. Anesthesiology. 1992;76:822.

 335.  Schaner PJ, et!al. Anesth Analg. 1969;48:764.
 336.  Viby-Mogensen J, et!al. Acta Anaesthesiol Scand. 1975;19:169.
 337.  Murray MJ, et!al. Crit Care Med. 2002;30:142.
 338.  Papazian L, et!al. N Engl J Med. 2010;363:1107.
 339.  Loper KA, et!al. Pain. 1989;37:315.
 340.  Hansen-Flaschen JH, et!al. JAMA. 1991;266:2870.
 341.  Pollard BJ. Br J Intens Care. 1994;4:347.
 341a.  Murray MJ, et!al. Crit Care Med. 2016;44:2079.
 342.  Lacomis D, et!al. Muscle Nerve. 1998;21:610.
 343.  Rudis MI, et!al. Crit Care Med. 1996;24:1749.
 344.  Lacomis D, et!al. Muscle Nerve. 2000;23:1785.
 345.  Showalter CJ, Engel AG. Muscle Nerve. 1997;20:316.
 346.  Shee CD. Respir Med. 1990;84:229.
 347.  Hanson P, et!al. Muscle Nerve. 1997;20:1371.
 348.  Deconinck N, et!al. Neuromuscul Disord. 1998;8:186.
 349.  DuBois DC, Almon RR. Endocrinology. 1980;107:1649.
 350.  Hund E. Crit Care Med. 1999;27:2544.
 351.  Neviere R, et!al. Am J Respir Crit Care Med. 1996;153:191.
 352.  Tsukagoshi H, et!al. Anesthesiology. 1999;91:448.
 353.  De Letter MA, et!al. J Neuroimmunol. 2000;106:206.
 354.  Tepper M, et!al. Neth J Med. 2000;56:211.
 355.  Zifko UA. Muscle Nerve Suppl. 2000;9:S49.
 356.  Dodson BA, et!al. Crit Care Med. 1995;23:815.
 357.  Coursin DB, et!al. Anesth Analg. 69: 518.
 358.  Kupfer Y, et!al. Ann Intern Med. 1992;117:484.
 359.  Op de Coul AA, et!al. Clin Neurol Neurosurg. 1985;87:17.
 360.  Tousignant CP, et!al. Can J Anaesth. 1995;42:224.
 361.  Gwinnutt CL, et!al. Br J Anaesth. 1990;65:829.
 362.  Szenohradszky J, et!al. Anesth Analg. 1993;76:1304.
 363.  Griffiths RB, et!al. Anaesthesia. 1986;41:375.
 364.  Beemer GH, et!al. Anaesth Intensive Care. 1989;17:504.
 365.  Eddleston JM, et!al. Br J Anaesth. 1989;63:525.
 366.  Chiodini F, et!al. Anesthesiology. 2001;94:643.
 367.  Chapple DJ, et!al. Br J Anaesth. 1987;59:218.
 368.  Prielipp RC, et!al. Anesth Analg. 1995;81:3.
 369.  Zarowitz BJ, et!al. Pharmacotherapy. 1997;17:327.
 370.  Kress JP, et!al. N Engl J Med. 2000;342:1471.
 371.  Kim KS, et!al. Br J Anaesth. 1999;83:483.
 372.  Katz RL, Ryan JF. Br J Anaesth. 1969;41:381.
 373.  Kopman AF, et!al. Anesthesiology. 2003;99:1050.
 374.  Wierda JM, et!al. Anesth Analg. 1993;77:579.
 375.  Miguel R, et!al. Anesthesiology. 1999;91:1648.
 376.  Agoston S, et!al. Br J Anaesth. 1980;52(Suppl 1):53S.
 377.  Katz RL. Anesthesiology. 1971;34:550.
 378.  Savarese JJ, et!al. Anesthesiology. 1977;47:277.
 379.  From RP, et!al. Br J Anaesth. 1990;64:193.
 380.  Somogyi AA, et!al. Eur J Clin Pharmacol. 1977;12:23.
 381.  Lebrault C, et!al. Br J Anaesth. 1986;58:983.
 382.  Servin FS, et!al. Anesthesiology. 1996;84:1092.
 383.  Westra P, et!al. Br J Anaesth. 1981;53:331.

Downloaded for alex arman davidson (arman@amazingstudy.tk) at Florida International University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.



831.e1

References
 1.  Griffith H, Johnson GE. The use of curare in general anesthesia. 

Anesthesiology. 1942;3:418.
 2.  Cullen SC. The use of curare for improvement of abdominal relax-

ation during cyclopropane anesthesia. Report on 131 cases. Sur-
gery. 1943;14:216.

 3.  Beecher HK, Todd DP. A study of deaths with anesthesia and sur-
gery. Ann Surg. 1954;140:2.

 4.  Thesleff S. Farmakologisks och kliniska forsok med L.T. I. (O, 
O-succinylcholine jodid). Nord Med. 1951;46:1045.

 5.  Foldes FF, McNall PG, Borrego-Hinojosa JM. Succinylcholine, a 
new approach to muscular relaxation in anaesthesiology. N Engl J 
Med. 1952;247:596.

 6.  Baird WL, Reid AM. The neuromuscular blocking properties of a 
new steroid compound, pancuronium bromide. A pilot study in 
man. Br J Anaesth. 1967;39:775.

 7.  Savage DS, Sleigh T, Carlyle I. The emergence of ORG NC 45, 
1-[2 beta,3 alpha,5 alpha,16 beta,17 beta)-3,17-bis(acetyloxy)-
2-(1-piperidinyl)-androstan-16-yl]-1-methylpiperidinium bromide, 
from the pancuronium series. Br J Anaesth. 1980;52(suppl 1):3S.

 8.  Stenlake JB, Waigh RD, Dewar GH, et!al. Biodegradable neuromus-
cular blocking agents. Part 4. Atracurium besylate and related 
polyalkylylene di-esters. Eur J Med Chem. 1981;16:515.

 9.  Savarese JJ, Ali HH, Basta SJ, et! al. The clinical neuromuscular 
pharmacology of mivacurium chloride (BW B1090U). A short-
acting nondepolarizing ester neuromuscular blocking drug. Anes-
thesiology. 1988;68:723.

 10.  Wierda JM, de Wit AP, Kuizenga K, Agoston S. Clinical observa-
tions on the neuromuscular blocking action of Org 9426, a new 
steroidal non-depolarizing agent. Br J Anaesth. 1990;64:521.

 11.  Lien CA, Savard P, Belmont M, et!al. Fumarates. unique nondepo-
larizing neuromuscular blocking agents that are antagonized by 
cysteine. J Crit Care. 2009;24:50.

 11a.  Savarese JJ. Anesthesiology. 2018;129:970.
 11b.  Deleted in proofs.
 12.  On being aware. Br J Anaesth. 1979;51:711.
 13.  Shovelton DS. Reflections on an intensive therapy unit. Br Med J. 

1979;1:737.
 14.  Poggesi I, Benedetti MS, Whomsley R, et!al. Pharmacokinetics in 

special populations. Drug Metab Rev. 2009;41:422.
 15.  Cullen SC, Larson CPJ. Essentials of Anesthetic Practice. Chicago: 

Year Book Medical; 1974.
 16.  Naguib M, Flood P, McArdle JJ, Brenner HR. Advances in neurobi-

ology of the neuromuscular junction. implications for the anesthe-
siologist. Anesthesiology. 2002;96:202.

 17.  Machold J, Weise C, Utkin Y, et!al. The handedness of the subunit 
arrangement of the nicotinic acetylcholine receptor from Torpedo 
californica. Eur J Biochem. 1995;234:427.

 18.  Willcockson IU, Hong A, Whisenant RP, et! al. Orientation of 
d-tubocurarine in the muscle nicotinic acetylcholine receptor- 
binding site. J Biol Chem. 2002;277:42249.

 19.  Bowman WC. Pharmacology of Neuromuscular Function. 2nd ed. 
London: Wright; 1990.

 20.  Martyn JA. Basic and clinical pharmacology of the acetylcholine 
receptor. Implications for the use of neuromuscular relaxants. Keio 
J Med. 1995;44:1.

 21.  Kallen RG, Sheng ZH, Yang J, et!al. Primary structure and expres-
sion of a sodium channel characteristic of denervated and imma-
ture rat skeletal muscle. Neuron. 1990;4:233.

 22.  Martyn JA, Richtsfeld M. Succinylcholine-induced hyperkalemia in 
acquired pathologic states. Etiologic factors and molecular mecha-
nisms. Anesthesiology. 2006;104:158.

 23.  Bowman WC. Prejunctional and postjunctional cholinoceptors at 
the neuromuscular junction. Anesth Analg. 1980;59:935.

 24.  Slutsky I, Wess J, Gomeza J, et! al. Use of knockout mice reveals 
involvement of M2-muscarinic receptors in control of the kinetics 
of acetylcholine release. J Neurophysiol. 1954;89:2003.

 25.  Bowman WC, Prior C, Marshall IG. Presynaptic receptors in the 
neuromuscular junction. Ann N Y Acad Sci. 1990;604:69.

 26.  Bovet D. Some aspects of the relationship between chemical consti-
tution and curare-like activity. Ann NY Acad Sci. 1951;54:407.

 27.  Szalados JE, Donati F, Bevan DR. Effect of d-tubocurarine pretreat-
ment on succinylcholine twitch augmentation and neuromuscular 
blockade. Anesth Analg. 1990;71:55.

 28.  Kopman AF, Klewicka MM, Neuman GG. An alternate method 
for estimating the dose-response relationships of neuromuscular 
blocking drugs. Anesth Analg. 2000;90:1191.

 29.  Curran MJ, Donati F, Bevan DR. Onset and recovery of atracu-
rium and suxamethonium-induced neuromuscular blockade with 
simultaneous train-of-four and single twitch stimulation. Br J 
Anaesth. 1987;59:989.

 30.  Viby-Mogensen J. Correlation of succinylcholine duration of action 
with plasma cholinesterase activity in subjects with the genotypi-
cally normal enzyme. Anesthesiology. 1980;53:517.

 31.  Gissen AJ, Katz RL, Karis JH, Papper EM. Neuromuscular block in 
man during prolonged arterial infusion with succinylcholine. Anes-
thesiology. 1966;27:242.

 32.  Torda TA, Graham GG, Warwick NR, Donohue P. Pharmacokinet-
ics and pharmacodynamics of suxamethonium. Anaesth Intensive 
Care. 1997;25:272.

 33.  Foldes FF, Rendell-Baker L, Birch JH. Causes and prevention of pro-
longed apnea with succinylcholine. Anesth Analg. 1956;35:609.

 34.  Lepage L, Schiele F, Gueguen R, Siest G. Total cholinesterase in 
plasma. biological variations and reference limits. Clin Chem. 
1985;31:546.

 35.  Sunew KY, Hicks RG. Effects of neostigmine and pyridostigmine on 
duration of succinylcholine action and pseudocholinesterase activ-
ity. Anesthesiology. 1978;49:188.

 36.  Lindsay PA, Lumley J. Suxamethonium apnoea masked by tetrahy-
droaminacrine. Anaesthesia. 1978;33:620.

 37.  Walts LF, DeAngelis J, Dillon JB. Clinical studies of the interaction 
of hexafluorenium and succinylcholine in man. Anesthesiology. 
1970;33:503.

 38.  Kao YJ, Tellez J, Turner DR. Dose-dependent effect of metoclo-
pramide on cholinesterases and suxamethonium metabolism. Br J 
Anaesth. 1990;65:220.

 39.  Fisher DM, Caldwell JE, Sharma M, Wiren JE. The influence of 
bambuterol (carbamylated terbutaline) on the duration of action 
of succinylcholine-induced paralysis in humans. Anesthesiology. 
1988;69:757.

 40.  Barabas E, Zsigmond EK, Kirkpatrick AF. The inhibitory effect 
of esmolol on human plasmacholinesterase. Can Anaesth Soc J. 
1986;33:332.

 41.  Pantuck EJ. Ecothiopate iodide eye drops and prolonged response to 
suxamethonium. Br J Anaesth. 1966;38:406.

 42.  Kalow W, Genest K. A method for the detection of atypical forms 
of human serum cholinesterase. determination of dibucaine num-
bers. Can J Biochem. 1957;35:339.

 43.  Jensen FS, Viby-Mogensen J. Plasma cholinesterase and abnor-
mal reaction to succinylcholine. Twenty years’ experience with 
the Danish Cholinesterase Research Unit. Acta Anaesthesiol Scand. 
1995;39:150.

 44.  Primo-Parmo SL, Lightstone H, La Du BN. Characterization of an 
unstable variant (BChE115D) of human butyrylcholinesterase. 
Pharmacogenetics. 1997;7:27.

 45.  Galindo AHF, Davis TB. Succinylcholine and cardiac excitability. 
Anesthesiology. 1962;23:32.

 46.  Goat VA, Feldman SA. The dual action of suxamethonium on the 
isolated rabbit heart. Anaesthesia. 1972;27:149.

 47.  Jonsson M, Dabrowski M, Gurley DA, et! al. Activation and inhi-
bition of human muscular and neuronal nicotinic acetylcholine 
receptors by succinylcholine. Anesthesiology. 2006;104:724.

 48.  Stoelting RK, Peterson C. Heart-rate slowing and junctional 
rhythm following intravenous succinylcholine with and without 
intramuscular atropine preanesthetic medication. Anesth Analg. 
1975;54:705.

 49.  Schoenstadt DA, Witcher CE. Observations on the mechanism of 
succinylcholine-induced cardiac arrhythmias. Anesthesiology. 
1963;24:358.

 50.  Leiman BC, Katz J, Butler BD. Mechanisms of succinylcholine-
induced arrhythmias in hypoxic or hypoxic-hypercarbic dogs. 
Anesth Analg. 1987;66:1292.

 51.  Derbyshire DR. Succinylcholine-induced increases in plasma cat-
echolamine levels in humans. Anesth Analg. 1984;63:465.

 52.  Walton JD, Farman JV. Suxamethonium hyperkalaemia in urae-
mic neuropathy. Anaesthesia. 1973;28:666.

 53.  Powell JN, Golby M. The pattern of potassium liberation following 
a single dose of suxamethonium in normal and uraemic rats. Br J 
Anaesth. 1971;43:662.

Downloaded for alex arman davidson (arman@amazingstudy.tk) at Florida International University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.



References831.e2

 53a.  Thapa S, Brull SJ. Succinylcholine-induced hyperkalemia in 
patients with renal failure. An old question revisited. Anesth Analg. 
2000;91:237.

 54.  Schwartz DE, Kelly B, Caldwell JE, et!al. Succinylcholine-induced 
hyperkalemic arrest in a patient with severe metabolic acidosis and 
exsanguinating hemorrhage. Anesth Analg. 1992;75:291.

 55.  Antognini JF, Gronert GA. Succinylcholine causes profound 
hyperkalemia in hemorrhagic, acidotic rabbits. Anesth Analg. 
1993;77:585.

 56.  Antognini JF. Splanchnic release of potassium after hemorrhage 
and succinylcholine in rabbits. Anesth Analg. 1994;78:687.

 57.  Kohlschütter B, Baur H, Roth F. Suxamethonium-induced hyper-
kalaemia in patients with severe intra-abdominal infections. Br J 
Anaesth. 1976;48:557.

 58.  Stevenson PH, Birch AA. Succinylcholine-induced hyperkalemia 
in a patient with a closed head injury. Anesthesiology. 1979;51:89.

 59.  Birch Jr AA, Mitchell GD, Playford GA, Lang CA. Changes in serum 
potassium response to succinylcholine following trauma. JAMA. 
1969;210:490.

 60.  Pandey K, Badola RP, Kumar S. Time course of intraocular hyper-
tension produced by suxamethonium. Br J Anaesth. 1972;44:191.

 61.  Indu B, Batra YK, Puri GD, Singh H. Nifedipine attenuates the 
intraocular pressure response to intubation following succinylcho-
line. Can J Anaesth. 1989;36:269.

 62.  Meyers EF, Krupin T, Johnson M, Zink H. Failure of nondepolar-
izing neuromuscular blockers to inhibit succinylcholine-induced 
increased intraocular pressure, a controlled study. Anesthesiology. 
1978;48:149.

 63.  Miller RD, Way WL, Hickey RF. Inhibition of succinylcholine-
induced increased intraocular pressure by non-depolarizing mus-
cle relaxants. Anesthesiology. 1985;62:637.

 63a.  Cunningham AJ, Barry P. Intraocular pressure—physiology and 
implications for anaesthetic management. Can Anaesth Soc J. 
1986;33:195.

 64.  Libonati MM, Leahy JJ, Ellison N. The use of succinylcholine in 
open eye surgery. Anesthesiology. 1985;62:637.

 65.  Greenan J. The cardio-oesphageal junction. Br J Anaesth. 
1961;33:432.

 66.  Miller RD, Way WL. Inhibition of succinylcholine-induced 
increased intragastric pressure by nondepolarizing muscle relax-
ants and lidocaine. Anesthesiology. 1971;34:185–188.

 67.  Salem MR, Wong AY, Lin YH. The effect of suxamethonium on 
the intragastric pressure in infants and children. Br J Anaesth. 
1972;44:166.

 68.  Minton MD, Grosslight K, Stirt JA, Bedford RF. Increases in intra-
cranial pressure from succinylcholine. Prevention by prior nonde-
polarizing blockade. Anesthesiology. 1986;65:165.

 69.  Brodsky JB, Brock-Utne JG, Samuels SI. Pancuronium pretreatment 
and post-succinylcholine myalgias. Anesthesiology. 1979;51:259.

 70.  Waters DJ, Mapleson WW. Suxamethonium pains. Hypothesis and 
observation. Anaesthesia. 1971;26:127.

 71.  McLoughlin C, Elliott P, McCarthy G, Mirakhur RK. Muscle pains 
and biochemical changes following suxamethonium administra-
tion after six pretreatment regimens. Anaesthesia. 1992;47:202.

 72.  Naguib M, Farag H, Magbagbeola JA. Effect of pre-treatment with 
lysine acetyl salicylate on suxamethonium-induced myalgia. Br J 
Anaesth. 1987;59:606.

 73.  Smith I, Ding Y, White PF. Muscle pain after outpatient laparos-
copy. Influence of propofol versus thiopental and enflurane. Anesth 
Analg. 1993;76:1181.

 73a.  Findlay GP, Spittal MJ. Roncuronium pretreatment reduces suxa-
methonium-induced myalgia. Comparison with vecuronium. Br J 
Anaesth. 1996;76:526.

 74.  Leary NP, Ellis FR. Masseteric muscle spasm as a normal response 
to suxamethonium. Br J Anaesth. 1990;64:488.

 75.  Meakin G, Walker RW, Dearlove OR. Myotonic and neuromuscu-
lar blocking effects of increased doses of suxamethonium in infants 
and children. Br J Anaesth. 1990;65:816.

 76.  Van der Spek AF, Fang WB, Ashton-Miller JA, et!al. The effects of 
succinylcholine on mouth opening. Anesthesiology. 1987;67:459.

 77.  Littleford JA, Patel LR, Bose D, et!al. Masseter muscle spasm in chil-
dren. Implications of continuing the triggering anesthetic. Anesth 
Analg. 1991;72:151.

 77a.  Dewachter P, Mouton-Faivre C, Emala CW. Anaphylaxis and 
anesthesia. Controversies and new insights. Anesthesiology. 
2009;111:1141–1150.

 78.  Naguib M, Samarkandi A, Riad W, Alharby SW. Optimal dose of 
succinylcholine revisited. Anesthesiology. 2003;99:1045.

 79.  Naguib M, Samarkandi AH, Abdullah K, et!al. Succinylcholine dos-
age and apnea-induced hemoglobin desaturation in patients. Anes-
thesiology. 2005;102:35.

 80.  Donati F, Gill SS, Bevan DR, et!al. Pharmacokinetics and pharma-
codynamics of atracurium with and without previous suxametho-
nium administration. Br J Anaesth. 1991;66:557.

 81.  Naguib M, Abdulatif M, Selim M, al-Ghamdi A. Dose-response stud-
ies of the interaction between mivacurium and suxamethonium. 
Br J Anaesth. 1995;74:26.

 82.  Erkola O, Rautoma P, Meretoja OA. Interaction between mivacu-
rium and succinylcholine. Anesth Analg. 1995;80:534.

 83.  Dubois MY, Lea DE, Kataria B, et! al. Pharmacodynamics of 
rocuronium with and without prior administration of succinylcho-
line. J Clin Anesth. 1995;7:44.

 84.  Naguib M, Lien CA, Aker J, Eliazo R. Posttetanic potentiation and 
fade in the response to tetanic and train-of-four stimulation during 
succinylcholine-induced block. Anesth Analg. 2004;98:1686.

 85.  Lee C. Structure, conformation, and action of neuromuscular 
blocking drugs. Br J Anaesth. 2001;87:755.

 86.  Everett AJ, Lowe LA, Wilkinson S. Revision of the structures of 
(+)-tubocurarine chloride and (+)-chondocurine. J Chem Soc D. 
1970:1020.

 87.  Waser PG. Chemistry and pharmacology of natural curare com-
pounds. Neuromuscular blocking and stimulating agents. In: 
Cheymol J, ed. International Encyclopedia of Pharmacology and Thera-
peutics. Oxford: Pergamon Press; 1972:205–239.

 88.  Hill SA, Scott RPF, Savarese JJ. Structure-activity relationships. 
From tubocurarine to the present day. Bailliere’s Clin Anesthesiol. 
1994;8:317.

 89.  Stenlake JB, Waigh RD, Dewar GH, et!al. Biodegradable neuromus-
cular blocking agents. 6. Stereochemical studies on atracurium 
and related polyalkylene di-esters. Eur J Med Chem. 1984;19:441.

 90.  Wastila WB, Maehr RB, Turner GL, et!al. Comparative pharmacol-
ogy of cisatracurium (51W89), atracurium, and five isomers in 
cats. Anesthesiology. 1996;85:169.

 91.  Lien CA. The role of stereoisomerism in neuromuscular blocking 
drugs. Curr Opin Anesthesiol. 1996;9:348.

 92.  Lien CA, Belmont MR, Abalos A, et!al. The cardiovascular effects 
and histamine-releasing properties of 51W89 in patients receiv-
ing nitrous oxide/opioid/barbiturate anesthesia. Anesthesiology. 
1995;82:1131.

 93.  Savarese JJ, Wastila WB. The future of the benzylisoquinolinium 
relaxants. Acta Anaesthesiol Scand Suppl. 1995;106:91.

 94.  Lien CA, Schmith VD, Embree PB, et!al. The pharmacokinetics and 
pharmacodynamics of the stereoisomers of mivacurium in patients 
receiving nitrous oxide/opioid/barbiturate anesthesia. Anesthesiol-
ogy. 1994;80:1296.

 95.  Stovner J, Oftedal N, Holmboe J. The inhibition of cholinesterases 
by pancuronium. Br J Anaesth. 1975;47:949.

 96.  Bowman WC, Rodger IW, Houston J, et!al. Structure. Action rela-
tionships among some desacetoxy analogues of pancuronium and 
vecuronium in the anesthetized cat. Anesthesiology. 1988;69:57.

 97.  Wierda JM, Proost JH. Structure-pharmacodynamic-pharmacoki-
netic relationships of steroidal neuromuscular blocking agents. Eur 
J Anaesthesiol Suppl. 1995;11:45.

 98.  Naguib M, Samarkandi AH, Bakhamees HS, et! al. Comparative 
potency of steroidal neuromuscular blocking drugs and isobolo-
graphic analysis of the interaction between rocuronium and other 
aminosteroids. Br J Anaesth. 1995;75:37.

 99.  Goulden MR, Hunter JM. Rapacuronium (Org 9487). Do we have a 
replacement for succinylcholine? Br J Anaesth. 1999;82:489.

 100.  Belmont MR, Lien CA, Tjan J, et! al. Clinical pharmacology of 
GW280430A in humans. Anesthesiology. 2004;100:768.

 101.  Savarese JJ, McGilvra JD, Sunaga H, et!al. Rapid chemical antago-
nism of neuromuscular blockade by l-cysteine adduction to and 
inactivation of the olefinic (double-bonded) isoquinolinium diester 
compounds gantacurium (AV430A), CW 002, and CW 011. Anes-
thesiology. 2010;113:58.

 102.  Heerdt PM, Malhotra JK, Pan BY, et! al. Pharmacodynamics and 
cardiopulmonary side effects of CW002, a cysteine-reversible neu-
romuscular blocking drug in dogs. Anesthesiology. 2010;112:910.

 103.  Shanks CA. Pharmacokinetics of the nondepolarizing neuromus-
cular relaxants applied to calculation of bolus and infusion dosage 
regimens. Anesthesiology. 1986;64:72.

Downloaded for alex arman davidson (arman@amazingstudy.tk) at Florida International University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.



References 831.e3

 104.  Booij LH, Knape HT. The neuromuscular blocking effect of Org 
9426. A new intermediately-acting steroidal non-depolarising 
muscle relaxant in man. Anaesthesia. 1991;46:341.

 105.  Bartkowski RR, Witkowski TA, Azad S, et!al. Rocuronium onset of 
action. A comparison with atracurium and vecuronium. Anesth 
Analg. 1993;77:574.

 106.  Bevan DR, Fiset P, Balendran P, et!al. Pharmacodynamic behav-
iour of rocuronium in the elderly. Can J Anaesth. 1993;40:127.

 107.  Belmont MR, Lien CA, Quessy S, et!al. The clinical neuromuscular 
pharmacology of 51W89 in patients receiving nitrous oxide/opi-
oid/barbiturate anesthesia. Anesthesiology. 1995;82:1139.

 108.  Savarese JJ, Lien CA, Belmont MR, Wastila WB. The clinical phar-
macology of new benzylisoquinoline-diester compounds, with spe-
cial consideration of cisatracurium and mivacurium. Anaesthesist. 
1997;46:840. [in German].

 109.  Naguib M, Samarkandi AH, Ammar A, et!al. Comparative clinical 
pharmacology of rocuronium, cisatracurium, and their combina-
tion. Anesthesiology. 1998;89:1116.

 110.  Weber S, Brandom BW, Powers DM, et! al. Mivacurium chloride 
(BW B1090U)-induced neuromuscular blockade during nitrous 
oxide-isoflurane and nitrous oxide-narcotic anesthesia in adult 
surgical patients. Anesth Analg. 1988;67:495.

 111.  Caldwell JE, Kitts JB, Heier T, et!al. The dose-response relationship of 
mivacurium chloride in humans during nitrous oxide–fentanyl or 
nitrous oxide–enflurane anesthesia. Anesthesiology. 1989;70:31.

 112.  Diefenbach C, Mellinghoff H, Lynch J, Buzello W. Mivacurium. 
dose-response relationship and administration by repeated injec-
tion or infusion. Anesth Analg. 1992;74:420.

 113.  Wierda JM, Beaufort AM, Kleef UW, et! al. Preliminary investiga-
tions of the clinical pharmacology of three short-acting non-depo-
larizing neuromuscular blocking agents, Org 9453, Org 9489 and 
Org 9487. Can J Anaesth. 1994;41:213.

 114.  Kopman AF, Klewicka MM, Ghori K, et! al. Dose-response and 
onset/offset characteristics of rapacuronium. Anesthesiology. 
2000;93:1017.

 115.  Sheiner LB, Stanski DR, Vozeh S, et!al. Simultaneous modeling 
of pharmacokinetics and pharmacodynamics. application to 
d-tubocurarine. Clin Pharmacol Ther. 1979;25:358.

 116.  Holford NH, Sheiner LB. Kinetics of pharmacologic response. Phar-
macol Ther. 1982;16:143.

 116a.  Meistelman C, Plaud B, Donati F. Rocuronium (ORG 9426) neu-
romuscular blockade at the adductor muscles of. J Pharmacokinet 
Biopharm. 1991;19:537.

 116b.  Ducharme J, Varin F, Bevan DR, Donati F. Importance of early 
blood sampling on vecuronium pharmacokinetic and pharmaco-
dynamic parameters. Clin Pharmacokinet. 1993;24:507.

 116c.  Donati F. Pharmacokinetic and pharmacodynamic factors in 
clinical use of muscle relaxants. Semin Anesth. 1994;13:310–
320.

 117.  Mencke T, Echternach M, Kleinschmidt S, et!al. Laryngeal morbid-
ity and quality of tracheal intubation. A randomized controlled 
trial. Anesthesiology. 2003;98:1049.

 118.  Combes X, Andriamifidy L, Dufresne E, et! al. Comparison of 
two induction regimens using or not using muscle relaxant. 
impact on postoperative upper airway discomfort. Br J Anaesth. 
2007;99:276.

 118a.  Lundstrøm LH, Møller AM, Danish Anaesthesia Database. Avoid-
ance of neuromuscular blocking agents may increase the risk of dif-
ficult tracheal intubation. a cohort study of 103,812 consecutive 
adult patients recorded in the Danish Anaesthesia Database. Br J 
Anaesth. 2009;103:283.

 118b.  Lundstrøm LH, Duez CH, Nørskov AK, et!al. Avoidance versus use 
of neuromuscular blocking agents for improving conditions during 
tracheal intubation or direct laryngoscopy in adults and adoles-
cents. Cochrane Database Syst Rev. 2017;5:CD009237.

 118c.  Naguib M, Brull SJ, et!al. Anesth Analg Nov. 2017;30.
 118d.  Paton WD, Zaimis EJ. The action of d-tubocurarine and of deca-

methonium on respiratory and other muscles in the cat. J Physiol. 
1951;112:311.

 119.  Donati F, Meistelman C, Plaud B. Vecuronium neuromuscular 
blockade at the diaphragm, the orbicularis oculi, and adductor pol-
licis muscles. Anesthesiology. 1990;73:870.

 120.  Donati F, Meistelman C, Plaud B. Vecuronium neuromuscular 
blockade at the adductor muscles of the larynx and adductor pol-
licis. Anesthesiology. 1991;74:833.

 121.  Meistelman C, Plaud B, Donati F. Rocuronium (ORG 9426) neu-
romuscular blockade at the adductor muscles of the larynx and 
adductor pollicis in humans. Can J Anaesth. 1992;39:665.

 122.  Wright PM, Caldwell JE, Miller RD. Onset and duration of 
rocuronium and succinylcholine at the adductor pollicis and laryn-
geal adductor muscles in anesthetized humans. Anesthesiology. 
1994;81:1110.

 123.  Plaud B, Proost JH, Wierda JM, et!al. Pharmacokinetics and phar-
macodynamics of rocuronium at the vocal cords and the adductor 
pollicis in humans. Clin Pharmacol Ther. 1995;58:185.

 124.  Waud BE, Waud DR. The margin of safety of neuromuscular 
transmission in the muscle of the diaphragm. Anesthesiology. 
1972;37:417.

 125.  Meistelman C, Plaud B, Donati F. Neuromuscular effects of succi-
nylcholine on the vocal cords and adductor pollicis muscles. Anesth 
Analg. 1991;73:278.

 126.  Fisher DM, Szenohradszky J, Wright PM, et!al. Pharmacodynamic 
modeling of vecuronium-induced twitch depression. Rapid plasma-
effect site equilibration explains faster onset at resistant laryngeal 
muscles than at the adductor pollicis. Anesthesiology. 1997;86:558.

 127.  Smith CE, Donati F, Bevan DR. Differential effects of pancuronium 
on masseter and adductor pollicis muscles in humans. Anesthesiol-
ogy. 1989;71:57.

 128.  Sundman E, Witt H, Olsson R, et!al. The incidence and mechanisms 
of pharyngeal and upper esophageal dysfunction in partially para-
lyzed humans. Pharyngeal videoradiography and simultaneous 
manometry after atracurium. Anesthesiology. 2000;92:977.

 129.  Berg H, Roed J, Viby-Mogensen J, et! al. Residual neuromuscular 
block is a risk factor for postoperative pulmonary complications. 
A prospective, randomised, and blinded study of postoperative 
pulmonary complications after atracurium, vecuronium and pan-
curonium. Acta Anaesthesiol Scand. 1997;41:1095.

 129a.  Murphy GS, Brull SJ. Residual neuromuscular block. lessons 
unlearned. Part II. Methods to reduce the risk of residual weakness. 
Anesth Analg. 2010;111:129.

 129b.  Bulka CM, Terekhov MA, Martin BJ, Dmochowski RR, Hayes RM, 
Ehrenfeld JM. Nondepolarizing neuromuscular blocking agents, 
reversal, and risk of postoperative pneumonia. Anesthesiology. 
2016;125:647.

 129c.  Eriksson LI, Sato M, Severinghaus JW. Effect of a vecuronium-
induced partial neuromuscular block on hypoxic ventilatory 
response. Anesthesiology. 1993;78:693.

 129d.  Wyon N, Eriksson LI, Yamamoto Y, Lindahl SG. Vecuronium-
induced depression of phrenic nerve activity during hypoxia in the 
rabbit. Anesth Analg. 1996;82:1252.

 130.  Chen BB, Nyhan DP, Blanck TJ. Hemodynamic effects and onset 
time of increasing doses of vecuronium in patients undergoing myo-
cardial revascularization. J Cardiothorac Vasc Anesth. 1991;5:569.

 130a.  Nandi R, Basu SR, Sarkar S, et!al. A comparison of haemodynamic 
responses between clinical assessment-guided tracheal intubation 
and neuromuscular block monitoring-guided tracheal intubation. 
A prospective, randomised study. Indian J Anaesth. 2017;61:910.

 131.  Plaud B, Debaene B, Donati F. The corrugator supercilii, not the 
orbicularis oculi, reflects rocuronium neuromuscular blockade at 
the laryngeal adductor muscles. Anesthesiology. 2001;95:96.

 132.  Lee HJ, Kim KS, Jeong JS, et!al. Comparison of the adductor polli-
cis, orbicularis oculi, and corrugator supercilii as indicators of ade-
quacy of muscle relaxation for tracheal intubation. Br J Anaesth. 
2009;102:869.

 132a.  Brull SJ, Kopman AF. Current status of neuromuscular reversal 
and monitoring. Challenges and opportunities. Anesthesiology. 
2017;126:173.

 133.  Kopman AF, Klewicka MM, Kopman DJ, Neuman GG. Molar 
potency is predictive of the speed of onset of neuromuscular block 
for agents of intermediate, short, and ultrashort duration. Anesthe-
siology. 1999;90:425.

 134.  Donati F, Meistelman C. A kinetic-dynamic model to explain the 
relationship between high potency and slow onset time for neuro-
muscular blocking drugs. J Pharmacokinet Biopharm. 1991;19:537.

 135.  Kopman AF, Klewicka MM, Neuman GG. Molar potency is not predic-
tive of the speed of onset of atracurium. Anesth Analg. 1999;89:1046.

 136.  Naguib M, Kopman AF. Low dose rocuronium for tracheal intuba-
tion. Middle East J Anesthesiol. 2003;17:193.

 137.  Bevan DR. The new relaxants. Are they worth it? Can J Anaesth. 
1999;46:R88.

Downloaded for alex arman davidson (arman@amazingstudy.tk) at Florida International University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.



References831.e4

 138.  Plaud B, Debaene B, Lequeau F, et!al. Mivacurium neuromuscular 
block at the adductor muscles of the larynx and adductor pollicis in 
humans. Anesthesiology. 1996;85:77.

 139.  Hemmerling TM, Schmidt J, Hanusa C, et!al. Simultaneous deter-
mination of neuromuscular block at the larynx, diaphragm, adduc-
tor pollicis, orbicularis oculi and corrugator supercilii muscles. Br J 
Anaesth. 2000;85:856.

 140.  Magorian T, Flannery KB, Miller RD. Comparison of rocuronium, 
succinylcholine, and vecuronium for rapid-sequence induction of 
anesthesia in adult patients. Anesthesiology. 1993;79:913.

 141.  Mehta MP, Choi WW, Gergis SD, et!al. Facilitation of rapid endo-
tracheal intubations with divided doses of nondepolarizing neuro-
muscular blocking drugs. Anesthesiology. 1985;62:392.

 142.  Naguib M. Neuromuscular effects of rocuronium bromide and 
mivacurium chloride administered alone and in combination. 
Anesthesiology. 1994;81:388.

 142a.  Sieber TJ, Zbinden AM, Curatolo M, Shorten GD. Tracheal intuba-
tion with rocuronium using the “timing principle”. Anesth Analg. 
1998;86:1137–1140.

 143.  Engbaek J, Howardy-Hansen P, Ording H, Viby-Mogensen J. Precu-
rarization with vecuronium and pancuronium in awake, healthy 
volunteers. The influence on neuromuscular transmission and pul-
monary function. Acta Anaesthesiol Scand. 1985;29:117.

 144.  Savarese JJ, Ali HH, Basta SJ, et! al. The cardiovascular effects 
of mivacurium chloride (BW B1090U) in patients receiving 
nitrous oxide–opiate-barbiturate anesthesia. Anesthesiology. 
1989;70:386.

 145.  Kopman AF, Klewicka MM, Neuman GG. Reexamined. the recom-
mended endotracheal intubating dose for nondepolarizing neuro-
muscular blockers of rapid onset. Anesth Analg. 2001;93:954.

 146.  Miguel RV, Soto R, Dyches P. A double-blind, randomized compari-
son of low-dose rocuronium and atracurium in a desflurane anes-
thetic. J Clin Anesth. 2001;13:325.

 147.  Agoston S, Vermeer GA, Kertsten UW, Meijer DK. The fate of pan-
curonium bromide in man. Acta Anaesthesiol Scand. 1973;17:267.

 148.  Miller RD, Agoston S, Booij LH, et!al. The comparative potency and 
pharmacokinetics of pancuronium and its metabolites in anesthe-
tized man. J Pharmacol Exp Ther. 1978;207:539.

 149.  McLeod K, Watson MJ, Rawlins MD. Pharmacokinetics of pan-
curonium in patients with normal and impaired renal function. Br 
J Anaesth. 1976;48:341.

 150.  Duvaldestin P, Agoston S, Henzel D, et! al. Pancuronium phar-
macokinetics in patients with liver cirrhosis. Br J Anaesth. 
1978;50:1131.

 151.  Somogyi AA, Shanks CA, Triggs EJ. Disposition kinetics of pan-
curonium bromide in patients with total biliary obstruction. Br J 
Anaesth. 1977;49:1103.

 152.  Mol WE, Fokkema GN, Weert B, Meijer DK. Mechanisms for the 
hepatic uptake of organic cations. studies with the muscle relax-
ant vecuronium in isolated rat hepatocytes. J Pharmacol Exp Ther. 
1988;244:268.

 153.  Caldwell JE, Szenohradszky J, Segredo V, et! al. The pharmacody-
namics and pharmacokinetics of the metabolite 3-desacetylve-
curonium (ORG 7268) and its parent compound, vecuronium, in 
human volunteers. J Pharmacol Exp Ther. 1994;270:1216.

 154.  Lebrault C, Berger JL, D’Hollander AA, et!al. Pharmacokinetics and 
pharmacodynamics of vecuronium (ORG NC 45) in patients with 
cirrhosis. Anesthesiology. 1985;62:601.

 155.  Arden JR, Lynam DP, Castagnoli KP, et!al. Vecuronium in alcoholic 
liver disease. A pharmacokinetic and pharmacodynamic analysis. 
Anesthesiology. 1988;68:771–776.

 156.  Segredo V, Caldwell JE, Matthay MA, et!al. Persistent paralysis in 
critically ill patients after long-term administration of vecuronium. 
N Engl J Med. 1992;327:524.

 157.  Khuenl-Brady K, Castagnoli KP, Canfell PC, et!al. The neuromus-
cular blocking effects and pharmacokinetics of ORG 9426 and ORG 
9616 in the cat. Anesthesiology. 1990;72:669.

 158.  Smit JW, Duin E, Steen H, et!al. Interactions between P-glycopro-
tein substrates and other cationic drugs at the hepatic excretory 
level. Br J Pharmacol. 1998;123:361.

 158a.  Costa ACC, et!al. Eur J Clin Pharmacol. 2017;73:957–963.
 158b.  Leonard PA, Todd MM. Quantitative neuromuscular blockade 

monitoring. Two pictures of unexpected rocuronium effect. A case 
report. A A Case Rep. 2017;9:190–192.

 159.  Head-Rapson AG, Devlin JC, Parker CJ, Hunter JM. Pharmacokinet-
ics of the three isomers of mivacurium and pharmacodynamics of 
the chiral mixture in hepatic cirrhosis. Br J Anaesth. 1994;73:613.

 160.  Head-Rapson AG, Devlin JC, Parker CJ, Hunter JM. Pharmacoki-
netics and pharmacodynamics of the three isomers of mivacurium 
in health, in end-stage renal failure and in patients with impaired 
renal function. Br J Anaesth. 1995;75:31.

 161.  Goudsouzian NG, d’Hollander AA, Viby-Mogensen J. Prolonged 
neuromuscular block from mivacurium in two patients with cho-
linesterase deficiency. Anesth Analg. 1993;77:183.

 162.  Maddineni VR, Mirakhur RK. Prolonged neuromuscular block fol-
lowing mivacurium. Anesthesiology. 1993;78:1181.

 163.  Ostergaard D, Jensen FS, Jensen E, et!al. Mivacurium-induced neu-
romuscular blockade in patients with atypical plasma cholinester-
ase. Acta Anaesthesiol Scand. 1993;37:314.

 164.  Naguib M, el-Gammal M, Daoud W, et!al. Human plasma cholin-
esterase for antagonism of prolonged mivacurium-induced neuro-
muscular blockade. Anesthesiology. 1995;82:1288.

 165.  Neill EA, Chapple DJ, Thompson CW. Metabolism and kinetics of 
atracurium. an overview. Br J Anaesth. 1983;55(suppl 1):23S.

 166.  Stiller RL, Cook DR, Chakravorti S. In!vitro degradation of atracu-
rium in human plasma. Br J Anaesth. 1985;57:1085.

 167.  Fisher DM, Canfell PC, Fahey MR, et!al. Elimination of atracurium 
in humans. Contribution of Hofmann elimination and ester hydro-
lysis versus organ-based elimination. Anesthesiology. 1986;65:6.

 168.  Lien CA, Schmith VD, Belmont MR, et!al. Pharmacokinetics of cisa-
tracurium in patients receiving nitrous oxide/opioid/barbiturate 
anesthesia. Anesthesiology. 1996;84:300.

 169.  Kisor DF, Schmith VD, Wargin WA, et! al. Importance of the 
organ-independent elimination of cisatracurium. Anesth Analg. 
1996;83:1065.

 170.  Boros EE, Samano V, Ray JA, et!al. Neuromuscular blocking activ-
ity and therapeutic potential of mixed-tetrahydroisoquinolinium 
halofumarates and halosuccinates in rhesus monkeys. J Med Chem. 
2003;46:2502.

 171.  Fisher DM, Rosen JI. A pharmacokinetic explanation for increasing 
recovery time following larger or repeated doses of nondepolarizing 
muscle relaxants. Anesthesiology. 1986;65:286.

 172.  Fahey MR, Rupp SM, Fisher DM, et!al. The pharmacokinetics and 
pharmacodynamics of atracurium in patients with and without 
renal failure. Anesthesiology. 1984;61:699.

 173.  Ward S, Boheimer N, Weatherley BC, et! al. Pharmacokinetics of 
atracurium and its metabolites in patients with normal renal func-
tion, and in patients in renal failure. Br J Anaesth. 1987;59:697.

 174.  Parker CJ, Hunter JM. Pharmacokinetics of atracurium and laudan-
osine in patients with hepatic cirrhosis. Br J Anaesth. 1989;62:177.

 175.  Szenohradszky J, Fisher DM, Segredo V, et!al. Pharmacokinetics of 
rocuronium bromide (ORG 9426) in patients with normal renal 
function or patients undergoing cadaver renal transplantation. 
Anesthesiology. 1992;77:899.

 176.  Khalil M, D’Honneur G, Duvaldestin P, et!al. Pharmacokinetics and 
pharmacodynamics of rocuronium in patients with cirrhosis. Anes-
thesiology. 1994;80:1241.

 177.  Matteo RS, Ornstein E, Schwartz AE, et!al. Pharmacokinetics and 
pharmacodynamics of rocuronium (Org 9426) in elderly surgical 
patients. Anesth Analg. 1993;77:1193.

 178.  Magorian T, Wood P, Caldwell J, et!al. The pharmacokinetics and 
neuromuscular effects of rocuronium bromide in patients with 
liver disease. Anesth Analg. 1995;80:754.

 179.  van Miert MM, Eastwood NB, Boyd AH, et!al. The pharmacokinet-
ics and pharmacodynamics of rocuronium in patients with hepatic 
cirrhosis. Br J Clin Pharmacol. 1997;44:139.

 180.  De Wolf AM, Freeman JA, Scott VL, et! al. Pharmacokinetics and 
pharmacodynamics of cisatracurium in patients with end-stage 
liver disease undergoing liver transplantation. Br J Anaesth. 
1996;76:624.

 181.  Anaesthetists and the reporting of adverse drug reactions. Br Med J 
(Clin Res Ed). 1986;292:949.

 182.  Basta SJ. Modulation of histamine release by neuromuscular block-
ing drugs. Curr Opin Anaesthiol. 1992;5:572.

 183.  Hatano Y, Arai T, Noda J, et! al. Contribution of prostacyclin to 
d-tubocurarine–induced hypotension in humans. Anesthesiology. 
1990;72:28.

 184.  Scott RP, Savarese JJ, Basta SJ, et!al. Atracurium. clinical strategies 
for preventing histamine release and attenuating the haemody-
namic response. Br J Anaesth. 1985;57:550.

 185.  Savarese JJ. The autonomic margins of safety of metocurine and 
d-tubocurarine in the cat. Anesthesiology. 1979;50:40.

 186.  Naguib M, Samarkandi AH, Bakhamees HS, et! al. Histamine-
release haemodynamic changes produced by rocuronium, 

Downloaded for alex arman davidson (arman@amazingstudy.tk) at Florida International University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.



References 831.e5

vecuronium, mivacurium, atracurium and tubocurarine. Br J 
Anaesth. 1995;75:588.

 187.  Miller RD, Eger 2nd EI, Stevens WC, Gibbons R. Pancuronium-
induced tachycardia in relation to alveolar halothane, dose of pan-
curonium, and prior atropine. Anesthesiology. 1975;42:352.

 188.  Docherty JR, McGrath JC. Sympathomimetic effects of pan-
curonium bromide on the cardiovascular system of the pithed 
rat. A comparison with the effects of drugs blocking the neuronal 
uptake of noradrenaline. Br J Pharmacol. 1978;64:589.

 189.  Roizen MF, Forbes AR, Miller RD, et!al. Similarity between effects 
of pancuronium and atropine on plasma norepinephrine levels in 
man. J Pharmacol Exp Ther. 1979;211:419.

 190.  Reitan JA, Fraser AI, Eisele JH. Lack of cardiac inotropic effects of 
gallamine in anesthetized man. Anesth Analg. 1973;52:974.

 191.  Wong KC, Wyte SR, Martin WE, Crawford EW. Antiarrhythmic 
effects of skeletal muscle relaxants. Anesthesiology. 1971;34:458.

 192.  Geha DG, Rozelle BC, Raessler KL, et! al. Pancuronium bromide 
enhances atrioventricular conduction in halothane-anesthetized 
dogs. Anesthesiology. 1977;46:342.

 193.  Edwards RP, Miller RD, Roizen MF, et!al. Cardiac responses to imip-
ramine and pancuronium during anesthesia with halothane or 
enflurane. Anesthesiology. 1979;50:421.

 194.  Clayton D. Asystole associated with vecuronium. Br J Anaesth. 
1986;58:937.

 195.  Starr NJ, Sethna DH, Estafanous FG. Bradycardia and asystole fol-
lowing the rapid administration of sufentanil with vecuronium. 
Anesthesiology. 1986;64:521.

 196.  Cozanitis DA, Erkola O. A clinical study into the possible intrinsic 
bradycardic activity of vecuronium. Anaesthesia. 1989;44:648.

 197.  Bonner TI, Young AC, Brann MR, Buckley NJ. Cloning and expres-
sion of the human and rat m5 muscarinic acetylcholine receptor 
genes. Neuron. 1988;1:403.

 198.  Mak JC, Barnes PJ. Autoradiographic visualization of muscarinic 
receptor subtypes in human and guinea pig lung. Am Rev Respir 
Dis. 1990;141:1559.

 199.  Coulson FR, Fryer AD. Muscarinic acetylcholine receptors and air-
way diseases. Pharmacol Ther. 2003;98:59.

 200.  Jooste E, Klafter F, Hirshman CA, Emala CW. A mechanism for 
rapacuronium-induced bronchospasm. M2 muscarinic receptor 
antagonism. Anesthesiology. 2003;98:906.

 201.  Kron SS. Severe bronchospasm and desaturation in a child associ-
ated with rapacuronium. Anesthesiology. 2001;94:923.

 202.  Naguib M. How serious is the bronchospasm induced by rapa-
curonium? Anesthesiology. 2001;94:924.

 203.  Meakin GH, Pronske EH, Lerman J, et!al. Bronchospasm after rapa-
curonium in infants and children. Anesthesiology. 2001;94:926.

 204.  Laxenaire MC, Moneret-Vautrin DA, Widmer S, et!al. Anesthetics 
responsible for anaphylactic shock. A French multicenter study. 
Ann Fr Anesth Reanim. 1990;9:501–506. [in French].

 205.  Fisher MM, More DG. The epidemiology and clinical features of 
anaphylactic reactions in anaesthesia. Anaesth Intensive Care. 
1981;9:226.

 206.  Mertes PM, Laxenaire MC, Alla F. Anaphylactic and anaphylactoid 
reactions occurring during anesthesia in France in 1999-2000. 
Anesthesiology. 2003;99:536–545.

 206a.  Tacquard C, Collange O, Gomis P, et!al. Anaesthetic hypersensitiv-
ity reactions in France between 2011 and 2012. The 10th GERAP 
epidemiologic survey. Acta Anaesthesiol Scand. 2017;61:290.

 207.  Baldo BA, Fisher MM. Substituted ammonium ions as allergenic 
determinants in drug allergy. Nature. 1983;306:262.

 207a.  de Pater GH, Florvaag E, et! al. Six years without pholcodine; 
Norwegians are significantly less IgE-sensitized and clini-
cally more tolerant to neuromuscular blocking agents. Allergy. 
2017;72:813.

 208.  Levy JH, Davis GK, Duggan J, Szlam F. Determination of the hemo-
dynamics and histamine release of rocuronium (Org 9426) when 
administered in increased doses under N2O/O2-sufentanil anes-
thesia. Anesth Analg. 1994;78:318.

 209.  Rose M, Fisher M. Rocuronium. High risk for anaphylaxis? Br J 
Anaesth. 2001;86:678.

 210.  Watkins J. Incidence of UK reactions involving rocuronium may 
simply reflect market use. Br J Anaesth. 2001;87:522.

 211.  Dewachter P, Mouton-Faivre C, Emala CW. Anaphylaxis and 
anesthesia. Controversies and new insights. Anesthesiology. 
2009;111:1141–1150.

 212.  Laxenaire MC, Mertes PM. Anaphylaxis during anaesthesia. 
Results of a two-year survey in France. Br J Anaesth. 2001;87:549.

 213.  Levy JH, Gottge M, Szlam F, et! al. Wheal and flare responses to 
intradermal rocuronium and cisatracurium in humans. Br J 
Anaesth. 2000;85:844.

 214.  Futo J, Kupferberg JP, Moss J, et!al. Vecuronium inhibits histamine 
N-methyltransferase. Anesthesiology. 1988;69:92.

 215.  O’Callaghan AC, Scadding G, Watkins J. Bronchospasm following 
the use of vecuronium. Anaesthesia. 1986;41:940.

 216.  Naguib M, Magboul MM, Jaroudi R. Clinically significant drug 
interactions with general anesthetics. incidence, mechanisms and 
management. CNS Drugs. 1997;8:51.

 217.  Miller RD. Factors affecting the action of muscle relaxants. In: Katz 
RL, ed. Muscle Relaxants. Amsterdam: Excerpta Medica; 1975.

 218.  Naguib M, Abdulatif M, al-Ghamdi A, et!al. Interactions between 
mivacurium and atracurium. Br J Anaesth. 1994;73:484.

 219.  Lebowitz PW, Ramsey FM, Savarese JJ, et!al. Combination of pan-
curonium and metocurine. Neuromuscular and hemodynamic 
advantages over pancuronium alone. Anesth Analg. 1981;60:12.

 220.  Paul M, Kindler CH, Fokt RM, et!al. Isobolographic analysis of non-
depolarising muscle relaxant interactions at their receptor site. Eur 
J Pharmacol. 2002;438:35.

 221.  Motamed C, Menad R, Farinotti R, et! al. Potentiation of mivacu-
rium blockade by low dose of pancuronium. A pharmacokinetic 
study. Anesthesiology. 2003;98:1057.

 222.  Kay B, Chestnut RJ, Sum Ping JS, Healy TE. Economy in the use 
of muscle relaxants. Vecuronium after pancuronium. Anaesthesia. 
1987;42:277.

 223.  Rashkovsky OM, Agoston S, Ket JM. Interaction between pan-
curonium bromide and vecuronium bromide. Br J Anaesth. 
1985;57:1063–1066.

 224.  Katz RL. Modification of the action of pancuronium by succinyl-
choline and halothane. Anesthesiology. 1971;35:602–606.

 225.  Ono K, Manabe N, Ohta Y, et! al. Influence of suxamethonium 
on the action of subsequently administered vecuronium or pan-
curonium. Br J Anaesth. 1989;62:324.

 226.  Katz JA, Fragen RJ, Shanks CA, et!al. The effects of succinylcholine 
on doxacurium-induced neuromuscular blockade. Anesthesiology. 
1988;69:604.

 227.  Cooper R, Mirakhur RK, Clarke RS, Boules Z. Comparison of intu-
bating conditions after administration of Org 9246 (rocuronium) 
and suxamethonium. Br J Anaesth. 1992;69:269.

 228.  Kelly RE, Lien CA, Savarese JJ, et!al. Depression of neuromuscular 
function in a patient during desflurane anesthesia. Anesth Analg. 
1993;76:868.

 229.  Saitoh Y, Toyooka H, Amaha K. Recoveries of post-tetanic twitch 
and train-of-four responses after administration of vecuronium 
with different inhalation anaesthetics and neuroleptanaesthesia. 
Br J Anaesth. 1993;70:402.

 230.  Miller RD, Way WL, Dolan WM, et! al. The dependence of pan-
curonium- and d-tubocurarine–induced neuromuscular blockades 
on alveolar concentrations of halothane and forane. Anesthesiol-
ogy. 1972;37:573–581.

 231.  Miller RD, Crique M, Eger 2nd EI. Duration of halothane anesthesia 
and neuromuscular blockade with d-tubocurarine. Anesthesiology. 
1976;44:206.

 232.  Rupp SM, Miller RD, Gencarelli PJ. Vecuronium-induced neuro-
muscular blockade during enflurane, isoflurane, and halothane 
anesthesia in humans. Anesthesiology. 1984;60:102.

 233.  Gencarelli PJ, Miller RD, Eger 2nd EI, Newfield P. Decreasing enflu-
rane concentrations and d-tubocurarine neuromuscular blockade. 
Anesthesiology. 1982;56:192.

 234.  Miller RD, Way WL, Dolan WM, et! al. Comparative neuromus-
cular effects of pancuronium, gallamine, and succinylcholine 
during forane and halothane anesthesia in man. Anesthesiology. 
1971;35:509.

 235.  Wulf H, Ledowski T, Linstedt U, et! al. Neuromuscular blocking 
effects of rocuronium during desflurane, isoflurane, and sevoflu-
rane anaesthesia. Can J Anaesth. 1998;45:526.

 236.  Bock M, Klippel K, Nitsche B, et!al. Rocuronium potency and recov-
ery characteristics during steady-state desflurane, sevoflurane, iso-
flurane or propofol anaesthesia. Br J Anaesth. 2000;84:43.

 237.  Paul M, Fokt RM, Kindler CH, et!al. Characterization of the interac-
tions between volatile anesthetics and neuromuscular blockers at the 
muscle nicotinic acetylcholine receptor. Anesth Analg. 2002;95:362.

 238.  Stanski DR, Ham J, Miller RD, Sheiner LB. Pharmacokinet-
ics and pharmacodynamics of d-tubocurarine during nitrous 
oxide-narcotic and halothane anesthesia in man. Anesth Analg. 
2002;95:362.

Downloaded for alex arman davidson (arman@amazingstudy.tk) at Florida International University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.



References831.e6

 239.  Pereon Y, Bernard JM, Nguyen the Tich S, et!al. The effects of des-
flurane on the nervous system. From spinal cord to muscles. Anesth 
Analg. 1999;89:490.

 240.  Franks NP, Lieb WR. Molecular and cellular mechanisms of gen-
eral anaesthesia. Nature. 1994;367:607.

 241.  Singh YN, Harvey AL, Marshall IG. Antibiotic-induced paraly-
sis of the mouse phrenic nerve–hemidiaphragm preparation, 
and reversibility by calcium and by neostigmine. Anesthesiology. 
1978;48:418.

 242.  Burkett L, Bikhazi GB, Thomas Jr KC, et! al. Mutual potentiation 
of the neuromuscular effects of antibiotics and relaxants. Anesth 
Analg. 1979;58:107.

 243.  Hasfurther D, Bailey P. Failure of neuromuscular blockade reversal 
after rocuronium in a patient who received oral neomycin. Can J 
Anaesth. 1996;43:617.

 244.  Heier T, Caldwell JE, Sessler DI, Miller RD. Mild intraoperative 
hypothermia increases duration of action and spontaneous recov-
ery of vecuronium blockade during nitrous oxide-isoflurane anes-
thesia in humans. Anesthesiology. 1991;74:815.

 245.  Leslie K, Sessler DI, Bjorksten AR, Moayeri A. Mild hypothermia 
alters propofol pharmacokinetics and increases the duration of 
action of atracurium. Anesth Analg. 1995;80:1007.

 246.  Caldwell JE, Heier T, Wright PM, et! al. Temperature-dependent 
pharmacokinetics and pharmacodynamics of vecuronium. Anes-
thesiology. 2000;92:84.

 247.  Heier T, Caldwell JE, Sessler DI, et! al. The relationship between 
adductor pollicis twitch tension and core, skin, and muscle tem-
perature during nitrous oxide-isoflurane anesthesia in humans. 
Anesthesiology. 1989;71:381–384.

 248.  Heier T, Caldwell JE, Sessler DI, Miller RD. The effect of local sur-
face and central cooling on adductor pollicis twitch tension during 
nitrous oxide/isoflurane and nitrous oxide/fentanyl anesthesia in 
humans. Anesthesiology. 1990;72:807–811.

 249.  Miller RD, Agoston S, van der Pol F, et!al. Hypothermia and the phar-
macokinetics and pharmacodynamics of pancuronium in the cat.  
J Pharmacol Exp Ther. 1978;207:532–538.

 250.  Stenlake JB, Hughes R. In! vitro degradation of atracurium in 
human plasma. Br J Anaesth. 1987;59:806–807.

 251.  Eriksson LI, Viby-Mogensen J, Lennmarken C. The effect of periph-
eral hypothermia on a vecuronium-induced neuromuscular block. 
Acta Anaesthesiol Scand. 1991;35:387–389.

 252.  Thornberry EA, Mazumdar B. The effect of changes in arm temper-
ature on neuromuscular monitoring in the presence of atracurium 
blockade. Anaesthesia. 1988;43:447–449.

 253.  Miller RD, Van Nyhis LS, Eger EI. The effect of temperature on a 
d-tubocurarine neuromuscular blockade and its antagonism by 
neostigmine. J Pharmacol Exp Ther. 1975;195:237–241.

 254.  Miller RD, Roderick LL. Pancuronium-induced neuromuscular 
blockade, and its antagonism by neostigmine, at 29, 37, and 41°C. 
Anesthesiology. 1977;46:333–335.

 255.  Heier T, Clough D, Wright PM, et!al. The influence of mild hypother-
mia on the pharmacokinetics and time course of action of neostig-
mine in anesthetized volunteers. Anesthesiology. 2002;97:90–95.

 255a.  Lee HJ, Kim KS, et!al. The influence of mild hypothermia on reversal 
of rocuronium-induced deep neuromuscular block with sugamma-
dex. BMC Anesthesiol. 2015;15:7.

 256.  Sinatra RS, Philip BK, Naulty JS, Ostheimer GW. Prolonged neu-
romuscular blockade with vecuronium in a patient treated with 
magnesium sulfate. Anesth Analg. 1985;64:1220–1222.

 257.  Fuchs-Buder T, Wilder-Smith OH, Borgeat A, Tassonyi E. Interac-
tion of magnesium sulphate with vecuronium-induced neuromus-
cular block. Br J Anaesth. 1995;74:405.

 258.  Tsai SK, Huang SW, Lee TY. Neuromuscular interactions between 
suxamethonium and magnesium sulphate in the cat. Br J Anaesth. 
1994;72:674.

 259.  Waud BE, Waud DR. Interaction of calcium and potassium with 
neuromuscular blocking agents. Br J Anaesth. 1980;52:863.

 260.  Al-Mohaya S, Naguib M, Abdelatif M, Farag H. Abnormal responses 
to muscle relaxants in a patient with primary hyperparathyroid-
ism. Anesthesiology. 1986;65:554–556.

 261.  Price LH, Heninger GR. Lithium in the treatment of mood disorders. 
N Engl J Med. 1994;331:591–598.

 262.  Abdel-Zaher AO. The myoneural effects of lithium chloride on the 
nerve-muscle preparations of rats. Role of adenosine triphosphate-
sensitive potassium channels. Pharmacol Res. 2000;41:163.

 263.  Hill GE, Wong KC, Hodges MR. Lithium carbonate and neuromus-
cular blocking agents. Anesthesiology. 1977;46:122.

 264.  Martin BA, Kramer PM. Clinical significance of the interaction 
between lithium and a neuromuscular blocker. Am J Psychiatry. 
1982;139:1326.

 265.  Usubiaga JE, Wikinski JA, Morales RL, Usubiaga LE. Interaction of 
intravenously administered procaine, lidocaine and succinylcho-
line in anesthetized subjects. Anesth Analg. 1967;46:39.

 266.  Usubiaga JE, Standaert F. The effects of local anesthetics on motor 
nerve terminals. J Pharmacol Exp Ther. 1968;159:353–361.

 267.  Kordas M. The effect of procaine on neuromuscular transmission.  
J Physiol. 1970;209:689–699.

 268.  Thorpe WR, Seeman P. The site of action of caffeine and procaine in 
skeletal muscle. J Pharmacol Exp Ther. 1971;179:324.

 269.  Ozkul Y. Influence of calcium channel blocker drugs in neuromus-
cular transmission. Clin Neurophysiol. 2007;118:2005–2008.

 270.  van Poorten JF, Dhasmana KM, Kuypers RS, Erdmann W. Vera-
pamil and reversal of vecuronium neuromuscular blockade. Anesth 
Analg. 1984;63:155–157.

 271.  Baurain M, Barvais L, d’Hollander A, Hennart D. Impairment of the 
antagonism of vecuronium-induced paralysis and intra-operative 
disopyramide administration. Anaesthesia. 1989;44:34–36.

 272.  Selzer ME, David G, Yaari Y. Phenytoin reduces frequency poten-
tiation of synaptic potentials at the frog neuromuscular junction. 
Brain Res. 1984;304:149–152.

 273.  Ornstein E, Matteo RS, Schwartz AE, et!al. The effect of phenytoin 
on the magnitude and duration of neuromuscular block following 
atracurium or vecuronium. Anesthesiology. 1987;67:191–196.

 274.  Spacek A, Neiger FX, Spiss CK, Kress HG. Chronic carbamazepine 
therapy does not influence mivacurium-induced neuromuscular 
block. Br J Anaesth. 1996;77:500–502.

 275.  Alloul K, Whalley DG, Shutway F, et!al. Pharmacokinetic origin of 
carbamazepine-induced resistance to vecuronium neuromuscular 
blockade in anesthetized patients. Anesthesiology. 1996;84:330–
339.

 276.  Kim CS, Arnold FJ, Itani MS, Martyn JA. Decreased sensitivity to 
metocurine during long-term phenytoin therapy may be attribut-
able to protein binding and acetylcholine receptor changes. Anes-
thesiology. 1992;77:500–506.

 277.  Melton AT, Antognini JF, Gronert GA. Prolonged duration of 
succinylcholine in patients receiving anticonvulsants. Evidence 
for mild up-regulation of acetylcholine receptors? Can J Anaesth. 
1993;40:939–942.

 278.  Miller RD, Sohn YJ, Matteo RS. Enhancement of d-tuborcurarine 
neuromuscular blockade by diuretics in man. Anesthesiology. 
1976;45:442–445.

 279.  Scappaticci KA, Ham JA, Sohn YJ, et!al. Effects of furosemide on the 
neuromuscular junction. Anesthesiology. 1982;57:381–382.

 280.  Carmignani M, Scoppetta C, Ranelletti FO, Tonali P. Adverse inter-
action between acetazolamide and anticholinesterase drugs at the 
normal and myasthenic neuromuscular junction level. Int J Clin 
Pharmacol Ther Toxicol. 1984;22:140.

 281.  Azar I, Cottrell J, Gupta B, Turndorf H. Furosemide facilitates recov-
ery of evoked twitch response after pancuronium. Anesth Analg. 
1980;59:55–57.

 282.  Hill GE, Wong KC, Shaw CL, Blatnick RA. Acute and chronic 
changes in intra- and extracellular potassium and responses to 
neuromuscular blocking agents. Anesth Analg. 1978;57:417–421.

 283.  Matteo RS, Nishitateno K, Pua EK, Spector S. Pharmacokinetics 
of d-tubocurarine in man. Effect of an osmotic diuretic on urinary 
excretion. Anesthesiology. 1980;52:335–338.

 284.  Lee C, Katz RL. Neuromuscular pharmacology. A clinical update 
and commentary. Br J Anaesth. 1980;52:173–188.

 285.  Glidden RS, Martyn JA, Tomera JF. Azathioprine fails to alter the 
dose-response curve of d-tubocurarine in rats. Anesthesiology. 
1988;68:595–598.

 286.  Meyers EF. Partial recovery from pancuronium neuromuscular 
blockade following hydrocortisone administration. Anesthesiology. 
1977;46:148–150.

 287.  Leeuwin RS, Veldsema-Currie RD, van Wilgenburg H, Ottenhof 
M. Effects of corticosteroids on neuromuscular blocking actions of 
d-tubocurarine. Eur J Pharmacol. 1981;69:165–173.

 288.  Parr SM, Robinson BJ, Rees D, Galletly DC. Interaction between 
betamethasone and vecuronium. Br J Anaesth. 1991;67:447–451.

 289.  Bouzat C, Barrantes FJ. Modulation of muscle nicotinic acetyl-
choline receptors by the glucocorticoid hydrocortisone. Pos-
sible allosteric mechanism of channel blockade. J Biol Chem. 
1996;271:25835–25841.

Downloaded for alex arman davidson (arman@amazingstudy.tk) at Florida International University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.



References 831.e7

 290.  Valera S, Ballivet M, Bertrand D. Progesterone modulates a neu-
ronal nicotinic acetylcholine receptor. Proc Natl Acad Sci U S A. 
1992;89:9949.

 291.  Naguib M, Gyasi HK. Antiestrogenic drugs and atracurium. A pos-
sible interaction? Can Anaesth Soc J. 1986;33:682.

 292.  Henderson WA. Succinylcholine-induced cardiac arrest in 
unsuspected Duchenne muscular dystrophy. Can Anaesth Soc J. 
1984;31:444–446.

 293.  Goudsouzian NG, Ryan JF, Savarese JJ. The neuromuscular 
effects of pancuronium in infants and children. Anesthesiology. 
1974;41:95–98.

 294.  Fisher DM, O’Keeffe C, Stanski DR, et! al. Pharmacokinetics and 
pharmacodynamics of d-tubocurarine in infants, children, and 
adults. Anesthesiology. 1982;57:203–208.

 295.  Fisher DM, Castagnoli K, Miller RD. Vecuronium kinetics and 
dynamics in anesthetized infants and children. Clin Pharmacol Ther. 
1985;37:402–406.

 296.  Fisher DM, Canfell PC, Spellman MJ, Miller RD. Pharmacokinet-
ics and pharmacodynamics of atracurium in infants and children. 
Anesthesiology. 1990;73:33–37.

 297.  Fisher DM, Miller RD. Neuromuscular effects of vecuronium (ORG 
NC45) in infants and children during N2O, halothane anesthesia. 
Anesthesiology. 1983;58:519–523.

 298.  Meretoja OA, Wirtavuori K, Neuvonen PJ. Age-dependence of the 
dose-response curve of vecuronium in pediatric patients during 
balanced anesthesia. Anesth Analg. 1988;67:21–26.

 299.  Wierda JM, Meretoja OA, Taivainen T, Proost JH. Pharmacokinet-
ics and pharmacokinetic-dynamic modelling of rocuronium in 
infants and children. Br J Anaesth. 1997;78:690–695.

 300.  Goudsouzian NG, Liu LM, Cote CJ, et!al. Safety and efficacy of atra-
curium in adolescents and children anesthetized with halothane.  
Anesthesiology. 1983;59:459–462.

 301.  Meretoja OA, Taivainen T, Wirtavuori K. Cisatracurium during 
halothane and balanced anaesthesia in children. Paediatr Anaesth. 
1996;6:373–378.

 302.  de Ruiter J, Crawford MW. Dose-response relationship and infu-
sion requirement of cisatracurium besylate in infants and chil-
dren during nitrous oxide–narcotic anesthesia. Anesthesiology. 
2001;94:790–792.

 303.  Scheiber G, Ribeiro FC, Marichal A, et!al. Intubating conditions and 
onset of action after rocuronium, vecuronium, and atracurium in 
young children. Anesth Analg. 1996;83:320–324.

 304.  Taivainen T, Meretoja OA, Erkola O, et!al. Rocuronium in infants, 
children and adults during balanced anaesthesia. Paediatr Anaesth. 
1996;6:271–275.

 305.  Devys JM, Mourissoux G, Donnette FX, et!al. Intubating conditions 
and adverse events during sevoflurane induction in infants. Br J 
Anaesth. 2011;106:225–229.

 305a.  Meakin G, Sweet PT, Bevan JC, Bevan DR. Neostigmine and edro-
phonium as antagonists of pancuronium in infants and children. 
Anesthesiology. 1983;59:316–321.

 306.  Koscielniak-Nielsen ZJ, Bevan JC, Popovic V, et! al. Onset of 
maximum neuromuscular block following succinylcholine or 
vecuronium in four age groups. Anesthesiology. 1993;79:229–
234.

 307.  Duvaldestin P, Saada J, Berger JL, et! al. Pharmacokinetics, phar-
macodynamics, and dose-response relationships of pancuronium 
in control and elderly subjects. Anesthesiology. 1982;56:36–40.

 308.  Lien CA, Matteo RS, Ornstein E, et!al. Distribution, elimination, and 
action of vecuronium in the elderly. Anesth Analg. 1991;73:39–42.

 309.  Maddineni VR, Mirakhur RK, McCoy EP. Plasma cholinesterase 
activity in elderly and young adults. Br J Anaesth. 1994;72:497.

 310.  Maddineni VR, Mirakhur RK, McCoy EP, Sharpe TD. Neuromuscu-
lar and haemodynamic effects of mivacurium in elderly and young 
adult patients. Br J Anaesth. 1994;73:608–612.

 311.  Lemmens HJ, Brodsky JB. The dose of succinylcholine in morbid 
obesity. Anesth Analg. 2006;102:438–442.

 312.  Schwartz AE, Matteo RS, Ornstein E, et!al. Pharmacokinetics and 
pharmacodynamics of vecuronium in the obese surgical patient. 
Anesth Analg. 1992;74:515–518.

 313.  Meyhoff CS, Lund J, Jenstrup MT, et!al. Should dosing of rocuronium 
in obese patients be based on ideal or corrected body weight? Anesth 
Analg. 2009;109:787–792.

 314.  Leykin Y, Pellis T, Lucca M, et!al. The pharmacodynamic effects 
of rocuronium when dosed according to real body weight or 
ideal body weight in morbidly obese patients. Anesth Analg. 
2004;99:1086–1089.

 315.  Varin F, Ducharme J, Theoret Y, et!al. Influence of extreme obesity 
on the body disposition and neuromuscular blocking effect of atra-
curium. Clin Pharmacol Ther. 1990;48:18–25.

 316.  van Kralingen S, van de Garde EM, Knibbe CA, et! al. Compara-
tive evaluation of atracurium dosed on ideal body weight vs. 
total body weight in morbidly obese patients. Br J Clin Pharmacol. 
2011;71:34–40.

 317.  Miller RD, Matteo RS, Benet LZ, Sohn YJ. The pharmacokinetics of 
d-tubocurarine in man with and without renal failure. J Pharmacol 
Exp Ther. 1977;202:1–7.

 318.  Ward S, Neill EA. Pharmacokinetics of atracurium in acute hepatic 
failure (with acute renal failure). Br J Anaesth. 1983;55:1169–
1172.

 319.  Bevan DR, Donati F, Gyasi H, Williams A. Vecuronium in renal fail-
ure. Can Anaesth Soc J. 1984;31:491–492.

 320.  Khuenl-Brady KS, Pomaroli A, Puhringer F, et! al. The use of 
rocuronium (ORG 9426) in patients with chronic renal failure. 
Anaesthesia. 1993;48:873–875.

 321.  Hunter JM, Jones RS, Utting JE. Use of atracurium in patients with 
no renal function. Br J Anaesth. 1982;54:1251–1258.

 322.  Vandenbrom RH, Wierda JM, Agoston S. Pharmacokinetics and 
neuromuscular blocking effects of atracurium besylate and two of 
its metabolites in patients with normal and impaired renal func-
tion. Clin Pharmacokinet. 1990;19:230–240.

 323.  Boyd AH, Eastwood NB, Parker CJ, Hunter JM. Pharmacodynamics 
of the 1R cis-1’R cis isomer of atracurium (51W89) in health and 
chronic renal failure. Br J Anaesth. 1995;74:400–401.

 324.  Fahey MR, Morris RB, Miller RD, et! al. Pharmacokinetics of Org 
NC45 (norcuron) in patients with and without renal failure. Br J 
Anaesth. 1981;53:1049–1053.

 325.  Lynam DP, Cronnelly R, Castagnoli KP, et! al. The pharmacody-
namics and pharmacokinetics of vecuronium in patients anes-
thetized with isoflurane with normal renal function or with renal 
failure. Anesthesiology. 1988;69:227–231.

 326.  Hunter JM, Jones RS, Utting JE. Comparison of vecuronium, atracu-
rium and tubocurarine in normal patients and in patients with no 
renal function. Br J Anaesth. 1984;56:941–951.

 326a.  Robertson EN, Driessen JJ, et!al. Pharmacokinetics and pharmaco-
dynamics of rocuronium in patients with and without renal failure. 
Eur J Anaesthesiol. 2005;22:4–10.

 326b.  Bencini AF, Scaf AH, Sohn YJ, Kersten-Kleef UW, Agoston S. Hepa-
tobiliary disposition of vecuronium bromide in man. Br J Anaesth. 
1986;58:988–995.

 326c.  Servin FS, et! al. Repeated doses of rocuronium bromide adminis-
tered to cirrhotic and control patients receiving isoflurane. A clini-
cal and pharmacokinetic study. Anesthesiology. 1996;84:1092.

 327.  Lawhead RG, Matsumi M, Peters KR, et! al. Plasma laudanosine 
levels in patients given atracurium during liver transplantation. 
Anesth Analg. 1993;76:569–573.

 328.  Ward JM, Rosen KM, Martyn JA. Acetylcholine receptor sub-
unit mRNA changes in burns are different from those seen after 
denervation. The 1993 Lindberg Award. J Burn Care Rehabil. 
1993;14:595–601.

 329.  Martyn JA, Szyfelbein SK, Ali HH, et!al. Increased d-tubocurarine 
requirement following major thermal injury. Anesthesiology. 
1980;52:352–355.

 330.  Edwards JP, Hatton PA, Little RA, et!al. Increased quantal release of 
acetylcholine at the neuromuscular junction following scald injury 
in the rat. Muscle Nerve. 1999;22:1660–1666.

 331.  Tomera JF, Lilford K, Martyn JA. Diaphragm acetylcholinesterase 
multimeric forms in mice in response to burn trauma. J Burn Care 
Rehabil. 1993;14:406–416.

 332.  Marathe PH, Dwersteg JF, Pavlin EG, et!al. Effect of thermal injury 
on the pharmacokinetics and pharmacodynamics of atracurium in 
humans. Anesthesiology. 1989;70:752–755.

 333.  Han T, Kim H, Bae J, et! al. Neuromuscular pharmacodynam-
ics of rocuronium in patients with major burns. Anesth Analg. 
2004;99:386–392.

 334.  Martyn JA, White DA, Gronert GA, et!al. Up-and-down regulation 
of skeletal muscle acetylcholine receptors. Effects on neuromuscu-
lar blockers. Anesthesiology. 1992;76:822–843.

 335.  Schaner PJ, Brown RL, Kirksey TD, et! al. Succinylcholine-induced 
hyperkalemia in burned patients. 1. Anesth Analg. 1969;48:764–770.

 336.  Viby-Mogensen J, Hanel HK, Hansen E, Graae J. Serum cho-
linesterase activity in burned patients. II. Anaesthesia, suxa-
methonium and hyperkalaemia. Acta Anaesthesiol Scand. 
1975;19:169–179.

Downloaded for alex arman davidson (arman@amazingstudy.tk) at Florida International University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.



References831.e8

 337.  Murray MJ, Cowen J, DeBlock H, et!al. Clinical practice guidelines 
for sustained neuromuscular blockade in the adult critically ill 
patient. Crit Care Med. 2002;30:142–156.

 338.  Papazian L, Forel J-M, Gacouin A, et! al. Neuromuscular block-
ers in early acute respiratory distress syndrome. N Engl J Med. 
2010;363:1107–1116.

 339.  Loper KA, Butler S, Nessly M, Wild L. Paralyzed with pain. The need 
for education. Pain. 1989;37:315–316.

 340.  Hansen-Flaschen JH, Brazinsky S, Basile C, Lanken PN. Use of 
sedating drugs and neuromuscular blocking agents in patients 
requiring mechanical ventilation for respiratory failure. A national 
survey. JAMA. 1991;266:2870–2875.

 341.  Pollard BJ. Muscle relaxants in critical care. Br J Intens Care. 
1994;4:347–353.

 341a.  Murray MJ, DeBlock H, Erstad B, et!al. Clinical practice guidelines 
for sustained neuromuscular blockade in the adult critically ill 
patient. Crit Care Med. 2016;44:2079–2103.

 342.  Lacomis D, Petrella JT, Giuliani MJ. Causes of neuromuscular 
weakness in the intensive care unit. A study of ninety-two patients. 
Muscle Nerve. 1998;21:610–617.

 343.  Rudis MI, Guslits BJ, Peterson EL, et! al. Economic impact of pro-
longed motor weakness complicating neuromuscular blockade in 
the intensive care unit. Crit Care Med. 1996;24:1749–1756.

 344.  Lacomis D, Zochodne DW, Bird SJ. Critical illness myopathy. Muscle 
Nerve. 2000;23:1785–1788.

 345.  Showalter CJ, Engel AG. Acute quadriplegic myopathy. Analysis 
of myosin isoforms and evidence for calpain-mediated proteolysis. 
Muscle Nerve. 1997;20:316–322.

 346.  Shee CD. Risk factors for hydrocortisone myopathy in acute severe 
asthma. Respir Med. 1990;84:229–233.

 347.  Hanson P, Dive A, Brucher JM, et!al. Acute corticosteroid myopa-
thy in intensive care patients. Muscle Nerve. 1997;20:1371–1380.

 348.  Deconinck N, Van Parijs V, Beckers-Bleukx G, Van den Bergh 
P. Critical illness myopathy unrelated to corticosteroids or neu-
romuscular blocking agents. Neuromuscul Disord. 1998;8:186–
192.

 349.  DuBois DC, Almon RR. Disuse atrophy of skeletal muscle is associ-
ated with an increase in number of glucocorticoid receptors. Endo-
crinology. 1980;107:1649–1650.

 350.  Hund E. Myopathy in critically ill patients. Crit Care Med. 
1999;27:2544–2547.

 351.  Neviere R, Mathieu D, Chagnon JL, et! al. Skeletal muscle micro-
vascular blood flow and oxygen transport in patients with severe 
sepsis. Am J Respir Crit Care Med. 1996;153:191–195.

 352.  Tsukagoshi H, Morita T, Takahashi K, et! al. Cecal ligation and 
puncture peritonitis model shows decreased nicotinic acetylcholine 
receptor numbers in rat muscle. immunopathologic mechanisms? 
Anesthesiology. 1999;91:448–460.

 353.  De Letter MA, van Doorn PA, Savelkoul HF, et! al. Critical ill-
ness polyneuropathy and myopathy (CIPNM). Evidence for local 
immune activation by cytokine-expression in the muscle tissue. J 
Neuroimmunol. 2000;106:206–213.

 354.  Tepper M, Rakic S, Haas JA, Woittiez AJ. Incidence and onset of 
critical illness polyneuropathy in patients with septic shock. Neth 
J Med. 2000;56:211.

 355.  Zifko UA. Long-term outcome of critical illness polyneuropathy. 
Muscle Nerve Suppl. 2000;9:S49–S52.

 356.  Dodson BA, Kelly BJ, Braswell LM, Cohen NH. Changes in ace-
tylcholine receptor number in muscle from critically ill patients 
receiving muscle relaxants. An investigation of the molecu-
lar mechanism of prolonged paralysis. Crit Care Med. 1995;23: 
815–821.

 357.  Coursin DB, Klasek G, Goelzer SL. Increased requirements for 
continuously infused vecuronium in critically ill patients. Anesth 
Analg. 1989;69:518–521.

 358.  Kupfer Y, Namba T, Kaldawi E, Tessler S. Prolonged weakness 
after long-term infusion of vecuronium bromide. Ann Intern Med. 
1992;117:484–486.

 359.  Op de Coul AA, Lambregts PC, Koeman J, et! al. Neuromuscular 
complications in patients given Pavulon (pancuronium bromide) 
during artificial ventilation. Clin Neurol Neurosurg. 1985;87: 
17–22.

 360.  Tousignant CP, Bevan DR, Eisen AA, et! al. Acute quadripa-
resis in an asthmatic treated with atracurium. Can J Anaesth. 
1995;42:224–227.

 361.  Gwinnutt CL, Eddleston JM, Edwards D, Pollard BJ. Concentrations 
of atracurium and laudanosine in cerebrospinal fluid and plasma in 
three intensive care patients. Br J Anaesth. 1990;65:829–832.

 362.  Szenohradszky J, Trevor AJ, Bickler P, et!al. Central nervous sys-
tem effects of intrathecal muscle relaxants in rats. Anesth Analg. 
1993;76:1304–1309.

 363.  Griffiths RB, Hunter JM, Jones RS. Atracurium infusions in patients 
with renal failure on an ITU. Anaesthesia. 1986;41:375–381.

 364.  Beemer GH, Dawson PJ, Bjorksten AR, Edwards NE. Early postop-
erative seizures in neurosurgical patients administered atracurium 
and isoflurane. Anaesth Intensive Care. 1989;17:504–509.

 365.  Eddleston JM, Harper NJ, Pollard BJ, et!al. Concentrations of atra-
curium and laudanosine in cerebrospinal fluid and plasma during 
intracranial surgery. Br J Anaesth. 1989;63:525–530.

 366.  Chiodini F, Charpantier E, Muller D, et!al. Blockade and activation 
of the human neuronal nicotinic acetylcholine receptors by atracu-
rium and laudanosine. Anesthesiology. 2001;94:643–651.

 367.  Chapple DJ, Miller AA, Ward JB, Wheatley PL. Cardiovascular and 
neurological effects of laudanosine. Studies in mice and rats, and 
in conscious and anaesthetized dogs. Br J Anaesth. 1987;59:218–
225.

 368.  Prielipp RC, Coursin DB, Scuderi PE, et!al. Comparison of the infu-
sion requirements and recovery profiles of vecuronium and cisa-
tracurium 51W89 in intensive care unit patients. Anesth Analg. 
1995;81:3–12.

 369.  Zarowitz BJ, Rudis MI, Lai K, et! al. Retrospective pharmacoeco-
nomic evaluation of dosing vecuronium by peripheral nerve stimu-
lation versus standard clinical assessment in critically ill patients. 
Pharmacotherapy. 1997;17:327–332.

 370.  Kress JP, Pohlman AS, O’Connor MF, Hall JB. Daily interruption of 
sedative infusions in critically ill patients undergoing mechanical 
ventilation. N Engl J Med. 2000;342:1471–1477.

 371.  Kim KS, Chung CW, Shin WJ. Cisatracurium neuromuscular block 
at the adductor pollicis and the laryngeal adductor muscles in 
humans. Br J Anaesth. 1999;83:483–484.

 372.  Katz RL, Ryan JF. The neuromuscular effects of suxamethonium in 
man. Br J Anaesth. 1969;41:381–390.

 373.  Kopman AF, Zhaku B, Lai KS. The “intubating dose” of succinyl-
choline. The effect of decreasing doses on recovery time. Anesthesi-
ology. 2003;99:1050–1054.

 374.  Wierda JM, van den Broek L, Proost JH, et!al. Time course of action 
and endotracheal intubating conditions of Org 9487, a new short-
acting steroidal muscle relaxant. A comparison with succinylcho-
line. Anesth Analg. 1993;77:579–584.

 375.  Miguel R, Witkowski T, Nagashima H, et!al. Evaluation of neuro-
muscular and cardiovascular effects of two doses of rapacuronium 
(ORG 9487) versus mivacurium and succinylcholine. Anesthesiol-
ogy. 1999;91:1648–1654.

 376.  Agoston S, Salt P, Newton D, et! al. The neuromuscular blocking 
action of ORG NC 45, a new pancuronium derivative, in anaesthe-
tized patients. A pilot study. Br J Anaesth. 1980;52(suppl 1):53S–
59S.

 377.  Katz RL. Clinical neuromuscular pharmacology of pancuronium. 
Anesthesiology. 1971;34:550–556.

 378.  Savarese JJ, Ali HH, Antonio RP. The clinical pharmacology of 
metocurine. Dimethyltubocurarine revisited. Anesthesiology. 
1977;47:277–284.

 379.  From RP, Pearson KS, Choi WW, et! al. Neuromuscular and car-
diovascular effects of mivacurium chloride (BW B1090U) during 
nitrous oxide-fentanyl-thiopentone and nitrous oxide-halothane 
anaesthesia. Br J Anaesth. 1990;64:193–198.

 380.  Somogyi AA, Shanks CA, Triggs EJ. The effect of renal failure on the 
disposition and neuromuscular blocking action of pancuronium 
bromide. Eur J Clin Pharmacol. 1977;12:23–29.

 381.  Lebrault C, Duvaldestin P, Henzel D, et!al. Pharmacokinetics and 
pharmacodynamics of vecuronium in patients with cholestasis. Br 
J Anaesth. 1986;58:983–987.

 382.  Servin FS, Lavaut E, Kleef U, Desmonts JM. Repeated doses of 
rocuronium bromide administered to cirrhotic and control patients 
receiving isoflurane. A clinical and pharmacokinetic study. Anes-
thesiology. 1996;84:1092–1100.

 383.  Westra P, Vermeer GA, de Lange AR, et!al. Hepatic and renal dispo-
sition of pancuronium and gallamine in patients with extrahepatic 
cholestasis. Br J Anaesth. 1981;53:331–338.

Downloaded for alex arman davidson (arman@amazingstudy.tk) at Florida International University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.


