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Editor’s key points

† Onset of NMB is affected by
potency, clearance,
mechanism of action, and
dose of a neuromuscular
blocking agent.

† Recovery from NMB occurs as
a result of 2 processes:
elimination of the
neuromuscular blocking
agent from the plasma and
increasing synaptic
acetylcholine concentrations.

† The fumarates are
non-depolarizing
neuromuscular blocking
agents that have a rapid
onset of effect, and are
rapidly inactivated through
adduction of cysteine.

Summary. Developing a non-depolarizing neuromuscular blocking agent that, like
succinylcholine, has a rapid onset and a short duration of effect remains a goal of
ongoing research. While rocuronium fills a portion of this need, the large doses required
for rapid intubation render it a much longer-acting neuromuscular blocking agent.
Postoperative residual neuromuscular block (NMB) is an increasingly recognized
complication of non-depolarizing neuromuscular blocking agents. This occurs because
of dosing choices for neuromuscular blocking agents and anticholinesterases as well as
insensitivity of typically used monitors of depth of NMB. While antagonism of NMB
is necessary with partial recovery, it is unnecessary with more complete recovery.
Even when monitoring with an accelerograph, reversal of NMB is complicated. In
addition to the pharmacodynamics of the individual neuromuscular blocking agents,
factors such as timing of anticholinesterase administration, dose of anticholinesterase,
concomitant medications, electrolyte abnormalities, and hepatic or renal disease
can influence the degree of reversal. Sugammadex works differently than
anticholinesterases and, when administered in appropriate doses, can reverse even
profound block induced with vecuronium or rocuronium. Two new fumarate
neuromuscular blocking agents have a rapid onset of effect and can be reversed at any
time by administration of cysteine, which could significantly reduce the risk of
postoperative residual NMB.
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Since the introduction of d-tubocurarine into clinical practice
almost 70 yr ago, development has focused on two different
types of non-depolarizing neuromuscular blocking agents:
compounds with a steroidal structure and benzylisoquinoli-
niums. Some of these compounds saw limited or no clinical
use, while others have become part of our daily practice.
The rationale for the development of these compounds
was multifactorial and included the desire to replace the
depolarizing neuromuscular blocking agent, succinylcholine,
which has several adverse effects. In spite of its untoward
effects, succinylcholine is commonly used because of its
dynamic profile—a reliably rapid onset of effect and an
ultra-short duration of action. The latter characteristic has
become increasingly important as the definition of adequate
recovery of neuromuscular function has changed and the
frequency of inadequate recovery of neuromuscular function
has been increasingly appreciated.

Recent work has led to the development of fumarate
(olefinic isoquinolinium diester) compounds, a new class of
non-depolarizing neuromuscular blocking agents, that in
initial studies have a rapid onset of effect, short and

intermediate durations of effect, a unique means of
inactivation, and very limited cardiovascular side-effects.

Onset of neuromuscular block
The rapid onset of effect of succinylcholine has been attribu-
ted to a combination of three factors, its mechanism of
action as a depolarizing neuromuscular blocking agent, its
relative lack of potency as a neuromuscular blocking agent
with an ED95 (the effective dose that causes 95% suppression
of twitch response) of 0.3 mg kg– 1,1 2 and its rapid clearance
from the plasma.3 The depolarizing activity of succinylcholine
contributes to its well-recognized adverse effect profile and,
therefore, was not a mechanism pursued in the development
of new neuromuscular blocking agents. Its lack of potency
and rapid clearance, however, were sought in new
non-depolarizing blockers.

Less potent compounds typically have a more rapid onset
of effect than those that are more potent. When a neuro-
muscular blocker is not potent, a larger dose has to be admi-
nistered to see the desired effect. With larger doses, the
driving force (concentration gradient) that moves molecules
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of the neuromuscular blocking agent from the circulation to

the neuromuscular junction is increased. This is, in a sense,

the same principle behind administering larger doses of a

neuromuscular blocking agent to shorten its onset. The

more quickly the necessary number of molecules moves
into the neuromuscular junction, the more rapidly they can
block the nicotinic acetylcholine receptors of the post-
junctional membrane and the neuromuscular blocking
agent can have its effect. This inverse relationship between
potency and onset of effect is applicable when comparing
the onset of neuromuscular block (NMB) with different
agents of similar structures,4 when comparing agents with
different structures but similar durations of action,5 and
when comparing agents with different durations of action.6

Through modelling, it appears that in order to have a rapid
onset of effect, a neuromuscular blocking agent has to
have an ED95 of .0.1 mg kg21. As shown in Table 1, of the
commonly used neuromuscular blocking agents, pancuro-
nium, rocuronium, vecuronium, and cisatracurium, only
rocuronium has such an ED95.7

The speed of onset of NMB also appears related to its
clearance and speed of recovery of neuromuscular function
after administration.3 While not true with all neuromuscular
blocking agents because differences in structure can also
influence onset, both mivacurium and succinylcholine have
slower onsets of effect in patients who are homozygous for
atypical plasma cholinesterase than in patients who are gen-
otypically normal.8 9 In patients homozygous for the atypical
gene, both succinylcholine and mivacurium, which typically
have ultra-short and short durations of effect, respectively,
become longer-acting compounds.

In order to monitor the onset of maximal effect of a neu-
romuscular blocker, doses that cause ,100% NMB have to
be administered.10 The dose of the neuromuscular blocking
agent administered to facilitate tracheal intubation is
increased to shorten the onset of 100% NMB. This concept
is employed when administering large doses of non-
depolarizing neuromuscular blocking agents to produce an
onset comparable with that of succinylcholine.11 The
maximal effect of an ED90 dose of rocuronium occurs in 3.8
min,12 but increasing that dose to four times the ED95 short-
ens the onset of 100% block to ,1 min.11 There is, however,

a limit to how much the onset of effect can be shortened.
This is most apparent with the neuromuscular blocking
agents that have the slowest onset of effect. Doxacurium,
a long-acting benzylisoquinolinium that was available for a
relatively short period of time, is a very potent neuromuscular
blocking agent. Its ED95 is 0.03 mg kg21 and its onset of
effect can be as slow as 13 min.13 Increasing the dose of
doxacurium to 0.08 mg kg21 shortens its onset to 3.5 min.
While this is shorter than the onset with an ED95 dose, it is
not nearly rapid enough to be used in a clinical scenario
where the trachea has to be intubated rapidly.
Cisatracurium, an intermediate-acting benzylisoquinolinium,
is another very potent neuromuscular blocking agent. Its
ED95 is 0.05 mg kg21 and its onset of maximal effect is 7.5
min. Its onset can be shortened to 2 min by increasing the
dose to eight times its ED95 (Fig. 1).14 Onset of effect
cannot be shortened endlessly as, after a certain point,
NMB cannot be achieved more quickly due to limits in deliv-
ery from circulation to effect site. For vecuronium, increasing
the dose from 0.1 to 0.2 mg kg21 shortens the onset of 100%
block from 3.8 to 1.8 min (Fig. 1).15 Increasing the dose
further to 0.3 or 0.4 mg kg21, however, does not further
shorten the onset.15 16 While the onset might not be
further shortened, increasing the dose of neuromuscular
blocking agent appears to decrease the variability in time
to onset of 100% NMB.11 14

The maximum dose of the neuromuscular blocking
agent that can be administered is limited by both the dose-
dependent increase in its duration of action and the greater
incidence of adverse effects. Increasing the dose of rocuro-
nium from two to four times its ED95 increases its clinical
duration of action (the time required for return of twitch
response to nerve stimulation to 25% of baseline values)
from 37 to 73 min.11 Similarly, as the dose of cisatracurium
is increased from two to four times its ED95 to shorten its
onset of effect from 5.2 to 2.7 min, its duration of action
increases from 45 to 91 min.14 Because of these longer
recovery times, the use of larger doses of neuromuscular
blocking agents to shorten the onset is not practical for
routine short elective minor surgical procedures. The magni-
tude of the increase in duration of action is generally not as
great with intermediate-acting neuromuscular blocking
agents as it is with longer-acting compounds. Doubling the
dose of cisatracurium from two to four times the ED95 or
four to eight times the ED95 increases its clinical duration
of action by its elimination half-life (23 min).14 17 This
simple finding makes it easy to predict how long it will be
after an intubating dose before administration of a sub-
sequent dose will likely be required, or how soon after an
intubating dose residual NMB can be antagonized.

The dose of the neuromuscular blocking agent that can be
administered is also limited by the increased risk of adverse
side-effects. This is defined as the ratio of the dose that
will on average cause 95% suppression of neuromuscular
response to stimulation and the dose that causes the
adverse effect in 50% of subjects (ED95 NMB/ED50 adverse
effect). For example, increasing the dose of d-tubocurarine

Table 1 Non-depolarizing neuromuscular blocking agents:
duration of effect, potency, and metabolism

Duration of
effect

Neuromuscular
blocking agent

ED95

(mg kg21)
Approximate %
metabolism

Long d-Tubocurarine 0.5 0
Pancuronium 0.07 10–20

Intermediate Rocuronium 0.3 ,1
Vecuronium 0.05 30–40
Atracurium 0.23 60–90
Cisatracurium 0.05 80

Short Mivacurium 0.08 95–99

Ultra-Short Gantacurium 0.19 .95
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to shorten its onset is not a possibility as d-tubocurarine
causes histamine release at 0.6 times the ED95 dose.18 This
margin of safety for histamine release was somewhat
improved with the development of atracurium where this
ratio is 2.5 times its ED95

19 and even more improved with
the development of doxacurium20 where the ratio is more
than four times its ED95. Cisatracurium, which has an onset
of effect similar to doxacurium, does not cause histamine
release and administration of three to five times the ED95

to speed the onset of effect does not result in the hypoten-
sion and tachycardia typically caused by increasing hista-
mine levels.21 Vecuronium has no cardiovascular effects in
doses far greater than those used clinically for NMB. Doses
as large as eight times the ED95 have been administered
for the rapid onset of effect without any adverse haemo-
dynamic effects.15

Recovery of neuromuscular function
Increased mortality after the introduction of d-tubocurarine
into clinical practice was likely due to respiratory compro-
mise.22 Even today, increased mortality has been associated
with the administration of neuromuscular blocking agents.23

In the 1970s, Ali and colleagues24 described adequate recov-
ery of neuromuscular function as recovery to a train-of-four
ratio (the magnitude of the fourth response compared with

that of the first response to four stimuli administered over
the course of 2 s) of at least 60–70%. With this degree of recov-
ery, patients could, on average, maintain adequate vital
capacity, develop adequate negative inspiratory force, and
have acceptable peak expiratory flow rate.25 However, with
this degree of recovery, volunteers demonstrate signs of weak-
ness.26 Patients and volunteers with a train-of-four ratio of 0.7
have an increased incidence of respiratory complications.27 – 32

Additionally, because of both the inadequacy of the monitors
commonly used to detect residual NMB33 34 and failure to
use them,35 a number of patients are arriving in the post-
anaesthesia care unit extubated with train-of-four ratios
,70%.36 While lack of efficacy of the current clinical monitors
can be decreased with the use of qualitative monitors of
residual NMB37 such as the acceleromyograph, their use
cannot eliminate it. Additionally, a train-of-four ratio of 70%
is no longer considered adequate recovery of neuromuscular
function. In volunteers, train-of-four ratios ≥70% and ≤ 90%
are associated with decreased hypoxic ventilatory drive,
decreased coordination of swallowing, decreased tone in the
oesophagus, and increased frequency of aspiration28 30 – 32 38

and have been associated with an increased incidence of criti-
cal respiratory events.29

Recovery of neuromuscular function after NMB requires an
increase in the concentration of acetylcholine at the neuro-
muscular junction relative to that of the neuromuscular block-
ing agent. This can occur by several mechanisms. The
neuromuscular blocking agent can be eliminated from the
body through hepatic or renal excretion, or alternatively, it
can be metabolized to inactive metabolites or chemically
altered so that it can no longer interact with the
post-junctional nicotinic acetylcholine receptors of the
neuromuscular junction. Additionally, synaptic acetylcholine
concentrations at the neuromuscular junction can be
increased by inhibiting the acetylcholinesterase.

Elimination and metabolism of
neuromuscular blocking agents
Typically, compounds that are eliminated unchanged
through the kidneys or liver are long-acting neuromuscular
blocking compounds (Table 1). Rocuronium, of which ,1%
is recovered as metabolite,39 is the exception to this. More
commonly, neuromuscular blocking agents that are more
extensively metabolized or broken down have a shorter dur-
ation of action. For example, atracurium and cisatracurium—
intermediated-acting compounds—are primarily inactivated
non-enzymatically through one of two pathways, ester
hydrolysis and Hofmann elimination, to compounds that
have no neuromuscular blocking activity. Renal elimination
as unchanged compound accounts for elimination of only
10–40% of the parent compound.40 41 The clinical duration
of action of these compounds (the time from administration
to recovery of 25% of baseline muscle strength) is about 45
min. Mivacurium, which has a short duration of action, is
almost exclusively hydrolysed by plasma cholinesterase, the
same enzyme that is responsible for the inactivation of
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Fig 1 The impact of increasing the dose of neuromuscular block-
ing agents on time to onset of 100% NMB. In the doses studied,
the onset of rocuronium and cisatracurium is shortened as dose
increased. The magnitude of the decrease becomes smaller as
the dose of cisatracurium is increased. Doubling the dose from
one to two times the ED95 shortens the onset by 2.4 min and
doubling it again to four times the ED95 shortens it further by
2.5 min. Doubling it again to eight times the ED95 only shortens
the onset by 0.8 min to 1.9 min. The onset of vecuronium is shor-
tened from 3.8 to 1.8 min as the dose increased from two to four
times the ED95. The onset is not shortened further with additional
increases in dose. Similarly, the onset of gantacurium is shor-
tened from 2.6 to 1.7 min by increasing the dose from one to
two times the ED95. Additional increases in dose do not signifi-
cantly shorten the onset.
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succinylcholine. The clinical duration of action of two times
the ED95 of mivacurium is ,20 min.

A short duration of action of a neuromuscular blocking
agent allows flexibility in terms of intraoperative use. More
profound levels of block can be maintained throughout in
order to facilitate the surgical procedure or, NMB can be
maintained later in the procedure as spontaneous recovery
occurs more quickly with these agents and the incidence of
inadequate recovery of neuromuscular function should be
decreased.42 43 Additionally, some of the variability observed
in the time required for complete recovery of neuromuscular
function11 36 44 can be decreased with the use of shorter-
acting agents or alternative means of reversing residual NMB.

Pharmacological antagonism
of residual NMB
Until recently, administration of cholinesterase inhibitors
(anticholinesterases) to decrease the hydrolysis of acetyl-
choline was the only way to facilitate the recovery of neuro-
muscular function after administration of a non-depolarizing
neuromuscular blocking agent. As acetylcholinesterase
activity decreases, the concentration of acetylcholine at the
motor-end-plate increases and the competitive block of the
acetylcholine receptor by non-depolarizing neuromuscular
blocking agents can be overcome.45 There is a limit,
however, to the efficacy of anticholinesterases in their antag-
onism of competitive NMB.46 Factors that influence the
efficacy of anticholinesterase administration include the
degree of spontaneous recovery before administration,
timing of the last dose of the neuromuscular blocking
agent relative to the anticholinesterase, duration of action
of the neuromuscular blocking agent being antagonized,
and the dose of anticholinesterase administered.

Antagonism of NMB with anticholinesterases should not be
attempted until there is evidence of spontaneous recovery of
neuromuscular function. Adequate recovery, as defined by a
train-of-four ratio ≥ 0.9, occurs more quickly in patients who
have recovered to 10% or 25% of baseline muscle strength
than in those in whom the anticholinesterase is administered
at more profound levels of NMB.47 On average, 30 min is
required for full recovery from this depth of rocuronium-
induced block after administration of neostigmine (70 mg kg21).
Since the maximal effect of neostigmine occurs in 7–11 min,
the greater the degree of spontaneous recovery when the
anticholinesterase is administered, the shorter the time
required for recovery will be. This has been demonstrated for
recovery to a train-of-four ratio of ≥0.7.44 If three or four
twitches in response to stimulation are present when the
anticholinesterase is administered, recovery occurs within
10 min. If neostigmine is administered when only one
response to stimulation is present, the same degree of recov-
ery requires more than 20 min. Of note, if the maximal dose of
neostigmine has been administered (70 mg kg21 ideal body
weight) and muscle strength has not returned to baseline
within 10 min, administration of additional neostigmine—or
a different anticholinesterase—will be of no clinical benefit

as acetylcholinesterase has been maximally inhibited. In
fact, administration of additional anticholinesterase may
cause an increase in the depth of block.48 – 50

As the depth of block at the time of administration
of anticholinesterase influences the ease of antagonism of
NMB, it is not surprising that the timing of administration
of the last dose of the neuromuscular blocking agent relative
to the anticholinesterase is an additional factor influencing
the efficacy of anticholinesterase. McCaul and colleagues51

demonstrated that the train-of-four ratio is more frequently
,70% at extubation when patients receive a maintenance
dose of atracurium within 30 min of administration of neos-
tigmine. Conversely, those who receive their last mainten-
ance dose of atracurium more than 50 min before
antagonism are more likely to have a train-of-four ratio of
≥0.7 at extubation. This relationship appears most important
when reversing profound levels of NMB.52 The relationship
between the timing of the last dose of the neuromuscular
blocking agent, the timing of anticholinesterase adminis-
tration, and efficacy of antagonism has also been found
when pyridostigmine is used to antagonize rocuronium- or
vecuronium-induced NMB53 and when neostigmine (2.5
mg) is used to antagonize pancuronium-induced block.54

Spontaneous recovery of neuromuscular function is one of
the factors contributing to return of baseline muscle strength
at the conclusion of an anaesthetic during which a neuro-
muscular blocking agent was administered. Because of this,
the duration of action of the non-depolarizing neuromuscu-
lar blocking agent influences recovery in the presence of an
anticholinesterase. Once an anticholinesterase is adminis-
tered, the speed of recovery is determined by both the
ability of increased acetylcholine at the neuromuscular
junction to overcome competitive NMB and the ongoing
spontaneous recovery of muscle strength. Plasma concen-
trations of compounds with an intermediate duration of
action decrease more quickly than those with a long duration
of action, and because of this, recovery occurs over a shorter
time course than it does with long-acting agents. This
accounts for the decreased frequency of postoperative
residual curarization after administration of intermediate-
acting agents.43 55 Larger doses of anticholinesterases are
necessary to effectively antagonize more profound levels of
block.56 There is a limit, though, to the depth of block
that can be antagonized and, as mentioned previously,
once acetylcholinesterase is maximally inhibited, there
is no additional benefit in administering more
anticholinesterase.46

Whether or not to administer an anticholinesterase to all
patients who receive a neuromuscular blocking agent is an
area of disagreement among clinicians. Without quantita-
tive monitors (monitors that provide an accurate determi-
nation of the train-of-four ratio), it is impossible to know
whether or not muscle strength has recovered to 40%
(with train-of-four monitoring),34 57 60% (with monitoring
response to double-burst stimulation),33 or 90% of baseline
values. Determination of recovery to a train-of-four ratio of
0.9 with the more typically used qualitative monitors is not
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possible. Certainly, antagonism of a train-of-four ratio of
0.4, 0.6, or 0.7 is needed unless a patient remains intubated
and mechanically ventilated. While not administering an
anticholinesterase increases the risk of residual NMB,58

unwarranted administration of reversal doses of neostig-
mine (at a train-of-four ratio of ≥0.9) may exacerbate
weakness.50 A recent study demonstrated that adminis-
tration of 10 or 20 mg kg21 neostigmine once there is no
fade detectable (train-of-four ratio of 0.4 or 0.6) facilitates
complete recovery of neuromuscular function within
10–15 min and does not increase the depth of NMB.59 A
review by Kopman and Eikermann60 recommends dosing
of neostigmine based on response to train-of-four stimu-
lation. Doses range from 15 to 50 mg kg21 and recommen-
dations are that any patient receiving a neuromuscular
blocking agent should receive at least some neostigmine.
If quantitative monitoring is used to determine the depth
of NMB and train-of-four response is ≥0.9, then no anticho-
linesterase is necessary. Unwarranted administration of
neostigmine can cause weakness in the musculature of
the airway and that of the periphery.48 50 61

For those clinicians practising in countries where sugam-
madex is available, concerns regarding weakness resulting
from unnecessary anticholinesterase administration are
decreased and the recommendations for dosing of the rever-
sal agent can be revised substantially for the reversal of
vecuronium- or rocuronium-induced NMB. Sugammadex is
a selective relaxant-binding agent, developed specifically to
facilitate the reversal of NMB induced by agents with a ster-
oidal structure. It is a cyclodextrin that works through a
mechanism of action entirely different from that of the antic-
holinesterases. Rather than inhibiting the enzyme respon-
sible for the breakdown of acetylcholine, sugammadex
encapsulates the steroidal neuromuscular blocking agents,
making it physically impossible for them to interact with
the acetylcholine receptor.62 The cyclodextrin–neuromuscu-
lar blocking agent complex is very tight and essentially does
not dissociate. Patients who receive a steroidal neuromuscu-
lar blocking agent can receive sugammadex to reverse
residual NMB without the side-effects of anticholinesterases
(arrhythmias, nausea and vomiting, increased NMB). In
animals, administration after full recovery of neuromuscular
function does not cause weakness and has no effect on
tidal volume, respiratory rate, or minute ventilation.50

Sugammadex provides a rapid and dose-dependent rever-
sal of profound NMB induced by high-dose rocuronium (1.0
or 1.2 mg kg21) in adult surgical patients.63 Unlike neostig-
mine, which should not be administered until some spon-
taneous recovery of neuromuscular function has been
documented, sugammadex is effective at antagonizing any
depth of NMB, regardless of when the last dose of a non-
depolarizing compound was administered.64 As the depth of
block that is being reversed increases, the dose of sugamma-
dex should be increased in order to avoid incomplete recov-
ery63 65 and to ensure more rapid recovery of neuromuscular
function.66 Doses of 2–4 mg kg21 sugammadex, administered
at the reappearance of the second response in the

train-of-four count after a 2 h infusion to maintain profound
NMB, reverse rocuronium-induced block in 1.35 min. With
doses of 8 mg kg21 administered 3 min after an intubating
dose of 0.6 mg kg21 rocuronium, complete recovery occurs
within 2 min.64 Sugammadex is eliminated through the
kidneys and, when administered to reverse rocuronium-
induced block, rocuronium is found in the urine—presumably
because of the presence of the soluble sugammadex–rocuro-
nium complex.67

New non-depolarizing neuromuscular
blocking agents
Research has been ongoing to fill a clinical need in the USA—
where sugammadex is not approved for clinical use—to
develop a non-depolarizing agent that has both a rapid
onset of effect and a short duration of action, as described
by Savarese and Kitz68 in 1975. The lack of availability of a
compound with these characteristics and an increasing
awareness of the adverse effects or residual NMB27 29 has
led to the identification of a new series of fumarate com-
pounds, olefinic (double-bonded) isoquinolinium diesters, as
neuromuscular blockers. These compounds have a rapid
onset of effect and are extensively broken down by
non-enzymatic mechanisms, allowing their duration of
action to be adjusted to specific needs.

Gantacurium
Gantacurium (Fig. 2) was the first of the olefinic (double-
bonded) isoquinolinium diester compounds to be studied in
humans. It is an asymmetric a-chlorofumarate.69 70 In con-
trast to both atracurium and mivacurium, which consist of
a mixture of isomers, gantacurium is, like cisatracurium, a
single isomer. There are six asymmetric centres in the com-
pound and the stereochemistry of gantacurium is derived
from its orientation about each of these.

In preclinical and clinical trials, gantacurium has a very short
duration of effect. This is likely due to its two routes of inacti-
vation—neither of which involves either the kidney or the liver
(Fig. 3).71 The faster of the two routes involves adduction of
the non-essential amino acid cysteine to the molecule. Cysteine
is derived from one molecule of serine, a non-essential amino
acid, and one molecule of methionine, an essential amino
acid. It exists as the L- and D-enantiomers. The L-form has
been studied in animals as a reversal agent for the fumarate
neuromuscular blocking agents. Parenteral L-cysteine is cur-
rently available in total parenteral nutrition for paediatric
patients where 40 mg of cysteine is added per gram of amino
acids. Amino acid requirements in this patient population are
1–3.5 mg kg21 day21. Therefore, a 10 kg child receiving 20 g
of amino acid per day receives 800 mg cysteine. Volunteer
trials of L-cysteine to reverse fumarate-induced NMB will begin
in 2012.

The adduction of cysteine to gantacurium occurs at the
central fumarate double bond (Fig. 3). This process involves
the replacement of the chlorine to form a new heterocyclic
ring in a type of Michael’s addition.72 The adduction of
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cysteine changes the stereochemistry of gantacurium so that
it is no longer able to bind to the acetylcholine receptor. The
second route of degradation, which occurs more slowly, is a
pH-sensitive ester hydrolysis (Fig. 3) that yields two products,
neither of which has neuromuscular blocking activity. This
chemical reaction occurs in both plasma and buffer. The
short duration of action of gantacurium is consistent with
that of other neuromuscular blocking compounds that are
extensively metabolized. As shown in Table 1, these com-
pounds have either short or intermediate durations of action.

Based on the results of a volunteer trial,73 the ED95 of gan-
tacurium is 0.19 mg kg21. The onset of an ED95 dose is ,3
min and increasing dose 1.5 times (0.30 mg kg21) shortens
the onset time to 1.5 min. Onset is not shortened with
further increases in dose (Table 2). The duration of action
of gantacurium is short (Table 2).73 In fact, it is minimally
longer than that of succinylcholine. The complete duration
of action of 0.18 mg kg21 gantacurium (the time required
from administration to recovery to a train-of-four ratio
≥0.9) is 10 min. After administration of four times this
dose, the duration of action increases by 5 min (Table 2).
Increases in dose do not change the nature of recovery, in
that the 25–75% and 5–95% recovery intervals (the time
required for recovery from 25% to 75% and 5% to 95% of
baseline muscle strength) remain the same regardless of
the dose administered.

With these onset and recovery characteristics, gantacur-
ium is unlike any available non-depolarizing neuromuscular
blocking agent and most closely resembles the depolarizing
compound succinylcholine. As shown in Table 3, the onset
and recovery parameters after administration of two times
the ED95 of gantacurium, as measured at the adductor
pollicis, are essentially indistinguishable from those after
the administration of succinylcholine (1 mg kg21).

As gantacurium is a non-depolarizing neuromuscular
blocker, its action is antagonized by administration of anticho-
linesterases. The rapid spontaneous recovery that occurs after
administration of gantacurium makes use of neostigmine,
which has its peak effect in 7–11 min, to reverse residual
effects unnecessary. However, administration of edrophonium
(0.5 mg kg21), with its peak effect in ,2 min, should effectively
facilitate recovery of neuromuscular function.74 In volunteers,
administration of edrophonium at 10% recovery from
gantacurium-induced NMB shortens recovery to a
train-of-four ratio of ≥0.9 to 4 min.73

Inactivation of gantacurium can be increased by adminis-
tration of cysteine. In animal studies, i.v. L-cysteine adminis-
tration during early spontaneous recovery from NMB induced
with eight times the ED95 of gantacurium shortens the
5–95% recovery interval by almost 2 min. When it is adminis-
tered 2 min after the same dose of gantacurium, the same
recovery interval was significantly shortened by more than
2 min and the time to full recovery was shortened from
10 to 3 min.71

Administration of doses of ,25 times the ED95 of gantacur-
ium to cats does not cause inhibition of either vagal or
sympathetic autonomic responses. In monkeys, doses .50
times the ED95 cause transient hypotension and tachycardia
presumably due to histamine release.72 Gantacurium does
cause histamine release in lower doses in humans.73 In anaes-
thetized volunteers, histamine release was observed after
administration of doses .2.5 times the ED95. Maximal haemo-
dynamic changes found in these young healthy volunteers
were what would be expected from histamine release, a tran-
sient decrease (,5 min) in mean arterial pressure and a tran-
sient increase in heart rate. After administration of four times
the ED95 of gantacurium (0.72 mg kg21), the maximal increase
in heart rate was 24% greater than baseline and the maximal
decrease in mean arterial pressure was 34% lower than base-
line values. As has been documented in animals, no changes in
peak inspiratory pressure were observed. In beagles, increases
in peak inspiratory pressure are not observed even after
administration of large doses.75 In guinea pigs, gantacurium,
like cisatracurium, did not interact with M2 or M3 receptors
and has no impact on lung inflation pressures at doses
far in excess of those required for NMB.76 Gantacurium,
therefore, does not cause muscarinic-mediated smooth
muscle constriction (an issue with rapacuronium).

CW 002
CW 002 is a fumarate that lacks chlorine at the fumarate
double bond (Fig. 4). Like gantacurium, it is inactivated by
adduction of cysteine. This process occurs more slowly than
with gantacurium such that CW 002 is an intermediate-
acting neuromuscular blocking agent.71

Data from animals indicate that CW 002 is more potent
than gantacurium. In monkeys receiving isoflurane anaes-
thesia, its potency is more than twice that of gantacurium
(ED95 of 0.042 and 0.1 mg kg21, respectively).71 In spite of
its increased potency, and perhaps because of its rapid
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clearance, its onset of effect is very rapid. Maximal block
(100%) is observed within 1 min of administering three
times the ED95 to monkeys. Complete spontaneous recovery
(to a train-of-four ratio of .95%) after administration of this
dose occurs in ,30 min. The 5–95% recovery interval is half
that observed after administration of cisatracurium (11 vs 20
min, respectively).77 A volunteer trial of the pharmacokinetics
and pharmacodynamics of CW 002 has recently begun.

Not surprisingly, the duration of action (administration to
train-of-four ratio ≥95%) of CW 002 is shortened only
slightly, from 25 to 22.5 min, when neostigmine (50 mg kg21)
is administered at very early signs of spontaneous recovery
(T1¼2% of baseline). The 5–95% recovery interval is
decreased by �2 min.77 The impact of neostigmine when
administered at the same point in spontaneous recovery
from cisatracurium-induced block is still small, but somewhat
more pronounced as total duration is shortened by �12
min.71 Administration of neostigmine after a greater degree
of spontaneous recovery had occurred might have more
effectively antagonized NMB.46

Because of the unique means of inactivating the fuma-
rates through adduction of cysteine, profound NMB with
CW 002 can be effectively reversed with cysteine adminis-
tration.71 Cysteine adduction effectively removes CW 002
from the pool of the blocking agent available to bind to the
post-junctional acetylcholine receptor. When cysteine
(50 mg kg21) is administered to monkeys at 2% of baseline

muscle strength, the time to complete recovery of neuro-
muscular function is decreased by 30%, from 30 to 20
min.71 Administration of this same dose of cysteine 1 min
after CW 002 shortens recovery to 4 min. Cysteine adminis-
tration has no effect on recovery from cisatracurium-induced
NMB. To completely reverse CW 002-induced block, an ade-
quate dose of cysteine must be administered. In dogs and
monkeys, 50 mg kg21 causes rapid recovery from profound
block.78 Administration of increasingly large doses of
cysteine, 1 min after the non-depolarizing neuromuscular
blocking agent, progressively shortens recovery times from
NMB induced with nine times the ED95 of CW 002
(Table 4).78 Administration of the same dose of CW 002
after cysteine-facilitated recovery results in a shorter dur-
ation of NMB. The duration of effect of CW 002 is shorter in
animals that received the largest doses of cysteine. In
dogs, administration of 50 mg kg21 cysteine after adminis-
tration of CW 002 (0.08 mg kg21) shortens the recovery of
neuromuscular function from 70 to 2 min.78 While it has
not yet been studied, the cysteine dose required for the
reversal of less profound depths of block will likely be
smaller than 50 mg kg21.

Smaller doses of cysteine reverse gantacurium-induced
block more quickly than they reverse CW 002-induced
block. This is in part due to the presence of chlorine at the
fumarate double bond in gantacurium that is not present
in CW 002. The chlorine accelerates the adduction of cysteine
so that the adduction reaction in gantacurium is very short,
�0.2 min. This same process requires �11 min in CW
002.71 In addition to explaining the more rapid reversal of
gantacurium with cysteine, this also explains the longer dur-
ation of action of CW 002. The adduct of CW 002 does have
some neuromuscular blocking activity. It is much less potent
than CW 002 (ED95 2.8 mg kg21), is longer acting, and is
soluble, so that it is likely eliminated in the urine.71

Just as sugammadex can be used to reverse rocuronium-
or vecuronium-induced block in the cannot intubate/cannot
ventilate scenario, the combination of cysteine and ganta-
curium or CW 002, when available clinically, may be
applied in the same fashion. Similarly, inadequate recovery
of neuromuscular function after a routine anaesthetic could
become, with appropriate dosing of cysteine to reverse CW
002-induced block, exceedingly rare.

Table 3 Onset of and recovery from gantacurium- and succinylcholine-induced block at the laryngeal adductors and adductor pollicis
[mean (SD)]

Neuromuscular blocking agent Dose (mg kg21) Muscle group Minutes to max. block Minutes to T1525% Minutes to T1595%

Gantacurium 0.36 Laryngeal adductors 1.1 (0.3) 7.2 (1.1) 12.9 (2.1)
Adductor pollicis 1.7 (0.2) 7.0 (0.5) 12.2 (1.3)

Gantacurium 0.54 Laryngeal adductors 0.9 (0.2) 9.3 (2.9) 16.1 (4.1)
Adductor pollicis 1.5 (0.3) 9.3 (1.5) 15.2 (3.0)

Succinylcholine 1.0 Laryngeal adductors 0.8 (0.3) 6.1 (1.7) 11.3 (1.9)
Adductor pollicis 1.5 (0.2) 8.5 (1.5) 12.1 (2.0)

Table 2 Onset of and recovery from gantacurium-induced NMB in
volunteers [mean (SD)]. Gantacurium ED95¼0.19 mg kg21;
maximal suppression¼100% NMB; clinical duration of action:
minutes from administration of gantacurium to T1¼25%; total
duration of action: minutes from administration of gantacurium
to T4:T1 ≥0.9

Gantacurium
dose (multiples
of ED95)

Minutes to
maximal T1
suppression

Clinical
duration of
action (min)

Total
duration of
action (min)

1 2.6 (0.3) 4.7 (0.4) 9.8 (0.7)

1.9 1.7 (0.2) 7.0 (0.5) 11 9 (1.2)

2.5 1.6 (0.3) 9.8 (2.1) 15.4 (3.1)

3 1.5 (0.2) 9.3 (1.5) 14.6 (2.7)

4 1.5 (0.3) 10.1 (1.9) 15.1 (1.8)
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CW 002 in animal trials appears to be free of adverse
cardiovascular effects in clinically relevant doses. When
tested in cats, the safety ratio for vagal blockade (ED50

vagal blockade/ED95 NMB) with CW 002 is 31 and for sym-
pathetic blockade (ED50 sympathetic blockade/ED95 NMB) is
more than 50.77 These ratios are .10 for each of the cur-
rently used intermediate-acting neuromuscular blocking
agents. Based on this, CW 002 should have no cardiovascular
effects in humans. In dogs, administration of 25 times the
ED95 of CW 002 causes a significant decrease in mean arter-
ial pressure,79 and administration of larger doses causes
greater decreases. Heart rate, systemic vascular resistance,
and cardiac output begin to decrease at doses of 50 times
the ED95 and pulmonary arterial pressure at doses of
100 times the ED95. These haemodynamic changes are not
associated with increased plasma histamine concentrations,
decreases in pulmonary compliance, or increases in peak
inspiratory pressure that would be suggestive of histamine
release. In monkeys administration of 100 times the ED95

causes a brief decrease in mean arterial pressure of ,20
and a 10% decrease in heart rate.77

Like gantacurium, CW 002 does not interact with muscar-
inic receptors of the airway and will not cause bronchocon-
striction through this mechanism.76

Conclusions
Fumarates (olefinic diester isoquinolinium compounds) rep-
resent a unique class of non-depolarizing neuromuscular
blocking agents. These compounds are potent neuromuscu-
lar blocking agents with rapid onsets of effect and durations
of action that depend largely on their speed of inactivation.
They are inactivated primarily through adduction of the non-
essential amino acid cysteine at their double bond. The
speed of this process depends on the structure of the isoqui-
nolinium diester compound. Adduction yields breakdown
products that are generally incapable of binding to the post-
junctional acetylcholine receptor. The two neuromuscular
blocking agents studied in human volunteers to date have
a rapid onset of effect and a predictable duration of action
that is either ultra-short (gantacurium) or intermediate
(CW 002) and is shortened in animals by the administration
of exogenous cysteine. If developed further and introduced
into clinical practice, these neuromuscular blocking agents
will have a fast onset of effect that can be both rapidly and
completely eliminated. Clinical trials are necessary to deter-
mine the pharmacodynamics of the two neuromuscular
blocking agents in patients of all ages and with different
co-morbidities. If findings are consistent with those in
preclinical and early clinical trials, these drugs could
provide a real alternative to succinylcholine, which remains
the most commonly chosen drug to facilitate rapid sequence
tracheal intubations. Most importantly, because of their
means of inactivation through cysteine adduction, they will
also allow clinicians to administer large doses or maintain
profound NMB throughout a surgical procedure without
concern of postoperative residual weakness and its adverse
effects.
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