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Abstract
Purpose of Review The endpoint of adequate neuromuscular recovery allowing for safe extubation has been revised several
times. A train-of-four (TOF) ratio of at least 0.9 measured at the adductor polices muscle is required to exclude clinically relevant
residual paralysis. In particular, upper airway muscle integrity, the hypoxic ventilatory response, and swallowing are still
impaired at shallow degrees of residual paralysis. The aim of this review is to evaluate the efficacy of neostigmine in achieving
this higher benchmark.
Recent Findings Recent findings suggest that (a) the administration of neostigmine should be delayed until advanced degrees of
pre-reversal recovery have occurred (i.e., T1 > 25% or the fourth response to TOF stimulation), or recovery intervals over 15 min
have to be accepted; (b) small concentrations of neostigmine (i.e., 20–30 μg/kg) are effective in antagonizing shallow degrees of
residual paralysis; and (c) the appropriate administration of neostigmine (i.e., dosing based on monitoring) reduces postoperative
complications and improves neuromuscular recovery.
Summary When 40–70 μg/kg neostigmine are administered at the return of 1–4 TOF responses, a recovery interval over 20 min
can be expected. Increasing the dose of neostigmine will not further accelerate this interval, but it may increase the risk of
paradoxical effects (i.e., the reappearance of fade). A shorter recovery interval is obtained when neostigmine-based reversal is
given at more advanced spontaneous pre-reversal neuromuscular recovery.
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Introduction

In addition to hypnotics and analgesic agents, neuromuscular
blocking agents (NMBAs) are frequently used during general
anesthesia. They facilitate endotracheal intubation and im-
prove surgical conditions, especially during laparoscopic pro-
cedures [1–3]. The introduction of NMBAs in the 1940 by

Harold Griffith and Enid Johnson revolutionized anesthesia
practice. Neuromuscular blocking agents facilitated the devel-
opment of cardio-thoracic anesthesia, neuro anesthesia, anes-
thesia for major abdominal procedures, and critical care [4].
However, in 1954, Beecher and Todd noted that “relaxant
anesthesia”was associated with a 35 times higher risk of death
[5]. The lack of knowledge related to dosing, monitoring, or
reversal of neuromuscular blockade was thought to be at the
origin of this significant increase in mortality. In the following
decades, devices to monitor neuromuscular block were devel-
oped and clinical concepts to avoid residual paralysis were
established [6, 7]. Reversal concepts were based on anti-
cholinesterase compounds like neostigmine. Neuromuscular
monitoring and pharmacological reversal became the key el-
ements of safe management neuromuscular blockade. In the
1970s, the pathophysiological consequences of incomplete
neuromuscular recovery were documented. It could be shown
that the forced vital capacity (FVC) was reduced by 20–30%
at a train-of-four (TOF) ratio of 0.5, and its full recovery
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required higher degrees of recovery of the TOF ratio [8].
Based on these findings, a TOF ratio of 0.7 was suggested
as an adequate level of neuromuscular recovery. However,
the physiologic effects of residual paralysis were further
established over the last decades. Not only are the pulmonary
muscles functionally impaired when neuromuscular recovery
is incomplete, but hypoxic respiratory control, coordination of
the pharyngeal muscles, and integrity of the upper airway are
additionally affected. [9–11]. Even at a TOF ratio of 0.8, the
risk of pulmonary aspiration due to an impaired ability to
swallow and protect the airway is still persistent, and the im-
paired function of the genioglossus muscle may lead to an
inspiratory upper airway obstruction [10, 11]. Thus, even rath-
er small degrees of residual neuromuscular blockade may be
potentially harmful to patients and should be prevented.

These findings led to a reconsideration of the definition of
adequate neuromuscular recovery. Based on this new infor-
mation, a TOF ratio > 0.9 is now considered the acceptable
threshold indicative of full neuromuscular recovery. However,
this increased threshold has consequences for the standard
practices of neuromuscular monitoring and reversal. Indeed,
a simple peripheral nerve stimulator is unable to detect small
but still potentially harmful degrees of residual paralysis, as
clinicians are unable to detect fade unless a TOF ratio is below
0.4 [12]. Only objective quantitative monitoring devices may
reliably determine whether a TOF ratio of 0.9 has been
achieved [13, 14]. In the following section, the efficacy of
neostigmine in fully antagonizing neuromuscular blockade
(TOF ratio of 0.9 or greater) is reviewed.

Mechanism of Action of Neostigmine

Neostigmine, edrophonium, and pyridostigmine are anti-
cholinesterase drugs used in clinical anesthesia, with neostig-
mine being most frequently used to accelerate recovery from
nondepolarizing neuromuscular blockade. All of these com-
pounds transiently inhibit the activity of the enzyme acetyl-
cholinesterase (AChE), and this inhibition prevents the degra-
dation of acetylcholine. As a consequence of this action, the
concentration of acetylcholine rises. At the neuromuscular
junction, the increased concentration of acetylcholine com-
petes with the nondepolarizing neuromuscular blocking agent
and binds preferentially to the nicotinic acetylcholine receptor
on the muscle, thus accelerating the recovery from neuromus-
cular blockade [6, 15]. This underlying mechanism of action
of neostigmine has several clinically relevant consequences:

& Muscarinic side effects: The effect of neostigmine is not
limited to the neuromuscular junction, as AChE is present
throughout the parasympathetic nervous system in the car-
diac, alimentary, and respiratory systems. Therefore, the
administration of neostigmine may also result in

pronounced bradycardia, increased salivation, bowel mo-
tility, nausea, and vomiting, as well as bronchoconstriction.
In clinical practice, the cholinergic effects of neostigmine
are treated and attenuated by the concomitant administra-
tion of either atropine (up to 20 μg/kg) or glycopyrrolate
(8–10 μg/kg). Both of these anti-cholinergic drugs block
the muscarinic receptors without having any pharmacody-
namic effect at the nicotinic acetylcholine receptors at the
neuromuscular junction. However, their administration is
often associated with tachycardia and arrhythmias.

& Ceiling effect: With increased doses, the effectiveness of
anti-cholinesterase drugs reaches a plateau. This plateau is
achieved when the enzyme inhibition is almost complete.
At this stage, any further increase in the dose will not
further increase the effectiveness of the neostigmine [6].
Evidence suggests that for neostigmine, the ceiling effect
occurs within the clinical range of the drug, i.e., between
40 and 70 μg/kg [6].

& Minimum degree of spontaneous recovery: Neostigmine
is not effective as a reversal agent if neuromuscular block-
ade is profound; some degree of spontaneous recovery is
required before reversal is attempted. Moreover, increas-
ing the threshold of acceptable neuromuscular recovery
(from a TOF ratio of 0.7 to a TOF ration of 0.9) has
resulted in a reconsideration of degree of spontaneous re-
covery that is required at the time of reversal [16].

Therapeutic Range of Neostigmine

Depth of nondepolarizing neuromuscular block is determined
by the balance between the concentrations of neuromuscular
blocking agent (NMBA) and acetylcholine at the neuromus-
cular junction, and recovery depends on increasing acetylcho-
line concentration relative to the NMBA. Neostigmine in-
creases the concentration of acetylcholine by inhibiting its
degradation and thus facilitates neuromuscular recovery.
However, as the concentration of acetylcholine is limited by
the amount released, the effectiveness of neostigmine reaches
a plateau with increasing doses. The apparent efficacy of neo-
stigmine to treat residual paralysis depends primarily on three
variables: the selected endpoint of neuromuscular recovery,
the dose of neostigmine given, and the level of spontaneous
recovery when neostigmine reversal is initiated [6].

& Selected threshold of neuromuscular recovery: Increasing
the threshold of safe neuromuscular recovery to a TOF
ratio of at least 0.9 may impact the ability of neostigmine
to achieve full neuromuscular reversal. Kirkegaard et al.
reported that increasing the endpoint for safe neuromus-
cular recovery from a TOF ratio of 0.7 to a TOF ratio of
0.9 resulted in significantly fewer patients meeting criteria
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for safe tracheal extubation [17]. In this investigation, the
authors assessed the effectiveness of neostigmine-based
reversal of cisatracurium neuromuscular blockade. They
determined that when 70 μg/kg neostigmine was given in
the presence of two TOF responses, it took 7.6 min (range
3.2–14.1) to reach a TOF ratio of 0.7. However, this inter-
val increased to 9.8 min (range 5.5–25.0) when the thresh-
old was increased to a TOF ratio of 0.8, and to 20.2 min
(range 6.5–70.5) when the threshold was increased to a
TOF ratio of 0.9. Several other authors have confirmed
these findings [18, 19]. Thus, at a TOF ratio of 0.7, the
peak effect of neostigmine occurred within 10 min, with
the new benchmark (TOF ratio of 0.9); its peak effect is
delayed to 20 min. However, intervals over 15 min are
probably poorly accepted in clinical practice and may re-
sult in increased operating room times.

& Dose of neostigmine: There is evidence in the literature
demonstrating that increasing the dose of neostigmine
cannot further accelerate neuromuscular recovery.
Kirkegaard-Nielsen et al. compared the recovery patterns
from atracurium-induced neuromuscular blockade after
35 and 70 μg/kg neostigmine [20]. While the larger dose
led to a faster times to the maximum effect, the maximum
T1 response was almost identical in both groups (78 and
79%, respectively), with the TOF ratio being similar (43
vs 51%, respectively). Similar results have been reported
by other investigators. This limitation may be explained
by the ceiling effect of neostigmine.Moreover, any further
increase of the dose of neostigmine may lead to the reap-
pearance of fade. This paradoxical effect of neostigmine
appears to be inconsistent with the current conception of
neostigmine-based reversal. However, neostigmine can
lead to paradoxical neuromuscular effects, especially in
patients receiving little or no neuromuscular blocking
agents. Neostigmine 2.5 mg/kg restored twitch tension
and abolished tetanic fade, but a second dose of 2.5 mg
neostigmine produced twitch depression and tetanic fade
[21]. In patients not given neuromuscular blocking agents,
tetanic fade could be seen in some subjects after 2.5 mg
neostigmine, and for others, 5.0 mgwas needed to achieve
this same result. Goldhill et al. [22] reported a small ac-
centuation of TOF fade with a second, but not a first,

2.5 mg dose of neostigmine given to reverse shallow neu-
romuscular blockade when the TOF ratio was 0.5. These
effects were more marked if reversal was attempted at a
TOF ratio of 0.9 (50). Caldwell et al. showed a decrease in
TOF ratio with a neostigmine dose of 40 μg/kg, but not
after 20 μg/kg, when using neostigmine after the TOF
ratio had already recovered almost to unity [23]. Recent
data have suggested that this paradoxical effect could be
clinically relevant and may adversely affect postoperative
pulmonary outcome [24]. However, a secondary analysis
revealed that the appropriate use of neostigmine, i.e., dos-
ing based on neuromuscular monitoring, reduces postop-
erative complication [25]. Moreover, Murphy et al. have
shown that 40 μg/kg neostigmine given at either a TOF
ratio of 0.9 or even 1.0 was not associated with any clin-
ical evidence of muscle weakness [26].

& Required level of spontaneous neuromuscular recovery:
Given that a TOF ratio > 0.9 is now generally accepted
as a safe endpoint of neuromuscular recovery and that
the effect of neostigmine to antagonize residual neuro-
muscular blockade reaches a plateau at doses between
40 and 70 μg/kg, then the level of spontaneous recovery
when neostigmine-based reversal is initiated remains
the only adjustable variable in clinical practice [6, 19].
For decades, reversal with neostigmine was initiated at
the return of at least 1–2 twitch responses after TOF
stimulation. However, given the issues discussed above,
a rethinking of the required level of spontaneous recov-
ery before initiating neostigmine-based reversal has oc-
curred. Kirkegaard et al. assessed four different pre-
reversal degrees of recovery to determine the time re-
quired to achieve a TOF ratio of 0.9. At the return of 1, 2,
3, or 4 tactile responses to TOF stimulation, neostigmine
70 μg/kg of neostigmine was administered, and the time
to reach three different endpoints was determined (TOF
ratio of 0.7, 0.8, and 0.9). They confirmed that even
when neostigmine was given at the return of the fourth
TOF response, the recovery interval was often longer
than 15 min; see also Table 1. Moreover, up to 15% of
patients did not reach a TOF ratio of 0.9 within 30 min
[17]. Based on this data, even waiting for the return of
the fourth response to TOF, and then waiting 15 min,

Table 1 Time interval to reach
different TOF ratios after 70 μg/
kg neostigmine given when 1, 2,
3, or 4 TOF responses after
cisatracurium-induced
neuromuscular blockade were
detectable. Adapted from [17]

TOF ratio 0.7 TOF ratio 0.8 TOF ratio 0.9

1 TOF response 10.3 (5.9–23.4) min 16.6 (8.9–30.7) min 22.2 (13.9–44.0) min

2 TOF responses 7.6 (3.2–14.1) min 9.8 (5.3 (25.0) min 20.2 (6.5–70.5) min

3 TOF responses 5.0 (2.0–18.4) min 8.3 (3.8–27.1) min 17.1 (8.3–46.2) min

4 TOF responses 4.1 (2.4–11.0) min 7.5 (3.0–74.5) min 16.5 (6.5–143.3) min

Data are median and range

TOF train of four

Curr Anesthesiol Rep (2018) 8:145–149 147



may result in patients presenting to the recovery room
with postoperative residual block. Findings from
Baurain et al. support this assumption that pre-reversal
recovery should be more advanced before administering
neostigmine. The investigators examined factors asso-
ciated with optimal neostigmine-based reversal and pro-
posed a pre-reversal T1 of at least 25% to obtain a TOF
ratio > 0.9 within 15 min after the administration of
40 μg/kg neostigmine. Earlier administration of neo-
stigmine led to incomplete recovery at 15 min, indepen-
dently of the dose of neostigmine given [27]. Recent
data from a systematic review confirmed these findings
[19]. Indeed, the authors recommended delaying the ad-
ministration of neostigmine until a pre-reversal T1 of at
least 25% of baseline is reached or to accept a recovery
interval longer than 15 min. Thus, the therapeutic range
of neostigmine has become rather narrow. Shallow de-
grees of residual paralysis, i.e., a TOF ratio between 0.4
and 0.9, are still potentially harmful and, thus, should be
avoided [28]. As mentioned previously, the ability to
swallow, the hypoxic ventilatory response, and the up-
per airway integrity are all affected at shallow degrees of
residual paralysis, corresponding to a TOF ratio of 0.8.
However, these shallow degrees of residual paralysis are
rather difficult to detect, at least with a simple nerve
stimulator or clinical tests of muscle strength. Thus,
even when all four responses after a TOF stimulation
are detectable with no fade, clinically relevant residual
paralysis cannot be excluded. However, in this situation,
neostigmine doses between 20 and 30 μg/kg will lead to
safe neuromuscular recovery in less than 10 min [29,
30]. Moreover, at these small doses, paradoxical effects
of neostigmine are not likely to be expected, which sup-
ports the routine administration of reduced neostigmine
doses, even when no fade is detected after TOF
stimulation.

Conclusions

When neostigmine is given at the return of 1–4 TOF re-
sponses, a recovery interval over 20 min has to be expected.
Increasing the dose of neostigmine beyond 70 μg/kg will not
further accelerate this recovery interval, but it may paradoxi-
cally increase the risk of adverse events. Shorter recovery
times after neostigmine administration are obtained when re-
versal is initiated at more advanced levels of spontaneous
recovery. Reduced doses of neostigmine are effective to an-
tagonize those shallow, but still potentially harmful degrees of
neuromuscular recovery.
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