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Neostigmine/Glycopyrrolate Administered after Recovery
from Neuromuscular Block Increases Upper Airway
Collapsibility by Decreasing Genioglossus Muscle
Activity in Response to Negative Pharyngeal Pressure
Frank Herbstreit, Dr.med.,* Daniela Zigrahn, Cand.med.,† Christof Ochterbeck, Dipl.-Ing.,‡
Jürgen Peters, Dr.med.,§ Matthias Eikermann, M.D., Ph.D.�

ABSTRACT
Background: Reversal of residual neuromuscular blockade
by acetylcholinesterase inhibitors (e.g., neostigmine) improves
respiratory function. However, neostigmine may also impair
muscle strength. We hypothesized that neostigmine adminis-
tered after recovery of the train-of-four (TOF) ratio impairs
upper airway integrity and genioglossus muscle function.
Methods: We measured, in 10 healthy male volunteers, epi-
glottic and nasal mask pressures, genioglossus electromyo-
gram, air flow, respiratory timing, and changes in lung vol-
ume before, during (TOF ratio: 0.5), and after recovery of
the TOF ratio to unity, and after administration of neostig-
mine 0.03 mg/kg IV (with glycopyrrolate 0.0075 mg/kg).
Upper airway critical closing pressure (Pcrit) was calculated
from flow-limited breaths during random pharyngeal nega-
tive pressure challenges.
Results: Pcrit increased significantly after administration of
neostigmine/glycopyrrolate compared with both TOF recovery
(mean � SD, by 27 � 21%; P � 0.02) and baseline (by 38 �
17%; P � 0.002). In parallel, phasic genioglossus activity

evoked by negative pharyngeal pressure decreased (by 37 �
29%, P � 0.005) compared with recovery, almost to a level
observed at a TOF ratio of 0.5. Lung volume, respiratory tim-
ing, tidal volume, and minute ventilation remained unchanged
after neostigmine/glycopyrrolate injection.
Conclusion: Neostigmine/glycopyrrolate, when adminis-
tered after recovery from neuromuscular block, increases up-
per airway collapsibility and impairs genioglossus muscle ac-
tivation in response to negative pharyngeal pressure. Reversal
with acetylcholinesterase inhibitors may be undesirable in
the absence of neuromuscular blockade.

POSTOPERATIVE residual curarization is common af-
ter administration of neuromuscular blocking agents. In

the absence of pharmacologic reversal with a cholinesterase
inhibitor, postoperative residual curarization occurs in up to
42% of patients receiving vecuronium,1,2 in 44% of patients
receiving rocuronium,3 and in 57% of patients receiving ci-
satracurium.3 There is a growing body of evidence that re-
sidual neuromuscular blockade places patients at increased
risk4–8 and may increase costs.9

In volunteers, residual neuromuscular blockade impairs air-
way integrity and puts the upper airway at risk for collapse.4 An
increased airway collapsibility, despite unaffected values for rest-
ing ventilation, may also predispose patients to postoperative
respiratory complications,6,7 particularly when associated with
other airway challenges such as obesity or airway secretions. In
addition, difficulty in coordinating swallowing frequently leads
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What We Already Know about This Topic

❖ Residual neuromuscular blockade puts patients at risk for
respiratory complications, but whether anticholinesterase
treatment after spontaneous full recovery alters respiratory
neuromuscular function is not known.

What This Article Tells Us That Is New

❖ In 10 healthy volunteers, neostigmine with glycopyrrolate re-
versal after recovery from neuromuscular blockade increased
upper airway collapsibility and could have negative respiratory
consequences in patients.
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to aspiration.8 It is reasonable therefore to reverse residual neu-
romuscular blockade at the end of anesthesia with neostig-
mine,10 a time-honored strategy shown to decrease anesthesia-
associated morbidity and mortality.11 Neostigmine reverses
neuromuscular blockade by inhibiting cholinesterase, thus in-
creasing the concentration of acetylcholine. Because neostig-
mine can also induce bradycardia, increased bronchial and pha-
ryngeal secretions, and bronchospasm by muscarinergic effects,
it is coadministered with an antimuscarinergic drug to attenuate
such side effects.10

On the other hand, there is some evidence that neostig-
mine, when administered in the absence of neuromuscular
transmission block, may impair evoked peripheral skeletal
muscle strength in humans12,13 and upper airway dilator
muscle function in animals,14,15 possibly by depolarizing
neuromuscular block,12 acetylcholine receptor desensitiza-
tion,16 or by open-channel block.17

We therefore hypothesized that administration of
neostigmine after spontaneous recovery from nondepolariz-
ing neuromuscular blockade increases upper airway collaps-
ibility and decreases genioglossus muscle activation in re-
sponse to negative pharyngeal pressure challenges in healthy,
awake volunteers.

Materials and Methods

Subjects
After approval of the local institutional review board (Faculty
of Medicine, University of Duisburg-Essen, Germany) and
written informed consent, we studied 10 healthy (American
Society of Anesthesiologists physical status 1) male volun-
teers (mean � SD; age, 34 � 6 yr; weight, 82 � 13 kg;
height, 181 � 7 cm). All volunteers were nonsmokers. Those
with a history of surgery to the pharynx, chronic obstructive
pulmonary disease, or other airway pathology were excluded.
The volunteers had no signs and symptoms of obstructive
sleep apnea (habitual snoring or interrupted nocturnal
breathing as reported by the spouse or roommate), excessive
daytime sleepiness, or arterial hypertension, and the STOP
BANG questionnaire18 did not suggest a high risk for ob-
structive sleep apnea. All experiments were conducted at the
University Medical Center of the Universität Duisburg-Es-
sen in a laboratory equipped with anesthesia workstation and
resuscitation equipment. A board-certified anesthesiologist
was present throughout all experiments for safety reasons.
Standard anesthesia monitoring (electrocardiogram, pulse
oximetry, capnography, and oscillometric blood pressure
measurements) was used continuously in addition to the
measurements performed for study reasons. The volunteers
had been trained to breath via a tight-fitting nasal mask and
were used in the experimental setup described below. The
subjects were blind to the timing of drug administration and
the intent of the study.

Measurements
To assess the critical closing pressure of the upper airway
(Pcrit), we used an experimental respirator (Pcrit 3000; Re-

spironics, Inc., Murrysville, PA) to generate positive and neg-
ative airway pressures. The pressure within the nasal mask
(upstream pressure) was measured using a differential pres-
sure transducer (MP45; Validyne Engineering, Northridge,
CA) via a dedicated port in the mask. Epiglottic (down-
stream) pressure was measured using a custom-made catheter
tip manometer (Millar Instruments, Houston, TX) cali-
brated in warm (37°C) saline before placement. This catheter
was placed via a decongested (0.3 ml oxymetazoline 0.05%;
Novartis, Munich, Germany) and anesthetized (0.5 ml lido-
caine 4%; Astra Chemicals, Wedel/Holstein, Germany) nos-
tril and advanced until the tip of the catheter, when observed
through the volunteer’s open mouth, just disappeared be-
hind the base of the tongue. Respiratory flow was measured
using a pneumotachograph (Model 3830; Hans Rudolph,
Kansas City, MO) with a DC-amplifier (MIO-0501; FMI,
Seeheim, Germany) and a differential pressure transducer
(Model DP45-32 with CD15 carrier demodulator; Validyne
Engineering) connected to the mask. The pneumotacho-
graph was calibrated with a large-volume (2 l) syringe.

To assess Pcrit, mask pressure was randomly dropped
from baseline pressure (�2 cm H2O) to pressures between
�2 and �30 cm H2O for four breaths and then returned to
baseline pressure. Intervals of at least 1 min with baseline
pressure prevailing were interposed between negative pres-
sure challenges. Twelve random pressure drops were per-
formed with at least 1 min of baseline pressure interposed.
Accordingly, one measurement of Pcrit took approximately
15 min. Thus, our Pcrit values reflect airway collapsibility
during this time. Pcrit was calculated from the flow-limited
breaths, as described previously.4,19 Flow limitation was de-
fined as unchanged inspiratory flow despite a further de-
crease of pharyngeal (epiglottic) pressure20 and a flattened
flow tracing in a flow-time plot.21 Mask pressure was then
plotted against maximum inspiratory flow for the flow-lim-
ited breaths and fitted using linear regression. Pcrit was as-
sumed to be the pressure at which the flow equaled zero in
the linear regression graph. We had previously tested the
reproducibility of our Pcrit measurement technique in four
awake volunteers on two different study days and found an
acceptable consistency of 90%. A representative Pcrit calcu-
lation from one volunteer is shown in figure 1.

The genioglossus muscle electromyogram was measured
via 32-gauge hook-wire electrodes of 50 mm length (Viasys
Healthcare, Hoechberg, Germany) inserted transcutane-
ously into the genioglossus muscle via a 26-gauge needle
using ultrasound guidance. The electrodes were referenced to
a ground electrode placed on the upper arm. The electro-
myogram signal was filtered (band-pass filter, 30–1,000 Hz),
amplified, and rectified (Grass amplifier G62C-3; Grass
Technologies, West Warwick, RI). The filtered and rectified
signal was further filtered using moving time averaging (time
constant, 100 ms). The amplifier was adjusted to yield a
full-scale deflection when the volunteer pressed his tongue
with maximum strength against his teeth with the mouth
closed. The amplitude of the moving time average recorded
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during the second and third breath of a four breath negative
pressure challenge were averaged and used to quantify the
genioglossus electromyogram.

Tidal volume and variables of respiratory timing were
measured by respiratory inductance plethysmography
(LifeShirt; VivoMetrics, Ventura, CA).22 The transducers
were fitted according to the manufacturer’s sizing chart
and calibrated using a fixed-volume bag and the calibra-
tion protocol provided.23 Data were digitally recorded
(LifeShirt200 recorder; VivoMetrics), stored on a mem-
ory card, and processed on a computer (VivoLogic V 3.1
software; VivoMetrics). Respiratory rate, inspiratory and
expiratory time, tidal volume and its ratio to inspiratory
time (Vt/Ti), inspiration to expiration ratio (I:E), and changes
in end-expiratory lung volume were averaged from 20 breaths
preceding the mask pressure drop maneuvers.

The degree of neuromuscular blockade was measured
continuously by accelerometry of the adductor pollicis mus-
cle and ulnar nerve stimulation (TOF-watch SX; Schering-
Plough, Kenilworth, NJ).24 The skin was prepared with an
abrasive paste (NuPrep Gel, D.O. Weaver, Aurora, CO),
cleaned with ethanol 80%, and dried with gauze. We ran-
domly used the volunteers’ right (n � 5) or left (n � 5) ulnar
nerve for stimulation. Two stimulation surface electrodes
(PNS electrode; NDM, Dayton, OH) were placed over the
ulnar nerve with one electrode positioned on the ulnar side of
the flexor carpi radialis tendon and the other one positioned
3 cm proximal to the first. The transducer was positioned
with the flat side against the thumb. Supramaximal stimula-
tion current was determined with a 5-mA increase in stimu-
lation current during five consecutive stimuli increasing
twitch height by less than 5%. This was checked twice, and
this stimulation current was used subsequently for measure-
ments, providing a stable signal. During a subsequent 30-
min period used for signal stabilization before baseline mea-

surements, we applied single-twitch stimulation, during
which an increasing response was observed (staircase phe-
nomenon). The TOF-watch SX was then calibrated using
the CAL 1 sequence25 to set the T1 response to 100% (base-
line). Stimulation was then continued in the TOF mode, and
supramaximal stimulation current was applied throughout
the experimental protocol. The data obtained by the TOF-
watch SX were transferred to and stored in a computer using
the TOF-link interface and the TOF-watch SX monitoring
software (Schering-Plough).

Pressure and flow signals were recorded in parallel on
digital tape (Model RD 200 T; TEAC, Wiesbaden-Erben-
heim, Germany) and with a digital recording system (Pow-
erlab 16/38; ADInstruments, Colorado Springs, CO), and
also documented on a thermoarray recorder (Dash 16;
AstroMed, West Warwick, RI). Data were assessed using
Chart 4.0 software (ADInstruments). For safety reasons, ar-
terial oxygen saturation (digit II) and expiratory carbon di-
oxide-concentration (sample port in the nasal mask) were
monitored (PM8050; Dräger, Lübeck, Germany).

Experimental Protocol
Following the instrumentation described above, a nasal mask
was administered and held in place with a head strap. With
the calibrated transducers in place each volunteer was asked
to perform the following maneuvers: (1) to swallow several
times, (2) to push the tongue against the front teeth as hard as
possible several times, and (3) to inspire as hard as possible
several times while the inspiratory line of the airway was
occluded. Baseline measurements of Pcrit were then per-
formed, as described above.

After baseline measurements, 0.1 mg/kg rocuronium (Es-
sex Pharma GmbH, Munich, Germany) was injected and
followed by a continuous infusion (10–80 mg/h), as guided
by TOF measurements. When steady-state conditions were
achieved at a target TOF ratio of 0.5, rocuronium infusion
was adjusted to maintain a neuromuscular blockade of that
degree for at least 5 min before further measurements were
performed. A TOF-ratio range of 0.45–0.55 (deviation of
up to 10%) was considered acceptable and all measurements
were performed within that range. After measurements had
been performed, the rocuronium infusion was terminated.
After return of the TOF ratio to unity, another series of
measurements was performed.

Neostigmine (0.03 mg/kg; DeltaSelect, Pfullingen, Ger-
many) and glycopyrrolate (0.0075 mg/kg; Riemser, Greifswald,
Germany) were then administered together intravenously, and a
series of measurements was initiated 2 min later and concluded
approximately 17 min after neostigmine/glycopyrrolate injec-
tion. For assessment of airway collapsibility at a more closely
defined point of time (i.e., 15 min after neostigmine injection),
we also recorded air flow, mask pressure, and genioglossus elec-
tromyogram during minute 13 of the random pressure drop
series, and applied and analyzed peak inspiratory air flow ob-
served at the lowest mask pressure applied during minute 15
after administration of the reversal agent.

Fig. 1. Method of calculation of upper airway critical closing
pressure (Pcrit) by linear regression in a volunteer. Air flow is
plotted as a function of mask pressure. During a total of 17
random pressure drops, flow limitation was observed. Values
derived from these flow-limited breaths were used for anal-
ysis and extrapolated to Pcrit (mask pressure at zero flow) by
linear regression.
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Statistical Analysis
Data are presented as mean � SD unless otherwise specified.
Statistical analysis was performed using SPSS 11.0 (SPSS
Inc., Chicago, IL). We tested the a priori hypotheses that
after administration of neostigmine/glycopyrrolate, (1) Pcrit
is less negative than after spontaneous recovery of neuromus-
cular blockade (primary criterion) and (2) electromyogram
activity of the genioglossus muscle in response to negative
pharyngeal pressure is decreased (secondary criterion). Dif-
ferences in Pcrit between baseline and after administration of
neostigmine/glycopyrrolate were compared with a Student t
test for paired samples. Based on our previous study on the
effects of partial neuromuscular blockade on genioglossus
electromyogram,4 we estimated (paired t test) that 10 volun-
teers would provide an 80% power to detect, with an � error

P of 0.05 (two-tailed testing), a change in critical airway
closing pressure of 10% with an SD of 10% after adminis-
tration of neostigmine/glycopyrrolate.

We selected the genioglossus electromyogram as a second-
ary criterion to be tested only if significant results in testing
the primary criterion were obtained.26 We used a linear
mixed model for repeated measures (compound symmetry
repeated covariance type), including neuromuscular func-
tion (baseline, TOF ratios of 0.5, unity, and after adminis-
tration of neostigmine/glycopyrrolate) and mask pressure
(from � 2 to �30 cm H2O) as repeated variables. First, all
data (10 volunteers, 3 levels of neuromuscular function;
TOF � 0.5 at recovery, TOF � 1 after neostigmine; 7 levels
of mask pressure � 210 data points) were entered into the
model to test for an effect on genioglossus activity of neuro-

Fig. 2. Representative recording of main variables from an awake healthy volunteer before partial neuromuscular blockade
(baseline), during impaired neuromuscular transmission with a target train-of-four (TOF) ratio of 0.5, after spontaneous recovery
of the TOF ratio to unity, and during measurements initiated 2 min after injection of neostigmine (0.03 mg/kg) and glycopyrrolate
(0.0075 mg/kg). (A) Mask pressure at 2 cm H2O. Phasic (respiratory) genioglossus activity is very low while breathing near
atmospheric pressure. During impaired neuromuscular transmission, no flow limitation is observed at this mask pressure.
(B) Same volunteer during a negative pressure challenge (�20 cm H2O). Before partial neuromuscular blockade, phasic
genioglossus activity is markedly increased compared with breathing near atmospheric pressure. During partial neuromuscular
blockade, phasic genioglossus activity is markedly increased compared with breathing at atmospheric pressure. However, the
magnitude of the compensatory increase in genioglossus activity in response to negative pharyngeal pressure is impaired, and
flow limitation is observed. After spontaneous recovery of the TOF ratio to unity, the compensatory phasic genioglossus activity
is restored. Injection of neostigmine/glycopyrrolate attenuates the increase in genioglossus activity, and the changes observed
attain similar values as those seen with partial neuromuscular blockade with a TOF ratio of 0.5.
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muscular function and of mask pressure. In the second step,
we tested for specific differences in genioglossus activity be-
tween values after neostigmine/glycopyrrolate administra-
tion and recovery from neuromuscular blockade. Scheffé test
was applied for conducting post hoc comparisons. All other
comparisons were made with an exploratory intention.

Results

A representative panel of one volunteer’s recording is given in
figure 2.

Critical Airway Closing Pressure
Pcrit averaged �54.7 � 18.7 cm H2O (mean � SD) at
baseline before neuromuscular blockade and significantly
(P � 0.001) increased (to less negative values) by 54 � 4.4%
during partial neuromuscular blockade (TOF ratio: 0.5, P �
0.001). Pcrit was still increased by 16% (P � 0.01) after the
TOF ratio had returned to unity (recovery).

Pcrit increased significantly after administration of
neostigmine/glycopyrrolate compared with either recovery
(i.e., before neostigmine/glycopyrrolate administration) (by
27 � 21%; P � 0.02) or baseline (by 38 � 17%; P � 0.002)
measurements (fig. 3).

Genioglossus Muscle Activity
Phasic genioglossus activity increased with negative airway
pressure (P � 0.0001). It almost quadrupled when a negative
airway pressure of �20 cm H2O was applied under baseline
conditions. This compensatory response to a negative pha-
ryngeal pressure challenge was blunted with partial neuro-
muscular blockade (TOF ratio: 0.5). Return of neuromus-

cular function restored the genioglossus muscle response to
negative airway pressure to almost baseline values.

After the injection of neostigmine/glycopyrrolate, phasic ge-
nioglossus activity was markedly impaired when negative airway
pressure was applied (P � 0.005, fig. 4). Fifteen minutes after
neostigmine/glycopyrrolate administration, effects on upper
airway function remained significant. During pressure drops at
this time (mean, �16.5 cm H2O � 8.5), genioglossus activity
was decreased by 39.8 � 26% (P � 0.015) and the peak in-
spiratory airflow decreased by 22.9 � 50% relative to levels
during equivalent pressure drops at baseline.

Effects on Lung Volume and Other Respiratory Variables
Neostigmine/glycopyrrolate did not affect respiratory timing
(I:E ratio, 0.56 � 0.16 [TOF recovery] vs. 0.57 � 0.17 [after
neostigmine/glycopyrrolate, P � 0.5]), respiratory rate
(13.8 � 3.8 vs. 13.4 � 3.2 min�1, P � 0.6), tidal volume
(316 � 109 vs. 324 � 108 ml, respectively, P � 0.55), Vt/Ti
(406 � 31 vs. 411 � 36 ml/s, respectively, P � 0.3), or
end-expiratory lung volume. The respiratory variables are
presented in table 1.

Fig. 3. Upper airway critical closing pressure (Pcrit) in awake
healthy volunteers at baseline before neuromuscular block-
ade, with impaired neuromuscular transmission and a target
train-of-four (TOF) ratio of 0.5, after spontaneous recovery of
the TOF ratio to unity, and after injection of neostigmine/
glycopyrrolate. Upper airway closing pressure significantly
increased during partial neuromuscular blockade and was
still abnormal even with recovery of the TOF ratio to unity (i.e.,
before injection of neostigmine/glycopyrrolate) (P � 0.01 vs.
baseline). However, upper airway closing pressure signifi-
cantly increased after injection of neostigmine/glycopyrro-
late. Data are mean � SD from 10 awake volunteers. * P �
0.002 versus baseline; # P � 0.02 versus recovery.

Fig. 4. Genioglossus muscle activity as a function of negative
mask pressure with neuromuscular blockade at a target TOF
ratio of 0.5 (open squares), after spontaneous recovery of the
TOF ratio to unity (solid squares), and after injection of
neostigmine/glycopyrrolate. The genioglossus activity is pre-
sented as a percentage of maximal activity (observed when
the volunteer pressed his tongue with maximum strength
against his teeth with the mouth closed). Genioglossus ac-
tivity evoked in response to negative pressure challenges is
impaired with neuromuscular blockade. The compensatory
genioglossus response to a pressure drop is restored after
return of the TOF ratio to unity. After administration of
neostigmine/glycopyrrolate, genioglossus activity in re-
sponse to negative airway pressure is markedly and signifi-
cantly decreased. Data are mean � SD from 10 volunteers.
* P � 0.005 neostigmine/glycopyrrolate versus recovery (i.e.,
before injection of neostigmine/glycopyrrolate, same mask
pressure). EMG � genioglossus electromyogram; TOF �
train of four.
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Effects on Evoked Adductor Pollicis Muscle Function
Neostigmine/glycopyrrolate administered after recovery of
the TOF ratio to unity (1.05 � 0.03) did not alter the TOF
ratio (1.05 � 0.04; P � 0.89) or twitch height (0.94 � 0.15;
P � 0.43) 2 min after administration. Seven minutes after
neostigmine/glycopyrrolate administration, TOF ratio
(1.06 � 0.06; P � 0.85) and twitch height (0.95 � 0.17;
P � 0.40) were still unchanged.

Clinical Effects
After neostigmine/glycopyrrolate administration, all volun-
teers (n � 10) reported difficulty to swallow normally and
showed muscle fasciculation. Five volunteers complained of
diplopia. At the end of the study, all volunteers reported
complete recovery from these signs and symptoms of partial
neuromuscular transmission failure.

Discussion
Administration of neostigmine/glycopyrrolate, when admin-
istered after spontaneous recovery of neuromuscular func-
tion, in a dose similar to that recommended, and in routine
clinical use, led to a significant increase in Pcrit and thus
increased airway collapsibility in healthy volunteers. The in-
crease in airway collapsibility was of a magnitude comparable
with neuromuscular blockade with a TOF ratio of 0.5. Fur-
thermore, the normal compensatory activation of the genio-
glossus muscle in response to airway negative pressure chal-
lenges was blunted after administration of neostigmine/
glycopyrrolate (i.e., neostigmine/glycopyrrolate evoked a
significant impairment of upper airway dilator muscle func-
tion). Accordingly, whereas previous studies demonstrated
airway compromise with residual neuromuscular blockade
and thus a probable clinical need for reversal agents, the
results of this study reveal increased airway collapsibility as a
result of neostigmine/glycopyrrolate, if given after recovery
from neuromuscular transmission blockade.

Reversal of residual neuromuscular blockade is an impor-
tant goal in regard to patient safety because it is associated
with a decreased risk of 24-h postoperative morbidity and
mortality.11 Omitting reversal introduces a significant risk of
residual paralysis, even with short-acting neuromuscular
blocking agents.27 However, in healthy volunteers, if
neostigmine/glycopyrrolate is administered at a TOF ratio of
unity, Pcrit significantly increases whereas genioglossus ac-

tivity decreases. The marked impairment of genioglossus
muscle function and the increased upper airway collapsibility
observed in volunteers may indicate an increased risk of air-
way collapse in patients after extubation, if the effects of
neostigmine are being added to the airway-collapsing effects
of anesthetic agents28 and/or mechanical obstruction.29 Fur-
thermore, although we did not assess Pcrit later in the time
course after neostigmine/glycopyrrolate administration, the
decrease of genioglossus electromyogram observed even 15
min after injection of neostigmine/glycopyrrolate suggests
impairment of airway integrity for at least 15 min (i.e., in a
clinically relevant time frame).

Accordingly, our data suggest that administration of reversal
agents should optimally be guided by evaluation of the TOF
ratio, because in the absence of quantitative neuromuscular
monitoring, it is difficult to ascertain whether residual block still
exists. Unfortunately, quantitative neuromuscular transmission
monitoring is not uniformly applied in clinical practice.30,31

Thus, cholinesterase inhibitors are often routinely administered
by clinicians at the end of anesthesia to reverse suspected effects
of neuromuscular blocking agents regardless of whether such
residual effects are present or not. Our data also imply that no
unwarranted reversal by cholinesterase inhibitors should be per-
formed (i.e., reversal after neuromuscular function has recov-
ered to a TOF ratio of unity).

It has recently been suggested that 30 �g/kg neostigmine
is sufficient for reversal of neuromuscular blockade, if the
patient has four equal responses to TOF stimulation.32 Our
data suggest that even neostigmine 30 �g/kg administered
after recovery of the TOF ratio may put a patient at risk for
impaired upper airway integrity. Accordingly, we believe that
routine use of even smaller doses of cholinesterase inhibitors
when no fade is appreciable in the TOF maneuver requires that
quantitative monitors be available to assess the existence of re-
sidual neuromuscular block as well as complete recovery of neu-
romuscular function. Administration of reversal agents making
use of another pharmacologic mechanism, such as sugamma-
dex, may not be a threat to airway integrity,15 but this will
require studies in humans. The effect on upper airway patency
of neostigmine/glycopyrrolate observed in our healthy, awake
volunteers is in line with data obtained in anesthetized rats,14

suggesting clinical significance of these animal data.
Effects of neuromuscular blocking drugs are muscle de-

pendent,33 and it has been suggested that upper airway dila-

Table 1. Respiratory Variables

Arterial Oxygen
Saturation [%]

End-Tidal
pCO2 [mmHg] I:E-ratio

Respiratory
Rate [min�1]

Tidal
Volume [ml]

Baseline 98.3 � 1.1 36.6 � 1.9 0.60 � 0.15 13.1 � 4.2 345 � 122
TOF-ratio 0.5 98.3 � 0.9 36.3 � 1.6 0.59 � 0.19 14.0 � 3.5 336 � 112
Recovery 98.1 � 1.0 36.7 � 1.8 0.56 � 0.16 13.8 � 3.8 316 � 109
Neostigmine/glycopyrrolate 98.5 � 1.1 36.4 � 2.0 0.57 � 0.17 13.4 � 3.2 324 � 108

Respiratory variables obtained from 10 healthy volunteers before, during, and after neuromuscular blockade, and following injection of
neostigmine/glycopyrrolate at a TOF ratio of unity. Data are mean � SD.
I:E-ratio � ratio of inspiratory time and exspiratory time; pCO2 � partial pressure of carbon dioxide; TOF-ratio � train-of-four ratio.
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tor muscles are particularly susceptible to low doses of nonde-
polarizing neuromuscular blocking agents.8,34 We found that
doses of neostigmine/glycopyrrolate that affected neither the
TOF ratio nor the twitch height of the adductor pollicis muscle
nonetheless markedly impaired genioglossus muscle function
and potentially increased airway collapsibility. This suggests that
the upper airway muscles may also be vulnerable to an over-
abundance of acetylcholine at the neuromuscular junction.

It is possible that TOF-ratio measurements are not sensi-
tive enough to detect small degrees of skeletal muscle dys-
function from partial paralysis.35,36 Indeed, decreases in up-
per esophageal sphincter resting tone,8 peak inspiratory
flow,37 and end-inspiratory upper airway volume38 occur in
some volunteers recovering from neuromuscular blockade,
even with recovery of the TOF ratio to 0.9–1.8,37,38 Neuro-
muscular blocking drugs (both nondepolarizing and depo-
larizing compounds) evoke a progressive failure of neuro-
muscular transmission as documented using increasing rates
of nerve stimulation.39,40 The TOF stimulation uses a stim-
ulation frequency of 2 Hz, whereas the firing frequency of
the hypoglossal nerve (innervating the genioglossus muscle)
during normal inspiration is much higher (15–25 Hz).41

Thus, decreases in genioglossus activity during partial paral-
ysis may exist even when adductor pollicis muscle TOF ratio
and twitch height are normal. This might explain why the
genioglossus muscle electromyogram in response to negative
pharyngeal pressure challenges was abnormal after neostig-
mine/glycopyrrolate, whereas the adductor pollicis muscle
response to TOF stimulation was not.

With the TOF ratio recovered to unity, we observed a Pcrit
less negative than at baseline. This result is likely due to residual
effects of rocuronium undetectable by measurement of the
TOF ratio, and this is in line with our previous studies.4,36

The mechanisms proposed for the effects of cholinesterase
inhibitors on neuromuscular transmission include desensiti-
zation of acetylcholine receptors,16 depolarization block,12

or open channel block.17 Neuromuscular blocking agents
also have effects on carotid body chemoreceptor responses
that are reversible with neostigmine,42 and an impaired re-
spiratory drive due to neostigmine/glycopyrrolate has to be
considered. However, Vt/Ti did not change significantly
over the course of the protocol, suggesting an unchanged
respiratory drive. Neostigmine-induced muscarinic side ef-
fects on the upper or bronchial airways have not been ob-
served when the drug is coadministered with an antimusca-
rinergic agent even in asthmatic patients.43

We applied neostigmine/glycopyrrolate at recovery of the
TOF ratios to unity, and it would be interesting to study in
humans whether neostigmine, when given during slight im-
pairment of the TOF ratio (0.5–0.8), increases or decreases
airway collapsibility. In rats, reversal with neostigmine at a
TOF ratio of 0.5 or 0.8 improves genioglossus electromyo-
gram,15 suggesting beneficial effects of neostigmine reversal
of subtle neuromuscular blockade on upper airway collaps-
ibility, in contrast to its effects when applied after recovery of
the TOF ratio to unity.

Limitations
The technique applied to assess Pcrit is typically applied during
sleep or anesthesia.44,45 Measurements of Pcrit in awake volun-
teers may be more prone to artifacts. We have previously per-
formed reliable Pcrit measurements in awake volunteers.4 In
addition, our data show that effects of partial neuromuscular
blockade on Pcrit compare well to the effects on airway size
during inspiration at the same level of partial neuromuscular
blockade.38 In future studies, it would be interesting to add
peripheral muscle strength measurement to the measurement
set-up, such that the volunteers’ effort, an important variable for
measurements of Pcrit in awake volunteers, can also be assessed.

Neostigmine and glycopyrrolate were administered together
to mimic their routine clinical use. Whether neostigmine alone
would have a similar effect has not been assessed in our study. In
animal experiments, however, antimuscarinergic drugs (glyco-
pyrrolate or atropine) alone had no effect on the upper airway,
whereas neostigmine together with either atropine or glycopyr-
rolate impaired genioglossus muscle function.14,15

Our study does not allow comments on the further time
course of neostigmine’s effect on upper airway collapsibility. We
measured changes in Pcrit and genioglossus muscle function
during a 15-min interval after neostigmine injection. This in-
terval was technically required to calculate Pcrit. The time frame
was also chosen based on our previous observations in pilot
studies in volunteers (unpublished data, Matthias Eiker-
mann, Privatdozent Dr.med., and Juergen Peters, Prof. Dr.
med., Universitätsklinikum Essen, Essen, Germany, No-
vember 2008), measuring flow-volume characteristics 5, 10,
15, and 20 min after neostigmine/atropine administration.
We found that forced inspiratory volume in 1 s and peak
inspiratory flow were impaired within 5 min after injection
and that these effects were still present 20 min after admin-
istration. In addition, our animal data show that neostig-
mine’s effect at the genioglossus electromyogram peaks
within 2 min after injection, and this effect remains signifi-
cant for at least 15 min.15

We did not establish a dose-response relationship for the
effect of neostigmine/glycopyrrolate on the upper airway. Ac-
cordingly, no assumptions can be made about a safe dose of
these reversal agents when given after recovery of the TOF ratio.
Fuchs-Buder et al.46 recently observed that low doses of neostig-
mine (20–30 �g/kg) are effective in reversing a shallow neuromus-
cular blockade, reflecting the dose administered in our study.

In conclusion, neostigmine/glycopyrrolate given after
spontaneous recovery of neuromuscular function to an ad-
ductor pollicis TOF ratio of unity, increases upper airway
collapsibility and impairs the genioglossus electromyogram
in response to negative pharyngeal pressure. Thus, reversal
with acetylcholinesterase inhibitors may be undesirable in
the absence of neuromuscular blockade.

The authors thank David P. White, M.D., Clinical Professor of Medicine,
Brigham and Women’s Hospital and Harvard Medical School, Boston,
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ANESTHESIOLOGY REFLECTIONS

Gillray Etches New Discoveries in PNEUMATICKS!

Published in 1802, Scientific Researches! — New Discoveries in PNEUMATICKS!, or, Experimental
Lecture on the Powers of Air was created by James Gillray (died 1815). In this etching, he caricaturized a
lecturer—most likely physician and chemist Thomas Garnett (1766–1802)—as administering gas at
London’s Royal Institution to a particularly long-winded (and flatulent!) Member of Parliament, Sir John
Coxe Hippisley (1748–1825). Squeezing the bellows (of laughing gas?) next to the pair is the grinning
future Sir Humphry Davy. Just over a week after Hannah Humphrey published Gillray’s etching, Davy
would replace Garnett as the Royal Institution’s Lecturer of Chemistry. In contrast to Garnett’s compli-
cated and listless diatribes, Davy’s animated lectures were so popular that London had to initiate its first
one-way street to handle arriving traffic. In contrast, already devastated by the loss of his wife in childbirth
on Christmas Day of 1798, the hapless Garnett would die of typhus less than a month after resigning from
the Royal Institution. (Copyright © the American Society of Anesthesiologists, Inc. This image appears in
color in the Anesthesiology Reflections online collection available at www.anesthesiology.org.)

George S. Bause, M.D., M.P.H., Honorary Curator, ASA’s Wood Library-Museum of Anesthesi-
ology, Park Ridge, Illinois, and Clinical Associate Professor, Case Western Reserve University,
Cleveland, Ohio. UJYC@aol.com.
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