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Background. Cholinesterase inhibitor-based reversal agents, given in the absence of neuro-

muscular block, evoke a partial upper airway obstruction by decreasing skeletal upper airway

muscle function. Sugammadex reverses neuromuscular block by encapsulating rocuronium.

However, its effects on upper airway integrity and breathing are unknown.

Methods. Fifty-one adult male rats were anaesthetized with isoflurane, tracheostomized, and

a femoral artery and vein were cannulated. First, we compared the efficacy of sugammadex 15

mg kg21 and neostigmine 0.06 mg kg21 to reverse respiratory effects of rocuronium-induced

partial paralysis [train-of-four ratio (T4/T1)¼0.5]. Subsequently, we compared the safety of

sugammadex and neostigmine given after recovery of the T4/T1 to 1, by measuring phasic gen-

ioglossus activity and breathing.

Results. During partial paralysis (T4/T1¼0.5), time to recovery of minute volume to baseline

values was 10.9 (2), 75.8 (18), and 153 (54) s with sugammadex, neostigmine, and placebo,

respectively (sugammadex was significantly faster than neostigmine and placebo, P,0.05).

Recovery of T4/T1 was also faster for sugammadex than neostigmine and placebo. Neostigmine

administration after complete recovery of T4/T1 decreased upper airway dilator muscle activity

to 64 (30)% of baseline and decreased tidal volume (P,0.05 for both variables), whereas

sugammadex had no effect on either variable.

Conclusions. In contrast to neostigmine, which significantly impairs upper airway dilator

muscle activity when given after recovery from neuromuscular block, a reversal dose of

sugammadex given under the same conditions does not affect genioglossus muscle activity and

normal breathing. Human studies will be required to evaluate the clinical relevance of our

findings.
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Residual neuromuscular block occurs frequently after

surgery and may put a patient at risk of developing

postoperative respiratory complications.1 – 3 Reversal of

neuromuscular block is therefore recommended to ensure

recovery in all patients regardless of whether they are

monitored objectively or show signs of weakness.4 – 6 The

standard practice of reversal with cholinesterase inhibitors

(ChEI) is relatively safe in patients who have residual

block, but if these agents are given after complete

spontaneous recovery, they can actually produce muscle
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weakness7 8 and possibly upper airway collapse.9 Until

recently, however, adverse effects of ChEI-based reversal

on muscle function were not well substantiated or univer-

sally accepted.7

We have recently demonstrated in the rat that neostig-

mine can evoke partial neuromuscular transmission failure

and impair genioglossus function.9 The mechanisms pro-

posed for this effect include desensitization of acetyl-

choline receptors,10 depolarization block,11 or open

channel block.12 This may be a clinically relevant effect,

since quantitative neuromuscular transmission monitoring

is not always utilized in clinical practice,13 14 and patients

fully recovered from neuromuscular block may thus

occasionally receive ChEIs.

Sugammadex (Org 25969) reverses neuromuscular

block by encapsulating rocuronium.15 – 17 On the basis of

this mechanism of action, we hypothesized that sugamma-

dex would not affect upper airway dilator muscles, even

when administered in the absence of neuromuscular block.

The effects of sugammadex alone on breathing and upper

airway dilator muscle function have not been studied. This

preclinical study compares the effects of sugammadex

with those of neostigmine:

(1) on breathing when reversal agents are administered

during partial paralysis (T4/T1¼0.5; efficacy study);

(2) on upper airway dilator muscle function when reversal

agents are administered after recovery of the T4/T1 to

1 from rocuronium-induced neuromuscular block

(safety study).

Methods

The Institutional Animal Care and Use Committees at

Harvard and Beth Israel Deaconess Medical Centre

approved all procedures involving animals. Fifty-one spon-

taneously breathing adult male Sprague–Dawley rats

(300–400 g; Harlan Sprague Dawley, Indianapolis, IN,

USA) were used.

Experimental preparation

After induction of anaesthesia with 2–3.5 vol% isoflurane,

the trachea and a femoral artery and vein were cannulated

proximally. Body temperature was measured with a rectal

probe and maintained at a mean (SEM) of 37 (1)8C by a

thermostatically controlled heating blanket (CWE Inc.,

Ardmore, PA, USA). In protocol 2 (described below), we

also inserted electromyographic (EMG) recording electro-

des into the diaphragm and the genioglossus muscles (one

on each side of the midline by open surgery). After

surgery, we allowed the anaesthesia to stabilize at 1.5

vol% for 30 min before we initiated the measurements.

The femoral nerve was stimulated supramaximally with

needle electrodes, and the evoked response of the quadri-

ceps femoris muscle was measured with the TOF-Watch SX

Monitor (Organon Ireland Ltd, a part of Schering-Plough

Corporation, Dublin, Ireland), as described previously.10

The transducer was fixed to the skin ventromedially at the

proximal end of the thigh, next to the tibial tuberosity

(insertion point of the patellar ligament). After determi-

nation of the supramaximal stimulation current, the

femoral nerve was continuously stimulated at 1 Hz until

twitch height reached a stable plateau. Thereafter, we

changed the stimulation pattern to train-of-four (TOF)

stimulation (2 Hz) applied for a minimum of 5 min, and

calibrated the TOF-Watch SXw monitor (calibration mode

1). TOF stimulation was then continued for at least 2 min

before drugs were injected.

Measurement of genioglossus EMG

EMG signals were led to differential amplifiers in a Grass

Polygraph, filtered (100 Hz low pass, 1 kHz high pass),

and digitized by a desktop computer equipped with

Digidata A/D hardware and Axotape software (Molecular

Devices, Union City, CA, USA). Voltage signals were

analysed with Clampfit, Igor Pro (WaveMetrics, Inc., Lake

Oswego, OR, USA), Microsoft Excel, and Sigmastat soft-

ware. Phasic genioglossus activity was measured during

the entire EMG burst that occurred in phase with each

single breath. To measure the peak amplitude of genio-

glossus bursts (expressed in microvolt), we measured the

peak moving time average (time base: 100 ms). Values of

10 consecutive breaths were averaged and used for statisti-

cal comparison.18

Drugs

Isoflurane (Flurane, Baxter Healthcare Corporation,

Deerfield, IL, USA), rocuronium (Zemuron, Organon, NJ,

USA), neostigmine (Scicor Pharmaceuticals, Irvine, CA,

USA), and glycopyrrolate (American Regent, Inc., Shirley,

NY, USA) were obtained from clinical supplies.

Sugammadex was kindly supplied by Organon (Organon

Ireland Ltd, a part of Schering-Plough Corporation).

Pilot study

To obtain an estimate of the efficacy of rocuronium at the

rat quadriceps femoris muscle and its reversibility by

sugammadex, we generated a cumulative dose–response

curve by administering rocuronium 0.4 mg kg21 every 30

s until the twitch response was abolished. We subsequently

injected sugammadex (0, 5, 10, or 15 mg kg21) 30 s after

onset of complete neuromuscular block (n¼15). On the

basis of this pilot study, sugammadex 15 mg kg21 was

chosen as an appropriate reversal dose for this regimen of

neuromuscular block, and this dose was used in protocols

1 and 2 (described below) for comparison with neostig-

mine 0.06 mg kg21.9
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Protocol 1 (efficacy): effects of sugammadex and neostig-

mine given at T4/T1¼0.5 on T4/T1 ratio and breathing

All rats were anaesthetized with isoflurane 2–3.5 vol%

during induction and surgery (inspiratory gas: 40% O2 and

60% N2), and 1.5 vol% during measurement. Rats were

then paralysed with rocuronium 3.5 mg kg21 (two times

the ED90), and mechanically ventilated (SAR-830

Ventilator, CWE Inc.) until recovery of the T4/T1 ratio to

0.5. We then administered either neostigmine 0.06 mg

kg21 plus glycopyrrolate 0.012 mg kg21 (n¼7), sugamma-

dex 15 mg kg21 (n¼7), or saline placebo (n¼4). T4/T1

ratio, arterial pressure, respiratory flow, diaphragm and

genioglossus EMG (GG-EMG), and end-tidal CO2 concen-

tration were measured continuously until recovery of the

T4/T1 to 1 for at least 15 min.

Protocol 2 (safety): effects of sugammadex and

neostigmine administration at T4/T1¼1 on

GG-EMG and breathing

Anaesthesia and rocuronium doses were the same as in

protocol 1. Within 30 s of spontaneous recovery of the T4/

T1 ratio to 1, we administered neostigmine 0.06 mg kg21

and glycopyrrolate 0.012 mg kg21 (n¼9), or sugammadex

15 mg kg21 (n¼9). Respiratory and upper airway muscle

function was recorded until 15 min after reversal agent

injection.

Arterial blood gas samples were obtained (OPTI

CCA-TS, Osmetech, Roswell, GA, USA) before injection

of rocuronium, during mechanical ventilation, and after

injection of sugammadex.

Statistical analysis

The primary outcome was safety of reversal of neuromus-

cular block after recovery of the T4/T1 ratio to 1. We tested

the primary hypothesis that phasic GG-EMG is significantly

lower after injection of neostigmine 0.06 mg kg21 compared

with sugammadex 15 mg kg21, when administered in this

circumstance. The percentage decrease in genioglossus

activity was compared using the t-test for independent

samples. The sample size estimation was based on the

assumption9 of a 20% difference in minimum phasic

GG-EMG between neostigmine and sugammadex groups,

and a standard deviation of 12%. A sample size of nine

rats was calculated to provide a power of 90% (alpha error

P¼0.05, two-sided). All other comparisons were per-

formed with an exploratory intent. Statistical significance

was evaluated with an independent sample and matched

samples t-tests, as appropriate (P,0.05). Data are

expressed as mean (SEM).

Results

Fifty-one rats were included in this study and experiments

were successfully completed in all animals.

Pilot study

On the basis of the cumulative rocuronium dose–response

curve, we calculated by logistic regression analysis that

rocuronium 1.75 mg kg21 has a 90% probability to evoke

complete neuromuscular block at the quadriceps femoris

muscle (T4/T1¼0). Sugammadex 0, 5, 10, and 15 mg kg21

fully reversed complete rocuronium-induced [3.5 mg kg21

(two times the ED90)] neuromuscular block within 16

(1.5), 10 (3.4), 6 (0.6), and 2.5 (1) min, respectively. On

the basis of these recovery times, we chose sugammadex

15 mg kg21 as an appropriate reversal dose that should be

used for comparison with neostigmine.

Protocol 1 (efficacy): effects of sugammadex and

neostigmine given at T4/T1¼0.5 on recovery

of T4/T1 and breathing

Before rocuronium injection, minute volume amounted to

25.6 (1.9) ml. At T4/T1¼0.5, minute volume was signifi-

cantly decreased from pre-rocuronium baseline and

amounted to 78 (6)% of baseline. Accordingly, end-tidal

CO2 was increased at T4/T1¼0.5 amounting to 142 (15)%

of baseline.

Time to recovery of minute volume to baseline values

was significantly shorter with sugammadex 15 mg kg21

compared with neostigmine 0.06 mg kg21 and placebo

amounting to 10.9 (2), 75.8 (18), and 153 (54) s, respect-

ively (Fig. 1). The recovery of minute ventilation occurred

significantly earlier than recovery of the T4/T1 to baseline,

and this was particularly true for the placebo group

(Fig. 1).
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Fig 1 Effects of reversal of partial paralysis (T4/T1¼0.5) on breathing

and T4/T1 ratio (efficacy data). Recovery time of minute volume to

baseline values observed before administration of neuromuscular

blocking agents was significantly shorter with sugammadex and

neostigmine compared with placebo. The accelerating effect was

significantly stronger with sugammadex compared with neostigmine. The

effect of reversal agents on breathing paralleled those on T4/T1 recovery.

In the placebo group, the T4/T1 recovery time was significantly longer

than the time to recovery of the minute volume. *P,0.05 vs placebo;
#P,0.05 vs neostigmine; XP,0.05 vs T4/T1 (placebo group).
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Protocol 2 (safety): respiratory effects of sugammadex and

neostigmine given after recovery of T4/T1 to 1

Neostigmine plus glycopyrrolate significantly decreased

phasic genioglossus activity, but sugammadex did not

(Fig. 2). In the neostigmine group, baseline genioglossus

activity was achieved after 13 (2) min. Differences in

phasic genioglossus activity observed between the two

drugs were paralleled by significantly lower values of tidal

volume (P,0.05) for neostigmine. There was also a trend

towards lower minute volume with neostigmine (P¼0.08,

Fig. 2). At 2.5 min after injection of reversal agents, heart

rate was significantly (P,0.001) higher in the

neostigmineþglycopyrrolate group compared with sugam-

madex amounting to 106 (2.2) vs 99 (2) beats min21,

respectively. Mean arterial pressure did not differ between

the groups, amounting to 105 (5.5) mm Hg after neostig-

mine vs 105 (4.2) mm Hg after sugammadex.

Discussion

These data show that a reversal dose of sugammadex,

given after complete recovery from rocuronium-induced

neuromuscular block, does not affect upper airway dilator

muscle activity, whereas neostigmine reduces genioglossus

muscle activity by approximately one-third. Sugammadex

reverses the respiratory effects of partial paralysis more

rapidly than neostigmine.

Neuromuscular transmission in rats is relatively resistant

to non-depolarizing neuromuscular blocking agents.19

Accordingly, compared with humans, rats required higher

doses of rocuronium to achieve complete neuromuscular

block, and consequently, higher sugammadex doses were

needed for reversal. Rocuronium and sugammadex doses

used in our study have been selected based on our pilot

experiments. After complete rocuronium-induced neuro-

muscular block (T4/T1¼0), sugammadex produced com-

plete recovery in approximately 2.5 min, a time that agrees

with recovery data in humans.20 Therefore, this dose was

chosen as the appropriate reversal dose in rats. Our data

show that sugammadex 15 mg kg21 reverses a partial

paralysis (T4/T1¼0.5) in ,60 s (Fig. 1).

In agreement with our previous report,9 we observed

that the ChEI neostigmine causes a decrease in upper

airway dilator muscle activity. The degree of impairment
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Fig 2 Effects of sugammadex and neostigmine reversal after recovery of T4/T1 to 1 (safety data). Drugs were given after spontaneous recovery of the

T4/T1 to 1. Values are given as per cent of values observed immediately after injection of reversal agents. (A) Primary outcome. Effects on upper

airway dilator muscle activity. Neostigmine significantly decreases EMG activity of the genioglossus muscle, whereas sugammadex does not have

significant effects. Individual values, means and SEM. (B and C) Effects on ventilation. Tidal volume was significantly lower, and minute volume tended

to be lower after neostigmine reversal compared with sugammadex. *P,0.05 vs sugammadex; #P,0.1 vs sugammadex.
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of GG-EMG observed after injection of neostigmine 0.06

mg kg21 (Fig. 2) was lower than that we found pre-

viously.9 Residual concentrations of rocuronium may have

been sufficient for partial antagonism of neostigmine-

induced block.

Neostigmine impaired upper airway dilator muscle func-

tion without affecting minute volume. This finding

suggests that these muscles are more susceptible to neuro-

muscular blocking agents2 21 and ChEI than the respiratory

pump muscles.2 21 In the dog, the upper airway dilating

geniohyoid muscle is more sensitive to vecuronium than

the diaphragm.21 Moreover, the EMG of the genioglossus,

the muscle that has been assessed in this study, is mark-

edly impaired by neostigmine at a level that does not

induce diaphragmatic dysfunction or a decrease in lung

volume.9 The high susceptibility of the upper airway

dilator muscles to non-depolarizing neuromuscular block-

ing agents2 21 22 and neostigmine9 may be due to a number

of factors, including nerve discharge rate, chemosensitiv-

ity, blood flow, fibre size, and acetylcholine receptor

density. Although our study does not address these mech-

anisms, we speculate that the high firing frequency of the

genioglossus motor units (15–25 Hz during quiet breath-

ing vs a diaphragmatic firing rate of only at 8–13 Hz)23

may account for the high sensitivity.

In the placebo group, the T4/T1 recovery time was sig-

nificantly longer than the time to recovery of minute

volume, indicating a ‘respiratory sparing effect’,24 reflect-

ing the relative ease with which weakened respiratory

muscles are able to drive the normal respiratory system in

the supine subject.

Reversal of residual neuromuscular block is an import-

ant goal in terms of patients’ postoperative safety, since it

is associated with a decreased risk of 24 h postoperative

morbidity and mortality.6 Omitting antagonism introduces

a significant risk of residual paralysis even with short-

acting neuromuscular blocking agents.25 Optimally,

administration of reversal agents should be guided by

evaluation of the T4/T1 ratio.26 27

In this study, we were interested in addressing the clini-

cally interesting question as to whether adverse effects of

neostigmine on neuromuscular transmission may outweigh

its beneficial effects when administered during minimal

neuromuscular block (TOF¼0.5). Our data show that both

neostigmine and sugammadex improve neuromuscular

transmission and consequently respiratory function during

minimal neuromuscular block. Therefore, reversal under

these conditions should improve safety based on our obser-

vations in the rat.

In contrast, neostigmine reversal following complete

recovery impairs upper airway dilator function and upper

airway size,9 which may put the upper airway at risk of

collapse. This may be clinically important, because quanti-

tative neuromuscular transmission monitoring is not uni-

formly applied in clinical practice.13 14 Thus, ChEIs are

routinely administered by clinicians at the end of surgical

cases to reverse suspected effects of neuromuscular block-

ing agents regardless of whether such residual effects have

been demonstrated.

Sugammadex administered in adequate dosage rapidly

decreases the concentration of free or unbound rocuronium to

values below the threshold necessary to achieve significant

receptor occupancy. Although the efficacy of sugammadex is

high,28–30 we also know that rare side-effects from any new

drug that becomes clinically available are not usually detected

until several thousand patient exposures have occurred.17

Therefore, the clinician, and also the regulatory authorities,

will have to perform a risk–benefit analysis in due time. For

that purpose, effects and side-effects will be evaluated in

direct comparison with comparators that have already been

approved for the same indication. Our data may provide some

useful information on this issue. Sugammadex provides a

better risk–benefit ratio with respect to respiratory function

than the appropriate comparator, a cholinesterase inhibitor.

Species-dependent effects of neuromuscular blocking

agents have been reported and rats are believed to be more

resistant to depolarizing neuromuscular blocking drugs

than humans.19 In theory, neostigmine and sugammadex

effects on GG-EMG may be different in humans and rats,

so dose–response studies in humans are required.

In summary, our data show that sugammadex given after

recovery from rocuronium-induced neuromuscular block

does not affect upper airway dilator muscle activity, but

neostigmine significantly impairs genioglossus muscle

activity. Furthermore, sugammadex reverses the respiratory

effects from partial paralysis more rapidly than neostigmine.
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