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Abstract
Purpose The anesthetic management combining remimazolam and neuromuscular blocking agents with sugammadex is 
expected to enhance the speed and safety of recovery from anesthesia. However, the effect of remimazolam on reversal of 
neuromuscular blockade with sugammadex remains unclear. We hypothesized that sugammadex could reverse rocuronium-
induced neuromuscular blockade even under remimazolam anesthesia, although the recovery might be delayed. In the pre-
sent study, the recovery time from rocuronium-induced neuromuscular blockade after administration of sugammadex under 
remimazolam anesthesia was compared with that under propofol anesthesia.
Methods Twenty-six patients over 18 years old scheduled for elective gynecological laparotomy under general anesthesia 
combined with epidural anesthesia were prospectively randomly assigned to remimazolam and propofol groups. After induc-
tion of general anesthesia with remifentanil and remimazolam or remifentanil and propofol, followed by their continuous 
infusion for anesthesia maintenance, train-of-four (TOF) responses were monitored following 0.9 mg/kg rocuronium admin-
istration. During surgery, rocuronium was infused continuously to maintain a TOF count of 1. At the end of surgery, when 
TOF counts of 2 were confirmed, sugammadex 2 mg/kg was administered and time to recovery of the TOF ratio to ≥ 90% 
of the baseline TOF ratio was compared between the two groups.
Results Median (interquartile range) recovery times in the remimazolam and propofol groups were 3.0 (2.3 to 3.8) and 2.5 
(2.0 to 3.3) min, respectively (P = 0.62).
Conclusion Remimazolam anesthesia may not delay the efficacy of sugammadex in reversing rocuronium-induced neuro-
muscular blockade compared with propofol anesthesia.
Clinical trial number and registry URL The Japan Registry of Clinical trials (jRCT1071230073). URL: https:// jrct. niph. go. 
jp/ latest- detail/ jRCT1 07123 0073.

Keywords Remimazolam · Sugammadex · Rocuronium

Introduction

Sugammadex, a modified gamma-cyclodextrin, is the first 
selective relaxant-binding agent designed specifically to 
encapsulate aminosteroidal neuromuscular blocking agents, 
such as rocuronium or vecuronium. Formation of a complex 
of sugammadex and aminosteroidal neuromuscular block-
ing agents occurs at all levels of neuromuscular blockade 
(NMB), profound through shallow, and results in a rapid 
reversal of NMB [1].

Remimazolam is a newly developed benzodiazepine with 
a short duration of action [2]. Therefore, the anesthetic man-
agement combining remimazolam and neuromuscular block-
ing agents with sugammadex is expected to be used more 
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frequently, because of its potential to enhance the speed and 
safety of recovery from anesthesia. However, the effect of 
remimazolam on NMB, including its reversal with sugam-
madex, remains unclear. Benzodiazepines are known to act 
as adenosine uptake inhibitors [3, 4], and midazolam, a ben-
zodiazepine used in general anesthesia similarly to remima-
zolam, has been reported to potentiate the action of rocuro-
nium by increasing endogenous adenosine concentration in 
an in vitro study [5]. Therefore, the efficacy of sugammadex 
may be indirectly reduced by benzodiazepines. However, 
the interaction between sugammadex and benzodiazepines 
other than remimazolam also remains poorly understood due 
to their limited utilization in anesthetic practice, making it 
challenging to predict the effect of remimazolam on reversal 
of rocuronium-induced NMB with sugammadex.

The purpose of this study was to clarify the effect of remi-
mazolam on reversal of rocuronium-induced NMB with sug-
ammadex. It is known that reversal of rocuronium-induced 
NMB with sugammadex is effective under sevoflurane 
anesthesia, which is known to enhance the effect of rocuro-
nium [6–9]. Therefore, we hypothesized that sugammadex 
could reverse rocuronium-induced neuromuscular blockade 
even under remimazolam anesthesia, although the recovery 
might be delayed. To test this hypothesis, we investigated the 
recovery time from moderate NMB after administration of 
sugammadex under remimazolam anesthesia, and compared 
it with that under propofol anesthesia. In addition, we also 
compared the time-course of rocuronium action under remi-
mazolam anesthesia with that under propofol anesthesia.

Methods

Ethical considerations

This prospective randomized clinical trial was conducted 
according to the recommendations of the Helsinki decla-
ration. The trial was approved by the ethics committee of 
Kumamoto University Hospital (protocol Sennshinn-2562; 
October 3, 2023) and prior written informed consent was 
obtained from all subjects participating in the trial. The trial 
was registered prior to patient enrollment in the Japan Reg-
istry of Clinical trials (jRCT1071230073, October 12, 2023; 
Principal investigator: Masafumi Fujimoto). This manuscript 
adheres to the applicable CONSORT guidelines.

Inclusion and exclusion criteria

Patients over 18 years old scheduled for elective gyneco-
logical laparotomy of an estimated 4–8 h duration, under 
general anesthesia combined with epidural anesthesia in the 
supine position, were assessed for eligibility to participate. 
All patients were American Society of Anesthesiologists 

physical status class I or II. Patients contraindicated for 
receiving benzodiazepines or propofol, and those with 
neuromuscular disorders, cirrhosis, hepatitis, cholestasis, 
heart failure, renal dysfunction and obesity (body mass 
index ≥ 30.0 kg/m2) were excluded from the study.

Randomization and blinding

The chief investigator (M.F.) enrolled participants, and those 
found eligible for this study were randomly assigned to remi-
mazolam or propofol groups according to the random alloca-
tion sequence generated by a computer program (Excel™, 
Microsoft, Redmond, Washington, USA). Randomization, 
including generation of the random allocation sequence, 
was conducted by an anesthesiologist who was not involved 
in this study. The attending anesthesiologist was informed 
about the allocation after obtaining written informed con-
sent from each patient, but patients were blinded to group 
assignments.

Anesthetic management

We followed the methods described by Fujimoto et al. in 
2022 [10]. None of the patients received premedication. 
After the patients entered the operation room, routine moni-
toring, including of the electrocardiogram, pulse oximetry, 
non-invasive blood pressure, end-tidal  CO2 measurement 
and anesthetic depth monitoring (BISx module NK™, Nihon 
Kohden, Tokyo, Japan) was applied. An intravenous can-
nula was inserted into the forearm vein for routine anesthetic 
and study drug administration. In all patients, before the 
induction of general anesthesia, an epidural catheter was 
inserted through the T11/12 interspace. One minute after 
a continuous infusion of remifentanil 0.25–0.50 μg/kg/
min was commenced, patients in the remimazolam group 
received a continuous injection of remimazolam at 12 mg/
kg/h (loading dose) until loss of the eyelash reflex according 
to the drug manufacturer’s recommendations, followed by a 
continuous infusion of remimazolam at 0.6–1.5 mg/kg/h. In 
the propofol group, general anesthesia was induced with a 
continuous infusion of remifentanil and a bolus injection of 
propofol 1.5–2.0 mg/kg, followed by a continuous infusion 
of propofol 4.0–7.0 mg/kg/h. The infusion rates of remima-
zolam and propofol were adjusted to maintain BIS values 
between 40 and 60. The continuous remifentanil infusion 
was adjusted between 0.1–0.5 μg/kg/min to provide optimal 
patient care, based on maintenance of blood pressure within 
20% of baseline values. Before the start of the operation, 
3–5 ml of 0.2% levobupivacaine was administered as a bolus 
into the epidural space, followed by its continuous epidural 
administration at the rate of 3–5 ml/h.
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Neuromuscular monitoring

After anesthesia induction, mask ventilation was performed 
and neuromuscular monitoring was commenced with an 
electromyograph and display unit (AF-201P™ and VA-
201R™, Nihon Kohden, Tokyo, Japan). All neuromuscular 
monitoring was conducted in accordance with the guide-
lines established by the Good Clinical Research Practice 
in pharmacodynamic studies of neuromuscular blocking 
drugs [11]. After cleansing the skin with alcohol wipes, 
single-use surface electrodes for AF-201P (NM-345Y™, 
Nihon Kohden) were placed to stimulate the ulnar nerve on 
the arm opposite to that with the blood pressure cuff, with 
the sensing electrode being placed on the abductor digiti 
minimi (ADM) muscle, according to the manufacturer’s 
instructions. Neuromuscular data of the ADM muscle were 
transferred online to a computer and recorded. The patient’s 
study arm was immobilized and supramaximal stimulation 
was automatically ensured by the built-in calibration func-
tion. The detection threshold was manually configured to 
be 5% of the control value of the compound muscle action 
potential.

After confirmation of stable responses to train-of-four 
(TOF) stimulation and recording of the baseline TOF ratio, 
a single dose of 0.9 mg/kg rocuronium was administered 
according to actual body weight, followed by TOF stimula-
tion every 15 s. Immediately after disappearance of the TOF 
responses, tracheal intubation was performed and the TOF 
monitoring interval was changed to every 1 min. Next, after 
reappearance of the 1st (T1) and 2nd (T2) twitch responses 
to TOF stimulation and spontaneous recovery of the T1 
response to 25% of the control value were documented, a 
continuous infusion of rocuronium of 3–10 μg/kg/min was 
commenced to maintain a TOF count of 1. The rocuronium 
infusion rate was adjusted at the discretion of the attend-
ing anesthesiologist, to maintain the T1 response between 
10 and 15% of the control value, and temporary suspen-
sion and bolus rocuronium administration of 0.05 mg/kg 
were permitted as many times as needed. Infusion of rocu-
ronium was discontinued at the end of surgery, and TOF 
monitoring every 15 s was started after reappearance of the 
T2 response. When three continuous TOF counts of 2 were 
confirmed, 2 mg/kg sugammadex was administered. Once 
the TOF ratio had recovered to ≥ 90% of the baseline TOF 
ratio, administration of anesthetic agents was discontinued. 
Additionally, in the remimazolam group, flumazenil was 
administered at the discretion of the attending anesthesiolo-
gist. Patients were extubated after observation of sufficient 
recovery of consciousness and spontaneous respiration (≥ 8 
breaths/min). Epidural infusion of 0.2% levobupivacaine was 
continued for postoperative analgesia.

During neuromuscular monitoring, esophageal tem-
perature was measured as the central body temperature and 

maintained at ≥ 35 °C. Additionally, peripheral body tem-
perature was measured continuously with a thermistor at the 
thenar eminence of the palm, and maintained at ≥ 32 °C with 
a forced air warming device.

Statistical analysis

As the primary outcome, recovery time, defined as the time 
from administration of sugammadex to recovery of the TOF 
ratio to ≥ 90% of the baseline value was compared between 
patients receiving maintenance anesthesia with remima-
zolam and those receiving propofol. Reportedly, in patients 
receiving maintenance anesthesia with propofol, the aver-
age recovery time and its standard deviation (SD) with a 
single 2 mg/kg dose of sugammadex at the time of reappear-
ance of the T2 response is 1.8 ± 0.7 min [6]. Based on our 
clinical practice, we considered a delay of less than 1 min 
in recovery time as being clinically insignificant. In the pre-
sent study, therefore, a 50% delay, of approximately 1 min, 
was defined as a significant change, and the sample size was 
calculated to detect this delay with a SD of 0.7. Since a prior 
power analysis indicated that the sample size required in the 
present study, with a risk of type I error of α = 0.05 and type 
II error of β = 0.20, was 10 in each group, we decided to 
recruit 15 patients in each group to adjust for missing data.

The secondary outcomes of the present study were the 
time from initial administration of rocuronium to disappear-
ance of the TOF response (onset time), time to reappearance 
of T1 and T2 responses, and time to spontaneous recovery of 
the T1 response to 25% of the control value (duration time).

Continuous variables were tested for normality using the 
Shapiro–Wilk test. Parametric data were expressed as the 
mean ± SD and compared using the t-test, while nonparamet-
ric data were expressed as the median (interquartile range) 
and compared using the Mann–Whitney U test. All statis-
tical analyses, including the sample size calculation, were 
performed with the R statistical package version 3.4.1 (R 
Foundation for Statistical Computing, Vienna, Austria), and 
a p-value of < 0.05 was considered statistically significant.

Results

The data were collected at Kumamoto University Hospital 
from October 31, 2023, to August 15, 2024. During this 
period, 49 patients were assessed for study eligibility, 19 
of whom were excluded. One of the remaining 30 patients, 
assigned to the remimazolam group, was excluded because 
of the combined administration of propofol during surgery 
due to the persistence of a high BIS value. Another patient 
assigned to the remimazolam group was also excluded 
because the initial rocuronium dose was accidentally admin-
istered prior to calibration of the neuromuscular monitoring 
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device. In addition, two patients assigned to the propofol 
group were excluded due to unstable neuromuscular moni-
toring. Therefore, a total of 26 patients (remimazolam group: 
13, propofol group: 13) were included in the final analysis 
(Fig. 1). The patients’ basic demographic data and neuro-
muscular monitoring data before rocuronium administration 
are shown in Tables 1 and 2, respectively.

There were no significant differences in neuromuscular 
conditions at the administration of sugammadex (Table 3), 
nor were there differences in recovery time (min) between 
the remimazolam and propofol groups [3.0 (2.3 to 3.8) vs. 
2.5 (2.0 to 3.3), P = 0.62] (Fig. 2).

There were no requests from the surgeons for the admin-
istration of neuromuscular blocking agents during the opera-
tion, and data on T1 reappearance time, T2 reappearance 
time, and duration time were successfully collected from all 
patients. The results in relation to these secondary outcomes 
of the study are shown in Table 4. Neither onset time, T1 
reappearance time, T2 reappearance time nor duration time 
of rocuronium were significantly different between the remi-
mazolam and propofol groups.

There were no complications or adverse events related to 
the study during the surgery or in the postoperative period 
in either group.

Fig. 1  Flow diagram of study 
participation

Table 1  Demographic data of the patients

Data were expressed as the mean ± standard deviation

Remimazolam 
group (n = 13)

Propofol group 
(n = 13)

P value

Age (year) 51.7 ± 14.0 57.2 ± 12.2 0.30
Height (cm) 157.4 ± 6.4 156.3 ± 8.0 0.71
Weight (kg) 57.3 ± 5.7 58.0 ± 8.3 0.79
Body mass index 

(kg/m2)
23.2 ± 2.8 23.5 ± 3.5 0.62

Table 2  Neuromuscular monitoring data before rocuronium adminis-
tration

Data were expressed as the mean ± standard deviation
TOF, train-of-four

Remimazolam 
group (n = 13)

Propofol 
group 
(n = 13)

P value

Electrical stimulation current 
(mA)

27.9 ± 7.2 29.3 ± 5.8 0.59

Control value of the 
compound muscle action 
potential (mV)

11.1 ± 2.4 10.9 ± 2.7 0.81

Baseline TOF ratio 1.02 ± 0.01 1.01 ± 0.01 0.76

Table 3  Neuromuscular conditions at the administration of sugamma-
dex

Additional dose of rocuronium was calculated as (additional dose of 
rocuronium)/(patient’s body weight)/(duration from the start of con-
tinuous infusion of rocuronium to sugammadex administration)
Data were expressed as the median (interquartile range)
T1 response, 1st twitch response to train-of-four stimulation; T2 
response, 2nd twitch response to train-of-four stimulation

Remimazolam 
group (n = 13)

Propofol group 
(n = 13)

P value

Additional dose of 
rocuronium (μg/
kg/min)

5.9 (4.1 to 6.8) 4.5 (4.2 to 6.6) 0.55

T1 response (%) 18 (15 to 23) 20 (18 to 23) 0.70
T2 response (%) 5 (5 to 6) 5 (5 to 6) 0.58
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Discussion

To the best of our knowledge, the present study is the first 
to investigate the effect of remimazolam on reversal of 
rocuronium-induced NMB with sugammadex. However, as 
no statistically significant difference on the recovery time 
was observed between the groups, definitive conclusions 
could not be drawn from the present study.

Benzodiazepines (e.g., diazepam, midazolam) are 
known to have centrally acting muscle relaxant effects 
that are induced by reduction of polysynaptic reflexes in 
the spine, which are thought to relate to the potentiation 
of some gamma-aminobutyric acid (GABA)-ergic inhibi-
tory processes [12]. Enhancement of the inhibitory action 
of GABA-ergic cortical interneurons, which decreases the 
excitability of pyramidal cells and reduces the number of 

neurons available for generation of descending pyramidal 
tract activity, is also considered one of the factors contrib-
uting to the centrally acting muscle relaxant effects [13]. 
While remimazolam is expected to have centrally acting 
muscle relaxant effects similar to other benzodiazepines, 
it has already been reported that remimazolam does not 
affect the TOF ratio, suggesting the absence of any influ-
ence on the neuromuscular junction [14]. Absence of a 
significant difference in baseline TOF ratios between the 
two groups in the present study was consistent with the 
previous report. On the other hand, sugammadex acts by 
removing free rocuronium molecules from plasma and 
creating a concentration gradient favoring the diffusion of 
rocuronium away from the neuromuscular junction back 
into the plasma, where it is encapsulated by free sugam-
madex molecules, resulting in rapid reversal of NMB 
[15–17]. Therefore, it is considered that remimazolam 
does not directly affect reversal of NMB with sugamma-
dex. Additionally, as there was no significant difference in 
the compound muscle action potential immediately after 
loading dose of remimazolam, compared to the propofol 
group, remimazolam may not have a direct effect on mus-
cle contraction.

The present study also indicated that neither onset time, 
T1 reappearance time, T2 reappearance time nor duration 
of rocuronium action were significantly different between 
remimazolam and propofol anesthesia. Several reports have 
investigated the interaction of other benzodiazepines with 
neuromuscular blocking agents [5, 18, 19]. Olkkola et al. 
reported that the infusion rate of rocuronium necessary to 
produce a constant 90% block in T1 response relative to 
the control value under midazolam anesthesia did not dif-
fer significantly from that under propofol anesthesia [18]. 
On the other hand, according to Driessen et al., recovery of 
the twitch response after administration of vecuronium and 
atracurium under midazolam anesthesia was significantly 
delayed compared with those under diazepam anesthesia 
[19]. Moreover, supratherapeutic concentration of mida-
zolam has been reported to potentiate the action of rocuro-
nium by increasing endogenous adenosine concentration [5]. 
Considering these reports, the interaction between each ben-
zodiazepine, including remimazolam, and neuromuscular 

Fig. 2  Recovery times in the two groups. Between remimazolam and 
propofol groups, there were no significant differences in the recovery 
time defined as the time from administration of sugammadex 2 mg/
kg at the reappearance of T2 response to recovery of the TOF ratio 
to ≥ 90% of the baseline TOF ratio (P = 0.62). The solid lines rep-
resent the medians, and the boxes represent the interquartile range 
(median ± 25%). The upper whiskers indicate the maximum obser-
vations. The lower whiskers indicate the minimum observations. T2 
response, 2nd twitch response to train-of-four stimulation; TOF, train-
of-four

Table 4  Results of secondary 
outcomes of the study

Data were expressed as the median (interquartile range)
T1, 1st twitch response to train-of-four stimulation; T2, 2nd twitch response to train-of-four stimulation

Remimazolam group 
(n = 13)

Propofol group (n = 13) P value

Onset time (min) 1.8 (1.5 to 2.0) 1.8 (1.3 to 1.8) 0.14
T1 reappearance time (min) 45 (38 to 53) 55 (44 to 57) 0.13
T2 reappearance time (min) 55 (49 to 64) 69 (55 to 71) 0.14
Duration time (min) 57 (51 to 69) 71 (61 to 75) 0.13
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blocking agents appears to vary not only with its type but 
also with the dose administered. As the remimazolam dose 
in the present study was adjusted according to routine clini-
cal practice (i.e., BIS value), its dose-dependency remains 
unclear. Since a temporary decrease in motor-evoked poten-
tials has been reported after switching anesthesia from 
propofol to remimazolam using a loading dose [20], the 
lack of significant differences between the groups might be 
explained by the relatively low dose of remimazolam used in 
the present study. Early recovery from anesthesia, which is 
one of the specific advantages of remimazolam [2], is valu-
able, particularly in emergency situations, such as “cannot 
ventilate, cannot intubate”. From this perspective as well, the 
effect of a high dose of remimazolam on reversal of NMB 
with sugammadex needs to be clarified in the future.

In addition, this study has several other limitations. First, 
neuromuscular monitoring was performed at the ADM 
muscle with the electromyograph. In the present study, 
sugammadex 2 mg/kg was administered at a TOF count of 
2 according to the recommendations of the drug manufac-
turer, which was, however, decided based on studies that 
monitored neuromuscular function of the adductor pollicis 
(AP) muscle by acceleromyography [21–23]. Reportedly, 
electromyography is known to frequently indicate recovery 
later than that shown by acceleromyography [24]. It has also 
been reported that the TOF count of the AP muscle meas-
ured using acceleromyography was almost 4 when that of 
the ADM muscle measured using electromyography was 2 
[25]. According to Pongrácz et al., 1 mg/kg sugammadex 
rapidly and effectively reverses rocuronium-induced NMB 
when the TOF count of the AP muscle measured with the 
acceleromyograph is 4 [26]. Thus, studies using acceleromy-
ography and different doses of sugammadex are also needed 
to confirm our results. However, since the recommended 
dose of sugammadex is not differentiated based on the neu-
romuscular monitoring device, this study holds significant 
clinical relevance.

Second, the attending anesthesiologists could not be 
blinded to group assignments in this study, since it directly 
impacted anesthesia management. Although there might 
have been bias in adjustment of the rocuronium infusion rate 
during the operations in the present study, neuromuscular 
conditions at the administration of sugammadex (T1 and T2 
values) were standardized between the groups. Therefore, 
the results of the primary observation were not likely to have 
been influenced in this study.

Finally, the sample size, which was determined to detect 
a delay of approximately 1 min in recovery time, was small, 
and the results are limited to middle-aged female patients. 
A much larger clinical trial (e.g., a non-inferiority trial) is 
required to conclusively demonstrate that reversal of rocu-
ronium-induced NMB with sugammadex is equally effective 
under remimazolam and propofol anesthesia. However, the 

results of the present study may provide useful information 
for clinical practice.

In conclusion, we compared the effects of remimazolam 
on reversal of rocuronium-induced NMB with sugamma-
dex versus that of propofol. In routine anesthetic practice, 
remimazolam may not delay the recovery from moderate 
NMB following sugammadex administration. However, it 
is impossible to draw any conclusion from the present study.  
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