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Objective: To compare the efficacy and safety of pharmaceutical interventions to
prevent etomidate-induced myoclonus (EIM), providing the optimal intervention
for clinical practice.

Methods: PubMed, Embase, the Cochrane Central Register of Controlled Trials,
ClinicalTrials.gov, Chinese National Knowledge Infrastructure, WanFang
database, and SinoMed database were searched from the inception to sixth
May 2024. We included randomized controlled trials (RCTs) comparing
intravenous pharmaceutical interventions to prevent EIM with placebo, no
intervention, or another pharmaceutical intervention.

Results: Forty-eight RCTs involving 4,768 participants randomly assigned to
20 intravenous pharmaceutical interventions and normal saline were included.
Granisetron (odds ratio [OR]: 0.01, 95% confidence interval [CI]: 0.00 to 0.06; one
study, moderate certainty) and oxycodone (OR: 0.01, 95% CI: 0.00 to 0.05; three
studies, low certainty) was found to be themost effective intervention in reducing
the risk of EIM and ranked highest in terms of surface under the cumulative
ranking values (94.4% and 89.7% probability), followed by sufentanil (76.5%
probability) and remifentanil (74.8% probability). Further subgroup analysis of
EIM at mild, moderate-to-severe levels highlighted granisetron and oxycodone
as the favorable interventions for reducing EIM. For safety outcomes, the
synthesized results indicated that opioids were associated with a higher risk of
adverse events (AEs), while no severe AEs were observed.

Conclusion: Moderate-to-low certainty evidence indicated that granisetron and
oxycodonemay represent the optimal intervention for reducing the risk of overall
and moderate-to-severe EIM with a reasonable safety profile, providing the
potential interventions for clinical practice.
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Systematic Review Registration: https://www.crd.york.ac.uk/PROSPERO/display_
record.php?RecordID=291275.
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1 Introduction

Etomidate is a commonly used intravenous sedative. As a γ-
aminobutyric acid (GABA) type A receptor agonist, it is widely used
for the rapid induction of anesthesia owing to its rapid onset and
favorable hemodynamic properties (Forman, 2011; Komatsu et al.,
2013). More than 60% of patients with emergency airway intubation
receive intravenous etomidate as an induction agent (Sivilotti et al.,
2003). However, etomidate-induced myoclonus (EIM) remains a
major problem in clinical practice, with an incidence rate of 50%–
80% after induction (Morel et al., 2011). Myoclonus can increase
oxygen consumption and accelerate metabolism, posing a vital
threat to patients with conditions such as open globe injuries,
emergency surgery without fasting (i.e., risk of regurgitation and
aspiration), coronary heart disease, epilepsy, or intracranial
aneurysm (Gultop et al., 2010; Zhu et al., 2017). In addition,
clinicians may face certain intraoperative challenges and risks
when treating patients with EIM.

Several published systematic reviews and pairwise meta-analyses
have summarized several options for preventing EIM, including
remifentanil (Lang et al., 2019), butorphanol (Hua et al., 2019; Zhu
et al., 2019), lidocaine (Lang et al., 2018), dexmedetomidine (Du
et al., 2017), and midazolam (Zhou et al., 2017). However, there are
no guideline or consensus to standardize this issue, and the order in
which these interventions should be prioritized remains unknown.
Network meta-analysis (NMA) enables simultaneous comparisons
among multiple treatments based on direct and indirect evidence, in
turn allowing researchers to rank the relative effectiveness of
multiple treatment options (González-Xuriguera et al., 2021).
Although one previous NMA investigated preventive intervention
strategies for EIM, its results provide limited insight into the true
value of each individual intervention because it only evaluated
efficacy by drug type such as μ opioid agonists, κ opioid agonists
and NMDA-R antagonists, without safety evaluations (Zhang et al.,
2022). The result of the such comparison was not convincing, and
the efficacy of the specific drug remains unknown, leaving clinicians
uncertain of the most suitable pharmaceutical intervention choice.
Multiple clinical trials were recently published; hence, updated
evidence regarding the optimal intervention for EIM is essential
for advancing this area of research.

Therefore, we conducted a systematic review and NMA to
comprehensively estimate and rank the comparative efficacy and
safety of individual pharmaceutical interventions to prevent EIM
and identify the optimal clinical strategy.

2 Materials and methods

The NMA was performed in accordance with Preferred
Reporting Items for Systematic Review and Meta-Analysis

extension statement for NMA (Supplementary Table S1) (Hutton
et al., 2015). This study was registered in PROSPERO
(CRD42021291275).

2.1 Eligibility criteria

Inclusion criteria: studies including patients with American
Society of Anesthesiologists (ASA) physical status I to III who
underwent etomidate anesthesia before surgery or invasive
intervention. All studies were randomized controlled trials
(RCTs) comparing intravenous pharmaceutical interventions to
prevent EIM with either placebo, no intervention, or another
pharmaceutical intervention of interest, which included but were
not limited to fentanyl, remifentanil, midazolam, dexmedetomidine,
lidocaine, magnesium sulfate, butorphanol, or low-dose etomidate.
The primary outcome was the overall risk of EIM. The secondary
outcomes included the risk of myoclonus at mild, moderate-to-
severe intensity levels, as well as the duration of myoclonus. Mild
myoclonus was defined as short contraction of some muscle fibers
(e.g., on the finger or shoulder), moderate myoclonus referred to
contraction of different groups of muscles (e.g., on the face and leg),
and severe myoclonus was determined as an intense clonic
movement in two or more muscle groups (e.g., fast adduction of
a limb or whole-bodymovements) (Lang et al., 2018). The secondary
outcomes included the risk of drug-related adverse events (AEs). No
restrictions on publication status, year, language, or patient age
were applied.

Exclusion criteria: we excluded patients who met any one of the
following criteria: (1) severe cardiopulmonary or
neuropsychological diseases, surgical contraindications, adrenal
cortex dysfunction, renal or hepatic diseases, history of seizure
disorder, or allergic reaction to etomidate; (2) intolerance to
study drugs; (3) sedative, analgesic, or opioid drug use on the
day of surgery; (4) pregnancy or lactation; and (5) current use of
steroid medication. Conference abstracts, editorials, animal
experiments, and studies for which the outcomes of interest were
not reported or calculable based on the published reports were
also excluded.

2.2 Data sources and searches

PubMed, Embase, the Cochrane Central Register of Controlled
Trials, ClinicalTrials. gov, China National Knowledge
Infrastructure, WanFang database, and SinoMed database were
searched from inception to sixth May 2024. The search terms
included combinations of “etomidate,” “myoclonus,”
“randomized controlled trial,” and their synonyms. In addition, a
manual search of the reference lists of relevant studies was
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performed to identify additional eligible studies. The detailed search
strategy is shown in Supplementary Table S2.

2.3 Study selection and data extraction

Each trial was independently evaluated by two reviewers
(C.L. and Z.P.X.) for screening and data extraction. After
checking for duplicate studies, irrelevant studies were
eliminated by reviewing the titles and abstracts correspondence
with the eligibility criteria. Subsequently, the full texts were
screened to confirm eligible studies. A pre-designed form was
used to extract trial characteristics, including (1) publication
information (publication year, first author, countries), (2)
participant information (sample size, age, gender, type of
surgery, ASA physical status, and dose of etomidate for
anesthesia induction), (3) intervention/comparator (active
drugs, dosages), and (4) outcomes. Any discrepancies were
resolved through discussion, or by a third reviewer (Z.S.D.).

2.4 Quality assessment

Two reviewers (C.L. and Z.P.X.) independently assessed the risk
of bias using the Cochrane Collaboration’s Risk of Bias 2 (RoB V.2.0)
tool, which includes the following domains: randomization process,
deviations from intended interventions, missing outcome data,
outcome measurement, and selection of the reported result
(Sterne et al., 2019). Each study was classified as low risk, some
concerns, or high risk. The same reviewers assessed the quality of
evidence regarding the primary outcome using the Grading of
Recommendations Assessment, Development and Evaluation
(GRADE) framework. The quality of evidence was classified into
four levels (high, moderate, low, and very low) according to the
following dimensions: risk of bias, indirectness, inconsistency,
imprecision, and publication bias (Palmer et al., 2021). Any
discrepancies were resolved through discussion or by a third
reviewer (Z.S.D.).

2.5 Data synthesis and analysis

For dichotomous outcomes, we estimated the results using odds
ratio (OR) with 95% confidence intervals (CIs). For continuous
outcomes, the mean differences (MD) with 95% CIs were used. The
Q test and I2 statistic were used to assess heterogeneity among
studies. Heterogeneity was considered significant when p < 0.10 and
I2 > 50% (Higgins et al., 2003). For both direct and indirect
comparisons between any pair of comparators (existing closed
loops), the node-splitting approach was used to examine the
consistency between the direct and indirect evidence. We
performed a traditional pairwise meta-analysis and generated
network plots for different outcomes among studies to illustrate
the geometries using Stata software (version 15.0) and clarify which
interventions were compared directly or indirectly in the included
studies (Chaimani et al., 2013).

A random-effects NMA was performed within a Bayesian
framework using the Markov chain Monte Carlo simulation

method in OpenBUGS (version 3.2.3). Model convergence was
evaluated via visual inspection of four chains after considering
the Brooks-Gelman-Rubin diagnostic as well as trace and density
plots (Brooks and Gelman, 1998). Within the Bayesian framework,
all interventions were ranked using the surface under the cumulative
ranking (SUCRA) curve (Salanti et al., 2011). The SUCRA values are
0 and 1 when interventions are certain to be the worst and best,
respectively (Riley et al., 2017).

Subgroup analyses were performed by drug dosages when
sufficient information was available. A meta-regression method
was used to analyze differences in baseline characteristics
(Salanti, 2012). In addition, a sensitivity analysis was performed
to examine the robustness of our results. A comparison-adjusted
funnel plot and Egger test were used to evaluate the small-study
effects for the individual outcome when no less than 10 eligible
studies were available (Sterne et al., 2011). Statistical significance was
set at p < 0.05.

3 Results

3.1 Study selection and characteristics

We identified 1,211 studies, of which 91 potentially eligible
studies underwent review of the full text. After applying the
eligibility criteria, 48 studies were included in the NMA. The
study selection process is illustrated in Figure 1.

The NMA was performed based on 48 RCTs with a total of
4,768 patients enrolled to receive 20 interventions, including
alfentanil, fentanyl, sufentanil, remifentanil, oxycodone, midazolam,
dexmedetomidine, lignocaine, nalbuphine, butorphanol, magnesium
sulfate, tramadol, rocuronium, vecuronium, thiopental, ketamine,
low-dose etomidate, low-dose propofol, granisetron, nalmefene,
and normal saline (NS) (Kwon MS et al., 2002; Guler et al., 2005;
Aissaoui et al., 2006; Cho SY et al., 2008; Choi et al., 2008; Hwang
et al., 2008; Chen et al., 2009; Lee et al., 2009; Yu et al., 2009; Gultop
et al., 2010; Mizrak et al., 2010; Un et al., 2011; Ko et al., 2013; Ren
et al., 2013; He et al., 2014; Singh et al., 2014; Luan et al., 2015; Ma
et al., 2015; Malay et al., 2015; Wang et al., 2015; Zhang et al., 2015a;
Zhang et al., 2015b; Alipour et al., 2016; Chen et al., 2016;
Sedighinejad et al., 2016; Wu et al., 2016; Xie et al., 2016; An
et al., 2017; Chen et al., 2017; Fu et al., 2018; Gupta and Gupta,
2018a; Gupta and Gupta, 2018b; Lv et al., 2018; Mullick et al., 2018;
Wang and Wang, 2018; Wang et al., 2018b; Miao et al., 2019; Ren
et al., 2019; Zhang et al., 2021; Yan et al., 2022; Agrawal et al., 2023;
Alipour et al., 2023; RAJKUMAR et al., 2023; Rani et al., 2023;
Rautela et al., 2023; Shan et al., 2023; Siddiqui et al., 2023a; Siddiqui
et al., 2023b). The baseline characteristics of the included studies are
summarized in Supplementary Table S3. Two studies were four-arm
trials, 13 studies were three-arm trials, and the remaining were
double-arm trials. In total, 41 (85.4%) studies were NS-controlled,
20 (41.7%) studies included more than one active drug, 23 (47.9%)
studies were conducted in China, and only 11 (22.9%) studies
mentioned the specific types of elective surgery. The mean age
was 46.2 years (standard deviation: 10.1), and the median
observation time for myoclonus was 2 min after etomidate
administration. The median sample size in the individual studies
was 90 participants (range: 30 - 284).
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The results of the risk of bias assessment are summarized in
Supplementary Supplementary Figure S1 and Supplementary Table
S4. Overall, 23 (47.9%) studies had low risk of bias and 13 (27.1%)
studies were evaluated as having some concerns, primarily owing to
a lack of allocation concealment. In this NMA, the majority of
primary outcomes were subjective indicators, and 12 (25.0%%)
studies were assessed as high risk due to insufficient information
regarding the blinding of assessors to outcomes. All studies were
assessed as having a low risk of bias for missing outcome data.

3.2 Network meta-analysis

In NMA, each unique node represents an intervention. The size
of the node corresponds to the number of patients for each
intervention. Lines indicate direct head-to-head comparisons, and
the line width corresponds to the number of trials in the comparison
(Cipriani et al., 2018; Kim et al., 2020; Burry et al., 2021). Figure 2

shows the network of eligible comparisons for primary outcome
and safety.

3.2.1 Overall risk of etomidate-induced myoclonus
Data were analyzed from 48 studies on the risk of EIM,

consisting of 4,768 patients with 20 interventions (Kwon MS
et al., 2002; Guler et al., 2005; Aissaoui et al., 2006; Cho SY
et al., 2008; Choi et al., 2008; Hwang et al., 2008; Chen et al.,
2009; Lee et al., 2009; Yu et al., 2009; Gultop et al., 2010; Mizrak et al.,
2010; Un et al., 2011; Ko et al., 2013; Ren et al., 2013; He et al., 2014;
Singh et al., 2014; Luan et al., 2015; Ma et al., 2015; Malay et al., 2015;
Wang et al., 2015; Zhang et al., 2015a; Zhang et al., 2015b; Alipour
et al., 2016; Chen et al., 2016; Sedighinejad et al., 2016; Wu et al.,
2016; Xie et al., 2016; An et al., 2017; Chen et al., 2017; Fu et al., 2018;
Gupta and Gupta, 2018a; Gupta and Gupta, 2018b; Lv et al., 2018;
Mullick et al., 2018; Wang and Wang, 2018; Wang et al., 2018b;
Miao et al., 2019; Ren et al., 2019; Zhang et al., 2021; Yan et al., 2022;
Agrawal et al., 2023; Alipour et al., 2023; RAJKUMAR et al., 2023;

FIGURE 1
Study selection process.
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Rani et al., 2023; Rautela et al., 2023; Shan et al., 2023; Siddiqui et al.,
2023a; Siddiqui et al., 2023b). According to the synthesized results of
the traditional pairwise comparison (Supplementary Table S5A), all
interventions, except for ketamine (OR 0.28, 95% CI 0.04–2.23) and
tramadol (OR: 0.21, 95% CI: 0.05–1.01), were associated with lower
myoclonus rates than NS. In the network analysis, 14 drugs
(oxycodone, remifentanil, sufentanil, fentanyl, alfentanil,
midazolam, lidocaine, nalbuphine, butorphanol,
dexmedetomidine, low-dose etomidate, granisetron, nalmefene,
and magnesium sulfate) significantly reduced the overall risk of
myoclonus compared with NS, except for ketamine, tramadol,
thiopental, rocuronium, low-dose propofol, and vecuronium
(Figure 3; Table 1). Granisetron (OR: 0.01, 95% CI: 0.00–0.06)
and oxycodone (OR: 0.01, 95% CI: 0.00–0.05) was associated
with the most significant reduction in myoclonus, followed by
alfentanil (OR: 0.02, 95% CI 0.00–0.21), and sufentanil (OR: 0.04,
95% CI: 0.01–0.10). In addition, the ranking of treatments based on
SUCRA values (Supplementary Figure S3A; Supplementary Table
S8) with a probability of more than 75% was as follows: granisetron
(94.4%), oxycodone (89.7%%), alfentanil (82.8%%), and sufentanil
(76.5%). The node-splitting method revealed no inconsistency
between direct and indirect evidence (Supplementary Table S7A).
The comparison-adjusted funnel plot for the overall risk of

myoclonus indicated possible asymmetry, whereas Egger’s test
(p = 0.07) revealed no significant difference among the studies,
suggesting a low risk of publication bias
(Supplementary Figure S4A).

3.2.2 Different intensity levels of myoclonus
A total of 47 studies reported the risk of myoclonus at mild and

moderate-to-severe levels among 4,668 patients who had received
20 interventions (Supplementary Figure S2A) (KwonMS et al., 2002;
Guler et al., 2005; Aissaoui et al., 2006; Cho SY et al., 2008; Choi
et al., 2008; Hwang et al., 2008; Chen et al., 2009; Lee et al., 2009; Yu
et al., 2009; Gultop et al., 2010; Mizrak et al., 2010; Ko et al., 2013;
Ren et al., 2013; He et al., 2014; Singh et al., 2014; Luan et al., 2015;
Ma et al., 2015; Malay et al., 2015; Wang et al., 2015; Zhang et al.,
2015a; Zhang et al., 2015b; Alipour et al., 2016; Chen et al., 2016;
Sedighinejad et al., 2016; Wu et al., 2016; Xie et al., 2016; An et al.,
2017; Chen et al., 2017; Fu et al., 2018; Gupta M. and Gupta P., 2018;
Gupta P. and Gupta M., 2018; Lv et al., 2018; Mullick et al., 2018;
Wang and Wang, 2018; Wang W. et al., 2018; Miao et al., 2019; Ren
et al., 2019; Zhang et al., 2021; Yan et al., 2022; Agrawal et al., 2023;
Alipour et al., 2023; RAJKUMAR et al., 2023; Rani et al., 2023;
Rautela et al., 2023; Shan et al., 2023; Siddiqui et al., 2023a; Siddiqui
et al., 2023b).

In terms of the risk of myoclonus at a mild level, the traditional
pairwise comparison (Supplementary Table S5B) showed that seven
drugs were associated with a lower risk of myoclonus than NS,
including granisetron (OR: 0.04, 95% CI: 0.01–0.20), oxycodone
(OR: 0.17, 95% CI: 0.08–0.38), dexmedetomidine (OR: 0.49, 95% CI:
0.31–0.77), remifentanil (OR: 0.25, 95% CI: 0.13–0.48), fentanyl
(OR: 0.44, 95% CI: 0.25–0.75), sufentanil (OR: 0.24, 95% CI:
0.06–0.99), and butorphanol (OR: 0.42, 95% CI: 0.22–0.79). In
contrast, tramadol increased the mild myoclonus rates when
compared with NS (OR: 6.00, 95% CI: 1.29–27.91). In the NMA,
the synthesized results demonstrated that granisetron (OR: 0.05,
95% CI: 0.00–0.42) and oxycodone (OR: 0.10, 95% CI: 0.02–0.37)
was the most effective in reducing the risk of mild myoclonus
compared with NS, followed by magnesium sulfate (OR: 0.18,
95% CI: 0.04–0.75), nalbuphine (OR: 0.29, 95% CI 0.09–0.91),
sufentanil (OR: 0.30, 95% CI 0.10–0.88), remifentanil (OR: 0.29,
95% CI 0.09–0.91), lidocaine (OR: 0.38, 95% CI 0.16–0.2), and
butorphanol (OR: 0.38, 95% CI 0.15–0.99), while there were no
statistically significant differences between the other interventions
(Supplementary Table S6A). Based on SUCRA values
(Supplementary Figure S3B; Supplementary Table S8), the top
three interventions were granisetron (93.1%), oxycodone (89.2%),
and magnesium sulfate (78.6%). The node-splitting analysis
indicated that seven of the 28 comparisons were inconsistent
(Supplementary Table S7B). The comparison-adjusted funnel plot
and Egger test (p = 0.51) showed no asymmetry
(Supplementary Figure S4B).

In terms of the risk of myoclonus at moderate-to-severe level,
the traditional pairwise comparison (Supplementary Table S5C)
revealed that 19 drugs were associated with a lower risk of moderate-
to-severe myoclonus than NS, except for thiopental (OR: 0.30, 95%
CI 0.09–1.00). In the NMA, 13 drugs were associated with a
statistically significant reduction in the risk of moderate-to-severe
myoclonus when compared with NS, with granisetron, nalmefene,
oxycodone, and remifentanil exerting the most significant effects

FIGURE 2
Network meta-analysis of eligible comparisons for primary
outcome (A) and safety (B). NS, normal saline.
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(Supplementary Table S6B). According to SUCRA values
(Supplementary Figure S3C; Supplementary Table S8), the top
four interventions were nalmefene (97.6%), granisetron (96.8%),
oxycodone (81.5%), and remifentanil (79.7%). In the node-splitting
analysis, 4 of the 27 comparisons were inconsistent. The
comparison-adjusted funnel plot and Egger’s test (p = 0.12)
indicated a low risk of publication bias (Supplementary Table
S7C; Supplementary Figure S4C).

3.2.3 Adverse events
AEs were reported in 28 studies including a total of

2,704 patients and 19 interventions (Guler et al., 2005; Aissaoui
et al., 2006; Cho SY et al., 2008; Choi et al., 2008; Hwang et al., 2008;
Yu et al., 2009; Mizrak et al., 2010; He et al., 2014; Singh et al., 2014;
Luan et al., 2015; Malay et al., 2015; Wang et al., 2015; Chen et al.,
2016; Wu et al., 2016; An et al., 2017; Chen et al., 2017; Fu et al.,
2018; Gupta M. and Gupta P., 2018; Lv et al., 2018; Wang W. et al.,
2018; Miao et al., 2019; Ren et al., 2019; Zhang et al., 2021; Yan et al.,
2022; Agrawal et al., 2023; Shan et al., 2023; Siddiqui et al., 2023a;
Siddiqui et al., 2023b). Commonly reported AEs included nausea,
vomiting, dizziness, coughing, headache, injection pain,
bradycardia, hypotension, respiratory depression, and myalgia. In
the traditional pairwise analysis and NMA (Supplementary Table
S5D; Table 1), five drugs exhibited significant associations with an
increased risk of AEs when compared with NS, including
oxycodone, remifentanil, tramadol, alfentanil, and butorphanol.
Nevertheless, these findings showed significant point estimates,

although with small sample sizes and the absence of any AEs
occurring in the NS groups resulting in wide CIs. Common AEs
in patients treated with oxycodone, butorphanol, remifentanil, and
fentanyl were dizziness, bradycardia, and hypotension, respectively.
Details regarding other AEs are listed in Supplementary Table S10.
Additionally, two studies reported a head-to-head comparison of
doses among tramadol and alfentanil, which found that respiratory
depression and bradycardia occurred only in the 2.0 mg/kg tramadol
groups and 10.0 μg/kg alfentanil groups. Six studies comparing
dexmedetomidine reported an increased risk of bradycardia in the
1.0 μg/kg groups, whereas there were no significant differences
between the other doses.

Further analyses were not performed for the remaining active
drugs because of the small number of included studies. Nevertheless,
only one study reported that one participant in the remifentanil
group had withdrawn owing to chest rigidity (Hwang et al., 2008).
Other AEs did not appear to affect the results of each study. In the
node-splitting analysis, 1 of the 9 comparisons were inconsistent.
(Supplementary Table S7E). A comparison-adjusted funnel plot
demonstrated possible asymmetry, while Egger’s linear regression
(p = 0.26) indicated no significant difference among studies, which
indicated a low risk of publication bias (Supplementary Figure S4D).

3.2.4 Duration of myoclonus
Only five studies reported the duration of EIM, including one

three-arm trial for midazolam, lidocaine, and NS. The remaining
four studies were double-arm trials (Supplementary Figure S2B)

FIGURE 3
Forest plot of networkmeta-analysis of all trials for primary outcome. OR: odds ratio, OR < 1 indicated a lower risk of etomidate-inducedmyoclonus
than normal saline (NS). Cl, confidence interval.
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TABLE 1 Network league table for primary outcome (upper-right portion) and safety (lower-left portion).

NS 0.01
(0.00, 0.05)

0.18
(0.08,
0.41)

0.13
(0.06, 0.28)

0.04
(0.02, 0.09)

0.04
(0.01,
0.10)

0.12
(0.06,
0.25)

0.22
(0.03,
1.49)

0.14
(0.06,
0.35)

0.07
(0.03, 0.19)

0.36
(0.09,
1.57)

0.19
(0.06, 0.61)

0.06
(0.02,
0.20)

0.06
(0.02, 0.20)

0.19
(0.02,
1.53)

0.02
(0.00,
0.21)

0.18
(0.01,
2.02)

0.17
(0.02, 1.79)

0.01
(0.00, 0.06)

0.03
(0.00,
0.24)

0.14
(0.02,
1.16)

0.08
(0.00,
0.85)

oxycodone 12.18
(2.94,
65.59)

9.22
(2.06,
52.71)

2.69
(0.54, 15.74)

2.42
(0.43,
16.27)

8.25
(1.84, 46.66)

14.78
(1.45,
187.20)

9.57
(1.92,
57.91)

5.06
(0.99, 32.21)

25.18
(3.69,
212.06)

13.11
(2.27, 96.59)

4.11
(0.70,
30.12)

4.42
(0.80,
30.12)

13.16
(1.10,
182.22)

1.21
(0.06,
22.06)

12.20
(0.60,
232.45)

11.85
(0.77,
202.98)

0.41
(0.02,
7.20)

2.09
(0.19,
27.02)

9.28
(0.76,
139.98)

0.28
(0.02,
1.74)

3.44
(0.33,
47.97)

fentanyl 0.74
(0.25, 2.32)

0.22
(0.07, 0.68)

0.20
(0.05,
0.73)

0.67
(0.22, 2.05)

1.20
(0.14,
9.79)

0.78
(0.22,
2.72)

0.41
(0.11, 1.47)

2.04
(0.40,
10.75)

1.06
(0.26, 4.39)

0.33
(0.08,
1.38)

0.36
(0.10, 1.33)

1.05
(0.11,
10.11)

0.10
(0.01,
1.34)

0.99
(0.05,
13.57)

0.96
(0.08,
11.43)

0.03
(0.00,
0.41)

0.17
(0.02,
1.34)

0.75
(0.08,
7.59)

1.91
(0.20,
16.78)

_ 6.75
(0.43,
211.75)

midazolam 0.29
(0.10, 0.83)

0.26
(0.08,
0.88)

0.89
(0.33, 2.39)

1.60
(0.20,
13.07)

1.04
(0.34,
3.14)

0.55
(0.17, 1.77)

2.71
(0.55,
14.07)

1.42
(0.38, 5.20)

0.44
(0.12,
1.63)

0.48
(0.12, 1.85)

1.42
(0.15,
12.91)

0.13
(0.01,
1.78)

1.31
(0.07,
17.05)

1.26
(0.10,
15.18)

0.04
(0.00,
0.53)

0.23
(0.02,
1.96)

1.01
(0.10,
9.98)

0.00
(0.00,
0.05)

0.00
(0.00, 0.92)

0.00
(0.00,
0.24)

0.00
(0.00, 0.03)

remifentanil 0.90
(0.23,
3.69)

3.05
(0.99, 10.07)

5.57
(0.63,
46.82)

3.55
(1.03,
13.07)

1.88
(0.51, 7.23)

9.30
(1.79,
53.11)

4.88
(1.26, 19.32)

1.52
(0.40,
6.27)

1.64
(0.38, 7.24)

4.85
(0.50,
48.03)

0.44
(0.03,
6.46)

4.51
(0.25,
64.35)

4.37
(0.34,
55.29)

0.15
(0.01,
1.97)

0.78
(0.08,
7.33)

3.45
(0.35,
37.12)

0.49
(0.02,
6.26)

5.86
(0.14,
374.33)

1.72
(0.05,
60.84)

0.25
(0.00, 7.19)

— sufentanil 3.40
(0.93, 12.62)

6.16
(0.64,
57.32)

3.97
(0.98,
16.55)

2.09
(0.50, 9.02)

10.45
(1.72,
63.71)

5.42
(1.11, 26.06)

1.69
(0.34,
8.41)

1.83
(0.38, 8.81)

5.40
(0.49,
56.77)

0.50
(0.03,
7.56)

5.03
(0.25,
74.43)

4.79
(0.33,
65.10)

0.17
(0.01,
1.78)

0.87
(0.08,
8.79)

3.84
(0.36,
42.49)

1.03

(0.20,
3.86)

12.33

(0.79,
435.97)

3.61

(0.35,
60.82)

0.54

(0.05, 4.91)

— 2.11

(0.10,
65.57)

dexmedetomidine 1.79

(0.25,
12.72)

1.17

(0.44,
3.09)

0.61

(0.20, 1.88)

3.04

(0.62,
15.50)

1.59

(0.40, 6.31)

0.50

(0.12,
1.98)

0.53

(0.13, 2.14)

1.58

(0.17,
14.82)

0.15

(0.01,
1.98)

1.47

(0.08,
19.15)

1.42

(0.12,
16.57)

0.05

(0.00,
0.60)

0.25

(0.03,
2.29)

1.13

(0.12,
11.27)

1.65
(0.07,
31.77)

— 5.81
(0.19,
334.67)

0.86
(0.02,
32.01)

— 3.40
(0.07,
301.19)

1.61
(0.08, 36.52)

thiopental 0.65
(0.08,
5.52)

0.34
(0.04, 2.98)

1.70
(0.15,
19.56)

0.88
(0.09, 8.44)

0.28
(0.03,
2.77)

0.30
(0.03, 2.98)

0.89
(0.05,
15.75)

0.08
(0.00,
1.94)

0.82
(0.03,
19.46)

0.79
(0.04,
16.61)

0.03
(0.00,
0.61)

0.14
(0.01,
2.40)

0.63
(0.03,
11.78)

2.00
(0.24,
14.18)

— 7.11
(0.49,
185.32)

1.05
(0.08,
12.59)

— 4.14
(0.15,
185.78)

1.96
(0.27, 15.93)

1.22
(0.04,
39.86)

lidocaine 0.53
(0.15, 1.90)

2.62
(0.48,
14.69)

1.37
(0.31, 5.98)

0.43
(0.10,
1.89)

0.46
(0.10, 2.04)

1.37
(0.14,
13.34)

0.13
(0.01,
1.81)

1.27
(0.07,
17.72)

1.22
(0.09,
15.62)

0.04
(0.00,
0.55)

0.22
(0.02,
2.12)

0.98
(0.09,
10.12)

0.00
(0.00,
0.06)

0.00
(0.00, 1.11)

0.00
(0.00,
0.28)

0.00
(0.00, 0.04)

— 0.00
(0.00,
0.17)

0.00
(0.00, 0.07)

0.00
(0.00,
0.05)

0.00
(0.00,
0.03)

butorphanol 4.94
(0.89,
28.88)

2.59
(0.58, 11.40)

0.81
(0.18,
3.73)

0.87
(0.20, 3.93)

2.62
(0.25,
26.19)

0.24
(0.01,
3.47)

2.40
(0.13,
33.36)

2.32
(0.17,
30.10)

0.08
(0.00,
1.05)

0.41
(0.04,
4.00)

1.85
(0.18,
19.32)

0.51
(0.04,
6.68)

6.25
(0.22,
495.85)

1.81
(0.09,
78.44)

0.27
(0.01, 8.36)

— 1.05
(0.03,
73.96)

0.50
(0.03, 11.38)

0.31
(0.01,
17.85)

0.25
(0.01,
7.46)

— ketamine 0.53
(0.10, 2.68)

0.16
(0.03,
1.00)

0.18
(0.03, 1.10)

0.52
(0.04,
6.50)

0.05
(0.00,
0.87)

0.49
(0.02,
8.35)

0.46
(0.03, 7.38)

0.02
(0.00,
0.26)

0.08
(0.01,
1.01)

0.37
(0.03,
4.95)

2.11
(0.08,
56.87)

— 7.47
(0.21,
580.80)

1.10
(0.02,
60.98)

— 4.36
(0.08,
504.74)

2.05
(0.07, 88.15)

1.28
(0.02,
120.98)

1.05
(0.02,
55.21)

— 4.15
(0.16,
109.77)

magnesium
sulfate

0.31
(0.07,
1.45)

0.34
(0.06, 1.71)

1.00
(0.09,
10.81)

0.09
(0.00,
1.44)

0.92
(0.04,
14.25)

0.88
(0.06,
12.20)

0.03
(0.00,
0.45)

0.16
(0.01,
1.64)

0.71
(0.06,
8.24)

3.15
(0.10,
101.38)

— — 1.64
(0.03,
107.08)

— 6.50
(0.10,
876.12)

3.08
(0.08, 157.22)

1.90
(0.02,
209.48)

1.56
(0.03,
97.29)

— 6.18
(0.08,
463.42)

1.50
(0.01,
176.92)

low-dose
etomidate

1.08
(0.21, 5.55)

3.22
(0.29,
34.75)

0.29
(0.02,
4.82)

2.96
(0.15,
44.84)

2.84
(0.19,
40.32)

0.10
(0.01,
1.45)

0.51
(0.04,
5.43)

2.28
(0.19,
27.30)

0.72
(0.10,
4.15)

8.81
(0.58,
312.26)

2.55
(0.31,
37.31)

0.38
(0.02, 6.42)

— 1.48
(0.06,
60.25)

0.70
(0.07, 7.91)

0.44
(0.01,
14.87)

0.36
(0.02,
5.57)

— 1.42
(0.05,
30.69)

0.34
(0.01, 13.46)

0.23
(0.00,
10.49)

nalbuphine 2.98
(0.26,
32.44)

0.27
(0.01,
4.23)

2.78
(0.14,
41.77)

2.64
(0.18,
37.64)

0.09
(0.01,
1.33)

0.48
(0.04,
4.70)

2.10
(0.19,
24.41)

2.41
(0.07,
81.08)

— 8.58
(0.20,
794.10)

1.27
(0.02,
84.21)

— 5.02
(0.08,
682.03)

2.36
(0.06, 125.39)

1.46
(0.02,
165.74)

1.20
(0.02,
77.35)

— 4.76
(0.06,
367.78)

1.15
(0.01,
139.01)

0.77
(0.01,
105.93)

3.35
(0.07,
196.51)

rocuronium 0.09
(0.00,
2.37)

0.91
(0.03,
23.05)

0.88
(0.04,
22.07)

0.03
(0.00, 0.80)

0.16
(0.01,
2.97)

0.71
(0.04,
15.52)

(Continued on following page)

Fro
n
tie

rs
in

P
h
arm

ac
o
lo
g
y

fro
n
tie

rsin
.o
rg

0
7

C
h
e
n
e
t
al.

10
.3
3
8
9
/fp

h
ar.2

0
2
4
.15

0
76

16

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1507616


(Kwon MS et al., 2002; Cho SY et al., 2008; Lee et al., 2009; Singh
et al., 2014; Alipour et al., 2016). In the traditional pairwise
comparison (Supplementary Table S5E), remifentanil (MD:
−57.80, 95% CI: −81.18 to −34.42) and alfentanil (MD: −37.20,
95% CI: −69.94 to −4.46) were associated with a shorter duration of
myoclonus than NS. However, the synthesized results of the NMA
indicated that no intervention significantly reduced the duration of
myoclonus when compared with NS or another intervention
(Supplementary Table S6C). There was insufficient information
to perform analyses of consistency and publication bias.

3.3 Heterogeneity, subgroup, and
sensitivity analysis

Pairwise comparisons of heterogeneity in primary outcome
estimates are presented in Supplementary Table S5. Briefly,
significant heterogeneity was detected in the subgroup
comparisons of NS with oxycodone, sufentanil, lidocaine,
ketamine, and low-dose etomidate. Further subgroup analyses
were performed for active drugs at different dosages, which
revealed evident reductions in I2 values, with most reaching less
than 50%. Other sources of heterogeneity may have included
differences in the time of observation and the induction dose of
etomidate, without sufficient information for further analysis.
According to the meta-regression results, similarities in clinical
characteristics were observed across all the included studies
(Supplementary Table S11). In addition, to assess the
robustness of the pooled results, we conducted sensitivity
analyses by excluding trials evaluated as having a high risk of
bias overall, which yielded no material change in the results or
conclusions (Supplementary Table S9; Supplementary Figure S3D,
Supplementary Figure S5).

3.4 Quality of evidence

Among 32 mixed comparisons (i.e., combining direct and
indirect evidence), the confidence in the estimates for primary
outcomes was rated as very low in 3 comparisons, low in 16, and
moderate in 13. Among the nine direct comparisons, the confidence
in the estimate was moderate in five comparisons, low in three, and
very low in one. Among the 169 indirect comparisons, the
confidence in the estimate was very low in 104 comparisons and
low in 60 (Supplementary Table S12). The major reason for
downgrading the certainty of evidence was the imprecision of the
results with wide CIs and sample sizes, risk of bias, and
heterogeneity. Most comparisons yielded low-certainty evidence
due to these concerns.

4 Discussion

This NMA was based on 48 RCTs included 4,768 patients
randomly assigned to 20 pharmaceutical interventions and NS to
assess their ability to prevent EIM. To the best of our knowledge, this
is the largest comprehensive systematic review to summarize the
comparative efficacy and safety of all available pharmaceuticalT
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interventions for EIM prevention using NMA approach. As such,
our study provides the strongest evidence regarding optimal
selection of interventions for anesthetists to manage EIM in
clinical practice by synthesizing all available direct and indirect
evidence. In addition, the NMA provides evidence-based
information that will aid researchers with further clinical
investigations.

In this study, we focused on the role of interventions in
reducing the overall risk of EIM. According to the synthesized
results, oxycodone, remifentanil, sufentanil, fentanyl,
alfentanil, midazolam, lidocaine, nalbuphine, butorphanol,
dexmedetomidine, low-dose etomidate, granisetron, nalmefene,
and magnesium sulfate were associated with lower myoclonus
rates compared with NS. In contrast, ketamine, tramadol,
thiopental, rocuronium, low-dose propofol, and vecuronium
showed effective point estimates, although the results did not
reach statistical significance because of the low number of
patients included, resulting in wide CIs. Subgroup analyses of
myoclonus at mild and moderate-to- severe intensities revealed
that granisetron, oxycodone, sufentanil, and remifentanil were
effective in reducing the risk of EIM in each of these subgroups.
Based on SUCRA rankings for the overall risk of EIM and for EIM at
mild, moderate-to-severe intensities, granisetron was ranked first
(one study, 92 patients, moderate certainty), followed by oxycodone
(three studies, 340 patients, low certainty) and remifentanil (six
studies, 359 patients, low certainty). However, due to limited up-to-
date studies focusing on these drugs, the conclusions should be
interpreted cautiously, considering the sparse data available.
Furthermore, the heterogeneity analysis results indicated that the
nature of the effect sizes remained unchanged, and there was no
inconsistency between direct and indirect evidence and no
significant publication bias in terms of efficacy and safety
outcomes. Sensitivity analyses further revealed that the pooled
results remained stable after excluding studies with a high
risk of bias.

Although active drugs that prevent EIM may increase the
risk of AEs, no severe AEs were reported for the 20 active drugs,
which may have affected our results. However, opioids were
associated with more AEs than NS and other drugs, possibly
representing a dose-response effect. Commonly observed AEs in
patients treated with oxycodone, remifentanil, and fentanyl
included dizziness, bradycardia, and hypotension, respectively.
One study reported that alfentanil (10 μg/kg) was associated
with the highest risk of respiratory depression and bradycardia
(Cho SY et al., 2008). Another study reported that tramadol
(2.0 mg/kg) had the highest probability of causing respiratory
depression and dizziness (Fu et al., 2018). The results were
consistent with those of previous meta-analyses (Qiu et al.,
2016; Wang J. et al., 2018; Lang et al., 2019). In clinical
practice, smaller doses of active drugs with comparable efficacy
are preferred when attempting to reduce EIM risk; however, the
number of studies was insufficient for analyzing dose–response
relationships, highlighting the need for additional well-designed
trials with large sample sizes.

At present, EIM exerts effects via GABA receptors, inhibiting
the function of the brainstem reticular structures, which in turn
leads to disinhibition of subcortical structures and other low-level
centers, ultimately causing myoclonus (Doenicke et al., 1999;

Hueter et al., 2003). Activation of the ҡ receptor has been
reported to produce strong anticonvulsant effects, affecting
N-methyl D-aspartate channels, BZD-GABA(A) chloride
channel complexes, and GABA receptors. Additionally, µ
receptors can activate GABA(A) receptors in the basal ganglia
region, thereby reducing myoclonus (Manocha et al., 2003a;
Manocha et al., 2003b; Honar et al., 2004; Loacker et al., 2007).
Opioids, particularly oxycodone or remifentanil respectively
mainly act both on µ and ҡ receptors or µ receptors, which
may explain their effectiveness in reducing EIM risk (Staahl
et al., 2006). Nevertheless, the functional mechanism of
granisetron on reducing EIM remain uncertain. A previous
study showed that the risk of propofol-induced myoclonus with
granisetron was only 5.5% and most of the patients (94.5%)
experienced myoclonic movements with grade zero (without
myoclonus) (Alipour et al., 2014). Further well-designed RCTs
with larger sample sizes and further explore the mechanism of
action, especially in terms of pharmaceutical, cellular, and
molecular properties can be required to verify the new and
valuable pretreatment.

Notably, this NMA represents a substantial improvement in
the context of the current literature as it provides insights
more appropriate to clinical practice than the previously
published systematic review. While the previous review
indicated that low-dose etomidate was the best intervention
for preventing EIM only based on two small sample-size trials
among nine drug types, and evaluated as providing high-quality
evidence. However, the synthesized results of the study were a
combination of intravenous and oral administration trials,
lacking the further heterogeneity and similarity analysis (Zhang
et al., 2022). Our NMA included both efficacy and
safety information for 20 individual intravenous drugs to
prevent EIM. In contrast, low-dose etomidate was not ranked
higher than oxycodone (0.05–1.0 mg/kg) and granisetron
(40 μg/kg) based on SUCRA values in this NMA, and the
confidence level was rated as low owing to the heterogeneity
and high risk of bias among relevant studies, as detailed in
Supplementary Table S12.

5 Limitation

This study had some limitations to consider. First, 25% of the
studies were evaluated as having a high risk of bias owing to part of
the outcomes were subjective indicators with insufficient
information on the blinding, but the results remained stable by
excluding these trials in sensitivity analysis. Second, most studies
with small sample sizes resulted in wide CIs, which probably leading
to a general downgrade in the GRADE assessment. Third, the
optimal recommended dose may not be determined because of
the limited number of studies in which comparisons were performed
among various interventions.

6 Conclusion

In this NMA, moderate-to-low certainty evidence indicated that
granisetron and oxycodone may represent the optimal intervention
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for reducing the risk of overall and moderate-to-severe EIM with a
reasonable safety profile. Further well-designed RCTs with larger
sample sizes and detailed dosage information are required to verify
these findings.
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