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Abstract

Background Neuromuscular electrical stimulation (NMES) is widely used as a rehabilitation methods to restore mus-
cle mass and function in prolonged immobilization individuals. However, its effect in mechanically ventilated patients
to improve clinical outcomes remains unclear.

Methods A comprehensive search was conducted using PubMed, Embase, Web of Science, PEDro, and the Cochrane
Library from their inception until December 24th, 2023. The search targeted randomized controlled trials (RCTs)
comparing NMES with physical therapy (PT) or usual ICU care (CG), for improving clinical outcomes in mechanically
ventilated patients. We performed a network meta-analysis utilizing Stata version 14.0 and R4.3.1.

Results We included 23 RCTs comprising 1312 mechanically ventilated adults. The treatments analyzed were

NMES, PT, NMES combined with PT (NMES+PT), and CG. Network meta-analyses revealed that NMES or NMES+PT
significantly improved extubation success rate compared to CG, with ORs of 1.85 (95% Cl: 1.11, 3.08) and 5.89 (95%
Cl:1.77,19.65), respectively. Additionally, NMES exhibited a slight decrease in extubation success rate compared

with NMES+PT, with OR of 0.31 (95% Cl: 0.11, 0.93). Nevertheless, neither NMES nor NMES+PT showed any significant
improvement in ICU length of stay (LOS), ventilation duration, or mortality when compared with PT or CG. NMES+PT
emerged as the most effective strategy for all considered clinical outcomes according to the ranking probabilities. The
evidence quality ranged from “low"to “very low"in this network meta-analysis.

Conclusions NMES appears to be a straightforward and safe modality for critically ill, mechanically ventilated
patients. When combined with PT, it significantly improved the extubation success rate against standard ICU care
and NMES alone, and showed a better ranking over PT or NMES alone for clinical outcomes. Therefore, NMES com-
bined with PT may be a superior rehabilitation strategy for this patient group.

Keywords Neuromuscular electrical stimulation, Physical rehabilitation, Mechanical ventilation, Network meta-
analysis
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Background

Critically ill patients often experience prolonged periods
of bed rest and inactivity resulting from their stay in the
intensive care unit (ICU), and this is particularly true for
those requiring mechanical ventilation (MV) [1]. Such
patients are at a heightened risk of rapid muscle mass
deterioration, with approximately 37% exhibiting signs
of muscle atrophy as early as the fourth day of their ICU
admittance [2]. This loss of skeletal muscle is correlated
with diminished physical capabilities, extended dura-
tion of mechanical ventilation, prolonged ICU stays, and
an increase in mortality [3]. Therefore, it is essential to
implement immediate strategies to mitigate muscle deg-
radation as promptly as possible for these individuals.

Early physical rehabilitation, including early mobility
and exercise during the initial days of ICU admission for
ventilated patients, stands as a crucial method to influ-
ence or even prevent skeletal muscle debilitation and
atrophy [4-7]. Studies have shown that early physiother-
apy protocol can enhance muscle quality and function-
ality in critically ill patients, as well as decrease length
of ICU stay and mechanical ventilation duration [8, 9].
Nonetheless, early and intensive mobilization in venti-
lated patients presents challenges due to their severe con-
ditions, high levels of ventilatory support, or impaired
consciousness [10, 11]. In the early stages, feasible exer-
cises for these patients typically involve low-intensity or
passive activities, such as passive cycling at the bedside
[12]. Another obstacle to early active rehabilitation is the
potential insufficient duration of available physiotherapy
time, often due to the lack of physiotherapists. Conse-
quently, there is a need for alternative or supplemental
rehabilitation methodologies that do not rely on patient
cooperation or that utilize automated devices.

Neuromuscular electrical stimulation (NMES) is a
technique that utilizes an automated device to apply sur-
face electrodes on the skin, which activates intramuscular
nerve branches and induces visible muscle contractions
[13]. It has been demonstrated to be effective in miti-
gating muscle loss and enhancing muscle strength in
patients requiring MV [14, 15]. Nakanishi N. et al. inves-
tigated the use of NMES in mechanically ventilated
patients and found that it could prevent both upper and
lower limb muscle atrophy and reduce the duration of
hospitalization [16]. Furthermore, NMES is well-toler-
ated and does not necessitate patient cooperation.

To date, several systematic reviews have been con-
ducted to assess the effects of NMES on critically ill or
ventilated patients [17-23], however, these studies report
conflicting results. Certain meta-analyses have shown
that NMES application can not only effectively shorten
the duration of ventilation but also ameliorate the func-
tional status of mechanically ventilated patientss [17,
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18, 23], while others have not found such effects, noting
that NMES combined with standard care did not yield
significant benefits in terms of muscle strength, ventila-
tion duration, ICU mortality, or ICU length of stay (LOS)
when compared to standard care alone [21].

These discrepancies could be attributed to varying
inclusion criteria and publication dates of the reviews.
Another possible contribution to the inconsistency is
the heterogeneity of the interventions of the interven-
tions among the included trails. In some trials within the
experimental group, NMES was used alone, while in oth-
ers it was combined with physical therapy. Conversely,
some trials employed physical therapy as a control
method, while others applied standard ICU care without
exercise. Such variability makes it difficult to determine
the true effect of NMES.

Therefore, we conducted this systematic review and
network meta-analysis, focusing on different rehabilita-
tion strategies, to determine whether NMES application
can improve clinical outcomes such as ICU LOS, venti-
lation duration, extubation success rate or mortality in
mechanically ventilated patients.

Methods

This systematic review was conducted according to the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses for Network Meta-Analyses (PRISMA-
NMA) [24] (Supplementary Table 1 for the detailed
PRISMA-NMA Checklist of this study).

Eligibility criteria

We searched for RCTs in critically ill adult patients
with MV, which investigated NMES as a rehabilitation
intervention, comparing with other interventions such
as physical therapy (PT), NMES combined with PT
(NMES+PT) or usual ICU care (CG).

Inclusion criteria for the studies were as follows: (1)
Population: Adult patients(> 18years of age) admitted
to the ICU who required MV via either an endotracheal
tube or tracheotomy; (2) Intervention and comparisons:
The primary intervention assessed was NMES, either
independently or in combination with PT, with com-
parisons including PT alone or usual ICU care; (3) Study
Design: Only RCTs were included; (4) Outcomes: Stud-
ies needed to report on at least one of the following clini-
cal outcomes: ICU LOS, ventilation duration, extubation
success rate, and mortality within the ICU or hospital.

Search strategy

Two reviewers (CPX and QMW) independently con-
ducted comprehensive searches of PubMed, Embase,
Web of Science, PEDro, and the Cochrane Library data-
bases from their inception to December 24th, 2023,
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without language or publication type restrictions. Addi-
tionally, we examined the reference lists of all pertinent
articles and the citations within previously published
meta-analyses to identify further potential studies (Sup-
plementary Table 2 for the details of the search strategy).

Studies selection

According to the inclusion criteria, two reviewers (CPX
and QMW) independently screened the titles and
abstracts of the retrieved studies, and the full text was
assessed as necessary, to identify the eligible studies. Any
disagreements were resolved by discussing with a third
researcher (WQ@) to reach a consensus.

Data extraction

A standardized data extraction form was utilized to sys-
tematically collect data from every study included in the
analysis. We extracted details of study information such
as the first author’s name, year of publication, the coun-
try or region of the study, setting, sample size, duration
of the study, and intervention methods. Furthermore,
we extracted participant demographics and baseline
clinical measurements, including age, the baseline Acute
Physiology and Chronic Health Evaluation II (APACHE
II) score, and baseline body mass index (BMI). Clinical
outcomes were also recorded, encompassing ventilation
duration, extubation success rate, ICU LOS, ICU or hos-
pital mortality. The two investigators undertook the data
extraction process independently; conflicts were again
resolved through consultation with WG. Additionally,
supplemental files were reviewed and the authors of the
articles were contacted for further details as needed.

Quality assessment

Two reviewers (CPX and QMW) assessed the studies’
risk of bias according to Cochrane risk of bias tool (ROB
tool) independently. The tool included seven different
items: (1) random sequence generation, (2) allocation
concealment, (3) blinding of participants and person-
nel, (4) blinding of outcome assessment, (5) incomplete
outcome data, (6) selective reporting, and (7) other
sources of bias. Based on the methods of the trial, each
item of the ROB was judged as “high risk’; “low risk’;, or
“unclear risk” Additionally, we assessed the quality of
evidence contributing to network estimates of the four
outcomes with the Grading of Recommendations Assess-
ment, Development and Evaluation (GRADE) framework
[25, 26]. Two reviewers (CPX and QMW) made judg-
ments independently, and disagreements were resolved
through discussion with a third reviewer (GW) to reach
an agreement.
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Statistical synthesis and analysis

The statistical analyses were performed using Stata ver-
sion 14.0 and R 4.3.1. A random-effects model was
applied to both pairwise meta-analyses and network
meta-analyses. Odds ratios (ORs) with 95% confidence
intervals (CIs) were utilized to estimate the effects of
dichotomous variables, whereas mean differences (MDs)
with 95% Cls were used for continuous variables. The I
[2] statistic was calculated to quantify heterogeneity, rep-
resenting the proportion of total variation attributable to
between-study differences. Ranking probabilities for each
intervention’s outcomes were calculated and expressed
as the surface under the cumulative ranking curve
(SUCRA) and visualized using cumulative ranking plots.
The SUCRA provides a numerical representation of each
intervention’s overall and mean rank, ranging from 0 to 1,
with higher values indicating superior rankings.

To assess global inconsistency across the entire analyti-
cal network, we employed a design-by-treatment interac-
tion approach. Local inconsistency was appraised using
both loop-specific approaches and the node-splitting
method. Global heterogeneity was evaluated using the
I? statistic, local heterogeneity was assessed by predic-
tive interval plots, where discrepancies between the con-
fidence intervals of relative treatment effects and their
predictive intervals indicated uncertainty due to het-
erogeneity. Furthermore, a comparison-adjusted funnel
plot was utilized to investigate potential publication bias
in the included studies. A contribution plot highlighted
the influence of each direct comparison on the estima-
tion of each network meta-analytic summary effect. We
also conducted a sensitivity analysis by excluding two tri-
als that investigated NMES in patients with prolonged
mechanical ventilation to gauge the robustness of the
results for the four clinical outcomes examined.

Results

Literature identification and selection

From the initial literature search, we identified a total
of 1048 citations (PubMed, n=146; Embase, n=265;
Cochrane Library, n=372; Web of Science, n=214;
PEDro, n=51). Following duplicate removal, 851 cita-
tions were screened by titles and abstracts. Subsequently,
757 articles were excluded based on the eligibility cri-
teria. We evaluated the full texts of the remaining 94
articles, with 23 RCTs ultimately meeting the inclusion
criteria (A flow chart of the trial selection process is pre-
sented in Fig. 1).

Study characteristics
The systematic review included 23 RCTs [2, 16, 27-47],
of which 21 were published in English-language journals
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(Pubmed=146; Embase=265; Corchrane
Library=372; Web of Science=214; PEDro=51)

1048 Records identified through database searching

Records after duplicates removed
(n=851)

l

Records screened

(n=851)

l

Full-text articles assessed
for eligibility
(n=94)

:

Studies included in
qualitative synthesis
(network meta-analysis)
(n=23)

Fig. 1 Flow chart of the trial selection process

and two in Chinese-language journals. Publication years
ranged from 2012 to 2023, and intervention durations
varied from 7days to 6 months. Twenty trials were two-
arm studies, while three were multiple-arm studies. A
total of 1163, 1145, 552, and 752 patients contributed
to the respective clinical outcomes of ICU LOS, ven-
tilation duration, extubation success rate, and mortal-
ity. Analyses were conducted on four interventions:
NMES, PT, NMES+PT, and CG. Among the included
trials, eight compared NMES with CG, twelve compared
NMES+PT with PT, one compared NMES with both PT
and NMES+PT, and two compared all four treatments
(The network evidence plots for this study are shown in
Fig. 2). Overall, 91.3% (21/23) investigated NMES in the
early stages of mechanical ventilation, with males com-
prising 63.9% (838/1312) of participants. The mean age
of participants was 53.89 + 18.85years (mean*SD), the
baseline mean BMI was 25.16 +6.07 kg/m?* (mean + SD),
and the baseline mean APACHE II score was 19.58 +7.56
(mean = SD). Fifteen trials applied NMES to the quadri-
ceps muscle, either alone or in combination with other
muscle groups, five applied NMES to the abdominal
muscle, either alone or in combination with the dia-
phragm, and three trails applied NMES to the diaphragm
alone. Five trials reported the time from ICU admission

Records excluded based on title and abstract
review
(n=757)

Full-text articles excluded with reasons (n = 71)
(1) Not RCTs (n =9)

(2)Wrong population (n = 21)

(3)Wrong intervention (n = 17)

(4)Not included outcomes of interest (n = 24)

to the first NMES intervention session, ranging from
2hours to 4.6+ 1.8days (mean +SD), with a mean dura-
tion of 2.5+1.8days (meanz*SD). Significant heteroge-
neity existed within the studies in terms of stimulation
parameters. For example, for quadriceps muscles, the
stimulation frequency ranged from 30Hz to 100 Hz, with
most trials (8/13) employing 50 Hz; and the pulse width
applied varied from 200us to 500pus, with the major-
ity (7/11) using 400 ps. For the diaphragm or abdominal
muscles, most trials utilized a frequency of 30Hz, with
only one using 50Hz, and the pulse duration applied
ranging from 300 ps to 400 ps. All studies utilized a stim-
ulation intensity capable of eliciting a visible muscle con-
traction. Among the included trials, only a few reported
a low number of adverse events related to NMES, includ-
ing discomfort, prickling sensations, and brief, spontane-
ous reversible episodes of hypertension or tachycardia.
No serious NMES-related adverse events were reported
(The detailed characteristics of the included trials are
provided in Table 1).

Risk of bias assessment

According to the ROB tool, five trials did not ade-
quately describe their randomization methods, and
two trials exhibited a high risk of bias within this
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da. Network evidence plot for ICU LOS

PT

NMES+PT

NMES

C. Network evidence plot for extubation success rate

PT

NMES+PT
NMES
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b. Network evidence plot for ventilation duration

PT

NMES+PT

NMES

d. Network evidence plot for mortality

PT

NMES+PT

Fig. 2 Network evidence plots of eligible comparisons for network meta-analysis. a. ICU LOS; b. ventilation duration; c. extubation success rate; d.

mortality

domain. Furthermore, eleven trials failed to clearly
report allocation concealment procedures, and fifteen
trails did not achieve blinding of participants. Con-
versely, fourteen trials demonstrated a low risk of bias
concerning blinding of outcome assessment, while
eight trails displayed an unclear risk in this area, and
the remain one had a high risk of bias in this domain..
21 trials reported complete outcome data, one trial
suffered from incomplete outcome data, and another
lacked clarity regarding outcome data completeness.
Selective reporting was absent in sixteen studies, and
the majority of studies (20 out of 23) presented a low
risk of bias in other sources of bias, with only three
failing to disclose their funding sources. Ultimately,
15 studies were regarded to have a high risk of bias,
whereas only 5 were assessed as having a low risk (The
risk of bias assessment is provided in Fig. 3 and Sup-
plementary Table 3).

Results of pairwise meta-analysis and network
meta-analysis

The pairwise meta-analysis revealed no significant dif-
ferences among the four treatments concerning ICU
LOS, ventilation duration, and mortality rates. NMES
was associated with a significant increase of extubation
success rate when compared with CG, with an OR of
1.85 (95% CI: 1.11, 3.08), while NMES was slightly less
effective than NMES+PT, as indicated by an OR of 0.23
(95% CI: 0.06, 0.83). The network meta-analysis fur-
ther established NMES and NMES+PT as superior to
CG for extubation success rate, with ORs of 1.85 (95%
CI: 1.11, 3.08) and 5.89 (95% CI: 1.77, 19.65), respec-
tively. Consistent with the pairwise meta-analyses, the
network meta-analysis also shown a slight decrease
in extubation success rate when NMES was com-
pared with NMES+PT, with OR of 0.31 (95% CI: 0.11,
0.93). There were no significant differences among the
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Fig. 3 Results of risk assessment of bias using Cochrane risk of bias tool

treatments for ICU LOS, ventilation duration, and
mortality according to the network meta-analysis (The
results of pairwise meta-analysis and network meta-
analysis are shown in Figs. 4, 5, 6, and 7).

Examination of the network contribution plots (Sup-
plementary Fig. la-1d) revealed that NMES versus
NMES+PT and NMES+PT versus CG had the most
substantial influence on the network for ICU LOS, with
contributions of 21.7 and 20.9%, respectively. Similarly,
PT versus CG and NMES+PT versus CG were predom-
inant for ventilation duration, contributing to 23.2 and
22.2% of the network, respectively. In the context of
extubation success rate, the largest impact was seen in
NMES versus CG and NMES versus PT comparisons,
with contributions of 30.6 and 25.5%, whereas the com-
parison between PT and NMES+PT, and NMES versus

CG presented the most significant contributions of 28.8
and 26.6% for mortality.

Transitivity, inconsistency and heterogeneity

No significant global inconsistency was detected by the
design-by-treatment interaction model for all the four
outcomes (P=0.9844 for ICU LOS, p=0.8107 for ven-
tilation duration, p=0.3692 for extubation success rate
and p=0.7168 for mortality, respectively). Local incon-
sistency tests corroborated these findings, indicating
consistency in ICU LOS, ventilation duration, extuba-
tion success, and mortality, as evidenced by 95% Cls
encompassing 0 in the inconsistency plots (Inconsist-
ency assessment shown in Supplementary Fig. 2a-2d).
The node-splitting model further supported the absence
of significant differences in comparisons across all four
outcomes, with P-values ranging from 0.205 to 0.989
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Direct estimate 7 0.96 5% —— -2.22 [-9.15; 4.71]
Network estimate i -2.05 [-8.84; 4.73]
Prediction interval [-20.25; 16.15]
Direct estimate 2 0.54 0% —_—— -3.49 [-15.18; 8.19]
Network estimate e —y -4.94 [-13.54; 3.65]
Prediction interval [-28.99; 14.10]
Direct estimate 2 0.55 45% j -1.25 [-12.88; 10.38]
Network estimate -2.45 [-11.04; 6.14]
Prediction interval [-21.49; 16.59]
Direct estimate 3 0.69 0% — T 3.65 [-5.83;13.14]
Network estimate —_— 2.89 [-4.98;10.77]
Prediction interval [-15.79; 21.58]
Direct estimate 3 0.69 23% i 1.08 [-8.46; 10.52]
Network estimate 0.40 [-7.47; 8.27]
Prediction interval [-18.29; 19.08]
Direct estimate 14 100 98% B 249 [-6.90; 1.91]
Network estimate - -2.49 [-6.90; 1.91]
Prediction interval [-19.84; 14.85]
r T T 1
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Fig. 4 Forest plot of pairwise meta-analysis, network meta-analysis and predictive interval for ICU LOS. Both the pairwise meta-analysis
and the network meta-analysis revealed no significant differences among the four treatments for ICU LOS. Predictive interval plots suggested
no significant heterogeneity in the network meta-analysis among the comparisons for ICU LOS

(Supplementary Fig. 3a-3d). Nevertheless, predictive
interval plots suggested significant heterogeneity in the
network meta-analysis (NMA) when comparing NMES
with CG and NMES with NMES+PT regarding the extu-
bation success rate (Predictive interval plots shown in
Figs. 4, 5, 6, and 7). The funnel plots for ICU LOS, ven-
tilation duration and mortality were relatively symmetri-
cal and did not suggest significant risk of publication bias
among the included studies. In contrast, the publication
bias was statistically significant for extubation success
rate according to the funnel plot (Comparison-adjusted
funnel plots shown in Supplementary Fig. 4a-4d).

SUCRA and ranking of all interventions

The SUCRA indicates that NMES was ranked third in
effectiveness for ICU LOS, ventilation duration, extu-
bation success rate, and mortality, with respective

probabilities of 44.5, 55.6, 80.1, and 59%. PT was ranked
second for each of these outcomes, with probabilities of
51.3, 58.3, 77.6, and 57.2%. NMES+PT emerged as the
most effective intervention across all four outcomes,
exhibiting probabilities of 92, 98.2, 94.7, and 68.1%. In
contrast, CG ranked lowest for all outcomes with cor-
responding probabilities of 64, 86.4, 96.3, and 81.5%
(Plots of cumulative ranking probability by SUCRA are
depicted in Fig. 8).

GRADE evaluation on quality of evidence

According to the GRADE framework, the quality of evi-
dence was deemed ‘very low’ across all comparative out-
comes. The overall ranking of interventions for mortality
was assessed as ‘low’ in quality, whereas, for the remain-
ing three outcomes, it was marked as ‘very low’ (Supple-
mentary Table 4a-4d).
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Number of  Direct
Comparison Studies Evidence 12 Random Effects Model MD 95%-Cl
Direct estimate 9 097  42% — -2.79 [-8.75; 3.17]
Network estimate —_— -2.75 [-8.62; 3.12]
Prediction interval [-20.95; 15.45]
Direct estimate 2 0.56 0% —_— -8.50 [-19.98; 2.99]
Network estimate —~——— -6.45 [-15.04; 2.14]
Prediction interval [-25.84; 12.94]
Direct estimate 1 0.31 L 1.10 [-15.10; 17.30]
Network estimate e -3.37 [-12.36; 5.62]
Prediction interval [-22.96; 16.22]
Direct estimate 3 0.72 0% — 4.47 [-5.03; 13.96]
Network estimate e 3.70 [-4.36; 11.76]
Prediction interval [-15.42; 22.82]
Direct estimate 2 0.53 64% t -0.95 [-12.59; 10.69]
Network estimate 0.62 [-7.83; 9.06]
Prediction interval [-18.69; 19.93]
Direct estimate 12 098  100% B+ -3.01 [-7.80; 1.78]
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Fig. 5 Forest plot of pairwise meta-analysis, network meta-analysis and predictive interval for ventilation duration. Both the pairwise meta-analysis
and the network meta-analysis revealed no significant differences among the four treatments for ventilation duration. Predictive interval plots
suggested no significant heterogeneity in the network meta-analysis among the comparisons for ventilation duration

Sensitivity analyses and subgroup analyses

Sensitivity analyses (Supplementary Fig. 5a-5d) was con-
ducted by excluding two trials that investigated NMES
in patients undergoing prolonged MV. The results were
largely consistent with the results of the network meta-
analysis across the four outcomes, affirming their stabil-
ity. The application of NMES to various muscle groups
across the included trials could have influenced its effi-
cacy. However, a subgroup analysis concerning different
muscle groups could not be undertaken due to insuffi-
cient data.

Discussion

To our knowledge, this is the first network meta-analysis
examining the efficacy of NMES in critically ill, mechani-
cally ventilated adult patients. We incorporated data
from 23 RCTs involving 1312 patients in the quantitative

analysis. The study revealed that NMES, both alone and
in combination with physical therapy, increased the suc-
cess rate of extubation when compared to standard ICU
care. A combination of NMES and physical therapy
showed a higher success rate than NMES used inde-
pendently. However, no significant improvements in
ICU LOS, ventilation duration, or mortality rates were
observed when NMES was compared with physical ther-
apy or usual care.

NMES is widely recognized as a rehabilitation tool to
restore muscle mass and function in individuals with
prolonged immobilization or limited activity, including
those with spinal cord injuries, stroke, chronic heart
failure, and severe chronic obstructive pulmonary dis-
ease (COPD) [48]. Owing to its ability to function with-
out patient cooperation and its utilization of automated
equipment, NMES presents as a promising option for
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Fig. 6 Forest plot of pairwise meta-analysis, network meta-analysis and predictive interval for extubation success rate. The pairwise meta-analysis
illustrated significant improvement in extubation success rate with NMES compared to CG. However, the combination of NMES and Physical
Therapy (NMES+PT) displayed a slightly higher success rate than NMES alone. The network meta-analysis further confirmed the superiority

of both NMES and NMES+PT over CG in terms of the extubation success rate. The predictive interval plots revealed significant heterogeneity

in the network meta-analysis when comparing NMES with CG and NMES+PT with CG regarding the extubation success rate

critically ill patients. The seminal randomized study by
Christina Routsi in 2010 revealed that 55-minute daily
sessions of NMES could prevent critical illness poly-
neuropathy and reduce mechanical ventilation dura-
tion compared to routine ICU care [49]. Following this,
numerous trials have adopted NMES in ICU settings,
particularly in mechanically ventilated patients. Evi-
dence indicated that NMES enhanced muscle strength
in COPD patients receiving mechanical ventilation,
decreased the incidence of ICU-acquired weakness,
and shortened both mechanical ventilation duration
and ICU stays [39]. Although NMES may benefits ven-
tilated patients, its impact on clinical outcomes remains

contentious, and it is unclear whether NMES is a viable
substitute for physical rehabilitation in this population.
Our study found that NMES alone was only associ-
ated with improved extubation success rate compared
with usual ICU care, with no notable advancements in
ICU length of stay, mechanical ventilation duration, or
mortality compared to physical therapy. Furthermore,
physical therapy surpassed NMES in improving these
outcomes as it showed better hierarchy rankings. Our
finding is consistent with another network meta-anal-
ysis which included 43 RCTs and investigated all types
of rehabilitation interventions in adult critically ill
patients and found greater benefits from individualized
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Fig. 7 Forest plot of pairwise meta-analysis, network meta-analysis and predictive interval for mortality. Both the pairwise meta-analysis
and the network meta-analysis revealed no significant differences among the four treatments for mortality. Predictive interval plots suggested
no significant heterogeneity in the network meta-analysis among the comparisons for mortality

physical therapy over NMES in reducing ventilation
time and ICU stays [50]. It appears that NMES alone
is insufficient for enhancing outcomes in ventilated
patients and should not replace physical rehabilitation.
Evidence-based recommendations propose that NMES
be applied particularly in the initial rehabilitation phase
when voluntary muscle contractions are not feasible
[10].

Although our analysis indicated that NMES com-
bined with physical therapy ranked best for positively
affecting all four measured outcomes, neither combina-
tion therapy nor NMES alone demonstrated a positive
treatment effects on ICU stay, mechanical ventilation
duration, or mortality. These findings are consistent

with Guillaume Fossat [51], who noted no improve-
ments in muscle strength or ventilation duration when
electrical stimulation was combined with early reha-
bilitation in a sizable ICU study. This lack of outcomes
improvement may be attributable to inadequate inter-
vention durations in the included trials, most of which
spanned approximately 2 weeks, with the shortest
being 7 days. It has been demonstrated that substan-
tial rehabilitation benefits accrue in patients with pro-
longed ICU stays who receive sufficient intervention
dosages. Shorter interventions cannot be compensated
for by increased frequency, early initiation, or a higher
daily dose of exercise [11].In a prospective RCT trail,
Gondin et al. demonstrated that NMES could elicit
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Fig. 8 Plots of cumulative ranking probability by SUCRA for each outcome. a ICU LOS; b ventilation duration; c. extubation success rate; d. mortality

morphological changes in the muscle, but only for pro-
grams longer than 4 weeks in healthy man [52].For opti-
mized outcomes, longer rehabilitation interventions
may be necessary for ventilated patients.

Currently, physical rehabilitation remains the only
intervention with proven benefits for critically ill patients
[53]. The superior ranking of NMES+PT in our study
suggests that combining NMES with physical rehabilita-
tion could be a more effective rehabilitative approach for
ventilated patients. Future studies should investigate the
impact of this combined therapy.

Notably, the included studies in our analysis applied
NMES to various muscle groups using different stimu-
lation parameters (frequency, pulse width, intensity),
and there is no consensus on optimal settings. With ref-
erence to the available data, it is suggested that NMES
be executed for durations ranging from 25 to 60 min-
utes daily. The advised approach prescribes the utili-
zation of a wide pulse and high frequency; specifically
for the quadriceps muscle, a frequency of 45Hz com-
bined with a pulse width of 375ps is recommended.

The stimulation intensity should cause visible muscu-
lar contractions, ideally set at a minimum intensity of
50mA but should not surpass 100mA [4, 54, 55]. In
our study, the majority of the trials featured stimulation
parameters that were closely aligned with these recom-
mendations, predominantly opting for a frequency of
50Hz and a pulse width of 400 ps to induce visible mus-
cular contractions. Preliminary evidence suggests that
the parameters applied by most trials were adequate to
elicit an enhancement in muscular strength. However,
the determination of superior parameters is still unre-
solved, highlighting the need for further investigation
to identify the optimal NMES settings for this specific
patient demographic.

Regarding safety, included studies deemed NMES a
well-tolerated and safe intervention, with no reports
of severe or life-threatening adverse events and only
minor complications such as prickling sensations [29].
Most intervention sessions were completed, with only
a few stopped prematurely due to NMES intervention.
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Limitation

This study has several limitations. Firstly, as a network
meta-analysis, it incorporates a relatively small number
of studies, with many of these being single-center trials
characterized by limited sample sizes. Such constraints
may have resulted in insufficient statistical power to
detect differences in intervention effects on clinical
outcomes. Secondly, this study lacks outcome param-
eters for assessing muscle quantity and quality, such
as muscle thickness, Medical Research Council Sum
Score (MRCs), and functional outcomes. This is due to
the high degree of heterogeneity in the methods used to
measure these parameters, and the available data were
inadequate for a network analysis. Thirdly, the majority
of the included studies exhibited a medium to high risk
of bias; consequently, the quality of the evidence for all
comparisons across the four outcomes was considered
very low, as evaluated using the GRADE approach. This
underscores the need for further well-controlled trials.

Conclusion

In conclusion, NMES presents as a feasible and safe inter-
vention for critically ill patients undergoing mechanical
ventilation. Both standalone NMES and NMES com-
bined with physical therapy have demonstrated improve-
ments in extubation success rate compared with usual
ICU care. Moreover, the incorporation of NMES with
physical therapy has demonstrated an enhanced extuba-
tion success rate, distinctly superior to NMES used alone.
Furthermore, the combination of NMES with physiother-
apy showed a better ranking over PT or NMES alone in
improving clinical outcomes such as ICU LOS, ventila-
tion duration, extubation success rate, and mortality in
this population. However, the quality of evidence remains
low to very low, due to concerns of bias and imprecision.
Therefore, future RCTs with larger sample sizes and more
rigorous methodological designs are necessary.
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