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Abstract
Introductin Improper gait patterns, impaired balance and foot drop consistently plague stroke survivors, preventing 
them from walking independently and safely. Neuromuscular electrical stimulation (NMES) technology can help 
patients reactivate their muscles and regain motor coordination. This study aims to systematically review and 
summarize the evidence for the potential benefits of NMES on the improvement of gait patterns after stroke.

Evidence acquisition PubMed, Cochrane Library, Embase, Science Direct and Web of Science were systematically 
searched until April 2024, to identify randomized controlled trials with the following criteria: stroke survivors as 
participants; NMES as intervention; conventional rehabilitation as a comparator; and gait assessment, through scales 
or quantitative parameters, as outcome measures.

Evidence synthesis 29 publications involving 1711 patients met the inclusion criteria. Meta-analysis showed no 
significant differences in Ten-meter walk test, Fugl-Meyer assessment lower extremity, Modified Ashworth Assessment 
and asymmetry between the NMES group and the control group. Besides, NMES was associated with changes in 
outcome indicators such as quantitative gait analysis speed [SMD = 0.53, 95% CI (0.20, 0.85), P = 0.001], cadence 
[SMD = 0.76, 95% CI (0.32, 1.20), P = 0.0008], affected side step length [SMD = 0.73, 95% CI (0.16, 1.31), P = 0.01], angle 
of ankle dorsiflexion [WMD = 1.57, 95% CI (0.80, 2.33), P < 0.0001], Six-Minute Walk Test [WMD = 14.83, 95% CI (13.55, 
16.11), P<0.00001]. According to the PEDro scale, 21 (72.4%) studies were of high quality and 8 were of moderate 
quality (27.6%).

Conclusions Taken together, the review synthesis indicated that NMES might play a potential role in stroke-induced 
walking dysfunction. And NMES may be superior for survivors in the chronic phase than the acute and subacute 
phases, and the efficacy of short sessions received by patients was greater than that of those who participated in a 

Implications of neuromuscular electrical 
stimulation on gait ability, balance 
and kinematic parameters after stroke: 
a systematic review and meta-analysis
Shishi Chen1,2†, Jingjing Gao1,2†, Ye Zhou3, Beisi Zheng1,2, Yuxiang Liu1, Manting Cao1,2, Haiping Huang1,2, Xinyi Su1,2 
and Jianer Chen1,2*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12984-024-01462-2&domain=pdf&date_stamp=2024-9-16


Page 2 of 23Chen et al. Journal of NeuroEngineering and Rehabilitation          (2024) 21:164 

Introduction
Globally, 12.2  million new strokes occur each year, one 
every three seconds [1]. Stroke survivors generally have 
limited activity due to impairments in body structure and 
function, with about 60% of these survivors suffer from 
walking dysfunction [2]. Motor function of the lower 
extremities can significantly improve within the first 
30 days after stroke [3]. However, the ultimate degree 
of recovery in stroke patients remain uncertain, as it 
depends on factors such as patient-specific spontaneous 
neurologic recovery, rehabilitation training, and envi-
ronmental enrichment. Moreover, stroke survivors have 
been continually plagued by problems like improper gait 
patterns, muscle spasms, impaired balance and foot drop 
[4], which impede their ability to walk independently 
and safely. Independent and safe ambulation is the most 
commonly cited goal and a key component of functional 
recovery for stroke survivors [5–7]. 

Neuromuscular electrical stimulation (NMES) technol-
ogy utilizes electrical stimulation to alleviate the inability 
of muscles to produce joint movements in stroke patients 
due to weak or absent innervation. It enables survivors 
with lower extremity motor dysfunction to reactivate 
their muscles and regain motor coordination [8, 9]. And 
there is a traceable history of generating physical move-
ment through electrical stimulation and using it in the 
therapeutic field. As early as the 1960s, clinical trials were 
conducted to correct foot drop in stroke survivors by 
electrically stimulating the peroneal nerve in the affected 
leg [10]. 

Generally, NMES is divided into two categories: func-
tional electrical stimulation (FES) and transcutaneous 
electrical nerve stimulation (TENS). FES, which typi-
cally uses electrical stimulation at 20–50 Hz, is designed 
to activate motor nerve fibers causing the target muscle 
to contract and generate functional movements [9, 11]. 
TENS, which usually utilizes electrical stimulation at 
2–10 Hz, can activate sensory nerve fibers and override 
pain impulses without produce significant muscle con-
traction [12]. Currently, numerous studies have pointed 
out the effectiveness of NMES in improving balance, 
ankle stability, gait symmetry and muscle spasticity in 
stroke patients [13–15]. However, it has also been noted 
that NMES, despite contributing to functional improve-
ment in stroke survivors, did not differ significantly 
from conventional treatment in terms of improvements 
in speed, step length symmetry, other spatiotemporal 
gait parameters, or walking capacity [16–18]. A 2018 

meta-analysis indicates that further analysis of high-qual-
ity randomized controlled trials on NMES is warranted 
[19]. Notably, scientific evidences regarding the role of 
NMES in stroke-induced lower limb motor dysfunction 
may have been unwittingly updated as the research pro-
gressed, making an updated review indispensable. Fur-
thermore, few studies have focused on the role of NMES 
in temporal and spatial parameters and on comparing the 
efficacy of functional rehabilitation in patients with dif-
ferent post-stroke time and different treatment sessions.

Based on these considerations, the objective of this 
study was to undertake a systematic review and meta-
analysis of all the existing literature and to explore the 
following queries:

1) What is the contribution of NMES to temporal and 
spatial parameters in individuals with stroke-induced 
lower limb motor dysfunction?

2) Does NMES play a different role for stroke survivors 
in the acute, subacute, or chronic phase?

3) Can an optimal treatment cycle be indicated based 
on the existing studies?

Materials and methods
Protocol
For this systematic review and meta-analysis, the Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analysis (PRISMA) guidelines were followed [20, 21]. 
And it has been registered with the International Pro-
spective Register of Systematic Reviews (PROSPERO) 
(registration number: CRD42024542857).

Retrieval strategy
Studies from inception to April 2024 were retrieved from 
five databases (PubMed, Cochrane Library, Embase, Sci-
ence Direct and Web of Science) based on the principle of 
PICOS (population, intervention, comparison, outcome, 
study). Medical Subject Headings (MeSH) and keywords 
were used to search, including stroke [MeSH], apoplexy 
[MeSH], Electric Stimulation [MeSH], functional electri-
cal stimulation [Title/Abstract], Transcutaneous Electric 
Nerve Stimulation [MeSH], Lower Extremity [MeSH], 
and walking [MeSH]. And the detailed retrieval strategies 
are available in the Appendix 1.

longer session. Additionally, further comparisons of the effects of NMES with different types or stimulation frequencies 
may provide unexpected benefits.

Keywords Stroke, Neuromuscular electrical stimulation, Functional electrical stimulation, Walking, Kinematic 
parameters, Meta-analysis
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Study selection
Based on the PICOS principles, the following inclu-
sion and exclusion criteria were set. The inclusion crite-
ria were as follows: (1) population: adult stroke patients 
diagnosed with lower limb motor dysfunction; (2) inter-
vention: experimental group received NMES (including 
FES and TENS); (3) comparison: control group received 
conventional training (including ankle-foot orthosis and 
treadmill walking training); (4) outcome: the primary 
outcomes were quantitative gait analysis (QGA) speed 
and ten-meter walk test (10MWT), and the secondary 
outcomes were parameters (temporal, spatial and tem-
poral-spatial) and clinical scales associated with walk-
ing function in stroke; (5) study: randomized controlled 
study.

Studies were excluded if they met any of the following 
criteria: (1) study protocols; (2) conference summaries; 
(3) studies that could not isolate the efficacy of NMES; (4) 
non-English literature.

Data extraction
Two researchers (S.S. and J.J.) independently conducted 
literature screening, data extraction and cross-verifica-
tion. Any disagreements were resolved through discus-
sion or by referring to a third researcher (Z.Y.) until a 
consensus was reached. Endnote X9 was used for litera-
ture management, including reading titles and abstracts, 
eliminating obviously irrelevant literature, and record-
ing reasons and quantities for exclusions. Additionally, a 
predefined form created in Excel 2021 was used for data 
extraction. If the literature contained multiple subgroups, 
the data matching the subgroups of this study were 
extracted.

To summarize the effects of NMES on walking func-
tion in stroke survivors, the following data were extracted 
from the included studies: (1) basic information: first 
author, year of publication, country; (2) basic characteris-
tics of the subjects: sample size, age, gender, stroke onset 
time, stroke location, and types of stroke; (3) intervention 
protocols and treatment courses: device, treatment ses-
sions, electrical stimulation frequency, waveform, pulse 
width, and stimulation position; (4) key elements of bias 
risk assessment; (5) outcome indicators: QGA speed, 
10MWT(when speed could not be obtained by QGA), 
cadence, angle of joint motion, six-minute walk test 
(6MWT), berg balance scale (BBS), etc.

Quality and certainty assessment
The methodological quality of the literature was assessed 
using the physiotherapy evidence database scale (PEDro) 
[22] and the Cochrane risk bias assessment tool [23]. And 
the certainty of evidence was assessed using the Grad-
ing of Recommendations Assessment, Development and 
Evaluation (GRADE) [24]. Two researchers (S.S. and 

Y.X.) independently conducted the quality and certainty 
assessment. If there were discrepancies in the results, 
they discussed and negotiated with the third researcher 
(B.S.) until a consensus was reached. The PEDro scale 
has 11 assessment items, including randomization, 
blinding of participants and assessors, dropout rates. 
Scores of 7–10, 5–6 and ≤ 4 indicate that the quality of 
the literature is high, medium and low, respectively [25]. 
The GRAED criteria has 8 assessment items, including 
inconsistency, indirectness, magnitude of the effect and 
dose-response gradient. And the certainty of evidence 
is categorized into four levels (high, moderate, low, and 
very low).

Statistical analysis
Two statistical software programs, Stata15 and RevMan 
5.4, were used for the meta-analysis.

Effect size
Outcome indicators were all continuous variables. When 
units of the measurement were consistent, the weighted 
mean difference (WMD) was used to calculate effect 
sizes; When units of measurement were inconsistent, 
the standardized mean difference (SMD) was used to 
eliminate the effect of the dimension. A 95%CI is given 
for each effect size. The median and quartile values of 
the included studies were converted to mean or standard 
deviation according to the formula and then combined 
for analysis [26, 27]. 

Heterogeneity
The I2 statistic was used for evaluation. Fixed-effects 
and random-effects models were used for Meta-analysis 
in the case of I2 < 50% or I2 ≥ 50%, respectively. And if 
I2 ≥ 50%, it indicates statistical heterogeneity among the 
results of the included studies and the source of hetero-
geneity needs to be analyzed. To identify the sources 
of heterogeneity, subgroup analyses were conducted 
based on post-stroke time [acute and subacute phases 
(≤ 6 months), chronic phase (> 6 months)] [28], number 
of stimulation sites (single stimulation site and multiple 
stimulation sites) or treatment sessions (≤ 4 weeks, > 4 
weeks).

Sensitivity analysis
Stata/SE was used to conduct a meta-analysis after suc-
cessively removing individual studies to evaluate the dif-
ferences between the eliminated results and the original 
combined results. If the new pooled results are consistent 
with the original combined results, this indicates a stable 
result from the original study.
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Publication bias
Publication bias was evaluated by drawing funnel plots 
for visual judgment and using Egger’s test for linear 
regression.

Results
Study selection
Using the search strategies described above, a total of 
5965 studies were retrieved from five databases (1310 
from PubMed, 943 from Cochrane Library, 948 from 
Embase, 1326 from Web of Science and 934 from Science 

Direct). After eliminating duplicates and screening the 
remaining literature, 29 eligible studies were included 
[14, 16–18, 29–53]. A total of 1711 patients were 
included in the study cohort (848 in the experimental 
group and 863 in the control group) and their basic infor-
mation is shown in Appendix 1. Fig. 1 illustrates the liter-
ature screening process and results. Except three studies 
[39, 46, 52] in which NMES was combined with treadmill 
walking training, the experimental groups in the included 
studies were either NMES combined with conventional 
walking training or NMES alone. In addition, four studies 

Fig. 1 Literature screening process and results
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[34, 35, 45, 47] pinpointed the use of ankle-foot orthosis 
in control groups. Moreover, in 89.66% of the included 
studies, treatment cycles were greater than or equal to 
four weeks, with a single treatment duration ranging 
from ten minutes to one and a half hours.

Risk of bias
Figure 2; Table 1 display the risk of bias in the included 
studies (8 medium-quality and 21 high-quality studies). 
Among them, 7 studies [16, 29, 34, 42, 46, 49, 53] did 
not explicitly stated whether a blind method was used, 3 
studies [18, 35, 45] did not use blind method, 15 studies 
[14, 17, 30, 32, 33, 36, 37, 40, 41, 43, 47, 48, 50–52] used 
a single blind method, 3 studies [31, 38, 44] used double 
blind method and 1 study [39] used triple blind method. 
Regarding random sequence generation, only 6 studies 
[29, 34, 36, 44, 51, 53] had unclear methods for random 
sequence generation, while the rest had clear descrip-
tions. Meanwhile, 9 studies [14, 34–36, 39, 43, 44, 51, 53] 
did not mention allocation concealment, while the rest 
provided detailed descriptions (including three high-
risk studies [18, 30, 50]).Besides, data were completely 
reported in all studies, except for 1 study [32], which 
was defined as high-risk due to a serious loss of follow-
up in partial outcome indicator. And 1 study [47] was 
defined as high risk in selection of the reported result 
due to funding by a corporation. Moreover, 13 studies 
[14, 16, 30–34, 38, 41, 46, 51–53] used electrical stimula-
tion frequencies at 15–50  Hz, 4 studies [37, 43, 44, 48] 
at 80–100 Hz and the remaining studies did not describe 
this characteristic.

The summary of findings in Appendix 1 display the cer-
tainty of the evidence (1 high, 4 moderate, 5 low, 3 very 
low). It was attributed to a moderate degree of heteroge-
neity, small sample sizes, small confidence interval over-
lap and high-risk of bias.

Results of individual studies
Walking speed
It can be categorized into QGA speed and 10MWT.

Regarding QGA speed, fourteen studies were included, 
involving 445 patients with stroke-induced lower limb 
motor dysfunction. Due to the heterogeneity test results 
(P = 0.002, I2 = 61%), a random-effect model analysis 
was used. The results in Fig.  3 indicated that there was 
a statistical difference between the experimental group 
and the control group [SMD = 0.53, 95% CI (0.20, 0.85), 
P = 0.001]. Sensitivity analysis found that the results 
showed satisfactory robustness (Fig. 4-A).

Subgroup analysis of post-stroke time indicated that 
the chronic phase [SMD = 0.61, 95% CI (0.23, 0.99), 
P = 0.002] showed a higher effect size than the acute 
and subacute phases [SMD = 0.44, 95% CI (-0.11, 0.98), 
P = 0.12], as shown in Fig.  3-A. Subgroup analysis of 
treatment sessions indicated that ≤ 4 weeks [SMD = 0.56, 
95% CI (0.12, 1.00), P = 0.01] showed a higher effect size 
than > 4 weeks [SMD = 0.51, 95% CI (0.00, 1.01), P = 0.05], 
as shown in Fig. 3-B.

Regarding 10MWT, fifteen studies were included, 
involving 1250 patients with stroke-induced lower limb Fig. 2 Cochrane bias risk score
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motor dysfunction. Due to the heterogeneity test results 
(P<0.00001, I2 = 78%), a random-effect model analysis 
was used. The results in Fig.  5 indicated that there was 
no statistical difference between the experimental group 
and the control group [WMD = 0.02, 95% CI (-0.03, 
0.06), P = 0.47]. Sensitivity analysis found that the results 
showed satisfactory robustness (Fig. 4-B).

Subgroup analysis of post-stroke time indicated that 
the chronic phase [WMD=-0.01, 95% CI (-0.01, -0.01), 
P<0.00001] showed a higher effect size than the acute 
and subacute phases [WMD = 0.00, 95% CI (-0.01, 0.01), 
P = 0.99], as shown in Fig. 5.

Fig. 3 Forest plots for the analysis of QGA speed and its subgroups. (A) subgroup analysis on post-stroke time, (B) subgroup analysis on treatment 
sessions
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Cadence
Ten studies were included, involving 309 patients with 
stroke-induced lower limb motor dysfunction. Due to the 
heterogeneity test results (P = 0.0009, I2 = 68%), a random-
effect model analysis was used. The results in Fig. 6 indi-
cated that there was a statistical difference between the 
experimental group and the control group [SMD = 0.76, 
95% CI (0.32, 1.20), P = 0.0008]. Sensitivity analysis found 
that the results showed satisfactory robustness (Fig. 4-C).

Subgroup analysis of post-stroke time indicated that 
the acute and subacute phases [SMD = 1.04, 95% CI 
(0.54, 1.54), P<0.0001] showed a higher effect size than 
the chronic phase [SMD = 0.66, 95% CI (0.10, 1.22), 
P = 0.02], as shown in Fig. 6-A. Subgroup analysis of the 
number of stimulation sites indicated that multiple stim-
ulation sites [SMD = 0.79, 95% CI (0.22, 1.36), P = 0.006] 
showed a higher effect size than a single stimulation site 
[SMD = 0.74, 95% CI (0.04, 1.44), P = 0.04], as shown in 
Fig.  6-B. Subgroup analysis of treatment sessions indi-
cated that ≤ 4 weeks [SMD = 0.91, 95% CI (0.46, 1.36), 
P<0.0001] showed a higher effect size than > 4 weeks 

[SMD = 0.70, 95% CI (0.09,1.32), P = 0.02], as shown in 
Fig. 6-C.

Affected side step length
Nine studies were included, involving 237 patients with 
stroke-induced lower limb motor dysfunction. Due to the 
heterogeneity test results (P<0.0001, I2 = 77%), a random-
effect model analysis was used. The results in Fig. 7 indi-
cated that there was a statistical difference between the 
experimental group and the control group [SMD = 0.73, 
95% CI (0.16, 1.31), P = 0.01]. Sensitivity analysis found 
that the results showed satisfactory robustness (Fig. 8-A).

Subgroup analysis of post-stroke time indicated that 
the chronic phase [SMD = 0.95, 95% CI (-0.04, 1.94), 
P = 0.06] showed a higher effect size than the acute and 
subacute phases [SMD = 0.51, 95% CI (-0.14, 1.16), 
P = 0.12], as shown in Fig. 7-A. Subgroup analysis of the 
number of stimulation sites indicated that multiple stim-
ulation sites [SMD = 0.78, 95% CI (-0.19, 1.75), P = 0.11] 
showed a higher effect size than a single stimulation 
site [SMD = 0.70, 95% CI (0.06, 1.34), P = 0.03], as shown 
in Fig.  7-B. Subgroup analysis of treatment sessions 

Fig. 4 Sensitivity analysis plots of QGA speed (subfigure A), 10MWT (subfigure B) and cadence (subfigure C)

 



Page 9 of 23Chen et al. Journal of NeuroEngineering and Rehabilitation          (2024) 21:164 

indicated that > 4 weeks [SMD = 0.92, 95% CI (-0.08, 
1.92), P = 0.07] showed a higher effect size than ≤ 4 weeks 
[SMD = 0.55, 95% CI (-0.12, 1.23), P = 0.11], as shown in 
Fig. 7-C.

Stride length
Nine studies involving 310 patients with stroke-induced 
lower limb motor impairment were included. Due to the 
heterogeneity test results (P<0.0001, I2 = 76%), a random-
effect model analysis was used. The results in Fig. 9 indi-
cated that there was a statistical difference between the 
experimental group and the control group [SMD = 0.62, 
95% CI (0.12, 1.12), P = 0.02]. Sensitivity analysis showed 
satisfactory robustness (Fig. 8-B).

Subgroup analysis of post-stroke time indicated that 
the chronic phase [SMD = 0.78, 95% CI (-0.06, 1.62), 
P = 0.07] showed a higher effect size than the acute and 
subacute phases [SMD = 0.44, 95% CI (-0.18, 1.06), 
P = 0.17], as shown in Fig. 9-A. Subgroup analysis of the 
number of stimulation sites indicated that multiple stim-
ulation sites [SMD = 0.63, 95% CI (-0.08, 1.34), P = 0.08] 
showed a higher effect size than a single stimulation site 
[SMD = 0.62, 95% CI (-0.24, 1.48), P = 0.16], as shown in 
Fig.  9-B. Subgroup analysis of treatment sessions indi-
cated that ≤ 4 weeks [SMD = 0.88, 95% CI (0.35, 1.41), 
P = 0.001] showed a higher effect size than > 4 weeks 
[SMD = 0.51, 95% CI (-0.16, 1.18), P = 0.14], as shown in 
Fig. 9-C.

Angle of ankle dorsiflexion
Five studies involving 441 patients with stroke-induced 
lower limb motor impairment were included. Due to the 
heterogeneity test results (P = 0.45, I2 = 0%), a fixed-effect 
model analysis was used. The results in Fig.  10-A indi-
cated that there was a statistical difference between the 
experimental group and the control group [WMD = 1.57, 
95% CI (0.80, 2.33), P < 0.0001].

Asymmetry
This can be categorized into spatial asymmetry and tem-
poral asymmetry.

Concerning spatial asymmetry, three studies involv-
ing 66 patients with stroke-induced lower limb motor 
impairment were included. Due to the heterogeneity test 
results (P = 0.01, I2 = 78%), a random-effect model analysis 
was used. The results in Fig. 10-B indicated no statistical 
difference between the experimental group and the con-
trol group [SMD=-0.94, 95% CI (-2.14, 0.27), P = 0.13].

Regarding temporal asymmetry, three studies involv-
ing 73 patients with stroke-induced lower limb motor 
impairment were included. Due to the heterogeneity test 
results (P = 0.003, I2 = 83%), a random-effect model analy-
sis was used. The results in Fig. 10-C indicated no statis-
tical difference between the experimental group and the 
control group [SMD=-0.60, 95% CI (-1.84, 0.64), P = 0.34].

Sensitivity analysis found that both spatial (Fig.  8-C) 
and temporal (Fig.  11-A) asymmetries showed satisfac-
tory robustness. Considering the number of included 

Fig. 5 Forest plots for the analysis of 10MWT and its subgroups
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studies and the quantitative limitations of the sample 
size, subgroup analysis was not applicable.

6MWT
Eight studies were included, involving 1124 patients 
with stroke-induced lower limb motor dysfunction. 
Due to the heterogeneity test results (P = 0.12, I2 = 39%), 

a fixed-effect model analysis was used. The results in 
Fig. 12-A indicated that there was a statistical difference 
between the experimental group and the control group 
[WMD = 14.83, 95% CI (13.55, 16.11), P<0.00001].

Fig. 6 Forest plots for the analysis of cadence and its subgroups. (A) subgroup analysis on post-stroke time, (B) subgroup analysis on number of stimula-
tion sites, (C) subgroup analysis on treatment sessions
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BBS
Seven studies were included, involving 788 patients 
with stroke-induced lower limb motor impairment. A 
random-effect model analysis was used due to the het-
erogeneity test results (P = 0.03, I2 = 58%). The results in 
Fig. 12-B indicated that there was a statistical difference 
between the experimental group and the control group 

[WMD = 2.10, 95% CI (0.62, 3.57), P = 0.005]. Sensitivity 
analysis demonstrated satisfactory robustness (Fig. 11-B).

Subgroup analysis of the number of stimulation sites 
indicated that a single stimulation site [WMD = 2.83, 95% 
CI (-0.69, 6.34), P = 0.11] showed a higher effect size than 
multiple stimulation sites [WMD = 2.64, 95% CI (-0.69, 
5.97), P = 0.12], as shown in Fig. 12-B.

Fig. 7 Forest plots for the analysis of affected side step length and its subgroups. (A) subgroup analysis on post-stroke time, (B) subgroup analysis on 
number of stimulation sites, (C) subgroup analysis on treatment sessions
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Time up and go test (TUG)
Six studies were included, involving 984 patients with 
stroke-induced lower limb motor dysfunction. A ran-
dom-effect model analysis was used due to the hetero-
geneity test results (P = 0.002, I2 = 74%). The results in 
Fig.  13 indicated that there was a statistical difference 
between the experimental group and the control group 
[WMD=-2.26, 95% CI (-3.93, -0.59), P = 0.008]. Sensitivity 
analysis showed satisfactory robustness (Fig. 11-C).

Subgroup analysis of post-stroke time indicated that 
the acute and subacute phases [WMD=-2.70, 95% CI 
(-5.71, 0.30), P = 0.08] showed a higher effect size than 
the chronic phase [WMD=-1.87, 95% CI (-3.63, -0.11), 
P = 0.04], as shown in Fig. 13-A. Subgroup analysis based 
on the number of stimulation sites indicated that multi-
ple stimulation sites [WMD=-2.53, 95% CI (-4.02, -1.05), 
P = 0.0008] showed a higher effect size than a single stim-
ulation site [WMD=-2.24, 95% CI (-5.46, 0.99), P = 0.17], 
as shown in Fig.  13-B. Subgroup analysis of treatment 
sessions indicated that ≤ 4 weeks [WMD=-2.88, 95% CI 
(-5.19, -0.56), P = 0.01] showed a higher effect size than 

> 4 weeks [WMD=-1.87, 95% CI (-3.79, 0.05), P = 0.06], as 
shown in Fig. 13-C.

Fugl-Meyer assessment lower extremity (FMA-LE)
Six studies involving 558 patients with stroke-induced 
lower limb motor impairment were included. A ran-
dom-effect model analysis was used due to the hetero-
geneity test results (P < 0.00001, I2 = 90%). The results in 
Fig.  14-A indicated that there was no statistical differ-
ence between the experimental group and the control 
group [WMD = 1.14, 95% CI (-0.21, 2.48), P = 0.10]. Sen-
sitivity analysis found that the results showed satisfactory 
robustness (Fig. 15-C).

Subgroup analysis of post-stroke time indicated that 
the chronic phase [WMD = 1.48, 95% CI (-1.87, 4.82), 
P = 0.39] showed a higher effect size than the acute and 
subacute phases [WMD = 0.43, 95% CI (-0.19, 1.04), 
P = 0.17], as shown in Fig. 14-A.

Modified ashworth assessment (MAS)
Assessed on the plantar flexor muscles, three studies 
involving 159 patients with stroke-induced lower limb 

Fig. 8 Sensitivity analysis plots of affected side step length (subfigure A), stride length (subfigure B) and spatial asymmetry (subfigure C)
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motor dysfunction were included. Due to the heteroge-
neity test results (P < 0.0001, I2 = 89%), a random-effect 
model analysis was used. The results in Fig.  14-B indi-
cated that no statistical difference between the experi-
mental group and the control group [WMD=-0.37, 95% 
CI (-0.82, 0.09), P = 0.12]. Sensitivity analysis showed sat-
isfactory robustness (Fig. 15-B).

Considering the number of included studies and the 
quantitative limitations of the sample size, this indicator 
was not analyzed in subgroups.

Publication bias
In most of the included studies, QGA speed and 10MWT 
were used as outcome indicators. Visual inspection of 
the funnel plot (Fig. 16-A) showed no evidence for pub-
lication bias. Nevertheless, due to the mild asymmetry 

Fig. 9 Forest plots for the analysis of stride length. (A) subgroup analysis on post-stroke time, (B) subgroup analysis on number of stimulation sites, (C) 
subgroup analysis on treatment sessions
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in effect sizes, the Egger’s regression intercept test was 
used to further illustrate publication bias. The Egger’s 
test for the 10MWT (Fig.  16-B-1) was not statistically 
significant (P = 0.908), indicating no publication bias. 
However, the Egger’s test for QGA speed (Fig.  16-B-2) 
was statistically significant (P = 0.041), suggesting that 
publication bias may affect the observed indicators. And 
the Duval and Tweedie’s trim and fill procedure (Fig. 16-
C) was then conducted to assess publication bias. Four-
teen missing studies were imputed during the analysis to 
account for potential bias. The pooled odds ratio for the 
included studies was 0.547 (95% CI: 0.216–0.879), indi-
cating a significant association. After adjustment with the 
imputed studies, the odds ratio was slightly attenuated to 
1.276 (95% CI: 0.890–1.830). The effect of the interven-
tions remained statistically significant after adjusting for 
potential publication bias.

Discussion
To explore the specific effects of NMES, researchers in 
randomized controlled trials compared NMES (includ-
ing FES and TENS) with conventional gait training or 
treadmill walking training. Electrical stimulation as a 
less complicated treatment has the potential to reduce 

atrophy, improve muscle strength, increase range of 
motion, reduce edema, heal tissues and relieve pain 
[54]. Our study was suspected to suffer from publication 
bias. Due to the low likelihood of editorial bias and peer 
review bias [55, 56], the fact that small sample size tri-
als were published may have caused the publication bias. 
After double-checking, it was found that the sample size 
of the included studies involving QGA speed was indeed 
small in comparison to those involving 10MWT. Fortu-
nately, our study was found to be robust through sensi-
tivity analysis. In addition, our study showed that NMES 
was associated with changes of 6MWT, QGA speed, 
ankle dorsiflexion, cadence, stride length, affected side 
step length, TUG and BBS, which were potentially clini-
cally beneficial for patients. However, compared with the 
control group, the experimental group had no significant 
advantages in 10MWT, FMA-LE, MAS and asymmetry. 
The NMES therapy for stroke-induced walking dysfunc-
tion is an area that has been consistently studied, and the 
final timespan of the included literature was from 1997 
to 2023.

This review attempted to include studies that all used 
instruments to measure physical function. However, 
owing to the long history of NMES research, few of the 

Fig. 10 Forest plots for the analysis of angle of ankle dorsiflexion (subfigure A), spatial asymmetry (subfigure B), temporal asymmetry (subfigure C)
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early studies were conditioned to use instruments to 
measure. And all of the included literature contained 
walking speed (QGA speed or 10MWT) which is a valid 
and reliable indicator of walking ability recovery after 
stroke [57, 58]. Intriguingly, after analyzing these two 
kinds of indicator, we obtained different results: QGA 
speed analysis of a relatively small sample size revealed 
that the experimental group was superior to the control 
group, while 10MWT analysis of a comparatively large 
sample size did not. Furthermore, the discovery about 
10MWT seems to be more noteworthy than QGA speed. 
Although the present study suggests no significant asso-
ciation between NMES and improvement of walking 
speed, several studies [59–61] have concluded a positive 
effect of NMES in this regard. Bethoux et al. [35] noted 
no statistical significance between-group differences 
in speed were observed between FES and AFO. This 
is consisted with our result and another meta-analysis 
[62] which revealed low-quality of evidence for positive 
effects of FES on gait speed when combined with phys-
iotherapy. Moreover, meta-results indicated that NMES 
was related to improvements in cadence, stride length, 

and affected side step length. Despite these indicator 
changes not directly and accurately reflect whether walk-
ing motor patterns improve or not [63], a better com-
prehension may be achieved by discussing these results 
together with changes in other indicators.

A possible explanation for these results is the improve-
ment of ankle dorsiflexion. Our meta-study indicated 
a better performance of NMES in improving ankle dor-
siflexion ability. The initial contact of the foot with the 
ground shifts from anterior to posterior in response to 
the increasing ankle mobility [64]. Further, changes in 
the anterior-posterior displacement of the center of foot 
pressure were significantly predictive of changes in walk-
ing speed [65]. The improvement of foot clearance could 
enhance forward ability and stability during locomotion, 
thus it is not surprising that NMES is associated with 
improvements in cadence, stride length and affected side 
step length.

Well-endurance is a reflection of excellent walking 
function. And 6MWT is an essential assessment for walk-
ing endurance reflecting the ability to functionally com-
pensate for daily physical activity [66]. The meta-study by 

Fig. 11 Sensitivity analysis plots of temporal asymmetry (subfigure A), BBS (subfigure B), TUG (subfigure C)
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Hong et al. [19] concluded that NMES had no significant 
effect on the improvement of 6MWT. Notably, our study 
updated this evidence and found a correlation between 
NMES and the improvement of endurance. Complete 
muscle function and control are integral parts of motor 
control and postural balance. NMES overcomes impaired 
muscle activation by increasing motor unit recruit-
ment and motor unit discharge rate [67]. For these rea-
sons, it makes sense that TUG and BBS, which require 
more muscular components to be involved, could be 
improved. Improvement in asymmetry is not only limited 
by impaired muscle activation, but also by more demand-
ing conditions such as central control, multi-muscle and 
multi-joint coordination. Therefore, not surprisingly, 
NMES did not show significant correlations with asym-
metry and FMA-LE.

In general, we confirmed and updated the rehabilitative 
effects of NMES on stroke-induced walking dysfunction. 
NMES plays an active and limited role in the improve-
ment of temporal and spatial parameters among stroke 
survivors. Integrating the role of NMES in improving 

walking patterns by combining other therapies like 
robot-assisted gait training could be the focus of further 
research.

Post-stroke time
After subgroup analysis, the heterogeneity decreased sig-
nificantly in 10MWT, cadence, affected side step length, 
stride length, QGA speed, TUG and FMA-LE, suggest-
ing that post-stroke time may be the source of hetero-
geneity in these indicators. All these measures, except 
cadence and TUG, presented a superior therapeutic 
effect of NMES for patients in the chronic phase com-
pared to those in the acute and subacute phases. NMES 
can enhance neural recruitment in muscles [68]. NMES 
is more effective in improving neuroplasticity for patients 
in the chronic phase, implying that we could break the 
motor patterns of stroke patients at this stage by NMES. 
Balance, muscle strength as well as motor coordina-
tion were poor for patients in the early stages [69, 70]. 
Cadence and TUG reflect the overall physical function of 

Fig. 12 Forest plots for the analysis of 6MWT (subfigure A), BBS (subfigure B)
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patients. Thus, explaining the changes observed in sub-
group analyses.

Number of stimulation sites
Subgroup analysis of most indicators demonstrated that 
multiple stimulation sites resulted in better functional 
improvement. Remarkably, a single stimulation site was 
more beneficial in improving BBS. Detailed matching of 

the included studies involving a single stimulation site 
revealed that all of them stimulated either the peroneal 
nerve or the tibialis anterior muscle. The tibialis anterior 
muscle’s bundles dynamics well represent postural sway 
during standing balance [71]. And a study [72] proposes 
that quiescent, unregulated muscles may be better suited 
to provide proprioceptive input during quiet stand-
ing. Boyas et al. [73] proposed that postural control can 

Fig. 13 Forest plots for the analysis of TUG and its subgroups. (A) subgroup analysis on post-stroke time, (B) subgroup analysis on number of stimulation 
sites, (C) subgroup analysis on treatment sessions
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be impaired when the muscles of ankle dorsiflexion get 
fatigued. In conjunction with this meta-analysis, it can 
be seen that stimulating key muscles alone, such as the 
tibialis anterior muscle, is an effective way to improve 
balance.

Treatment sessions
After subgroup analysis, the heterogeneity decreased 
significantly in cadence, stride length, QGA speed and 
TUG, implying that treatment sessions may be the source 
of heterogeneity in these indicators. NMES can alter the 
population of motor units that is activated by voluntary 
and reflex means. Electrical stimulation also alters the 
recruitment threshold of motor units involved in vol-
untary and reflexive muscle contractions [74]. Further-
more, prolonged application of NMES may be similar to 
ice therapy. It is recommended to be applied no longer 
than 20 to 30 min [75], to avoid physical impairment and 
because of the body’s adaptability. Long treatment ses-
sions may increase neural excitability threshold and lead 
to adaptation. In conclusion, meta-analysis indicates that 
treatments of less than or equal to 4 weeks may provide 
greater benefit to patients, requiring further rigorous 
randomized controlled trial.

Strengths of the study
One of the strengths of this study is the extensive data-
base search that was conducted. This approach enhanced 
the comprehensiveness of the review and increased the 
likelihood of identifying a diverse pool of studies, provid-
ing a more complete view of the current state of research. 
Moreover, this meta-analysis confirms and updates the 
effects of NMES on the improvement of stroke-induced 
walking dysfunction. Multiple subgroup analyses have 
the potential to promote a deeper understanding and 
advancement of NMES treatment, providing a theoretical 
basis for further research and discussions in the field and 
informing clinical decision-making.

Limitations of the study
The primary limitation of this study is the lack of meta-
analysis regarding different types of NMES and varying 
stimulation frequencies and diverse stimulation posi-
tions. This shortcoming may require further research, 
given that some of the studies did not specify the type 
or frequency. Besides, there is a mild publication bias in 
this study. While this does not invalidate our results, it 
require a more critical and discerning interpretation.

Fig. 14 Forest plots for the analysis of FMA-LE (subfigure A) and MAS (subfigure B)
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Fig. 15 Sensitivity analysis plots of FMA-LE (subfigure A) and MAS (subfigure B)
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Conclusions
Based on the present data, NMES does play a role in 
the modification of stroke-induced walking dysfunc-
tion. And NMES outperformed conventional train-
ing in most kinematic indicators including affected side 
step length, cadence, ankle dorsiflexion. However, given 
the conflicting results of QGA speed and 10MWT, the 
effect of NMES on walking speed remain inconclusive. 
NMES may be more effective for survivors in the chronic 
phase than the acute and subacute phases, and shorter 

treatment sessions appear to be more efficacious than 
longer ones.

These conclusions should be viewed with caution due 
to the recognized shortcomings of existing research. 
There is an urgent need to study different types of NMES 
or NMES with varying stimulation frequencies and stim-
ulation position. The involvement of quantitative gait 
analysis may generate unexpected findings.

Fig. 16 Summary of publication bias. (A-1) funnel plot of 10MWT, (A-2) funnel plot of QGA speed, (B-1) Egger’s publication bias plot of 10MWT, (B-2) Eg-
ger’s publication bias plot of QGA speed, (C) the Duval and Tweedie’s trim and fill procedure of QGA speed
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