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Abstract

Objective: To investigate whether neuromuscular electrical stimulation improves mobility in children
with spastic cerebral palsy.

Methods: PubMed, Cochrane, EMBASE, and Scopus were searched for randomized controlled trials
studying the effects of NMES on the lower limbs in children with spastic CP. Randomized controlled trials
comparing the effect of neuromuscular electrical stimulation with that of placebo or conventional therapy
on mobility in children with cerebral palsy were eligible for inclusion. Two reviewers independently
screened studies, extracted data, and examined the risk of bias and quality of evidence by using the revised
Cochrane Risk-of-Bias Tool for Randomized Trials (RoB 2.0) and the Grading of Recommendations,
Assessment, Development, and Evaluation (GRADE) method. The final search was conducted on May
23, 2022.
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Results: A total of 14 randomized controlled trials (2 crossover studies and 12 parallel studies including
421 patients) were included in this meta-analysis. Compared with the control group (conventional physical
therapy), the treatment group exhibited greater improvement in walking speed (standardized mean differ-
ence =0.29; 95% confidence interval = 0.02-0.57) and the standing, walking, running, and jumping dimen-
sion of the Gross Motor Function Measure (standardized mean difference = 1.24; 95% confidence interval
=0.64-1.83).

Conclusion: Neuromuscular electrical stimulation improved mobility in children with spastic cerebral
palsy, particularly in standing, running, and jumping function, and it is safe for children with spastic cerebral

palsy.
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Introduction

Cerebral palsy is a group of non-progressive motor
disorders; it commonly appears in early childhood
and affects muscle tone, posture, and movement.'
Due to abnormal brain development or damage to
the developing brain, cerebral palsy contributes to
equinus when walking and results in the recruit-
ment of compensatory strategies as well as trips
and falls.” These factors may impair gross motor
function of the extremities, which is necessary for
exercise and physical activity.

Neuromuscular electrical stimulation is defined
as the non-invasive application of electrical stimula-
tion to produce skeletal muscular contractions
through the percutaneous stimulation of peripheral
nerves.” In 1975, Leyendecker first reported the
use of neuromuscular electrical stimulation to
improve extremity motor function in children with
cerebral palsy.* Neuromuscular electrical stimula-
tion is reported to decrease spasticity, activate wea-
kened muscles, and improve gait in individuals
with various neurological conditions including cere-
bral palsy.”™ Moreover, an increasing number of
randomized controlled trials have indicated that the
outcomes of neuromuscular electrical stimulation
are more favorable than those of conventional treat-
ments. Recently, two systematic reviews on this
topic have been published."’ Of those, one review
did not involve a meta-analysis.” The other review
involved a meta-analysis with a limited quality of

evidence, and it reported that neuromuscular elec-
trical stimulation may improve gross motor function
in children with spastic cerebral palsy. However, this
review did not examine whether neuromuscular
electrical stimulation improves mobility in children
with cerebral palsy.'

Whether neuromuscular electrical stimulation is
an effective alternative to conventional treatment
remains unclear. We conducted this systematic
review and meta-analysis to verify and update the
latest evidence on the effectiveness of neuromuscu-
lar electrical stimulation in improving mobility in
children with cerebral palsy.

Materials and methods

This systematic review and meta-analysis was
conducted in accordance with updated Preferred
Reporting Items for Systematic Reviews and
Meta-Analyses  guidelines'®  (Supplementary
Appendix A). The systematic review protocol is
registered in PROSPERO, the online international
prospective register of systematic reviews of the
National Institutes for Health Research (registra-
tion no. CRD42021271639), and the databases
were last searched from their inception until
May 23, 2022.

We included randomized controlled trials,
including crossover designs. The PICO (patients,
intervention, comparison, and outcomes) question
of this study was as follows: compared with the
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placebo or conventional therapy (C), does neuro-
muscular electrical stimulation (I) improve mobil-
ity (O) in children with cerebral palsy (P)? Papers
were excluded if they were protocols,
non-peer-reviewed articles, conference papers,
and letters to the editor. In addition, we excluded
papers describing studies in which the leads of a
neuromuscular stimulator were not placed on the
legs. No restrictions were applied with respect to
the language or journal type.

We searched for relevant studies published in
PubMed, Cochrane Library, Scopus, and EMBASE
databases. The search was conducted using the fol-
lowing keywords and synonyms: “cerebral palsy”
(or cerebral palsy [MESH)]), “electrical AND stimula-
tion,” “electric AND stimulation” (or electric stimula-
tion [MESH]), “electrostimulation” (or electrical
stimulation therapy [MESH]), “ES,” “FES,”
“NMES,” and “random*.” These keywords were
used in the PubMed filter, and only randomized con-
trolled trials were selected. The search terms were
adapted for use in other electronic databases, if avail-
able (search strategies are presented in the
Supplementary Appendix B). Series or duplicate pub-
lications in the same or different journals were
counted only once. In addition, the reference lists of
retrieved meta-analyses and reviews were manually
searched to identify additional relevant articles.

Two authors independently screened the titles
and abstracts of the retrieved studies. The full texts
were reviewed as necessary. Trials were determined
to be eligible for inclusion in this study according to
the inclusion and exclusion criteria. Disagreements
were resolved by a third review author.

The two authors independently evaluated the
quality of included studies by using the revised
Cochrane risk-of-bias tool for randomized trials
(RoB 2.0)."" This tool is used to evaluate the
risks of bias in the following domains: (1) random-
ization process, (2) deviations from intended inter-
ventions, (3) missing outcome data, (4)
measurement of outcomes, (5) selection of reported
results, and (6) overall bias.. Two reviewers inde-
pendently conducted this assessment in accordance
with the Cochrane Handbook for Systematic
Reviews of Interventions."> Disagreements were
resolved through discussion with a third researcher,

in which the outcome was decided based on the
consensus of two-thirds of all authors.

For each included study, data were extracted
independently by two authors using extraction
forms. Differences in the quality appraisal and
extracted data were resolved through discussion
with a third reviewer. For each included trial, the
following details were extracted: the publication
year, group setting, participant demographics
and baseline characteristics, details of the inter-
vention plan (location of electrode, session fre-
quency, session duration, and protocol duration),
the parameters of the stimulator (intensity, dur-
ation, frequency, pulse width, and on/off time),
and study outcomes. Outcomes were only
included in the meta-analysis if they provided a
point estimate and a measure of variability (e.g.
mean =+ standard deviation) and were reported in
more than three randomized controlled trials.
Discrepancies were identified and resolved
through discussion with a third review author.
Missing or unclear data were requested from the
study authors by email.

The meta-analysis was conducted using RevMan
5.3 software (The Cochrane Collaboration, London,
United Kingdom). All relevant data measured using
different scales were converted to a single scale. All
data are expressed as standardized mean differences
and 95% confidence intervals, which were pooled
using a RevMan 5.3 software program for calcula-
tion. The pooled data were analyzed using the
random-effects model because of the expectations
for various study methods in each randomized
control trials. Effect sizes were based on thresholds
defined by Cohen,"* and categorized as follows: no
clinical meaningfulness (standardized mean differ-
ence less than 0.2), small effect sizes (standardized
mean difference between 0.2 and 0.5), medium
effect size (standardized mean difference between
0.5 and 0.8), and large effect size (standardized
mean difference greater than 0.8).'*'> Statistical het-
erogeneity, calculated using the I test, was consid-
ered high if the /* value exceeded 70%. In the case
of high heterogeneity, a sensitivity analysis was con-
ducted to confirm its effect after adjustment of the
included data Results are presented according to
both their statistical significance (p value less than
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0.05) and probable clinical meaningfulness (standar-
dized mean difference greater than 0.2).

The certainty in evidence was examined using
the Grading of Recommendations, Assessment,
Development and Evaluation (GRADE) approach.'®
The certainty of the included randomized controlled
trials was determined on the basis of their study
design, risk of bias, inconsistency, imprecision, indir-
ectness, publication bias, and effect sizes and their
trends.'®

Results

Figure 1 presents the flowchart for trial selection.
Among the studies retrieved from the aforementioned
databases and independently reviewed by the two
reviewers, 14 randomized controlled trials (2 cross-
over studies and 12 parallel studies including a total
of 421 patients) comparing the effects of neuromuscu-
lar electrical stimulation with those of control treat-
ment on mobility in children with spastic cerebral
palsy met the eligibility criteria and were included
in the meta-analysis. Seven studies,'”* which
included a total of 213 patients, reported outcomes
associated with walking speed. Nine studies,'**'**
30 which included a total of 302 patients, reported out-
comes associated with the standing dimension
(dimension D) and the walking, running, and
jumping dimension (dimension E) of the Gross
Motor Function Measure (GMFM). In all of the
included studies, the lead of the electrical stimulator
was placed on the legs of the patients. In particular,
in most of the studies, the lead was placed on the
ankle dorsiflexor muscles, such as the tibialis anterior.
Furthermore, of the 14 included studies, in 10, the
intensity of the electrical stimulator was adjusted to
elicit muscle contractions. In 3, the intensity was
maintained between 10 and 70 mA, and 2 studies
did not report the intensity of stimulation used on
the patients. Table 1 lists the characteristics of the
selected trials, and Table 2 lists the characteristics of
interventions and stimulator parameters.

The quality of the included randomized control
trials was independently evaluated by two inde-
pendent reviewers,using Revised Cochrane risk
of bias tool for randomized trials (RoB 2.0)."!
Of the 14 randomized controlled trials, 8 were

associated with some concerns and 6 had a high
risk or bias. Figure 2 illustrates results regarding
the risk of bias.

All the results were statistically significant and
clinically meaningful. In terms of outcome mea-
surements, walking speed was reported in seven
studies (with one crossover study),'® which
included 113 and 100 patients in the experimental
and control groups, respectively. The experimen-
tal group exhibited significantly higher improve-
ments in walking speed than did the
conventional physical therapy group with a small
effect size. Figure 3 presents the forest plot of
the meta-analysis.

The standing dimension (dimension D) and
walking, running, and jumping dimension (dimen-
sion E) of the Gross Motor Function Measure
(GMFM) was reported in the nine randomized con-
trolled trials (with one crossover study)*® including
153 and 149 patients in the experimental and
control groups, respectively. The experimental
group exhibited significantly higher improvement
than did the control group with a large effect size.
Figure 4 presents the forest plot of the meta-analysis.

The studies comparing the improvement in
walking speed between the neuromuscular elec-
trical stimulation treatment group and the control
group showed minimal heterogeneity (I*=0%).
By contrast, studies comparing the improvement
in gross motor function exhibited a high level of
heterogeneity (I =80%).>" Therefore, a sensitivity
analysis was performed.

After excluding the outlier randomized control
trials,”® the results showed reduced heterogeneity.
Moreover, the findings continued to indicate a sig-
nificantly more favorable outcome of neuromuscu-
lar electrical stimulation treatment with a large
effect size (SMD, 0.98; 95% confidence interval,
0.53-1.43; n=278; I* = 64%; P<.0001)."

Regarding the safety of neuromuscular electrical
stimulation treatment in children with cerebral
palsy, five randomized controlled trials including
198 patients reported on the adverse effects of
neuromuscular electrical stimulation.'®*'~**27 No
adverse event was reported for the 198 patients.

The Grading of Recommendations, Assessment,
Development and Evaluation method revealed a
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Figure |. Flowchart for trials selection.
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Risk of bias domains

Study
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Domains:
D1: Bias arising from the randomization process.

D2: Bias due to deviations from intended intervention.
D3: Bias due to missing outcome data. 5
D4: Bias in measurement of the outcome.
D5: Bias in selection of the reported result.
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Figure 2. Chart representing the individual risk of bias assessment results according to Cochrane’s Collaboration

Tool (RoB2.0).

moderate quality of evidence for both the out-
comes. Table 3 presents the evidence profile of it.

Discussion

The results of this study indicated that compared
with control treatments, neuromuscular electrical
stimulation resulted in higher improvements in

mobility, particularly in standing, running, and
jumping function in children with cerebral palsy.
Moreover, the improvement in the Gross Motor
Function Measure was clinically meaningful with
a large effect size (standardized mean difference
of 1.24) in the neuromuscular electrical stimulation
group compared with the control group.
Furthermore, the improvement in walking speed
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NMES Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Al-Abdulwahab 2009 [22] 0.771 0.22 21 0.76 0.24 10 13.3% 0.05 [-0.71, 0.80]
El-Shamy 2016 [23] 0.28 0.83 17 0.13 0.07 17 16.5% 0.25 [-0.43, 0.92] —
Ho 2006 [18] 0.78 0.21 9 0.84 03 9 8.7% -0.22 [-1.15, 0.71] — T
van der Liden 2003 [17] 0.01 0.23 11 0 0.25 11 10.8% 0.04 [-0.80, 0.88] s —
van der Liden 2008 [20] 0.08 0.17 7 0 0.11 7 6.5% 0.52 [-0.55, 1.60] —
Xu 2007 [19] 0.7 0.15 40 0.61 0.14 38 36.4% 0.61[0.16, 1.07] —
Yang 2008 [21] 0.11 0.18 8 0.1 0.15 8 7.8% 0.06 [-0.92, 1.04]
Total (95% CI) 113 100 100.0% 0.29 [0.02, 0.57] S
Heterogeneity: Tau? = 0.00; Chi? = 4.26, df = 6 (P = 0.64); I> = 0% _‘2 _=1 5 'i é
Test for overall effect: Z = 2.10 (P = 0.04) Favours Placebo Favours NMES

Figure 3. Effect of neuromuscular electrical stimulation on walking speed compared with conventional therapy in
children with cerebral palsy. Abbreviations: NMES: Neuromuscular electrical stimulation.

NMES Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI IV, Random, 95% CI
Chan 2004 [24] 4.25 14.27 6 1.37 7.28 6  9.6% 0.23[-0.90, 1.37] ——
Duymaz 2018 [30] 14.8 7.89 20 5.6 4.32 20 12.3% 1.42[0.72, 2.12] —
Gao 2010 [28] 30.5 1.35 12 213 2.15 12 6.6% 4.95 [3.22, 6.68]
Jiang 2008 [26] 10.85 5.24 14 6.71 3.97 14 11.8% 0.86 [0.08, 1.64] —
Kerr 2006 [25] 2.9 9.51 18 -0.16 8.79 22 12.7% 0.33 [-0.30, 0.96] T
Li 2013 [29] 14.28 6.53 14 7.18 5.04 11 11.3% 1.16 [0.29, 2.02] —_—
Xu 2007 [19] 246 9.73 40 15.9 9.28 38 13.6% 0.91 [0.44, 1.37] -
Yang 2008 [21] 2.69 161 8 1.58 3.2 8 10.5% 0.41[-0.58, 1.41] T
Zhang 2009 [27] 16.48 5.76 21 4.14 4.22 18  11.5% 2.37[1.53, 3.20] i
Total (95% CI) 153 149 100.0% 1.24 [0.64, 1.83] <
Heterogeneity: Tau? = 0.62; Chi? = 39.34, df = 8 (P < 0.00001); I> = 80% 714 712 3 é ""
Test for overall effect: Z = 4.07 (P < 0.0001) Favours Placebo Favours NMES

Figure 4. Effect of neuromuscular electrical stimulation on gross motor function (GMFM D and E dimensions)
compared with conventional therapy in children with cerebral palsy. Abbreviations: NMES: Neuromuscular electrical

stimulation.

was clinically meaningful with a small effect size in
the neuromuscular electrical stimulation group
compared with the control group.

Because of the high heterogeneity of improve-
ment in the Gross Motor Function Measure, a sensi-
tivity analysis was conducted. In the sensitivity
analysis, we found that the heterogeneity of the
Gross Motor Function Measure improvement was
lower after the outlier was excluded.?® Furthermore,
we found that the patients in the outlier had a
lower mean age (4 years old) than the patients in
the other trials, and thus, we extracted the rando-
mized controlled trials whose patients had a mean
age of less than 4 years old.'”?’?® The results
showed that younger patients seemed to show
greater improvement in Gross Motor Function
Measure D and E scores after receiving neuromuscu-
lar electrical stimulation treatment compared with

older patients. Age may be a crucial factor for the
benefits of children with cerebral palsy receiving
neuromuscular electrical stimulation. Younger chil-
dren might benefit more from electrical stimulation
treatment. There were several studies having a
similar conclusion that younger children may show
greater improvements than the older after receiving
neuromuscular  electrical  stimulation,'”'%**%3
Although we could not determine the reason for
greater improvements in younger children, a previous
case report™” indicated that compared with older chil-
dren, younger children respond more rapidly to
neuromuscular electrical stimulation because bio-
mechanical changes have not yet occurred in their
muscles; this facilitates changes following treatment.

According to the studies by Gao et al,*®
Duymaz et al.,*° and Jiang et al.,”° neuromuscular
electrical stimulation treatment in children with



Chen et al.

13

(%08 = /) Y31y s1 Asuadoumiay ay |
*SO[1S1I91DBIBYD JUSWIBAI) JO 9SNBIDQ SJossasse pue syuedidnaed puljq pjnod saipms oN

“JUSWE3JUOD UOEJO|[e UO UOREW.IOUI PaplAo.ad salpnis oN
*J1S1I91JEIBYD JUSWIEAL] BY) JO dsnedaq 3ulpullq 9q p|nod sauedidnged oN
4

“JE3)2UN JUSW[EIOUOD UOIIEIO|[E / JO INO G U|

:suoneue|dx3
‘9DUDIBYIP UBSW PIZIpJepuels (IS {BAJS3IUI 2DUSPLUOD (D
(4aysy
€8l
o1 Jaydiy
$90)
ajesopoly  49y3iy uoneldosse b s[eln
AINVIOdWI O®dd  vT'1 AWs 61 €S| Suouys AISA  SNOLISS JOU  SNOLISS 30U _SNOLISS AJSA SNOLIBS  PasIWOpUE. 6
(W4IND) 2.nsea}y uondung Jolo|] SSOJD)
(4ay31y
LS0
o3 4ay3iy
200)
ajeJsapoly  49y3iy q s[eln
AINVLYIOdNI Omwm_w@ 670 AWS 001 €11 auou SNOLJISS JOU  SNOLISS JOU  SNOLIBS JOU SNOLISS  pIsiwopue. /
paads 3upjeAA
soueodw)  Aureadd (1D %56) (1D %S6) 0godeid paadg suonedspisuod uoisiaadw| ssauldadipul Adusasisuodul  selq  udisop Apmig  saIpnis
Anosqy  dAnNERY JRyo JNN| Jo N
109y3 syuapned Jo o\

juswissesse XUC_mth

“Ased [e4ga492 YaIM UBJP|IYd uo Adeusyl [BUORUSAUOD YIM paJedwod uoneNWAS [BJ11129]3 JBNISNWO.NAU JO $129)3 :Uonsand)

*SOWODING YIIM S3IPNIS JO (JAVYD) UONEN[EAS pue JUSWAO[IASP “JUSISSISSE ‘SUONBPUSWIWODA Jo Sulpe.s) *g djqel



14

Clinical Rehabilitation 37(1)

spastic cerebral palsy can decrease muscle tone,
resulting in improved range of passive motion
and motor function of the legs. Furthermore, a
study by Chan et al.** mentioned that the effects
of neuromuscular electrical stimulation could
persist for 2 weeks after the end of treatment.
Nevertheless, some studies have disagreed. In a
study by Ho et al,'® neuromuscular electrical
stimulation was only effective for increasing
impulses during walking; it did not decrease
muscle stiffness. The mechanism through which
neuromuscular electrical stimulation treatment
results in functional improvement in the legs
remain controversial, and further research and long-
term follow-up are necessary.

The results of the present study indicated that
neuromuscular electrical stimulation considerably
improves mobility in children with spastic cerebral
palsy, including walking speed and gross motor
function. Similar findings were observed in a previ-
ous systematic review including only six randomized
controlled trials,' which revealed that neuromuscular
electrical stimulation resulted in improved Gross
Motor Function Measure D scores; however, the
quality of evidence for this study was limited." By
contrast, we included 14 randomized controlled
trials with a total of 421 patients in our meta-analysis
and identified improvements not only in Gross
Motor Function Measure D scores but also Gross
Motor Function Measure E scores.

In terms of the safety of neuromuscular elec-
trical stimulation treatment, no adverse effects
were reported in our included studies. However,
some adverse effects, such as a prickling sensation
and superficial burns, have been reported. In the
study by Abu-Khaber et al.,*>> 15% of the partici-
pants described a prickling sensation, but this was
not clinically significant. In a study by Rodriguez
et al.,*® there was a single case of a superficial
burn due to the improper configuration of neuro-
muscular electrical stimulation parameters. In
summary, neuromuscular electrical stimulation is
considered safe when performed by trained profes-
sionals and by using appropriate parameters.®’

All the randomized controlled trials included in
our study had some risk of bias, which reduced the
quality of evidence of this meta-analysis.

Participants were not blinded in any of the
studies, and therapists were not blinded in most
of the studies. Successful therapist blinding was
only achieved in one randomized -controlled
trial.>> However, because of the nature of neuro-
muscular electrical stimulation, blinding patients
and therapists is difficult. Moreover, the status of
assessor blinding was not provided in most of the
included studies. The risk of bias in the measure-
ment of the outcome domain was higher in the
studies that examined outcomes associated with
the Gross Motor Function Measure but lower in
the studies examining walking speed because the
Gross Motor Function Measure might be affected
by the awareness of assessors.'' Although the
included randomized controlled trials had some
risk of bias, we observed a moderate quality of evi-
dence for both the outcomes by using the Grading
of Recommendations, Assessment, Development
and Evaluation method.

There were several limitations of this study. First,
the included randomized controlled trials varied in
their parameters and location of the stimulator,
which increased the risk of bias in the study.
Second, as the duration of the follow-up ranged
from 1 to 16 weeks, the long-term effects of neuro-
muscular electrical stimulation could not be discerned.
Lastly, the results of the quality assessment revealed
that there was potential bias in the included rando-
mized controlled trials. However, this meta-analysis
also had several strengths. A comprehensive search
in several major databases was performed using rigor-
ous criteria. In addition, our review was restricted to a
high standard of evidence, as only randomized con-
trolled trials were included. Moreover, our results
not only indicated favorable outcomes of neuromuscu-
lar electrical stimulation but also showed large effect
sizes for these positive effects, namely in improved
Gross Motor Function Measure D and E scores.

In conclusion, our meta-analysis indicates that
neuromuscular electrical stimulation results in clin-
ically meaningful improvement in mobility in chil-
dren with spastic cerebral palsy, particularly in
standing, running and jumping function.
Neuromuscular electrical stimulation is beneficial
and safe for children with spastic cerebral palsy.
However, the long-term effects of neuromuscular
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electrical stimulation on the mobility could not be
discerned from this meta-analysis. The presence
of some bias in outcome measurement reduced
the current level of evidence. Additional studies
with high methodological quality and long-term
follow-up should be conducted.

Clinical messages

e Neuromuscular electrical  stimulation
results in clinically meaningful improve-
ments in mobility in children with spastic
cerebral palsy, particularly in standing,
running and jumping function.

e Neuromuscular electrical stimulation of the
legs is safe for children with spastic cere-
bral palsy.

e The evidence is insufficient to support the
long-term benefits of neuromuscular elec-
trical stimulation, and the ideal location
and parameters of stimulation remain
unclear.
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