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Abstract
Objectives: To pool and rank the efficacy of various stimulation therapies,
including repetitive peripheral magnetic stimulation (rPMS), neuromuscular
electrical stimulation (NMES), functional electrical stimulation (FES), transcra-
nial magnetic stimulation (TMS), and combinations of these interventions on
upper extremity function, activities of daily living (ADL), and spasticity after
stroke relative to sham/conventional rehabilitation.
Literature Survey: MEDLINE, Scopus, Physiotherapy Evidence Database,
Cochrane Central Register of Controlled Clinical Trials, and Google Scholar
were searched from inception to July 2022.
Methodology: Randomized controlled trials comparing any of the interventions
mentioned above (rPMS, NMES, FES, TMS, NMES+rPMS, NMES+TMS, FES
+TMS, and conventional rehabilitation) on upper extremity function, ADL, or
spasticity from five databases were systematically reviewed and collected.
Two-stage network meta-analysis was applied.
Synthesis: Thirty-four studies involving 1476 patients reporting upper extrem-
ity function with the Fugl-Meyer Assessment were pooled. NMES combined
with rPMS, NMES, NMES combined with TMS, TMS, and FES showed signifi-
cantly higher improvement than conventional rehabilitation, with pooled mean
differences (95% confidence intervals) of 14.69 (9.94–19.45), 9.09 (6.01–
12.18), 6.10 (2.51–9.69), 4.07 (0.33–7.81), and 3.61 (0.14–7.07) respectively.
NMES combined with rPMS had the highest probability for improving upper
extremity function. NMES plus TMS had the highest probability for improving
ADL, but none of the interventions showed significant differences in spasticity.
Conclusions: NMES plus rPMS might be the best intervention to improve
upper extremity functions, with NMES plus TMS most likely to lead to improved
ADL but the quality of the evidence is low.

INTRODUCTION

Rehabilitation is pivotal for the recuperation of patients after
stroke,1 of whom approximately 25% to 50% are partially or
totally dependent to undertake daily life activities,2

especially given deficits in upper extremity motor function.3

Currently, various neurorehabilitation interventions have
been incorporated into standard rehabilitation practices to
enhance neuroplasticity and aid in the recovery of upper
extremity function in post-stroke patients. These
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interventions include neuromuscular electrical stimulation
(NMES), functional electrical stimulation (FES), transcranial
magnetic stimulation (TMS), and repetitive peripheral mag-
netic stimulation (rPMS). TMS is subject to several side
effects, such as headache, discomfort,4,5 and unintentional
seizures,4 and electrical stimulation (ES) may cause skin
irritation and burns.6 Recently, rPMS has grown in popular-
ity given the limitations and side effects associated with ES
and TMS. rPMS is a noninvasive method of delivering a
rapidly pulsed, high-intensity magnetic field to the extremi-
ties. In poststroke rehabilitation, rPMS aims to improve
motor function and neuromodulation inmovement.

Several previous systematic reviews and pairwise
meta-analyses have been conducted,7,8 but there was a
dearth of evidence for the use of rPMS in patients after
stroke. More recent studies9–12 have suggested that rPMS
may improve upper extremity function, leading to a better
recovery than TMS in patients after stroke. To our knowl-
edge, there has not been a previous network meta-analysis
comparing the efficacy of single or multiple interventions,
including rPMS, TMS, or ES, relative to each other or
sham/conventional rehabilitation for improving upper
extremity function in poststroke patients. Therefore, this net-
workmeta-analysis was conductedwith the following objec-
tives: first, to pool and rank the efficacy of various
stimulation therapies on upper extremity function relative to
conventional rehabilitation; and second, to pool and rank
the efficacy of the aforementioned interventions on activities
of daily living (ADL) and spasticity in poststroke patients.

METHODS

This systematic review and network meta-analysis was
undertaken and reported according to the Preferred
Reporting Items for Systematic Reviews and
Meta-analysis (PRISMA) extension for network meta-
analysis.13 Its protocol was prospectively registered in
International Prospective Register of Systematic
Reviews (CRD42022351051).

Search strategy

We searched electronic databases, including MEDLINE
via PubMed, Scopus, the Physiotherapy Evidence Data-
base, and the Cochrane Central Register of Controlled
Clinical Trials, from their inception to July 2022. The search
terms were constructed based on relevant concepts as fol-
lows: (1) patients—stroke; (2) interventions/comparators—
rPMS, TMS, NMES, FES; (3) outcomes— upper extremity
function, ADL, spasticity; and (4) study type—randomized
controlled trial (RCT), as shown in Appendix 1 in Data S1.

Selection of studies

RCTs were considered eligible based on the following
inclusion criteria: (1) conducted in adult patients aged

18 years or older with a poststroke condition or any
patients with neurological disorder >50% attributable to
stroke; (2) compared any regimen of interventions (ie,
rPMS, TMS, ES, or their combinations) with any control
intervention (ie, sham procedure, placebo, conventional
rehabilitation, or a combination thereof); and (3) asse-
ssed at least one of the following outcomes: upper
extremity functions, ADL, and spasticity.

Studies were excluded if they had insufficient data for
pooling or were published in languages that reviewers
could not translate.

Interventions

The interventions included rPMS, TMS, and ES, or
combinations thereof. rPMS was applied to the paretic
upper limb using any regimen. The intensity was at
least minimal muscle contraction with a frequency of 1–
50 Hz and a duration of 1 minute. TMS was applied
through the affected or unaffected cerebral hemisphere
with an intensity of at least 50% of the motor threshold,
focusing on upper extremity muscles and a frequency
of 1–50 Hz. Two types of ES were considered: NMES
used electrical current to produce minimal contraction
of paretic muscles whereas FES used electrical stimu-
lation during voluntary movement for functional
purposes.

Outcomes of interest

The primary outcome of interest was the upper extrem-
ity function after receiving the intervention. The mea-
surement time was categorized as short term (at the
end of the course of intervention) and long term (1–3
months after the course of intervention). Most studies
used the Fugl-Meyer Assessment14 (FMA), which mea-
sures the upper extremity’s voluntary movement, reflex
activity, grasp, and coordination. The total score ranges
from 0 to 66 points; with higher score indicating better
upper extremity performance.

The secondary outcomes of interest included ADL
and spasticity. For ADL, most studies used the Barthel
Index (BI)15 which ranges from 0 to 100 points, with a
higher score indicative of more independence in ADL.
The BI measures independence for 10 items of daily
activities (feeding, moving from a wheelchair to bed
and returning, using the toilet, getting on and off the toi-
let, bathing oneself, walking on a level surface, ascend-
ing and descending stairs, dressing, and controlling
bowels and bladder). Each item is categorized to three
options: unable to perform the task (score = 0), need-
ing assistance (score = 0, 5, or 10 according to the
item), and being fully independent (score = 5, 10, or
15 according to the item). For spasticity, the Modified
Ashworth Scale (MAS)16 was used. MAS can range
from 0 (no increase in muscle tone), 1 (slight increase
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in muscle tone, manifested by catch and release), 1+
(slight increase in muscle tone, manifested by catch,
followed by minimal resistance), 2 (more marked
increase in muscle tone through most of the range of
motion), 3 (considerable increase in muscle tone, pas-
sive movement difficult), and 4 (affected part rigid in
flexion or extension). A higher score reflects more
spasticity.

Data extraction and risk of bias
assessment

Data extraction was performed by two reviewers (A.K.,
M.S.) and covered six domains: general information,
study characteristics, participant characteristics, interven-
tions, outcomes, and data for pooling, see details in
Appendices 2 and 3 in Data S1. The quality of the stud-
ies was also independently assessed by the same
reviewers using the Revised Cochrane Risk-of-Bias Tool
for Randomized Trials (RoB 2.0).17 Five domains were
assessed including randomization process, protocol devi-
ations, missing outcome data, measurement of the out-
come, and selection of the reported results. Each study
was judged as low risk, high risk, or having some con-
cerns. Any disagreements between reviewers were
resolved by consensus (A.K., M.S., K.T., P.N., and A.T.).

Statistical analysis

Pairwise meta-analysis was performed on each inter-
vention pair that was present in at least three studies.
The unstandardized mean difference (USMD) from
each study was estimated and pooled across the stud-
ies using a random-effects model if heterogeneity was
present, otherwise a fixed-effect model was used.
Cochrane’s Q test and the I2 statistic were used for
assessing heterogeneity. Heterogeneity was consid-
ered present if the p value of Cochrane’s Q test <.1 or
I2 ≥ 25%. Covariables were explored as a source of
heterogeneity by fitting each covariable in a meta-
regression model; if a covariate reduced τ2 (tau
squared) by at least 50%, subgroup analysis on that
covariable was performed.

Network meta-analysis with the consistency model
was performed using a two-stage approach as follows.
First, USMDs and their variance–covariance were esti-
mated for each study using the sham procedure/
conventional rehabilitation as the reference group. Sec-
ond, multivariate random-effects meta-analysis was
applied to pool USMDs across the studies. The transitiv-
ity assumption was checked by reviewing characteristics
of the studies. The consistency assumption was
checked using the design-by-treatment interaction incon-
sistency model.18,19 Inconsistency was considered

present when the p value of the global test was <.05.20 If
this assumption was violated, a loop-specific approach
was applied to identify a specific loop of network meta-
analysis that caused inconsistency.21 Characteristics
of the studies within the loop were explored and sen-
sitivity analysis performed by excluding studies with
different characteristics to achieve global consis-
tency; if not achieved, the inconsistency model with
design-by-treatment interaction, which adjusted the
effects of the treatments from different study designs,
was used to estimate the relative treatment effects.
The surface under the cumulative ranking curves
(SUCRA) was used to rank the best treatment with
highest upper extremity functions or ADL score, and
lowest spasticity score. Subgroup analysis was per-
formed according to duration of stroke (acute-
subacute vs. chronic stroke) and stroke severity (low
vs. high baseline functional FMA) in the outcomes
with sufficient data. Publication bias was assessed
using a comparison-adjusted funnel plot and Egger’s
test. All analyses were conducted using Stata version
17.0 (StataCorp. 2022. Stata Statistical Software:
Release 17. StataCorp LLC, College Station, TX).

The confidence in the network meta-analysis find-
ings was assessed using the web application Confi-
dence in Network Meta-Analysis (CINeMA). Six
domains were considered based on the Grading of
Recommendations Assessment, Development, and
Evaluation (GRADE) approach, that is, within-study
bias, reporting bias, indirectness, imprecision, hetero-
geneity, and incoherence.22,23

First, within-study bias refers to bias in a study’s
design or conducting study that can systematically dis-
tort the estimated relative treatment effect, causing it to
deviate from the true effect. This bias could be assessed
using the RoB tool as mentioned. Second, reporting bias
occurs when there is a systematic omission or distortion
of study results, often due to publication bias (omitting
non-significant or “negative” studies), time-lag bias
(delaying publication of studies with unfavorable results),
or outcome reporting bias (excluding unfavorable results
from study reports). Third, the indirectness refers to the
degree to which the included studies directly address
the research question. This can arise when the study
populations, interventions, outcomes, or study settings
are not representative of the settings, populations, or
outcomes for which inferences are being drawn. For
example, we downgraded studies that included neuro-
logical patients rather than solely stroke patients. Fourth,
imprecision of the effect size is assessed based on the
equivalence zone. An estimate is considered imprecise
if lower and upper limits of the 95% confidence interval
(CI) fall outside the equivalence zone from no benefit to
risk effect, and the other limit exceeds the equivalence
zone; or both limits fall within the range of no benefit to
risk. Fifth, heterogeneity, measured by tau,2 reflects the
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variation in effect sizes across included studies. This
variation is accounted for when calculating the prediction
interval. Heterogeneity is significant if the prediction
interval includes values that lead to different conclusions
compared to those drawn from the 95% CI alone. Sixth,
incoherence is the disagreement of effect sizes

estimated from direct and indirect comparisons. Each
domain was graded as no concern, some concern, and
major concern. Finally, each comparison was summa-
rized across domains and graded level of confidence of
the GRADE approach as very low, low, moderate, and
high.22,23

Records identified from*:

PubMed (N = 946)

Scopus (N = 907)

CENTRAL (N = 1007)

PEDro (N = 245)

Records screened

(N = 1763)

Records identified from:

Google Scholar (N = 333)

Records screened

(N = 130)

Records excluded**

(N = 1689)

Nonhuman (N = 1)

Not patient of interest (N = 321)

Not intervention of interest (N = 1106)

Not outcome of interest (N = 147)

Not RCT

- Letter to editor (N = 1)

- Case series/ case report (N = 3)

- Observational (N = 3)

- Quasi (N = 15)

- Review (N = 11)

- SR (N = 8)

- SRMA (N = 15)

Published protocol (N = 29)

- Ongoing (N = 23)

- Unfinished (N = 4)

- Duplicated with publish (N = 2)

Reports assessed for retrieval

(N = 74)

Records removed before
screening:

Duplicate records removed

(N = 1412)

Records removed before
screening:

Duplicate records with

PubMed, Scopus, PEDro

and CENTRAL (N = 203)

Identification of studies via databases and registers Identification of studies via other methods

Records excluded**

(N = 123)

Nonhuman (N = 2)

Not patient of interest (N = 81)

Not intervention of interest (N = 8)

Not outcome of interest (N = 14)

Not RCT

- Letter to editor (N = 2)

- Case series/ case report (N = 4)

- Quasi (N = 3)

- Review (N = 8)

Published protocol (ongoing) 

(N = 1)

Reports assessed for retrieval

(N = 7)

Reports assessed for retrieval (N = 81)

Eligible reports (N = 62)

Cannot assess full text (N = 7)

Conference proceeding (N = 2)

Not enough information (N = 10) 

Upper extremity function (N = 56) ADL (N = 28) Spasticity (N = 16)

Reported with FMA (N = 36)

- NMES vs. Rehab (N = 4)

- FES vs. Rehab (N = 5)

- TMS vs. Rehab (N = 17)

- rPMS vs. Rehab (N = 2)

- NMES vs. FES (N = 1)

- TMS vs. rPMS (N = 1)

- FES vs. TMS vs. Rehab (N = 1)

- NMES+TMS vs. NMES (N = 1)

- NMES+TMS vs. TMS vs. Rehab (N = 1)

- NMES+rPMS vs. NMES (N = 1)

- FES+TMS vs. FES (N = 1)

- NMES+TMS vs. NMES vs. TMS vs Rehab

(N = 1)

Reported with BI (N = 12)

- NMES vs. Rehab (N = 3)

- FES vs. Rehab (N = 1)

- TMS vs. Rehab (N = 3)

- rPMS vs. Rehab (N = 1)

- TMS vs. rPMS (N = 1)

- FES vs. TMS vs. Rehab (N = 1)

- NMES+rPMS vs. NMES (N = 1)

- NMES+TMS vs. TMS vs. Rehab

(N = 1)

- NMES vs. Rehab (N = 3)

- FES vs. Rehab (N = 3)

- TMS vs. Rehab (N = 6)

- rPMS vs. Rehab (N = 1)

- NMES+TMS vs. TMS vs. Rehab (N = 1)

- NMES+TMS vs. NMES vs. TMS vs.

Rehab (N = 1)

Reported with MAS (N = 15)

F I GURE 1 Preferred reporting items for systematic reviews and meta-analysis (PRISMA) flow diagram of study selection. ADL, activities of
daily living; BI, Barthel Index; CENTRAL, Cochrane Central Register of Controlled Clinical Trials; FES, functional electrical stimulation; FMA,
Fugl-Meyer Assessment; MAS, Modified Ashworth Scale; NMES, neuromuscular electrical stimulation; PEDro, Physiotherapy Evidence
Database; RCT, randomized controlled trial; Rehab, conventional rehabilitation; rPMS, repetitive electrical magnetic stimulation; SR, systematic
review; SRMA, systematic review and meta-analysis; TMS, transcranial magnetic stimulation.
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RESULTS

Characteristics of included studies

Of 2096 identified studies, 81 full papers were screened,
leaving 62 eligible and included in this review. Reasons
for exclusions are shown in the PRISMA flow chart
(Figure 1). Characteristics of the eligible studies are sum-
marized in Table 1. There were five single interventions
(ie, NMES, FES, TMS, rPMS, and conventional rehabilita-
tion) and three combination interventions (ie, NMES
+TMS, NMES+rPMS, and FES + TMS); see more
details in Table 1 and Appendix 4 in Data S1. Percentage
of males ranged from 3.6 to 93.8, and mean age from
45.5 to 74.5 years. Most studies (98%) included patients
with ischemic stroke as the majority of their participants.
The percentage of right hemiparesis with left dominant
hemisphere lesion ranged from 26.7 to 77.8.

Risk of bias

For the overall risk of bias, 41 studies (66.1%) were
judged to have some concerns, primarily related to bias
in the randomization process, whereas 10 studies
(16.1%) were judged to have a low risk of bias and
11 (17.7%) studies were judged to have high risk of
bias in the randomization process; see Appendix 5 in
Data S1.

Upper extremity function

Thirty-four studies9–11,24–54 reported FMA at the end
of the intervention course, and another 10
studies25,30,35,36,40,44,49,54–56 reported FMA at 1–3
months post intervention. Pairwise meta-analysis was
performed on three comparisons with FMA measured

at the end of intervention course from at least three
studies, that is, NMES (N = 5), FES (N = 6), and TMS
(N = 19) versus conventional rehabilitation. NMES,
FES, and TMS significantly improved FMA compared
with conventional rehabilitation with USMDs of 7.28
(95% CI, 2.68–11.88), 5.37 (95% CI, 1.25–9.49), and
2.97 (95% CI, 0.30–5.64), respectively, with moderate
to high heterogeneity detected (Appendix 6 in
Data S1). The source of heterogeneity was explored
identifying baseline FMA, duration of intervention, TMS
type, and side of lesion as potential causes; see details
in Appendix 6 in Data S1. TMS significantly improved
FMA during the 1–3-month follow-up period when com-
pared to conventional rehabilitation, with an USMD of
3.55 (95% CI, 1.04–6.95; I2 = 16.23%).

Data from 34 studies involving 1476 patients were
included in a network meta-analysis using the inconsis-
tency model. The consistency assumption checking is
detailed in Appendix 8 in Data S1. For the FMA out-
come measured at the end of intervention course
(N = 34), the network meta-analysis map consisted of
eight interventions (ie, NMES, FES, TMS, rPMS,
NMES+TMS, NMES+rPMS, FES+TMS, and conven-
tional rehabilitation) with 13 pairwise comparisons, see
Figure 2A. Five interventions, that is, NMES+rPMS,
NMES, NMES+TMS, TMS, and FES, showed signifi-
cantly improved FMA when compared to conven-
tional rehabilitation, with USMDs of 14.69 (95% CI,
9.94–19.45), 9.09 (95% CI, 6.01–12.18), 6.10 (95%
CI, 2.51–9.69), 4.07 (95% CI, 0.33–7.81), and 3.61
(95% CI, 0.14–7.07), respectively; see Table 2. The
interventions with the top four ranked by SUCRA for
increasing FMA were NMES+rPMS (SUCRA = 99.8),
NMES (81.9), NMES+TMS (63.1), and TMS (43.5),
respectively; see Table 2 and Figure 3A.

Subgroup analyses were performed by stroke sub-
types (see Appendix 7A–E in Data S1) and TMS
frequency low (≤1 Hz) and high (≥5 Hz) (see

F I GURE 2 Network maps of the (A) Fugl-Meyer Assessment, (B) Barthel Index, and (C) Modified Ashworth Scale outcomes assessed at the
end of intervention course, with nodes and edges weighted by the number of studies and included patients, respectively. FES, functional
electrical stimulation; NMES, neuromuscular electrical stimulation; rPMS, repetitive electrical magnetic stimulation; TMS, transcranial magnetic
stimulation.
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Appendix 7A,F–G in Data S1). For stroke subtypes,
NMES+rPMS was top rank in improving FMA scores
in acute/subacute and severe stroke (baseline
FMA < 25) with USMDs of 11.93 (95% CI, 8.27–15.59)
and 14.63 (95% CI, 8.87–20.40), respectively
(Appendix 7B,D in Data S1). In chronic stroke,
NMES was ranked first with a significant USMD of
12.00 (95% CI, 8.22–15.77) relative to conventional
rehabilitation, whereas none of the interventions sig-
nificantly improved FMA in the subgroup with less
severe stroke (baseline FMA ≥25); see
Appendix 7C,E in Data S1. High-frequency TMS
(≥5 Hz) showed a trend toward greater FMA
improvement than low-frequency TMS (≤1 Hz), with
USMDs of 10.6 (95% CI, 4.7–16.5) and 4.07 (95%
CI, �1.12 to 9.26), respectively (Appendix 7F,G in
Data S1).

The CINeMA framework assigned very low to low
confidence ratings to all pairwise comparisons. This was
primarily due to incoherence major concerns and some
additional concerns regarding within-study bias, impreci-
sion, and heterogeneity (Appendix 9 in Data S1).

Activities of daily living

Twelve studies9,10,32,39,41,52,53,57–61 reported BI at the
end of intervention course. Two comparisons were
available for pairwise meta-analysis: NMES and TMS
versus conventional rehabilitation. Only TMS showed
significantly improved BI compared to conventional
rehabilitation, with an USMD of 7.94 (95% CI,
0.44–15.44; I2 = 79.11%), see Appendix 6 in Data S1.

Data from 12 RCTs involving 503 patients were
pooled applying network meta-analysis with an inconsis-
tency model, which included nine pairwise comparisons
among seven interventions, as shown in Figure 2B. The
consistency assumption checking is detailed in Appen-
dix 8 in Data S1. BI showed significant improvement in
three interventions relative to conventional rehabilitation,
that is, NMES+TMS, TMS, and FES, with USMDs of
30.89 (95% CI, 5.18–56.62), 12.25 (95% CI, 6.01–
18.49), and 8.34 (95% CI, 2.37–14.31), respectively, see
Table 3. In the ranking by SUCRA, the top four interven-
tions were NMES+TMS (SUCRA = 96.2), TMS (80.8),
FES (66.0), and NMES+rPMS (50.6), respectively, as
shown in Table 3 and Figure 3B.

Sensitivity analysis in the subgroup of studies with
acute/subacute stroke showed that NMES+TMS was
also in the top rank, with an USMD of 30.9 (95% CI,
5.17–56.62) relative to conventional rehabilitation.
rPMS and TMS came in the second and third ranks in
improving BI, with significant USMDs of 21.65 (95% CI,
7.17–36.11) and 12.24 (95% CI, 6.01–18.47), respec-
tively, see Appendix 10A,B in Data S1.

The major confidence rating of each pairwise com-
parison assessed with the CINeMA framework wasT
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very low due to major concerns predominantly in the
incoherence domain and some concerns in the within-
study bias, imprecision, and heterogeneity domains,
see Appendix 9 in Data S1.

Spasticity

Fifteen studies24,26,28,30,31,42,51,52,59,60,62–66 reported
MAS at the end of the intervention course, and three
studies30,63,64 reported at 1–3 months thereafter.

Pairwise meta-analysis was performed on the end-
of-intervention MAS in three comparisons, that is, NMES,
FES, and TMS versus conventional rehabilitation; only
the TMS versus conventional rehabilitation comparison
was able to be performed on the 1–3-month

postintervention MAS. The pooled USMDs were nonsig-
nificant in all comparisons, see Appendix 6 in Data S1.

Fifteen studies involving 683 patients assessed with
MAS at the end of intervention course were pooled by
applying a consistency network meta-analysis model,
including eight pairwise comparisons among six inter-
ventions; see Figure 2. All interventions showed no
significant differences in spasticity compared to
conventional rehabilitation, as shown in Table 4. All
subgroup analyses also showed no significant differ-
ences; see Appendix 11A–D in Data S1.

The overall confidence rating was low to very low
due to major concerns predominantly in the imprecision
domain and some concerns mainly in the within-study
bias, imprecision, and heterogeneity domains, see
Appendix 9 in Data S1.

F I GURE 3 Ranking curves showing the probability of being the best intervention in terms of the (A) Fugl-Mayer Assessment, (B) Barthel
index, and (C) Modified Ashworth Scale outcomes at the end of intervention. FES, functional electrical stimulation; NMES, neuromuscular
electrical stimulation; rPMS, repetitive electrical magnetic stimulation; TMS, transcranial magnetic stimulation.
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Publication bias

The comparison-adjusted funnel plots for all outcomes
are shown in Appendix 12 in Data S1. The comparison-
adjusted funnel plot was considered asymmetric for all
outcomes. This might be caused by heterogeneity in
the TMS versus conventional rehabilitation comparison
in all three outcomes and NMES versus conventional
rehabilitation comparisons in the FMA and MAS
outcomes.

DISCUSSION

Multiple interventions are currently applied for post-
stroke rehabilitation to improve upper extremity func-
tions, ADL, and spasticity. For the upper extremity
outcome, our pairwise meta-analysis showed benefit of
NMES, FES, and TMS when compared to conventional
rehabilitation. Our results support the previous system-
atic reviews and meta-analyses, which found these
interventions (NMES,67,68 FES,69 and TMS70–75) could
improve upper extremity functions in patients after
stroke. Although there were insufficient data to draw
conclusions on the use of single intervention rPMS,
rPMS combined with NMES may be the best interven-
tion for improving FMA, especially in acute/subacute
stroke and in patients with severe stroke with low base-
line FMA. This suggests timely rehabilitation influences
the benefit of intervention in acute/subacute stroke
patients, compared to chronic stroke patients.76 In addi-
tion, high-frequency TMS (≥5 Hz) trended toward greater
FMA improvement than low-frequency (≤1 Hz).

Nevertheless, rPMS machines are quite expensive
and may not be available in small hospitals. NMES is a
less expensive intervention than rPMS and was ranked
second, which could improve upper extremity function.
A rPMS or TMS machine can cost US $15,000–75,000,
whereas the cost of a NMES or FES machine is
approximately $100–3500. Furthermore, an interesting
finding from our results is that NMES alone was more
efficacious than NMES+TMS in improving FMA; this
may be due to the varied types of TMS used. Hiragami
et al.77 reported that a score change in FMA of 12.4
points was clinically meaningful in stroke patients. Our
results found that only the patients who received NMES
+rPMS reached this minimal clinically important
difference.

For the ADL outcome, our pairwise meta-analysis
showed benefits for TMS relative to conventional reha-
bilitation, which was similar to the findings from a previ-
ous systematic review and meta-analysis.72 However,
our results showed no benefit from NMES in improving
ADL, contrary to a recent systematic review and meta-
analysis.78 The difference may be due to discrepancies
in the number of studies and method of calculation. In
our review, we used the USMD of BI, but the previous

review78 used the SMDs of many scores. Findings from
network meta-analysis indicated that NMES+TMS
might be the best combined intervention, whereas TMS
was the best single intervention. The subgroup analysis
in acute/subacute stroke patients also showed that
NMES+TMS was the best combined intervention, but
the best single intervention was rPMS. Thus, rPMS
may be beneficial in the acute/subacute stroke group.
rPMS can recruit peripheral afferents, potentially
influencing cerebral activation and neuroplasticity that
may help improve motor control in stroke patients.79,80

For the spasticity outcome, neither pairwise meta-
analysis nor network meta-analysis showed benefit
from the use of NMES, FES, and TMS when com-
pared to conventional rehabilitation, a finding similar
to those from previous systematic reviews and meta-
analyses.81,82 Although rPMS was the first-ranked
intervention in the network meta-analysis, it was not
significantly different compared to other interven-
tions. Therefore, the treatment of choice for spasticity
may be oral or injectable antispasticity drugs.83

The treatment rankings from network meta-analysis
of the upper extremity functions and ADL outcomes
were different in that the top-ranked intervention was
NMES+rPMS for FMA but NMES+TMS for BI. FMA is
a clinician-reported measurement, but BI is patient
reported. Therefore, the results from FMA may be more
objective. To explore the discrepancy between these
measures in the same patients, a sensitivity analysis
was attempted by performing network meta-analysis of
only the studies that reported both outcomes, but
NMES+rPMS and NMES+TMS fell into two discon-
nected loops in the network meta-analysis. Therefore,
we could not assess the comparability between the
results of both outcomes. However, the results of a
pairwise comparison between NMES+rPMS and
NMES based on a single study10 showed the same
direction of greater improvement in both FMA and BI in
the NMES+rPMS group than the NMES group. Thus,
NMES+rPMS may have benefits in improving not only
upper extremity functions but also ADL.

Strengths and limitations

This study is the first systematic review and network
meta-analysis to evaluate the effects of rPMS along
with other interventions used in poststroke rehabilita-
tion. However, it has some limitations. First, the number
of studies for some comparisons, particularly those
involving rPMS, was limited, potentially impacting the
precision of the estimated treatment effects. Therefore,
studies were included only if >50% of participants were
stroke patients. To assess the robustness of our find-
ings, a sensitivity analysis was conducted by excluding
two studies with assorted patient types: El Nahas
et al.62 (64% stroke patients, 36% limb spasticity) and
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Krewer et al.41 (95% stroke patients, 5% traumatic
brain injury). This exclusion did not alter the interven-
tion ranking, see Appendix 13 in Data S1.

Because the typical indications of rPMS are muscu-
loskeletal and neurogenic pain,84 treatment with rPMS
is currently new in patients after stroke and not widely
used. More high-quality RCTs are needed to confirm
the effects of rPMS in poststroke patients. We also
found non-RCTs12,85 that were ineligible in our system-
atic review and network meta-analysis but which sug-
gested that adding rPMS to conventional rehabilitation
had a beneficial effect on upper extremity function.
Moreover, we found an ongoing RCT86 of rPMS on
upper extremity function that could be added to the
meta-analysis in the future. Second, consistency in
some network meta-analysis models could not be
achieved by removing studies with characteristics dis-
similar to the others included; inconsistency models
were applied instead. Lastly, there was evidence of
publication bias in the comparison of NMES versus
conventional rehabilitation on the spasticity outcome;
readers should interpret or apply these results with
caution.

CONCLUSION

Network meta-analysis suggests that NMES combined
with rPMS may be the most effective intervention for
improving upper extremity function after stroke,
although few studies have investigated this combina-
tion. NMES alone may be a cost-effective alternative,
and NMES plus TMS may offer the greatest improve-
ments in ADL. However, evidence supporting the effi-
cacy of these interventions in reducing spasticity is
insufficient. The low certainty of these conclusions, due
to inconsistencies in the network meta-analysis, neces-
sitates further well-designed RCTs.
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