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Background

Neuromuscular electrical stimulation (NMES) is widely used in the rehabilitation of knee
osteoarthritis (KOA) to improve quadriceps activation and counteract arthrogenic muscle
inhibition. However, randomized controlled trials (RCTs) have reported inconsistent
findings, and the overall clinical effectiveness of NMES across key patient outcomes
remains uncertain.

Objective

To evaluate the effects of NMES, administered alone or in combination with exercise, on
pain, self-reported disability, quadriceps muscle strength, and functional performance in
adults with KOA, and to explore whether treatment effects differ according to comparator
intervention.

Methods

A systematic review and meta-analysis of RCTs was conducted according to PRISMA
2020. PubMed/MEDLINE, Embase, Scopus, Web of Science, and CENTRAL were searched
from inception to April 20, 2026. Random-effects meta-analyses were performed using
restricted maximum likelihood estimation. Prespecified subgroup and sensitivity analyses
were undertaken, and risk of bias was assessed using the Cochrane RoB 2 tool.

Results

Eight unique RCTs (10 publications) were included. Overall, NMES did not significantly
improve pain, self-reported disability, quadriceps strength, or six-minute walk distance
compared with pooled comparator interventions. A significant improvement was
observed for Timed Up and Go performance, although this estimate was largely driven by
a single trial. Prespecified subgroup analyses demonstrated that treatment effects
differed according to comparator intervention. NMES combined with exercise resulted in
greater pain reduction than exercise alone, whereas no consistent advantage was
observed when NMES was compared with alternative conservative interventions. Most
trials were judged to have low risk of bias or some concerns.

Conclusions

NMES does not appear to provide consistent clinical benefits across all rehabilitation
settings for KOA. Rather, its effectiveness depends on the therapeutic context in which it
is delivered, with the greatest benefit observed when used as an adjunct to structured
exercise rather than as a stand-alone intervention. Larger, methodologically rigorous
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RCTs using standardized stimulation protocols are required to define the patients most

likely to benefit.

1. INTRODUCTION

Knee osteoarthritis (KOA) is one of the leading causes of
chronic musculoskeletal pain and disability worldwide, and
its burden continues to increase with population ageing
and the growing prevalence of obesity.! Estimates from
the Global Burden of Disease study indicate that hip and
knee osteoarthritis rank among the fastest-growing causes
of years lived with disability, reflecting both demographic
shifts and the increasing contribution of metabolic risk fac-
tors.2 Obesity contributes to the development and progres-
sion of KOA through a combination of excessive mechanical
loading and chronic low-grade inflammation, accelerating
cartilage degeneration and functional decline.3 Beyond
pain, KOA substantially limits mobility, impairs activities of
daily living, reduces quality of life, and places a consider-
able burden on healthcare systems. Because disease-mod-
ifying pharmacological therapies remain unavailable and
total knee arthroplasty is generally reserved for advanced
disease, conservative management remains a cornerstone
of first-line treatment and is consistently recommended by
contemporary international clinical practice guidelines.*

Quadriceps muscle weakness is a characteristic feature
of KOA and is strongly associated with pain severity, func-
tional limitation, and structural disease progression.> This
weakness is not solely the result of muscle atrophy. Persis-
tent nociceptive input arising from the affected joint pro-
duces arthrogenic muscle inhibition (AMI), a reflex-me-
diated reduction in voluntary quadriceps activation that
limits force generation even when muscle mass is relatively
preserved.® Consequently, patients frequently develop im-
paired neuromuscular control, reduced physical perfor-
mance, and a progressive cycle of pain, inactivity, and fur-
ther muscle weakness. Because AMI can reduce the
effectiveness of voluntary strengthening exercises, thera-
peutic strategies that improve muscle activation despite
impaired voluntary drive are of clinical interest.

Neuromuscular electrical stimulation (NMES) produces
involuntary muscle contraction through transcutaneous
electrical activation of motor nerves and may partially
overcome deficits in voluntary muscle activation associated
with AML7 Unlike voluntary exercise, NMES activates mo-
tor units through externally applied electrical stimulation,
providing an alternative mechanism for strengthening
weakened musculature. Experimental and clinical evidence
has demonstrated that NMES is capable of improving
quadriceps muscle performance, particularly in individuals
who cannot achieve sufficient voluntary muscle activation.8
In clinical practice, NMES is most commonly applied as an
adjunct to therapeutic exercise rather than as a replace-
ment for conventional rehabilitation, with the goal of en-
hancing muscle strength, improving neuromuscular func-
tion, reducing pain, and facilitating recovery of physical
performance.’

Despite this physiological rationale, randomized con-
trolled trials evaluating NMES in individuals with KOA have

reported inconsistent findings. Considerable variation ex-
ists in stimulation parameters, including waveform charac-
teristics, pulse frequency, pulse duration, stimulation in-
tensity, treatment duration, and overall intervention dose.
Comparator interventions have also differed substantially
across studies, ranging from exercise therapy and usual
care to sham stimulation and other physical modalities. In
addition, outcomes have been assessed using diverse pa-
tient-reported and performance-based measures, including
pain intensity, self-reported disability, quadriceps strength,
walking capacity, and objective functional performance.
These methodological differences have contributed to con-
flicting estimates regarding the magnitude of benefit across
the outcomes that are most relevant to patients and clini-
cians.

Previous systematic reviews have synthesized portions
of the available evidence; however, important limitations
remain. Earlier reviews were conducted before the publi-
cation of several recent randomized controlled trials and
therefore do not reflect the current evidence base.l0 Re-
views have also differed in their scope, with some focusing
primarily on muscle strength while others combined het-
erogeneous electrotherapeutic interventions or provided
only limited evaluation of functional performance out-
comes.!! Furthermore, differences in comparator interven-
tions and methodological quality have not been compre-
hensively explored, making it difficult to determine the
overall clinical effectiveness of NMES across the principal
outcomes of pain, disability, quadriceps strength, and func-
tional performance.

An updated systematic review and meta-analysis is
therefore warranted to incorporate recently published ran-
domized controlled trials and provide a contemporary syn-
thesis of the available evidence. The aim of this systematic
review and meta-analysis was to evaluate the effectiveness
of neuromuscular electrical stimulation, administered
alone or in combination with therapeutic exercise, on pain,
self-reported disability, quadriceps muscle strength, and
functional performance in adults with knee osteoarthritis.

2. METHODS

2.1. STUDY DESIGN AND REPORTING STANDARDS

This systematic review and meta-analysis evaluated the ef-
fectiveness of neuromuscular electrical stimulation
(NMES), applied alone or in combination with exercise, for
improving pain, self-reported disability, quadriceps muscle
strength, and functional performance in adults with knee
osteoarthritis. The review was conducted and reported in
accordance with the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA 2020) statement.
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2.2. ELIGIBILITY CRITERIA

Study eligibility was determined according to the PICOS
framework. The population comprised adults with clinically
and/or radiographically diagnosed knee osteoarthritis. Eli-
gible interventions included NMES administered either as a
stand-alone intervention or in combination with exercise or
other conservative rehabilitation approaches. Comparators
included exercise therapy, sham stimulation, usual care, or
other conservative rehabilitation interventions.

The primary outcomes were pain intensity, self-reported
disability, quadriceps muscle strength, and objective func-
tional performance, assessed with validated outcome mea-
sures including the Visual Analogue Scale, the Western On-
tario and McMaster Universities Osteoarthritis Index
(WOMAC), quadriceps strength assessments, the Timed Up
and Go (TUG) test, and the Six-Minute Walk Test (6MWT).

Only randomized controlled trials (RCTs) published as
full-text articles in English were eligible. Observational and
quasi-experimental studies, case reports, conference ab-
stracts without extractable data, reviews, study protocols,
animal studies, and duplicate publications were excluded.
Where multiple publications originated from the same ran-
domized trial, they were treated as a single study to avoid
double-counting of participants. Trials enrolling partici-
pants at risk of, but without confirmed, knee osteoarthritis,
and trials delivering sensory electrotherapy without an ex-
ercise co-intervention, were eligible but were incorporated
only in prespecified sensitivity analyses.

2.3. LITERATURE SEARCH AND INFORMATION SOURCES

A systematic electronic search was conducted in PubMed/
MEDLINE, Embase, Scopus, Web of Science Core Collection,
and the Cochrane Central Register of Controlled Trials
(CENTRAL) from database inception to 20 April 2026.
Search strategies combined controlled vocabulary and free-
text terms related to knee osteoarthritis, neuromuscular
electrical stimulation, electrical muscle stimulation,
quadriceps, and randomized controlled trials, with data-
base-specific adaptations where appropriate. The reference
lists of eligible studies and relevant systematic reviews
were manually screened to identify additional studies. Du-
plicate records were removed before screening.

2.4. STUDY SELECTION

Titles and abstracts were screened against the predefined
eligibility criteria, followed by full-text assessment of po-
tentially eligible studies. Reasons for exclusion at the full-
text stage were documented, and the selection process was
summarized using a PRISMA 2020 flow diagram. Publica-
tions reporting the same randomized trial were linked and
considered a single study during evidence synthesis.

2.5. DATA EXTRACTION

Data were extracted using a standardized data extraction
form. The extracted variables included publication year,
country, study design, participant characteristics, interven-

tion protocol, comparator intervention, stimulation para-
meters, outcome measures, sample size, and follow-up du-
ration.

For studies reporting multiple assessment time points,
the earliest post-intervention assessment consistently re-
ported across studies was used for quantitative synthesis,
whereas subsequent follow-up assessments were summa-
rized narratively where appropriate. Where outcomes were
reported as standard errors or 95% confidence intervals,
these were converted to standard deviations using standard
formulae before pooling. Multi-arm trials were handled ac-
cording to the Cochrane Handbook recommendations to
avoid unit-of-analysis errors.

2.6. RISK OF BIAS ASSESSMENT

Methodological quality was assessed using the Cochrane
Risk of Bias 2 (RoB 2) tool for randomized controlled trials.
Five domains were evaluated: bias arising from the ran-
domization process, bias due to deviations from intended
interventions, bias due to missing outcome data, bias in
measurement of the outcome, and bias in selection of the
reported result. Each domain was judged as low risk, some
concerns, or high risk, and an overall judgment was as-
signed according to the RoB 2 guidance. Risk of bias was as-
sessed at the trial level; therefore, companion publications
reporting the same randomized trial received a single over-
all assessment.

2.7. STATISTICAL ANALYSIS

Meta-analysis was performed when at least two randomized
controlled trials reported sufficiently comparable outcome
data. Continuous outcomes measured using different in-
struments were pooled as standardized mean differences
(SMDs; Hedges’ g) with 95% confidence intervals (CIs),
whereas outcomes measured on the same scale were pooled
as mean differences (MDs) with 95% CIs. Effect directions
were harmonized so that negative values favored NMES for
pain, disability, and the TUG test, whereas positive val-
ues favored NMES for quadriceps muscle strength and the
6MWT.

A random-effects model was applied throughout, with
the between-study variance (t2) estimated by restricted
maximum likelihood (REML) and the 95% confidence in-
terval of each pooled estimate derived using the Hartung-
Knapp adjustment; for analyses limited to two trials, nor-
mal-approximation confidence intervals were reported
because this adjustment is not estimable. Between-study
heterogeneity was evaluated using Cochran’s Q test, the I?
statistic, and T2. Prespecified subgroup analyses were per-
formed according to comparator type and outcome con-
struct, and subgroup differences were tested using the be-
tween-subgroups Q statistic. Sensitivity analyses
comprised leave-one-out re-estimation and the addition
of the sensitivity-only trials. For outcomes informed by at
least five trials, a 95% prediction interval was calculated.

Publication bias was not assessed because fewer than ten
studies contributed to each meta-analysis, making funnel
plots and statistical tests for small-study effects unreliable.
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[ Identification of studies via databases and registers ]

Records identified from*:
Databases (n = 104)
Registers (n = 0)

!
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Reports sought for retrieval: n =
18
Reports not retrieved: n =0

!

Reports assessed for eligibility

l (n=18)

-

Figure 1. PRISMA flow diagram illustrates the
identification, screening, eligibility assessment, and
inclusion of studies in the systematic review.

Statistical analyses were performed using R (R Foundation
for Statistical Computing, Vienna, Austria) with the meta
and metafor packages.

RESULTS

3.1. STUDY SELECTION

Figure 1 illustrates the study selection process. Database
searching identified 104 records. After removal of 18 du-
plicate records, 86 records remained for title and abstract
screening. Of these, 68 records were excluded because they
investigated irrelevant interventions or topics (n = 35), em-
ployed ineligible study designs (n = 20), or enrolled popu-
lations that did not meet the predefined eligibility criteria
(n = 13). The remaining 18 reports underwent full-text as-
sessment. Eight reports were subsequently excluded be-
cause they evaluated interventions other than neuromus-
cular electrical stimulation (n = 2), included ineligible
populations (n = 4), or represented study protocols (n = 2).
Ultimately, 10 reports representing 8 unique randomized
controlled trials satisfied the eligibility criteria and were in-
cluded in the systematic review. Because two trials were re-
ported in multiple publications, these reports corresponded
to 8 unique RCTs included in the quantitative meta-analy-
sis.

3.2. STUDY CHARACTERISTICS

The characteristics of the included studies are presented
in Table 1. Eight unique randomized controlled trials, re-
ported across 10 publications, met the eligibility criteria.

The studies were published between 2012 and 2025 and
were conducted across six countries (Ireland, Israel, Turkey,
Brazil, the United States, and Iran). Sample sizes ranged
from 41 to 100 participants, with most studies enrolling
predominantly female patients with symptomatic knee os-
teoarthritis. Intervention protocols varied with respect to
stimulation parameters, treatment duration, and adjunc-
tive therapies, including exercise, conventional physiother-
apy, resistance training, and low-level laser therapy. Out-
come assessment was generally consistent across studies
and primarily included pain, self-reported disability, mus-
cle strength, functional performance, and muscle morphol-
ogy, providing sufficient clinical and methodological com-
parability for quantitative synthesis.

3.3. EFFECT OF NEUROMUSCULAR ELECTRICAL
STIMULATION ON PAIN

Four randomized controlled trials evaluated pain outcomes
(Figure 2). Overall, NMES did not significantly reduce pain
compared with the comparator interventions (Hedges’ g =
-0.13, 95% CI -1.18 to 0.93). Substantial between-study
heterogeneity was observed (12 = 80%, T2 = 0.25). Subgroup
analysis according to comparator type demonstrated signif-
icant differences between treatment comparisons. Studies
comparing NMES plus exercise with exercise alone favored
NMES (Hedges’ g = -0.63, 95% CI -1.03 to —0.22; 12 = 0%),
whereas studies comparing NMES with physical modalities
or usual care favored the comparator (Hedges’ g = 0.56, 95%
CI 0.09 to 1.02; IZ = 0%). The test for subgroup differences
was statistically significant (x% = 14.18, P < 0.001).

3.4. EFFECT OF NEUROMUSCULAR ELECTRICAL
STIMULATION ON SELF-REPORTED DISABILITY

Five randomized controlled trials evaluated self-reported
disability using WOMAC-based measures. Overall, NMES
did not significantly improve self-reported disability com-
pared with the comparator interventions (Hedges’ g =
-0.06, 95% CI -0.69 to 0.56). Moderate between-study het-
erogeneity was observed (I2 = 61%, t2 = 0.10). Subgroup
analysis according to WOMAC construct identified signifi-
cant differences between studies reporting the WOMAC To-
tal/Index and the WOMAC Physical Function subscale. The
WOMAC Total/Index subgroup demonstrated a significant
benefit in favor of NMES (Hedges’ g = -0.39, 95% CI -0.73
to —0.05; 12 = 0%), whereas the WOMAC Physical Function
subgroup favored the comparator interventions (Hedges’ g
= 0.54, 95% CI 0.07 to 1.00; I2 = 0%). The test for sub-
group differences was statistically significant (x2 = 10.03, P
= 0.002). The 95% prediction interval ranged from -1.30 to

1.18 (Figure 3).

3.5. EFFECT OF NEUROMUSCULAR ELECTRICAL
STIMULATION ON QUADRICEPS MUSCLE STRENGTH

Four randomized controlled trials contributed to the pri-
mary meta-analysis of quadriceps muscle strength. Overall,
NMES did not significantly improve quadriceps muscle
strength compared with the comparator interventions

Orthopedic Reviews 4
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Table 1. Characteristics of the included randomized controlled trials.

Study; Design; Registration Participants Groups (n NMES protocol Comparator/ Outcomes Follow-
Country analysed) co- up
intervention
Bruce- Single-center, single-blind 41 randomized NMES (10) Quadriceps; Home Walk, chair-rise, Baseline,
Brand pilot RCT; (14/14/13) — 32 / biphasic; 50 Hz; resistance stair tests; post (6
2012; ISRCTN85231954 (wk 8) /26 (wk Resistance 100-400ps; 10s training or WOMAC; wk),
Ireland 14) analyzed:; training on/505s off; 20 usual care SF-36; 6-wk
42% female; (10)/ min; 5x/wk x 6 quadriceps follow-
mean age Control (6) wk; maximal strength; up
63.4-65.2y; KL tolerated quadriceps CSA
3-4 intensity (MRI)
Elboim- Parallel RCT; assessor not 63 randomized Exercise + Quadriceps; Supervised VAS; WOMAC; Post;
Gabyzon blinded; not registered — 50 analyzed; NMES (25) biphasic; 75 Hz; exercise 10-m walk; 12-wk
2013/ 84% female; / Exercise 200 ps; 10s on/ programme TUG; stair test; follow-
Laufer mean age (25) 50's off; <100 quadriceps up
2014; 68.3-69.4y; KL mA; 2x/wk x 6 wk MVIC;
Israel »2 voluntary
activation
Devrimsel Assessor-blind RCT; not 60 randomised NMES + Quadriceps; 50 Therapeutic VAS; WOMAC; Post (3
2019; registered — 59 analysed; exercise Hz; 250 ps; 10s ultrasound + 15-m walk; wk)
Turkey 78% female; (30)/ on/30s off; 20 exercise muscle
mean age Ultrasound min; 5x/wk x 3 architecture
61.2-62.9y; KL + exercise wk
2-3 (29)
Melo Evaluator-blind RCT; 45 randomised NMES (15) Quadriceps; Low-level Isometric Post (8
2015/de NCT02067871 — 44 analysed; /LLLT (15) biphasic; 80 Hz; laser therapy torque; EMG; wk)
Oliveira 100% female; /NMES + 400 ps; 18-32 muscle
Melo mean age LLLT (14) min; 2x/wk x 8 thickness; CSA;
2016; 67.7-69.6y; KL wk WOMAC; TUG;
Brazil 2-3 6MWT; muscle
architecture
De Double-blind, four-arm 100 randomised TENS (25) Peri-knee Sham VAS; WOMAC; Post (4
Almeida RCT; RBR-875zsw and analysed /IFC(25)/ stimulation; 20 stimulation PPT, 6MWT; wk)
2025; (ITT); 88% Aussie (25) min; 3x/wk x 4 40-m walk; stair
Brazil female; mean / Placebo wk test; 30-s chair-
age 68.0y; KL 22 (25) stand; TUG;
SF-36
Rabe Single-blind RCT; 42 randomised HTS(17)/ Quadriceps and Low-load Isokinetic Post (12
2018; NCT02802878 — 35 analysed; Low-load hamstrings; resistance strength; KOOS wk)
USA 100% female; resistance Russian current; training pain; 20-m
age 44-85y; (18) 5kHz carrier; 40 walk; 5x chair-
women with or Hz; 200 s; stand
at risk of KOA 2x/wk x 12wk
Mete Assessor-blind RCT; 66 randomised sNMES + Quadriceps; 50 Conventional Quadriceps Post (6
2025; NCT06277570 — 58 analysed; CP(20)/ Hz; 300 ps; 10's physiotherapy strength; ROM; wk)
Turkey 86% female; NMES + on/20s off; 20 30-s sit-to-
mean age ~58y; CP(20)/ min; 3x/wk x 6 stand;
KL2-3 CP(18) wk WOMAGC;
SF-36; cartilage
& muscle
thickness;
balance
Moezy Assessor-blinded RCT; 80 randomised NMES (25) Interferential Supervised VAS; ROM; Baseline,
2024; IRCT20101228005486N7 — 75 analysed; / Exercise NMES; 50 Hz exercise thigh girth; post,
Iran 100% female; (25)/ beat frequency; programme VMO thickness; 12-wk
mean age 57-58 NMES + 600 ps; 15 min; TUG; 6MWT; follow-
y;KL2-3 Exercise 3x/wk (12 WOMAC up
(25) sessions)

(Hedges’ g = 0.24, 95% CI —0.33 to 0.82). Between-study
heterogeneity was low (12 = 6%, T2 = 0.00). A prespecified
sensitivity analysis including Rabe et al. (2018) produced
consistent findings, with a pooled effect estimate of
Hedges’ g = 0.25 (95% CI -0.13 to 0.64) and no evidence of
statistical heterogeneity (I = 0%) (Figure 4).

3.6. EFFECT OF NEUROMUSCULAR ELECTRICAL
STIMULATION ON FUNCTIONAL PERFORMANCE

Objective functional performance was evaluated using the
Timed Up and Go (TUG) test and the Six-Minute Walk Test
(6MWT) (Figure 5). The pooled analysis demonstrated a
statistically significant reduction in TUG time with NMES
compared with the comparator interventions (MD = -0.51
seconds, 95% CI -0.69 to -0.32). Between-study hetero-

geneity was negligible (IZ = 0%, T2 = 0.00). The pooled es-
timate was dominated by Moezy et al. (2024), which con-
tributed 98.9% of the total study weight owing to its small
reported standard deviation (0.23 s). A leave-one-out sen-
sitivity analysis excluding this study yielded a non-signifi-
cant pooled estimate (MD = -0.35 seconds, 95% CI -1.63 to
0.93). For the 6MWT, NMES did not significantly improve
walking distance compared with the comparator interven-
tions (MD = -2.09 m, 95% CI -91.08 to 86.89). Considerable
between-study heterogeneity was observed (12 = 89%, 2=
3689), and the pooled estimate was based on only two stud-
ies; therefore, these findings should be interpreted as ex-

ploratory (Figure 5).
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NMES Comparator Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean sSD Total Mean sD Total Weight IV, Random, 95% CI IV, Random, 95% CI
NMES+Exercise vs Exercise
Elboim-Gabyzon 2013 3.30 2.40 25 5.00 2.20 25 27.0% -0.73[-1.30, -0.15] —-—
Moezy 2024 2.94 1.34 25 3.66 134 25 27.2% -0.53[-1.09, 0.03] ——
Subtotal (95% CI) 50 50 54.2% -0.63 [-1.03,-0.22) L
Heterogeneity: Tau* = 0.00; Chi* = 0.23, df = 1 (P = 0.63); # = 0%
Test for overall effect: Z = 3.04 (P = 0.002)
NMES vs Modalitylcare
Devrimsel 2019 3.00 0.90 30 2.46 0.68 29 28.2% 0.67[0.14,1.19] —-—
Bruce-Brand 2012 8.88 3.29 10 833 4.36 6 17.6% 0.14 [-0.87, 1.15] —_—
Subtotal (95% CI) 40 35 45.8% 0.56 [0.09, 1.02) S
Heterogeneity: Tau* = 0.00; Chi* = 0.82, df = 1 (P = 0.36); I = 0%
Test for overall effect: Z = 2.33 (P = 0.02)
Total (95% CI) 90 85 100.0% 0.13 [-1.18, 0.93] ‘
Heterageneity: Tau? = 0.25; Chi? = 15.20, df = 3 (P = 0.002); I = 80%
Test for overall effect: Z = 0.35 (P =0.73)

T T T T T 1

Test for subgroup differences: Chi? = 14.18, df = 1 (P < 0.0001), I* = 92.9%

=3

-2 -1 1 2
Favours NMES Favours Comparator

Figure 2. Random-effects meta-analysis of pain outcomes following neuromuscular electrical stimulation
(NMES) in patients with knee osteoarthritis. Effect estimates are presented as Hedges’ g with 95% confidence

intervals.

NMES Comparator Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean sSD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Totaliindex
Elboim-Gabyzon 2013 52.40 40.00 25 75.60 52.90 25 22.5% -0.49 [-1.05, 0.08] ——t
Mete 2025 28.90 18.00 20 36.80 21.50 18 19.68% -0.39[-1.04,0.25] —-
Moezy 2024 38.67 3.27 25 39.48 216 25 22.7% -0.29 [-0.85, 0.27) —i—
Subtotal (95% CI) 70 &8 65.0% -0.39 [-0.73, -0.05] @
Heterogeneity Tau® = 0.00; Chi* = 0.28, df = 2 (P = 0.87); F = 0%
Test for overall effect: Z = 2.23 (P = 0.03)
Physical function
Bruce-Brand 2012 33.88 12.66 10 26.11 15.33 6 11.0% 0.54[-0.49, 1.57] —_—l
Devrimsel 2019 13.26 179 30 12.10 2.42 29 24.1% 0.54 [0.02, 1.06] f— —
Subtotal (95% CI) 40 35 35.0% 0.54 [0.07, 1.00] ‘
Heterogeneity: Tau® = 0.00; Chi* = 0.00, df = 1 (P = 0.96); ¥ = 0%
Test for overall effect: Z = 2.27 (P = 0.02)
Total (95% CI) 110 103 100.0% -0.06 [-0.69, 0.56] ‘
Heterogeneity: Tau® = 0.10; Chi¥ = 10.28, df = 4 (P = 0.04); ¥ = 61%
Test for overall effect: Z = 0.19 (P = 0.85) —————-—
Test for subgreup differences: Chit = 10.03, df = 1 (P = 0.002), I2 = 90.0%
955 Prediction Interval: [-1.30, 1.18] r T T T T 1

-3 1 2 3

-2 -1
Favours NMES Favours Comparator

Figure 3. Random-effects meta-analysis of self-reported disability measured using the Western Ontario and
McMaster Universities Osteoarthritis Index (WOMAC) following neuromuscular electrical stimulation (NMES) in

patients with knee osteoarthritis.

3.7. RISK OF BIAS ASSESSMENT

The risk-of-bias assessment of the included randomized
controlled trials is presented in Figure 6A-B. Overall, one
of the eight unique trials was judged to be at low risk of
bias, five were judged to have some concerns, and two were
judged to be at high risk of bias. Concerns were most fre-
quently related to the randomization process (D1), whereas
measurement of the outcome (D4) was judged to be at low
risk in most trials. High overall risk of bias was identified in
two trials because of high-risk judgments in individual RoB
2 domains, specifically missing outcome data in one trial
and measurement of the outcome in another.

4. DISCUSSION

This meta-analysis indicates that the value of neuromus-
cular electrical stimulation (NMES) in knee osteoarthritis

is conditional rather than intrinsic. Benefit emerged only
when NMES was added to an active exercise program; when
it replaced exercise or was compared with other treatment
modalities, no advantage was observed, and several com-
parisons favored the alternative intervention. Strength, the
outcome most directly targeted by NMES, showed no con-
sistent improvement, while the only favorable functional
finding was derived from a single small trial. Collectively,
these findings argue against considering NMES a stand-
alone therapy and instead support a more focused role in
which it serves as an adjunct within structured rehabilita-
tion, with its effectiveness determined more by therapeutic
context than by electrical stimulation alone.

A mechanistic interpretation helps reconcile these find-
ings. Arthrogenic muscle inhibition constrains voluntary
quadriceps activation, meaning that a substantial propor-
tion of muscle weakness reflects impaired neural drive
rather than true muscle loss.12 Electrically evoked contrac-
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A. Primary analysis (4 studies)

NMES Comparator Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD  Total Mean SD  Total Weight IV, Random, 95% CI IV, Random, 95% CI
Mete 2025 130.50 2350 20 114.40 2420 18 276 0.66 [0.01,1.32] ———
Melo 2016 109.97 2255 15 99.52 29.64 15 226 0.38[-0.34, 1.10) —1-——
Bruce-Brand 2012 9250  36.66 10 100.30  32.80 3 115 -0.21[-1.22, 0.81] —_—
Elboim-Gabyzon 2013 0.20 0.07 25 0.20 0.08 25 384 0.00 [-0.55, 0.55] ————
Total (95% CI) 70 64 100.0 0.24[-0.33,0.82] .
Heterogeneily: Tauz = 0.00; Chit = 3.20, df = 3 (P = 0.36); I = 6%
Test for overall effect: Z = 1.35 (P = 0.27)
-3 -2 - 1 2 3
Favours Comparator Favours NMES
(higher = better) (higher = better)
B. Sensitivity analysis (5 studies: added Rabe 2018)
NMES Comparator Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD  Total Mean SD  Total Weight IV, Random, 95% CI IV, Random, 95% CI
Mete 2025 130.50 2350 20 114.40 2420 18 244 0.66 [0.01,1.32] [———
Melo 2016 109.97 2255 15 99.52 29.64 15 16.0 0.38[-0.34, 1.10) ——-—
Bruce-Brand 2012 9259 36.66 10 100.30 32.80 6 107 -0.21[-1.22, 0.81] ———
Elboim-Gabyzon 2013 0.20 0.07 25 0.20 0.08 25 326 0.00 [-0.55, 0.55] ——
Rabe 2018 4.99 1212 17 1.36 1213 18 16.3 0.29 [-0.37, 0.96] ———
Total (95% ClI) 87 82 100.0 0.25[-0.13,0.64] -
Heterogeneity: Tau? = 0.00; Chi? = 3.22, df = 4 (P = 0.52); I = 0%
Test for overall effect: Z = 1.35 (P = 0.14)
3 -2 1 1 2 3
Favours Cnmésaralm Favours NMES
(higher = better) (higher = better}

Figure 4. Random-effects meta-analysis of the effect of neuromuscular electrical stimulation (NMES) on
quadriceps muscle strength in patients with knee osteoarthritis. Panel A presents the prespecified primary
analysis, whereas Panel B presents the sensitivity analysis including Rabe et al. (2018). Effect estimates are
presented as Hedges’ g with 95% confidence intervals using a random-effects model. Positive effect sizes favor
NMES because higher values indicate greater quadriceps muscle strength.

A. Timed Up and Go (TUG, seconds) - lower = better

NMES Comparator Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI IV, Random, 95% CI|
Elboim-Gabyzon 2013 1080 340 25 070 310 25 06 0.20 [-1.60, 2.00] i——
Moezy 2024 891 02 25 942 026 25 98.9 -0.51[-0.65, 0.37]
Melo 2015 8.80 140 15 9.70 3.30 15 06 -0.00 [-2.71, 081 _—
Total (95% CI) 65 65 100.0 -0.51[-0.69,-0.32] *

Heterogeneity: Tau2 = 0.00; Chi2 = 0.77, df = 2 (P = 0.68); 12 = 0%
Test for overall effect: t = 11.85 (P =0.
Pooled es

4 3 2 1 102 3 4
Favours NMES Faliours Comparator

B. Six-Minute Walk Test (6MWT, metres) - higher = better

NMES Comparator Mean Difference Mean Ditference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% ClI IV, Random, 95% CI
Moezy 2024 51153 4521 25 47060 5938 25 52.7 40,93 [11.67, 70.19] -
Melo 2015 420.00 60.00 15 470.00 80.00 15 47.3 -50.00 [-100.61, 0.61]
Total (95% CI) a0 40 100.0 -2.08 [-91.08, 86.89]

Heterageneity: Tau2 = 3689; Chi2 = 9.30, df = 1 (P = 0.002); 12 = 89%
Test for overall effect: Z = 0.05 (P = 0.96) [normal appraximation, k = 2]

uid gi
Pooled estimate is

200 -100
Favours Comparator

Figure 5. Random-effects meta-analysis of objective functional performance following neuromuscular electrical
stimulation (NMES) in patients with knee osteoarthritis. Panel A presents the Timed Up and Go (TUG) test,
reported as mean differences (seconds), where lower values indicate better performance. Panel B presents the
Six-Minute Walk Test (6MWT), reported as mean differences (meters), where higher values indicate better

performance.
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Figure 6A. Domain-specific and overall risk-of-bias assessment of the included randomized controlled trials
using the Cochrane Risk of Bias 2 (RoB 2) tool. Traffic-light plot showing the risk-of-bias judgments for each
included trial across the five RoB 2 domains and the overall assessment.

D1 Randomisation process m B7.5% 0%
D5 Selection of the reparted result 37.5% 62.5% 0%
ovra o [ e o [ ]
r T T T 3
0% 25% 0% 0% 100%
L B Lowrisk (+) = Someconcerms (1) B Highrisk (—) J

Figure 6B. Summary of risk-of-bias judgments across the included randomized controlled trials using the

Cochrane Risk of Bias 2 (RoB 2) tool.

tions can recruit motor units that voluntary effort fails to
activate, and the resulting adaptations including enhanced
activation, altered recruitment patterns, and improved sen-
sorimotor control are likely to occur early in the rehabilita-
tion process. However, these physiological changes precede
outcomes that patients perceive directly. Pain and disability
are influenced by a complex interplay of nociceptive, struc-
tural, and psychological factors that improved muscle ac-
tivation alone cannot adequately address. Translating en-
hanced neuromuscular activation into meaningful
functional improvement still depends on progressive, task-
specific loading provided by exercise. Improved activation
may therefore be necessary for recovery but is not sufficient
to ensure symptomatic improvement, explaining why
NMES alone had little effect on pain or disability, whereas
its use as an adjunct to exercise produced more favorable
outcomes.

These findings both align with and extend previous ev-
idence syntheses. Earlier reviews evaluating NMES com-
bined with exercise reported favorable effects on patient-
reported outcomes, and the present analysis supports those
findings within that specific therapeutic context.!3 The dis-
tinction lies in the greater analytical resolution of the cur-
rent review. By incorporating more recent trials, stratifying

comparisons according to the intervention against which
NMES was evaluated and examining disability and objective
functional performance in addition to strength, this review
reveals an effect structure that becomes obscured when
heterogeneous comparators are pooled together. Combin-
ing trials in which NMES supplements exercise with those
in which it replaces exercise naturally shifts the overall es-
timate toward the null, not because NMES is universally
ineffective, but because condition-dependent effects offset
one another. The use of statistical methods appropriate for
a small number of heterogeneous trials further reduces the
risk of overstating precision. The principal contribution of
this review is therefore one of clarification rather than con-
tradiction: when the same body of evidence is disaggre-
gated and analyzed conservatively, it supports a more nu-
anced interpretation than does a single pooled estimate.
The subgroup analyses further explain the observed het-
erogeneity. Once studies were stratified according to com-
parator, inconsistency within individual subgroups largely
disappeared, suggesting that heterogeneity in the overall
pooled estimates primarily reflected clinically distinct
treatment comparisons rather than random variation. The
presence of concurrent exercise emerged as the principal
effect modifier: adding NMES to progressive loading pro-
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duced relatively consistent benefits, whereas using NMES
instead of, or in competition with, active rehabilitation
generally favored the comparator intervention. Stimulation
dose represents another important but insufficiently ex-
plored source of variation, as evoked contraction intensity,
treatment frequency, session number, and overall treat-
ment volume differed substantially across studies, and
stimulation delivered below the threshold required to
meaningfully load muscle is unlikely to produce clinically
relevant adaptation.!4 Differences in patient selection fur-
ther contributed to heterogeneity, with study populations
ranging from individuals at risk of knee osteoarthritis to
those with established disease, and protocols emphasizing
sensory stimulation analyzed alongside those designed to
generate strong muscle contractions. Consequently, the at-
tenuated pooled estimates likely reflect averaging across
multiple clinically important dimensions rather than the
true effectiveness of a clearly defined intervention deliv-
ered under optimal conditions.

From a clinical perspective, these findings support NMES
as a targeted adjunct rather than a replacement for active
rehabilitation. Exercise remains the cornerstone of non-
surgical management for knee osteoarthritis, and nothing
in the present analysis challenges that recommendation. !5
Patients most likely to benefit are those with genuine
deficits in voluntary quadriceps activation, particularly in-
dividuals limited by pain, joint effusion, or pronounced
arthrogenic muscle inhibition that restricts effective mus-
cle loading during exercise. In such cases, NMES may facil-
itate participation in rehabilitation by temporarily bridging
the gap until adequate voluntary activation is restored. Op-
timal implementation therefore requires sufficient and pro-
gressively increased stimulation intensity, integration with
a structured exercise program rather than substitution for
one, and discontinuation once effective voluntary strength-
ening becomes achievable. The available evidence does not
support the use of NMES as an isolated treatment modality,
particularly when doing so replaces the progressive me-
chanical loading that underpins long-term functional im-
provement.

Several aspects strengthen confidence in these findings.
Eligibility was restricted to randomized controlled trials,
reporting adhered to PRISMA 2020 recommendations, risk
of bias was assessed using RoB 2 at the trial level, and the
literature search was comprehensive. Prespecified subgroup
analyses, leave-one-out sensitivity analyses, and statistical
estimators appropriate for sparse and heterogeneous ev-
idence enabled the underlying effect structure to be ex-
plored rather than simply summarized. Several limitations
should also be considered. The evidence base comprised
relatively few studies, most with modest sample sizes, and
several were judged to have some concerns or a high risk
of bias, thereby limiting statistical power and the stability
of pooled estimates. Intervention protocols, comparator
treatments, and outcome measures varied considerably
across studies, rendering certain analyses particularly walk-
ing capacity exploratory and highly influenced by individ-
ual trials. Follow-up durations were generally short, pre-
cluding conclusions regarding long-term effectiveness, and

the limited number of studies available for each outcome
prevented a meaningful assessment of publication bias.
These limitations primarily reflect shortcomings in the
available primary evidence rather than deficiencies of the
review itself.

Future progress depends on studies specifically designed
to address the uncertainties identified by the current evi-
dence. Standardized NMES protocols with adequate stimu-
lation intensity, accompanied by explicit dose response re-
porting, would help distinguish true treatment inefficacy
from insufficient therapeutic dosing. Consistent measure-
ment and reporting of treatment adherence would further
clarify whether variability in outcomes reflects biological
differences or inconsistent intervention delivery. Large, ad-
equately powered multicenter randomized trials with
longer follow-up are also required to determine whether
early improvements in neuromuscular activation translate
into sustained clinical benefit. Given the recognized het-
erogeneity of knee osteoarthritis, future investigations
should also incorporate stratification according to activa-
tion deficits, disease stage, and functional impairment, to-
gether with responder analyses, to identify the patients
most likely to benefit from NMES and advance a more in-
dividualized rehabilitation approach rather than relying on
average treatment effects of uncertain clinical relevance.16

5. CONCLUSIONS

This systematic review and meta-analysis suggest that the
clinical effectiveness of neuromuscular electrical stimula-
tion (NMES) in knee osteoarthritis depends primarily on its
role within rehabilitation rather than on electrical stimu-
lation alone. Across the available evidence, NMES did not
consistently improve pain, disability, quadriceps strength,
or walking capacity when all comparator interventions were
pooled. In contrast, adjunctive NMES combined with struc-
tured exercise demonstrated more favorable outcomes than
exercise alone, supporting its use as an adjunct rather than
a replacement for active rehabilitation. The apparent im-
provement in Timed Up and Go performance should be in-
terpreted cautiously because it was largely driven by a sin-
gle trial. Although these findings support a selective role
for NMES, particularly in patients with impaired voluntary
quadriceps activation, the certainty of evidence remains
limited by the small number of heterogeneous randomized
trials. Future adequately powered studies should standard-
ize NMES protocols and identify the patient populations
most likely to benefit.
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