Archives of Orthopaedic and Trauma Surgery (2025) 145:350
https://doi.org/10.1007/500402-025-05958-x

RESEARCH ——

®

Check for
updates

The effectiveness of 6-week superimposed neuromuscular electrical
stimulation in knee osteoarthritis: an assessor blinded randomized
controlled clinical trial

Oguzhan Mete' - Aysegiil Yaman'? - Cigdem Zaman? - Soneser Kara® - Mustafa Ertugrul Yasa' - Selman Aktas’ -
Emre Adigiizel™*

Received: 15 April 2025 / Accepted: 9 June 2025 / Published online: 21 June 2025
© The Author(s) 2025

Abstract

Introduction Conservative treatment of knee osteoarthritis (KOA) is crucial for alleviating patient complaints and postpon-
ing disability from the onset of symptoms until the disease progresses to the point where surgery is inevitable. Although as
a part of conservative management, Superimposed Neuromuscular Electrical Stimulation (sNMES), which combines elec-
trical stimulation with voluntary contraction, has gained popularity in clinical practice, the effects of SNMES in KOA are
unknown. Therefore, the study aimed to investigate the effects of sSNMES in patients with KOA.

Materials and methods Fifty-eight participants with KOA were randomly divided into three groups (SNMES +CP (conven-
tional physiotherapy), NMES (Neuromuscular Electrical Stimulation)+ CP, and only CP). The treatments lasted 3 times for
6 weeks. Before and after treatments, the quadriceps and femoral cartilage thickness, sensorimotor function (balance and
proprioception), physical function (quadriceps muscle strength, knee range of motion, and 30-second sit-to-stand test), and
functional status (Short Form-36 (SF36) and Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC))
were evaluated.

Results Regarding timeXgroup effect when comparing groups, the SNMES+CP showed significant improvements over
NMES+CP and only CP in quadriceps muscle strength (p<0.01), SF36 Energy (p<0.01), and SF36_Social Functioning
(»<0.01). Both the sNMES+CP (p<0.01) and only CP groups (p<0.01) showed significant changes in SF36_Pain scores,
while all groups had significant reductions in WOMAC Scores (p<0.05), with the sSNMES + CP group showing the greatest
improvement (p<0.01). No adverse effects were reported in all treatment groups.

Conclusion sNMES+CP proved more effective than NMES +CP or only CP in enhancing quadriceps muscle strength and
improving functional status. Incorporating SNMES instead of NMES into CP could be a more effective intervention for treat-
ing KOA, particularly when the goal is to enhance quadriceps strength, thereby improving functional status. In conservative
management of KOA, collaboration between orthopedists and physiatrists is crucial for addressing functional improvement
regarding the effect of SNMES.

Keywords Knee osteoarthritis - Electrical stimulation therapy - Quadriceps muscles - Physical therapy modalities

>4 Oguzhan Mete Selman Aktag
fztoguzhanmete06@gmail.com selman.aktas@sbu.edu.tr
Aysegiil Yaman Emre Adigiizel
aysegulyaman06@gmail.com dremreadiguzel@gmail.com

Cigdem Zaman 1 . . .
frtezaman@gmail.com University of Health Sciences, Ankara, Turkey

2 . . .
Soneser Kara Ankara Etlik City Hospital, Ankara, Turkey

soneserson@gmail.com 3 Ankara Etlik City Hospital, Ankara, Turkey
Mustafa Ertugrul Yasa 4 Ankara Bilkent City Hospital, Ankara, Turkey
mustafaertugrul.yasa@sbu.edu.tr 5

University of Health Sciences, Istanbul, Turkey

@ Springer


https://doi.org/10.1007/s00402-025-05958-x
http://crossmark.crossref.org/dialog/?doi=10.1007/s00402-025-05958-x&domain=pdf&date_stamp=2025-6-20

350 Page2of 13

Archives of Orthopaedic and Trauma Surgery (2025) 145:350

Introduction

Osteoarthritis (OA) is a common condition seen in orthope-
dic clinics that leads to long-term disability and negatively
impacts the quality of life (QoL) of those affected [1]. The
knee joint is the most impacted by OA, mainly because of
its essential function as a weight-bearing joint and its expo-
sure to considerable mechanical stress during everyday
activities. Knee osteoarthritis (KOA) represents an impor-
tant global health burden due to its high prevalence, chronic
nature, and substantial impact on QoL [1, 2]. Beyond its
substantial economic burden, KOA profoundly affects phys-
ical function, limiting mobility and independence, which
can lead to social isolation and psychological distress [3].
This underscores the critical importance of implementing
preventive measures, early diagnosis, and employing effec-
tive management strategies to mitigate both individual and
societal impact.

Currently, there exists no definitive cure for OA, and
the available treatment options are notably restricted. Non-
surgical treatments are crucial for alleviating patient com-
plaints and postponing disability during the period from the
onset of symptoms until the disease progresses to the point
where surgery is inevitable. Intra-articular injections and
physiotherapy are key elements of conservative treatments
[4]. Intra-articular injections provide effective immediate
pain relief, while physiotherapy is essential for maintain-
ing joint function, particularly in long-term management.
The main components of physiotherapy include therapeutic
exercises, electrotherapy, manual therapy, and an emerging
focus on tele-rehabilitation [4—6]. Exercise plays a central
role in managing KOA. Specifically strengthening exercise
for the quadriceps muscle, which is the main shock absorber
of the knee joint, is crucial as quadriceps weakness in KOA
is determined to be related to disability level and pain [7].
Painful pathologies like KOA are often associated with a
decrease in neural drive to surrounding muscles, particularly
the quadriceps [8, 9]. Given these challenges, integrating
external electrical inputs, such as neuromuscular electrical
stimulation (NMES), into rehabilitation programs can help
overcome neural inhibition and enhance muscle activation.
The physiological effects of each stimulus may compound
even when electrical stimulation is applied in conjunction
with exercise, a practice known as superimposed NMES
(sNMES) [10]. NMES causes muscle contractions by invol-
untarily activating the muscles, while SNMES involves a
combination of active and passive stimulation, encouraging
patients to perform active contractions alongside the stimu-
lation provided by NMES.

sNMES for knee-related disorders and its adoption
instead of NMES has become widespread [11]. However, to
the best of our knowledge, no study has been conducted to
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investigate the effectiveness of SNMES in KOA. The current
study aimed to investigate the effects of SNMES in patients
with KOA. Therefore, we compared the effects of three dif-
ferent rehabilitation programs (conventional physiotherapy
(CP), NMES + CP, and sNMES+CP) on the quadriceps
and femoral cartilage thickness, sensorimotor and physical
function, and self-reported functional status in patients with
KOA.

Materials and methods
Design and participants

This prospective, randomized controlled single-blinded
clinical trial was conducted at the Ankara Etlik City Hospi-
tal Physical Medicine and Rehabilitation Hospital between
October 2023 and December 2024. The study design was
registered at http://clinicaltrials.gov  (NCT06277570)
and approved by the Ankara Etlik City Hospital Clinical
Research Ethics Committee (AESH-EK1-2023-487). The
research adhered to the principles outlined in the Declara-
tion of Helsinki, and written informed consent was obtained
from all participants.

Patients aged between 45 and 65 years, diagnosed with
KOA according to the American College of Rheumatology
criteria, and classified as grade 2 or 3 based on the Kellgren-
Lawrence score [12], were invited. The exclusion criteria of
the study were determined as: (1) OA in the hip, ankle, or
foot joints. (2) History of knee surgery (e.g., arthroplasty,
meniscectomy). (3) Active knee joint synovitis. (4) Current
knee-related pathologies (e.g., meniscus tears, sprain). (5)
Deformity in the lower back, leg, hip, knee, or ankle. (6)
Diseases hindering clinical assessments (e.g., inflammatory
rheumatic diseases, neurological issues). (7) Conditions
contraindicating electrotherapy (e.g., malignancy, pace-
maker). (8) Conditions limiting exercise (e.g., orthopedic,
cardiopulmonary diseases). (9) Received physiotherapy in
the last three months. (10) Did not volunteer to participate.
Participants were excluded from the study if they did not
attend treatment regularly or discontinued it for personal
reasons. The use of medications that could affect the study
results was restricted throughout the study period.

Interventions

Participants who met the criteria were randomly divided
into three groups (sSNMES+CP, NMES +CP, and only CP).
Each participant received 18 sessions of treatment, occur-
ring three times a week.


http://clinicaltrials.gov
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Conventional physiotherapy

The CP for all KOA patients in our clinic consisted of ther-
motherapy (using hot packs), electrotherapy (including
TENS (Transcutaneous electrical nerve stimulation) and
therapeutic ultrasound), and a supervised group exercise
program. The CP began by applying a hot pack to the knee
region for 20 min, followed by TENS. The conventional
form of TENS was utilized, with parameters set to symmet-
rical biphasic pulsed current at a frequency of 100 Hz and a
pulse duration of 100 microseconds. Subsequently, continu-
ous ultrasound was applied at a frequency of 1 MHz and
an intensity of 1.5 W/cm? for 8 min. After completing the
thermotherapy and electrotherapy, participants participated
in a supervised group exercise program, which included
strengthening and stretching exercises for the knee and hip
muscles [13].

NMES protocol

The NMES was applied with the BTL® 4000 electrotherapy
device (BTL Industries, Stevenage, Hertfordshire, UK) with
the listed parameters: waveform: pulsed symmetrical bipha-
sic rectangular, frequency: 50 Hz, pulse duration: 300 ps,
duty cycle: 1/2 (10 s stimulation, 20 s rest), ramp up/down:
1/1 second, time: 20 min (40 times contraction), amplitude:
from visible contraction to maximally tolerated. Partici-
pants were positioned in a long sitting posture, supported
by a thin towel under the knee. Adhesive electrodes (5 cm
x 5 cm) were positioned distally vastus medialis (VM) and
proximally vastus lateralis (VL), in line with the quadriceps
motor points. The stimulation amplitude was adjusted for
each participant [14].

Fig. 1 Exercises with superim-
posed NMES

Superimposed NMES

The same parameters and treatment sessions used for
NMES were applied to sSNMES. Unlike NMES, participants
were instructed to perform voluntary contractions with each
stimulation. Voluntary contraction was applied during two
different exercises: isometric quadriceps strengthening and
0-30-degree terminal knee extension. Participants were
instructed to contract their quadriceps muscles in conjunc-
tion with the NMES following its stimulation/rest cycle.
Each exercise was performed for 10 min, totaling 20 min of
NMES, with 20 repetitions of isometric and 20 repetitions
of isotonic contractions of quadriceps [14] (Fig. 1).

Outcomes

The demographic and physical specifications (age, sex,
body mass index (BMI)) of the participants were recorded.
The clinical history (presence of exclusion criteria, pres-
ence of chronic metabolic disease, symptomatic knee, and
resting and activity pain intensity according to the Visual
Analog Scale [15]) was examined and recorded. Before and
after treatment, the quadriceps and femoral cartilage thick-
ness, sensorimotor function, physical function (quadriceps
muscle strength, knee active range of motion (AROM),
30-second sit-to-stand test, and self-reported functional sta-
tus were evaluated.

Quadriceps and femoral cartilage thickness

A physiatrist experienced in musculoskeletal ultrasound
imaging techniques evaluated the quadriceps muscle
thickness and femoral knee cartilage using a diagnostic
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ultrasound device (Logiq P9, GE Medical Systems, USA)
with a 4.0 MHz — 15.0 MHz linear probe (GE ML6-15).

The thickness of the quadriceps muscle (rectus femo-
ris (RF), VM, intermedius (VI), and VL) was evaluated.
Thickness measurements for each muscle were taken at
the midpoint of the thigh, with measurement points identi-
fied by measuring from the lateral condyle of the femur to
the greater trochanter. The marked measurement sites were
obtained and assessed while the participants were posi-
tioned supine. Each measurement was performed twice, and
the average of the two was recorded for the thickness of the
RF, VM, VI, and VL, expressed in centimeters (Fig. 2) [16].

Femoral knee cartilage thickness was assessed while
participants laying supine, and their knees were maximally
hyperflexed. The probe was positioned axially in the supra-
patellar region. Measurements were taken from each knee
joint at three specific locations: the medial condyle, lateral
condyle, and intercondylar area (Fig. 2). The mean value of
the three measurements at each site was recorded [17].

Sensorimotor function

Balance and proprioception, the main components of sen-
sorimotor function, were assessed with the Balance Error
Scoring System (BESS) and knee joint position sense (JPS),
respectively. The BESS consists of six testing conditions,
which include three 20-second standardized stances: dou-
ble-leg, single, and tandem. All parameters of the BESS
exhibited excellent reliability in assessing balance in the
KOA, with an inter-intraclass coefficient greater than 0.90
[18]. These stances are performed on firm and foam sur-
faces, with participants closing their eyes and hands on their
hips. An error is defined as any of the following actions:
opening the eyes, lifting hands off the hips, stepping, stum-
bling, or falling out of position, lifting the forefoot or heel,
abducting the hip by more than 30 degrees, or failing to
return to the test position within 5 s. The test was conducted

Fig. 2 Ultrasonographic measure-
ment of quadriceps and femoral
cartilage thickness
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with bare feet. Before the test, the procedure was explained,
and the testing was carried out in the order of double-leg,
single-leg, and tandem stances. Error scores were recorded
for each stance as a total [18].

The knee JPS was evaluated using a digital inclinometer.
It was found reliable and valid to evaluate the JPS in KOA
[19]. The inclinometer was attached to the posterior aspect
of the mid-calf. Participants were placed in a supine posi-
tion, and their knees were passively moved from a neutral
position to the targeted angles of 30° of flexion. They were
instructed to memorize these angles. Afterward, the par-
ticipants returned to the neutral position and were asked to
return their knees to the memorized position. The Joint Posi-
tion Error (JPE), which measures the degree of deviation
from the targeted angle, was recorded. Each test was con-
ducted three times at 20-second intervals, and the average
score was used for analysis. A higher JPE score indicates a
weaker JPS [19].

Physical function

The physical function assessments included quadriceps
muscle strength, AROM, and 30-second sit-to-stand test.
The quadriceps muscle strength was evaluated using a
handheld dynamometer, which proved reliable for assess-
ing knee muscle strength [20]. Participants were seated
with their feet and hands suspended and their knees flexed
at 60 degrees. The assessor positioned himself in a squat
with their back against the wall for support, extending both
arms toward the patient’s dominant leg for stabilization. The
handheld dynamometer was placed on the anterior aspect of
the participant’s leg, three fingers above the distal part of the
medial malleolus. Participants were instructed to perform
maximum knee extension strength for five seconds. Two tri-
als were conducted with a one-minute rest period between
measurements to minimize fatigue. The maximum value
from the two trials was used for analysis [20].
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Knee joint sagittal plane AROM was evaluated using a
standard goniometer, which is a valid and reliable tool for
assessing knee AROM [21]. The participants were placed
in a prone position to assess AROM in knee flexion and
hyperextension. The pivot point of the goniometer was
positioned at the lateral condyle of the femur, with the fixed
arm aligned along the lateral aspect of the femur. During
the measurement of AROM, the goniometer’s mobile arm
followed the movement of the fibula. The measurement was
finalized when the participant reached the maximum flexion
angle. The average of three measurements was then calcu-
lated and recorded [21].

The 30-second sit-to-stand test was used to evaluate lower
extremity physical function. This method has proven to be
a reliable tool for assessing this function in KOA [22]. For
the test, a chair that is 45 centimeters high without arm sup-
port was used. Participants started sitting on the chair with
their arms folded across their chests. They were instructed
to stand up and sit back down as quickly as possible. A stand
was counted only if the participant stood fully (with straight
hips and knees) and returned to the sitting position. The total
number of stands completed in 30 s was recorded [22].

Self-reported functional status

Participants’ disease-specific functional status were assessed
with the Short Form-36 (SF36) and Western Ontario and
McMaster Universities Osteoarthritis Index (WOMAC)
which are patient-reported questionnaires. SF36 consists of
36 questions with 8 subscales: physical function, role limi-
tations due to physical and emotional health, energy/fatigue,
mental health, social functioning, bodily pain, and general
health perception. Each category is scored independently,
with the lowest possible score being 0 and the highest score
being 100. Higher scores reflect an improved functional sta-
tus [23].

Disease-specific functional status refers to disability
evaluated using the WOMAC, which contains 24 questions
in three categories (pain, stiffness, and physical function).
This assessment employs a 5-point Likert scale, ranging
from 0 to 4, where 0 indicates none and 4 indicates extreme.
The total score is calculated by summing up all items. The
total score was recorded. A high score on the WOMAC
scale suggests low functional status and high levels of dis-
ability [24].

Randomization and blinding

A simple randomization method was employed. Before par-
ticipant recruitment, a randomization list was created by
an individual who was not involved in any clinical inves-
tigations. Each participant was assigned a numeric code.

Potential participants were invited in groups based on
their positions on the waiting list. The distribution of these
groups was determined sequentially before sending out the
invitations, and this process was kept confidential from the
clinical assessors.

The researchers administering the treatment were aware
of which study arm the patients were assigned to; however,
this information was concealed from the researchers who
collected the outcome data. Therefore, the assessors of the
study were blinded to the treatment allocation. Additionally,
the statistical analysis was conducted by a statistician who
did not participate in the clinical process of the study. The
intervention arms were randomly labeled as A, B, and C in
the data set, ensuring that the statistician remained unaware
of the patients’ group assignments.

Statistical analysis

The required sample size was determined by using G¥*Power
version 3.1 software, based on the thickness of the RF.
Four data from each group, which were selected randomly,
were used for calculations. After calculations, we found
that a sample of at least eighty-one participants (seventeen
per group) would be needed to obtain 80% power with an
F=0.45 effect size, a=0.05 type I error, and $=0.20 type
I error.

Data was analyzed using SPSS version 25 (IBM Corp.,
2017, IBM SPSS Statistics for Windows, version 25.0,
Armonk, NY: IBM Corp). Numerical variables were pre-
sented as mean+standard deviation, and categorical vari-
ables as numbers (percentage). The distribution of the
variables was analyzed with the Shapiro-Wilk test. Group
comparisons of numerical variables identified as normally
distributed were conducted using one-way analysis of vari-
ance (ANOVA). The Fisher’s Exact Test was performed to
analyze categorical variables. Repeated measures ANOVA
was conducted to assess group effects over time (pre-test vs.
post-test), assuming normality. Post-hoc comparisons with
Bonferroni correction were applied in the presence of sig-
nificant main effects or interactions. A confidence level of
95% was maintained for all analyses. A p-value of less than
0.05 was considered statistically significant.

Results

The enrollment, allocation, follow-up, and final analysis
process are summarized in Fig. 3. The age, BMI, and gender
were similar between groups (p>0.05). The baseline rest-
ing and activity pain intensity was similar between groups
(»>0.05) (Table 1). The descriptive values of outcome
variables are provided in Table 2. The effect of time on the
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Fig.3 The flowchart of the study
[ Enrollment ]

Assessed for eligibility (n=76)

Excluded (n=10)

O Not meeting inclusion criteria (n=7)

> (over 65 years (n=3), meniscus tear
(n=1), rheumatic disease (n=2),
illiterate (n=1)

C Declined to participate (n=3)

v

Randomized (n=66) |

]

v

Allocation

|

4

Allocated to SNMES group (n=22) Allocated to NMES (n=22) Allocated to conventional physiotherapy
+ Received allocated intervention (n=22) + Received allocated intervention (n=22) group (n=22)
+ Did not receive allocated intervention « Did not receive allocated intervention + Received allocated intervention (n=22)
(n=0) (n=0) + Did not receive allocated intervention
(n=0)
|

Lost to follow-up (n=2)

Discontinued intervention (n=2) (did
not attended treatment regularly due
to personal causes)

v
Lost tofollow-up (n=2)

Discontinued intervention (n=2) (did
not attended treatment regularly due

Lost to follow-up (n=3)

Discontinued intervention (n=3) (did
not attended treatment regularly due

to personal causes) to personal causes)

Analysis

Ik

Analysed (n=20)
+ Excluded from analysis (n=0)

Analysed (n=20)
+ Excuded from analysis (n=0)

Analysed (n=18)
+ Excluded from analysis (n=1) (did
not attend post-test)

Table 1 Comparison of the demographic and physical characteristics
of groups

sNMES+CP NMES+CP OnlyCP  p
(n:20) (n:20) (n:18)
Age (years) 58.65+4.42 59.15+£5.37 58.16+4.90 0.828%
BMI (kg/m?)  30.01£4.66 32.63+10.65 31.76+6.35 0.553°
Sex (n (%))
Female 18 (90) 16 (80) 16 (88.9) 0.607°
Male 2 (10) 4 (20) 2 (11.1)
Pain Intensity
(VAS, cm)
Resting 4.544+3.16  3.54+2.61 4324323  0.549%
Activity 7.16+£2.20  6.65+2.51 6.89+2.20 0.707*

n: Number, kg/m?: kilogram/meter square, n: Number, VAS: Visual
Analog Scale, cm: Centimeter, SNMES: Superimposed Neuromuscu-
lar Electrical Stimulation, NMES: Neuromuscular Electrical Stimu-
lation, CP: Conventional physiotherapy,

20ne-way ANOVA, Fisher’s Exact Test

groups is analyzed in Table 3. For the variables that were
found to be significant, we examined the changes within the
groups before and after treatment by conducting multiple
comparisons. The results of these comparisons are presented
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in Table 4; Fig. 4. No adverse effects were reported in all
groups.

Quadriceps and femoral cartilage thickness

The time effect on changes in RF, VM, and VL thickness
was significant (p<0.01), while group (p=0.421; p=0.302;
p=0.084) and time X group interactions (p=0.160;
p=0.547; p=0.302) were not, respectively. The time
(p=0.083), group (p=0.812), and time X group interactions
(p=0.875) were not significant for VI thickness (Table 3).

The time effect on changes in medial (p=0.685) and inter-
condylar (p=0.287) cartilage thickness was not significant.
The group (p=0.861; p=0.995), and time X group inter-
actions (p=0.481; p=0.373) were not significant for them,
too. However, the change in lateral cartilage thickness was
found to be significant (p<0.01) and time X group interac-
tions were also found to be significant (p<0.01) (Table 3).
After treatment, significant changes in the lateral cartilage
thickness were observed in both the SNMES+CP (p<0.01)
and only CP groups (p<0.01), but not in NMES+CP
(»=0.311) (Table 4).
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Table 2 Descriptive values of outcomes

sNMES +CP Group NMES +CP Group Only CP Group
Before After Before After Before After
Muscle and Cartilage Morphology
Thickness M. Rectus femoris 1.2+0.3 1.3+0.2 1.3+0.2 1.4+0.2 1.3+£0.3 1.3+0.2
Thickness M. Vastus intermedius 1.0+0.4 1.1£0.3 1.0£0.3 1.1+£0.3 1.1£0.3 1.1+£0.3
Thickness M. Vastus lateralis 2.0+0.6 2.3+0.7 2.5+0.6 2.7+0.6 2.5+0.6 2.5+0.6
Thickness M. Vastus medialis 2.2+0.6 2.3+£0.6 2.3+0.4 24+0.4 2.7+1.7 29+2.0
Thickness cartilage medial 0.2+£0.0 0.2+£0.0 0.2+£0.0 0.2£0.0 0.2+£0.0 0.2+£0.0
Thickness cartilage lateral 0.1£0.0 0.2+£0.0 0.2£0.0 0.2£0.0 0.2+£0.0 0.2+£0.0
Thickness cartilage intercondylar 0.2+0.0 0.2+0.0 0.2+0.0 0.2+0.0 0.2+0.0 0.2+0.0
Sensorimotor Function
Knee Position Sense 4.5+1.8 3.9+£2.0 49+2.1 44+1.7 4.8+2.0 45+1.7
BESS_Flour/ground double stance 0 0 0 0 0.3£1.0 0
BESS Flour/ground single stance 5.8+2.0 4.6£2.6 6.8+1.9 54+24 6.6£2.0 6.5+£2.0
BESS Flour/ground tandem stance 2.7+2.1 1.3+1.9 3+2.73 1.6+2.3 3.6+3.0 1.2+1.5
BESS_Foam double stance 1.1£2.3 0.2+0.9 0.1+0.3 0.0+0.2 0.2+0.6 0.1+0.4
BESS_Foam single stance 7+1.45 6.2+19 7.6+1.0 72+19 7.5+1.1 7.4+1.4
BESS_Foam tandem stance 4.0£2.3 2.0+1.8 4.5+2.7 3.3+£29 5.0+2.8 3.1£2.8
BESS_Total score 20.7+4.4 14.7+4.1 21.6+6.1 17.1+6.4 23.6+7.5 18.2+6.3
Physical Function
M. Quadriceps muscle strength 106.8£20.9  130.5£23.5 108.6£51.7  112.0+44.0  111.1+£33.8 114.4+24.2
Knee range of motion 97.1+£12.0 106.1£10.6  97.5+12.2 103.6+11.4 96.3+174 105.1+15.1
30-second sit-to-stand test 8+1.85 104+1.4 9.9+£2.8 11.0£2.5 8.5+£2.7 9.9+2.2
Self-reported Functional Status
SF36 physical functioning 41.5+25.9 57.7+23.8 44.5+£20.5 51.5+£22.9 46.9+20.1 51.1+£24.0
SF36 limitation due to physical health 23.7+32.9 51.2+432 31.2+37.0 45.8+40.5 27.7+31.9 50.8+44.6
SF36 limitations due to emotional problems ~ 30.7+39.0 55.9+42.0 45+46.23 56.8+4 25.9+31.5 48.2+36.5
SF36 energy 40.5£21.0 59.7£22.9 45.7+£22.4 50.3+24.9 40.3+£22.3 41.6+£24.2
SF36 emotional wellbeing 50.4+19.4 62.5+19.1 58.8+17.5 62.1+20.1 58+17.69 60.5+19.1
SF36 social functioning 50+26.28 70.7+25.1 62.5+23.6 64.1+29.0 52.7+22.0 58.8+25.1
SF36 pain 33.8422.2 67.6+15.0 49.9+23.0 55.8+25.1 40.0£25.52  55.1+£27.9
SF36 general health 42.7+21.0 53.2+20.0 46.1£19.9 49.2+21.4 50.2+19.5 52.2+20.7
WOMAC score 52.5+21.0 28.9+18.0 42.0+19.1 33.6£19.9 49.2+22.8 36.8+21.5

sNMES: Superimposed Neuromuscular Electrical Stimulation, NMES: Neuromuscular Electrical Stimulation, CP: Conventional physiother-
apy, BESS: Balance Evaluation System Score, SF36: Short Form-36, WOMAC: Western Ontario and McMaster Universities Osteoarthritis

Index

Sensorimotor function

Time (p=0.890), group (p=0.647), and time X group
(p=0.844) changes in knee JPS were not significant. The
time effect on changes in floor/ground single and tandem
stance, foam double, single, and tandem stance, and BESS
total score was significant (p<0.01), but not for floor/
ground double stance (p=0.093). The group and time X
group interactions of all parameters were not significant
(»>0.05) (Table 3).

Physical function

Changes in the quadriceps muscle strength were signifi-
cant regarding time (p<0.01) and time X group interac-
tion (p<0.01) (Table 3). Regarding the significant time
X group effect when comparing groups, the SNMES+CP

group showed a significant difference in quadriceps muscle
strength (p<0.01), while no significant differences were
found in the NMES+CP (p=0.437) or only CP groups
(»p=0.480) (Table 4). The time effect on changes in knee
AROM and 30-second sit-to-stand test was significant
(»<0.01), while group (p=0.690 and p=0.107) and time
X group interactions (p=0.469 and p=0.098) were not,
respectively (Table 3).

Self-reported functional status

The time effect was significant for all SF36 parameters
(»<0.01), but not for group effect (p>0.05). However, the
interactions between the time X group for SF36 Physical
Functioning, Limitations Due to Physical Health, Limita-
tions Due to Emotional Problems, and Emotional Well-
Being were not significant (p>0.05). In contrast, significant
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Table 3 Results of the two factorial repeated measures ANOVA: P-values and partial eta squared (n?) for the main effects of time, group, and

their interaction

Time Group Time X Group 1, 1,> n,>
Muscle and Cartilage Morphology
Thickness M. Rectus femoris <0.01 0.421 0.160 0.191 0.031 0.065
Thickness M. Vastus intermedius 0.083 0.812 0.875 0.054 0.008 0.005
Thickness M. Vastus lateralis <0.01 0.084 0.201 0.186 0.086 0.057
Thickness M. Vastus medialis <0.01 0.302 0.547 0.133 0.043 0.022
Thickness cartilage medial 0.685 0.861 0.481 0.003 0.005 0.026
Thickness cartilage lateral <0.01 0.619 <0.01 0.154 0.017 0.188
Thickness cartilage intercondylar 0.278 0.995 0.373 0.021 0 0.035
Sensorimotor Function
Knee Position Sense 0.890 0.647 0.844 0.052 0.016 0.006
BESS_Floor/ground double stance 0.093 0.068 0.068 0.051 0.093 0.093
BESS_Floor/ground single stance <0.01 0.126 0.130 0.170 0.072 0.071
BESS_Floor/ground tandem stance <0.01 0.803 0.287 0.381 0.008 0.044
BESS_Foam double stance <0.01 0.095 0.050 0.099 0.082 0.103
BESS_Foam single stance <0.01 0.100 0.245 0.102 0.08 0.05
BESS Foam tandem stance <0.01 0.330 0.504 0.361 0.04 0.025
BESS_Total score <0.01 0.217 0.527 0.627 0.054 0.023
Physical Function
M. Quadriceps muscle strength <0.01 0.729 <0.01 0.223 0.011 0.209
Knee range of motion <0.01 0.960 0.469 0.493 0.001 0.027
30 s sit to stand test <0.01 0.107 0.098 0.409 0.079 0.082
Self-reported Functional Status
SF36 physical functioning <0.01 0.970 0.110 0.207 0.001 0.077
SF36 limitations due to physical health <0.01 0.987 0.467 0.310 0 0.027
SF36 limitations due to emotional problems <0.01 0.445 0.611 0.174 0.029 0.018
SF36 energy <0.01 0.386 0.014 0.161 0.034 0.145
SF36 emotional wellbeing <0.01 0.756 0.102 0.140 0.01 0.08
SF36 social functioning <0.01 0.589 0.038 0.142 0.019 0.112
SF36 pain <0.01 0.731 <0.01 0.436 0.011 0.243
SF36 general health <0.01 0.824 0.069 0.141 0.007 0.081
WOMAC score <0.01 0.691 0.014 0.464 0.013 0.144

sNMES: Superimposed Neuromuscular Electrical Stimulation, NMES: Neuromuscular Electrical Stimulation, CP: Conventional physiother-
apy, BESS: Balance Evaluation System Score, SF36: Short Form-36, WOMAC: Western Ontario and McMaster Universities Osteoarthritis

Index

nl12=Time partial eta squared, n22=Group partial eta squared, n32=Time X Group partial eta squared

p<0.05=Bold and italic

time X group interactions were found for SF36 Energy
(»=0.014), SF36 Social Functioning (p=0.038), and SF36
Pain (p<0.01). Additionally, changes in the WOMAC
score were significant regarding time (p<0.01) and the
time Xgroup interaction (p=0.014), but not for group
effect (p=0.691) (Table 3). Regarding the significant time
X group effect when comparing groups, the SNMES+CP
group also showed significant increases in SF36 Energy and
SF36 Social functioning (p<0.01). In contrast, no signifi-
cant changes were noted in NMES+CP or only CP groups
(p>0.05). Finally, significant differences in SF36 pain were
noted in the SNMES+CP (p<0.01) and only CP groups
(»<0.01). In contrast, NMES showed no significant change
(»=0.221). All groups demonstrated significant decreases
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in WOMAC Score (p<0.05), with the SNMES+CP group
showing the most notable difference (p<0.01) (Table 4).

Discussion

To the best of our knowledge, this is the first study to exam-
ine the effectiveness of SNMES, also known as electrical
stimulation with voluntary contraction, on quadriceps and
femoral cartilage thickness, sensorimotor and physical
function, and self-reported functional status in patients with
KOA. The findings indicate that SNMES was superior in
improving quadriceps muscle strength and self-reported
functional status, including increasing energy levels and
social functioning and reducing pain and disability.
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Table 4 Bonferroni-adjusted significance levels for pre- and post-treat-
ment differences within each group in variables showing a significant
time X group interaction

Variable Time sNMES+CP NMES+CP CP
Group Group Only

Group

QF Muscle Before-After  <0.01 0.437 0.480

Strength

Thickness <0.01 0.311 <0.01

Cartilage

Lateral

SF36 Energy <0.01 0.302 0.782

SF36 Social <0.01 0.763 0.284

Functioning

SF36 Pain <0.01 0.221 <0.01

WOMAC <0.01 0.025 <0.01

Score

sNMES: Superimposed Neuromuscular Electrical Stimulation,
NMES: Neuromuscular Electrical Stimulation, CP: Conventional
physiotherapy, BESS: Balance Evaluation System Score, SF36: Short
Form-36, WOMAC: Western Ontario and McMaster Universities
Osteoarthritis Index,

Analysis based on repeated measures ANOVA; post-hoc tests applied
using Bonferroni correction., p <0.05 is given in bold and italics

KOA is often linked to the reduced neural drive to the
quadriceps, which is the main shock absorber of the knee [8,
9]. The diminished neural activation compromises muscle

strength and endurance, further exacerbating joint instabil-
ity and dysfunction [9, 25]. Therefore, quadriceps muscle
weakness is an important issue for managing KOA [13]. We
aimed to compare the effectiveness of combining SNMES
with CP, NMES along with CP, and CP alone in improv-
ing quadriceps strength. We found that the combination of
sNMES and CP was more effective than NMES with CP and
CP alone. A 4% reduction in knee extensor muscle strength
in KOA is considered a clinically relevant difference [26].
Although this aspect has not been directly addressed in
KOA, Vaidya et al. noted that a 7.5 Newton (N) improve-
ment in quadriceps muscle strength following rehabilita-
tion in chronic obstructive lung disease patients represents
a minimally clinically important difference (MCID) [27].
After the intervention (SNMES+CP), we observed an aver-
age improvement in quadriceps strength of 23.7 N (22%).
This represents a significant advancement in clinical prac-
tice (Table 2). Our findings were in line with studies investi-
gating the effects of SNMES on quadriceps strength in other
conditions [28, 29]. Labanca et al. suggested that 6 weeks of
sNMES with sit-to-stand exercise was an effective treatment
for improving quadriceps strength than the control group
after anterior cruciate ligament (ACL) surgery [28]. Li et al.
reported that 8 weeks of SNMES applied with open-chain
exercise for quadriceps has a beneficial effect on increasing

Group ===A ===p = C

Group A: sSNMES+CP  Group B: NMES+CP

Group C: Only CP

QF Muscle Strength Thickness Cartilage Lateral SF36 Energy
13500 24 0.00]
A C
130,00
a3 5500
12500
2
- A - B
nsoo C o B
4500
11000
.,. C
4000
Before After Before After Before After
SF36 Social Functioning SF36 Pain Womac Score
7500 70.00 A $5.00
oo A e
60,00/
500 B C 4500
$0.00
€000 C 4000
$5.00 N 35.00. B
50.00 30.00
Before After Before After A
Before After

Fig.4 Comparison between groups of variables found to be significant
in terms of Group X Time interactions. SNMES: Superimposed Neu-
romuscular Electrical Stimulation, NMES: Neuromuscular Electrical

Stimulation, CP: Conventional physiotherapy, SF36: Short Form-36,
Womac: Western Ontario and McMaster Universities Osteoarthritis
Index, QF: Quadriceps

@ Springer



350 Page 10 of 13

Archives of Orthopaedic and Trauma Surgery (2025) 145:350

quadriceps strength after ACL reconstruction [29]. It may
be attributable to the neurophysiological effect of SNMES.
The patterns of motor unit recruitment during electrically
evoked contractions differ significantly from those during
voluntary contractions. Voluntary muscle contractions pri-
marily recruit smaller motor units, while NMES reverses
this order, primarily stimulating larger motor units. When
combining NMES with voluntary contraction, the physi-
ological effects can be more pronounced. This is because
sNMES has the potential to recruit a greater number of
motor units than NMES or voluntary contraction alone
[10, 11]. Moreover, its neuromodulator effect can be an
important factor in obtaining more gain in muscle strength.
sNMES can increase corticospinal excitability, facilitating
motor learning and strength gains. The combined stimula-
tion enhances the motor cortex’s responsiveness, potentially
through mechanisms such as disinhibition and increased
synaptic efficacy [11, 30, 31].

Although we found the superiority effect of SNMES on
improving quadriceps strength, the effects of the interven-
tion groups on quadriceps thickness improvement were not
different from each others over time. Although a positive
relationship between increased muscle strength and muscle
mass is theorized, there can be instances where muscle
strength increases without a corresponding change in mus-
cle mass, even vice versa. Possible mechanisms underlying
this dissociation involve neural motor control and cellular
or molecular adaptations of muscle fibers. For instance, dur-
ing the initial 4 to 6 weeks of strength training, increases
in muscle strength are primarily due to neural adaptations
rather than muscle hypertrophy. This phase is characterized
by improved neuromuscular efficiency, enabling individu-
als to generate more force without significant increases in
muscle size [32, 33]. On the other hand, muscle hypertro-
phy—reflected as measurable increases in muscle thick-
ness—is primarily driven by protein synthesis and structural
remodeling, processes which typically require longer dura-
tions to manifest [32, 34]. While sSNMES+CP group was
more effective in enhancing quadriceps strength, the lack
of a significant difference in muscle mass increase between
the groups may also be attributed to the duration of our
treatment. A recent meta-analysis supports this. It reported
that resisted strengthening exercises can lead to signifi-
cant increases in ultrasound-derived muscle thickness of
the quadriceps muscle, with an average increase of 16.6%.
However, this substantial effect is only observed after eight
weeks of intervention [35].

Our study found that the combination of the SNMES and
CP offers significant advantages over NMES combined CP,
and CP alone for enhancing energy and social functioning,
as well as reducing pain and disability. For patients with OA
experiencing lower extremity issues, it has been reported
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that changes greater than 12% of the baseline score can be
identified as the MCID for the WOMAC and SF-36 assess-
ments after rehabilitation interventions [36]. Additionally, it
is noted that accepted change scores for the SF-36 include
8.19 to 10.41 for SF36_Pain, 2.57 to 6.69 for SF36_Social
Functioning, and 4.16 to 4.91 for SF36 Energy [37]. A
change of 18% of the baseline WOMAC total score is also
regarded as the MCID for this population [38]. According to
our findings, the improvement observed in the sSNMES +CP
group for SF36 Pain, SF36 Social Functioning, SF36
Energy, and WOMAC scores were 33.8 (100%), 20.7
(41%), 19.2 (47%), and 23.6 (45%), respectively (Table 2).
Clinical progress is also notable in this manner.

No study has directly investigated the effect of sSNMES in
KOA, but previous studies focused on the effects of NMES
on functional status and disability in KOA; however, their
results were contradictory [39—41]. Vaz et al. reported that
3 times out of 8 weeks of NMES improved functional sta-
tus according to the WOMAC score in KOA sufferers [39].
Palmieri-Smith et al. found that the 4-week NMES group
had lower WOMAC scores compared to the control group
in both short and long-term assessments, reporting that
NMES is an effective method for improving functional sta-
tus [40]. Whereas Laufer et al. reported that 12 weeks of
NMES combined with exercise training had no favorable
effect compared to exercise training alone on improving
WOMAC scores, they emphasized that NMES is inadequate
for improving functional status [41]. Similarly, Aydogan
Arslan et al. indicated that NMES did not provide addi-
tional benefits in improving functional status and QoL [42].
Regarding our findings, SNMES has a more positive effect
on functional status and perceived disability among patients
with KOA compared to NMES. From a clinical perspec-
tive, SNMES may be preferred over NMES for improving
functional status and further reducing disability. This result
was not surprising because we also found that quadriceps
strength improved more in SNMES group. Weakness in the
quadriceps can lead to changes in knee joint mechanics and
cause abnormal joint loading during functional activities
[43]. This may lead to avoiding activities due to heightened
pain perception, resulting in greater functional disability
[44]. Weakness of the quadriceps is related to increased
fatigue, pain intensity, and disability, resulting in reduced
functional status [45, 46]. The perceived improvement in
functional status may be more significant in the sNMES
group due to gains in quadriceps strength.

Another explanation of the superior outcomes observed
in the sSNMES group, especially in quadriceps strength,
the SF36 Pain, SF36 Energy, and SF36 Social Functioning
domains, and WOMAC scores, may be partially attributed to
central mechanisms beyond just the recruitment of periph-
eral motor units. The combination of voluntary movements
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and electrically induced contractions in SNMES is known
to influence both spinal and cortical excitability, potentially
resulting in synaptic plasticity through effects akin to long-
term potentiation. These central adaptations may decrease
central inhibition and enhance motor output, contributing
to improved pain management and physical function [10,
11, 29-31]. Therefore, the functional improvements noted
in this study may indicate not only muscular benefits but
also neurophysiological advantages of SNMES.

Strengths and limitations

The primary strength of this study lies in its pioneering ran-
domized controlled clinical trial design, which investigates
the efficacy of SNMES in patients with KOA. Additionally,
the research adds significant value by examining how this
treatment affects functionality through patient feedback.
The study’s main limitation is that we only followed up
on 6-week treatment outcomes. Our findings indicate short-
term effects. We did not conduct medium- or long-term fol-
low-ups, limiting our understanding of the sustainability of
effects over a longer period. Future studies should focus on
long-term effects as well. Secondly, the quadriceps muscle
thickness was improved over time for all groups; however,
sNMES did not show any superiority compared to the other
interventions. This lack of superiority may be due to the six-
week duration of SNMES application, which could be insuf-
ficient to produce significant changes in muscle morphology
compared to NMES. Longer application periods should be
considered to determine if SNMES can lead to increased
quadriceps muscle thickness. Future studies should focus
on extending the application time of sSNMES. Lastly, some
assessment methods used were not considered the gold stan-
dard. Proprioception was evaluated using a digital inclinom-
eter. While it has been reported that a digital inclinometer
is a valid alternative to an isokinetic system for assessing
proprioception in KOA, its inter-rater reliability was found
to be low [19]. Future studies should take this into account.

Conclusion and clinical implications

Although the time effect for regarding all interventions
improved the muscle and cartilage morphology, senso-
rimotor function, except knee JPS, physical function, and
self-reported functional status, these findings represent the
positive impact of conservative physiotherapy program in
KOA, we found that using SNMES alongside CP was more
effective in enhancing quadriceps strength and functional
status compared to using NMES with CP or relying solely
on CP. Recent systematic reviews stated that adherence to
NMES interventions for muscle impairment [47] and self-
reported functional status [48] in KOA was not superior

to control groups. We found that SNMES was superior to
NMES for improving quadriceps strength and perceived
functional status. In clinical practice, incorporating sSNMES
instead of NMES into CP could be a more effective inter-
vention for treating KOA, particularly when the goal is to
enhance quadriceps strength, thereby improving functional
status. Therefore, regarding its superior effects compared
to others, it may be beneficial to incorporate SNMES into
CP treatment programs for patients with KOA, particularly
those experiencing quadriceps weakness and/or functional
difficulties in daily living. Addressing patient complaints,
delaying the onset of disability, and enhancing physical
function from the first appearance of symptoms until the
disease progresses to the point where surgery is unavoid-
able are crucial aspects of managing KOA. Consequently,
collaboration between orthopedists, physiatrists, and phys-
iotherapists may contribute to the conservative treatment,
particularly regarding the efficiency of sSNMES in improv-
ing function for patients with KOA.
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