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Gluteus Maximus-gastrocnemius versus Quadriceps Biofeedback
Neuromuscular Training during Gait in Knee Osteoarthritis: Development

and Feasibility of a Novel Concept with a Pilot Study

Abstract

Background: The neuromuscular training is a subgroup of functional exercises. The effectiveness
of the neuromuscular training substantially improves in combination with electromyography (EMG)
biofeedback. The present study aimed to investigate the effect of a new model of neuromuscular
training in knee osteoarthritis (KOA). Methods: This pilot, parallel randomized-clinical-trial involved
10 participants with moderate KOA, who were randomly assigned into either neuromuscular training
for the gluteus maximus and gastrocnemius (pro-group = 5) or the quadriceps (against-group = 5).
Muscle activity in the feedback phase of gait (EMQG), pain (Visual Analog Scale [VAS] and knee
injury and osteoarthritis outcome score [KOOS]-pain score), and function (average walking speed
and KOOS score) were assessed at baseline, immediately after the first treatment session (except
KOOS), after 10 sessions of intervention, and after a 3-month of follow-up. Results: After the
first treatment session, pain slightly (5.71%) increased in the against-group, whereas decreased by
6.45% in the Progroup; after the 10th session and 3 months, all variables in both groups improved,
with a slight extra positive difference in the Pro-group. However, after 3 months, the percentage
of changes in the Progroup was greater than that of the against-group. The pain intensity based on
VAS (—96.8%), pain (+101.30%), and quality of life (+145.41%) scores of the KOOS questionnaire
showed nearly 100% or even greater improvement in the pro-group. Conclusion: Retraining
quadriceps and gastrocnemius and gluteus maximus using biofeedback during gait seems promising
in KOA, although the Progroup apparently experienced considerably greater clinical improvement.
The study provides preliminary evidence of the clinical feasibility of a novel neuromuscular training
paradigm for KOA based on biofeedback during gait. Trial Registration: This study was registered
under the International Randomized Controlled Trial Number registry on November 20, 2023.
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quadriceps activity during walking,"#
may be reduced because of artherogenic
inhibition,” or could be increased for
the sake of increasing joint stability;® in
addition, longer duration of quadriceps
activity,**1% and stronger co-contraction
with other muscles, especially hamstrings
are reported, that could also be a strategy
for improving joint stability.l'"1?] Besides,
longer activity of the hamstrings,'”! their
co-contraction with other knee muscles,!'!?!
increased contractile activity of hip
adductor muscles,[?  gastrocnemius,®!%13]
and the gluteus maximus and medius®
have been reported during the stance phase
of walking. Biomechanical changes and

Introduction

Knee osteoarthritis (KOA) is the most
common type of articular disease, especially
in middle age;!!! That predominantly affects
walking and climbing stairs.”)’. Weakness,
alterations in muscle tension during activity,
and alterations of the joint biomechanics
are noteworthy risk factors for KOA,!34
that may occur in compensation for the
altered biomechanics of the knee joint.¢!

Various patterns of the alteration of
tension and contractile activity of the
peri-articular knee joint muscles are evident
during different activities: for example,
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compensatory patterns of muscle contraction occur mostly
in moderate KOA (grade III in Kellgren-Lawrence (K-L)
grading system).[!>15]

The new concept in designing the therapeutic exercises
for people with knee osteoarthritis

Quadriceps is the primary extensor of the knee, and one
of the muscles that is inhibited with KOA progression as
a result of the swelling, inflammation, and pain imposed
by the disease;'® in fact, quadriceps inhibition is a
compensatory strategy for controlling the pain and knee
joint loads during the static phase of walking.®! However,
quadriceps weakness conflicts with the muscle’s role
as a shock absorber and increases joint loading during
weight bearing phase.l'8] Progressive weakness of the
quadriceps muscle would disturb the extensor mechanism
of the knee during the static phase of walking. The muscle
imbalance around the joint can subsequently lead to flexion
contracture, which in turn creates a vicious cycle that
exacerbates pain, increases knee joint loading, and disrupts
both proximal and distal joints.[']

Pathological changes related to KOA are stable
and  progressive.?*?l  Many of these changes
patho-kinesiologically compensate for the biomechanical
impairments to save performance and function.>%
Therefore, isometric strengthening of the knee extensors
in nonfunctional positions for reaching back into the
biomechanics and muscle strength of healthy peers does not
seem to be adequate. Alterations of neuromuscular patterns
during dynamic tasks like gait, are beyond simple muscle
weakness and can be recovered through simple static
exercises of solitary muscles. On the other hand, people
with KOA usually suffer impairments in both executive
function and motor control.*

With KOA progression, the concentric power of the
knee extensors decreases; therefore, the hip extensors’,
specifically the Gluteus Maximus’, eccentric power
increases in the static phase of walking.’! However,
an increase in gastrocnemius activity is also reported
during the static phase of walking.®) These findings are
biomechanically justifiable in people with weak quadriceps,
where these two muscles help knee extension through
increasing their activity in the closed-chain paradigm;?*
the theory proposes whether compensatory muscle
activity can be harnessed to benefit individuals with
KOA through aiding knee extension without increasing
knee joint loads. Neuromuscular training of the muscles
that indirectly contribute to knee extension may not
only reduce the direct load on the knee but also provide
support the inhibited quadriceps and help in prevention
of the knee flexion contracture. Therefore, the first goal
of the present study was to compare the effects of the
therapeutic exercise for muscles in the opposite direction
of altered biomechanics (against-group: quadriceps
training) versus muscles in the same direction of altered
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biomechanics (ProGroup: gastrocnemius and gluteus
maximus training) in term of change in pain, function and
electromyography (EMG) activity amplitude.

Traditionally, the therapeutic exercise for KOA is practiced
in nonfunctional, static positions. The exercises aim
reversing the muscles weakness imposed by the disease
for the sake of returning the muscle activity pattern to
that of normal matches; the improvements following these
exercises are interpreted as a sign of the recovery and the
effectiveness of the therapeutic approach.?7 The clinical
effect ranges from medium to low, decreasing over time
responses®! although, participant’s functional performance
shows minimal changes clinically; in fact, strengthening a
muscle in a nonfunctional context does not necessarily lead
to improvement of its collaboration in functional situations;
therefore, it is possible that other factors are involved in
the effectiveness of therapeutic exercise.’®! Maximizing
therapeutic effectiveness requires determining how to apply
therapeutic exercise based on the underlying pathogenesis,
and identifying the key muscle groups to target.

When designing therapeutic exercises for individuals with
KOA, it is crucial to consider the neuromuscular control
of the lower limb to ensure effective engagement of the
target muscle during the proposed functional activities.*
The primary goal of strengthening exercises is to minimize
the energy cost of the movement; thus, neuromuscular
training is a justified therapeutic approach that prioritizes
the quality (techniques, form, adaptation, and coordination)
and efficiency of movement.*3

The neuromuscular training basically targets improving
sensory-motor  control,B!!  achieving  compensatory
functional stability,’**!) and correcting muscle activation
patterns. It also affects functional biomechanics and
performance outcomes, such as faster times, greater
distances, or improved accuracy.*!! Thus, neuromuscular
training is supposed to enhance cognitive-motor integration
and help symptoms relief during dynamic tasks like gait.

Neuromuscular training is extensively used as a gait
retraining modality in people with KOA.F*3¢ To optimize
movement, neuromuscular training should be guided by
objective metrics that clearly convey muscle activity to
the participant. Biofeedback training is a neuromuscular
rehabilitation approach that has been employed to facilitate
normal movement patterns for more than five decades.?”

Providing biofeedback during rehabilitation could have
potential therapeutic effects; for example, it may enable
users to gain control over physical processes previously
considered to be automatic responses under the control
of the autonomic nervous system; on the other hand,
it leads to an increase in individual’ compliance with
exercise and motivates them.’®] Any activation of the
neuromusculoskeletal system can be used to provide
neuromuscular feedback. The neuromuscular feedback used
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in rehabilitation includes electromyographic biofeedback
and real-time feedback using ultrasound.?®”!

The main functional limitation induced by KOA is
the change in gait that consequently affects personal
independence and social interaction.*”) Since people
suffering from KOA are mostly elderly adults who are
synchronously challenged by aging-induced neuromuscular
impairments,’®3! using biofeedback for improving KOA
walking performance seems promising!!! for neuromuscular
training.*3242 Therefore, one objective of the present study
was to evaluate the use of biofeedback as a tool to facilitate
neuromuscular training during walking.

According to our search strategy, no study to date
has compared the aforementioned exercise paradigms,
combining neuromuscular training and EMG-biofeedback
during walking for subjects with KOA. A preliminary pilot
study has briefly explored a framework for biofeedback
therapy in KOA during various tasks.*¥) We believe that
the neuromuscular training of muscles that indirectly help
in knee joint extension may be helpful in improving knee
joint pain and function for individuals with KOA who
suffer from Quadriceps weakness.

This preliminary study provides a detailed summary of
designing a clinical trial to evaluate the feasibility and
effects of neuromuscular strengthening exercises using a
biofeedback method during walking. The training plan
focuses on the altered neuromuscular patterns of distinct
muscle groups during walking and measures clinical
outcomes in term of pain and function along with the
muscle activity amplitude. If the feasibility of gait training
through neuromuscular exercises using a biofeedback
is confirmed, the efficiency of the proposed paradigm
in improving pain, function, and EMG features should
then be properly investigated during the gait as the most
challenging task for people suffering from KOA.

Methods

This study is a pilot, parallel-group, randomized single-blind
(assessor) clinical trial in which participants with moderate
KOA were randomly assigned into either the pro-group
or the Against-group (1:1) using a block randomization
approach. For those with bilateral KOA, the most painful
knee (regardless the more severely affected side according
to K-L grading) was chosen for the training. The primary
outcomes included amplitude of muscle activity in EMG
findings, pain intensity, and individual-reported functional
improvements.

Ethics, recruitment, and satisfaction process

Ethics approval was obtained from the institutional
Research Ethics Committees on October 22", 2023; the
protocol of the study was registered in the WHO-certified
national registry on November 30, 2023. The participants
were recruited from the orthopedic clinics of state centers

Journal of Medical Signals & Sensors | Volume 16 | Issue 6 | June 2026

affiliated by the University of Medical Sciences, in the
period of December 1%, 2023 up—May 31%, 2024.

The eligibility screenings were conducted by SG, for
volunteers of either gender who’s the grade of KOA
was approved by a blind orthopedic specialist. The
inclusion criteria were grade of III KOA according to
the K-L grading system, age between 40 and 75 years,
pain score >3 based on the Visual Analog Scale (VAS),
experience of pain on most days in the past month, ability
to walk on a treadmill for at least 25 min without aid and
to walk normally for at least 30 min. The volunteers were
not included if they were athlete, had the history of hip or
knee joint replacement surgery, body mass index (BMI)
>35 kg/m?, any neurological, muscular, or skeletal disorder
that impairs independent walking or ability to participate in
gait training (like cognitive disorders, Parkinson’s, etc.) or
any KOA treatments such as oral or injected corticosteroids,
knee surgeries (e.g., osteotomy), or conservative treatments
(e.g., physical therapy, manual therapy, acupuncture,
exercise therapy) within the past 6 weeks prior to the
study. Approved volunteers received a written formal
consent and had 48 h to announce whether they are still
interested in collaboration. Enrolled participants received
detailed information about the treatment group they were
assigned into.

The personal data of the participants were saved
confidential and are only available to the research team.
For each participant, a unique code was assigned for
assuring confidentiality of their data during the analysis
process. The written informed consent form participants
were archived by the university for 2 years.

Outcome measures and statistical analysis

Pain intensity (VAS score, knee injury and osteoarthritis
outcome score [KOOS]), average walking speed (10-m
fast-speed walking record, KOOS), and EMG data were
collected at baseline (pretest), immediately after the first
treatment session (except KOOS), after 10 sessions of
predefined interventions and after 3 months of stopping
either intervention paradigm (3-month follow-up). KOOS
score assessed the assessments were conducted in the
biomechanics laboratory.

Demographics

Upon entering the study, the demographic information of
the participants was recorded in a predesigned sheet using
a questionnaire. The sheet include gender, age, BMI, and
the affected leg.

Assessment tools

The KOOSH4! has shown strong validity and reliability
for people with mild to moderate KOA.*" We used the
Persian version of the KOOS questionnaire to evaluate
pain and function based on following manual calculations
formulae: >4
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Mean score (P1-P9) x 100
4

PAIN 100 -

= KOOS pain

Mean score (S1-S7) x 100
4

SYMPTOMS 100- = KOOS symptoms

Mean score (A1-A17) <100
4

ADL 100- =KOOS ADL

Mean score (Q1-Q4) x 100
4

QOL 100- =KOOS QOL

Equation 2-5 knee injury and osteoarthritis outcome
score scoring formulae

VAS, is well-established as a reliable and valid tool
for measuring pain intensity in  musculoskeletal
disorders.™ Because the KOOS questionnaire cannot
capture pain intensity level immediately after the first
treatment session, the VAS was included in all four
assessment stages: pre-test, immediately after the first
treatment session, posttest, and 3-month follow-up.

Ten meters Fast-speed Walking is a reliable measure for
assessing walking speed and offers a moderate reflection
of overall physical function.* Because the KOOS
questionnaire does not assess the function immediately after
the first treatment session, the 10-m fast-speed walking test
was included at all four assessment stages.

Surface EMG has demonstrated sufficient reliability for
assessing lower limb muscle activity within and between
sessions.®” The amplitude and duration of the quadriceps,
Gluteus maximus, and gastrocnemius muscles during the
stance phase of walking were reported using EMG, whereas
feedback was provided synchronously.

The rectus femoris is the most commonly addressed
section of the Quadriceps muscle in EMG studies of KOA
gait.[%3152] Since discrete muscle groups were recorded for
either study group, EMG parameters of the rectus femoris
activity were reported in both groups to have reference
evidence of the effect of proposed treatments on the EMG
parameters.

The MegaWin eight-channel EMG device was employed,
sampling at a frequency of 1000 Hz. Muscle activity
signals were filtered using a high-pass filter at 10 Hz
and a low-pass filter at 450 Hz to minimize signal noise.
Before electrode placement, participants were instructed
to shave and clean the skin thoroughly, with placement
following the SENIAM protocol on vastus lateralis, rectus
femoris, and vastus medialis in the against-group, and
gluteus maximus, medial and lateral gastrocnemius in the
pro-group. Each participant completed five walking trials
in a gait laboratory at the desired speed, from which three
trials were selected for analysis. EMG normalization was
performed using maximum voluntary contraction tests

4

for all three muscle groups. All the assessments were
conducted by the assessor (KHB) who was blind to study
groups.

Study outcomes were assessed quantitatively. A blinded
assessor (KHB) entered all data into the statistical software,
and a statistician (AAB) performed the analyses. Data on
VAS, 10-m fast-speed walking, and EMG were collected
at four assessment stages. KOOS scores were collected at
pretest, posttest, and 3-month follow-up.

These data were analyzed using SPSS software (IBM
Corp., Released 2018. IBM SPSS Statistics for Windows,
Version 26.0. Armonk, NY, USA.). The magnitude of the
change following the interventions was reported in the net
term (Post—Pre) and in standard change percent (100x [Post—
Pre]/Pre). Power analysis was performed using G * Power
(G * Power 3.1.9.7 freeware, Released March 17, 2020,
University of Diisseldorf, Diisseldorf, Germany) software.>

Experimental setting and interventions

Treatment sessions were appointed in the physical therapy
clinic of the University of Medical Sciences. All participants
received standard treatments, including health-related
education and routine physical therapy of conventional
TENS, pulsed ultrasound, joint and soft tissue mobilization,
and stretching exercises, for ten sessions.’*>! In addition
to the routine treatment, one group received neuromuscular
training for the quadriceps muscle, whereas the other group
received neuromuscular training for the gastrocnemius and
gluteus maximus using EMG-biofeedback during walking at
a convenient self-selected speed. All treatment procedures
were administered by a single physical therapist (SG) with
5 years of experience in managing KOA subjects. The
biofeedback exercise was thoroughly explained during the
initial introduction and eligibility screening sessions. The
therapist was present throughout the therapeutic sessions to
ensure complete training was achieved.

We employed the physioparse biofeedback device
[Figure 1], a micromodel manufactured in Iran by a
knowledge-based company (Hormoz-Kian Company).

This device has been certified for medical equipment quality
management (ISO13485), operates on a single channel, and
offers a wireless range of up to 100 m without requiring a

Figure 1: Physiopars biofeedback
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reference or ground electrode. To prepare participants for
walking, each treatment session began with routine physical
therapy, followed by neuromuscular training while walking
with EMG-biofeedback based on the assigned group. This
training was consisted of three phases:

1. Instruction by the therapist,

2. Solo practice with the device, and

3. Executing the learned method without monitoring the

device’s readout, under the therapist’s supervision.

The biofeedback hub was attached to the participant’s body
with a belt, and the device was connected to a tablet via
Wi-Fi. Participants were able to view their muscle activity
as signals on a monitor or tablet screen while walking in
the laboratory.

Against-group (quadriceps muscles neuromuscular training)

In this group, electrodes were placed on the rectus femoris
muscle with 20 mm distance in between [Figure 2].

The therapist guided the participant through walking
exercises, providing feedback to help improving their
performance.

Participants ~ monitored their muscle

Pt % Biofeedback ~OReset Fs4 ?
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Figure 4: Muscle activity with an addition of about 20% of the base activity
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activity on a screen, using their experience with the
device and the therapist’s instructions, they enhanced
their performance over time. Each session involved
setting a muscle activity threshold, typically ten to
twenty percent higher than the individual’s baseline
activity [Figures 3 and 4], with adjustments as necessary.
Participants performed this exercise during 15 min walking
per session.

Pro-group (Gluteus maximus and gastrocnemius muscles
neuromuscular training)

In this group, electrodes were placed on both the Gluteus
Maximus and the Gastrocnemius muscle bulk with
20 mm distance in between [Figure 5]. Each exercise
was performed separately for 15 min, with a 10-min
break between the two exercises. Due to the limitations
of the single-channel biofeedback device, it was not
possible to capture signals from both the medial and
lateral gastrocnemius muscles simultaneously; therefore,
electrodes were placed transversely on the gastrocnemius
bulk. The remaining training procedures adhered to the
same protocol as those used in the against-group.

Safety and adverse events

The primary investigator (the PI: KHKH) and the
other supervisor of the team (MMR) monitored the
implementation process, the progress of the plan, data
collection, and all safety, clinical, scientific, and executive
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Figure 5: Bio-feedback electrodes placementin pro-group (1. Gastrocnemius,
2. Gluteus Maximus)
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concerns related to the assessment and treatment of the
participants.

The therapist (SG) was available to the participant from
the beginning to the end of the interventions and follow-up
periods and ensured their safety in all stages of treatment and
assessment. The treatment environment and all the equipment
related to the evaluation and treatment were safe and calibrated
and were regularly checked by the Ethics supervisor and the
gait laboratory technician. There was minimal risk of fatigue
in the first treatment session, due to the assessment before
and immediately after the session, for which the rest intervals
were anticipated. The longer duration of the first session was
informed to the participants in advance.

The treatment protocol was not anticipated to cause side
effects, and no side effects were either observed by the
supervisors or reported by the participants during the project.

Withdrawal criteria

Participants were informed that they were free to leavethe
study at any time, including before, during, and after data
collection sessions. If a participant stopped collaboration,
their data were imputed using the multiple imputation
method and intention-to-treat (ITT) analysis was conducted.

The duration of the walking rehearsal in each session
was less that of the average daily time of walking for
each participant; however, if they reported discomfort and
refused to walk as planned, they were excluded from the
study upon their preference.

Preliminary Clinical Results

Due to the lack of prior studies using the same method,
this study was initially conducted as a pilot with five
participants in two independent groups [Table 1].

Five participants in each group received 10 sessions
routine physical therapy in addition to the neuromuscular
EMG-biofeedback training during gait. Pain, function and
EMG data at first treatment session are summarized in
Table 2.

It seems that pain increased in the against-group immediately
after the first treatment session (+5.71% change) while
its value decreased in the pro-group (—6.45%). However,
the average fast-walking speed decreased in both groups
immediately after the first session. The increase in pain in

Table 1: Demographic data of S participants in each

group
Variable Against-group Pro-group
Sex Male n=1, female n=4 Male n=1, female n=4
Age 63.0046.59, 54< age <71 65.60+7.50, 56< age <75
BMI 28.22+3.07, 24.83< BMI 26.82+3.13, 22.64< BMI
<31.62 <30.10
Affected side Left: n=4, right: n=1 Left: n=1, right: n=4

BMI: Body mass index

6

the pro-group may be due to fatigue, and the decrease in
fast-walking speed in both groups after the first session may
be due to focusing on learning the instructions given during
gait [Table 2]. Based on EMG-findings, it seems that at the
end of the first session the activity of all muscles decreased,
during stance phase of gait (feedback phase). The effects of
ten-session interventional paradigms are presented in Table 3.

After ten sessions, pain and function improved in both groups,
although the changes were more prominent in the pro-group
for all clinical variables, except for the KOOS quality of
life (QoL) that showed somehow similar improvement in both
groups. Based on EMG findings, the Rectus Femoris activity
increased considerably (31.58%) in against-group while it
moderately decreased (—11.76%) in pro-group after the tenth
treatment session. The activity of the vastus lateralis (+10.90)
and the medial and lateral heads of gastrocnemius increased
in against- and pro-group, respectively, whereas the vastus
medialis in the against-group and the gluteus maximus in the
Pro-group showed lower activities [Table 3].

Table 4 summarizes the lasting impact of the proposed
interventions in term of both clinical and EMG records.

The intensity pain, and function improved in both groups,
although the improvement was significantly more prominent
for all clinical variables in the pro-group. Interestingly,
all patient-reported outcome measures (pain intensity and
KOOS subclasses scores) continue to improve during the
follow up period [Table 4]. Although the improvement was
generally small (fairly < 4% on average), it was considerable
for the pain intensity and the score of QoL subclass of
KOOS in Pro-group (20% and 16%, respectively) [Table 5].
In contrast, average fast walking speed reduced by 9%
in either group. These results suggest that the clinically
perceived benefits of the proposed gait training paradigms
may endure in the long term, but functionally they may not
be as effective as initially anticipated.

Only in pro-group the rectus femoris activity continued to
improve during follow up period. The activity of all muscles
appeared to stabilized during follow-up in the against-group.
In contrast, the Pro-groups demonstrated notable
heterogenous changes: “while activity of gastrocnemius
heads decreased by an average of 10%, Gluteus Maximus
activity showed a significant improvement of 16%.”

During the sessions, subjects felt satisfied with the
treatment they received; thus, they actively participated
in their program. They specifically felt grateful because
the therapist walked alongside them and explained muscle
activity for them during gait training exercises.

At the end of the tenth session, they reported that they had
learned the exercises well and will follow the instructions in their
daily lives. Although some were over 60 years old, they did not
find working with biofeedback difficult or challenging. Instead,
they liked it as a joyful therapeutic exercise that entertained
them like a game. None of the participants in either group left
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Table 2: The impact of one session intervention on the clinical, and electromyography -feedback records

Data type Variable Group Baseline After 1* session Mean change (standard mean change %)
Clinical Pain intensity (%) Against-group 70.00+18.70 74.00+18.20 +4.00 (5.71)
Pro-group 62.00+14.80 58.00+11.50 —4.00 (6.45)
Average fast walking Against-group  1.05+0.30 0.87+0.28 —0.18 (17.14)
speed (m/s) Pro-group 1.28+0.13 0.98+0.21 —0.30 (23.44)
EMG Rectus femoris Against-group  0.38+0.14 0.36+0.08 —0.02 (5.26)
amplitude Pro-group 0.34+0.05 0.23+0.05 —0.11 (32.35)
Vastus lateralis Against-group  0.55+0.09 0.44+0.11 —0.11 (20.00)
Vastus medialis 0.51+0.08 0.39+0.09 —0.12 (23.53)
Gluteus maximus Pro-group 0.49+0.17 0.37+0.14 —0.12 (24.50)
Gastrocnemius (medial head) 0.35+0.06 0.25+0.04 —0.10 (28.57)
Gastrocnemius (lateral head) 0.42+0.05 0.26+0.06 —0.16 (38.09)

EMG — Electromyography

Table 3: The impact of ten-session intervention on the clinical, and electromyography feedback records

Data type Variable Group

Baseline

After 10" session Mean change (standard mean change %)

Clinical Pain intensity (%) Against-group 70.00+18.70 26.00+23.02 —44.00 (62.86)

Pro-group 62.00+14.80 22.00+8.37 —40.00 (64.52)

Average fast walking Against-group  1.05+0.30 1.23+0.33 +0.18 (17.14)

speed (m/s) Pro-group 1.28+0.10 1.55+0.14 +0.27 (21.10)

KOOS pain (%) Against-group 39.41+13.80 67.78+11.04 +28.37 (72.00)

Pro-group 41.10+6.30 74.42+5.34 +33.32 (81.10)

KOOS symptoms (%) Against-group  45.70+£12 70.00+£11.47 +24.30 (53.17)

Pro-group 50.00+8.00 82.80+6.77 +32.80 (65.60)

KOOS ADL (%) Against-group 48.20+14.61 71.16+8.11 +22.96 (47.64)

Pro-group 52.70£9.10 78.52+8.73 +25.82 (49.00)

KOOS QOL (%) Against-group  23.75+8.15 43.75+0.00 +20.00 (84.21)

Pro-group 24.97+10.85 45.00+10.27 +20.03 (80.22)

EMG Rectus femoris Against-group  0.38+0.14 0.50+0.09 +0.12 (31.58)
amplitude Pro-group 0.34+0.05 0.30+0.09 —0.02 (5.88)
Vastus lateralis Against-group  0.55+0.09 0.61+0.01 +0.06 (10.90)

Vastus medialis 0.51+0.08 0.44+0.11 —-0.07 (13.72)

Gluteus maximus Pro-group 0.49+0.17 0.34+0.16 —0.15 (30.61)
Gastrocnemius (medial head) 0.35+0.06 0.47+0.12 +0.12 (34.28)
Gastrocnemius (lateral head) 0.42+0.05 0.53+0.06 +0.11 (26.19)

KOOS — Knee injury and osteoarthritis outcome score; ADL — Activity of daily living; QOL — Quality of life; EMG — Electromyography

the study because of increased pain or discomfort (attrition
rate = 0%). Thus, the ITT analysis was not possible.

Finally, the importance of continuing the rehearsals at
home was explained to all participants. They were assured
that they could contact the therapist even after the 3-month
follow-up if they had any questions and concerns.

Sample size based on pilot study

The sample size for the main clinical trial was determined
based on the clinical variables (VAS score for pain intensity,
walking speed as measured by 10-meters fast walking
test, KOOS Scores for the pain, symptoms, activities
of daily living (ADL) function, QOL subclasses) and
EMG-findings (rectus femoris activity in the feedback phase,
in stance phase of gait). Other EMG data were not used for
sample size estimation because they were reported for only
on one group. Considering the age and the self-report level of
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physical activity of the eligible individuals, the sport activity
subclass of the KOOS questionnaire was not considered in
sample size estimation and in the target randomized controlled
trial (RCT) outcomes. As a 3-month follow-up period was
considered in the final RCT, to justify the durability of the
clinical effects of the interventions, follow-up data for either
group were used for calculating the sample size.

The formula for determining the sample size, considering
the quantitative nature of the dependent variables in the
study and the existence of two independent groups, was as
follow (*Electromyographic data will be analyzed in each
group in the final study):

2
2 2
(zl_% +z4 ) (o, +03)

(:ul -, )2

n=
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Table 4: The clinical, and electromyography -feedback records after 3-months follow up

Data type Variable Group Baseline After 3-month Mean change (standard
follow-up mean change %)
Clinical Pain intensity (%) Against-group 70.00£18.70 20.00420.00 —50.00 (71.43)
Pro-group 62.00+14.80 2.00+4.47 —60.00 (96.80)
Average fast walking Against-group 1.05+0.30 1.11+0.30 +0.06 (5.71)
speed (m/s) Pro-group 1.28+0.10 1.41£0.12 +0.13 (10.16)
KOOS pain (%) Against-group 39.41+13.80 72.20+10.36 +32.79 (83.20)
Pro-group 41.10+£6.30 82.74+9.51 +41.64 (101.30)
KOOS symptoms (%) Against-group 45.70+12.00 67.86+13.34 +22.16 (48.49)
Pro-group 50.00+8.00 83.52+12.02 +33.52 (67.04)
KOOS ADL (%) Against-group 48.20+14.61 76.97+10.06 +28.77 (59.69)
Pro-group 52.70+9.10 86.63+6.42 +33.93 (64.38)
KOOS QOL (%) Against-group 23.75+8.15 45.00+2.80 +21.25 (89.47)
Pro-group 24.97+10.85 61.28+15.00 +36.31 (145.41)
EMG Rectus femoris Against-group 0.38+0.14 0.51+0.08 +0.13 (34.21)
amplitude Pro-group 0.34+0.05 0.35+0.05 +0.01 (2.94)
Vastus lateralis Against-group 0.55+0.09 0.58+0.11 +0.03 (5.45)
Vastus medialis 0.51+0.08 0.46+0.09 —0.05 (9.80)
Gluteus maximus Pro-group 0.49+0.17 0.50+0.16 +0.01 (2.04)
Gastrocnemius (medial head) 0.35+0.06 0.36+0.06 +0.01 (2.86)
Gastrocnemius (lateral head) 0.42+0.05 0.44+0.10 +0.02 (4.76)

KOOS — Knee injury and osteoarthritis outcome score; ADL — Activity of daily living; QOL — Quality of life; EMG — Electromyography

Table 5: Comparing the records clinical, and electromyography -feedback parameters after 10 sessions and after
3-months follow up

Data type Variable Group After After 3-month Mean change (standard
10" session follow-up mean change %)
Clinical Pain intensity (%) Against-group 26.00+23.02 20.00+20.00 —6.00 (23.08)
Pro-group 22.00+8.37 2.00+4.47 —20.00 (90.91)
Average fast walking Against-group 1.23+0.33 1.11£0.30 —0.12 (9.76)
speed (m/s) Pro-group 1.55+0.14 1.41£0.12 —0.14 (9.03)
KOOS pain (%) Against-group 67.78+11.04 72.20+10.36 —4.42 (6.52)
Pro-group 74.42+5.34 82.74+9.51 +8.32 (11.18)
KOOS symptoms (%) Against-group 70.00+11.47 67.86+13.34 —2.14 (3.06)
Pro-group 82.80+6.77 83.52+12.02 +0.72 (0.87)
KOOS ADL (%) Against-group 71.16+8.11 76.97+10.06 +5.81 (8.16)
Pro-group 78.52+8.73 86.63+6.42 +8.11 (10.33)
KOOS QOL (%) Against-group 43.75+0.00 45.00+2.80 +1.25 (2.86)
Pro-group 45.00+10.27 61.28+15.00 +16.28 (36.18)
EMG Rectus femoris Against-group 0.50+0.09 0.51+0.08 +0.01 (2.00)
amplitude Pro-group 0.30+0.09 0.35+0.05 +0.05 (16.67)
Vastus lateralis Against-group 0.61+0.01 0.58+0.11 —0.03 (4.92)
Vastus medialis 0.44+0.11 0.46+0.09 +0.02 (4.55)
Gluteus maximus Pro-group 0.34+0.16 0.50+0.16 +0.16 (47.06)
Gastrocnemius (medial head) 0.47+0.12 0.36+0.06 —=0.11 (23.40)
Gastrocnemius (lateral head) 0.53+0.06 0.44+0.10 —0.09 (16.98)

KOOS — Knee injury and osteoarthritis outcome score; ADL — Activity of daily living; QOL — Quality of life; EMG — Electromyography

Equation 1: Sample size estimation formulae * W, = mean of Pro-group
A . * o, = standard deviation values for the pain and function
ssuming a I

« Type I error of o =0.05 variables of against-group

«  Type II error of p =0.2, * 0, = standard deviation values for the pain and function

* W, = mean of Against-group, variables of Pro-group
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The actual power of the pilot study and the sample size
estimated based on a two-tailed #-test with o =0.05, and
[3 =0.8 for each variable is summarized in Table 6:

*Estimated with  =0.8

As the largest estimated sample size was 14 participants
per group, the total sample size, for a study of reliable
power, will be 30, with the probability of one dropout for
either group.

Discussion

This pilot study aimed to test the feasibility, adherence,
retention rates, and acceptability of performing gait
training with neuromuscular strengthening exercises
using a biofeedback in people with KOA. We sought
to examine the neuromuscular training during gait to
correct the neuromuscular pattern. Neuromuscular training
is widely used in therapeutic exercise for KOA.B03242
We have taken advantage of the unique features of this
approach and applied biofeedback for neuromuscular
training. Finding approved the feasibility and clinical
potential of the proposed paradigms to improve clinical,
functional, and EMG records of the participants in the long
term (3 months). EMG-Biofeedback-based neuromuscular
training during gait, in particular, training the muscles
that indirectly collaborate in knee extension, is one of the
innovations of the present study.

Clinical date

After one treatment session, pain in the against-group
showed a slight increase, while it decreased in the
pro-group. The increase in pain in the against-group
could be due to inevitable increase in Quadriceps muscle
activatiy; increased activity of the Quadriceps, which is
weak and inhibited due to pain, may increase the load
imposed to the joint and pain.l'®® On the other hand,
pre-test evaluation followed by an intervention session
might caused fatigue, that gradually diminished over
further sessions.P”! However, since both groups experienced
practically similar conditions, the first explanation seems
more plausible.

Meanwhile, the average walking speed decreased in both
groups, with greater changes observed in the pro-group.

Since KOA management essentially focuses on activating
quadriceps,*?" the learning process for increasing quadriceps
activity seems to be more comprehensible compared to that
of gastrocnemius and gluteus maximusdevoting more energy
during walking. Conversely, the increasing activity of the
gastrocnemius and gluteus maximus was less perceptible
to the participants. Besides the learning challenge, probably
conscious utilizing gastrocnemius and Gluteus Maximus
during walking posed an extra challenge, which contributed
to a greater reduction in walking speed in the pro-group
compared to the against-group.

Pain decreased in both groups after ten treatment sessions,
with a slightly greater reduction in the pro-group. Although
the baseline pain intensity was less intense in pro-group,
still the more pronounce effect of pro-group biofeedback
training in reducing pain is of clinical value.

Furthermore, the results showed positive changes in other
variables in both groups; average walking speed, knee
pain, symptoms, ADL, and QoL, as assessed by the KOOS
questionnaire, improved in both groups, with the pro-group
showing greater changes.

The improvement of symptoms in the against-group
supports our hypothesis that proper quadriceps
neuromuscular strengthening training help eliminating
muscle inhibition. Management of quadriceps inhibition
during challenging tasks, such as gait, can potentially
modulate knee joint loads, reduce pain, and improve other
symptoms over time. On the other hand, the changes
reported in the pro-group provide valuable preliminary
evidence supporting the positive clinical consequences
of activation of the gastrocnemius and gluteus maximus
over ten sessions. According to the reported changes and
biomechanical principles,>* these muscles indirectly
assist the Quadriceps and contribute to modulating knee
joint loads through their extensor roles.®?? However, this
hypothesis requires further investigation with larger sample
sizes and EMG analysis.

The long-term results of neuromuscular training after
3-month follow-up have critical value for clinical practice.
The of changes remained positive as evidence of, the
long-lasting improvement for all variables in both groups

Table 6: Power analysis and sample size estimation

Variable n, n, SD, SD, Actual power Sample size*
Pain intensity (%) 20.00 2.00 20.00 4.47 0.41 12 (total=24)
Average fast walking speed (m/s) 1.12 1.41 0.30 0.12 0.45 11 (total=22)
KOOS pain (%) 72.20 82.74 10.36 9.51 0.32 14 (total=28)
KOOS symptoms (%) 67.86 83.52 13.34 12.02 0.32 12 (total=24)
KOOS ADL (%) 76.97 86.63 10.06 6.42 0.36 14 (total=28)
KOOS QOL (%) 45.00 61.28 2.80 15.00 0.55 14 (total=28)
Rectus femoris amplitude 0.51 0.35 0.08 0.05 0.91 6 (total=12)

*Estimated based on $=0.8. KOOS — Knee injury and osteoarthritis outcome score; ADL — Activity of daily living; QOL — Quality of life;

SD — Standard deviation
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after 3 months. The trend continued toward greater
improvement for all variables except for the average
walking speed, which, although increased compared
to baseline, slightly decreased compared to “after ten
sessions” record; the records for Pro-group were even
almost 100% better than the baseline. Thus, although both
biofeedback approaches appear to successfully improve
clinical reports for individuals with KOA, the pro-group
seems to experience greater changes.

According to our knowledge, this is the first study aimed at
neuromuscular training with EMG-biofeedback during gait
in people with KOA. For the first time ever, weinduced
higher activity of muscles that are not directly involved in
knee extension during gait. The emphasis of this study was
on the participant’s active collaboration during therapeutic
exercise and momentary muscle activation during the
dynamic gait task.

Electromyography findings

Muscle activation during the stance phase of gait (feedback
phase), decreased in all muscles in both groups, immediately
after the first session. The finding suggests the possibility
of fatigue induced by limited experience performing the
requested tasks. Fatigue may be particularly relevant
with aging, as middle-aged individuals often experience
sarcopenia which is associated with weakness and loss of
muscle mass;P® the combination of pre- and post-treatment
assessment sessions and a full treatment session of gait
retraining exercises in between, could contribute to fatigue
in participants leading to a reduction in the magnitude of
muscle activity; given the fixed structure of the exercise
therapy components, fatigue effects are likely to diminish
over time as treatment sessions progress.r”!

After ten sessions, the against group showed a relative
increase vastus lateralis activity and a relative more
profound decrease in vastus medialis activity. This pattern
favors load distribution toward the lateral aspect of the
articular surface and reduces load on the medial side,
which may partially mitigate cartilage degeneration on the
joint’s medial compartment.t!2!155

Considering the increased rectus femoris activity in the
against-group, after ten sessions and 3 months follow up,
neuromuscular training with biofeedback appears effective
in improving neuromuscular pattern of the rectus femoris
during gait; This training may help the quadriceps function as
a shock absorber to modulate the loads on the knee joint.!'$!

A significant increase in Gastrocnemius activity in the
pro-group, accompanied by a decrease in Quadriceps
activity after ten sessions, suggests that the study
achieved its objectives of activating secondary knee
extensor muscles,? without markedly engaging the
primary extensors. However, Gluteus Maximus activity
unexpectedly decreased after ten sessions. A plausible
explanation is that the gluteus Maximus behaves as a

10

phasic muscle, predisposed to inhibition and fatigue.[
This fatigue could have been exacerbated by the walking
component, which lasted twice longer in the pro-group
than that in the against-group. To justify this finding, we
recommend measuring the changes in gluteus maximus
activity in a separate assessment session that isolates
measurement from the exercise and treatment session.

According to the EMG results at the study after a 3-month
follow-up, ten treatment sessions appear insufficient to retrain
most muscles using neuromuscular training with biofeedback
with the notable exception of the quadriceps. A continued
follow up during the posttreatment period, potentially through
tele-rehabilitation with regular, short weekly intervals, may
be beneficial to sustain or enhance neuromuscular gains.

Our preliminary finding confirmed our basic hypothesis:
apparently, in people with KOA who suffer from Quadriceps
weakness, the neuromuscular training of muscles that
indirectly help in knee joint extension may improve knee
joint pain and function. The biofeedback-training sessions
for correcting the neuromuscular pattern of participant’
walking were set after the routine physical therapy sessions
to implement dynamic neuromuscular training in this pilot
study. One of the challenges of the present study was
increasing the activity of the gastrocnemius and gluteus
Maximus during gait, which is a dynamic and momentary
activity and imposes considerable cognitive load because of
the need for concentration. The clinical data indicate that the
treatment had positive effects; however, the EMG evidences
need to be also discussed and analyzed in more detail.

The feedback from participants in both groups was
positive. The clinical findings supported the immediate
and long-term clinical value of both neuromuscular
training approaches with more satisfactory results for the
gastrocnemius and gluteus maximus biofeedback training;
However, based on the clinical findings, larger sample size
and more detailed follow-up seem to be needed to examine
the long-term effects. Thus, a statistically powerful study
with at least 30 participants (15 in either group) is strongly
recommended to get scientifically trustworthy results. Based
on the results of that study, application of neuromuscular
training during gait, the target muscle group with higher
potential of reaching clinically impactful results and better
understanding of implication approaches will be possible.

Conclusion

In individuals with KOA, neuromuscular training based on
EMG-biofeedback targeting the quadriceps, gastrocnemius,
and gluteus maximus muscles is feasible during gait and
yields clinically similar improvement of pain and function,
with slightly greater changes toward improvement in the
Pro-group. An accurate explanation of the differential effects
and the mechanism by which training of Gastrocnemius and
Gluteus Maximus may confer enhanced benefits will require
a clinical trial an appropriately powered sample size.

Journal of Medical Signals & Sensors | Volume 16 | Issue 6 | June 2026



Kalantari, et al.: Neuromuscular training and knee osteoarthritis

Ethical approval

The study is a preliminary report of a project cthically
approved by the Student Research Committee of Shahid

Beheshti  University of Medical

Sciences (IR.SBMU.

RETECH.REC.1402.375, Approved in October 22, 2023);
the protocol was prospectively registered under the Iranian
registry for Randomized Controlled Trials on November
30, 2023 (IRCT20231024059846N1).

Availability of data and materials

The data will be available upon formal request in the case
of approval by the vice head of research, Shahid Beheshti
University of Medical Sciences.

Financial support and sponsorship

Nil.

Conflicts of interest

There are no conflicts of interest.

References

1.

10.

Journal of Medical Signals & Sensors | Volume 16 | Issue 6 | June 2026

Dunlop DD, Song J, Semanik PA, Sharma L, Bathon JM,
Eaton CB, et al. Relation of physical activity time to incident
disability in community dwelling adults with or at risk of knee
arthritis: Prospective cohort study. BMJ 2014;348:1-11.

Hunter DJ, Schofield D, Callander E. The individual and
socioeconomic impact of osteoarthritis. Nat Rev Rheumatol
2014;10:437-41.

Ganjeh S, Roostayi MM, Hamrah H, Aslani H,
Khademi-Kalantari K, Rezaeian ZS. Neuromuscular alterations
in subjects with knee osteoarthritis during most common
activities of daily living: A literature review. Sport Sci Health
2025;21:1-22.

Rutherford D, Baker M, Wong I, Stanish W. The effect of age and
knee osteoarthritis on muscle activation patterns and knee joint
biomechanics during dual belt treadmill gait. J Electromyogr
Kinesiol 2017;34:58-64.

McGibbon CA, Krebs DE. Compensatory gait mechanics
in patients with unilateral knee arthritis. J Rheumatol
2002;29:2410-9.

Mills K, Hunt MA, Leigh R, Ferber R. A systematic review and
meta-analysis of lower limb neuromuscular alterations associated
with knee osteoarthritis during level walking. Clin Biomech
2013;28:713-24.

Ogaya S, Kubota R, Chujo Y, Hirooka E, Kwang-Ho K, Hase K.
Muscle contributions to knee extension in the early stance phase
in patients with knee osteoarthritis. Gait Posture 2017;58:88-93.

Sritharan P, Lin YC, Richardson SE, Crossley KM,
Birmingham TB, Pandy MG. Musculoskeletal loading in
the symptomatic and asymptomatic knees of middle-aged
osteoarthritis patients. J Orthop Res 2017;35:321-30.

Rice DA, McNair PJ. Quadriceps arthrogenic muscle inhibition:
Neural mechanisms and treatment perspectives. Semin Arthritis
Rheum 2010;40:250-66.

Zesheng W, Chen WM, Wang DJ, editors. A Musculoskeletal
Modeling Study of Lower-Limb Kinematics and Muscle
Activities during Level Walking in Patients with Knee
Osteoarthritis 6™ International Conference on Mechatronics and
Robotics Engineering, (ICMRE) 2020; Barcelona, Spain: 2020.
p. 171-6.

11.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Dixon PC, Gomes S, Preuss RA, Robbins SM. Muscular
co-contraction is related to varus thrust in patients with knee
osteoarthritis. Clin Biomech 2018;60:164-9.

Hubley-Kozey C, Deluzio K, Dunbar M. Muscle co-activation
patterns during walking in those with severe knee osteoarthritis.
Clin Biomech 2008;23:71-80.

Wilson JL, Deluzio KJ, Dunbar MIJ, Caldwell GE,
Hubley-Kozey CL. The association between knee joint
biomechanics and neuromuscular control and moderate knee
osteoarthritis radiographic and pain severity. Osteoarthritis
Cartilage 2011;19:186-93.

Hubley-Kozey C, Deluzio K, Landry S, McNutt J, Stanish W.
Neuromuscular alterations during walking in persons with
moderate  knee osteoarthritis. J  Electromyogr Kinesiol
2006;16:365-78.

Rutherford DJ, Hubley-Kozey CL, Stanish WD. Changes in
knee joint muscle activation patterns during walking associated
with increased structural severity in knee osteoarthritis.
J Electromyogr Kinesiol 2013;23:704-11.

Rice D, McNair PJ, Dalbeth N. Effects of cryotherapy on
arthrogenic muscle inhibition using an experimental model of
knee swelling. Arthritis Care Res 2009;61:78-83.

Brandt KD, Dieppe P, Radin EL. Etiopathogenesis of
osteoarthritis. Rheum Dis Clin North Am 2008;34:531-59.

. Hurley MV. The role of muscle weakness in the pathogenesis of

osteoarthritis. Rheum Dis Clin North Am 1999;25:283-98.
Campbell TM, Trudel G, Laneuville O. Knee flexion contractures
in patients with osteoarthritis: Clinical features and histologic
characterization of the posterior capsule. PM R 2015;7:466-73.
Erhart-Hledik JC, Favre J, Andriacchi TP. New insight in
the relationship between regional patterns of knee cartilage
thickness, osteoarthritis disease severity, and gait mechanics.
J Biomech 2015;48:3868-75.

Miller RH, Esterson AY, Shim JK. Joint contact forces when
minimizing the external knee adduction moment by gait
modification: A computer simulation study. Knee 2015;22:481-9.
Thompson JA, Chaudhari AM, Schmitt LC, Best TM, Siston RA.
Gluteus maximus and soleus compensate for simulated
quadriceps atrophy and activation failure during walking.
J Biomech 2013;46:2165-72.

Ramirez F, Gutiérrez M. Dual-task gait as a predictive tool for
cognitive impairment in older adults: A systematic review. Front
Aging Neurosci 2021;13:1-13.

Lippert, Lance R. Clinical Kinesiology and Anatomy. 5" ed.
Philadelphia PA: F.A. Davis; 2011.

Fransen M, McConnell S, Harmer AR, Van der Esch M,
Simic M, Bennell KL. Exercise for osteoarthritis of the knee:
A cochrane systematic review. Br J Sports Med 2015;49:1554-7.
Lim BW, Hinman RS, Wrigley TV, Sharma L, Bennell KL.
Does knee malalignment mediate the effects of quadriceps
strengthening on knee adduction moment, pain, and function
in medial knee osteoarthritis? A randomized controlled trial.
Arthritis Rheumatol 2008;59:943-51.

Lun V, Marsh A, Bray R, Lindsay D, Wiley P. Efficacy of
hip strengthening exercises compared with leg strengthening
exercises on knee pain, function, and quality of life in patients
with knee osteoarthritis. Clin J Sport Med 2015;25:509-17.

Kean CO, Hinman RS, Wrigley TV, Lim BW, Bennell KL.
Impact loading following quadriceps strength training in
individuals with medial knee osteoarthritis and varus alignment.
Clin Biomech 2017;42:20-4.

Ageberg E, Nilsdotter A, Kosek E, Roos EM. Effects of
neuromuscular training (NEMEX-TJR) on patient-reported

1



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

12

Kalantari, et al.: Neuromuscular training and knee osteoarthritis

outcomes and physical function in severe primary hip or
knee osteoarthritis: A controlled before-and-after study. BMC
Musculoskelet Disord 2013;14:1-14.

Sabharwal J, Joshi S. Neuromuscular exercises: A new
perspective in knee osteoarthritis. Rom J NeuRol 2021;20:311-6.
Ageberg E, Link A, Roos EM. Feasibility of neuromuscular
training in patients with severe hip or knee OA: The
individualized goal-based NEMEX-TJR training program. BMC
Musculoskelet Disord 2010;11:1-7.

Booij MJ, Richards R, Harlaar J, van den Noort JC. Effect of
walking with a modified gait on activation patterns of the knee
spanning muscles in people with medial knee osteoarthritis.
Knee 2020;27:198-206.

Charlton JM, Hatfield GL, Guenette JA, Hunt MA. Ankle joint
and rearfoot biomechanics during toe-in and toe-out walking in
people with medial compartment knee osteoarthritis. PM R J Inj
Funct Rehabil 2019;11:503-11.

Erhart-Hledik JC, Asay JL, Clancy C, Chu CR, Andriacchi TP.
Effects of active feedback gait retraining to produce a medial
weight transfer at the foot in subjects with symptomatic medial
knee osteoarthritis. J Orthop Res 2017;35:2251-9.

Shull PB, Silder A, Shultz R, Dragoo JL, Besier TF, Delp SL,
et al. Six-week gait retraining program reduces knee adduction
moment, reduces pain, and improves function for individuals
with medial compartment knee osteoarthritis. J Orthop Res
2013;31:1020-5.

Uhlrich SD, Kolesar JA, Kidzinski £, Boswell MA, Silder A,
Gold GE, et al. Personalization improves the biomechanical
efficacy of foot progression angle modifications in individuals
with medial knee osteoarthritis. J Biomech 2022;144:1-26.

Tate JJ, Milner CE. Real-time kinematic, temporospatial,
and kinetic biofeedback during gait retraining in patients:
A systematic review. Phys Ther 2010;90:1123-34.

Zhang Z, Wu H, Wang W, Wang B, editors. A Smartphone
Based Respiratory Biofeedback System. Vol. 2. 3% International
Conference on Biomedical Engineering and Informatics, Yantai,
China; 2010. p. 717-20.

Giggins OM, Persson UM, Caulfield B. Biofeedback in
rehabilitation. J Neuroeng Rehabil 2013;10:1-11.

Siviero P, Veronese N, Smith T, Stubbs B, Limongi F, Zambon S,
et al. Association between osteoarthritis and social isolation:
Data from the EPOSA study. J] Am Geriatr Soc 2020;68:87-95.
Richards R, van den Noort JC, Dekker J, Harlaar J. Gait
retraining with real-time biofeedback to reduce knee adduction
moment: Systematic review of effects and methods used. Arch
Phys Med Rehabil 2017;98:137-50.

Rashid SA, Hussain ME, Bhati P, Veqar Z, Parveen A, Amin I,
et al. Muscle activation patterns around knee following
neuromuscular training in patients with knee osteoarthritis:
Secondary analysis of a randomized clinical trial. Arch
Physiother 2022;12:19.

Preece SJ, Brookes N, Williams AE, Jones RK, Starbuck C,
Jones A, et al. A new integrated behavioural intervention for knee
osteoarthritis: Development and pilot study. BMC Musculoskelet
Disord 2021;22:526.

Bellamy N, Buchanan WW, Goldsmith CH, Campbell J, Stitt LW.
Validation study of WOMAC: A health status instrument for
measuring clinically important patient relevant outcomes to
antitheumatic drug therapy in patients with osteoarthritis of the
hip or knee. J Rheumatol 1988;15:1833-40.

Rezaeian ZS. Commentary: Scoring flaw in the persian version

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

of knee injury and osteoarthritis outcome score: A comment on
“validation of a persian-version of knee injury and osteoarthritis
outcome score (KOOS) in Iranians with knee injuries.
Osteoarthritis cartilage 2008;16:1178-82”. J Res Rehabil Sci
2021;17:110-2.

Salavati M, Mazaheri M, Negahban H, Sohani SM,
Ebrahimian MR, Ebrahimi [, et al. Validation of a
Persian-version of knee injury and osteoarthritis outcome
score (KOOS) in Iranians with knee injuries. Osteoarthritis
Cartilage 2008;16:1178-82.

Sabaghzadeh A, Aslani H, Jousheghan SS, Aslani M, Tajik K.
Reliability and validity of knee injury and osteoarthritis outcome
score (KOOS) in Iranian population. J Contemp Med Sci
2023;9:70-6.

Wewers ME, Lowe NK. A critical review of visual analogue
scales in the measurement of clinical phenomena. Res Nurs
Health 1990;13:227-36.

Rahman M, Alagappan TR. The test-retest reliability of 10 meter
walk test in healthy young adults-a cross sectional study. IOSR J
Sports Phys Educ 2019;6:1-6.

Kadaba MP, Ramakrishnan HK, Wootten ME, Gainey J,
Gorton G, Cochran GV. Repeatability of kinematic, kinetic, and
electromyographic data in normal adult gait. J Orthop Res J
1989;7:849-60.

Al-Zahrani K, Bakheit A. A study of the gait characteristics of
patients with chronic osteoarthritis of the knee. Disabil Rehabil
2002;24:275-80.

Hussain I, Kim SE, Kwon C, Hoon SK, Kim HC, Ku Y, et al.
Estimation of patient-reported outcome measures based on
features of knee joint muscle co-activation in advanced knee
osteoarthritis. Sci Rep 2024;14:1-15.

Faul F, Erdfelder E, Lang AG, Buchner A. G* power 3: A flexible
statistical power analysis program for the social, behavioral, and
biomedical sciences. Behav Res Methods 2007;39:175-91.
Huang L, Guo B, Xu F, Zhao J. Effects of quadriceps functional
exercise with isometric contraction in the treatment of knee
osteoarthritis. Int J Rheum Dis 2018;21:952-9.

Rahimi F, Nejati V, Nassadj G, Ziaei B, Mohammadi HK. The
effect of transcranial direct stimulation as an add-on treatment
to conventional physical therapy on pain intensity and functional
ability in individuals with knee osteoarthritis: A randomized
controlled trial. Neurophysiol Clin 2021;51:507-16.

Rice DA, McNair PJ, Lewis GN. Mechanisms of quadriceps muscle
weakness in knee joint osteoarthritis: The effects of prolonged
vibration on torque and muscle activation in osteoarthritic and
healthy control subjects. Arthritis Res Ther 2011;13:1-10.

Fu X, Zhang L, Wang C, Yue J, Zhu H. The effect of exercise
therapy on pain, fatigue, bone function and inflammatory
biomarkers individuals with rheumatoid arthritis and knee
osteoarthritis: A meta-research review of randomized controlled
trials. Front Physiol 2025;16:1-15.

Boncella KL, Oranchuk DJ, Gonzalez-Rivera D, Sawyer EE,
Magnusson DM, Harris-Love MO, ef al. What Is “muscle
health”? A systematic review and conceptual framework. Funct
Morphol Kinesiol 2025;10:1-36.

Hodges PW, van den Hoorn W, Wrigley TV, Hinman RS,
Bowles KA, Cicuttini F, et al. Increased duration of
co-contraction of medial knee muscles is associated with greater
progression of knee osteoarthritis. Man Ther 2016;21:151-8.
Janda V. Muscle Function Testing. London: Butterworths,
Elsevier; 2013.

Journal of Medical Signals & Sensors | Volume 16 | Issue 6 | June 2026



