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Abstract

Background

Impairments in balance control and falls are common problems for people with
multiple sclerosis (PwMS), resulting in mobility limitations and reduced participation.
Non-invasive neuromodulation techniques such as functional electrical stimulation
(FES) and transcutaneous spinal stimulation (TSS) have revealed promising results
in improving motor functions in other neurological populations; however, their effects
during task-specific balance training have not been investigated in PwMS.

Objective

To evaluate the feasibility, acceptability, safety, and preliminary clinical efficacy of
neuromodulation-augmented balance training programs on balance, mobility, and
neuroplasticity in PwMS (ClinicalTrials.gov Identifier: NCT07174973).

Methods

Twenty-four ambulatory PwMS will be randomly assigned into three groups: (1)
visual feedback balance training (VFBT) with sham stimulation, (2) VFBT with active
(closed-loop) FES for the ankle muscles and sham TSS, and (3) VFBT with active
FES and active (open-loop sub-motor-threshold) TSS at the lumbosacral enlarge-
ment. Participants in each group will complete 12 training sessions over six weeks.
Feasibility, safety, and acceptability will be assessed through recruitment and adher-
ence metrics, adverse-event monitoring, and semi-structured interviews guided by
the Technology Acceptance Model questionnaire-2. Performance-based measures
of balance, mobility, and walking speed, as well as patient-reported outcomes of
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balance confidence, walking ability, and fear of falling will be recorded to assess the
preliminary efficacy. Modulation in neural pathways excitability will be quantified by
recording motor evoked potentials and spinal motor evoked potentials.

Conclusion

Findings will help to determine whether neuromodulation-augmented balance training
is feasible, safe, and acceptable for PwMS and will guide the design of a future fully
powered RCT.

1. Introduction

More than 75% of people with multiple sclerosis (PwMS) exhibit some degree
of postural imbalance, even in the early stages of the disease [1-6]. Deficits in
balance control are considered significant risk factors for falls, resulting in dimin-
ished physical activity and participation [1-6]. Although evidence supports the
effectiveness of exercise-based training programs in PwWMS to improve balance
[2,3,7,8], these improvements are not sufficient to meaningfully mitigate fall risk
[7]. Furthermore, the evidence is more limited in PwWMS in comparison to other
neurological populations, such as those with stroke and Parkinson’s disease,
where more systematic reviews and clinical guidelines have been developed to
improve mobility and prevent falls [9—15]. This highlights the need to develop
innovative, task-specific, challenging rehabilitation programs to improve mobility
and reduce falls in PwWMS

The advent of rehabilitation technologies has facilitated the incorporation of
interactive, game-oriented components into virtual and augmented training settings
[16—22]. These methods have provided motivating and task-specific environments
for people with neurological conditions, including spinal cord injury (SCI), stroke, and
MS to practice motor skills [16—22]. The growing body of evidence also indicates that
integrating non-invasive neuromodulation techniques such as functional electrical
stimulation (FES) and transcutaneous spinal stimulation (TSS) into neurorehabili-
tation protocols can further improve motor function and promote neuroplasticity in
people with neurological conditions [23-30]. FES can activate paralyzed or weak
muscles and facilitate movements by selectively stimulating superficial motor nerves
and/or muscles, however, it recruits motor units in a non-physiological pattern, which
can result in rapid muscle fatigue [31-33]. TSS can activate multiple muscles by
stimulating dorsal roots and modulating excitability across multiple spinal segments,
potentially resulting in less muscle fatigue [34,35]. However, its ability to produce
direction-specific movements required for balance corrections is limited compared to
FES [28-30,36].

Our team has developed a balance training platform that integrates visual feed-
back balance training (VFBT) with closed-loop FES for ankle muscles [24,37,38].
We have tested the feasibility and preliminary efficacy of this protocol in individ-
uals with incomplete SCI who had difficulty in balance but were still able to stand
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without support [24,39]. However, for individuals with lower levels of function, particularly those with knee and hip
impairments, FES for the ankle muscles may be insufficient to provide the postural support necessary for effective
balance training [27,40,41]. Although proximal muscles could be stimulated by additional FES channels, this would
significantly increase the system’s complexity. Rather, TSS offers a more effective way to concurrently modulate
excitability across several spinal segments [28-30,36], and to augment multi-muscle activation without adding tech-
nical burden. This synergistic interaction is supported by preliminary results from our research group in people with
incomplete SCI, showing greater functional benefits when TSS is administered concurrently with closed-loop FES
(TSS+FES) during balance tasks [42,43].

Given the novelty of this combined neuromodulation approach and the lack of feasibility data in PwMS, a pilot random-
ized controlled trial (RCT) is warranted before designing a fully powered RCT. Therefore, the main purpose of this study is
to assess the feasibility, acceptability, safety, and adherence of neuromodulation-augmented balance training interventions
in PWMS. The second purpose is to investigate the preliminary clinical efficacy on balance performance, mobility, balance
confidence, fear of falling and neural excitability. We hypothesize that the intervention will be feasible and acceptable with
minimal adverse events, and that the combined neuromodulation group (TSS+FES) will show greater functional and neu-
rophysiological improvements than FES-only or sham stimulation groups.

2. Methods & materials
2.1. Participants & eligibility criteria

This multi-method study includes a pilot RCT to evaluate feasibility, acceptability, safety and preliminary efficacy of this
novel neuromodulation-augmented balance training program and a qualitative descriptive study to capture patients’ expe-
riences and perspectives [44]. This study will take place at the Lyndhurst Centre, a tertiary rehabilitation hospital, and has
been approved by the University Health Network Research Ethics Board (Approval #25-5549, Version 5, December 29,
2025) and is registered at ClinicalTrials.gov (ldentifier: NCT07174973). A formal sample size calculation is not required, as
this is a pilot RCT [45]. We plan to recruit 24 participants (eight in each group), based on our previous studies in people
with SCI using non-invasive neuromodulation.

For recruitment, we will use multiple strategies, including clinicians’ referrals, posting flyers at outpatient MS clin-
ics, community MS programs, and existing research registries/databases (MS Canada). Participants will be allowed
to continue their usual medical care throughout the study period. Written informed consent will be obtained from
all eligible participants prior to baseline assessment. Given the small sample size, single-site design, and low-risk
nature of the interventions, a formal independent data monitoring committee will not be required for this pilot RCT.
Participant safety and study conduct will be monitored by the principal investigator, and any adverse events will be
reported to the University Health Network Research Ethics Board. In addition, ongoing monitoring will occur through
regular research team meetings to review recruitment progress, protocol adherence, intervention fidelity, data com-
pleteness, and adverse events.

Fig 1 shows the SPIRIT Timeline for the study, Table 1 summarizes the inclusion and exclusion criteria, and Table 2
shows the template for Intervention Description and Replication (TIDieR) checklist.

2.2. Randomization, allocation, and blinding

Participants will be randomly assigned into three groups following baseline assessment using a computer-
generated covariate-adaptive algorithm, including two variables: (1) gender, and (2) baseline postural control using
the forward reach test of the Berg Balance Scale (BBS). To ensure balanced allocation of people with different
levels of function, participants with scores of 0-2 in the forward reach test (i.e., reaching forward <2 inches) will

be categorized as having low postural control, while those with scores of 3—4 (i.e., reaching forward =5 inches) will
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STUDY PERIOD Enrollment = Allocation Post-Randomization Close-out

TIMEPOINT - 0 Weeks 1-6 Post- 8-Week
(Screening) | (Baseline) Training (t1) Training Follow-up

(t2) ()

ENROLLMENT

Eligibility screen

Informed consent

Randomization X

INTERVENTIONS

Control (group 1): VFBT + Sham / 2x/week (12

FES / TSS sessions)

Active comparator (Group 2):VFBT + 2x/week (12

Active FES + Sham TSS sessions)

Active comparator (Group 3):VFBT + 2x/week (12

Active FES + Active TSS sessions)

ASSESSMENTS

Feasibility (recruitment, retention, Continuous

adherence)

Adverse events Continuous

Clinical outcomes (BBS, TUG, X X X

T25FW)

Patient-reported outcomes (MSWS- X X X

12, FES-I, ABC)

Biomechanical Balance Measures
Neurophysiological testing (MEP,
SMEP)

>
>
>

TAM-2 questionnaire

Semi-structured interview

Fig 1. SPIRIT Timeline: Schedule of enroliment, interventions, and assessments. Legend: VFBT: Visual Feedback Balance Training, FES: Func-
tional Electrical Stimulation, TSS: Transcutaneous Spinal Stimulation, TAM-2: Technology Acceptance Model-2, BBS: Berg Balance Scale; T25FW:
Timed 25-Foot Walk, TUG: Timed Up and Go, ABC: Activities-specific Balance Confidence Scale, MSWS-12: 12-item Multiple Sclerosis Walking Scale,
FES-I=Falls Efficacy Scale-International; GRC: Global Rating of Change, MEPs: Motor Evoked Potentials, SMEPs: Spinal Motor Evoked Potentials.

https://doi.org/10.1371/journal.pone.0346491.9001

be categorized as having high postural control. Outcome assessors conducting clinical assessment will be blinded
to group assignment. The neurophysiological assessments will be conducted by one of the therapists delivering
the intervention and will therefore not be blinded. Since the neurophysiological assessment involves standardized
instrumentation, they are less susceptible to assessor bias [46]. Participants will remain blinded through the use of
sham stimulation.
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Table 1. Inclusion and exclusion criteria.

Criteria

Inclusion Confirmed diagnosis of MS based on the revised
McDonald criteria

Age 18-65 years

Ability to walk at least 100 meters with or without
an assistive device

Self-reported balance difficulties during daily
activities

Exclusion Uncorrected visual impairments that interfere with
balance testing

Cognitive deficits limiting comprehension of study
procedures

MS relapse within the past 30 days

Presence of other neurological or orthopedic condi-
tions affecting balance

Recent participation in structured rehabilitation
within the past month

Lower-limb botulinum toxin injections within the
past three months

Known peripheral nerve injuries
Contraindications to electrical stimulation (e.g.,
implanted metal/electronic devices, pacemakers)
Contraindications to TMS (e.g., seizure history,
metallic implants in the head).

Pregnancy

https://doi.org/10.1371/journal.pone.0346491.t001

2.3. Treatment groups

A standardized program of balance exercises and VFBT will be provided to participants across groups twice a week for
six weeks, totaling twelve sessions. VFBT is a task-specific training approach in which participants receive real-time visual
feedback on their balance performance during static and dynamic standing tasks [37,38,47]. Each training session will
last approximately 90 minutes, including a warm-up period with light aerobic activity (e.g., marching in place), lower-limb
stretching, and low-intensity controlled weight shifting exercises customized to each participant’s functional level, fol-
lowed by 60 minutes of active training. The conceptual framework of our setup, which includes VFBT with FES & TSS,

is depicted in Fig 2. For VFBT, participants will stand in front of a monitor while a Wii-Balance Board (Nintendo, Japan)
records center of pressure (COP) displacement, which is displayed on the screen as a cursor to guide postural adjust-
ments. Training includes interactive games such as target tracking, ellipse tracing, color-matching, and hunting [37,38,47].
Participants will be encouraged not to use assistive devices except when necessary for safety in the event of difficulty
with independent standing. A ceiling-mounted harness will be provided to each participant to prevent falls while allowing
movements during the training.

2.3.1. Group 1: VFBT with Sham FES + Sham TSS. Participants in this group will receive the sham simulation during
VFBT. One electrode (5% 10cm) will be positioned over the thoracolumbar spine between T10-L2, and two inter-connected
reference electrodes (5% 5cm) will be placed over the abdomen, medial to the anterior superior iliac spine. For FES,
surface electrodes will be placed over the dorsi-flexors (5 x5cm) and the plantar-flexors (5 x 10cm) on both sides. During
the first 30 seconds of each session, there will be brief sensory-level stimulation, which will be dropped to 0 mA.

2.3.2. Group 2: VFBT with Active FES+Sham TSS. Participants in this group will receive active FES for ankle
muscles and sham TSS during VFBT. At the start of each session, motor threshold and maximum tolerable stimulation
intensities will be determined for each muscle. FES will be delivered at a frequency of 30 Hz with a pulse width of 0.3ms
(MyndSearch, MyndTec Inc., Mississauga, ON, Canada). The closed-loop FES activates ankle muscles in response to
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Table 2. The TIDieR checklist.

1. Brief Name Visual Feedback Balance Training (VFBT) with (1) sham neuromodulation, (2) closed-loop functional electrical
stimulation (FES), and (3) combined closed-loop FES and transcutaneous spinal stimulation (TSS +FES).

2. Why To improve balance, mobility, and neuroplasticity in PwMS through task-specific balance training combined by neu-
romodulation. VFBT facilitates patient’s engagement and motor learning through real-time feedback; FES helps to
activate ankle muscles and produces direction-specific ankle torques during balance training; TSS modulates spinal
excitability to augment the effects of FES and supra-spinal control by voluntary contribution.

3. Who Interventions will be delivered by trained clinical researchers with experience in balance rehabilitation and non-invasive
neuromodulation using standardized procedures.

4. When The intervention will be delivered to ambulatory PwMS who are clinically stable (absence of an MS relapse within the
last 30 days)

5. What Materials

VFBT: Wii Balance Board (Nintendo, Japan), monitor display, ceiling-mounted safety harness. FES: stimulator: Mynd-
search, MyndTec Inc., Mississauga, ON, Canada, surface electrodes (5% 5cm for dorsiflexors; 5x 10cm for plantarflex-
ors). TSS: stimulator: Pajunk® GmbH Medizinprodukte, Geisingen, Germany, surface electrodes (5 x 10cm) positioned
over T10-L2 with anterior reference electrodes (5% 5cm) placed over the abdomen medial to the anterior superior iliac
spine.

Procedures

Participants will perform static and dynamic standing balance tasks with real-time visual feedback regarding their
postural sway. Tasks will include target tracking, ellipse tracing, color-matching, and hunting games. Neuromodulation
(active or sham) is delivered concurrently according to group allocation.

6. Who Interventions will be delivered by experienced clinical researchers who are trained in balance rehabilitation and using
non-invasive neuromodulation.

7. How In-person, one-on-one supervised sessions.

8. Where University Health Network, Lyndhurst Rehabilitation Hospital.

9. How Much 12 sessions over 6 weeks (2 sessions/week). Each session will last approximately 90 minutes, consisting of setup,

warm-up, 60 minutes of active training, and a cool-down.

10. How challenging The balance training is designed to be progressively challenging and tailored to each participant’s abilities. VFBT
difficulty will be increased by changing center-of-pressure excursion range, movement speed, and duration of the
game. Warm-up balance exercises will be progressed from standing on a rigid, stable surface to standing on unstable
surfaces, and eventually walking-based balance tasks.

11. Progression/Regression | Balance task difficulty will be progressed by increasing center of pressure excursion range, task speed, and the duration
of each game.

12. Personalization FES stimulation intensities will be individualized based on motor threshold and maximal tolerable intensity; balance task
difficulty will be adjusted based on the participant’s baseline balance calibration by testing limits of stability; TSS will be
delivered at a sub-motor threshold level

13. Protocol Deviation No planned modifications. Any protocol deviations, such as changes in the stimulation intensity due to discomfort or
fatigue will be documented.

14. How Well Session attendance will be tracked; stimulation parameters will be recorded at each session. Adherence rates, and any
protocol deviations will be reported

15. Harms Adverse events will be monitored at each session (e.g., skin irritation, fatigue, dizziness, discomfort).

PwMS: people with multiple sclerosis, VFBT: visual feedback balance training, FES: functional electrical stimulation, TSS: transcutaneous spinal cord
stimulation, TSS + FES: combined transcutaneous spinal cord stimulation and functional electrical stimulation, MEPs: motor evoked potentials, SMEPs:
spinal motor evoked potentials, TAM: Technology Acceptance Model, COP: center of pressure, FU: follow-up.

https://doi.org/10.1371/journal.pone.0346491.t002

real-time feedback from the Wii-Balance Board, which monitors the user’s COP. The filtered COP represents the body’s
center of mass (COM). The body’s COM is continually monitored and the level of stimulation adjusted accordingly on a
moment-to-moment basis, mimicking intact postural control. Stimulation intensity will vary between the motor threshold
and 90% of the maximal tolerable intensity to facilitate the intended movements during balance tasks [37,38,47]. Sham
TSS will be administered via a brief sensory-level ramp, then decreased to 0 mA, similar to group 1.
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2.3.3. Group 3: VFBT with Active FES +Active TSS. Participants in this group will receive the same active FES
protocol described above, plus active TSS which will be applied using surface electrodes positioned over the T10-L2,
with anterior electrodes placed over the abdomen medial to the anterior superior iliac spine (Fig 2). Stimulation will be
delivered continuously at a sub-motor threshold at 30 Hz using biphasic, 1 ms pulse width (Stim2Go, Pajunk® GmbH,
Germany) during VFBT.

2.4. Treatment outcomes

The study outcomes have been categorized into feasibility, acceptability, safety, efficacy, and neurophysiological outcomes
quantifying neuroplasticity. Below is a full explanation of each outcome category.

2.4.1. Feasibility outcomes. Feasibility outcomes will include recruitment rate, retention rate, and adherence [48].
Recruitment rate refers to the percentage of eligible participants who enrolled relative to the number screened. Retention
is defined as the proportion of participants who completed all three assessment time points, and adherence is measured
by how many of the 12 training sessions each participant completed.

2.4.2. Acceptability outcomes. The Technology Acceptance Model 2 (TAM-2) questionnaire will be used immediately
after training to capture patients’ perspectives of perceived usefulness of the technology for training [49,50]. TAM-2
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Fig 2. Visual feedback balance training set up with functional electrical stimulation (FES) and transcutaneous spinal stimulation (TSS).

https://doi.org/10.1371/journal.pone.0346491.9002
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includes questions reflecting different domains of technology acceptance, including behavioral intention (e.g., intention
to use again, social influence), perceived ease of use (e.g., enjoyment, comfort/safety), perceived usefulness (e.g., goal
attainment, impact on daily life), and usage behavior (e.g., real-world integration, user preferences, individualization)
[49]. Participants will also take part in semi-structured qualitative interviews guided by a previously developed framework
based on TAM-2 [49]. The guide consists of open-ended questions and encourages participants to share their thoughts
and experience regarding perceived benefits of the training program across different domains aligned with the TAM-2
framework (behavioral intention, perceived ease of use, usefulness, and usage behavior) [49].

2.4.3. Safety outcomes. All adverse events will be recorded and reported throughout the study period. Adverse
events may include skin irritation, muscle soreness, discomfort, fatigue, dizziness, risk of loss of balance, or any
unexpected pain. If participants request to withdraw from the trial, the intervention will be discontinued, and they will be
withdrawn from the trial without penalty or impact on their usual medical care. All adverse events and the actions taken to
address them will be reported to the Review Ethics Board. Participants will receive medical treatment at no cost to them in
accordance with institutional policies in the event of an adverse event.

2.4.4. Efficacy outcomes (Exploratory). The clinical performance-based tests, biomechanical balance tests,
and patient-reported outcomes will be examined at baseline, immediately post-training, and at 8 weeks post-training.
Performance-based tests will include the BBS, Timed Up and Go (single- and dual-task), and the Timed 25-Foot Walk
(T25FW). The BBS is a 14-item performance-based measure of functional balance that has demonstrated excellent
reliability and validity in PwMS [51,52]. The TUG assesses functional mobility and dynamic balance and has demonstrated
good reliability and sensitivity to change in MS, including under dual-task conditions [51,52]. The T25FW is a commonly
used measure of walking speed that has shown to be reliable and valid in PwMS [51,52]. We will additionally test static
and dynamic balance performance using a force plate to measure sway characteristics and limits of stability.

Patient-reported outcomes will include MS Walking Scale-12 (self-reported measure of walking abilities and limita-
tions), Falls Efficacy Scale—International (concern about falling during daily activities), and the Activities-specific Balance
Confidence Scale (balance confidence during daily activities). All of these patient-reported outcomes have demonstrated
good reliability and validity in PwMS [53-56]. A global rating of change scale will be used to measure participants’ overall
improvement immediately and at 8 weeks post-training compared to the baseline. The scale consists of a 7-point Likert
scale ranging from very much worse to very much improved [57,58].

2.4.5. Biomechanical balance measures. Participants will be asked to stand quietly on a force plate for 100 seconds
under two conditions: eyes open, and COP displacements will be recorded. For the dynamic balance test, they have to
lean as far as possible in eight different directions without losing balance and maximal COP excursion will be quantified.

2.4.6. Neurophysiological outcomes. To measure corticospinal excitability of the leg muscles, motor evoked
potentials (MEPs) will be measured using TMS with a double-cone coil (MEGA TMS system, Soterix Medical Inc., USA).
Fig 3 shows the testing position for measuring MEPs. Electromyography (EMG) electrodes (Kendall TM Medi-Trace °©
Mini 130 Foam Electrodes, Neurotronics, NSW, Australia) will be placed over the soleus and tibialis muscles on the more
affected side. In case of symmetrical lower-limb involvement, defined as no difference in single-leg stance time between
the two sides on the BBS, we will record from the dominant side. EMG signals will be amplified (x500) and band-pass
filtered from 10 Hz to 1 kHz (Bortec Biomedical, AB, Canada).

The coil will be placed over the primary motor cortex, and the hotspots will be searched manually by finding a spot that
can elicit the largest response in the tibialis anterior with the lowest intensity. The location of the hotspot will be stored
in the brain navigation system (Neuronavigation, Soterix Medical Inc.) to ensure a consistent stimulation location above
the motor cortex at each time point [59]. Then, the resting motor threshold will be determined as the intensity of magnetic
stimulation required to evoke MEPs with a peak-to-peak amplitude of 50 micro-V in at least 5 out of 10 consecutive trials.
MEPs will subsequently be recorded at five stimulation intensities corresponding to 100%, 110%, 120%, 130%, and 140%
of the session-specific RMT, with three trials collected at each intensity to characterize the stimulus—response relationship.
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Corticospinal excitability Spinal excitability
T™MS Cortex

Muscles

Fig 3. Measurement of corticospinal and spinal excitability. Motor evoked potentials (MEPs) are evoked by transcranial magnetic stimulation (TMS),
and spinal motor evoked potentials (SMEPs) are evoked by transcutaneous spinal stimulation (TSS).

https://doi.org/10.1371/journal.pone.0346491.9003

To obtain a stable estimate of corticospinal excitability, an additional ten MEPs will be recorded at 120% RMT. To normal-
ize MEP amplitudes, we will measure the maximal motor wave (M-max) in soleus and tibialis anterior after TMS testing.
Soleus and tibialis anterior M-max will be measured by applying maximal single square pulses to the tibial nerve in the
popliteal fossa and the common peroneal nerve around the head of the fibula, respectively.

Spinal motor evoked potentials (SMEPSs) will be assessed with double-pulse stimulation (Digitimer, Model DS7A,
Welwyn Garden City, UK) delivered over L1-L2 (two monophasic pulses with 1ms pulse width and a 50 ms inter-stimulus
interval). Surface EMG will be recorded from the more affected side or dominant side in case of symmetrical involvement
from four lower-limb muscles: soleus, tibialis anterior, rectus femoris, and biceps femoris. The same amplifier will be used
to both amplify and band-pass-filter the data, as described above. Recruitment curves will be generated by increasing
stimulation intensity from 5 mA to the participant's maximal tolerable level in 5-mA increments. At each intensity, five
paired-pulse stimulations were delivered with 5-second inter-trial intervals.

2.5. Assessment timeline

As outlined in Table 1, feasibility and safety outcomes will be measured throughout the study. Acceptability outcomes will
be measured post-training immediately. Clinical outcomes will be measured at three time points: (1) baseline, (2) imme-
diately post-training (two or three days after completing the 12 sessions), and (3) eight-week post-training. There will be
two visits at each time point: one for clinical and mobility assessments, and the other for neurophysiological testing and an
interview. Safety outcomes will be measured throughout the study.

2.6. Data management & analysis

Study data will be entered into a secure, password-protected electronic database by the University Health Network. Par-
ticipants will be assigned a unique study identification number, and identifying information will be stored separately from
research data. Electronic data will be stored on the secure institutional server, and paper records will be stored in locked
cabinets in the secured research office. Feasibility outcomes (recruitment, retention, adherence, completion rates) will be
summarized descriptively using means, standard deviations, frequencies, and percentages. Regarding TAM-2, items will
be grouped into predetermined domains, and scores within each domain will be averaged to generate domain-specific
scores. Conventional content analysis will be used to analyze the interview transcripts, given the exploratory nature of the
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study and limited research in this area. Interviews will be recorded, transcribed, and analyzed inductively by two members
of the research team. The researchers will independently review the same transcripts, then meet to identify codes and
create a preliminary codebook. This process will be repeated until a final codebook is created, and then the final codebook
will be applied to the transcripts. Next, the research team will meet to review the codebook and group the codes, which
will then be organized into categories and themes [24,39,61]. Adverse events will be reported descriptively by frequency
and type.

All statistical analyses will be performed using SPSS (IBM SPSS, Chicago, USA) for the available data. A two-way
repeated-measures ANOVA (group x time) will be conducted to analyze changes in clinical and neurophysiological out-
comes across three study groups and time. The effect sizes with 95% confidence intervals will be reported, and the
proportion of missing data (if applicable) will be described to inform the design and sample size calculation of a future fully
powered trial.

2.7. Knowledge translation plan

Findings from this study will be widely disseminated to relevant knowledge users, including PwMS and their caregivers, reha-
bilitation clinicians, rehabilitation researchers, and organizations engaged in MS care, through peer-reviewed publications,
relevant conferences, and workshops. We anticipate that the findings will be disseminated across two to three publications:
one publication will focus on feasibility outcomes, the second publication will report preliminary clinical and neurophysiologi-
cal outcomes, and the third publication will focus on the qualitative findings to provide more details regarding the participant
experiences, perceived barriers, and facilitators of the intervention, and suggestions for intervention refinement.

3. Discussion

Non-invasive neuromodulation techniques, including FES and TSS, have shown efficacy in improving walking and

upper limb motor functions when coupled with active task-specific training in people with neurological conditions

yet to be investigated. This pilot RCT aims to fill this gap by assessing the feasibility of integrating technology specifically
non-invasive neuromodulation and task-specific balance training via VFBT and evaluating its effects on balance, mobility,
and neuroplasticity in PwMS. Running this pilot study will help to identify methodological, logistical, and implementation-
related challenges prior to conducting larger RCTs [66—69].

In addition to feasibility and acceptability outcomes, the study includes a battery of clinical and neurophysiological
assessments. These exploratory measures will help to determine whether neuromodulation-augmented VFBT has the
potential to improve balance, mobility, balance confidence, and fear of falling. Neurophysiological assessment will help
to provide preliminary insight into whether changes in corticospinal and spinal excitability are associated with functional
improvements. These mechanistic measures are recommended in neuromodulation trials to identify the underlying neural
mechanisms associated with recovery and guide the design of future studies [28,60].

The methodological strengths of this study are consistent with high-quality trials. The randomized, sham-controlled,
and assessor-blinded design reduces bias, and covariate-adaptive randomization helps to normalize baseline differences
and reduce heterogeneity across groups [70—72]. Furthermore, incorporation of semi-structured interviews offers a more
in-depth understanding of participants’ experiences and perspectives, which is of great importance when considering to
integrate neuromodulation techniques into rehabilitation settings. Preliminary clinical outcomes will help to calculate the
effect size and variance necessary to plan a definitive RCT.
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