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Abstract

Background: Post-stroke gait dysfunction may involve impaired integration of motor commands, somatosensory feedback, and phase-
dependent peripheral sensory input during locomotion. Transcutaneous electrical nerve stimulation (TENS) combined with gait training
may provide additional sensory input, but the relevance of different temporal stimulation profiles remains unclear. Objective: To evaluate
the feasibility, safety, and preliminary clinical signals of continuous and gait-synchronized TENS during gait training in individuals
with chronic stroke. Methods: Twenty-four participants with chronic stroke were randomized to continuous stimulation (CS), gait-
synchronized stimulation (GS), or sham stimulation during standardized gait training. Participants received 12 intervention sessions
over 4 weeks. CS delivered non-phase-specific stimulation, whereas GS delivered stimulation according to stance and swing phases.
Outcomes were assessed at baseline, post-intervention, and 8-week follow-up. The primary longitudinal analysis was conducted in the
modified intention-to-treat (mITT) population using baseline-adjusted linear mixed-effects models, with false discovery rate correction
applied to group × time interaction p-values across estimable outcomes. Results: One participant withdrew before intervention without
baseline assessment; therefore, 23 participants were included in the mITT analysis. Intervention adherence was high, with 99% of
scheduled sessions completed, and no intervention-related adverse events were reported. Comfortable gait speed showed no significant
group × time interaction. Maximal gait speed and Berg Balance Scale showed nominal group × time interaction effects before correction,
but these did not remain significant after false discovery rate correction. No robust group × time interaction effects were observed
after correction. Exploratory per-protocol analyses were unadjusted for baseline imbalance and were interpreted as supportive only.
Conclusions: Continuous and gait-synchronized TENS combined with standardized gait training were feasible and well tolerated in
individuals with chronic stroke. The adjusted analysis did not provide robust evidence of differential clinical effects among stimulation-
timing groups after correction formultiple outcome testing. Larger, adequately powered trials are needed to determinewhether continuous
or gait-synchronized TENS provides clinically meaningful benefits during post-stroke gait rehabilitation. Clinical Trial Registration:
No: KCT0008481. Registered 17 May, 2023, https://cris.nih.go.kr/cris/search/detailSearch.do?seq=24719&search_page=L.
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1. Introduction
Post-stroke gait dysfunction reflects impairment in

distributed neural systems involved in sensorimotor con-
trol, rather than an isolated impairment of lower-limb
movement. Human walking requires the integration of
descending motor commands, spinal locomotor circuitry,
proprioceptive and cutaneous afferent input, and task-
dependent postural adjustments. After stroke, disruption of
motor and sensory networks may alter the processing and
integration of sensory feedback, contributing to impaired
inter-limb coordination, reduced dynamic balance, and in-
efficient locomotor adaptation. Accordingly, chronic post-
stroke gait impairment can be understood as a disorder of
brain–body interaction in which altered sensory processing
and residual motor capacity shape locomotor performance.

Sensory input is particularly important during walk-
ing, because lower-limb afferent signals provide phase-
dependent information about limb position, loading, foot
contact, and movement progression. These signals inter-
act with ongoing motor commands and contribute to stance
stability, swing initiation, limb advancement, and postu-
ral control. In individuals with chronic stroke, gait is of-
ten slow, asymmetric, and unstable, even when indepen-
dent ambulation is regained. These clinical manifestations
may reflect, at least in part, impaired sensorimotor integra-
tion during locomotion. This provides a rationale for ap-
proaches that incorporate peripheral sensory input into lo-
comotor training, with the clinical goal of improving gait
and balance as a downstream implication.
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Task-specific gait training is widely used; however,
approaches that provide or augment sensory input during lo-
comotor practice may support sensorimotor activation and
locomotor-related function [1,2]. Recent evidence supports
the role of sensory and proprioceptive input modulation
in improving gait and balance in individuals with chronic
stroke [3]. These findings suggest that augmenting sensory
input during movement may influence post-stroke locomo-
tor performance, although the optimal temporal structure
for delivering such input remains uncertain.

Transcutaneous electrical nerve stimulation (TENS),
traditionally used for analgesia, has increasingly been in-
vestigated in stroke rehabilitation, with randomized stud-
ies and systematic reviews reporting potential benefits for
balance, mobility, walking capacity, spasticity, and lower-
limb motor function [4,5,6,7,8]. However, findings remain
variable, possibly reflecting differences in stimulation pa-
rameters such as intensity, electrode placement, and timing
relative to movement.

In the present study, TENS was conceptualized as a
method for providing externally generated peripheral sen-
sory input during gait training, allowing the temporal struc-
ture of sensory input to be varied. Continuous stimulation
and gait-synchronized stimulation represent distinct tempo-
ral sensory-input profiles: the former provides non-phase-
specific input throughout walking, whereas the latter pro-
vides input aligned with specific gait phases. Because sen-
sory inputs and motor demands influence gait-related con-
trol [9], and locomotion involves phase-specific neuromus-
cular control patterns, aligning stimulation with discrete
gait events may provide temporally specific sensory input
during functionally relevant phases of gait [10]. Wearable
sensing technologies enable real-time gait phase detection
[11], allowing stimulation to be linked to specific phases
of the gait cycle. However, the clinical and neurophysio-
logical relevance of gait-synchronized TENS during post-
stroke gait training remains limited, and direct comparisons
between continuous and gait-synchronized stimulation dur-
ing gait training are lacking.

Individuals with chronic stroke may retain some ca-
pacity for locomotor adaptation [12,13,14], suggesting that
the temporal structure of sensory input during gait train-
ingmay be relevant to locomotor-related functional change.
However, whether such temporally structured stimulation
is associated with different preliminary outcome patterns
compared with continuous stimulation remains unclear.

The aim of this pilot randomized clinical trial was to
evaluate the feasibility, safety, and preliminary clinical sig-
nals of continuous versus gait-synchronized TENS during
gait training in individuals with chronic stroke. We ex-
amined whether different temporal patterns of peripheral
sensory input during gait training were associated with dif-
ferent preliminary locomotor-related outcome patterns, hy-
pothesizing that stimulation timing may be associated with
different functional trajectories.

2. Materials and Methods
2.1 Study Design

This study was a randomized, single-center, assessor-
blinded pilot clinical trial designed to evaluate the feasibil-
ity, safety, and preliminary outcome changes of TENS com-
bined with gait training in individuals with chronic stroke.
The study was conducted in the Department of Physical
and Rehabilitation Medicine at Chonnam National Univer-
sity Hospital, Gwangju, Republic of Korea. The completed
CONSORT checklist is provided in the Supplementary
Material.

2.2 Participants
Participants with chronic stroke were recruited from

the outpatient rehabilitation setting of the Department of
Physical and Rehabilitation Medicine at Chonnam Na-
tional University Hospital between June 2023 and Decem-
ber 2023. Recruitment was completed after the target sam-
ple size had been reached, and follow-up assessments were
completed in February 2024.

No formal efficacy-based sample size calculation was
performed because this was a pilot randomized trial de-
signed primarily to evaluate feasibility, safety, implementa-
tion, and preliminary clinical signals rather than to provide
confirmatory evidence of treatment efficacy. Methodolog-
ical guidance for pilot and feasibility studies emphasizes
that such studies are generally intended to assess trial pro-
cedures, recruitment feasibility, intervention delivery, and
variability estimates for future definitive trials, rather than
to test efficacy hypotheses [15]. Several pragmatic or rule-
of-thumb approaches for pilot trial sample size planning
have been proposed [16,17]. Therefore, the target sample
size was set at 24 participants, with eight participants per
group. This target was determined pragmatically based on
expected recruitment capacity, available resources, partici-
pant burden, and the practical constraints of delivering the
4-week device-based gait-training intervention. This sam-
ple size was not intended to provide precise effect estimates
or sufficient statistical power to detect between-group treat-
ment effects.

Patients were included if they met all of the follow-
ing criteria: (1) age between 20 and 90 years; (2) diagno-
sis of ischemic or hemorrhagic stroke with onset more than
6 months before enrollment; (3) presence of hemiplegia;
(4) Functional Ambulation Category (FAC) score between
2 and 4; (5) ability to understand and follow instructions re-
quired for gait training and study assessments; and (6) pro-
vision of written informed consent.

Exclusion criteria were as follows: (1) gait or balance
impairment due to other neurodegenerative, neuromuscu-
lar, or musculoskeletal conditions; (2) skin lesions or vas-
cular conditions at electrode attachment sites, such as pe-
ripheral arterial disease; (3) unstable vital signs; (4) active
malignant disease; (5) inability to follow the study protocol
for any other reasons; or (6) contraindications to TENS.
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2.3 Randomization and Blinding
After written informed consent was obtained and

eligibility was confirmed, participants were assigned a
study identification number and randomly allocated to
one of three groups: continuous stimulation (CS), gait-
synchronized stimulation (GS), or sham stimulation. A
computer-generated randomization sequence was created
usingRandomAllocation Software 2.0 (Mahmood Saghaei,
Isfahan, Iran). Simple randomization was performed with
a 1:1:1 allocation ratio.

Allocation concealment wasmaintained using sequen-
tially numbered, opaque, sealed envelopes. The random
allocation sequence was generated by an independent re-
searcher who was not involved in participant recruitment,
intervention delivery, or outcome assessment. Participants
were enrolled by the study investigators, and group assign-
ments were determined by opening the sealed envelopes af-
ter enrollment.

This study used an assessor-blinded design. Because
of the nature of the intervention, therapists could not be
blinded to group allocation, and participant blinding may
not have been fully maintained. Outcome assessors were
not involved in intervention delivery and remained blinded
to group allocation throughout the study. Separate case re-
port formswere used for outcome assessment, and assessors
did not have access to allocation information.

2.4 Interventions
2.4.1 Experimental setup and TENS protocols

The intervention system consisted of a low-frequency
electrical stimulator (FIT 3.0, Compex, Guildford, UK) and
a microcontroller unit (myRIO, National Instruments Inc.,
Austin, TX, USA), which were attached to a waist belt worn
by each participant. The microcontroller operated custom
software developed using LabVIEW 2017 (National Instru-
ments Inc.) and controlled the timing of TENS delivery at
a sampling rate of 100 Hz.

Gait phases were detected using a pair of instrumented
insoles equipped with force-sensing resistor (FSR) sensors
(A401-25, Tekscan, Norwood, MA, USA) connected to the
microcontroller module. Four FSR sensors were positioned
under the heel, toe, first metatarsal, and fifth metatarsal
regions. Ground contact was identified using predefined
threshold values, enabling detection of stance and swing
phases during gait [18]. Before training, the insole sen-
sors were calibrated with the participant seated and both
feet off the ground. The stance phase was detected when
the summed load measured by the four FSR sensors ex-
ceeded 2 kg, whereas the swing phase was identified when
the summed load fell below this threshold.

To evaluate the technical validity of the gait-phase de-
tection algorithm, the FSR-based insole system was com-
pared with a commercial wearable inertial measurement
unit (IMU)-based motion analysis system (myoMOTION,
Noraxon, Scottsdale, AZ, USA; accuracy: ±1° in the ver-

tical plane and ±2° in the horizontal plane). Gait-phase
events were calculated using MR 3.16 software (Noraxon).
In a validation test involving 200 overground walking steps
from a healthy young adult, the FSR-based insole system
detected 198 of 200 foot-contact events, corresponding to a
foot-contact event detection rate of 99% and a missed-event
rate of 1%. The mean phase delay was 25.62 ± 14.06 ms
for stance-phase detection and 28.20 ± 12.89 ms for swing-
phase detection. The validation procedure is shown in Sup-
plementary Fig. 1. These data were used to document the
detection rate, missed-event rate, phase delay, and consis-
tency of the gait-phase detection algorithm before applica-
tion of the gait-synchronized stimulation protocol.

TENS electrodes were placed over the tibialis anterior
and gastrocnemius muscles on the hemiplegic side. Before
the intervention, the sensory threshold of the affected limb
was determined for each participant. Stimulation intensity
was set at 1.5–2 times the individual sensory thresholdwith-
out visible muscle contraction. For participants who did not
perceive the stimulation, the intensity was briefly increased
until visible muscle contraction was observed and was then
reduced to a level at which no muscle contraction occurred.

TENS was delivered at a frequency of 100 Hz with a
pulse width of 0.2 ms [5,19]. Each participant was sched-
uled to receive 12 intervention sessions over 4 weeks, with
three sessions per week. TENS was applied for 20 minutes
during each gait-training session according to the assigned
stimulation-timing protocol.

In the CS group, TENS was delivered continuously
through both stimulation channels throughout the gait train-
ing session. In the GS group, TENS was delivered accord-
ing to the gait phase: stimulation was applied to the anterior
lower leg during the swing phase and to the posterior lower
leg during the stance phase. In the sham stimulation group,
stimulation was delivered to both channels for the initial
15 seconds and was then discontinued. Stimulation or gait
training was discontinued if the participant requested cessa-
tion or if the supervising therapist judged that continuation
was inappropriate for safety reasons. An emergency stop
button was available during the intervention. The stimula-
tion protocols are illustrated in Fig. 1.

2.4.2 Gait Training
All participants received standardized gait training for

post-stroke hemiplegia in the physical therapy unit of Chon-
nam National University Hospital. Each gait-training ses-
sion lasted 20 minutes. The session consisted of two 10-
minute stages: a basic gait-training stage, including level-
ground walking, followed by an advanced gait-training
stage, including stair climbing, sideways walking, and
backward walking. If a participant was unable to perform
the advanced tasks because of functional limitations, the ba-
sic gait-training stage was continued or repeated so that the
total gait-training duration remained 20 minutes.
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Fig. 1. Comparison of continuous and gait-synchronized stimulation protocols. Schematic representation of the gait cycle showing
the application of continuous and gait-synchronized stimulation. In the continuous protocol, both the gastrocnemius and tibialis anterior
muscles are stimulated throughout the gait cycle. In the gait-synchronized protocol, gastrocnemius stimulation is applied during the
stance phase, while tibialis anterior stimulation is applied during the swing phase. The gait cycle illustration is adapted from “Phases of
gait cycle” (Physiopedia), licensed under CC BY-SA 4.0. Modifications were made for layout and clarity.

Fig. 2. Study timeline and intervention schedule. Participants received 12 sessions of continuous, gait-synchronized, or sham transcu-
taneous electrical nerve stimulation (TENS) during gait training (3 sessions per week for 4 weeks). Outcome measures were assessed at
baseline (T0), immediately after the intervention (T1), and 8 weeks post-intervention (T2).

All training sessions were conducted under the super-
vision or assistance of a licensed physical therapist. Assis-
tive devices were used as needed according to each partic-
ipant’s functional status. Intervention adherence was cal-
culated as the proportion of completed sessions among the
scheduled sessions and was summarized descriptively.

2.5 Outcome Assessment
The assessment timeline is shown in Fig. 2. All out-

comes were assessed at baseline (T0), immediately after the
4-week intervention (T1), and at the 8-week follow-up (T2)
by blinded assessors.

The primary outcomes were comfortable and max-
imal gait speeds measured using the 10-meter walk test
(10MWT) with a flying-start protocol. The 10MWT was
selected because of its established validity and responsive-
ness for evaluating gait performance in individuals with
stroke [20]. Secondary outcomes included the Timed Up
and Go (TUG) test and the Berg Balance Scale (BBS),
which are validated measures of functional mobility and
balance in stroke populations [21,22]. Additional outcomes
included manual muscle testing (MMT) of the hip, knee,

and ankle on both the ipsilesional and contralesional sides,
the FAC, the Korean version of the Modified Barthel In-
dex (K-MBI), and health-related quality of life assessed
using the Korean version of the EuroQol-5 Dimension-3
Level (EQ-5D-3L). The five EQ-5D-3L descriptive dimen-
sion scores were summed, with higher scores indicating
more problems.

Adverse events were monitored throughout the in-
tervention period, including skin irritation, discomfort,
pain, fatigue, falls, abnormal vital signs, and any other
intervention-related events.

2.6 Statistical Analysis
Descriptive statistics and baseline comparisons were

performed using SPSS Statistics for Windows, version
27.0.0.0 (IBM Corp., Armonk, NY, USA). Baseline-
adjusted longitudinal analyseswere performed usingR soft-
ware, version 4.6.0 (R Foundation for Statistical Comput-
ing, Vienna, Austria). Continuous variables are presented
as mean ± standard deviation, and categorical variables are
presented as number or number/number, as appropriate.
Baseline characteristics were compared among the three
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Table 1. Baseline characteristics of the modified intention-to-treat population.
Variables CS group (n = 8) GS group (n = 7) Sham group (n = 8) p-value

Age (years) 63.1 ± 11.5 73.6 ± 4.0 62.8 ± 14.8 0.141
Height (cm) 162.6 ± 5.7 162.6 ± 5.7 166.9 ± 6.2 0.274
Body weight (kg) 64.4 ± 8.2 66.0 ± 5.3 68.3 ± 14.4 0.748
Sex, n (male/female) 4/4 5/2 5/3 0.866
Side of hemiplegia, n (right/left) 6/2 3/4 5/3 0.496
Hypertension, n 5 2 4 0.508
Diabetes mellitus, n 2 2 2 1.000
Dyslipidemia, n 1 1 3 0.557
Cardiac disease, n 2 2 0 0.406
10-meter walk test (m/s)
Comfortable speed 1.0 ± 0.2 0.6 ± 0.2 0.6 ± 0.3 0.004*
Maximal speed 1.2 ± 0.2 0.7 ± 0.3 0.7 ± 0.4 0.009*

Timed Up and Go test (s) 7.2 ± 1.2 11.9 ± 4.8 16.2 ± 9.7 0.033*
Berg Balance Scale (points) 45.1 ± 5.4 30.1 ± 7.8 30.0 ± 7.8 <0.001*
Functional Ambulation Category (level) 4.5 ± 0.5 3.4 ± 1.1 3.4 ± 1.2 0.061
Korean version of the Modified Barthel Index (points) 87.9 ± 5.7 79.3 ± 13.1 74.2 ± 18.9 0.159
EQ-5D-3L (sum score) 7.2 ± 2.3 8.6 ± 1.9 8.6 ± 1.7 0.312
Values are presented as mean ± standard deviation for numerical variables and as number or number/number for categorical
variables, as appropriate. Sex is presented as male/female, and side of hemiplegia is presented as right/left. Between-group
comparisons were performed using one-way analysis of variance for numerical variables and Fisher’s exact test for categorical
variables. *p < 0.05. Higher EQ-5D-3L sum scores indicate more problems. Abbreviations: EQ-5D-3L, EuroQol-5 Dimension-
3 Level.

groups using one-way analysis of variance for continuous
variables and Fisher’s exact test for categorical variables.

The primary longitudinal analysis was conducted in
the modified intention-to-treat (mITT) population. Of the
24 randomized participants, one participant withdrew be-
fore the initiation of the intervention and did not undergo
baseline assessment; therefore, this participant was ex-
cluded from the mITT analysis because no baseline or post-
baseline outcome data were available. The mITT popula-
tion included 23 participants: 8 in the continuous stimu-
lation group, 7 in the gait-synchronized stimulation group,
and 8 in the sham stimulation group.

Clinical outcomes were analyzed using baseline-
adjusted repeated-measures analysis of covariance imple-
mented as a linear mixed-effects model. For each outcome,
post-baseline values at T1 and T2 were used as repeated de-
pendent variables, and the corresponding baseline value at
T0 was included as a covariate. The model included group,
time, group × time interaction, and baseline value as fixed
effects, with a participant-specific random intercept. Type
III F-tests were used, and denominator degrees of freedom
were estimated using Satterthwaite’s approximation. Miss-
ing outcome data were not imputed; available observations
were used in the mixed-effects model.

Estimated marginal means with 95% confidence inter-
vals were calculated for each group at each post-baseline
time point. Pairwise between-group comparisons were
performed using Tukey-adjusted p-values. Benjamini–
Hochberg false discovery rate correction was applied to the

group × time interaction p-values across all estimable out-
comes. Statistical significance was defined as a two-sided
p-value < 0.05, with false discovery rate (FDR)-adjusted p-
values used to interpret multiple outcome testing.

An exploratory per-protocol analysis was additionally
performed after excluding two participants with eligibility
violations. The per-protocol population included 21 partic-
ipants: 8 in the continuous stimulation group, 6 in the gait-
synchronized stimulation group, and 7 in the sham stimu-
lation group. Repeated-measures analysis of variance was
conducted in this population, with effect sizes reported as
partial eta squared (ηp2), and the results are presented in the
Supplementary Material.

3. Results
3.1 Participant Flow and Baseline Characteristics

A total of 25 participants were assessed for eligibility,
of whom one was excluded because of bilateral hemiple-
gia. The remaining 24 participants were randomized to the
CS, GS, or sham groups. One participant in the GS group
withdrew consent before the intervention and did not un-
dergo baseline assessment; therefore, 23 participants were
included in the mITT population: 8 in the CS group, 7 in
the GS group, and 8 in the sham group. During data veri-
fication, two participants, one in the GS group and one in
the sham group, were found to have eligibility violations
because their FAC score was 1. These participants were
therefore excluded from the per-protocol analysis. The per-
protocol population therefore included 21 participants: 8 in
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Fig. 3. Consolidated Standards of Reporting Trials (CONSORT) flow diagram of the study. Outcomes were assessed immediately
after the 4-week intervention (T1) and at the 8-week follow-up (T2). The modified intention-to-treat population was used for the primary
longitudinal analysis, and the per-protocol population was used for exploratory analysis. Abbreviations: mITT, modified intention-to-
treat; PP, per-protocol; CS, continuous stimulation; GS, gait-synchronized stimulation.

the CS group, 6 in the GS group, and 7 in the sham group
(Fig. 3).

Baseline demographic and clinical characteristics of
the mITT population are summarized in Table 1. No sta-
tistically significant between-group differences were ob-
served in age, side of hemiplegia, or comorbidities (all p
> 0.05). However, several functional measures differed
among groups at baseline. Comfortable and maximal gait
speeds were higher in the CS group than in the GS and sham
groups. Significant between-group differences were also
observed for the TUG and BBS. FAC, K-MBI, and EQ-5D-
3L sum score did not differ significantly among groups at
baseline.

3.2 Feasibility and Safety

Intervention adherence was high, with 99% of sched-
uled sessions completed (274/276 sessions). No partici-
pants discontinued the intervention because of stimulation-
related discomfort. No intervention-related adverse events
were reported during the study period. One participant re-
ported facial flushing during the trial, which was judged to
be unrelated to the intervention.

3.3 Preliminary Clinical Outcomes

The primary longitudinal analysis was conducted in
the mITT population using baseline-adjusted linear mixed-
effects models (Table 2).

For comfortable gait speed, no significant group ×
time interaction was observed. A significant main effect
of time was observed, indicating an overall change in com-
fortable gait speed across post-baseline assessments after
adjustment for baseline values. For maximal gait speed, the
group × time interaction was significant before correction
for multiple outcome testing but was not significant after
false discovery rate correction.

Among secondary outcomes, the group × time interac-
tion for BBS was significant before correction for multiple
outcome testing but was not significant after false discov-
ery rate correction. No significant group × time interactions
were observed for the TUG test, Functional Ambulation
Category, or EQ-5D-3L after baseline adjustment. Signif-
icant main effects of time were observed for BBS, indicat-
ing overall post-baseline change over time after adjustment
for baseline values. The K-MBI model was not estimable
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Table 2. Baseline-adjusted linear mixed-effects model analysis of post-intervention and follow-up outcomes in the modified
intention-to-treat population.

Variables Model term F df1 df2 p-value
FDR-adjusted

p-value

Primary outcomes

10-meter walk test (m/s)

Comfortable speed
Group 0.265 2 21.84 0.770 -
Time 11.405 1 18.43 0.003* -

Group × Time 1.933 2 18.39 0.173 0.173

Maximal speed
Group 1.968 2 24.11 0.162 -
Time 10.750 1 20.94 0.004* -

Group × Time 3.531 2 20.87 0.048* 0.123

Secondary outcomes

Timed Up and Go test (s)
Group 2.396 2 22.90 0.114 -
Time 0.394 1 19.03 0.537 -

Group × Time 2.131 2 18.99 0.146 0.173

Berg Balance Scale (points)
Group 0.024 2 22.53 0.976 -
Time 10.729 1 19.99 0.004* -

Group × Time 4.685 2 19.89 0.022* 0.123

Functional Ambulation Category (level)
Group 0.027 2 42 0.974 -
Time 1.131 1 42 0.294 -

Group × Time 2.981 2 42 0.062 0.123

Korean version of the Modified Barthel Index (points)
Group - - - - -
Time - - - - -

Group × Time - - - - -

EQ-5D-3L (sum score)
Group 7.752 2 21.08 0.003* -
Time 2.329 1 19.16 0.143 -

Group × Time 2.549 2 19.10 0.104 0.157

Baseline-adjusted linear mixed-effects models were fitted separately for each outcome. Post-intervention and follow-up val-
ues were modeled as repeated outcomes. Fixed effects included group, time, group × time interaction, and the corresponding
baseline value. Participant ID was included as a random intercept. Fixed effects were evaluated using F-tests with Sat-
terthwaite approximation for denominator degrees of freedom. Missing post-baseline outcome data were not imputed; the
mixed-effects models used all available post-baseline observations. False discovery rate-adjusted p-values were calculated
using the Benjamini–Hochberg procedure for the group × time interaction terms across the six prespecified main clinical
outcomes; MMT outcomes were treated as a separate exploratory family. K-MBI was not included in the baseline-adjusted
mixed-effects model because post-baseline values showed insufficient variability for reliable model estimation. Higher EQ-
5D-3L sum scores indicate more problems. Unadjusted p-values are reported descriptively, whereas FDR-adjusted p-values
were used for interpreting group × time interactions across outcomes. *p < 0.05. Abbreviations: df, degrees of freedom;
FDR, false discovery rate; K-MBI, Korean version of the Modified Barthel Index.

because post-baseline values showed insufficient variabil-
ity for reliable model estimation. No significant group
× time interactions were observed for MMT across the
assessed lower-limb muscle groups after FDR correction
(Supplementary Table 1). Exploratory baseline-adjusted
pairwise comparisons between groups at each post-baseline
time point are presented in Supplementary Table 2.

The exploratory per-protocol repeated-measures anal-
ysis of variance (ANOVA) results are presented in Supple-
mentary Table 3. Several group × time interaction effects
reached nominal statistical significance in the per-protocol
analysis; however, these analyses were not adjusted for

baseline imbalance and were performed in the smaller per-
protocol population. Therefore, they were interpreted as
supportive and exploratory.

Baseline-adjusted estimated marginal means with
95% confidence intervals for each group at T1 and T2 are
presented in Table 3. Descriptively, the adjusted means
suggested greater numerical increases from T1 to T2 in
maximal gait speed in the CS group and in BBS in the GS
group. However, these between-group temporal patterns
did not remain statistically significant after correction for
multiple outcome testing.
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Table 3. Baseline-adjusted estimated marginal means of post-intervention and follow-up outcomes in the modified
intention-to-treat population.

Variables Time
CS adjusted mean

(95% CI)
GS adjusted mean

(95% CI)
Sham adjusted mean

(95% CI)

Comfortable speed (m/s)
T1 0.727 (0.643 to 0.812) 0.686 (0.607 to 0.764) 0.736 (0.661 to 0.811)
T2 0.790 (0.704 to 0.876) 0.756 (0.678 to 0.834) 0.742 (0.660 to 0.825)

Maximal speed (m/s)
T1 0.893 (0.821 to 0.965) 0.849 (0.780 to 0.917) 0.889 (0.823 to 0.955)
T2 0.994 (0.920 to 1.068) 0.868 (0.799 to 0.936) 0.912 (0.837 to 0.988)

Timed Up and Go test (s)
T1 11.391 (9.830 to 12.952) 12.606 (11.086 to 14.125) 9.963 (8.426 to 11.500)
T2 10.844 (9.250 to 12.438) 11.972 (10.453 to 13.492) 10.629 (8.925 to 12.334)

Berg Balance Scale (points)
T1 37.257 (34.610 to 39.905) 35.922 (33.524 to 38.319) 37.740 (35.465 to 40.015)
T2 38.521 (35.773 to 41.269) 40.207 (37.810 to 42.605) 37.845 (35.170 to 40.520)

Functional Ambulation Category (level)
T1 3.794 (3.530 to 4.059) 3.781 (3.510 to 4.053) 4.031 (3.775 to 4.286)
T2 4.079 (3.799 to 4.360) 4.067 (3.796 to 4.338) 3.781 (3.453 to 4.109)

EQ-5D-3L (sum score)
T1 7.397 (6.642 to 8.151) 8.059 (7.263 to 8.856) 8.595 (7.847 to 9.342)
T2 7.704 (6.890 to 8.518) 7.774 (6.977 to 8.570) 9.696 (8.766 to 10.626)

Values are estimated marginal means with 95% confidence intervals derived from the baseline-adjusted linear mixed-effects models. Es-
timated marginal means were adjusted for the corresponding baseline value and calculated at the overall mean baseline value for each
outcome. Statistical test results are presented in Table 2. Estimated marginal means are not presented for K-MBI because the corresponding
mixed-effects model was not estimable due to insufficient post-baseline variability. Higher EQ-5D-3L sum scores indicate more problems.
Abbreviations: CI, confidence interval; T1, post-intervention; T2, follow-up.

4. Discussion
4.1 Principal Findings

This pilot randomized trial evaluated the feasibility,
safety, and preliminary clinical signals of TENS com-
bined with standardized gait training in individuals with
chronic stroke. The main findings were that both CS and
GS could be implemented with high adherence, without
stimulation-related discontinuation or intervention-related
adverse events. These findings support the feasibility and
safety of delivering peripheral sensory stimulation during
supervised gait training in this population.

The clinical outcome findings should be interpreted
cautiously, because baseline imbalance was present in sev-
eral functionalmeasures. The baseline-adjustedmITT anal-
ysis did not provide robust evidence of differential longitu-
dinal effects among the stimulation-timing groups after cor-
rection for multiple outcome testing. Although some nom-
inal signals were observed in gait- and balance-related out-
comes, these findings should be interpreted as preliminary
and hypothesis-generating rather than as evidence of treat-
ment efficacy.

Exploratory per-protocol findings are provided in the
Supplementary Material. These results may be useful for
identifying potential outcome domains for future studies,
but they were based on a smaller population and were not
adjusted for baseline imbalance. Therefore, they should be
considered supportive rather than confirmatory.

4.2 Interpretation in Relation To Sensory Input,
Sensorimotor Integration, and Gait Training

TENS applied during gait training may provide ad-
ditional peripheral sensory input during repeated task-
oriented locomotor practice. Task-oriented training is a
widely used approach in stroke rehabilitation [23], and sen-
sory input training has been investigated as a strategy to
support motor function recovery after stroke [24]. Dur-
ing walking, sensory input may be particularly relevant be-
cause gait requires continuous coordination among motor
commands, somatosensory feedback, postural control, and
environmental demands. Locomotor rehabilitation also re-
lies in part on experience-dependent plasticity and motor
learning processes [25,26], and some capacity for locomo-
tor adaptation may be retained even in the chronic stage af-
ter stroke [12,13,14].

In this study, stimulation was delivered during stan-
dardized gait training rather than as an isolated sensory
intervention. Therefore, the potential relevance of TENS
should be interpreted in the context of active, task-specific
locomotor practice. Because the present study did not di-
rectly measure afferent transmission, cortical excitability,
proprioceptive function, or motor learning, the current find-
ings cannot establish a neural mechanism. However, they
provide a feasibility- and hypothesis-generating basis for
further investigation of how peripheral sensory input deliv-
ered during gait training may interact with post-stroke lo-
comotor rehabilitation.
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4.3 Continuous and Gait-Synchronized TENS as Distinct
Temporal Sensory-Input Profiles

The CS and GS protocols should be interpreted as dis-
tinct temporal sensory-input profiles rather than as com-
peting protocols in which one is superior to the other. CS
provided non-phase-specific sensory input throughout gait
training, whereas GS provided phase-linked input to the an-
terior lower leg during swing and to the posterior lower
leg during stance. Because gait consists of stance and
swing phases with different mechanical and sensory de-
mands [27], temporally aligned stimulation may provide
sensory input that coincides with phase-specific motor ac-
tivity. Gait-synchronized stimulation approaches have been
investigated in post-stroke gait rehabilitation [6,10,28], but
direct comparison with continuous TENS during gait train-
ing remains limited.

The adjusted mITT findings did not demonstrate that
either stimulation-timing protocol was superior to sham
stimulation or to the other active protocol. Because direct
neurophysiological measures were not obtained and cor-
rected clinical effects were not robust, the present trial can-
not determine whether either temporal profile altered sen-
sorimotor integration, afferent processing, or motor adapta-
tion.

4.4 Clinical and Translational Implications
From a translational perspective, the feasibility and

safety findings suggest that both continuous and gait-
synchronized TENS can be incorporated into supervised
gait training without major implementation barriers in this
pilot setting. Similar feasibility-oriented approaches have
been explored with other non-invasive stimulation modal-
ities delivered during gait training in individuals with
chronic stroke, although the stimulation modality and tar-
get mechanisms differ from those of TENS [29]. A novel
aspect of this study is the direct comparison of continuous
and gait-synchronized TENS delivered during overground
gait training using a wearable real-time gait-phase detec-
tion system. Accordingly, this study provides not only pre-
liminary clinical observations but also practical technical
implementation data on wearable synchronized stimulation
during supervised post-stroke gait rehabilitation.

The clinical outcome findings should not be inter-
preted as sufficient to change clinical practice. After ad-
justment for baseline values and correction for multiple out-
come testing, the study did not provide robust evidence
of differential longitudinal effects among the stimulation-
timing groups and does not establish efficacy, superior-
ity, or an optimal stimulation-timing strategy. Rather,
the findings demonstrate that both continuous and gait-
synchronized TENS can be safely integrated into gait train-
ing using a wearable real-time stimulation system and pro-
vide preliminary clinical signals to inform the design of fu-
ture adequately powered randomized trials.

The nominal signals observed in gait- and balance-

related outcomes may help inform future trial planning
because walking speed, functional mobility, and balance
are clinically relevant domains in stroke rehabilitation
[20,21,22,30]. These findings are also consistent with
broader rehabilitation interest in somatosensory stimulation
and proprioceptive feedback-based approaches for improv-
ing gait and balance after stroke [31,32]. Larger confir-
matory trials are needed to determine whether continuous
or gait-synchronized TENS provides clinically meaningful
benefits beyond standardized gait training and sham stimu-
lation.

4.5 Limitations

This study has several limitations. First, it was a pilot
trial with a small sample size and was conducted at a single
center, which limits statistical power, precision of effect es-
timates, and generalizability. The studywas not designed or
powered to provide confirmatory evidence of efficacy. Sec-
ond, despite randomization, baseline imbalancewas present
in several functional measures. These imbalances could in-
fluence unadjusted longitudinal comparisons and therefore
supported the decision to emphasize the baseline-adjusted
mITT analysis. Third, one randomized participant with-
drew before intervention and did not undergo baseline as-
sessment, and some post-baseline outcome data were in-
complete. Missing outcome data were not imputed; al-
though the mixed-effects model used all available observa-
tions, missing data may still have introduced uncertainty.
Fourth, the exploratory per-protocol analysis included a
smaller population after excluding participants with eligi-
bility violations. Although this analysis provides support-
ive information, it was not adjusted for baseline imbalance;
therefore, nominal findings from the per-protocol repeated-
measures analysis of variance (RM-ANOVA) should not be
interpreted as confirmatory. Fifth, multiple outcome testing
further limits interpretation of nominal uncorrected find-
ings, as no group × time interaction remained robust af-
ter FDR correction. Sixth, K-MBI could not be estimated
in the baseline-adjusted model because post-baseline val-
ues showed insufficient variability, limiting interpretation
of activities-of-daily-living outcomes.

Seventh, complete participant blinding was difficult
because of the perceptible nature of sensory stimulation,
and therapists could not be blinded to intervention deliv-
ery. This may have introduced expectation-related or per-
formance bias, although outcome assessment was blinded.
Eighth, sensory thresholds could not be clearly determined
in some participants because of hypesthesia on the hemi-
plegic side, which may have affected stimulation consis-
tency. Finally, the study did not include direct neurophysi-
ological assessments, such as measures of somatosensory
function, corticospinal excitability, or sensorimotor inte-
gration. Although the FSR-based gait-phase detection al-
gorithm was technically validated against a wearable IMU-
based motion analysis system before application of the
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gait-synchronized stimulation protocol, validation was per-
formed in a healthy adult rather than in all stroke partic-
ipants. In addition, a laboratory-based three-dimensional
optical motion capture system was not used as the refer-
ence standard, sensitivity and specificity were not calcu-
lated, and gait-phase detection accuracy was not continu-
ously recorded during all intervention sessions. Therefore,
the available validation data support the technical feasibility
of the synchronization algorithm but do not establish phase-
detection accuracy under all training conditions. Mechanis-
tic interpretations regarding sensory input and sensorimotor
integration remain speculative.

4.6 Future Directions
Future studies should evaluate these preliminary find-

ings in larger, adequately powered, multicenter randomized
controlled trials. Stratified randomization or prespecified
covariate-adjusted designs may help reduce the influence
of baseline functional imbalance and improve estimation of
intervention-related effects. Future protocols should also
consider intervention duration, training dose, and follow-
up timing, as dose, intensity, and recovery trajectory are
important design considerations in stroke rehabilitation re-
search [33,34,35].

Further studies should also examine stimulation pa-
rameters, including intensity, timing, muscle targets, and
phase-specific delivery algorithms. Direct neurophysiolog-
ical assessmentsmay help clarify whether and how different
temporal profiles of peripheral sensory input influence so-
matosensory responsiveness, sensorimotor integration, or
motor adaptation during post-stroke gait rehabilitation. Fu-
ture studies should incorporate participant-specific valida-
tion of gait-phase detection, ideally using laboratory-based
motion capture or synchronized wearable reference sys-
tems, and should record detection accuracy, missed events,
false detections, and phase delay during intervention ses-
sions. Individualized assessment of sensory responsiveness
may also improve protocol consistency and support the de-
velopment of more targeted sensory stimulation-based gait-
training interventions.

5. Conclusions
In this pilot randomized trial, continuous and gait-

synchronized TENS combined with standardized gait train-
ing were feasible and well tolerated in individuals with
chronic stroke. The adjusted mITT analysis did not pro-
vide robust evidence of differential clinical effects among
the stimulation-timing groups after correction for multi-
ple outcome testing. These findings support the feasibil-
ity and safety of incorporating peripheral sensory stimula-
tion into supervised gait training and suggest that the tem-
poral profile of sensory input maywarrant further investiga-
tion. Larger, adequately powered trials are needed to con-
firm whether continuous or gait-synchronized TENS pro-
vides clinically meaningful benefits during post-stroke gait
rehabilitation.
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