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ABSTRACT

Background: Robot-assisted gait training combined with transcutaneous spinal cord stimulation may
improve mobility after incomplete spinal cord injury, but the muscle-specific neuromuscular pattern
underlying these effects remains uncertain. Objective: To examine whether muscle-specific
intramuscular electromyographic recruitment and progressive body-weight-support reduction provided
a plausible mechanistic explanation for the functional advantage of combined robotic gait training and
spinal stimulation. Methods: This hypothesis-generating secondary analysis used data from a double-
blind randomized trial of 20 adults with intermediate-phase incomplete spinal cord injury allocated to
RAGT+tSCS (n=13) or CPT+tSCS (n=7). Participants completed 40 sessions over 8 weeks. Group x Time
effects were examined for iEMG amplitudes of the gastrocnemius medialis, vastus lateralis, tibialis
anterior, and biceps femoris and compared with functional outcomes. Associations between treatment
assignment and body-weight-support requirement were evaluated using Pearson’s correlation. Results:
Large interactions were observed for the gastrocnemius medialis (partial n?=0.924), vastus lateralis
(n?>=0.880), and tibialis anterior (n?>=0.859), but not the biceps femoris (n?=0.061; p=0.293). Functional
effects were largest for the Timed Up and Go test (n°=0.844) and Berg Balance Scale (1°=0.702), whereas
the 10-Meter Walk Test showed no between-group interaction (n*<0.008; p=0.708). Treatment assignment
correlated with body-weight-support requirement at sessions 1 (r=—0.886) and 20 (r=—0.867), both
p<0.001. Conclusion: RAGT+tSCS was associated with selective recruitment of ankle and knee stabilizing
muscles corresponding with balance and transitional-mobility gains. Progressive unloading represented
a plausible candidate mechanism but was not formally established as a mediator. Keywords: Incomplete
spinal cord injury; robot-assisted gait training; transcutaneous spinal cord stimulation; intramuscular
electromyography; body-weight support; neuromuscular recruitment; balance; functional mobility.

INTRODUCTION

Incomplete spinal cord injury (iSCI) disrupts descending motor control while preserving variable
degrees of supraspinal, propriospinal, and segmental connectivity that may support activity-dependent
neurological recovery (1,2). Spinal cord injury remains an important cause of long-term motor disability
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worldwide, and its burden has increased substantially across several regions, including China, during
the past three decades (3,4). Restoration of walking after iSCI depends not only on global neurological
recovery but also on the coordinated re-engagement of lower-limb muscles responsible for stance
stability, weight transfer, limb advancement, and propulsion. Electromyography can therefore provide
information about neuromuscular recovery that may not be fully captured by clinical balance and
mobility scales alone (5,6).

Robot-assisted gait training (RAGT) provides repetitive, task-specific stepping practice with controlled
kinematics, adjustable body-weight support, and high-intensity sensory input. These features are
intended to promote use-dependent reorganization of residual neural pathways and improve locomotor
control after spinal cord injury (7). Transcutaneous spinal cord stimulation (tSCS) is a non-invasive
neuromodulatory approach that activates posterior-root afferents and influences the excitability of spinal
interneuronal and motor networks involved in locomotion (8,9). Rather than directly generating
functional movement, tSCS is considered to modulate the physiological state of spinal circuits so that
residual descending commands and task-related afferent inputs can produce more effective motor
responses during rehabilitation (9,10). Its clinical effects should therefore be reflected in measurable
changes in muscle activation during locomotor practice.

Previous studies and systematic reviews have examined the effects of RAGT, wearable robotic devices,
body-weight-supported gait training, and spinal neuromodulation on walking ability, balance, motor
scores, and mobility after SCI (7,11,12). However, most investigations have concentrated on overall
clinical efficacy and have evaluated individual functional outcomes separately from the underlying
neuromuscular response. Consequently, it remains uncertain whether functional improvement
following combined RAGT and tSCS is accompanied by a generalized increase in lower-limb activation
or by a selective pattern involving muscles with specific biomechanical roles. Intramuscular
electromyography (iEMG) offers greater spatial specificity than surface recordings and reduces
interference from adjacent muscle groups, making it particularly suitable for identifying muscle-specific
recruitment patterns during rehabilitation (13).

The parent randomized trial compared RAGT combined with tSCS against dose-matched conventional
physical therapy (CPT) combined with tSCS in adults with intermediate-phase iSCI. That trial collected
iEMG signals from the vastus lateralis, tibialis anterior, gastrocnemius medialis, and biceps femoris
together with measures of balance, mobility, neurological status, and body-weight-support requirements,
and reported greater clinical improvement in the robotic-training group (14). The primary trial
addressed the comparative effectiveness of the two rehabilitation strategies but did not specifically
examine whether the distribution of recruitment gains across the sampled muscles was biomechanically
consistent with the functional domains that improved most strongly.

A muscle-selective response would provide a more specific mechanistic hypothesis than a generalized
training effect. The vastus lateralis contributes to knee extension and stance stability, the gastrocnemius
medialis contributes to postural control and plantarflexion during late stance, and the tibialis anterior
assists foot clearance and controlled ankle positioning. By contrast, the biceps femoris has an important
role in knee flexion and limb advancement during the swing phase. Progressive reduction of external
body-weight support during robotic training may increase active loading demands on the ankle and knee
musculature and thereby preferentially influence muscles involved in weight acceptance, postural
stability, and controlled progression.

This secondary, hypothesis-generating analysis therefore examined whether the previously observed
functional advantage of RAGT combined with tSCS was accompanied by a coherent muscle-specific
pattern of neuromuscular recruitment. It was hypothesized that Group x Time effects would be larger
for the gastrocnemius medialis, vastus lateralis, and tibialis anterior than for the biceps femoris, and that
the body-weight-support trajectory would align with treatment-group assignment in a manner consistent
with progressive unloading as a candidate shared driver of neuromuscular and functional improvement.
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The analysis was intended to generate a testable mechanistic and mediation hypothesis rather than to

establish a formal causal pathway.

MATERIAL AND METHODS

This study was a post-hoc, hypothesis-generating secondary analysis of data obtained from a prospective,
double-blind, parallel-arm randomized controlled trial registered with the Chinese Clinical Trial
Registry under registration number ChiCTR2300074090. The parent trial was conducted at Xi'an
International Medical Center Hospital and received approval from the institutional Medical Ethics
Committee (approval no. 202348). All participants provided informed consent for trial participation and
for the use of their de-identified data in analyses related to the trial objectives. The complete trial design,
participant characteristics, intervention procedures, and primary clinical findings have been reported
separately (14). The present analysis addressed a distinct mechanistic question by jointly examining
muscle-specific iEMG effects, body-weight-support requirements, and selected functional outcomes from
the existing trial dataset.

The parent trial included 20 adults with intermediate-phase iSCI who were classified as American Spinal
Injury Association Impairment Scale grades B-D and were between 3 and 6 months post-injury.
Participants were randomized to receive either RAGT combined with tSCS or CPT combined with tSCS.
Thirteen participants were allocated to the RAGT+tSCS group and seven to the CPT+tSCS group.
Randomization, allocation procedures, baseline comparability, and blinding arrangements were
inherited from the parent trial and were not modified for this secondary analysis.

Both groups completed 40 rehabilitation sessions over 8 weeks, corresponding to five sessions per week.
Before each rehabilitation session, participants received an identical 20-minute tSCS protocol consisting
of a biphasic square-wave current delivered at 30 Hz with a pulse duration of 1 ms. The cathode was
positioned over the T11-T12 spinal level, and symmetrical anodes were placed in the peri-umbilical
region. The stimulation protocol was held constant across groups so that the principal between-group
difference was the form of locomotor rehabilitation received after stimulation.

Participants assigned to the RAGT+tSCS group trained using a lower-limb rehabilitation robotic system
with harness-supported body-weight unloading. Initial body-weight support was set at 50% and was
progressively reduced according to participant tolerance and training performance. This progression
was intended to increase active lower-limb loading as participants acquired greater postural and
locomotor control. Participants assigned to the CPT+tSCS group received duration-matched
conventional physiotherapy comprising range-of-motion exercises, lower-limb strengthening, balance
activities, and assisted gait training, Treatment exposure was therefore matched by session frequency
and duration, while the task structure, robotic guidance, and systematic body-weight-support progression
differed between groups.

The present analysis used outcomes collected at baseline and after 8 weeks of intervention.
Neuromuscular recruitment was assessed using iEMG recordings from the vastus lateralis, tibialis
anterior, gastrocnemius medialis, and biceps femoris. Signals were acquired using needle electrodes at
a sampling frequency of 10,240 Hz and were bandpass filtered between 100 and 4,400 Hz. These four
muscles were examined because they represent distinct contributions to knee extension, ankle control,
plantarflexion, stance stability, and swing-phase movement. The principal neuromuscular outcome was
the change in iEMG amplitude, expressed in microvolts, for each sampled muscle.

Body-weight-support requirement was recorded as the percentage of external support used during
robotic training. Values from sessions 1 and 20 were included to characterize the progression of
unloading during the intervention. Functional outcomes used as clinical anchors were the Berg Balance
Scale and Timed Up and Go test because they reflect static and dynamic balance, postural transitions,
turning, and short-distance functional mobility. The 10-Meter Walk Test and Walking Index for Spinal



JHWCR | 2026;4(14) | ISSN 3007-0570 | © 2026 The Authors | CC BY 4.0 | Page 4

Cord Injury II were used where relevant to compare the muscle-selective pattern with walking-related

outcomes, while the ASIA Motor Score was retained as a global indicator of neurological motor function.

The analysis did not repeat the primary efficacy testing of the parent randomized trial. Instead, the four
sampled muscles were ranked according to the magnitude of their previously calculated Group x Time
interaction effects. Partial eta-squared values derived from the repeated-measures general linear models
used in the parent trial were examined to determine whether neuromuscular improvement was
distributed uniformly across muscles or concentrated in muscles with particular biomechanical roles.
Corresponding F statistics and p-values were retained as originally calculated in the parent analysis.

Previously calculated Pearson correlation coefficients between treatment-group assignment and body-
weight-support requirement at sessions 1 and 20 were examined as indicators of the relationship between
robotic-training exposure and progressive unloading. These coefficients were interpreted descriptively
as protocol-related associations rather than as evidence that group assignment itself constituted a
continuous biological determinant. The direction and magnitude of these associations were considered
together with the muscle-specific effect sizes and functional anchor outcomes to assess whether the
findings formed a coherent biomechanical pattern.

The analysis was exploratory and did not constitute a formal mediation analysis. No bootstrapped
indirect effects, structural equation models, causal mediation models, or additional inferential tests were
performed. No multiplicity-adjusted secondary hypothesis testing was undertaken because the analysis
reorganized and jointly interpreted statistics already generated in the parent trial rather than conducting
a new family of significance tests. Accordingly, partial eta-squared values and correlation coefficients
were interpreted as indicators of the magnitude and coherence of the observed pattern, not as proof of
a causal pathway.

Potential confounding was considered by examining whether baseline demographic characteristics
differed between the randomized groups in the parent trial and by assessing the reported relationship
of age with body-weight-support measures. Age was associated with support requirements but did not
differ meaningfully between treatment groups, reducing concern that the observed association between
robotic-training assignment and unloading was attributable solely to baseline age imbalance.
Nevertheless, the small and unequally allocated sample limited precision and precluded reliable
multivariable mediation modelling.

All statistical estimates used in this secondary analysis were reproduced from the parent trial dataset
and statistical output. The openly archived dataset provides an additional basis for reproducibility and
independent verification (15). Statistical findings were reported using exact p-values where available,
with p<0.001 retained for values below that threshold. Partial eta-squared was used to express Group x
Time interaction effect magnitude, and Pearson’s r was used to describe the strength and direction of
the reported associations involving body-weight support. Interpretation emphasized effect patterns,
biomechanical consistency, and hypothesis generation rather than definitive causal inference.

RESULTS

All 20 participants included in the parent randomized trial contributed to this secondary analysis,
comprising 13 participants in the RAGT+tSCS group and seven in the CPT+tSCS group. The analysis
examined whether the magnitude of the Group x Time interaction differed across the four sampled
lower-limb muscles and whether this pattern corresponded with the functional outcomes and body-
weight-support trajectory reported in the parent trial.

The neuromuscular response was strongly muscle-specific rather than uniformly distributed across the
lower limb. Gastrocnemius medialis demonstrated the largest Group x Time interaction, with
F(1,18)=219.969, p<0.001, and partial 1?=0.924. Vastus lateralis showed the next-largest interaction,
F(1,18)=131.387, p<0.001, partial 112=0.880, followed by tibialis anterior, F(1,18)=109.845, p<0.001, partial
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n?=0.859. In contrast, the biceps femoris showed no statistically significant between-group interaction,
F(1,18)=1.176, p=0.293, partial n?>=0.061. The marked separation between the first three muscles and the
biceps femoris indicates that the treatment-related iEMG response was concentrated in muscles
contributing to ankle control, plantarflexion, knee extension, and stance stability.

The absolute change values reported in the parent analysis were consistent with this effect-size pattern.
Tibialis anterior iEMG amplitude increased by 333.1 uV in the RAGT+tSCS group compared with 127.1
UV in the CPT+tSCS group. By contrast, biceps femoris gains were similar between groups, increasing
by 184.6 uV and 167.1 uV, respectively. These values support the interpretation that the between-group
neuromuscular difference was not attributable to a generalized increase in activation across all sampled
muscles.

The functional outcomes showed a similarly selective pattern. The Timed Up and Go test demonstrated
a large Group x Time interaction with partial n?=0.844 and p<0.001, while the Berg Balance Scale showed
partial n?=0.702 and p<0.001. The Walking Index for Spinal Cord Injury II demonstrated a smaller but
statistically significant interaction, with partial n=0.321 and p=0.009. In contrast, the 10-Meter Walk Test
showed minimal between-group separation, with partial n°=0.008 and p=0.708. Thus, the largest
functional effects occurred in balance and transitional mobility rather than over-ground walking speed.

The concordance between the muscle-specific and functional outcomes was biomechanically coherent.
The largest iEMG effects occurred in the gastrocnemius medialis, vastus lateralis, and tibialis anterior,
while the largest clinical effects occurred in the Timed Up and Go test and Berg Balance Scale.
Conversely, the biceps femoris showed no meaningful between-group interaction, and the 10-Meter Walk
Test similarly showed no evidence of differential improvement. This pattern is compatible with
preferential improvement in postural control, weight acceptance, controlled stance, and transitional
mobility rather than a generalized enhancement of all components of gait.

Treatment-group assignment was strongly associated with body-weight-support requirement at both
examined training points. The correlation was r=—0.886 at session 1 and r=—0.867 at session 20, with
p<0.001 for both associations. These coefficients reflect the structured unloading profile of the robotic-
training intervention and its progressive reduction of external support. They do not independently
demonstrate that reduction in body-weight support mediated the observed functional changes.

Age was associated with body-weight-support measures in the expected direction, with older participants
requiring greater external support. However, age did not differ meaningfully between the randomized
groups in the parent trial. The observed relationship between treatment-group assignment and body-
weight-support requirement was therefore not attributable to an apparent baseline age imbalance. Given
the small and unequally allocated sample, these findings remain exploratory and were interpreted
according to the magnitude, direction, and biomechanical coherence of the reported effects rather than
as confirmation of a causal mediating pathway.

Table 1. Group x Time Interaction Effects for Muscle-Specific iIEMG and Functional Outcomes

Outcome F statistic Partial n* p-value
Gastrocnemius medialis iEMG, uV 219.969 0.924 <0.001
Vastus lateralis iEMG, pV 131.387 0.880 <0.001
Tibialis anterior iEMG, uVv 109.845 0.859 <0.001
Timed Up and Go test — 0.844 <0.001
Berg Balance Scale — 0.702 <0.001
Walking Index for Spinal Cord Injury IT — 0.321 0.009
Biceps femoris iEMG, uV 1176 0.061 0.293
10-Meter Walk Test — 0.008 0.708

Values were derived from repeated-measures general linear models in the parent randomized trial and

are ranked by effect magnitude within the muscle and functional domains. F statistics were included
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only where explicitly reported. iEMG, intramuscular electromyography; uV, microvolts. RAGT+tSCS
group, n=13; CPT+tSCS group, n=7.

Table 2. Association Between Treatment-Group Assignment and Body-Welght-Support Requirement

Training session Pearson’s r p-value
Session 1 —0.886 <0.001
Session 20 —0.867 <0.001

Treatment-group assignment was coded according to the parent trial analysis. Negative coefficients
indicate that assignment to the RAGT+tSCS group was associated with the structured body-weight-
support profile used in the robotic-training protocol. These protocol-related associations should not be
interpreted as evidence of causal mediation. RAGT, robot-assisted gait training; tSCS, transcutaneous
spinal cord stimulation.

u Study Design and Participants B Muscle-Specific iEMG: Group x Time Interaction Functional Outcomes: Group x Time Interaction
(Effect Size Ranking) (Effect Size Ranking)
Randomized controlled trial i
(ChiCTR2300074050) Muscle (iEMG) Partial 2 F(df=1,18) p-value Outcome Partial 2 F(df=118) p-value
{ Secondary, hypothesis-generating analysis 00 02 04 06 08 10 00 02 04 06 08 10
= [ —_ Gastrocnemius medialis 0.924 219969 <0.001  Timed Upand Go test 0.844 - <0.001
° N=20
Incomplete SCI g
w (326 months) Vastus lateralis 0880 131387 <0001 gopiince sele _ 0001
AlS B-D )
— Tibialis anterior 109.845  <0.001
WISCH-I - 0.009
Biceps femoris 1176 0293
n=7 10-Meter Walk Test | 0.008 - 0.708
00 02 04 06 08 10 00 02 04 08 08 10
n Smaller effect — Larger effect
( 3 X Largest neuromuscular gains were observed in muscles Greatest functional improvements were in balance and
40 sessions / 8 weeks (5 sessions/week) for stance stability and ankle-knee control. transitional mobility, not in walking speed.
Both groups received 20-min tSCS before therapy |
! Body-Weight-Support Requirement by Session E Proposed isti way (Hypothesi
RAGT Protocol CPT Protocol m Uit e 4 Réthway,{
(Association with Treatment-Group Assignment)
« Robotic gait training « Conventional physiotherapy ( RAGT + 15CS ’
¢ " 60 Progressive reduction
« Body-weight support + Strengthening —8— RAGT +t5CS (n=13) N
) = W,  in body-weight support
* Initial BWS 50% « Balance training — 50 @ CPT +t5CS (n=7) + |
* Progressive reduction « Assisted gait training g \ ) l
according to tolerance % w0 v = -—
= - i |
T I g Selective activation of fproee fupctonsl |
, g 0 key muscles oo
Outcomes (Baseline and 8 weeks) | £ 223% 1 Gastrocnemius medialis 1 Dalance Ga5)
R R 4 Transitional mobility (TUG)
3 iation with treatment-group assignment 1 Vastus lateralis 2
Functional Measures (Pearson's r) 2 : > Walking speed (10MWT)
8BS, TUG, TOMWT, 8 10 | Somon1:r= 0886, <0001 P Vi sntarior ) T
Hiotse 4 Session 20: r= ~0.867, p <0001 © Biceps femoris
7/ WISCHI, ASIA Motor Score | gl 7i Walking and mobility
~ ‘ Session 1 Session 20 i improvement (WISCI-Il)
Training session i e o Sem g >
RAGT: crTC < s .
 TUG: /BIE‘ Negative r indicates that assignment to the RAGT group Feedback and learning facilitate
OMWT: 10-Meter Walk Test; WISCH1: Walking Index for Spinal Cord Injury I; AIS: ASIA Impairment Scale. was associated with lower BWS requirement. neuroplasticity and motor recovery
Values are mean £ SD (reported in the parent trial).
Key Finding: RAGT + tSCS was associated with a selective recruitment pattern in stance-stability and ankle-knee Legend: amp, Dataset: Zenodo (DOI: 10.5281/zenodo.16897995)
( ' muscles, strong balance and transitional mobility gains, and progressive unloading. These coherent 1 Significant improvement S  Registered trial: ChiICTR2300074090
effects support a plausible mechanistic hypothesis linking training protocol to neuromuscular > No significant difference WP Study type: Secondary, hypothesis-generating
adaptation and functional recovery. BWS Body-weight support analysis of an RCT dataset

Figure 1 summarizes the secondary analysis of 20 participants with incomplete spinal cord injury allocated to RAGT+tSCS (n=13)
or CPT+SCS (n=7). The largest Group x Time effécts were observed for gastrocnemius medialis, vastus lateralis, and tibialis
anterior iEMG, alongside substantial improvements in Timed Up and Go and Berg Balance Scale scores, whereas biceps femoris
recruitment and 10-Meter Walk Test performance showed minimal between-group differences. Progressive reduction in body-
weight support was strongly associated with RAGT assignment, supporting a hypothesis-generating pathway linking selective
ankle-knee muscle recruitment with improved balance and transitional mobility.

DISCUSSION

This secondary analysis indicated that the neuromuscular response to RAGT combined with tSCS was
muscle-selective rather than uniformly distributed across the lower limb. The largest Group x Time
effects occurred in the gastrocnemius medialis, vastus lateralis, and tibialis anterior, whereas the biceps
femoris showed little evidence of differential recruitment between the treatment groups. This pattern
corresponded with the larger treatment effects observed for balance and transitional mobility and with
the absence of a between-group difference in walking speed. Collectively, the findings supported a
biomechanically coherent, hypothesis-generating pathway in which progressive reduction of body-
weight support during robotic training may have increased active loading demands on muscles involved
in ankle control, knee extension, stance stability, and weight transfer.
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The selective response of the gastrocnemius medialis, vastus lateralis, and tibialis anterior was consistent
with the task-specific characteristics of robotic gait rehabilitation. RAGT provides repetitive stepping,
standardized lower-limb trajectories, controlled loading, and intensive afferent input, all of which may
facilitate activity-dependent reorganization within spared locomotor pathways after iSCI (7). The
gastrocnemius contributes to plantarflexion, postural control, and forward progression during late
stance, while the vastus lateralis supports knee extension and stability during weight acceptance. The
tibialis anterior contributes to controlled ankle positioning and foot clearance. Preferential recruitment
of these muscles was therefore compatible with the balance and mobility demands imposed by
progressive body-weight-supported robotic stepping.

The potential contribution of tSCS should be interpreted as neuromodulatory rather than independently
restorative. Transcutaneous stimulation is considered to increase the responsiveness of posterior-root
afferents, interneuronal networks, and motor pools to residual descending and task-related sensory
inputs (8,9). Exercise performed while spinal networks are maintained in a more excitable physiological
state may promote repeated activation of spared circuits and facilitate adaptive plasticity (10). In the
present dataset, the three muscles most closely related to ankle-knee control and stance stability
demonstrated partial n* values ranging from 0.859 to 0.924. Although these effects were unusually large,
their interpretation should account for the small sample, repeated-measures design, structured
differences between the interventions, and potential instability of effect estimates in an unequally
allocated cohort.

The large effects for the Berg Balance Scale and Timed Up and Go test were consistent with the muscle-
specific iEMG findings. Both outcomes depend on postural stability, controlled weight transfer, turning,
and transitional movement. Improved recruitment of the vastus lateralis, gastrocnemius medialis, and
tibialis anterior could plausibly support these functional tasks through enhanced knee stabilization,
ankle control, and stance-phase loading. Previous evidence has suggested that robotic and body-weight-
supported gait training may improve walking and balance after motor-incomplete spinal cord injury,
although effects vary according to injury severity, device characteristics, intervention dose, and outcome
selection (11,12,19). The present analysis extended this literature by identifying a candidate muscle-level
pattern that corresponded with the clinical domains showing the clearest treatment-related
improvement.

The relationship between treatment-group assignment and body-weight-support requirement provided
further contextual support for this interpretation. Assignment to the RAGT+tSCS group was strongly
associated with the body-weight-support profile at session 1 and session 20. This association primarily
reflected the design of the robotic intervention, in which external support was progressively reduced
according to tolerance. As support decreased, participants were required to accept a greater proportion
of their body weight through the lower extremities. This may have increased the repeated activation
demands placed on the knee extensors and ankle musculature. Previous randomized evidence has
similarly suggested that combining tSCS with robotic-assisted, body-weight-supported treadmill training
may enhance motor and gait-related recovery in people with iSCI (16).

Nevertheless, the reported correlations did not establish mediation. Treatment-group assignment was a
binary protocol indicator rather than a biological exposure measured on a continuous scale, and body-
weight support was an intervention parameter rather than an independently randomized mediator. The
analysis also lacked repeated temporal measurements capable of demonstrating that reductions in body-
weight support preceded changes in iEMG and that these neuromuscular changes subsequently
preceded functional improvement. Consequently, progressive unloading should be regarded as a
candidate shared driver requiring prospective evaluation rather than a confirmed mechanism.

The lack of a between-group difference in the 10-Meter Walk Test was not necessarily inconsistent with
the substantial effects observed for muscle activation, balance, and transitional mobility. Over-ground
walking speed depends on several components that were not comprehensively represented by the four
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sampled muscles, including hip extension, limb advancement, intersegmental coordination,
cardiovascular capacity, and propulsive force generation. The biceps femoris showed similar gains in
both groups and no significant Group = Time interaction, suggesting that swing-related recruitment may
not have been preferentially enhanced by the robotic protocol. Harness-supported treadmill practice
may initially emphasize stability, controlled loading, and repetitive stepping more strongly than rapid
over-ground propulsion. Improvements in walking speed may therefore require additional task-specific
over-ground and speed-oriented training,

The modest but significant effect observed for WISCI-II may indicate that participants achieved
clinically relevant changes in walking assistance or device requirements even when measured walking
speed did not differ between groups. Functional walking scales and timed speed tests assess related but
distinct aspects of mobility. WISCI-II reflects the level of physical assistance, braces, and walking devices
required, whereas the 10-Meter Walk Test primarily quantifies speed over a short distance. This
distinction reinforces the need to evaluate rehabilitation outcomes across complementary domains
rather than assuming that improvements in postural control, independence, and speed occur
simultaneously.

The use of iEMG was an important strength because it provided greater anatomical specificity and
reduced the risk of cross-talk from adjacent muscles compared with surface recordings (13,21). The
randomized parent-trial design, standardized tSCS exposure, matched treatment frequency, and
collection of both neuromuscular and clinical outcomes further strengthened the internal coherence of
the analysis. The combination of muscle-level measurements with balance, mobility, and protocol-
related data enabled a more mechanistically informative interpretation than would have been possible
from clinical scales alone. Previous research on wearable robotic systems has also supported their
feasibility in SCI rehabilitation, although safety, device tolerance, and individualized progression remain
important considerations (22).

Several limitations require emphasis. The analysis was post-hoc and was not prespecified as a causal
mediation analysis in the original trial protocol. The total sample was small and unequally distributed
between groups, limiting statistical precision and increasing the likelihood that effect estimates were
inflated. Only four muscles were sampled, and the analysis did not include important hip extensors, hip
flexors, trunk stabilizers, or additional muscles contributing to propulsion and swing. iEMG
normalization and longitudinal recruitment trajectories could not be further examined using the
statistics presented in the manuscript. The body-weight-support correlations largely reflected the
intervention structure and should not be interpreted as independent evidence of a biological mechanism.
No formal indirect effects, multiplicity-adjusted analyses, or adjusted multivariable models were
performed. Generalizability was also limited by the single-centre setting, intermediate post-injury period,
restricted AIS range, specific robotic device, and fixed stimulation protocol.

Future trials should prespecify mechanistic analyses and collect body-weight-support, iEMG, and
functional measurements at multiple intermediate time points. Formal mediation models with
bootstrapped confidence intervals could then assess whether changes in body-weight support precede
muscle-specific recruitment gains and whether these gains statistically account for subsequent
functional improvement. Broader EMG sampling should include hip extensors, hip flexors, trunk
musculature, and additional swing- and propulsion-related muscles. Combining iEMG with motor-
evoked potentials or other measures of corticospinal excitability may also help distinguish spinal,
supraspinal, and peripheral contributions to recovery. Double-blind studies have shown that tSCS can
modify quadriceps motor-evoked responses, supporting the inclusion of neurophysiological measures
alongside functional outcomes (17). Trials integrating neuromodulation with structured robotic and
over-ground exercise may further clarify how training specificity influences motor and autonomic
recovery (18).
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Clinically, the findings suggested that the earliest observable benefits of RAGT combined with tSCS may
occur in postural control, weight transfer, and transitional mobility rather than walking speed.
Progressive body-weight-support reduction may therefore be an important treatment parameter to
document and individualize rather than a fixed technical setting. However, unloading should be
advanced according to participant safety, movement quality, fatigue, and neurological capacity. The
findings supported continued investigation of muscle-specific recruitment as a potential biomarker of
functional recovery but did not establish that the identified muscles or unloading trajectory causally
mediated the treatment effect.

CONCLUSION

This secondary analysis showed that RAGT combined with tSCS was associated with selective
recruitment gains in the gastrocnemius medialis, vastus lateralis, and tibialis anterior, corresponding
with larger improvements in balance and transitional mobility but not walking speed. The alignment of
these neuromuscular effects with progressive body-weight-support reduction supported a
biomechanically plausible, hypothesis-generating pathway linking robotic training demands with
functional recovery. These findings did not establish causal mediation and require confirmation in
adequately powered trials that prospectively measure unloading, muscle-specific activation, and

functional outcomes over time.
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