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Abstract
Background

Lower-limb weakness and poor balance are major barriers to independent walking after stroke. Self-
balancing robot-assisted training permits supported upright practice, repeated weight shifting and task-
oriented lower-limb loading, but its training-related neural correlates remain unclear.

Methods

In this pilot randomized controlled neuroimaging study, 24 patients with subcortical stroke received 4
weeks of REX-assisted training plus conventional rehabilitation or dose-matched active upright lower-limb
training plus conventional rehabilitation (n = 12 per group). The Berg Balance Scale (BBS) was the primary
clinical outcome, the Fugl-Meyer Assessment of the Lower Extremity (FMA-LE) was the key secondary
outcome, and the Postural Assessment Scale for Stroke (PASS) and Functional Ambulation Category (FAC)
were exploratory outcomes. Resting-state functional MRI was acquired before and after treatment; 20
participants were retained for imaging analyses (REX, n = 11; control, n = 9). Group-by-time analyses
examined amplitude of low-frequency fluctuations (ALFF), affected-side precentral-gyrus seed-based
functional connectivity (FC), and interhemispheric correlation (IHC); local and global correlation measures
were exploratory.

Results

Baseline-adjusted analyses favored REX for post-intervention BBS scores (adjusted difference, 12.75; 95%
Cl, 1.45-24.04; P = 0.029) and FMA-LE scores (adjusted difference, 7.19; 95% Cl, 3.71-10.67;, P < 0.001).
FAC was also favorable in an exploratory analysis, whereas PASS did not show a statistically definitive
between-group difference. Group-by-time effects were observed in ALFF, seed-based FC, and IHC analyses,
involving the affected-side precuneus, non-lesioned-side association cortices, the affected-side
precentral-middle temporal connectivity, and bilateral precuneus/posterior cingulate homotopic
coordination. Local and global correlation interactions were not significant.

Conclusion

Four weeks of REX-assisted lower-limb rehabilitation was associated with favorable pilot clinical outcomes
and selective resting-state fMRI changes involving posterior-midline, visual-association, frontal-control,
and motor-association systems. These findings represent candidate training-related neural correlates and
require confirmation in larger randomized studies.

Trial registration:

Page 3/26



Chinese Clinical Trial Registry, ChiCTR2300079122; (registered on 26 December 2023,
https://www.chictr.org.cn/)

Introduction

Stroke commonly leaves patients with lower-limb weakness and poor balance, both of which limit
independent walking [1]. For patients who cannot walk independently, rehabilitation must provide frequent
upright practice without compromising safety or placing excessive demands on therapists [2, 3]. Early
improvement also reflects both spontaneous recovery and experience-dependent adaptation [4]. Therefore,
the type and amount of practice remain important in patients with marked disability [5].

Robot-assisted gait and lower-limb training can increase the dose and consistency of supported practice,
but the clinical effects are not uniform across trials [6]. Treadmill robots, end-effector systems, wearable
exoskeletons and self-balancing devices provide different mechanical assistance and sensory input [7].
Clinical findings for treadmill-based robotic orthoses such as the Lokomat have also been heterogeneous,
potentially reflecting differences in patient selection, training protocols, and comparator interventions [8].
In subacute stroke, reported effects also vary with the timing and content of training [9, 10]. A recent meta-
analysis reached a similar conclusion for lower-limb robotic training [11]. Overground exoskeleton studies
likewise differ in patient stage, device design, training dose and active comparator [12].

REX (WuXi MaxRex Robotic Exoskeleton Ltd., Wuxi, China) is a self-balancing exoskeleton that permits
supported upright stance, repeated weight shifting, active loading of the paretic limb, stepping-related
practice and continuous visual-proprioceptive feedback [3]. These training demands differ from passive
standing and are only partly reproduced by conventional upright exercise [13]. Other overground robotic
devices have shown balance-related benefits in subacute stroke, although their assistance strategies are
not identical to those of REX [3, 14]. Thus, the therapeutic exposure should be described directly rather
than treating all exoskeletons as interchangeable [15]. An earlier independent REX randomized trial
reported favorable balance-related outcomes after 4 weeks, but that cohort did not undergo neuroimaging

[3].

The neural effects of upright robotic training are unlikely to be confined to primary motor cortex. Post-
stroke recovery may involve distributed motor, postural, visuospatial, sensory-integration and
interhemispheric systems [16]. Resting-state fMRI is useful in this population because it does not require
patients with severe impairment to perform a reliable task in the scanner [17]. Longitudinal stroke studies
and early robot-assisted gait studies suggest that resting-state measures can track training-related
functional changes, although randomized imaging studies with active controls remain limited [18, 19].

Resting-state changes after stroke do not show a uniform direction or spatial pattern across longitudinal
studies [20]. For this reason, we did not formulate a narrow regional hypothesis from the final maps.
Resting-state measures are sensitive to motor learning, but such changes should be regarded as
candidate correlates rather than direct evidence of recovery mechanisms [21]. Moreover, recent post-
walking resting-state studies suggest that the timing of fMRI acquisition relative to motor practice may
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influence observed network changes [22]. Interhemispheric motor-cortical communication has been
associated with walking after stroke, but this does not establish an effect of robotic training [23]. Fugl-
Meyer Assessment of the lower extremity (FMA-LE) was used to quantify lower-extremity motor
impairment [24], and its clinical interpretation depends on the population studied [25]. Functional
Ambulation Category (FAC) was used to describe the level of ambulatory assistance [26]. We therefore
conducted an independent, parallel-group pilot randomized neuroimaging trial of REX-assisted lower-limb
rehabilitation after subcortical stroke. Change in Berg Balance Scale (BBS) was the prespecified primary
clinical outcome, and FMA-LE was the key secondary outcome. The Postural Assessment Scale for Stroke
(PASS) and FAC were exploratory. The formal imaging analyses included amplitude of low-frequency
fluctuations (ALFF), seed-based functional connectivity (FC), and interhemispheric correlation (IHC); local
correlation (LCOR) and global correlation (GCOR) were supplementary exploratory measures. We
examined whether REX was associated with candidate neural correlates in distributed networks.

Materials and Methods
Study Design and Participants

This was a parallel two-arm pilot randomized controlled neuroimaging study with a 4-week intervention
period. Participants were recruited at Shanghai Hebin Rehabilitation Hospital between 26 December 2023
and 25 December 2024. Twenty-four patients with subcortical stroke were included in the randomized
clinical sample and assigned to the REX group or control group in a 1:1 ratio (Fig. 1). The study was
approved by the Ethics Committee of Shanghai Hebin Rehabilitation Hospital (HBRH-MEC2023004) and
registered in the Chinese Clinical Trial Registry (ChiCTR2300079122). Written informed consent was
obtained from all participants or their legal representatives. The report follows CONSORT 2010 statement
[27].

Inclusion criteria were: unilateral hemiparesis after stroke diagnosed according to the 2019 revised
Chinese diagnostic criteria for cerebrovascular diseases and confirmed by cranial CT or MRI; first-ever
subcortical ischemic or hemorrhagic stroke 2 weeks to 6 months previously; age 18-85 years; Brunnstrom
Recovery Stage IV or lower in the paretic lower limb; lower-limb muscle tone no greater than grade 2 on the
Modified Ashworth Scale; stable vital signs and neurological status; and no severe cognitive impairment
and sufficient ability to understand and follow the training instructions (Montreal Cognitive Assessment
score = 16).

Exclusion criteria were: severe arthritis or other serious musculoskeletal disease; severe joint-range
limitation that precluded protocol training; severe osteoporosis identified on clinical bone-density
assessment; skin injury or infection at device contact sites; orthostatic hypotension, lower-limb deep-vein
thrombosis, unstable hypertension, or serious cardiovascular or cardiopulmonary disease precluding
exercise; clinically significant speech, attention, hearing, visual (including hemineglect or hemianopia),
intellectual, psychiatric, or cognitive impairment; a history of other organic brain disease, neurological or
psychiatric disorder, substance misuse, or alcohol misuse; severe cardiac, pulmonary, hepatic, or renal
failure; pain with a visual analogue scale score > 4; non-MRI-compatible implanted devices or metallic
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foreign bodies; claustrophobia or another MRI contraindication; cranial defect or previous cranioplasty;
inability to complete treatment or assessments or poor anticipated adherence; participation in another
clinical trial; or another condition judged by the investigators to make participation unsuitable.

Randomization and Blinding

Independent researchers who were not involved in participant recruitment, intervention delivery, or
outcome assessment generated the computer-based random-number sequence for 1:1 allocation and
prepared and held the sequentially numbered, opaque, sealed envelopes. Envelopes were opened only
after completion of baseline assessment and enrolment. Because the robot-assisted intervention was
visible and required therapist supervision, participants and treating therapists could not be blinded. All
clinical outcomes were assessed by an independent therapist who was blinded to group allocation and
was not involved in intervention delivery. Imaging preprocessing and second-level statistical analyses were
performed according to a predefined group-by-time framework.

As an exploratory neuroimaging pilot, the study was not powered for definitive imaging efficacy
hypotheses. The planned sample of 24 participants (12 per group) was selected pragmatically, informed
by the scale of our previous REX pilot trial[3], to assess feasibility, safety, clinical effect-size estimates, and
the quality of longitudinal rs-fMRI data for planning a larger definitive trial.

Interventions

Both groups received a standardized conventional rehabilitation program throughout the 4-week treatment
period. Conventional rehabilitation included physical therapy, transfer training, sitting and standing balance
training, lower-limb strengthening, aerobic exercise as tolerated, occupational therapy and traditional
Chinese rehabilitation when clinically indicated. Therapists in both groups had more than 5 years of
neurological rehabilitation experience and completed standardized protocol training before the study.

The REX group received conventional rehabilitation plus self-balancing exoskeleton robot-assisted lower-
limb training. The REX protocol was a structured task-oriented program emphasizing upright postural
control, active weight transfer, visual-proprioceptive feedback and lower-limb loading. Each 60-minute
session consisted of three modules: standing balance and reaching tasks in the REX device
(approximately 20 minutes), elastic-band resisted upper-limb diagonal tasks performed during supported
standing to increase trunk and postural-control demand (approximately 15 minutes), and lower-limb
functional training including paretic-limb loading, lateral stepping, repeated unilateral stepping, squatting,
alternating forward/backward stepping, robot-assisted sit-to-stand transfer and stair-related practice
(approximately 25 minutes).

The control group received conventional rehabilitation plus dose-matched standing-bed-based lower-limb
training. Importantly, the control intervention was not passive standing alone. Participants trained in
upright standing on the standing bed and performed therapist-supervised tasks designed to match time

and therapist attention, including multi-height and multidirectional reaching/operational tasks during
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supported standing and paretic-limb loading practice by lifting the non-paretic lower limb while
maintaining the standing position. The control program was therefore designed as an active upright-
training comparator rather than a no-treatment or passive-standing condition.

Both additional interventions were delivered for 60 minutes per session, once daily, 5 days per week for 4
consecutive weeks, for a planned total of 20 sessions. Training intensity was adjusted according to
fatigue, cardiovascular response, balance safety and therapist judgment. Adherence to the allocated
intervention was good: all 24 participants completed the 4-week intervention and pre- and post-
intervention clinical assessments. No adverse events occurred during the intervention period.

Clinical Outcomes

Clinical outcomes were analyzed in all randomized participants with available pre- and post-intervention
assessments. The primary between-group analysis used analysis of covariance (ANCOVA), with the post-
intervention score as the dependent variable, treatment group as the fixed effect, and the corresponding
baseline score as a covariate. BBS was the prespecified primary clinical outcome; FMA-LE was the key
secondary outcome, whereas PASS and FAC were exploratory outcomes. ANCOVA assumptions were
evaluated using residual diagnostics (Shapiro-Wilk test, Breusch-Pagan test, group-by-baseline interaction,
and Cook's distance); heteroscedasticity-robust HC3 standard errors were examined as a sensitivity
analysis. Because FAC is an ordinal scale, its linear ANCOVA was interpreted as exploratory and was
complemented by an adjusted cumulative-logit model of post-intervention FAC. All clinical P values were
two-sided and nominal (unadjusted); no multiplicity correction was applied across the four clinical
outcomes in this pilot study. Welch change-score, Mann-Whitney U, permutation, and bootstrap analyses
were used as sensitivity analyses.

MRI Acquisition

MRI data were acquired before and after treatment at Huashan Hospital, Honggiao Campus, Shanghai,
China, using a 3.0-T uMR 790 scanner (United Imaging Healthcare, UIH). A T1-weighted 3D inversion-
recovery gradient-echo sequence was acquired in the sagittal plane (TR/TE/TI, 8.3/2.8/1080 ms; flip angle,
8 degrees; field of view, 240 x 256 mm; matrix, 320 x 300; 212 contiguous 0.8-mm slices; 0.8-mm isotropic
voxels; acquisition time, 6 min 46). A complementary sagittal T2-weighted 3D fast spin-echo sequence
was acquired for lesion localization during manual delineation (TR/TE, 3000/474.6 ms; flip angle, 58
degrees; echo train length, 220; field of view, 240 x 256 mm; matrix, 320 x 300; 208 contiguous 0.8-mm
slices; 0.8-mm isotropic voxels; acquisition time, 4 min 33). Resting-state fMRI was acquired using a
multiband factor-7 gradient-echo echo-planar imaging sequence (TR/TE, 700/30 ms; flip angle, 52 degrees;
63 axial slices; field of view, 210 x 210 mm; acquisition matrix, 84 x 84; 2.5-mm isotropic voxels with no
interslice gap; 700 volumes; acquisition time, 8 min 10). Participants were instructed to remain still, keep
their eyes closed, stay awake and avoid structured mental tasks.

rs-fMRI Preprocessing
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Preprocessing was performed with CONN toolbox v22.a and SPM12 [28-30]. After import into CONN,
images from participants with left-hemisphere lesions were left-right flipped to display the lesioned
hemisphere consistently on the right before subsequent preprocessing and group-level analyses [31].
Functional series were realigned to correct head motion, temporally aligned across slices, screened for
outlier scans and transformed to MNI space through an indirect normalization procedure based on the
structural image [28, 29, 32, 33]. Anatomical images were segmented into gray matter, white matter and
cerebrospinal-fluid compartments during normalization. Functional images were resampled to 2-mm
isotropic MNI space and smoothed with a 6-mm full-width-at-half-maximum Gaussian kernel.

Artifact handling combined scan-level scrubbing and nuisance regression, with additional attention to
lesion, movement and physiological confounding that can affect post-stroke fMRI analyses [32-34].
Outlier volumes were identified with ART-based criteria using framewise displacement greater than 0.9 mm
and global BOLD signal change greater than 5 standard deviations. Run-level quality control was quantified
from the SPM realignment parameters as mean framewise displacement (Power definition; rotations
converted using a 50-mm radius), maximum frame-to-frame translational displacement, and the number of
ART-flagged volumes. These indices were summarized by group and time point for retained scans
(Supplementary Table S5). Four participants were excluded after imaging quality control: one REX
participant because maximum head displacement exceeded 3 mm,; and three control participants because
one did not complete the post-intervention scan after hospital discharge and two had head motion
exceeding 3 mm. The final imaging sample therefore comprised 20 participants (REX n = 11; control n =9).
Denoising included anatomical CompCor components from white matter and cerebrospinal fluid, motion
parameters and their temporal derivatives, identified outlier scans, session effects and low-order temporal
trends [28, 34, 35]. The residual BOLD time series were band-pass filtered at 0.008—0.09 Hz before first-
level metric estimation.

First-Level Imaging Metrics

ALFF was calculated from the denoised band-pass filtered BOLD signal to quantify regional low-frequency
fluctuation amplitude [36—38]. For seed-based functional connectivity, we used the side-standardized
affected-side precentral gyrus parcel (PreCG_r) from the CONN default atlas, which is derived from the FSL
Harvard-Oxford cortical atlas; this atlas parcel was not a coordinate-defined sphere [39, 40]. IHC maps
quantified Fisher-transformed correlations between each voxel and its contralateral homotopic counterpart
[41]. Bilaterally mirrored IHC peaks were treated as mirrored components of a single homotopic effect, and
bilateral cluster values were averaged for subject-level summaries. LCOR maps summarized short-range
local connectivity coherence within a Gaussian neighborhood, and GCOR maps summarized each voxel's
average connectivity with the rest of the brain [42, 43]. LCOR and GCOR were included as exploratory
supplementary measures and were not part of the main group-by-time result family.

Second-Level Imaging Statistics
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Voxel wise second-level analyses were performed separately for ALFF, seed-based FC, IHC, LCOR, and
GCOR using a general linear model including group (REX vs control), time (post vs pre), and the group-by-
time interaction in CONN/SPM [28-30]. The group-by-time interaction was the principal contrast for
assessing whether longitudinal changes differed between the two groups. Exploratory within-group pre-
post contrasts were additionally examined to describe the direction of change and were not interpreted as
evidence of a treatment-specific effect.

For each metric and contrast, statistical maps were thresholded at a voxel wise P <0.001 uncorrected,
followed by cluster-level false-discovery-rate correction at P < 0.05 using Gaussian random-field cluster
inference. Correction was applied separately within each metric-by-contrast map; no additional correction
was performed across imaging metrics or contrasts. Accordingly, results from the different imaging
measures were interpreted separately rather than as a single multiplicity-adjusted imaging effect.

Brain-Behavior Analyses

For any clusters surviving the predefined threshold in the group-by-time analyses, mean imaging values
were extracted for each participant, and pre-to-post changes were calculated. Associations between
imaging changes and changes in clinical outcomes were examined across all participants retained for
imaging analysis using Spearman rank correlations because of the small sample size and potential non-
normality. These analyses were post hoc and exploratory. Correlation P values were two-sided and
nominal, with no adjustment for multiple testing.

Results

Participant Flow and Baseline Characteristics

Twenty-four participants were randomized and included in the clinical analysis (REX n = 12; control n = 12),
and all completed the allocated intervention and clinical follow-up. No adverse events occurred during the
intervention period. After rs-fMRI quality control, 20 participants were included in imaging analyses (REX n
=11; control n = 9); the four exclusions comprised one REX participant with head motion exceeding 3 mm,
one control participant who did not complete the post-intervention scan after hospital discharge, and two
control participants with head motion exceeding 3 mm. Run-level motion quality control in the retained
sample is reported in Supplementary Table S5. Mean framewise displacement ranged from 0.158 + 0.038
t0 0.205 £ 0.082 mm across the four group/time combinations, mean maximum frame-to-frame translation
ranged from 0.283 + 0.080 to 0.392 + 0.154 mm, and mean ART censoring ranged from 0.87% to 3.45%. A
descriptive retained-versus-excluded comparison is provided in Supplementary Table S6. Baseline
characteristics and clinical scores were comparable between groups (Table 1).
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Table 1
Baseline characteristics and clinical scores.

Characteristic REX group (n=12) Control group (n=12) P value
Age, years 55.25+16.18 59.08+9.72 0.489
Male/female, n 7/5 5/7 0.414
Stroke type, ischemic/hemorrhagic, n 6/6 4/8 0.408
Paretic side, left/right, n 7/5 7/5 1.000
Disease duration, days 62.17 +51.02 82.58 +33.37 0.184
MoCA 24.83 +3.64 24.58 +3.92 0.873
BBS at baseline 20.67 £18.09 18.92+15.23 0.930
FMA-LE at baseline 18.83+7.41 18.42+7.17 0.890
PASS at baseline 18.58 +10.20 16.83+10.24 0.680
FAC at baseline 0.50[0.00, 4.00] 0.50[0.00, 3.50] 0.660
Data are mean + SD, median [interquartile range], or n. P values are descriptive baseline comparisons.

Clinical Outcomes

After 4 weeks, baseline-adjusted BBS and FMA-LE outcomes favored REX. FAC was favorable but
exploratory, whereas PASS did not show a statistically definitive between-group difference. In baseline-
adjusted ANCOVA, REX was associated with higher post-intervention BBS scores than control (adjusted
difference, 12.75; 95% Cl, 1.45 to 24.04; P = 0.029) and higher FMA-LE scores (adjusted difference, 7.19;
95% Cl,3.71t0 10.67; P<0.001). FAC was directionally favorable for REX in exploratory linear ANCOVA
(adjusted difference, 1.26; 95% Cl, 0.20 to 2.31; P = 0.022), whereas PASS did not show a statistically
definitive between-group difference (adjusted difference, 3.96; 95% Cl,-1.79 t0 9.70; P =0.167). ANCOVA
diagnostics are reported in Supplementary Table S7. Shapiro-Wilk tests did not suggest substantial
deviations from residual normality, and group-by-baseline interactions did not indicate violations of
homogeneity of regression slopes; Breusch-Pagan tests indicated heteroscedasticity for BBS and PASS.
HC3-robust sensitivity analyses yielded the same substantive interpretation (BBS P =0.043; FMA-LE P =
0.001; PASS P =0.202; FAC P =0.031). Because FAC is ordinal, its linear ANCOVA is exploratory; the
baseline-adjusted cumulative-logit sensitivity analysis was directionally consistent (REX versus control
odds ratio, 8.77; 95% Cl, 1.56 to 49.42; P = 0.014; Supplementary Table S8). In the rs-fMRI-retained subset,
the baseline-adjusted pattern was compatible with the full-sample result: REX was associated with higher
post-intervention BBS scores (adjusted difference, 13.48; 95% Cl, 0.35 to 26.61; P = 0.045) and FMA-LE
scores (adjusted difference, 7.15; 95% Cl, 3.45to 10.85; P < 0.001), whereas PASS and FAC remained
favorable but statistically non-definitive exploratory findings (Supplementary Table S1). Change scores are
shown in Table 2 and Fig. 2 to illustrate the magnitude and distribution of individual improvement.
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Table 2
Baseline-adjusted clinical outcomes after 4 weeks.

Outcome REX REX REX Control Control Control Adjusted ANCOVA
baseline post change baseline post change post- P
intervention
difference
(95% ClI)
BBS 20.67 42.50 21.83 18.92 + 28.75 9.83+ 12.75(1.45  0.029
18.09 + +18.32 15.23 +16.29 10.17 to 24.04)
15.96
FMA-LE 18.83 + 30.17 11.33 18.42 + 22.83 442+ 7.19 (3.71 <0.001
7.41 +3.71 +7.22 7.17 +5.57 5.02 to 10.67)
PASS 18.58 + 29.75 11.17 16.83 + 24.83 8.00+ 3.96 (-1.79 0.167
10.20 +8.41 +£9.40 10.24 +8.87 6.41 t0 9.70)
FAC 1.83+ 417 233+ 1.33+ 275 1.42 + 1.26 (0.20 0.022
2.12 +1.40 1.83 1.72 1.54 1.16 to 2.31)

Change = post-intervention minus baseline. Adjusted differences and P values are from ANCOVA with the
corresponding baseline score as covariate. P values are two-sided and nominal.

Group-by-Time Imaging Findings

Formal group-by-time findings are summarized in Table 3 and displayed in Fig. 3. ALFF showed greater
longitudinal change in the REX group than in the control group in the affected-side precuneus, non-
lesioned-side lateral occipital cortex and non-lesioned-side inferior frontal gyrus; each showed an increase
in the REX group and a decrease in the control group. PreCG_r seed-based FC showed a group-by-time
interaction with the affected-side middle temporal gyrus, indicating greater REX-related connectivity
change than control. IHC showed bilaterally mirrored precuneus/PCC peaks representing one homotopic
interhemispheric effect, with greater REX-related IHC increase than control. LCOR and GCOR had no
significant group-by-time interaction and are reported only as exploratory within-group results.
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Table 3
Group-by-time rs-fMRI findings.

Measure Peak region Peak Cluster Cluster P- Direction
MNI extent, k FDR
ALFF Affected-side +4,-64, 31 0.013989 REX increase;
precuneus +26 control decrease
ALFF Non-lesioned-side -46,-70, 26 0.017534 REX increase;
lateral occipital cortex +18 control decrease
ALFF Non-lesioned-side -40, + 24 0.017534 REX increase;
inferior frontal gyrus 34,+16 control decrease
PreCG_r Affected-side middle +64,-8, 117 0.000206 Greater REX-
seed-based temporal gyrus -28 related FC change
FC than control
IHC Bilateral +6,-54, 42 per 0.000101 Greater REX-
precuneus/PCC +22 cluster related IHC
homotopic effect increase than
control

Corresponds to Fig. 3. Images were side-standardized before analysis: negative x/left display denotes the
non-lesioned side and positive x/right display denotes the affected side. Coordinates are in side-
standardized MNI space. Voxel-level P < 0.007, uncorrected; cluster-level P-FDR < 0.05. Left, non-lesioned
side; Right, affected side.

Exploratory Brain-Behavior Associations

Exploratory pooled brain-behavior correlations across all imaging-retained participants are shown in Fig. 5;
the complete matrix is given in Supplementary Table S4. Affected-side precuneus Delta ALFF was
associated with Delta BBS (rho = 0.577, P = 0.008) and Delta FMA-LE (rho = 0.501, P = 0.024), and non-
lesioned-side inferior frontal Delta ALFF was associated with Delta BBS (rho = 0.490, P = 0.028). For the
formal PreCG_r-to-affected-side MTG FC cluster, associations were observed with Delta BBS (rho = 0.447,
P =0.048) and Delta FMA-LE (rho = 0.559, P = 0.010). These pooled results are exploratory observations
and do not establish group-specific clinical-neural mechanisms, mediation, or causality.

Exploratory Within-Group rs-fMRI Findings

Within-group maps are summarized in Supplementary Table S3 and Fig. 4 and are interpreted only as
supportive directionality information. In the REX group, exploratory pre-to-post changes included increased
PreCG_r seed-based FC with the affected-side middle temporal gyrus and decreased FC with the non-
lesioned cerebellum/vermis IV/V. Additional within-group changes were observed in homotopic middle
frontal IHC and exploratory local/global correlation measures involving posterior association regions.
These findings did not show significant group-by-time interactions and are therefore interpreted as
exploratory within-group observations rather than treatment-specific effects. They do not independently
demonstrate a specific visuomotor or cortico-cerebellar recovery loop.
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Exploratory LCOR and GCOR Findings

LCOR and GCOR group-by-time interactions did not reach significance. In the REX group, exploratory within-
group increases were observed in local correlation at the non-lesioned lateral occipital/posterior middle
temporal region and affected-side precuneus/PCC, and in global correlation at the non-lesioned superior
lateral occipital/angular region. In the control group, exploratory decreases were observed at affected-side
superior lateral occipital peaks. These maps are shown in Fig. 4 and Supplementary Table S3 for
descriptive completeness only.

Discussion

In this pilot randomized neuroimaging study, baseline-adjusted clinical results favored REX for BBS and
FMA-LE. FAC was also favorable, but was exploratory; PASS did not show a clear between-group
difference. In the imaging-retained sample, ALFF, PreCG_r seed-based FC and IHC showed formal group-
by-time effects. LCOR and GCOR did not show group-by-time interactions, and the cerebellum/vermis
result was observed only in the REX pre-post comparison.

The clinical findings should be interpreted in relation to studies using comparable devices and control
conditions. The earlier independent REX trial also found favorable balance-related effects after 4 weeks [3].
More broadly, electromechanical gait training may improve the likelihood of independent walking, but
reported effects differ by recovery stage and trial design [6]. Results from overground exoskeleton trials
are also mixed, particularly when control participants receive active gait or upright training [44, 45]. Recent
wearable-exoskeleton trials further suggest that patient selection and the content of the protocol influence
the observed effect [46, 47]. In the present study, the control programme matched treatment time and
therapist contact. However, it could not match the mechanical support, feedback and repeated weight-shift
demands of the REX device. These differences should be considered when comparing the two
interventions.

The different findings for BBS/FMA-LE and PASS should not be overlooked. Although BBS and PASS both
assess balance-related performance, they contain different tasks and may not have the same
responsiveness [48]. PASS is particularly useful in the early phase after stroke and can predict subsequent
mobility, but a 4-week intervention may affect its items differently from the functional balance tasks
emphasized in BBS [49]. Its validity across stroke stages is another reason to report the null PASS result
directly [50]. Our findings therefore do not show that REX improved every component of postural control.
The clearer pilot signals were seen in functional balance capacity and lower-limb motor impairment.

The affected-side precuneus showed an ALFF interaction, and IHC showed bilaterally mirrored
precuneus/PCC peaks representing one homotopic effect. The precuneus has been linked to visuospatial
processing, body-related representation and large-scale network organization [51]. However, it is not a
unitary balance region [52]. As part of the default-mode network, it may also show resting-state changes
that are not specific to posture [53]. In the context of supported upright REX training, the posterior-midline
findings may be related to body-position monitoring or multisensory integration. Other explanations remain
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possible, including general recovery, changes in attention during scanning, lesion-related reorganization
and sampling variation. The proximity of the ALFF and IHC findings is an observation across measures; it
does not show that the precuneus/PCC mediated clinical improvement.

The LOC and MTG findings may be relevant to visual-motor processing, but they should not be treated as
one established pathway. Postural control requires visual and association systems when body orientation
is adjusted from ongoing sensory feedback [54]. In this study, the LOC finding was an ALFF interaction,
whereas the affected-side MTG finding was a PreCG_r seed-based FC interaction. These were different
measures at different peaks. Association-cortex activity has been related to motor recovery in moderate-
to-severe stroke [55], but its meaning depends on lesion characteristics and task context. In addition, post-
stroke motor connectivity can change in directions that are not simply equivalent to better function [16].
Accordingly, the current findings provide a possible visual-association and motor-association
interpretation.

The frontal and cerebellar findings also require different levels of interpretation. The inferior frontal ALFF
interaction may reflect changes in executive-attentional demand, action monitoring or adjustment to
postural error during difficult upright tasks [56]. The bilateral middle-frontal IHC increase was observed
only in the REX within-group contrast and is not treatment-specific. The PreCG_r—MTG FC finding was
supported by a formal group-by-time interaction, whereas the cerebellum/vermis FC decrease was
observed only in the REX pre-to-post comparison and should be interpreted as an exploratory within-group
change. Cerebellar circuits are involved in sensorimotor calibration and communicate with several cortical
networks [57]. Neuroimaging studies also support a role for cerebellar and supraspinal systems in posture
and gait [58, 59]. Related work also shows that cerebellar function cannot be separated from its wider
cortical and basal-ganglia connections [60]. However, these studies do not define the expected direction of
a training-related FC change. The reduction in cerebellar FC in the present study could reflect recalibration,
reduced compensation, baseline differences or statistical variation. It cannot be taken as direct evidence
of greater network efficiency or recovery.

The LCOR and GCOR findings place an important boundary on interpretation. Neither measure showed a
formal group-by-time interaction, and therefore the present data do not support a broad increase in local or
global connectivity after REX. However, some exploratory within-group LCOR/GCOR changes spatially
overlapped with regions identified in the formal ALFF and IHC analyses, including posterior association
and precuneus/PCC regions. These observations provide hypothesis-generating supportive context but
should not be interpreted as independent treatment effects or confirmatory replications. The pooled brain-
behavior correlations also need to be read cautiously: they combined both groups, were post hoc and used
nominal P values; they do not test a REX-specific association or mediation. The small clinical sample, the
20-person imaging subset, numerical differences in disease duration and stroke type, post-stroke
hemodynamic distortion, and the limits of extracted-value covariate models are all relevant [61]. Motion
control reduces, but cannot remove, these concerns [32]. Head motion can affect resting-state estimates
even after extensive nuisance regression [33]. The reliability of low-frequency resting-state measures is a
further reason to treat this pilot as a source of effect estimates, not a biomarker-discovery study [38]. A
larger preregistered trial should define multiplicity across imaging measures, include objective gait and
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balance outcomes and longer follow-up, and test whether the posterior-midline and motor-association
findings can be reproduced.

Conclusion

REX-assisted lower-limb rehabilitation was associated with favorable balance and lower-limb motor
outcomes in this pilot trial. Cluster-corrected group-by-time associations were observed for ALFF, right
precentral-gyrus seed-based FC and IHC. These findings highlighted posterior-midline, visual-association
and frontal regions as candidate training-related correlates. The cerebellar finding was observed only in a
REX within-group contrast, and LCOR/GCOR group-by-time interactions were not significant. Larger
randomized neuroimaging studies should prespecify clinical and imaging endpoints and multiplicity plans
and test whether these candidate findings are reproducible.
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Figure 1

CONSORT-style participant flow for the pilot randomized neuroimaging study. Twenty-four patients were
randomized and included in the clinical analysis. After rs-fMRI quality control procedures, 20 participants

were retained for neuroimaging analyses (REX, n=11; control, n=9).
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Figure 2

Lesion distribution and clinical change outcomes. (A) Lesion overlap map and lesion-volume comparison
in the 20 participants retained for neuroimaging analyses (REX, n=11; control, n=9). Individual lesion
masks were normalized to Montreal Neurological Institute space and side-standardized by left-right
flipping when required; thus, the left and right sides of the display represent the non-lesioned and affected
sides, respectively. Warmer colours indicate a greater number of participants with lesion involvement at
each voxel. Lesions were predominantly located in deep subcortical structures and adjacent white matter.
Lesion volume did not differ significantly between groups (REX, 6.39 + 4.41 mL; control, 7.56 + 2.46 mL;
P=0.464). (B) Clinical change scores after 4 weeks in the full randomized sample (REX, n=12; control,
n=12). Dots represent individual changes from baseline; horizontal bars indicate group means and vertical
bars indicate approximate 95% confidence intervals. P values are nominal, two-sided baseline-adjusted
ANCOVA results for the treatment-group effect on post-intervention scores. BBS, FMA-LE, and PASS use
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the left y-axis; FAC uses the right y-axis. Positive values indicate improvement. BBS, Berg Balance Scale;
FMA-LE, Fugl-Meyer Assessment Lower Extremity; PASS, Postural Assessment Scale for Stroke; FAC,
Functional Ambulation Category.
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Figure 3

Group-by-time rs-fMRI findings. Thresholded group-by-time interaction maps for amplitude of low-
frequency fluctuations (ALFF), seed-based functional connectivity (FC), and interhemispheric correlation
(IHC) in the imaging-retained sample. ALFF interaction clusters were located in the left inferior frontal
gyrus, left lateral occipital cortex, and right precuneus. Right precentral-gyrus parcel (PreCG_r) seed-based
FC showed a group-by-time interaction with the right middle temporal gyrus. IHC showed a bilateral
mirrored precuneus effect, representing one homotopic interhemispheric finding. Labels identify cluster
peak regions; cluster extensions are reported in the results table. Maps are projected to inflated cortical
surfaces. Threshold: voxel-level P < 0.001 uncorrected and cluster-level P-FDR < 0.05. Left, non-lesioned
side; Right, affected side.
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groups. In the REX group, warm-coloured maps indicate post-intervention increases in PreCG_r seed-based
FC with the right middle temporal gyrus, bilateral middle frontal gyrus IHC, local correlation in the left
lateral occipital cortex and right precuneus, and global correlation in the left superior lateral occipital
cortex. The blue cerebellar map indicates a post-intervention decrease in PreCG_r seed-based FC at the

Figure 4
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cerebellum/vermis IV/V peak within the REX group. In the control group, blue maps indicate post-
intervention decreases in local and global correlation at right superior lateral occipital cortical peaks.
Labels identify cluster peak regions only. These within-group maps are supportive and hypothesis-
generating, and do not replace the formal group-by-time tests; LCOR and GCOR showed no significant
group-by-time interaction. Threshold: voxel-level P < 0.001 uncorrected and cluster-level P-FDR < 0.05. Left,
non-lesioned side; Right, affected side.
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Figure 5

Exploratory pooled associations between formal rs-fMRI findings and clinical changes. Points are coloured
by treatment group (REX, blue; control, orange), whereas Spearman correlations were calculated across all
20 imaging-retained participants. (A) Right precuneus AALFF versus ABBS; (B) right precuneus AALFF
versus AFMA-LE; (C) left IFG AALFF versus ABBS; (D) PreCG_r-right MTG AFC versus ABBS; and (E)
PreCG_r-right MTG AFC versus AFMA-LE. Lines are visual guides only. These pooled exploratory
associations do not establish group-specific effects, mediation, or causality. Left, non-lesioned side; Right,
affected side.
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Figure 6

Candidate framework summarizing REX-associated clinical and rs-fMRI observations. Asterisks indicate
significant group-by-time interactions in the imaging subset (REX, n=11; control, n=9): ALFF in the IFG, LOC,
and precuneus; IHC in bilaterally mirrored precuneus/PCC regions; and seed-based FC between the right
precentral-gyrus (PreCG_r) seed and MTG. The cerebellum/vermis seed-based FC finding and the
LCOR/GCOR observations represent exploratory within-REX pre-post changes and did not show significant
group-by-time interactions. Candidate functional roles are hypothesis-generating, and lines indicate
conceptual associations rather than neural directionality, mediation, or causality. Clinical improvement
refers to favorable baseline-adjusted effects on BBS and FMA-LE in the full randomized sample. For
display, left-lesion images were flipped so that the affected hemisphere is shown on the right. Thresholded
fMRI maps used voxel-level P < 0.001, uncorrected, and cluster-level P-FDR < 0.05.
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