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Abstract
Objective: To evaluate the feasibility and preliminary effects of a 
multichannel functional electrical stimulation (FES) combined with 
task-specific training on upper extremity outcomes during inpatient 
stroke rehabilitation.
Methods: In this two-group pretest–posttest randomized pilot study, 
individuals with unilateral hemiplegia post-stroke were randomized 
to either multichannel FES plus task-specific training (Xcite group, 
n=5) or traditional rehabilitation (n=5) alone over a two-week 
inpatient period. The intervention targeted coordinated activation 
of both proximal and distal upper limb muscles using a 12-channel 
FES device. Outcomes included shoulder active range of motion 
(AROM), grip strength, Action Research Arm Test (ARAT), Box 
and Block Test (BBT), Nine-Hole Peg Test (NHPT), and modified 
Patient-Specific Functional Scale (mPSFS).
Results: The Xcite (FES) group showed significantly greater 
between-group gains in shoulder flexion (p = 0.02, d = 1.48 [.02, 
2.9]) and mPSFS (p = 0.04, d = 1.25 [-.16, 2.60]) compared with 
traditional rehabilitation. Within-group improvements in the FES 
group were significant for shoulder flexion (p = 0.02, d = -1.25, 
[-2.43, -.01]), ARAT (p = 0.03, d = -1.12 [-2.24,.07]), and mPSFS 
(p = 0.03, d = -1.59, [-3.10, .002]), whereas the traditional group 
improved only in mPSFS (p = 0.02, d = -1.38 [-2.09. -.08]). All FES 
participants completed the program within standard therapy time, 
with setup durations remaining manageable. Effects were moderate 
to large for shoulder flexion AROM, ARAT, mPSFS and smaller for 
grip strength and dexterity. The greatest gains observed in outcomes 
aligned with the intervention’s movement patterns.
Conclusion: Multichannel FES combined with task-specific training 
appears to be a feasible and promising intervention for improving

upper extremity function during the early phase of stroke recovery. 
These preliminary findings highlight the potential benefit of 
this approach and provide guidance for optimizing intervention 
parameters and designing larger, controlled trials to confirm efficacy 
and establish standardized clinical protocols. 
Keywords: Stroke rehabilitation, Functional Electrical Stimulation, 
Multichannel FES, Upper Extremity Function, Upper Extremity 
Mobility, Task-specific training
Introduction
Background and Purpose
   Stroke is the fifth leading cause of death in the United States, and 
approximately 87% of stroke survivors report long-term disability 
that impacts participation in daily life [1]. Between 55% and 75% of 
individuals with stroke experience upper extremity (UE) impairments, 
resulting in difficulty performing activities of daily living [2]. Only 
11.6% of survivors of ischemic middle cerebral artery stroke achieve 
full recovery of UE function within six months [3]. Recent advances 
in neurorehabilitation have emphasized task-specific, repetitive 
training to harness neuroplasticity for functional recovery [4]. 
Several rehabilitation strategies based on neuroplasticity principles 
have shown varying levels of evidence in improving UE function 
[5-7]. 
   Functional electrical stimulation (FES) is a restorative intervention 
that activates the neuromuscular system through externally applied 
electrical currents to facilitate motor recovery and assist with motor 
function in individuals with neurological impairments [8]. Traditional 
FES systems are often limited to two channels, stimulating a single 
muscle group at a time. Cyclic FES delivers preprogrammed 
stimulation patterns for muscle re-education and endurance, while 
switch-triggered neuromuscular electrical stimulation (NMES) relies
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on external input to initiate stimulation, making it suitable for 
individuals with limited voluntary control [9]. Contralaterally 
controlled NMES activates the paretic limb based on movement in 
the unaffected limb, promoting bilateral cortical engagement [9]. 
EMG-triggered FES requires volitional effort to initiate stimulation, 
fostering active participation and neuroplasticity [9]. More advanced 
systems, such as those integrating brain-computer interfaces (BCIs) 
or sensor-based feedback, allow real-time modulation of stimulation 
based on user intent or biomechanics [9].
  Recently, multichannel FES devices have emerged to provide 
stimulation patterns informed by the concept of muscle synergies, 
providing coordinated stimulation of select muscle groups in a 
naturally coordinated way [8]. The Xcite system is a multichannel 
FES device that offers 12-channel stimulation with preprogrammed 
sequences and audiovisual cues, enabling coordinated activation of 
select muscle groups in a manner that reflects natural movement 
patterns to support functional practice (Restorative Therapies, 
Inc., Baltimore, MD, USA). While clinically available,  the 
impact of such coordinated stimulation on functional outcomes 
remains underexplored. Muscle synergies are believed to reflect 
the neurological organization of motor control, wherein groups of 
muscles are activated as functional units to simplify the coordination 
of complex movements [8]. Based on this concept, we hypothesize 
that coordinated multichannel stimulation of specific muscle groups 
during task-specific training will promote more natural movement 
patterns and facilitate upper limb recovery following stroke.
   Though studies have shown that FES when used in conjunction 
with task-specific training, was effective in improving hand function, 
the duration of treatment and timing post-stroke varied significantly 
[5, 10]. The majority of the improvement in upper extremity function 
post-stroke has been reported within 3 months after onset [11]. Yet, 
few studies have systematically evaluated the impact of FES during 
early phase of recovery, particularly within the context of inpatient 
rehabilitation, where the average length of stay is only 14.6 days [1].
   Delivering coordinated multichannel stimulation during this critical 
window of spontaneous neurological recovery may enhance motor 
outcomes by reinforcing normal movement patterns through task-
specific neuroplastic adaptation. Therefore, assessing the efficacy 
of a multichannel FES during inpatient rehabilitation is essential to 
determine its suitability as an intervention within the constraints of 
this limited treatment window. To date, no studies have evaluated the 
efficacy and feasibility of a multichannel FES approach that delivers 
coordinated stimulation to specific muscle groups targeting both 
proximal and distal upper extremity muscles during the inpatient 
phase of post-stroke rehabilitation.
   This pilot study aimed to explore the preliminary effects of a two-
week intervention using multichannel FES combined with task-
specific training during inpatient rehabilitation, compared to standard 
inpatient therapy alone, in individuals with unilateral hemiplegia 
following stroke. Specifically, the study evaluated changes in upper 
extremity mobility, function, and self-reported performance, and 
assessed the feasibility of implementing a 30-minute multichannel 
FES session within the constraints of routine inpatient therapy. 
The primary outcome measures were change scores in the Action 
Research Arm Test (ARAT), Box and Block Test (BBT), and Nine-
Hole Peg Test (NHPT).
Materials and Methods
  Design: This experimental pilot study employed a two-group, 
pretest-posttest, randomized controlled design to explore the 
preliminary effects of a two-week intervention. Participants with 
unilateral hemiplegia following stroke were recruited through 
convenience sampling from an inpatient rehabilitation facility and 
then randomized to groups using a lot-drawing method without 
replacement of group allocation slips. This ensured equal allocation

to the Xcite Group (multichannel FES + task-specific training) or 
the Traditional Rehabilitation Group (standard inpatient therapy). 
The randomization sequence was generated by an investigator 
(PK) who was not involved in intervention delivery or outcome 
assessment. Following informed consent and baseline assessment, 
one of the interventionalists drew a slip from an envelope to 
determine group allocation. The Institutional review board at Baylor 
Scott and White Research Institute approved this study (020-306). 
All participants provided written informed consent after receiving 
a detailed explanation of study procedures, potential benefits, and 
possible risks (e.g., mild skin irritation, transient muscle soreness, 
or fatigue). Safety screening excluded individuals with known 
contraindications to NMES. This study was prospectively registered 
with ClinicalTrials.gov (registration number: NCT04876703).
Participants
   Ten individuals with first-time unilateral stroke were recruited for 
this study from Baylor Institute for Rehabilitation, Frisco. Individuals 
were selected if the following criteria were met.
•	 Onset of stroke less than 3 months before enrollment.
•	 Unilateral upper extremity hemiparesis or hemiplegia
•	 Over the age of 18 
   Participants who had comorbidities impacting motor function 
(Parkinson's, congenital disorders) contraindications for NMES 
(seizure disorders, uncontrolled cardiac conditions, cancer, 
pacemaker, significant sensory deficits, contractures involving 
the shoulder, elbow, wrist, or finger joints, pregnancy, unhealed 
fractures), or a cerebellar stroke, and who were unable to follow two-
step commands were excluded from the study. Inpatient rehabilitation 
therapists screened patients with unilateral stroke for eligibility, and 
informed suitable candidates about the study. Interested individuals 
were then contacted by an investigator who provided detailed 
information and answered questions. Participants were informed of 
their rights and asked to sign the approved informed consent.
Procedures
   In this interdisciplinary research, two trained investigators (one 
physical therapist and one occupational therapist) performed all the 
outcome measures for all participants. The pretest measurements 
were taken within 96 hours before starting the research protocol. 
The testers were not blinded to group allocation. Before signing 
consent, participants underwent the Cognistat assessment to verify 
their cognitive capacity, per IRB requirements. The following 
demographic data were collected for each participant: age, gender, 
type and location of stroke, side affected, and time since onset. 
Pretest outcome measures were performed in the following order: 
Shoulder active range of motion (AROM), grip strength, Nine-Hole 
Peg Test (NHPT), Box and Block Test (BBT), Action Research 
Arm Test (ARAT), and Modified Patient-Specific Functional Scale 
(mPSFS). All measurements were tested on the unaffected side 
followed by the affected side. Upon completing the intervention, 
follow-up measurements were conducted within 24 hours by the 
same investigators, following the same order as previously described.
Intervention
  The experimental group (Xcite) received functional electrical 
stimulation (FES) via the Xcite system for 30 minutes a day, 4 days 
a week, over 2 weeks, in conjunction with traditional rehabilitation 
for 5 days a week. Each FES session lasted 45 minutes, including 
setup, and was administered by the same trained physical therapist 
or occupational therapist. The Xcite system, which includes over 40 
functional activities, was used to train participants in forward reach, 
grasp, and release tasks(“Restorative Therapies,” n.d.). Electrodes 
(2x2 cm to 2x3.5 cm) were placed on the rhomboid major, rhomboid 
minor, upper latissimus dorsi, anterior deltoid, posterior deltoid, 
triceps, extensor digitorum, flexor digitorum superficialis, and flexor
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pollicis longus on the affected UE. After electrode placement, 
each muscle group was individually stimulated following Xcite 
protocol to achieve optimal contractions. Stimulation parameters 
were individualized per participant to elicit optimal contractions 
and comfort, with pulse widths typically ranging from 200–300 μs, 
frequencies between 30–50 Hz, and amplitudes adjusted as needed 
(generally within 20–80 mA, depending on participant tolerance 
and muscle response). Participants completed multiple repetitions of 
reach-grasp-release tasks during each session. Objects that promoted 
an overhand cylindrical grasp such as foam blocks and balls were 
used during the task and were released into a bucket positioned at 
the starting point. Each session lasted 30 minutes and consisted of 
multiple sets of reach, grasp, release tasks. Each set included 8 to 
12 repetitions, with rest intervals of 30–60 seconds between sets 
to minimize fatigue. The number of sets completed varied based 
on individual ability and tolerance. Audiovisual feedback from the 
Xcite system was combined with verbal and tactile cueing from the 
therapist to enhance engagement and task performance. The control 
group (Traditional Rehab) received the traditional rehabilitation at 
the therapist's discretion based on individual patient needs five days 
a week.
Outcome Measures
  Shoulder active range of motion of flexion and abduction were 
assessed in supine using a universal goniometer. Two measurements 
were taken, and the average degree of measurement was recorded. 
For the assessment of shoulder ROM, the goniometer is a reliable 
and valid tool [12]. Grip strength was measured using a hand-held 
dynamometer (Jamar hydraulic hand dynamometer [Patterson 
Medical, Bolingbrook, IL]). Participants sat in a chair with the 
shoulder in neutral rotation and adduction, the elbow at 90 degrees 
of flexion and the forearm in a neutral position.  A score for maximal 
grip was calculated by taking an average across three trials. Grip 
strength assessment using a hand-held dynamometer is a reliable 
test to assess maximal grip strength measurement in individuals with 
stroke within 3 months of onset [13].
  The Nine-Hole Peg Test (NHPT) is an assessment of fine motor 
dexterity. The test includes the use of a stopwatch to calculate the 
amount of time needed to place and remove 9 pegs in holes on a 
pegboard. A score was calculated for the NHPT by the time taken to 
complete the activity in seconds. The average of two measurements 
of the NHPT were recorded. The NHPT is valid and reliable for 
assessing fine motor dexterity in individuals post-stroke [14, 15]. The 
Box and Block Test (BBT) is a test to assess unilateral gross motor 
coordination of the UE. This assessment measures the number of 
blocks a participant could grasp and transfer from one compartment 
to the next in one minute. The BBT score was determined by 
counting the number of blocks transferred, with the average of 
two measurements recorded. The BBT has been reported as a valid 
and reliable tool for assessing gross motor coordination [14, 15]. 
The Action Research Arm Test is a 19-item measure with 4 sub-
categories (grasp, grip, pinch, and gross arm movement) to assess the 
UE function.  Each item on the ARAT is scored on a 4-point Likert 
Scale with the total score ranging from 0-57, with a higher score 
indicating better performance.  ARAT is valid and reliable when 
assessing overall upper extremity function in individuals post-stroke 
[15, 16]. Participant’s perception of improvement in upper extremity 
function was assessed using a modified Patient-Specific Functional 
Scale (mPSFS). PSFS  is a subjective assessment of a patient's ability
to complete self-identified activities that are important to the patient. 
The PSFS was scored on an 11-point scale used to rate the ability to 
complete tasks, with a score of '0' being "Unable to perform" and 
a score of 10 being "Able to perform at prior level." For our study, 
we used a modified version of the PSFS by asking the participant

to rate their current upper extremity function. The PSFS has been 
recommended as a reliable tool to use during subacute stroke 
rehabilitation [17].
  These measures were selected to capture a spectrum of upper 
extremity outcomes relevant to inpatient stroke rehabilitation, 
including joint mobility (AROM), strength (grip), gross and fine 
dexterity (BBT, NHPT), functional performance (ARAT), and 
patient-perceived function (mPSFS). ARAT was chosen over other 
options due to its combined assessment of gross and fine motor skills 
and its established responsiveness in early stroke rehabilitation.
Statistical Analysis
   All statistical analyses were conducted using IBM SPSS Statistics 
for Windows, Version 28. Descriptive statistics (means and standard 
deviations) were calculated for demographic characteristics and all 
dependent variables at pre-test, post-test, and for change scores. 
Although the primary purpose of this pilot study was to explore 
preliminary effects and estimate effect sizes, inferential tests were 
also conducted with caution, given the small sample size. Normality 
of the data was assessed using Shapiro-Wilk tests and visual 
inspection of histograms and Q-Q plots. While some deviations from 
normality were observed in a few variables, the t-tests were retained 
for analysis, as they are considered robust to moderate violations of 
normality, particularly with equal group sizes and similar variances. 
Group differences at baseline for continuous demographic and 
outcome variables were examined using one-tailed independent 
t-tests. For variables that violated the assumption of homogeneity of 
variance, corrected p-values (Welch’s t-test) were reported. Between-
group differences from pre- to post-test were analyzed using change 
scores. Levene’s test confirmed homogeneity of variance for the 
change scores, supporting the use of one-tailed independent t-tests, 
given that the a priori hypothesis specified directional improvement. 
Within-group changes were evaluated using one-tailed paired t-tests.
Effect sizes (Cohen’s d) were calculated for between and within-
group comparisons to estimate the magnitude of the observed effects. 
An alpha level of .05 was used for all inferential tests; however, given 
the number of outcome measures examined, no adjustments were 
made for multiplicity. Accordingly, all findings should be interpreted 
as exploratory, with emphasis placed on effect size estimation rather 
than statistical significance due to the pilot nature of this study.
Results
   Ten participants completed the study, with five randomized to the 
experimental group (Xcite) and five to the control group (Traditional 
Rehabilitation). Table 1 presents descriptive statistics for participant 
demographics. Demographic characteristics were similar between 
the two groups. Given the small sample size, we focused on reporting 
descriptive statistics and estimating effect sizes to inform the design 
and sample size calculations of future larger-scale trials.
Between-Group Differences in Change Scores
   Descriptive statistics, change scores, p values and between-group 
effect sizes (Cohen’s d) for all outcome measures are presented 
inTable 2. Independent-samples t tests were conducted for 
completeness; however, the primary emphasis was placed on effect 
sizes due to the pilot nature and small sample size. For the between 
group change scores, large effect sizes favoring the Xcite group were 
observed for shoulder flexion active range of motion (d = 1.48) and 
the modified Patient-Specific Functional Scale (d = 1.25). Moderate 
effects were found for the Action Research Arm Test (d = 0.70) and 
shoulder abduction AROM (d = 0.59). Smaller between-group effects 
were noted for grip strength (d = 0.38),  and the Box and Block Test 
(d = 0.06).
   Because several participants were unable to perform the Nine-Hole 
Peg Test (NHPT) at baseline and post-intervention, the outcome 
was coded as a dichotomous variable (able vs. unable to perform). 
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Within-Group Changes   
   Table 3 summarizes the within-group paired t test results and 
corresponding effect sizes (Cohen’s d). While some improvements 
have reached statistical significance, emphasis is placed on effect 
sizes to illustrate the magnitude of change within each group.
   The Xcite group demonstrated large effect sizes for shoulder flexion 
active range of motion (d = 1.25) and the Action Research Arm Test 
(d = 1.12), compared to small to moderate effects in the control group 
(d = 0.29 and 0.64, respectively). Both groups showed large effects 
on the modified Patient-Specific Functional Scale (Xcite: d = 1.59; 
Control: d = 1.38). For shoulder abduction AROM, the Xcite group 

demonstrated a notably larger within-group improvement, with a 
large effect size (d = 0.85), compared to a smaller effect observed in 
the Traditional Rehabilitation group (d = 0.44).
   Box and Block Test (BBT) scores in the Xcite group approached 
a large effect size (d = 0.92), despite limited participant completion, 
whereas the control group showed a medium effect (d = 0.70). Grip 
strength changes reflected a medium effect in the Xcite group (d = 
0.71) and a small effect in the control group (d = 0.48). These findings 
highlight meaningful within-group improvements in the Xcite group, 
with several outcomes showing moderate to large effects despite the 
small sample size.

Variable Xcite (n=5) Traditional rehab (n=5) p
Age (years) 64.2 (18.18) 73.8 (15.85) 0.20
Time since onset 
(days)

18.6 (23) 11.4 (7) 0.26

Gender 4 males, 1 female 3 Males, 2 Females
Hemiparetic Side 2 Right Side, 3 Left side 3 Right side, 2 left side
Location of CVA R MCA

R basal ganglia
L frontoparietal
R MCA
L basal ganglia

L medial pontine
L basal ganglia
L corona radiata & lentiform nucleus
R thalamic
R corona radiata

Cognistat Score 11 (2.0) 9 (3.35) 0.19

Table 1- Summary of Participant Demographics at Baseline by Group

           Xcite (n=5)       Traditional Rehab (n=5) Between-group difference in change scores
Pre-test Post-

test
Change Pre- 

Test
Post-
Test

Change

M (SD) M (SD) M (SD) M (SD) M (SD) M (SD) Mean
Difference
[95% CI]

t(8) p d [95% CI]

Shoulder 
flex AROM1 
(degrees)

88.0 
(51.26)

118.4 
(31.38)

30.4 
(24.3)

66.6  
(91.3)

69.5 
(95.27)

2.9
(9.9)

27.5
[8.02, 50.46]

2.35 0.02* 1.48
[0.19, 2.88]

Shoulder 
Abd AROM 
(degrees)

68.6 
(43.08)

89.9 
(60.17)

21.3 
(27.49)

44.5 
(62.59)

52.2 
(71.48)

7.7 
(17.5)

13.6
[-20.00, 47.21]

0.93 0.19 0.59
[-0.70, 1.85]

Grip strength1 
(kg)

0.52 
(1.0)

5.4 
(7.86)

2.21 
(3.1)

7.6
(12.2)

10.12 
(1.0)

1.14 
(2.41)

1.07
[-2.55,5.19]

0.61 0.28 0.38
[-0.88, 1.63]

BBT(Number 
of blocks)

2.4 
(3.36)

7.8 
(8.67)

5.40 
(5.9)

9.2 
(13.41)

14.2         
( 20.57)

5.0
(7.2)

0.4
[-9.17,9.97]

0.10 0.46 0.06
[-1.18, 1.30]

ARAT Score 8.2 
(8.32)

22.8 
(20.43)

14.6 
(13.05)

15.6 
(21.65)

22 
(30.16)

6.4 
(10.07)

8.2
[-8.8, 25.19]

1.11 0.14 0.70
[-0.60, 1.97]

mPSFS Score 0.25 
(0.5)

4.0
(2.5)

4.0
(2.12)

1.4 
(1.67)

3.2 
(2.86)

1.8
(1.3)
   

2.2
[-.37, 4.8]

1.98 0.04* 1.25
[-0.16, 2.60]

Table 2: Descriptive Statistics of Pre-test, Post-test, and Change Scores of Dependent Variables on Affected UE, and Findings from 
Independent t-test for Change Scores

¹Bias-corrected and accelerated (BCa) 95% bootstrap confidence interval reported due to violation of the normality assumption. 
*Significant at p < .05 (one-tailed)

Chi-square tests of independence were conducted to examine the 
association between group and NHPT performance status at both 
time points. Due to small expected cell counts, Fisher’s Exact Test 

was used. There was no significant association between group and 
NHPT performance at baseline (p = 0.78), Cramer’s V <.001 or post-
intervention (p = 0.50), Cramer’s V>.218.     
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Completion of Outcome Measures
  At pre-test, only one participant in the Traditional Rehabilitation 
group and none in the Xcite group were able to complete the Nine-
Hole Peg Test (NHPT). Post-intervention, two participants in the 
Traditional group and one in the Xcite group completed the test 
(see Figure 1). For the Box and Block Test (BBT), two participants 
from each group completed the assessment at pre-test. Following 
the intervention, three participants in the Xcite group were able to

complete the BBT, while the number remained the same in the 
Traditional group (see Figure 2). Regarding the Action Research Arm 
Test (ARAT), three participants in the Xcite group and two in the 
Traditional group completed the test at pre-test. Post-intervention, 
the number of completers remained unchanged in the Traditional 
group, while one additional participant in the Xcite group was able to 
complete the ARAT (see Figure 3). 

Xcite (n=5) Traditional Rehab (n=5)
Mean

Difference
[95% CI]

t(4) p d
[95% CI]

Mean
Difference
[95% CI]

t(4) p d
[95% CI]

Shoulder 
flex AROM1 
(degrees)

30.40
[18.4,42.4]

2.80 0.02* 1.25
[0.01, 2.43]

2.9
[-2.2, 8.0]

0.66 0.27 0.29
[-0.62, 1.18]

Shoulder 
Abd AROM 
(degrees)

21.30
[-12.84, 55.44]

1.73 0.08 0.78
[-0.28, 1.76]

7.7
[-14.03, 29.43]

0.98 0.19 0.44
[-.51, 1.34]

Grip strength1 
(kg)

2.21
[0.34, 4.91]

1.59 0.09 0.71
[-0.32, 1.67]

1.14
[0.11. 2.23]

1.06 0.17 0.48
[-0.48, 1.38]

BBT (Number 
of blocks)

5.4
[-1.93, 12.73]

2.05 0.06 0.92
[-0.19, 1.95]

5.0
[-3.9, 13.9]

1.56 1.0 0.70
[-0.33, 1.66]

ARAT Score 14.6
[-1.60, 30.80]

2.50 0.03* 1.12
[-0.07, 2.24]

6.4
[-6.10, 18.90]

1.42 0.11 0.64
[-0.37, 1.58]

mPSFS Score 3.75
[-0.01, 7.5]

3.17 0.03* 1.59
[-0.002, 3.13]

1.8
[0.18, 3.42]

-3.09 0.02* 1.38
[0.08, 2.62]

Table 3: Findings from within-group changes analyzed with paired t-test

¹Bias-corrected and accelerated (BCa) 95% bootstrap confidence interval reported due to violation of the normality assumption. 
*Significant at p < .05 (one-tailed)

 Figure 1
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Feasibility 
   Feasibility was operationalized as the ability to deliver all planned 
sessions within routine therapy time without missed appointments or 
scheduling conflicts. All five participants in the experimental group 
completed the eight planned FES sessions with 100% attendance 
and zero missed appointments. Setup and preparation averaged less 
than 15 minutes per session, allowing delivery of the full 30-minute 
FES treatment within the 45-minute allocated timeframe. No adverse 
events were reported. These findings indicate that the multichannel 
FES intervention was feasible to implement within the constraints 
of routine inpatient rehabilitation without requiring schedule 
adjustments.
Discussion
  To the best of our knowledge, this study is the first to evaluate the

preliminary effects of coordinated stimulation using a multichannel 
functional electrical stimulation (FES) system targeting both 
proximal and distal muscles in conjunction with task-specific activity 
to improve upper extremity mobility and function in individuals with 
stroke during inpatient rehabilitation. The findings from this pilot 
study suggest that a multichannel FES system, such as Xcite, may 
be a promising intervention for restoring upper extremity function 
during early stroke rehabilitation in an inpatient setting. However, 
these findings are preliminary and are intended to inform the design 
and implementation of future larger-scale clinical trials.
   Shoulder flexion active range of motion (AROM) improved more 
in the Xcite group than in the traditional rehabilitation group, with 
a large between-group effect size. This improvement likely reflects 
the specificity of the forward reach task, which emphasizes shoulder 
flexion. In contrast, the change in the traditional group did not exceed

Figure 2

Figure 3
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the minimum detectable change (MDC) of 5 degrees. Although 
shoulder abduction AROM improved in both groups, the Xcite group 
achieved three times greater gains, with a moderate effect size. The 
smaller change in abduction may be due to the task targeting flexion 
more than abduction. These findings underscore the potential of 
multichannel FES combined with task-specific training to enhance 
shoulder mobility during early stroke rehabilitation. They are 
consistent with previous research showing joint-specific gains such 
as improved finger motion when FES is applied to targeted muscles 
[18], highlighting the importance of task and stimulation specificity 
in promoting motor recovery.
   Smaller between-group effects were observed for grip strength, with 
a Cohen’s d of 0.38, indicating a small effect size. Although the Xcite 
group showed greater within-group gains than the traditional group, 
neither reached the smallest real change (SRC) of 2.9 kg reported by 
Bertrand et al. [13]. While the protocol included a grasp-and-release 
task, its intensity and specificity may have been insufficient to drive 
meaningful grip strength improvements. According to neuroplasticity 
principles, particularly specificity and intensity, future studies should 
incorporate more grip-focused FES activities. Hara et al. [19] reported 
significant grip strength gains after five months of EMG-triggered 
FES in chronic stroke, suggesting that longer intervention durations 
may also be needed to achieve clinically meaningful outcomes for 
grip strength [19].
   Smaller between-group effects were found for the Box and Block 
Test (BBT; d = 0.06), indicating limited differential impact on 
dexterity. However, more participants in the Xcite group were able to 
complete the BBT post-intervention, and a large within-group effect 
size supports potential clinical relevance. The grasp-and-release 
task likely aligned more closely with the BBT’s motor demands, 
contributing to functional gains. In contrast, the NHPT’s fine motor 
requirements were not directly addressed by the intervention. These 
findings align with Alon et al. [2], who similarly found no significant 
differences in BBT outcomes between FES and control groups. 
Overall, the results highlight the importance of task specificity 
when designing FES interventions to target dexterity in stroke 
rehabilitation.
  Upper extremity function, measured by the Action Research Arm 
Test (ARAT), showed a moderate to large between-group effect 
size, suggesting a clinically meaningful benefit for the Xcite group 
over traditional rehabilitation. Importantly, the mean ARAT score 
improvement in the Xcite group was within the reported minimal 
clinically important difference (MCID) of 12 -17 points for individuals 
during the early stage of stroke [20], indicating that the observed 
change is likely to be meaningful in everyday functional activities. 
The ARAT assesses both gross motor function and dexterity [21], 
and the repeated reaching and grasping tasks in the Xcite protocol 
likely contributed to improvements in gross upper limb movement. 
While Yang et al. [10] demonstrated the effectiveness of FES for 
ARAT outcomes in chronic stroke, this pilot study extends the 
evidence to the inpatient (subacute) phase, supporting the early use 
of multichannel FES. These findings underscore the value of task-
specific, functionally relevant interventions early in stroke recovery 
to optimize upper limb outcomes.
   Perceived upper extremity function, measured by the modified 
Patient-Specific Functional Scale (mPSFS), improved meaningfully 
in both groups, with changes exceeding the minimal important 
change of 1.58 points for individuals with stroke [17]. A large 
between-group effect size favoring the Xcite group suggests greater 
perceived benefit from multichannel FES. As self-perceived function 
reflects the individual’s experience and informs shared decision-
making, these results underscore the importance of integrating 
patient-reported outcomes in stroke rehabilitation research [22]. 

While advanced rehabilitation technologies often aim for increased 
precision, their clinical success depends on patient acceptance a 
balance between usability and perceived benefit. The positive reports 
from participants, particularly in the Xcite group, indicate that the 
intervention was both effective and acceptable within the inpatient 
rehabilitation setting.
  Enhanced upper extremity performance observed in the FES 
group may be attributed to several neurophysiological mechanisms. 
Functional electrical stimulation (FES) activates both motor and 
sensory pathways, providing afferent input to the central nervous 
system that is essential for motor learning and cortical reorganization 
[23]. This sensory input may drive neuroplasticity by enhancing 
sensorimotor integration and promoting reorganization within 
motor-related cortical areas [24]. Repeated task-specific FES may 
reinforce residual corticospinal pathways and improve voluntary 
motor control. Importantly, the multichannel FES used in this study 
provided coordinated stimulation across both proximal and distal 
upper limb muscles, aligning with the concept of muscle synergies—
functionally organized patterns of muscle activation that underlie 
natural movement [8]. This coordinated stimulation may further 
enhance neuroplasticity by engaging distributed motor networks in 
a way that mirrors typical motor control strategies. Additionally, 
the concurrent activation of volitional movement and peripheral 
stimulation may increase motor cortex excitability more effectively 
than voluntary movement alone [25]. Functional imaging studies 
have shown that FES can induce activity changes in sensorimotor 
areas and support reorganization following stroke [26]. When 
paired with goal-directed, meaningful activities as in this study 
coordinated multichannel FES may optimize both peripheral and 
central mechanisms of motor recovery, contributing to the observed 
improvements.
   The successful integration of multichannel FES with task-specific 
activities into routine inpatient therapy sessions supports the feasibility 
of implementing this intervention during stroke rehabilitation. All 
participants in the FES group were able to complete the scheduled 
30-minute sessions within their assigned rehabilitation time, 
indicating compatibility with typical clinical workflows. The average 
setup time was less than 15 minutes. This duration aligned with the 
clinical time limits of the inpatient care structure and did not interfere 
with the participants' scheduled therapy time. Importantly, the FES 
group demonstrated greater improvements in shoulder mobility and 
upper extremity function than the traditional rehabilitation group, 
with larger effect sizes supporting the potential clinical value. These 
findings suggest that multichannel FES is both feasible and promising 
as an early-phase intervention to enhance functional recovery within 
the limited timeframe of inpatient rehabilitation.
Limitations
   We acknowledge that the small sample size limits the ability to 
draw definitive conclusions or demonstrate statistical significance 
within and between groups. However, as a pilot study conducted 
during inpatient rehabilitation, this investigation provides valuable 
preliminary data on the use of multichannel FES combined with task-
specific training. The effect sizes observed across multiple outcome 
measures offer important insights into potential clinical benefits 
and will inform the design and sample size calculations for future, 
larger-scale studies. In addition to increasing the sample size, future 
research should consider incorporating a broader range of task-
specific activities beyond forward grasp and release to better target 
and evaluate improvements in dexterity. Outcome assessors were not 
blinded to group allocation, which may have introduced detection 
bias in clinical outcome measures. Future efficacy trials should 
incorporate blinded outcome assessment to minimize potential bias 
in measuring treatment effects. Additional limitations include the 
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short intervention duration, which may not fully reflect the potential 
for long-term functional gains, and the lack of formal assessment of 
patient or therapist perspectives related to feasibility. Setup time was 
based on therapist estimates rather than systematic measurement, 
which may affect the accuracy of reported durations.
Clinical Implications
 This pilot study suggests that multichannel functional electrical 
stimulation (FES) combined with task-specific training is both 
feasible and potentially effective during the inpatient (subacute) 
phase of stroke rehabilitation. Clinically meaningful improvements 
in shoulder mobility, upper extremity function, and patient-reported 
outcomes were observed, with moderate to large effect sizes 
favoring the FES group. These findings support the integration of 
multichannel FES into routine rehabilitation to enhance upper limb 
recovery. The inclusion of patient-centered measures, such as the 
mPSFS, underscores the value of incorporating the individual’s 
perspective when tailoring interventions. Clinicians should prioritize 
task specificity, appropriate intensity, and patient acceptance when 
designing FES protocols. Building on these promising results, future 
larger-scale studies are encouraged to refine standardized protocols 
and explore the broader applicability of multichannel FES across 
diverse clinical settings. Based on the effect sizes observed in this 
pilot, preliminary sample size estimates can guide the design of 
adequately powered trials to confirm these early findings.
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