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Abstract 

Background  Walking impairment after stroke is associated with substantial limitations in functional independence, 
quality of life, and long-term survival. People in the subacute phase after stroke who are unable to walk are most 
likely to benefit the greatest from use of overground robotic gait training (RGT). This study will provide preliminary 
evidence regarding the clinical use and efficacy of RGT during the subacute phase of stroke recovery as well as obser-
vational findings associated with the safety, tolerability, feasibility, and cost of delivering RGT during inpatient stroke 
rehabilitation.

Methods  This prospectively registered randomized controlled trial will enroll 54 patients admitted to inpatient 
rehabilitation within six months of stroke. Admitted patients will be screened at admission to inpatient rehabilita-
tion for eligibility. Consented patients will be randomized based on stroke severity to receive either RGT or usual 
care for 90 minutes per week of gait training intervention during inpatient rehabilitation length of stay. Patients will 
complete assessments on walking and health outcomes at admission and discharge from inpatient rehabilitation 
and at 1- and 3-month follow-up. Intent-to-treat and per protocol analysis will be performed to evaluate safety [rate 
of adverse events, visual analog scale, and treatment completion rate], walking function [gait speed via 10-Meter Walk 
Test, Functional Ambulation Category, gait endurance via 6-Minute Walk Test] and health outcomes [Modified Rankin 
Scale, Stroke Rehabilitation Assessment of Movement, Continuity Assessment Record and Evaluation Tool, 5 Times Sit-
to-Stand Test, Berg Balance Scale, and Stroke Impact Scale–16], and cost-analysis.

Discussion  This study will provide foundational evidence regarding the clinical use and efficacy of a RGT program 
during the subacute phase of stroke recovery with specific findings associated with the safety, tolerability, feasibility, 
and cost-analysis of delivering RGT during inpatient stroke rehabilitation.

Trial registration  NCT06430632.
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Background
Stroke is estimated to affect 6.6 million Americans, with 
about 795,000 new cases annually [1, 2]. Gait impairment 
affects 65% to 80% of people after stroke and is associated 
with substantial limitations in functional independence, 
quality of life, and long-term survival [3, 4]. As the num-
ber of new cases of stroke is anticipated to climb with 
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an aging population, the growth in related expenses will 
further increase the already burdensome US healthcare 
spending [5]. Although financial burden increases with 
the severity of the stroke, specialized stroke rehabilita-
tion is known to reduce long-term disability and stroke-
related costs [6]. Importantly, gait training is a highly 
prioritized component of specialized rehabilitation for 
clinicians and patients with stroke alike [6–8].

Overground robotic exoskeletons are a potentially via-
ble technology for delivery of gait training for patients 
with acute stroke. People with chronic stroke who receive 
overground robotic gait training (RGT) in combination 
with physical therapy are more likely to achieve inde-
pendent walking with greater endurance than people who 
receive usual care gait training [9]. Further, people in the 
subacute phase after stroke who are unable to walk are 
most likely to benefit the greatest from RGT [10]. Specifi-
cally, RGT is able to deliver twice the dosage of gait train-
ing in comparison to usual care gait training over the 
average inpatient rehabilitation length of stay [11]. Initial 
evidence suggests RGT may improve gait function more 
than usual care gait training approaches [12, 13].

The purposes of this project are to generate novel data 
regarding the safety, efficacy, and cost-analysis of deliver-
ing RGT for people with stroke during inpatient rehabili-
tation. Importantly, the RGT intervention in this study 
will be informed by key stakeholders (i.e., researchers, 
clinicians, people with stroke lived experience) and offers 
a foundational step to evaluate RGT early after stroke 
when the neuroplasticity potential is greatest [14]. To 
meet our study purposes, we established the following 
aims and hypotheses.

Aim 1
Evaluate the safety, tolerability, and feasibility of deliv-
ering RGT that meets the unique needs of people after 
stroke during inpatient rehabilitation. We will engage 
our Advisory Board of stakeholders living with stroke to 
contextualize safety, tolerability, and feasibility considera-
tions of delivery of RGT, and help identify barriers and 
facilitators to intervention delivery.

Hypothesis 1.1
Delivering RGT therapy during inpatient rehabilitation 
will be safe, tolerable, and feasible.

Aim 2
Prospectively examine the efficacy of RGT compared to 
usual care gait training during inpatient rehabilitation in 
people with stroke.

Hypothesis 2.1
Patients with stroke randomized to receive RGT will 
demonstrate greater change in walking function at dis-
charge and follow-up at 1 month and 3 months com-
pared to usual care gait training.

Hypothesis 2.2
Patients with stroke randomized to receive RGT will 
have greater improvement in health outcomes at dis-
charge and follow-up at 1 month and 3 months com-
pared to usual care gait training.

Aim 3
Conduct a cost analysis of delivering RGT during inpa-
tient rehabilitation on functional (walking function) 
and hospital (fall incidence) metrics compared to usual 
care gait training.

Hypothesis 3.1
Delivering RGT therapy during inpatient rehabilitation 
will be cost effective compared to usual care gait train-
ing relative to walking function at discharge, 1-month, 
and 3-month follow-ups.

Hypothesis 3.2
Delivering RGT therapy during inpatient rehabilita-
tion will demonstrate a cost benefit compared to usual 
care gait training relative to fall incidence at discharge, 
1-month, and 3-month follow-ups.

Methods
Design
This prospective, randomized controlled trial will enroll 
patients within our inpatient rehabilitation hospital 
with stroke into one of two groups: RGT or usual care 
gait training. Patients will not be blinded to group allo-
cation. Additionally, therapists providing RGT or usual 
care gait training and completing clinical assessments 
will not be blinded. However, research staff complet-
ing study-specific assessments will be blinded to group 
allocation. Both groups will complete four assessments 
at the following timepoints: (1) within seven days of 
study enrollment, (2) within seven days of discharge 
from inpatient rehabilitation, (3) one month (± 14 days) 
after discharge from inpatient rehabilitation, and (4) 
three months (± 14 days) after discharge from inpatient 
rehabilitation. Figure 1 details the study design.

To support recruitment, all admitted patients with 
stroke will be entered into the departmental “Stroke 
Tracking” database in REDCap for eligibility screening. 
Demographic information recorded in this database 
will be obtained from the medical record and include 
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name, birthdate, stroke onset date, admission date, dis-
charge date, and stroke type. The study obtained ethical 
approval from the local Institutional Research Ethical 
Committee (023–471) and was prospectively registered 
at the clinicaltrials.org, Registry: NCT06430632.

Participants
We intend to enroll 54 patients in this study. All patients 
with stroke will be screened within 24  h of admission 
to inpatient rehabilitation for the following inclusion 
criteria:

•	 18–85 years of age;
•	 All types of stroke. In this study, we will include peo-

ple with stroke regardless of type or location;
•	 Acute/subacute phase. We will include patients with 

stroke admitted for inpatient rehabilitation within 
6 months post-stroke;

•	 Medically stable as deemed by a physician;
•	 Undergoing medical care and rehabilitation at a large 

urban inpatient rehabilitation hospital;
•	 All genders, races, and ethnicities;
•	 Meet the manufacturer robotic exoskeleton frame 

limitations;
•	 Continence of or a program for bladder and bowel 

management;
•	 Capacity and therapeutic goal for walking recovery

Patients will be excluded if they have:

•	 Concurrent neurological diagnoses (e.g., spinal cord 
injury, degenerative disease, neoplasm)

•	 Profound cognitive impairment;
•	 Pregnancy

Randomization
Randomization will be computer-generated by a blinded 
researcher. Patients will be assigned to RGT or usual care 
gait training using 1:1 stratified blocks. Stratification will 
be based on stroke severity as determined by the modi-
fied Rankin Scale: mild (0–3), moderate (4), and severe 
(5) [15, 16]. Within each stratum, randomization blocks 
of size 6 will be used to ensure equal distribution between 
groups. The REDCap Randomization Module will be 
used to assign participants to their treatment group.

Intervention
Patients in the RGT group will receive 90 min per week 
of RGT using the EksoNR once patients are deemed 
clinically appropriate as defined by being able to toler-
ate standing for 10 min without orthostatic intolerance. 
The 90 min of RGT will be integrated within the physical 
therapy plan of care and fall within the Centers for Medi-
care and Medicaid Services 3-h rule [17].

During the first RGT session, the patient will be fit-
ted for the EksoNR. RGT will be initiated immediately 
thereafter. While each training session may vary in length 
due to medical acuity and patient tolerance, RGT will 
total 90  min/week. RGT intervention progression will 
be individualized to accommodate stroke severity char-
acteristics and variable rates of functional recovery. The 
approach to progression of RGT will follow these sequen-
tial steps: (1) familiarization with EksoNR stepping and 

Fig. 1  Study design
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weight shift pattern, (2) standing tasks > walking tasks, (3) 
walking tasks > standing tasks, (4) program reduced assis-
tance provided by device during walking, (5) program 
zero assistance provided by device during walking, (6) 
program resistance provided by device during walking. 
This progression is based on instruction during manu-
facturer training, our therapists’ clinical experience and 
published guidelines [18, 19]. Data for each RGT training 
session will be recorded including frequency, time stand-
ing, time walking, and number of steps. Physical thera-
pists have been trained to use the robotic exoskeleton for 
mobility and gait training, successfully completing manu-
facturer Level I (basic) and Level II (advanced) training.

Usual care gait training will adhere to the current 
stroke-specific clinical practice rehabilitation guidelines. 
These guidelines recommend body weight support tread-
mill training (BWSTT) as an option for gait training in 
addition to conventional overground walking, dependent 
on resource availability, context, and local expertise [20]. 
Therapists are trained and proficient in providing usual 
care gait training interventions to patients with stroke. 
Patients in the usual care gait training group will receive 
90 min per week of usual care gait training.

Outcomes (Table 1)

Data monitoring body
The study’s data monitoring body is responsible for 
designing and maintaining all data collection tools and 
the study database. Study data are collected and managed 
using REDCap electronic data capture tools hosted at the 
local research institution. Following institutional poli-
cies and study-specific data management plan, the data 
monitoring body also conducts quarterly quality assur-
ance checks of all study-related data and is responsible 
for cleaning the data prior to the final data analysis.

Sample size estimation
We will enroll 54 participants in this study. Sample size 
calculations were performed based on a test for two 
means in a repeated measures design with 4 follow-up 
measures and an autoregression correlation structure. 
Assuming an autocorrelation of 0.55 and a standard devi-
ation of 0.25,84 we will need 22 participants per group to 
detect a clinical meaningful difference of 0.16  m/s with 
80% power at a 5% significance level. We will plan for an 
attrition rate of up to 20% and enroll 27 in each group for 
a total of 54 participants.

Statistical analyses
All analyses will be performed using SAS 9.4 with a 
5% significance level. Intent-to-treat and per protocol 

analysis will be performed. For intent-to-treat analysis 
participants who completed assessments will be included 
in the analysis, regardless of the number of RGT sessions 
completed. The intent-to-treat analysis compares across 
groups and participants must have completed inpatient 
admission and outpatient assessments. Per protocol anal-
ysis will only include participants who complete the full 
allotment of RGT sessions assigned through randomiza-
tion, and who complete inpatient and outpatient assess-
ments. Incomplete assessments will be treated as missing 
data.

To evaluate safety, tolerance and feasibility will pri-
marily be descriptive in nature by reporting the rate of 
adverse events, the average pain score based on the visual 
analog scale, and the treatment completion rate. Addi-
tionally, to compare the number of adverse events dur-
ing inpatient rehabilitation and number of incomplete 
treatments across groups, simple Poisson regression will 
be used with the total count of events per person as the 
outcome and length of inpatient stay included as an off-
set variable. The average pain rating will be calculated 
for each person, and comparisons between groups will 
be conducted using Kruskal–Wallis tests. For partici-
pants who are unable to complete the intervention, we 
will compare demographic and clinical characteristics to 
assess association with inability to complete RGT during 
inpatient rehabilitation. This analysis will be performed 
using t-tests or Mann–Whitney U tests for continuous 
variables and chi-square or Fisher’s exact tests for cate-
gorical variables.

To assess walking function over time, general or gen-
eralized mixed models will be conducted for each meas-
ure. The choice between a general or generalized model 
will be based on the distribution of the outcome meas-
ure. Each model will include a fixed group and time 
effect and a group x time interaction to determine if the 
groups changed differently over time. A random effect 
will be used to account for repeated measures over time. 
Health outcomes will be tested using similar mixed 
effects models. Participant data will be included in the 
model if at least one follow-up is complete. All models 
will be adjusted for any demographic or clinical charac-
teristics that were not balanced between groups through 
randomization.

To determine the cost effectiveness of RGT ther-
apy during inpatient rehabilitation we will cal-
culate the ratio of total therapy time cost during 
inpatient to improvement in walking function meas-
ured by 10MWT from admission to 3-month follow-
up (Hypothesis 3.1). This ratio will provide the cost per 
unit of benefit which will then be compared between 
groups. Since cost data are often skewed, we will use a 
log-normal model for analysis and control for patient 
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demographic and clinical characteristics that were not 
balanced through the randomization process, as well as 
adjust for the baseline function. To assess potential sav-
ings in health care costs due to reduction in number of 
falls post stroke we will compare the proportion of par-
ticipants with a fall from admission to 3-month follow-
up between treatment groups. Logistic regression will 
be used for this analysis and the model will adjust for 

demographic and clinical characteristics that were not 
balanced through the randomization process.

Discussion
This trial will provide foundational evidence regarding 
the clinical use and efficacy of RGT during the subacute 
phase of stroke recovery with specific findings associated 
with the safety, tolerability, feasibility, and cost-analysis 

Table 1  Outcome measures

Aim 1 Safety, tolerability, and feasibility Metrics include safety (rate of adverse events [e.g., fall incidence, hypotensive episode, 
skin integrity]), tolerability (visual analog scale of 1 [not tolerable] – 10 [tolerable]), 
and feasibility (treatment completion rate: proportion of patients completing at least 
90% of the inpatient RGT sessions).

Aim 2 Gait speed via 10-Meter Walk Test (10MWT) Our primary outcome, the 10MWT, assesses gait speed over a short duration. Gait 
speed (m/s) is correlated with ability to mobilize in the community, capacity to perform 
activities of daily living, and risk of falls, re-hospitalization, and cognitive decline [21].
Score changes >0.16 m/s exceed the MCID [22]. Normal gait speed for adults older 
than 50 years is >1.27 m/s [23].

Functional Ambulation Category (FAC) The FAC assesses functional ambulation in patients undergoing rehabilitation 
and has excellent reliability, good predictive validity, and good responsiveness 
in patients with stroke [24]. Scores range from 0 (unable to walk) to 5 (independent 
walking anywhere). After 4 weeks of rehabilitation, FAC scores ≥4 predict community 
ambulation at 6 months with 100% sensitivity and 78% specificity [25].

6-Minute Walk Test (6MWT) The 6MWT assesses distance walked over 6 minutes as a sub-maximal test of walking 
capacity. With excellent test-retest reliability (ICC = 0.99) [26] for people with stroke, 
the established MCID is 34.4 meters [27].

Gait quality Gait quality will be measured weekly on a visual analog scale from 1 (“my walking 
is the worst it has ever been”) to 10 (“my walking is just like before my stroke”).

Modified Rankin Scale (mRS) The mRS measures the degree of disability or dependence in the daily activities of peo-
ple who have had a stroke. The mRS is an ordinal scale with 6 categories ranging from 0 
(no symptoms) to 5 (complete physical dependence) [28].

Stroke Rehabilitation Assessment of Movement (STREAM) The STREAM [28,29] assesses upper and lower limb motor function along with basic 
mobility in people with stroke and has a very high inter-rater reliability (ICC = 0.96) [30]. 
MCID values have been established for the upper extremity (2.2 points), lower extrem-
ity (1.9 points), and mobility (4.8 points) subscales [31].

Continuity Assessment Record and Evaluation (CARE) The Section GG CARE Tool is utilized in post-acute care settings for tracking progress 
across the continuum of care and is conducted at admission and discharge. The CARE 
addresses self-care (GG0130, 8 items) and functional mobility (GG0170, 17 items). 
Scores for each item range from 1 (dependent) to 6 (independent). Total scores 
for the CARE have strong positive correlations with total scores for the Functional 
Independence Measure [24].

5 Times Sit-to-Stand Test (5TSST) The 5TSST assesses lower extremity strength and is an indicator of postural control [32]. 
People with stroke who score >15 seconds are considered at risk for falls [33, 34]. Nor-
mal scores for individuals aged 60-80 years range from 11.4 to 12.7 seconds [35]. The 
5TSST has demonstrated excellent test-retest reliability (ICC = 0.95) with an established 
MDC95of 2.3 seconds [36].

Berg Balance Scale (BBS) The BBS [37] is a 14-item objective measure that assesses static balance and fall risk 
in adults. With excellent reliability (ICC = 0.95) [38], the BBS has a large responsiveness 
for acute stroke (effect size = 0.85) [39] and a minimal detectable change of 6.9 points 
[40]. Scores <45/56 indicate a risk of falling [41].

Pain Pain will be assessed following each RGT and UC session using a pain visual analog 
scale [19], as per standard of care in our inpatient rehabilitation hospital.

Stroke Impact Scale – 16 (SIS-16) The SIS-16 assesses 4 dimensions of health-related QOLs specific to people who have 
had a stroke. Included subscales assess strength, hand function, mobility, and activities 
of daily living via 5-point Likert scales [42, 43].

Aim 3 Cost analysis Cost-effectiveness will be assessed by comparing RGT to UC relative to walking func-
tion as measured by the MCID of the 10MWT (>0.16 m/s). Cost-benefit will be assessed 
by comparing RGT to UC relative to fall incidence.
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of delivering RGT during inpatient stroke rehabilitation. 
Currently, there are gaps in the evidence base for RGT 
related to both clinical benefits and the associated costs, 
emphasizing the need for systematic research. Best prac-
tice in stroke rehabilitation favors a repetitive task-spe-
cific approach [44], yet independent community walking 
and full community reintegration 3-months post-stroke 
are achieved by less than 65% [45] and 20% [46] of peo-
ple with stroke, respectively. Moreover, the most effective 
usual care gait training approach remains unclear [47] 
and lacks a strong evidence base for people with stroke 
[48, 49]. Findings from this study will advance the under-
standing of the potential role of a stakeholder informed 
RGT program delivered during inpatient rehabilitation 
for people with subacute stroke. Important founda-
tional data of clinical use (safety, tolerability, feasibility), 
evidence of effectiveness, and cost of delivering RGT 
compared to usual care gait training during inpatient 
rehabilitation will be ascertained. Study findings will be 
disseminated through peer-reviewed publications, scien-
tific presentations, and consumer-focused fact sheets.

Trial status
Institutional Review Board approvals were obtained on 
February 02, 2024. This protocol paper reflects the study 
protocol version 1.2 created in May 2024. The clinical 
trial was registered at ClinicalTrials.gov (NCT0643063). 
Recruitment and enrollment was initiated March 1, 2024. 
At the time of manuscript submission, the expected 
duration of the study, including enrollment and statistical 
analysis, will be 3 years. The approximate date of planned 
recruitment completion is June 2026.
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