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Exoskeletons have been proposed for potential clinical use to improve ambulatory function in patients
with stroke. The aim of an interim analysis of an international, multicenter, randomized, controlled
trial was to investigate the short-term effect of overground gait training using a torque-assisted
exoskeleton in subacute stroke patients with severe ambulatory functional impairment. Data from a
total of 93 subacute stroke patients with severe ambulatory functional impairment were analyzed. All
participants received a total of 20 sessions; five sessions per week for 4 weeks. The robot-assisted gait
training (RAGT) group received 30 min of conventional gait training and 30 min of gait training using
an exoskeleton (ANGEL LEGS M20, Angel robotics, Co., Ltd.), while the control group received 60 min
of conventional gait training. Functional assessments were conducted before and immediately after
the final intervention by a rater blinded to group assignment. Overground gait training with a torque-
assisted exoskeleton in this study showed improvement in gait function comparable to conventional
gait rehabilitation in subacute stroke patients, with additional gains in lower extremity strength. These
findings suggest that the overground gait training with a torque-assisted exoskeleton might be a
potential intervention for subacute stroke patients.

Clinical Trial Registration: NCT05157347 (the first registration (10/12/2021)).

Keywords Stroke, Ambulation, Rehabilitation, Robot therapy, Robot-assisted gait training, Overground gait
training

The restoration of ambulatory function in stroke patient is a critical goal in rehabilitation, as ambulation plays
a key role in determining the patient’s ability to perform activities in their home and social environment'.
In the acute stroke phase, approximately 80% of patients have ambulatory impairment. Despite recovery of
ambulatory function within the first six months after stroke onset, many patients do not fully regain their pre-
stroke mobility?. Therefore, facilitating earlier and more pronounced improvement in ambulatory function for
the purpose of stroke rehabilitation is of considerable importance.

There has been considerable research into the efficacy of robotic gait rehabilitation®. The use of a robot can
facilitate the practice of correct and repetitive movements by patients with the necessary amount and intensity
of training®. To date, the majority of robotic gait rehabilitation techniques used in stroke rehabilitation have been
treadmill-based robots designed to facilitate control of the gait cycle>. However, the conditions of treadmill-
based robotic gait training differ from those of actual overground gait. Consequently, the improvement in gait
ability following treadmill-based robotic training may not directly correlate with improved overground gait®. In
addition, the use of a robot to control locomotion may present challenges in adapting robotic movements to the
patient’s effort to activate muscles and to the passive characteristics of the musculoskeletal system®. The use of an
exoskeleton for above-ground gait training has been proposed as a means to promote activation of the nervous
system, with the aim of inducing active participation by the patient to facilitate active balance control, weight
shift and muscle activation®. Recently, several exoskeletons have been proposed for potential clinical use with the
aim of supporting functional ambulation in patients who have suffered a stroke®’.
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We are currently conducting an international, multi-center study to determine the effect of overground gait
training with a torque-assisted exoskeleton on the recovery of ambulatory function in patients with subacute
stroke (ClinicalTrial.gov, NCT05157347, 15/12/2021)1°. During the trial, interim analyses were conducted to
verify the safety and short-term effectiveness of the study. Although the clinical trial is still ongoing, preliminary
results from the interim analyses have yielded remarkable results that we would like to present in this report.
The analysis in subacute stroke patients with severe ambulatory functional impairment, where gait training by a
therapist is difficult, has not been reported in previous studies. The aim of this interim report was to investigate
the short-term effect of overground gait training using a torque-assisted exoskeleton in subacute stroke patients
with severe ambulatory functional impairment.

Results
Participant characteristics.
Data from a total of 93 participants randomized into two groups (47 in the robot-assisted gait training (RAGT)
group and 46 in the control group) were analyzed in this interim study. Twelve subacute stroke patients in the
RAGT group (25.5%) withdrew during the intervention for various reasons; new major illness unrelated to
the intervention (n=3), desire to stop (n=7), less than 80% of the training session (n=1) and other personal
reasons (n=1). Six subacute stroke patients in the control group (13.0%) withdrew during the intervention
because they wanted to stop (n=2) and for other personal reasons (n=4). The dropout rate in the RAGT group
tended to be higher than in the control group without statistical significance (p =0.189). However, there were no
notable adverse effects observed in either the RAGT or control groups as a result of the intervention, including
an increase in spasticity, falls, or fractures. Finally, 75 participants (35 in the RAGT group and 40 in the control
group) completed the 4-week intervention and were included in the interim analysis (Fig. 1).

Table 1 shows the baseline characteristics of the RAGT and control groups. There was no significant
difference in baseline characteristics between the RAGT and control groups. There was no significant difference
in ambulation, motor function, balance function and functional independence between the two groups at TO.
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Fig. 1. CONSORT flow diagram of the study. RAGT, robot-assisted gait training.
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RAGT group (n=35) | Control group (n=40) | P-value

Demographic characteristics

Sex (M:F) 23:12 22:18 0.479
Age (yrs) 60.2+14.7 59.7+12.6 0.856
Height (cm) 163.5+8.5 165.6%8.1 0.284
Weight (kg) 63.3+8.7 61.7+£10.3 0.470
Body mass index 23.7+3.4 225432 0.104
Hypertension (yes) 21 19 0.508
Diabetes mellitus (yes) 11 12 1.000
Heart failure (yes) 0 0 1.000
Stroke type (ischemic:hemorrhage) 20:15 24:16 0.819
Stroke lesion (supratentorial:infratentorial:both) | 29:4:2 33:7:0 0.252
Affected side (right:left) 23:12 26:14 1.000
Stroke duration (days) 33.0+24.0 28.4+21.5 0.386
Functional characteristics

K-MMSE 254+5.0 23.7+5.8 0.171
FAC (0:1) 17:18 24:16 0.359

Table 1. Baseline characteristics of participants. K-MMSE: Korean Mini Mental State Examination, FAC:
Functional ambulatory category. *p <0.05.

There was also no significant difference in mood and quality of life between the two groups at T0. In addition, the
supplementary table shows the comparison of baseline characteristics between participants who completed the
intervention and those who dropped out in the RAGT group. There was no significant difference in all baseline
characteristics between participants who completed the intervention and those who dropped out in the RAGT
group (Supplementary Table S1).

Change in behavioral assessments

Ambulatory function

Figure 2 illustrates the shift in Functional Ambulatory Category (FAC) among participants in each RAGT and
control group. There was a significant improvement in FAC from TO to T1 in each RAGT and control group
(p<0.05). In the RAGT group, 80.0% of participants had a FAC greater than or equal to 2, while 72.5% of the
control group had a FAC greater than or equal to 2. However, no statistically significant difference was observed
in the shift of FAC between the two groups.

Motor and balance function
There was a significant improvement in the leg score in the Motricity Index (MI-LL) from TO to T1 in each the
RAGT and control group (p <0.05). MI-LL at T1 was significantly higher in the RAGT group than in the control
group (p=0.025 with post-hoc power=0.745). In addition, hip flexion, knee extension, and ankle dorsiflexion
strength showed significantly greater improvements in the RAGT group than in the control group (p=0.042
with post-hoc power=0.658, p=0.043 with post-hoc power =0.646, and p=0.032 with post-hoc power=0.693,
respectively, Table 2).

There was a significant improvement in BBS from TO to T1 in each RAGT and control group (p<0.05).
However, there was no significant difference in BBS at T1 between the two groups (Table 2).

Functional independence

There was a significant improvement in Functional Independence Measure (FIM) from TO to T1 in each RAGT
and control group (p <0.05). However, there was no significant difference in FIM at T1 between the two groups
(Table 2).

Mood and quality of life

There was a significant improvement in Geriatric Depression Scale-short form (GDS-SF) and Euro Quality of
Life (EQ)-5D from TO to T1 in each RAGT and control group (p<0.05). However, there was no significant
difference in GDS-SF and EQ-5D between the two groups at T1 (Table 2).

Discussion

The results of this interim analysis showed that the overground gait training with a torque-assisted exoskeleton
for 4 weeks could improve ambulatory function to the same extent as conventional physical therapy. In addition,
the overground gait training with an exoskeleton might provide the additional motor functional improvement
with safety in subacute stroke patients with severe ambulatory impairment.

The overground gait training with an exoskeleton in this study did yield any significant adverse effects over a
4-week period in subacute stroke patients. These findings, in conjunction with the effects and safety of previous
robot-assisted gait training>*!!, indicate that overground gait training with a torque-assisted exoskeleton used in
this study was comparable to conventional physical therapy for improvement of ambulatory function in subacute
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Fig. 2. Shift of functional ambulatory category. RAGT, robot-assisted gait training.

stroke patients. In particular, given that the subjects in this study required significant physical assistance from
the physical therapist for gait training with FAC 0 or 1, the results of this study confirm the advantages of robot-
assisted rehabilitation, which can reduce the physical burden on the therapist. These results are expected to serve
as a basis for the clinical use of robot-assisted gait training in the future.

In addition to an improvement in gait function, this study demonstrated an enhancement in the MI-LL.
MI-LL refers to the improvement of lower limb muscle strength!2. In this study, we found that both proximal
and distal lower limb muscle strength were significantly increased in comparison to the control group. MI-LL
is recognized as a key variable in enhancing walking function in subacute stroke patients'*!4. The augmented
strength gains observed in the RAGT cohort relative to the control group in this study might facilitate the
improvement of walking function following the continuation of rehabilitation. This interim analysis will be
substantiated upon the completion of the full study trial and the subsequent analysis of the results. It is probable
that the additional strength gains observed in the RAGT group in this study were attributable to the nature of
the wearable robot. The use of robot-assisted walking devices has been shown to result in a reduction in lower
limb muscle activity during ambulation in stroke'>. However, the exoskeleton in this study was designed to
facilitate assistance in accordance with the patient’s specific torques, which were automatically detected by a
ground contact sensor, encoders in the actuators, and an inertial measurement unit sensor located in a backpack.
Consequently, it incorporated a resistance exercise component that demanded more muscle strength.

The efficacy of RAGT in enhancing lower limb strength in stroke patients has been previously documented in
the literature for treadmill-based exoskeleton robot!®, and foot plate-based end-effector devices!”. Furthermore,
the use of an overground exoskeleton for RAGT has also been demonstrated to be an effective method for
improving strength!®!°. The incorporation of resistance training into gait training using an overground
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TO T1

RAGT group | 46.0+19.2 64.0+20.1%F
MI-LL

Control group | 41.2+17.6 54.1+16.5*

RAGT group | 16.4+6.3 21.9+6.5*
Hip flexion

Control group | 15.2+6.2 19.1£5.1*

RAGT group | 16.4+6.5 224462+
Knee extension

Control group | 14.2+6.2 19.7+£5.2%

RAGT group | 12.2+8.9 18.6+9.0*
Ankle dorsiflexion

Control group | 10.8+7.1 14.3+8.1*
BES RAGT group | 10.5+11.8 32.8+14.9*

Control group | 7.1+6.3 29.8+15.6*
M RAGT group | 66.4+15.5 85.1:+18.0*

Control group | 66.2+15.9 87.7+17.2%

RAGT group |8.1+4.3 6.2+4.2%
GDS-SF

Control group | 7.2+4.4 5.9+4.8*
EQ.5D RAGT group | 0.4358+0.2458 | 0.6631 +0.1942*

Control group | 0.4361+0.2744 | 0.6189+0.2385*

Table 2. Behavioral outcome measures. Values are presented as mean + SD. TO, at baseline before the home-
based exercise program; T1, immediately after the home-based exercise program; MI-LL, lower limb score
of Motricity Index, BBS, Berg Balance Scale; FIM, Functional Independence Measure; GDS-SF, Geriatric
Depression Scale-Short Form. *p <0.05, when compared with T0. Tp <0.05, when compared with the control

group.

exoskeleton has been demonstrated to be an effective method for improving strength. The rationale behind this
approach may be that the weight-bearing component of conventional rehabilitation could be relatively limited
in stroke patients with impaired gait and balance. Consequently, gait training with an overground exoskeleton
could facilitate a resistance training component through weight bearing, with a greater duration and intensity
than conventional rehabilitation. In particular, in patients with severe ambulatory functional impairment, which
were the participants of this study, the therapist had to exert a considerable amount of effort to increase weight
bearing, which places a limit on the amount of resistance training that could be provided. The study also found
no specific side effects, such as an increase in spasticity or musculoskeletal pain, were observed in the RAGT
group. The overground gait training with a torque-assisted exoskeleton employed in this study provides indirect
evidence that resistance training in conjunction with functional exercise may prove to be a more efficacious
approach.

Goffredo et al.® previously demonstrated that gait rehabilitation utilizing an overground wearable
exoskeleton in subacute stroke patients enhanced gait function and augmented lower limb strength in a single
group. However, the absence of a control group in the aforementioned study precludes the determination of its
comparative efficacy with conventional gait training. In addition, Zhang et al.?’ recently conducted a randomized
controlled trial in 24 subacute stroke patients and reported that gait rehabilitation with an overground wearable
exoskeleton was effective in improving balance compared to upright bed training. However, the results of this
study confirmed the improvement in gait function and increase in lower limb muscle strength in the RAGT
group as reported by Goffredo et al.® and, in particular, showed that the increase in lower limb muscle strength
was effective compared to conventional gait rehabilitation. However, this study and previous studies of above-
ground wearable exoskeletons have not confirmed the superiority of improving walking function compared to
conventional gait rehabilitation, and further research is needed.

There were no significant complications or adverse events in the RAGT and control group of this study. It is
probable that this is a consequence of the conservative exclusion criteria employed in the selection of the study
population, which included conditions that would be anticipated to present certain challenges in the utilization
of the overground wearable exoskeleton. In light of the promising safety profile observed in a limited subacute
stroke patient population, further studies are recommended to expand the study population to include a larger
number of subacute stroke patients. Although this study demonstrated the stability of the overground wearable
exoskeleton in subacute stroke patients, it is notable that the dropout rate in the RAGT group was relatively high.
This was a limitation of this study. The predominant reason for withdrawal from the study in the RAGT group
was the desire to stop, while no participants in the control group withdrew for this reason. The characteristics
of those who withdrew were not significantly different from those who completed the study in RAGT group.
Therefore, it could be inferred that RAGT might present a more substantial challenge to stroke patients
compared to conventional rehabilitation. In order to provide further substantiation for this interpretation, it
would have been advantageous to assess the participants’ motivation for gait rehabilitation in advance. However,
this was not feasible, constituting a limitation of the study. Although the study recruited patients with no other
functional deficits, the relatively high dropout rate represents a potential limitation of the wearable exoskeleton
used in this study. In the future, it would be beneficial to develop application protocols with greater precision
in order to facilitate the implementation of gait rehabilitation with an overground wearable exoskeleton for a
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larger cohort of subacute stroke patients. Additionally, the relatively higher dropout rate observed in the RAGT
group in comparison to the control group could be perceived as a potential source of bias in the results of this
study. However, given that there were no discernible differences in the characteristics of the completers and
dropouts, it can be concluded that the representativeness of the completers is not a significant concern. It should
be noted that this study was conducted as an interim analysis, with the number of subjects not predetermined.
It is evident that the interim analysis included a sufficient number of subjects and statistical power. However, it
is imperative to report the confirmatory results after the completion of the full study. In addition, a number of
factors, including cognitive function, have been identified as contributors to the recovery of ambulatory function
in stroke patients.'*?! Cognitive function has been identified as a pivotal element in the gait and balance in
stroke patients?2. Interventions with dual-task training have demonstrated efficacy in enhancing gait and balance
function in stroke patients?>. Consequently, it is imperative to examine the characteristics of participants who
demonstrate enhancement in gait function with RAGT in this study. Conducting additional analysis of this
aspect of the study would be highly significant. However, given that this analysis constitutes an interim analysis
of the entire study, the investigation of factors such as cognitive function would be more appropriately conducted
in a larger number of participants following the completion of the full study.

On conclusion, this study demonstrated that the overground gait training with a torque-assisted exoskeleton
for four weeks represented a safe and efficacious method of gait rehabilitation in subacute stroke patients.
Furthermore, the overground gait training with a torque-assisted exoskeleton could enhance gait function
comparable to the conventional gait rehabilitation in subacute stroke patients, with additional gains in lower
extremity strength. These findings suggest that the overground gait training with a torque-assisted exoskeleton
might be a potential intervention for subacute stroke patients.

Methods

Study design

This study is an interim analysis of an international, multicenter, randomized, controlled trial at six sites
involving a total of 150 patients with subacute stroke. In this interim analysis, data from a total of 93 subacute
stroke patients with severe ambulatory functional impairment were analyzed. Participants were randomized into
two groups (47 patients in the RAGT group and 46 patients in the control group). A team member uninvolved
in outcomes assessment was responsible for allocation using a custom-written script in R version 4.1.3 (R Core
Team. 2021: R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing,
Vienna, Austria). A block size of 4 was used, and treatment assignment at the ratio of 1:1 was stratified by
each clinical center. Written informed consent was obtained from all patients prior to enrolment, and the study
protocol was approved by the ethics committees of each hospital.

Participants

Patients with stroke admitted to the rehabilitation units of four hospitals in Korea (Severance Hospital, Seoul,
Korea; TBI Rehabilitation Center, National Traffic Injury Rehabilitation Hospital, Yangpyeong, Korea; Samsung
Medical Center, Seoul, Korea; National Health Insurance Service Ilsan Hospital, Goyang, Korea) and two
hospitals in Malaysia (Daehan Rehabilitation Hospital Putrajaya, Putrajaya, Malaysia and Hospital Al-Sultan
Abdullah (HASA) UiTM) were invited to participate in the study. Inclusion criteria were as follows: (1) adult
patients aged > 19 years, (2) hemiparetic patients after ischemic or hemorrhagic stroke, (3) early subacute stage
(from day 7 to less than 3 months after onset)?*, (4) severe ambulatory functional impairment with FAC*
score=0 or 1, (5) Trunk Control Test?® score > 50, and (6) could walk independently and showed no significant
disability (modified Rankin Scale?” <1) before stroke onset. Exclusion criteria were as follows: (1) significant
difficulty in communication, such as severe cognitive impairment (Mini-Mental State Examination?®<10) or
speech-language impairment, (2) ataxia due to lesion of efferent or afferent pathways of the cerebellum, (3)
spasticity of the affected lower extremity (Modified Ashworth Scale >2)?°, (4) severe musculoskeletal disorder of
the lower limb, (5) a contracture that limited ambulation, (6) apparent leg length discrepancy of 2 cm or more,
(7) a lower limb fracture, open wound, or unhealed ulcer, (8) a severe cardiovascular or pulmonary disease, (9)
a history of osteoporotic fracture, (10) a neurological disorder that may affect the ambulatory function (e.g.
Parkinson’s disease, multiple sclerosis, etc.), and (11) ineligible by the investigator.

Interventions
All participants received a total of 20 sessions (60 min/session); five sessions per week for four weeks. The RAGT
group received 30 min of conventional gait training and a further 30 min (excluding robot attachment and
detachment time) of gait training using an exoskeleton (ANGEL LEGS M20, Angel robotics, Co., Ltd.), while
the control group received conventional gait training for the same time as the RAGT group in the physiotherapy
room. In this study, an exoskeleton was developed as a wearable orthopedic gait training device that can induce
correct gait and support the lower limbs by detecting walking intention using built-in sensors. This exoskeleton
is composed of segmented components designed to provide precise torque assistance at the hip, knee, and ankle
joints. The system is equipped with four actuators at the hip and knee joints, which are seamlessly integrated
with two force sensors positioned beneath each ankle-foot orthosis. These actuators are engineered to generate
flexion torque during the swing phase and extension torque during the stance phase, ensuring optimal support
for proper gait and enhancing lower limb functionality. Each RAGT and conventional gait training session was
delivered by a physiotherapist. For all participants in each group, no other robotic rehabilitation can be provided.
The gait support algorithm of an exoskeleton used in this study consists of a standing mode, a walking
mode and a standing mode, all based on passivity guaranteed control to ensure safety. A physiotherapist was
responsible for ensuring the safety of the participant throughout the course of the RAGT. The level of support
provided to each participant was contingent upon their level of functional capacity, ranging from no assistance
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to active total assistance. The difficulty of the RAGT was implemented in the form of a gradual reduction of
the assistance provided by the exoskeleton, which was predetermined to be 20 steps, according to the level of
performance of each participant. During the initial RAGT session, the maximum assistance was implemented
following the donning of the exoskeleton. The participants performance during the intervention was evaluated
by the physiotherapist to perform RAGT, and the assistance was progressively reduced in each round of RAGT.
Subsequent RAGT sessions commenced at the preceding assistance level. The assistance force was adjusted up
to twice per session for sessions 1-3 and once per session for sessions 4 and beyond. There is a possibility of
an unanticipated response from the apparatus that may disrupt the rhythm of the gait, resulting in fatigue and
discomfort. In such instances, the participant was able to utilize the emergency switch to halt the gait control
and the generation of assistance. The participants may have been at risk of falling due to a loss of balance and
potential injury to the musculoskeletal system. Prior to the RAGT, all certified physiotherapists underwent
comprehensive training on how to fit and remove the device in an emergency situation. Additionally, an anti-fall
harness was provided for use by the physiotherapists during gait training.

Drop-out criteria were as follows: (1) patients who express a desire to discontinue training, (2) patients who
do not comply with the guidelines provided by the investigator, (3) patients who require treatment outside the
scope of this clinical trial, (4) patients who present with a serious injury due to an accident such as a fall, (5)
patients who attend < 80% of the training sessions, (6) patients who present with a new major medical condition
and therefore require absolute rest for recovery (e.g., stroke, myocardial infarction, any other neurological,
internal or musculoskeletal condition, etc.).

Behavioral assessments
Each assessment was conducted before (T0) and immediately after the final intervention (T1) by a rater blinded
to group assignment.

Assessment of ambulatory, motor, balance and functional independence

For ambulatory function, we used the FAC. The FAC is an ordinal scale with six assessment levels of walking
disability (from category 0: non-functional ambulation, the patient is unable to walk, to category 5: independent
ambulation, the patient is able to walk unaided)®. To assess motor function of the affected lower limb, we used
the MI-LL!2. The MI-LL consists of the motor performances of hip flexion, knee extension and dorsiflexion.
Balance function was assessed using the Berg Balance Score®, an objective 14-item measure of static balance
ranging from 0 to 56. Functional independence was assessed using the FIM>!, with scores ranging from 18
(lowest) to 126 (highest) indicating level of function.

Structured self-administered questionnaires for patients
All participants completed structured self-administered questionnaires and underwent a face-to-face interview
to assess mood and quality of life using the GDS-SF*? and EQ-5D%.

Statistical analysis
SPSS version 23.0 (SPSS, Chicago, IL, USA) was used for all statistical analyses. To compare demographic
and functional characteristics at TO between the two groups, an independent t-test was used for continuous
variables based on the assumption of normal distribution, confirmed by the Shapiro-Wilk test. In addition,
chi-squared analysis was used for categorical variables at TO. An independent t-test was used to compare the
change in functional scores between the two groups and to compare other functional scores between the two
groups, depending on the normal distribution of the primary outcome. All outcomes were found to be normally
distributed (p>0.05 by Shapiro-Wilk normality test). Paired t-test was used for functional scores between T0
and T1 within group analysis. Statistical significance was defined as a p-value <0.05.

As this was an interim analysis, sample size could not be determined a priori. Therefore, a post-hoc
power analysis was performed using G*Power software (ver. 3.1.9.2; Heinrich-Heine-Universitit Diisseldorf,
Diisseldorf, Germany) to further describe the results of a meaningful statistical analysis.

Data availability
The datasets used and/or analyzed in the current study are available from the corresponding author on reason-
able request.
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