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We hypothesized that gait treatment with a wearable cyborg Hybrid Assistive Limb
(HAL) would improve the walking ability of patients with hemiparesis after stroke.
This study aims to evaluate the efficacy and safety of gait treatment using HAL
versus conventional gait training (CGT) in hemiplegic patients with acute stroke and
establish a protocol for doctor-initiated clinical trials for acute stroke. We will enroll
patients with acute stroke at the University of Tsukuba Hospital. This study is a single-
center, randomized, parallel-group, controlled trial (HAL group, n = 20; control group,
n = 20) that will include three phases: (1) pre-observation phase (patient enrollment,
baseline assessment, and randomization); (2) treatment phase (nine sessions, twice
or thrice per week over 3−4 weeks; the HAL and control groups will perform gait
treatment using HAL or CGT, respectively, and finally (3) post-treatment evaluation
phase. The Functional Ambulation Category score will be the primary outcome measure,
and the following secondary outcome measures will be assessed: Mini-Mental State
Examination, Brunnstrom recovery stage of lower limbs, Fugl–Meyer assessment of
lower limbs, 6-min walking distance, comfortable gait speed, step length, cadence,
Barthel Index, Functional Independence Measure, gait posture, motion analysis (muscle
activity), amount of activity (evaluated using an activity meter), stroke-specific QOL, and
modified Rankin Scale score. The baseline assessment, post-treatment evaluation, and
follow-up assessment will evaluate the overall outcome measures; for other evaluations,
physical function evaluation centered on walking will be performed exclusively, excluding
ADL and QOL scores. This study is a randomized controlled trial that aims to clarify
the efficacy and safety of gait treatment using HAL compared with CGT in hemiplegic
patients with acute stroke. In addition, we aim to establish a protocol for doctor-initiated
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clinical trials for acute stroke based on the study results. If our results demonstrate
the effectiveness of the proposed treatment regarding outcomes of patients with
hemiplegic acute stroke, this study will promote the treatment of these patients using
the HAL system as an effective tool in future stroke rehabilitation programs. The study
protocol was registered with the Japan Registry of Clinical Trials on October 14, 2020
(jRCTs032200151).

Keywords: wearable cyborg, Hybrid Assistive Limb, acute stroke, independent walking, functional ambulation
category, randomized controlled trial, gait training

INTRODUCTION

The Global Burden of Disease (GBD) study (2016) reported
that the lifetime risk of stroke onset from 25 years old was
approximately 25%; thereafter, many people might suffer from
stroke during their lifetime (GBD 2016 Lifetime Risk of Stroke
Collaborators, 2018). Stroke is a major cause of death and
disability globally (Rigby et al., 2009; Campbell and Khatri, 2020).
In Japan, stroke is the fourth leading cause of death and the
second leading cause of social-care needs (Ministry of Health
Labour and Welfare, 2019a,b). Patients with stroke often exhibit
cognitive and higher brain dysfunction, in addition to movement
disorders, sensory disorders, and gait disorders, which represent
a serious social problem because of the deterioration of activities
of daily living (ADL) and quality of life (QOL) (Langhorne and
Kwakkel, 2011; Fryer et al., 2016; Mehrholz et al., 2018, 2020).

Restoration of gait function is reported to occur primarily
within the first 11 weeks after stroke (Jørgensen et al.,
1995a), and intensive gait treatment should begin in the
acute phase, which is within 4 weeks after stroke onset
(Jørgensen et al., 1995b). Early treatment, particularly task-
specific training programs for the upper and lower limbs,
is important in stroke rehabilitation (Duncan et al., 2011;
Waddell et al., 2017). Several previous studies have shown
that intensive, repetitive, task-specific training initiated early
after stroke onset accelerates functional recovery and improves
the final motor outcomes, including gait function (Kwakkel
et al., 1999, 2004; Langhorne et al., 2009; Langhorne and
Kwakkel, 2011). Moreover, the recovery of walking ability
and independent walking are common therapeutic goals after
a major stroke (Dobkin, 2005; Fulk et al., 2017). Since the
1990s, robot-assisted gait training (RAGT) has been introduced
clinically and has been used in stroke rehabilitation (Hesse et al.,
2003). A systematic review of electromechanical-assisted training
and RAGT reported in 2020 found that the combination of
these two modalities with physical therapy contributed to the
improvement of independent walking after stroke (Mehrholz
et al., 2020). It has been suggested that it may be most effective
for patients who cannot walk within 3 months of stroke onset
(Mehrholz et al., 2020).

The wearable cyborg Hybrid Assistive Limb (HAL) is
the world’s first cyborg-type wearable device for supporting,
improving, and expanding the wearer’s physical functions based
on the detection of bioelectrical signals (BES) on the skin surface
while a wearer attempts to generate muscle force (Lee and
Sankai, 2005; Suzuki et al., 2007). BES sensor is a system to

detect the activities of the extensor and the flexor muscle of
the knee and the hip joint. In addition to BES sensor, HAL
is equipped with a sensing system of angular sensors on the
knee and hip joint to measure the joint angles, and a floor
reaction force sensors to measure reaction force from the heel
and toe area of foot. The power unit of HAL generates and
controls assistive joint torques of the knee and hip to support
wearer’s gait movement based on the these sensor of BES, joint
sensor and foot reaction force sensors (Kawamoto et al., 2009;
Sankai and Sakurai, 2018). Treatment using HAL is based on
the principles of the interactive biofeedback hypothesis (Sankai
and Sakurai, 2018). It uses a hybrid control system composed
of two cybernic control modes (voluntary and autonomous)
(Kawamoto et al., 2009). The voluntary control mode is activated
by the wearer’s BES and provides physical support and action
through voluntary intention (Kawamoto and Sankai, 2005).
However, patients with stroke-induced hemiparesis cannot move
their extremities. In this setting, HAL can support movement
by utilizing the very weak BES detected on the skin surface
for autonomous activation. This movement and exercise may
enhance the recovery of the impaired neuronal network, and
interactive biofeedback may further promote the appropriate
reorganization of the neuronal network (Morishita and Inoue,
2016; Sankai and Sakurai, 2018).

The single-leg version of the HAL is a new wearable cyborg
designed to be used by patients with hemiplegia (Kawamoto
et al., 2009; Watanabe et al., 2014, 2017). In addition, many
clinical studies have been conducted on the application of
HAL to both legs in patients with stroke (Sczesny-Kaiser
et al., 2019; Yokota et al., 2019; Taki et al., 2020). In Japan,
a doctor-initiated clinical trial of the single-leg version of
HAL as a medical device application (HAL-TS01) in patients
with stroke-induced hemiplegia in the late recovery phase is
currently underway (Tsurushima et al., 2019). To the best
of our knowledge, one randomized controlled trial (RCT)
has compared HAL with conventional therapies regarding
patient outcomes after subacute stroke (within 5 weeks after
stroke onset) (Wall et al., 2020). In their RCT, Wall et al.
(2020) reported no between-group difference in any outcome,
including the functional ambulation category (FAC) score
after intervention or at 6 months after stroke, despite the
extra resources required for the HAL training. In addition,
younger age was determined as the only factor that enhances
independent walking. However, the authors indicated that
there was room for consideration of HAL treatment methods
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(treadmill or overground gait training) based on indications
and other factors.

The results of our previous non-randomized clinical trial
suggested that the HAL treatment group showed a significant
improvement in FAC after nine sessions compared with
the conventional treatment group (Watanabe et al., 2020).
Furthermore, examination of changes in FAC on a weekly
basis revealed a significant group × time point interaction in
FAC of the HAL treatment group, suggesting that independent
walking may be improved at an early stage [unpublished data].
However, because the study did not have an RCT design, it
was thought that there were many biases and variations, as well
as a problem in ensuring comparability. Therefore, we planned
an RCT to compare the efficacy and safety of HAL treatment
with those of conventional gait training (CGT) in patients with
hemiplegic acute stroke.

METHODS AND ANALYSIS

Objective
The purpose of this RCT is to evaluate the efficacy and safety of
gait treatment using HAL versus CGT among hemiplegic patients
with acute stroke and collect outcome data such as improvement
of independent walking, gait speed, and endurance.

Design and Setting
This is a single-center, randomized, parallel-group, controlled
trial. Participants will be randomly assigned to either the HAL
or CGT group and undergo gait training (with or without HAL)
for 20 min per day, twice or thrice per week, over 3−4 weeks (i.e.,
nine sessions during the study period).

Participants
Patients admitted to the University of Tsukuba Hospital with
acute-onset stroke after October 2020 will be invited to
participate in this study.

Inclusion Criteria
Patients who meet all of the following inclusion criteria will be
eligible for enrollment in this study.

1) Patients who can provide consent to participate and sign
the form by themselves. However, if writing is difficult, a
writer will be provided.

2) Patients aged ≥16 years. If the patient is younger
than 20 years, the signature of a parent or guardian
is also needed, in addition to the signature of the
person him/herself.

3) Patients at a stage within 7−21 days after stroke onset.
4) Patients with an FAC score of 0–2.
5) Patients who can undergo gait training using a mobile

suspension system (All-In-One Walking Trainer,
Ropox A/S, Denmark).

6) Patients who can be hospitalized for ≥4 weeks from the
start of the study.

7) Patients with an FAC score of ≥4 before stroke onset.

8) The HAL group will comprise patients who can wear
the lower-limb version of HAL. (Height is assumed to be
150−190 cm; however, the limitation to the use of HAL
is not height but fit (body-size parameters such as thigh
length, lower leg length, waist width, etc.).

Exclusion Criteria
Patients who meet any of the following criteria will be
excluded from the study.

1) Patients who have difficulty performing voluntary
limb movements according to instructions because of
consciousness disorder or cognitive dysfunction.

2) Patients who have difficulty in performing joint exercises
or wearing HAL because of complications such as heart
disease and musculoskeletal system dysfunction, which are
problematic during exercise.

3) Patients in whom the bio-electrode of the HAL system
cannot be attached because of skin diseases.

4) Patients who participated in other studies within 12 weeks
of the start of this study.

5) Patients who are judged to be medically unstable
by the principal investigator or member doctors after
comprehensively considering physical findings, blood test
findings, etc.

Allocation and Blinding
Enrolled patients will be randomly assigned to either the HAL
group or the CGT (control) group at a 1:1 allocation ratio via
the minimization method using the Electronic Data Capture
(EDC) clinical research support system. The Alliance Clinical
Research Support System will be used as the EDC system, and
random allocation factors for age (older than 65 years or younger
than 65 years) and FAC (scores of 0–1 or =2) will be set at
baseline. Regarding the blinding technique, only the primary
outcome measure (FAC score) will be blinded using third-party
assessment. Specifically, video-based FAC assessment will be
performed by a third-party physical therapist who will not be
involved in patient treatment or assessment and who will be
blinded to the allocation. These measures will be implemented
to reduce biases, improve the quality of the research, and
ensure comparability. It will not be possible to use the blinding
technique among the participants (patients) and the treatment
providers (physical therapists) as they will inevitably know the
allocation group. Therefore, it will be difficult to use the placebo
technique in this study.

Treatments
Gait Treatment Using HAL and CGT
The HAL group will undergo a total of nine gait treatment
programs once a day for 20 min. The gait treatment program
should be conducted at least once weekly, but we will recommend
it twice or thrice per week. There is no provision for
implementing a gait treatment program for two consecutive
days; however, it will be implemented while checking for the
presence and degree of muscle pain, arthralgia, and fatigue. In
the HAL group, the gait treatment program consists of a walking
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FIGURE 1 | Example of gait treatment using the wearable cyborg HAL on the paretic lower limb. HAL is composed of an exoskeletal frame, power units, a battery, a
controller, BES sensors, and floor reaction sensors, together with belts to secure the waist, thigh, and lower leg. HAL, Hybrid Assistive Limb; BES, bioelectrical
signals.

activity for 20 min (including breaks) while wearing the lower-
limb version of HAL for a single leg or both legs. The goal
of the gait treatment is to improve independent walking, gait
speed, endurance, gait stability, and gait symmetry. Walking
speed and walking distance are expected to gradually increase
according to the durability and fatigue level (corrected Borg
scale, etc.) of each participant. The patients in the HAL group
will always use a mobile suspension system (All-In-One Walking
Trainer) to prevent from falling during the walking activity.
Conversely, participants in the CGT group will use a mobile
suspension system (All-In-One Walking Trainer) as needed. HAL
treatment requires one physical therapist specializing in stroke
rehabilitation and one technical staff member to operate the
mobile suspension system (All-In-One Walking Trainer). The
program of the CGT group consists of walking for 20 min
(including breaks) with a physical therapist using lower-limb
orthoses and walking aids as needed. In the control group, CGT
encompasses the same activity without the HAL system but with
the physical therapist being in charge of the patient. CGT requires
one physical therapist specializing in stroke rehabilitation and
another physical therapist or technical staff member to ensure
safety when using a mobile suspension system (All-In-One
Walking Trainer) or when the patient has severe gait disturbance.
In both groups, the actual walking time and distance (excluding
breaks) during the 20-min walking activity will be recorded.

HAL System and Treatment
HAL is composed of an exoskeletal frame, power units, a battery,
a controller, BES sensors, and floor reaction force sensors,
together with belts to secure the waist, thigh, and lower leg
(Figure 1; Kawamoto et al., 2009; Watanabe et al., 2020). Detailed
information on the HAL system is available in previous reports
(Kawamoto and Sankai, 2002; Lee and Sankai, 2005; Kawamoto
et al., 2009; Watanabe et al., 2014, 2020; Sankai and Sakurai,

2018). The weight of the single-leg HAL version is approximately
9 kg, whereas that of the two-leg version is approximately 14 kg.
Electrodes are attached to the surface of the wearer’s skin over
the rectus femoris, gluteus maximus, vastus lateralis, and biceps
femoris muscles to detect the nerve and muscle action potentials
as BES (Figure 2). The single-leg HAL version will be attached
to the paretic lower limb, and the Cybernic Voluntary control
(CVC) mode will be selected (Kawamoto et al., 2009). In the
CVC mode, HAL provides assistive joint torque in accordance
with the detected BES of agonistic/antagonistic pair for each joint
in real time. This can be summarized in the following equation:
T = G_f × A_f - G_e × A_e, where T is the assist torque, G_f
and G_e are the gain parameters of respectively the flexor and
extensor muscles, and A_f and A_e are the detected amplitude
of BES of each muscle after filtration of surface electric activity.
This equation is applicable to each of the hip and knee joints.
G_f and G_e are configured for each patient’s comfort during
training in each session. However, if BES in the patients are not
detectable due to severe hemiplegia, the Cybernic Autonomous
Control mode will be selected (Kawamoto and Sankai, 2005).

During practical treatment, medical staff, especially physical
therapists and doctors, who have received HAL safety training
in advance are the only personnel who will have permission
to operate the HAL system and apply it to the patients. For
assistive settings in which the HAL system controller is used, the
physical therapists will adjust the sensitivity level, torque tuner
and balance tuner, the upper limit of the assist torque, and joint
angle range. The sensitivity level allows the physical therapists to
select the filter to process the BES and the amplification factor.
The filter can be selected from among two levels (L1 = normal
sensitivity; L2 = higher sensitivity). The upper limit of the assist
torque can be changed by 10% in the range of 0–100%. The limit
of joint angles can be configured by 5◦ in the range from 70◦ to
120◦ for hip flexion, −20◦ to 40◦ for hip extension, 70◦ to 120◦
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FIGURE 2 | Example of BES sensor. Electrodes are attached to the surface of the wearer’s skin over the hip and knee flexion and extension muscles to detect the
nerve and muscle action potentials as BES. BES, bioelectrical signals.

for knee flexion, and −5◦ to 40◦ for knee extension. The joint
angle range covers the joint angles required for standing up and
walking. If the patient has a limited range of motion in the lower
limbs, adjusting the range of motion of the HAL joints can reduce
the risk of excessive assistance. These adjustments are made
by the physical therapists. The adjustment of torque tuner and
balance tuner is only for the CVC mode. In this mode, the torque
tuner can be used to adjust the strength of the assist torque and
the balance tuner can be used to adjust the flexion/extension assist
torque ratio. In brief, the physical therapists will adjust the power
and balance of the assist torque based on the given information,
such as BES on the controller screen and gait posture during
walking activity. Moreover, patients who need support for the
lower extremities on the non-paralyzed side will be fitted with
HAL for both legs and the appropriate type of HAL mode will be
selected. Depending on the condition of the patient’s non-paretic
lower limb, we will select HAL for both legs or a single leg. The
rehabilitation doctor and physical therapist specializing in stroke
will consider the appropriate type of HAL. These mechanisms
enable the HAL system to coordinate an appropriate level and
timing of torque to assist the hip and knee joint motions (Lee and
Sankai, 2005; Sankai and Sakurai, 2018).

Permitted and Prohibited Concomitant Treatments
In terms of physical therapy, any RAGT other than HAL will
be prohibited during the intervention period. Regarding physical
therapy other than the intervention, the following physical
therapies will be performed according to the patient’s condition:
normal exercise therapy (e.g., range of motion exercise, muscle
strengthening exercise, endurance strengthening exercise, and
coordinated exercise), voluntary facilitation exercise, lower-
limb stretching, basic movement exercise, sitting and standing
balance practice, endurance practice (e.g., bicycle ergometer),
conventional overground gait training, and stair climbing
practice. In both groups, a physical therapist from our stroke
care team will perform other training interventions, which will

take approximately 40–60 min on weekdays, excluding holidays
and public holidays. The time taken will be recorded and
checked later for any differences between the two groups. The
amount and content of the interventions for other occupational
and speech therapies are not specified and will just be
implemented as needed.

Outcomes
Primary Outcome Measure
The FAC score will be assessed as the primary outcome measure
(Holden et al., 1986). The FAC distinguishes 6 levels of walking
ability on the basis of the amount of physical support required
(Holden et al., 1984, 1986; Mehrholz et al., 2007). The 6 levels of
walking ability of the patient are as follows.

• FAC score 0: “Non-functional Ambulator” – The patient
classified in this level is in a serious condition such as
those who are bedridden, therefore, they cannot sit, stand,
and etc. A patient can only ambulate in parallel bars, or
requires supervision or physical assistance from more than
one person to ambulate safely outside of parallel bars.

• FAC score 1: “Ambulator-Dependent for Physical
Assistance-Level II” – A patient requires manual contact
of no more than one person during ambulation to prevent
falling. Manual contact is continuous and necessary to
support body weight as well as to maintain balance or
assist coordination.

• FAC score 2: “Ambulator-Dependent for Physical
Assistance-Level I” – A patient requires manual contact
from no more than one person during ambulation to
prevent falling. Manual contact consists of continuous or
intermittent light touch to assist balance or coordination.

• FAC score 3: “Ambulator-Dependent for Supervision” –
A patient can ambulate on level surfaces without manual
contact of another person but, for safety, requires stand-
by guarding of no more than one person because of poor
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judgment, questionable cardiac status, or the need for
verbal cuing to complete the task.

• FAC score 4: “Ambulator-Independent, Level Surfaces
Only” – A patient can ambulate independently on level
surfaces, but requires supervision or physical assistance to
any of the following: stairs, inclines, or non-level surfaces.

• FAC score 5: “Ambulator-Independent” – A patient can
ambulate independently on non-level and level surfaces,
stairs, and inclines.

Our previous pilot study suggested that FAC has a higher effect
size than other outcome measures (Watanabe et al., 2020; Ueno
et al., 2021). Therefore, the FAC score was selected as the primary
endpoint. Furthermore, we will use third-party evaluation by
recording a video to ensure the objectivity of the FAC evaluation;
the third-party evaluator will be blinded. Two physical therapists
who are not involved in patient treatment will evaluate the video
independently. If the scores are different, one physical therapist
will consult with another physical therapist and the two will
decide on one score. The same physical therapist will perform
the evaluation for the same patient. In this study, we will use
objective evaluation results in a central review rather than actual
on-site evaluations.

Secondary Outcome Measures
The following parameters will be assessed as secondary
outcomes measures: Mini-Mental State Examination (0–30
points), Brunnstrom recovery stage of the lower limbs (1–
6 stage), Fugl–Meyer assessment of the lower limbs (motor
function domain, 0–34 points) (Fugl-Meyer et al., 1975), 6-
min walking distance (m) (Kosak and Smith, 2005), comfortable
gait speed (m/s), step length (m), cadence (steps/min), Barthel
Index (0–100 points), Functional Independence Measure (0–126
points), gait posture, motion analysis (muscle activity), amount of
activity (evaluated using an activity meter), stroke-specific QOL
(SS-QOL), and modified Rankin Scale score (0–6 scale).

Safety Outcome Measurement
The safety of this study will be assessed based on vital signs,
physical examinations, and disease occurrence status. There is a
risk of injury because of falls; therefore, a fall-prevention device
(All-In-One Walking Trainer) will be used if necessary. The
disease occurrence status in this study is defined as worsening of
undesirable or unintended diseases, disorders, signs, symptoms,
or medical conditions occurring in the study participants. If
a disease occurrence status is detected, the investigator will
immediately take appropriate measures and file a consistent
medical record and case report. If the disease occurrence status
is attributed to a mechanical problem with the HAL system, the
investigator will check the records for errors in the history of the
device’s operation and confirm the test equipment failure.

Participant Timeline (Figure 3)
This study will include three phases: (1) pre-observation phase
(patient enrollment, baseline assessment, and randomization);
(2) treatment phase [the patients will undergo a total of nine
sessions, twice or thrice per week over 3−4 weeks; the HAL

and control groups will perform gait treatment with HAL and
CGT, i.e., walking aids and gait orthoses, respectively, as follows:
initial treatment phase evaluation, 1st interim evaluation (before
the 4th intervention), and 2nd interim evaluation (before the
7th intervention)]; and, finally (3) post-treatment evaluation
phase (after the 9th intervention). Subsequently, a 6-month post-
treatment evaluation (follow-up assessment) will be conducted
to assess body functions, walking ability, ADL, and QOL in the
post-observation phase.

Criteria for Discontinuation
(Discontinuation of Protocol Treatment)

1) When a patient requests to decline participation in the
study or withdraws consent.

2) If it turns out that a patient is not satisfied with his or her
eligibility after registration.

3) When it is judged that it is not preferable to continue
using the test equipment due to worsening of the
underlying disease.

4) When it is difficult to continue the study due to
exacerbation of complications.

5) When it is difficult to continue the study due to illness
or other reasons.

6) When the entire study is discontinued.
7) When the doctor deems it inappropriate to continue the

study for other reasons.

Data Management
The research data will be saved in a personal computer of the
Center for Innovated Medicine and Engineering at the University
of Tsukuba Hospital, and a back-up copy will be stored in an
external hard disk. Computer access will require a password to
prevent third-party viewing. The researcher will be responsible
for data storage endeavors aimed at ensuring that the research
documents will not be lost, discarded, or stolen over 10 years.

Data Monitoring
The investigator will appoint a person who is not directly
involved in the clinical trial to act as the monitor, who will
be responsible for regularly monitoring data quality, written
informed consent documents, protocol compliance, and overall
clinical trial progress during the study, as well as reporting these
items to the investigator in writing. The monitoring work will
be conducted by the staff of the University of Tsukuba, Tsukuba
Clinical Research & Development Organization.

Sample Size
We calculated the sample size of this study based on our
exploratory study (Watanabe et al., 2020), the results of which
led us to estimate that the mean difference of the change in
the intervention group at the end of the FAC was 0.82 and
the combined SD was 0.63. However, the 50% lower confidence
limit of the mean difference, 0.63, was used conservatively in
consideration of the small sample size and design difference
of the exploratory study. The minimum sample size necessary
for the power of the primary analysis to exceed 0.8 was
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FIGURE 3 | Participant timeline of the study. This single-center, randomized, parallel-group, controlled trial will include three phases: (1) pre-observation phase
(patient enrollment, baseline assessment, and randomization); (2) treatment phase [patients will undergo a total of nine sessions, twice or thrice per week over
3–4 weeks; the HAL and control groups will undergo gait treatment with HAL and CGT, i.e., walking aids and gait orthoses, respectively, as follows: initial treatment
phase evaluation, 1st interim evaluation (before the 4th intervention), and 2nd interim evaluation (before the 7th intervention)]; and, finally (3) post-treatment evaluation
phase (after the 9th intervention). Subsequently, a 6-month post-treatment evaluation (follow-up assessment) will be conducted to evaluate body functions, walking
ability, ADL, and QOL in the post-observation phase. HAL, Hybrid Assistive Limb; CGT, conventional gait training; ADL, activities of daily living; QOL, quality of life.

estimated as 34 in two groups. Considering information loss
because of missingness, the target number of cases was set to
40 in two groups.

Statistical Analysis
The target population in this analysis will be all participants who
have undergone at least one intervention during the study period,
including the pre-observation period. The significance level will
be 5% on both sides, and the confidence level will be 95%. We
will test differences in the baseline variables between the HAL
and CGT groups using the Fisher exact test for categorical data
and Mann–Whitney U test for continuous data. The primary
analysis will consist of mixed effect models for repeated measures
(Mallinckrodt et al., 2001) to reduce bias due to dropouts, in
which changes in FAC at the 4th, 7th, and 9th interventions and
at 6 months from the baseline will be included as the outcome
variable. Whereas, group, time point, and the group × time
point interaction will be included as the fixed effects. Using
this model, a t-test will be performed on the difference in the
adjusted mean between the intervention groups at the time of
the end-of-term evaluation. In this analysis, we do not plan
to conduct a preliminary test for the diagnosis of normality
because of robustness of the statistical model with the normal
distribution (Heeren and D’Agostino, 1987; Maruo et al., 2017)
and the inflation of type I error due to the preliminary tests
(Shuster, 2005, 2009). For other analyses, summary statistics will
be calculated for the patient background factors. The summary
statistics refer to the number of cases, mean value, standard

deviation, minimum value, median value, and maximum value
for continuous variables and the number of cases and their
ratios for categorical variables. For the primary and secondary
endpoints, the summary statistics will be calculated for each
evaluation time point. For the primary analysis, we will estimate
the differences between the groups at different time points. An
analysis similar to the primary analysis will be performed for the
secondary continuous outcome measures. All statistical analyses
will be conducted using IBM SPSS version 26.0 (IBM Corp.,
Armonk, NY, United States) and SAS version 9.4 (SAS Institute
Inc., Cary, NC, United States).

DISCUSSION

This study will be an RCT aiming to clarify the efficacy and safety
of gait treatment using HAL versus CGT for hemiplegic patients
with acute stroke. In addition, we will establish a protocol for
doctor-initiated clinical trials of an innovative medical device
for acute stroke based on the results of this study. If the
results reveal that HAL has greater effectiveness than CGT in
improving independent walking in patients with hemiplegic
acute stroke, this study will promote the treatment of these
patients using the HAL system as an effective tool in future stroke
rehabilitation programs.

The following medical and social effects will be recognized
by performing HAL treatment among patients with acute
stroke hemiplegia and improving independent walking: (1)
improvement of the function of the lower limbs on the paralyzed
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side and walking ability; (2) improvement of ADL and QOL can
be expected by improving independent walking; (3) promotion of
social participation; (4) reduction of the burden on the caregiver;
(5) shortening of the length of hospital stay and the time required
to achieve independent walking, which may lead to a reduction
of medical expenses.

The conventional RAGT is problematic as it tends to provide
passive assistance (Lotze, 2003; Kaelin-Lang et al., 2005; Israel
et al., 2006; Koenig et al., 2011). The wearable cyborg lower-
limb version of HAL used in this study assists the person
according to the exercise intention. The hip and knee joint
motors are driven to provide active assistance (Kawamoto et al.,
2009). The HAL system, which supports appropriate muscle
activity, walking, and physical exercise based on BES acquired
from voluntary movements, is an innovative robotic technology
not present in other treatment methods. In addition, exercise
and gait treatment, which cannot be performed by standard
treatment, are possible, and motor function and walking ability
may be improved. The amount and intensity of gait training
are important factors in gait reconstruction among patients with
stroke, and factors such as repeated movements, difficulty in
adjustments, rewards, and feedback are important for motor
learning (Lotze, 2003; Kwakkel et al., 2004; Krakauer, 2006;
Huang and Krakauer, 2009; Krakauer and Mazzoni, 2011;
Shishov et al., 2017). An interactive biofeedback is generated
when using the HAL system, and it is possible that the motor
learning effect is high (Morishita and Inoue, 2016; Sankai and
Sakurai, 2018). Therefore, HAL treatment may be an innovative
gait treatment that improves independent walking.

In the present study, FAC was selected as the primary outcome
because our previous pilot study suggested that FAC showed a
higher effect size than other outcome measures (Watanabe et al.,
2020; Ueno et al., 2021). FAC is the most common tool used as
a primary outcome to assess the effect of RAGT (Geroin et al.,
2013). A recent systematic review of electromechanical-assisted
gait training in combination with physical therapy showed that it
increased the odds of participants achieving independent walking
[odds ratio (random effects), 2.01; 95% confidence interval, 1.51–
2.69; 38 studies, 1567 participants; P < 0.00001; I2 = 0%; high-
quality evidence] (Mehrholz et al., 2020). In this study, two
physical therapists who are not involved in patient assessment
and treatment will independently perform the video evaluation.
Moreover, we will use objective evaluation results in a central
review rather than actual on-site evaluations. It will be possible
to objectively evaluate the independent walking of patients by
adopting video evaluation for FAC evaluation.

A previous RCT reported no differences between the HAL
and control groups for any outcome, including the FAC score
after the intervention or at 6 months after stroke, despite the
extra resources required for the HAL training (Wall et al., 2020).
Among the patients with an FAC score of 0–1 who participated
in the previous RCT, approximately 70% had an FAC of 0 and
severe gait disturbance. The average time from the onset of stroke
was approximately 5 weeks, which corresponded to the subacute
stage (within 5 weeks after stroke onset), and the patients were
relatively young (16–67 years). The intervention was conducted 4
times per week, 16 times in total for 4 weeks, and HAL treatment

was performed on a treadmill (Wall et al., 2020). In contrast, the
present RCT will target patients with an FAC score of 0–2 within
3 weeks of stroke onset. The inclusion criteria for this study
include patients who can undergo gait training using a mobile
suspension system (All-In-One Walking Trainer) and patients
who can walk even with an FAC score of 0. In addition, age
and FAC scores will be used as allocation factors to equalize the
age and walking ability between the two groups. At present, it is
not possible to discuss whether a treadmill or overground gait
training is a good intervention method for HAL treatment, but we
have selected overground gait training, which is similar to normal
walking. In addition, a recent Cochrane report described that
the evidence showing the effectiveness of treadmill training for
walking after stroke was low-to-moderate, even after many years
of research in the field (Mehrholz et al., 2017). Thus, we consider
that a combination of treadmill and HAL may not fully utilize
the potential of HAL training. Because overground gait training
includes a change of direction, we believe that overground gait
training with HAL can be performed in a form that is closer to
real-life walking.

The present study has several limitations. First, this study
is an RCT comparing groups using the minimization method;
however, because of the small sample size, parameters other
than the allocation factors (FAC and age at baseline) may be
imbalanced between the two groups. Second, this study is not
a multicenter trial but a single–institution trial, and the results
are unlikely to be generalized. Third, it is not possible to blind
the participants and the treatment providers (physical therapists);
therefore, in this study, it is not possible to perform sham
interventions or set up a third-party physical therapist.
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