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Abstract

Background: Lower limb amputation rates are increasing owing to aging and vascular diseases. However, no standardized
rehabilitation protocol has been established for regaining walking ability. Conventional rehabilitation delays prosthetic gait
training until 6-8 weeks post amputation, prolonging recovery and increasing medical expenses.

Objective: This study aims to evaluate the impact of neurorehabilitation using the Hybrid Assistive Limb (HAL) for Medical
Use Lower Limb Type, developed by Japan's Tsukuba University and the robotics company Cyberdyne, on gait acquisition,
improvement in activities of daily living (ADL), and enhancement of quality of life (QOL) in patientswith lower [imb amputation,
and assess the effectiveness of early HAL -assisted gait training before and after amputation.

Methods: Thissingle-armtrial will include 20 patients undergoing unilateral transfemoral or transtibial amputations. HAL -assisted
gait training will be performed 5 days per week (30 minutes per session) until postoperative week 8. The primary outcome is a
2-minute walking distance, while secondary outcomesinclude muscle strength, balance, gait parameters, and ADL/QOL measures.
Statistical analyseswill be conducted using SPSS (IBM Corp), and results obtained at the following time pointswill be compared:
preoperative, postintervention, and 6-month follow-up.

Results: The planned sample size is 20 patients, calculated using IMP version 12 (SAS Institute) based on an expected 1.5-fold
improvement in 6-minute walk distance (effect size 0.8, a=.05, power=0.8). Analyseswill be performed using SPSS version 15.0
(IBM Corp). The 2-minute walk test (primary outcome) and secondary outcomeswill be compared at baseline, post intervention,
and 6-month follow-up using 1-way analysis of variance or Kruskal-Wallistest, and P values <.05 and 95% Clswill be reported.

Conclusions: Thisisthefirst study to apply HAL-assisted neurorehabilitation to patients with lower [imb amputations. Early
gait training may increase prosthetic gait acquisition rates, shorten rehabilitation and hospitalization periods, and reduce medical
costs. If effective, this study may contribute to the devel opment of a Japan-originated rehabilitation program and provide clinical
evidence supporting broader HAL implementation for patients with lower limb amputations.

Trial Registration: Japan Registry of Clinical Trials jRCTs062200031; https://jrct.mhlw.go.jp/latest-detail/jRCTs062200031

International Registered Report Identifier (IRRID): PRR1-10.2196/76509

(JMIR Res Protoc 2025;14:e76509) doi: 10.2196/76509
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Introduction

In Japan, 5.4-6.2 individuals per 100,000 population undergo
lower limb amputation annually, whereas the rate is higher in
Europe and the United States, ranging from 7.4 to 41.3 per
100,000 population [1]. The causes of amputation include
trauma from traffic accidents, tumors, congenital diseases, and
peripheral circulatory disorders. Notably, circulatory
disorder—related amputations are increasing owing to therising
prevalence of conditions, such as diabetes and arteriosclerosis
[2]. In a population-based study of geriatrics with vascular
amputations, only 36% achieved successful prosthetic fitting,
with advanced age and transfemoral amputation linked to failure
[3]. Given the anticipated increase in lower limb amputations
due to the aging population, medical and social costs, such as
long-term hospitalization, rehabilitation, provision of prostheses,
and nursing support, are set to escalate [4]. Therefore, restoring
the ability to walk and improving the quality of life (QOL) of
individuals with lower limb amputations requires immediate
attention.

No established method for training patients to walk following
lower limb amputation exists [5]. Traditional rehabilitation
protocols after lower limb amputation require approximately 8
weeks for residual limb maturation [6], delaying the start of
prosthetic gait training until the maturation period is complete.
Furthermore, while active prostheses enable amore normalized
gait pattern through neuromuscular control [7,8], passive
prostheses are typically restricted to use within 8 weeks
postamputation, further slowing the acquisition of a new gait
pattern using a prosthetic limb. One of the reasons for the lack
of an established method for training patients to walk after
amputation is that it takes 6-8 weeks for the stump to mature
after amputation, and patients cannot bear weight on the
amputated side; therefore, they can only walk on the healthy
side. Consequently, training is conducted to strengthen the
muscles other than the stump, improve function, manage the
condition of the stump, and provide functional training on the
stump side [9].

The medical robot “HAL (Hybrid Assistive Limb) for Medical
Use Lower Limb Type” developed by Japan's Tsukuba
University and the robotics company Cyberdyne, has been
reported to improve the walking ability of patients with 10
slowly progressive neuromuscular diseases, such as spinal
muscular atrophy and muscular dystrophy [10]. In April 2016,
it became the first medical robot in the world to be covered by
medical insurance. The HAL detects weak bioelectrical signals
on the skin surface when the user tries to move their muscles
and assists their movements. In neurorehabilitation using the
HAL for Medica Use Lower Limb Type, neuroplasticity is
promoted, and walking is improved by repeating accurate
walking movements without errors based on the intention of
the wearer [11,12]. However, no studies have documented the
application of HAL for Medical Use Lower Limb Type in
individuals with lower limb amputations.

Therefore, we aimed to investigate the effect of using the
medical robot “HAL for Medical Use Lower Limb Type” for
walking rehabilitation before and immediately after above-knee
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and below-knee amputation surgery on independent walking,
activities of daily living (ADL), and QOL in individuals with
lower limb amputations, and to help establish new clinical
applications of the medical robot HAL for individuals with
above-knee amputations. It is expected that “the rate of
achievement of walking with a prosthetic limb itself may
increase” by “being able to start rehabilitation early”
Elucidating the effect of the HAL for Medical Use Lower Limb
Typeonindividualswith lower limb amputations would enable
the establishment of a unique early rehabilitation program for
lower limb amputation originating in Japan, aimed at the
acquisition of walking ability in individuals with lower limb
amputations.

Methods

Study Setting

The study will be conducted in a university hospital setting.
Specifically, it will teke place at the Department of
Rehabilitation Medicine, Hiroshima University Hospital, Japan.
All data will be collected within Japan. A list of tria sitesis
available upon request from the corresponding author.

For participant recruitment, potential candidates visiting the
orthopedic department of the implementing facility will be
referred to the rehabilitation department, where arehabilitation
doctor will explain the study. After obtaining written consent
from the potential participants, the principal investigator (Y M)
or coinvestigator (KU and TA) will conduct the necessary
screening tests to assess eligibility. The participants will be
assessed for eligibility based on the inclusion and exclusion
criteria. The principal investigator (Y M) or coinvestigator (KU
and TA) will record the required information on the case
registration form and submit it to the registration center. A
research subject identification code will be assigned to each
participant. Thisidentification codewill be arbitrary and contain
no information capable of identifying aspecificindividual. The
principa investigator (Y M) or coinvestigator (KU and TA) will
retain the registration confirmation dlips.

Eligibility Criteria
The target population will include individuals scheduled for

above- or below-knee amputation, and the inclusion and
exclusion criteria are described in Textbox 1.

The inclusion criteria are designed to facilitate rehabilitation
after amputation during hospitalization at our hospital.
Participants are required to understand the purpose of the study
and be ableto follow instructions on wearing and walking with
the HAL. The minimum age is set at 16 years to ensure that
participants can independently provide consent. Furthermore,
the height and weight requirements are set to accommodate the
HAL Sand M sizes. Final participant eligibility will be based
on the judgment of the doctor.

The exclusion criteria are set to prevent variability due to
participants who have experienced traditional amputation
rehabilitation and to exclude participants, considering their
safety when conducting this study.
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Textbox 1. Inclusion and exclusion criteria.
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Inclusion criteria

«  Patients capable of providing written informed consent

. Patients aged =16 years at the time of consent acquisition
«  Patientswith a height between 150 and 175 cm

«  Patientswith abody weight between 40 and 100 kg

Exclusion criteria

.  Patients with severe hepatic, renal, or cardiovascular diseases

to dermatological conditions or ashort residua limb

«  Patients scheduled to undergo unilateral transfemoral or transtibial amputation at our hospital (underlying disease is not specified)

«  Patients deemed by a physician to have the potential to walk postoperatively with a prosthetic limb
«  Patients able to comply with the hospitalization and treatment schedule during the treatment period

. Patientswith ahistory of amputation of the contralateral lower limb

«  Patientsrequiring ventilator support, respiratory assistance devices, or oxygen therapy, or those deemed by a physician to require such interventions
. Patients considered unable to participate in walking exercises due to exertional dyspnea, heart failure, or similar conditions

«  Patients with severe skeletal deformities (eg, osteoarthritis, spondylosis, and scoliosis) that may hinder walking exercises

. Patients with medical conditions such as bleeding disorders or osteoporosis that could interfere with walking exercises, or those deemed by a
physician to be unable to walk postoperatively with atransfemoral or transtibial prosthesis

«  Patients who are pregnant, may be pregnant, or wish to become pregnant during the study period
«  Patients who cannot have HAL-ML 05 (developed by Japan's Tsukuba University and the robotics company Cyberdyne) el ectrodes attached due

«  Patients deemed unsuitable for participation in the study by a physician

Ethical Consider ations

This study is conducted in accordance with the Declaration of
Helsinki and has received ethical approval from the Ethical
Committee for Clinical Research of Hiroshima University
(approval no CRB6180006). All participants are provided with
detailed information about the study’s aims, procedures, risks,
and benefits, and written informed consent is obtained prior to
participation. Informed consent will be obtained by trained
investigators or clinical staff who are familiar with the study
protacol. The consent processwill take placein aprivate setting
at the Hiroshima University Hospital, where potential
participants (or their legally authorized representatives, if
applicable) will receive detailed verba and written explanations
of the study.

Participants will be given sufficient time to ask questions and
consider participation. Participantswill be clearly informed that
participation in ancillary studies is entirely voluntary and will
not affect their involvement in the main study. Participants are
informed that participation is voluntary and that they may
withdraw from the study at any time without consegquences. A
separate consent form will be provided and signed before any
ancillary data or specimen collection.

If participants agree, additional informed consent will be
obtained for the collection and use of their data and biological
specimens in ancillary studies related to the main trial. These
studies may involve future research on rehabilitation outcomes,
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genetic markers, or biomarkers, and will be subject to approval
by the institutional ethics committee.

Personal data are anonymized to maintain confidentiality.
Although the study involves physical activities using the HAL
device, comprehensive safety protocols are implemented, and
medical staff are present during al intervention sessions to
promptly manage any adverse events. Previous studiesinvolving
HAL report a favorable safety profile, but potential physical
risks such as skin irritation, fatigue, and joint discomfort are
explained clearly to participants prior to consent.

While no specific clinical trial insurance is arranged, standard
institutional liability coverage applies. In the event of
study-related adverse events, participants receive immediate
medical attention at no persona cost. Thiscoverageisconsistent
with the policies of the host institution and meets the ethical
requirements for investigator-initiated exploratory research.
The study is registered in the Japan Registry of Clinical Trials
under registration number CRB6180006.

Interventions

The intervention device used in this study is the HAL for
Medical Use Lower Limb Type (HAL-MLO05, Cyberdyne Inc;
Medical Device Approval number: 22700BZX00366000; Figure
1). This device was developed for patients with sowly
progressive neuromuscul ar diseasesto improvewalking function
through intermittent use of HAL and repeated performance of
gait exercises while assisting lower limb movements based on
bioelectric signals.
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Figurel. (Left) Hybrid Assistive Limb (devel oped by Japan's Tsukuba University and the robotics company Cyberdyne) and (right) walker (All-in-One,

Ropox A/S).

In addition, for patientswith unstable standing posture, awalker
(All-in-One, Ropox A/S; Figure 1) will be used as a peripheral
device for the HAL to aid walking. This walker features a
battery-powered unloading lift, enabling a one-touch adjustment
of the unloading weight and accommodating users of various
body types and training levels. When used in combination with
theHAL Lower Limb Type (NON-MEDICAL), it enables safer
gait training.

The intervention outline is shown in Figure 2. An explanation
of the study will be provided after aninitial examination by the
principal or coinvestigator. If the patient agrees to participate,
they will be registered asa study participant. Before amputation
surgery, preoperative assessments will be conducted, and at
least one session of HAL-assisted gait training will be
performed. Postoperatively, in addition to general rehabilitation
exercises, HAL-assisted gait training will commence after the
attending physician approves an increased activity level
(mobilization clearance). HAL training will be conducted 5
days aweek, with one session daily for 30 minutes. In the early
postoperative phase, patients may perform HAL-assisted gait
training without a prosthesis. Once the residual limb matures
sufficiently and is deemed fit by the physician, a temporary
prosthesis—customized for each patient but standardized in
terms of structure—will befitted to begin prosthetic-based gait
training. The attending surgeon will determine the initiation of
HAL training based on each patient’s postoperative recovery
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status, particularly the condition of the surgical wound and
residual limb. If adverse skin reactions (such as inflammation,
abrasions, or irritation at the el ectrode sites) are observed, HAL
training will be suspended temporarily to avoid complications.
The HAL device will be used exclusively for overground gait
training during each rehabilitation session. Other tasks, such as
sit-to-stand practice, orthotic fitting, and outdoor walking
training, will be conducted without HAL support.

Astheresidual limb matures, prosthetic gait training will begin
using a temporary prosthesis. Patients who underwent
transfemoral amputations will use a transfemoral prosthesis,
whereas those who underwent transtibial amputations will use
atranstibia prosthesis. Thetemporary prosthesisis standardized
for gait training and will not differ among patients, whereasthe
socket will be custom-made to fit the residual limb of each
patient. HAL-assisted gait training will continue until
postoperative week 8. The hospitalization period will last until
the completion of the evaluation at postoperative week 8. At
this point, all assessment items will be measured, with a final
evaluation conducted 6 months postoperatively.

During gait training, patients may experience significant fatigue,
inflammation at the electrode site, abrasions at contact points
between the HAL and the body, and adverse muscle or joint
pain. If any of these occur, training will be immediately
discontinued, and the patient will undergo a medica
examination.
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Figure 2. Flowchart for trial. HAL: Hybrid Assistive Limb (developed by Japan's Tsukuba University and the robotics company Cyberdyne).
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According to the study protocol, criteria for discontinuing or
modifying the allocated intervention for individual participants
include the following: withdrawal of informed consent;
discovery after enrollment that the participant does not meet
the eligibility criteria; worsening of the primary disease that
makes use of the study device inappropriate; exacerbation of
comorbid conditions that hinders continuation; occurrence of
adverse events that make continuation difficult; confirmation
of pregnancy; significant noncompliance with study procedures;
markedly low frequency of intervention use dueto postoperative
complications; premature termination of the entire study; or any
other reason deemed appropriate by the investigator (Y M, KU,
and TA).

When discontinuation occurs, the reason will be explained to
the participant if necessary, and postdiscontinuation care will
be provided to ensure the participant is not disadvantaged.

The principal investigator (Y M) considers early termination of
the study in cases where the planned number of participants
cannot be recruited within the designated period; the ethical
review board requires protocol changesthat are not acceptable;
facts or information are discovered that undermine the ethical
or scientific validity of the study; the integrity of the study
conduct or results is compromised; or critical information
emerges regarding the quality, safety, or effectiveness of the
study device.

If the ethics committee recommends or instructs discontinuation,
the study will be terminated accordingly. In such cases, the
reason for termination will be reported in writing to the hospital
director, and a study termination report will be submitted
without delay. Notification will also be made to the ethics
committee and the Ministry of Health, Labour and Welfare
within 10 days of termination.

To enhance participant adherence to the intervention
(HAL-assisted gait training), the following strategies will be
implemented. At the time of enrollment, participants receive
thorough explanations and education regarding the importance
and expected benefits of the intervention. All intervention
sessions are scheduled at times convenient for the participants
to minimize dropout due to logistical reasons. Attendance is
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monitored through structured session logs, and any missed
sessions are followed up with a reminder call or consultation
by research staff. A fixed staff member is assigned to each
participant to ensure continuity of care and to foster trust and
motivation. Additionally, participants receive regular positive
feedback based on their performance and engagement to support
continued participation.

During the trial period, participants are permitted to receive
standard medical care and rehabilitation interventions that do
not interfere with the objectives or outcomes of the study.
Permitted interventionsinclude routine medications for chronic
conditions such as antihypertensives and antidiabetic agents,
physical therapy sessions unrelated to the study intervention,
and participation in nutritional support or general wellness
programs. In contrast, prohibited activities include the
introduction of new rehabilitation devices or therapiesthat may
affect outcome measures, participation in other clinical trials
during the study period, and any medical or therapeutic
interventions deemed by the investigator (YM, KU, and TA)
to potentially confound the study resullts.

All concomitant treatments will be documented and monitored
throughout the study to ensure they do not compromise data

integrity.

If any physical or psychological harm occurs as a result of
participation in this study, no financial compensation will be
provided. This policy has been reviewed and approved by the
institutional ethics committee and will be clearly explained to
all participants during the consent process. Participation in the
study will only proceed after obtaining their full understanding
and written informed consent.

If any adverse effects or harm are observed, appropriate medical
care and treatment will be provided without delay. However,
the cost of such care under the national health insurance system
will be the participant’s responsibility.

Since gait training using the HAL device for conditions such
as stroke and Parkinson disease fall swithin the scope of routine
rehabilitation care and isnot considered to exceed the boundaries
of standard clinical practice, we have determined that clinical
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trial insuranceisnot necessary. Furthermore, no serious adverse
events or device malfunctions have been reported in prior
clinical research involving HAL.

Participants who choose not to participate in the study will
receive standard rehabilitation therapy for patients with lower
l[imb amputation, including exercisestargeting theresidual limb
and other parts of the body.

Outcomes

All gait evaluations at 2 weeks, 8 weeks, and 6 months
postoperatively will be conducted without the use of the HAL
device. For the primary outcome, assessment will be conducted
a 8 weeks postoperatively to evaluate the short-term
effectiveness of early HAL-assisted gait training, which is
expected to influence the critical period of initial rehabilitation
and prosthetic adaptation. Functional recovery may continue

Table 1. Primary and secondary outcomes.

Asaedaet al

beyond this period, particularly up to 6 months; however, the
8-week period was chosen as the primary end point to capture
theimmediateimpact of theintervention. A 6-month follow-up
will provideimportant secondary data on longer-term outcomes.
At each time point, walking ability will be assessed under
standard conditions using the residual limb or temporary
prosthesis, as applicable. A comprehensive examination of
various walking-related factorsis necessary; therefore, we will
collect the items listed in Table 1 extensively. Among these
evaluation items, the 2-minute walking distance [13,14] is set
as the primary evaluation item, as it is a general indicator of
walking ability and is directly linked to ADL and QOL . Other
items will be collected as secondary evaluation items. The
Locomo 25 is an assessment tool used to eval uate the condition
of locomotive syndrome, which indicates a decline in mobility
[15].

Assessment item Description

Physical function

2-minute walking distance

Bilateral lower limb muscle «

Measures the total distance walked in 2 minutes, with pylons placed at 30-m intervals.

Measured using p-Tas (ANIMA Corporation) under isometric contraction conditions.

A useful measure combining balance ability and walking performance, assessed using a standard evaluation

strength

Skeletal muscle mass e Measured using InBody S10.

Sensory «  Evauated using atactile sensory testing device.

Range of motion o Assessed using the Tokyo University—style goniometer.
Berg Balance Scale «  Evauates balance ability using a validated assessment form.
Short Physical Performance  «

Battery form.

Gait analysis .

Measurestime to complete the TUG and 10-m walk. Gait pattern is analyzed during the 10-m walk using the

PhysiGait (CREACT Co, Ltd) gait analysis system, evaluating step length, stride length, weight distribution,

gait speed, etc.
Cardiopulmonary function

Locomo 25 .
month.

Maximal oxygen consumption (VO., max): Measured using arespiratory gas analyzer.

A questionnaire consisting of 25 items regarding body pain and difficultiesin daily activities over the past

«  Responses are scored on a 5-point scale (0-4 points per item).
« Locomotive Syndrome Grade 1: Total score =7 points.
«  Locomotive Syndrome Grade 2: Total score 216 points.

Muscle activity .
system.

Activity .

Participation .

Electromyography (EMG): Measures muscle activity distribution patterns using a multichannel surface EMG

Bl (Barthel Index), FIM (Functional Independence Measure), FAI (Frenchay Activities Index).

SF-36, Health Utilities Index, Euro-Qol-5D-5L, Long-Term Care Insurance Certification Level, General Self-

Efficacy Scale, WHODAS2.0, Locomotor Capabilities Index (LCI), Prosthetic Evaluation Questionnaire

Japan.

All physical function assessments (2-minute walk test) will be
conducted without HAL assistance.

In addition, patient background information, including sex, date
of birth, age, hospitalization status (inpatient or outpatient),

https://www.researchprotocol s.org/2025/1/€76509

height, weight, comorbidities, past medical history, current
medical history, medication status, and residual limb length,
will be recorded. Vita signs, such as body temperature, blood
pressure, pulse rate, and respiratory rate, will aso be
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documented. Furthermore, blood biochemical tests, including
whiteblood cells, red blood cells, hemoglobin, platelets, creatine
kinase, albumin, and C-reactive protein, aswell as physiological
test results, such as electrocardiogram and spirometry, will be
collected. The presence or absence of adverse events, including
contact dermatitis, abrasions, muscle damage due to overload,
and other adverse events, will also be recorded.

The time schedule for participant enrollment, interventions
(including pre- and postoperative periods), assessments, and
follow-up visits is summarized in Table 2. This table is
structured in accordance with the SPIRIT (Standard Protocol
Items: Recommendations for Interventional Trials) 2013
statement and outlines key time points, such as preobservation,

Asaedaet al

surgery, and follow-up phases (2 weeks, 8 weeks, and 6 months
postoperatively).

The SPIRIT schedule is presented in table format in the
manuscript and is provided to all participants as part of the
informed consent process. The schedule includes key
components such as enrollment procedures, including informed
consent and baseline data collection; interventions, including
HAL gait training and prosthesi s-based rehabilitation; outcome
assessments, which consist of physical function measures, blood
biochemistry, and physiological tests; and safety monitoring,
including adverse event tracking throughout al phases of the
study.

All assessments and interventions are scheduled to ensure
consistency and patient safety throughout the clinical trial.

Table 2. Schedule of enrollment, interventions, assessments, and visits (SPIRIT®compliant).

Study period Enrollment Preobservation Day 0 2weekspostopera- 8 weekspostopera- 6 monthspostoper-  Withdrawal
tive tive aive

Informed consent O

Participant characteristics [

Physical function® 0 0 0

Activities® 0 o o

Participati ond 0 0 0

Blood biochemistry® 0 u U

Physiological testsf 0 u U

HALY gait training™ oh ol o

Prosthesis gait traini ngj ol 0

Adverse event monitoring O O O ad O O

3SPIRIT: Standard Protocol Items: Recommendations for Interventional Trials.
bAl physical function assessments (2-minute walk test) will be conducted without HAL assistance.
CActivity assessments such as gait tests and activities of daily living (ADL) scales.

YPartici pation measures (social participation scales).
Blood tests: standard biochemical profile.
fPhysi ologica evaluations (electrocardiogram and respiratory tests).

9HAL: Hybrid Assistive Limb (developed by Japan's Tsukuba University and the robotics company Cyberdyne).

Pinitial HAL traini ng Session presurgery.
'Regular HAL training post surgery.
JRehabilitation using a temporary prosthesis.

Sample Size

The calculation was performed with a=.05, a statistical power
of 0.8 (80%y), and an effect size of 0.8, resulting in atotal sample
size of 20. The target sample size includes a margin to
accommodate potential dropouts. However, if the number of
dropouts significantly impacts statistical power or dataintegrity,
we plan to recruit additional participants to maintain the
robustness of the analysis.

The sample size will be estimated using data from the 6-minute
walk distance (6BMWD), as sufficient effect size data for this
outcome are available in the literature, and it is a widely
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recognized measure of functional walking capacity in
rehabilitation research. However, performing the full 6MWD
may be overly demanding for patientsin the early postoperative
period following limb amputation; therefore, the 2-minute walk
distance (2MWD) will be selected as the primary end point.
The 2MWD has been validated as areliable and less physically
demanding alternative to the 6MWD, with strong correlations
reported between the two measures in neuromuscular and
rehabilitation populations [13,15].

Statistical Analysis

Thetarget sample sizewas set at 20 patients scheduled for lower
limb amputation. Using IMP version 12 (SAS Ingtitute), the
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sampl e sizewas cal cul ated based on aresearch design assuming
that the BMWD would improve by a factor of 1.5, referencing
previous studies on gait analysis using the HAL [16]. The
calculation was performed with a=.05, power=0.80, and a
prespecified effect size.

The primary analysis population for efficacy evaluation will be
the Full Analysis Set (FAS), whereas the secondary analysis
population will be the Per Protocol Set (PPS).

The FAS includes al study participants who have undergone
at least one session of HAL -assisted gait training and have had
at least one efficacy-related observation thereafter. However,
individuals who fail to meet the eligibility criteria will be
excluded. The PPS comprises participants from the FAS who
have completed HAL -assisted gait training (5 days per week,
30 minutes per day) without major deviations from the study
protocol and for whom the primary evaluation item can be
assessed.

Statistical analyses will be conducted using SPSS version 30.0
(IBM Corp). The primary evaluation item, the 2-minute walking
distance, will be analyzed using the FAS population, and the
mean (SD) [or median (minimum-maximum)] will be cal cul ated.
Comparisons between preoperative, postintervention, and
6-month postoperative outcomes will be performed using a
1-way ANOVA or the Kruskal-Wallis test, with a 2-sided
significance level of 5%, and a 95% CI will be calculated. In
addition, the same analysis will be performed using the PPS as
a secondary approach.

For secondary evaluation items, analysiswill a so be conducted
using the FAS population. The mean (SD) [or median
(minimum-maximum)] will be calculated for bilateral lower
limb muscle strength, skeletal muscle mass, sensory impairment,
range of motion, Berg Balance Scale, timed up and go test, gait
parameters (step length, stride length, weight distribution, and
gait speed during the 10-minute walk test), maximal oxygen
uptake, and Locomo 25. Comparisons between preoperative,
postintervention, and 6-month postoperative outcomes will be
performed using a 1-way ANOVA or the Kruskal-Wallis test,
and multiple comparisons will be conducted using the Tukey
method (or Steel-Dwass test). A 2-sided significance level of
5% and a 95% CI will be used. The same analysis will also be
performed using the PPS as a secondary approach.

Furthermore, for Barthel Index (BI), Functional Independence
Measure (FIM), Frenchay ActivitiesIndex (FAI), SF-36, Health
Utilities Index, EQ-5D-5L (quality-adjusted life years),
long-term care insurance certification level, General
Self-Efficacy Scale, and WHODAS 2.0, the mean (SD) [or
median (IQR)] will be calculated. Comparisons between
preoperative, postintervention, and 6-month postoperative
outcomes will be performed using a 1-way ANOVA or the
Kruskal-Wallistest, with multiple comparisons conducted using
the Tukey method (or Steel-Dwasstest). A 2-sided significance
level of 5% and a95% Cl will be calculated. The same analysis
will be conducted using the PPS as a secondary approach.

The primary efficacy analysiswill be conducted usingthe FAS,
whichincludesall participantswho received at |east one session
of HAL-assisted gait training and have at least one
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postintervention efficacy observation. Participants who are
found to violate key eligibility criteria will be excluded from
the FAS.

A secondary analysis will be performed using the PPS, which
isasubset of the FAS consisting of participants who completed
HAL training (5 days per week, 30 minutes per session) without
any major protocol deviations and for whom the primary
outcome data are available.

For missing data, a descriptive analysis will first be conducted
to assess the pattern and mechanism of missingness. If the data
are judged to be missing at random, multiple imputation using
chained equations will be applied to handle missing valuesin
the primary outcomes. Additionally, sensitivity analyses will
be performed by comparing results between complete-case and
imputed datasets to evaluate the robustness of the findings.

Results

Sample Size and Participant Flow

Based on previous studies of gait analysis using HAL, we
calculated the required sample sizeusing IMP (version 12; SAS
Ingtitute), assuming a 1.5-fold improvement in the 6MWD.
With an alpha of .05, a power of 0.8, and an effect size of 0.8,
the calculated sample size was 20. Considering potential
dropouts, we set the final target sample size at 20 participants.
The overall flow of thetrial, including participant recruitment,
consent, evaluation, surgery, intervention, and 6-month
follow-up, is planned in accordance with the SPIRIT 2013
Statement.

Planned Outcomes and Statistical Analysis

For the primary outcome, the 2MWD, we will compare results
at 3 time points: preoperative, post intervention, and 6-month
follow-up. Data will be presented as mean (SD) [or median
(minimum-maximum)]. Comparisons will be performed using
a 1-way ANOVA or the Kruskal-Wallis test, with a P value
<.05 and 95% Cl s reported.

Secondary outcomeswill be analyzed using asimilar approach.
Descriptive statistics will be calculated for objective measures,
like muscle strength, balance, and gait parameters, as well as
for subjective scales including ADL/QOL assessments (B,
FIM, and FAI). Multiple comparisons will be conducted using
the Tukey method or the Steel-Dwass test, with aP value <.05
and 95% Cl s al so reported.

For missing data, we will first conduct a descriptive analysisto
assess the pattern of missingness. If the data are judged to be
missing at random, multiple imputation will be applied to the
primary outcomes. Sensitivity analyses will also be performed
by comparing results from compl ete-case and imputed datasets
to assess the robustness of the findings.

The primary efficacy analysis will be conducted on the FAS,
and a secondary analysis on the PPS.
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Discussion

Principal Findings

This study represents the first attempt at using the HAL for
Medical Use Lower Limb Type for neurorehabilitation in
individuals with lower limb amputations and also evaluates its
effectiveness in early postoperative gait training. By enabling
the early initiation of rehabilitation, the successrate of prosthetic
gait acquisition is expected to increase. In conventional
rehabilitation for individuals with lower limb amputations,
active gait training is difficult during the 6-8 weeks required
for residua limb maturation, leading to delays in the start of
prosthetic walking. We aimed to address this issue by
introducing HAL-assisted gait training from an early
postoperative stage, with the expectation that it will improve
the success rate of prosthetic gait acquisition, shorten the
postoperative rehabilitation and hospitalization periods, enhance
ADL and QOL, and contribute to medical cost reduction and
efficiency. From academic and scientific perspectives, no prior
reports on robotic movement therapy and neurorehabilitation
based on voluntary movements in individuals with lower limb
amputations exist. Consequently, this study will present thefirst
reported findings, highlighting its academic originality and
significance.

Comparison With Prior Work

Early neurorehabilitation may facilitate the smooth acquisition
of walking patterns. Previous studies on HAL-assisted gait
training in patients with cerebrovascular disease have shown
that repetitive, precise walking movements help maintain and
improve muscle strength and balance ability [16,17]. In addition,
early initiation of prosthetic gait training has been reported to
enable independent walking even in older women [18]. Thus,
implementing early gait training may promote recovery of
physical function within the first 8 weeks of postoperative
rehabilitation. Furthermore, studies have shown that patients
who used atraining prosthesis during rehabilitation had shorter
hospital stays compared with those who did not [19,20].

Implicationsfor Clinical Practice and Policy

If early HAL-assisted gait training successfully enhances
physical function and enablesindependent walking, it may lead
to earlier hospital discharge and reduced medical costs.
Currently, no standardized rehabilitation protocol from lower
limb amputation to prosthetic gait acquisition exists [5]. If the
results of this study prove effective, they may serve as a
foundation for establishing a novel rehabilitation program in
Japan. Moreover, HAL is currently covered by medical
insurance for specific neuromuscular diseases [10], and the
potential effectiveness of this study could provide scientific
evidence to support the expansion of this insurance to cover
individualswith lower limb amputations, potentially benefiting
abroader patient popul ation.

Safety Considerations

Previous clinical studies have demonstrated that HAL has a
favorable safety profile, with no serious adverse events reported
and only minor and transient effects such as skin irritation,
pressure discomfort, or fatigue [10,21]. In this study, if
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complications occur, specific management strategies will be
applied. Skin irritation will be managed with local skin care
and adjustment of electrode placement or harnessfitting. Muscle
fatigue will be addressed by reducing training intensity and
duration or by introducing longer rest intervals. Joint pain or
discomfort will lead to the temporary suspension of training
followed by a medical evaluation. HAL training will only be
resumed once the attending physician confirmsthat continuation
is safe.

Limitations

A key limitation of this study isthe absence of a control group,
which restricts the ability to attribute observed improvements
directly to HAL -assisted rehabilitation. Moreover, the absence
of aconventional rehabilitation control group limits the ability
to attribute improvements solely to the HAL intervention. The
single-arm design isappropriate for an exploratory investigation;
however, future randomized controlled trials will be necessary
to confirm efficacy and compare HAL-assisted rehabilitation
with conventional rehabilitation protocols.

Second, the sample size is limited to 20 participants. This
decision reflects the exploratory nature of the study and
anticipates substantial individual variability in residual limb
characteristics and rehabilitation backgrounds among
transfemoral amputees. Third, the application of HAL issubject
to technical constraints related to patient physique and residual
limb condition, meaning it cannot currently be applied to all
individuals with lower limb amputations. These limitations,
arising from narrow €ligibility criteria (eg, height, weight, and
residual limb conditions), may restrict the generalizability of
thefindings. However, such gtrict criteriaare necessary to ensure
the safe and effective use of the HAL system, which requires
specific physical and anatomical conditions for proper fitting
and functionality. As the technology evolves, future studies
may consider broader inclusion criteriato enhance applicability
to the wider amputee population. Ultimately, this research will
contribute to the development of guidelines for early
rehabilitation following lower limb amputation and facilitate
multicenter collaborative studies to strengthen the evidence
base.

The 6-month follow-up assessment may be less sensitive in
detecting differences attributable to early intervention timing;
however, it is intended as a final confirmation of functional
walking status. The primary outcome, however, is the 2MWD
measured immediately after the 8-week intervention period,
which directly reflects the effect of early HAL-assisted
rehabilitation. We acknowledge that a 6-month follow-up period
may not capture the full extent of functional recovery,
particularly for transfemoral amputees. In particular, longer-term
adaptations such as neuromuscular reorganization, prosthetic
control proficiency, and reintegration into daily activities may
require extended periods to fully manifest. While this duration
allows for the assessment of short- to midterm effects of early
intervention, the decision to limit follow-up to 6 months
balances practical feasibility, participant burden, and the
exploratory nature of this protocol. Future studies should
consider longer follow-up periods to evaluate sustained
outcomes and |ate-phase rehabilitation progress.
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Another limitation is the strict eligibility criteria required for
HAL use, including specific height, weight, and residual limb
conditions. These requirements may exclude certain patient
populations, which could limit the generalizability of the
findings. Nevertheless, these criteria are necessary to ensure
patient safety and to accommodate the technical specifications
of the HAL system.

Asaedaet al

Conclusions

Early postoperative HA L -assisted gait training can increase the
success rate of prosthetic walking, shorten the rehabilitation
period, and reduce medical costs. The findings of thisstudy are
expected to contribute to the establishment of a standardized
rehabilitation program originating from Japan for individuals
with lower limb amputations and al so serve as afoundation for

novel clinical applications of HAL.
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