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Introduction: The incidence of hemiplegia caused by stroke is high. In particular,
lower limb dysfunction affects the daily activities of patients, and lower limb
robotic devices have been proposed to provide rehabilitation therapy to improve
balance function in this patient population.

Objective: To assess the effectiveness of the LiteStepper® unilateral lower limb
exoskeleton (ULLE) combined with conventional treatment for balance function
training in patients with post-stroke hemiplegia.

Methods: This multicenter randomized controlled trial, conducted in the
convalescent rehabilitation ward of four hospitals, involved 92 patients in their
post-stroke phase. Participants were randomized into an experimental group
(EG) or a conventional group (CG). The EG adopted the LiteStepper® ULLE
combined with conventional treatment for 21 days. The CG underwent a
standard daily rehabilitation routine for 21 days. The Berg Balance Scale (BBS),
Functional Ambulation Category scale (FAC), 6-min walk test (6MWT), and Barthel
Index (Barthel) were used for evaluations before and after 21 days of
rehabilitative training.

Results: The BBS scores in EG was significantly elevated compared to CG,
exhibiting a profound statistical difference (P< 0.0001). Notably, these
disparities persisted at both day 21 (P < 0.0001) and day 14 (P < 0.0047) post-
intervention, underscoring the efficacy of the treatment in the EG. The EG
demonstrated a markedly greater improvement in BBS scores from pre-
rehabilitation to 21 days post-training, significantly outperforming the CG.
Furthermore, at both day 14 and day 21, functional assessments including the
FAC, 6MWT, and Barthel revealed improvements in both groups. However, the
improvements in the EG were statistically significant compared to the CG at both
time points: day 14 (FAC, P = 0.0377; 6MWT, P = 0.0494; Barthel, P = 0.0225) and
day 21 (FAC, P = 0.0015; 6MWT, P = 0.0005; Barthel, P = 0.0004). These findings
highlight the superiority of the intervention in the EG in enhancing functional
outcomes. Regarding safety, the analysis revealed a solitary adverse event (AEs)
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related to the LiteStepper®ULLE device during the study period, affirming the
combination therapy’s safety profile when administered alongside conventional
balance training in post-stroke hemiplegic patients. This underscores the feasibility
and potential of incorporating LiteStepper®ULLE into rehabilitation protocols for
this patient population.

Discussion and significance: The LiteStepper” ULLE combined with conventional
treatment is effective and safe for balance function training in patients with post-

stroke hemiplegia.

exoskeleton, hemiplegia, rehabilitation, balance function, post-stroke

1 Introduction

The incidence of stroke is increasing annually, and it is expected
that by 2030, the global age-standardized incidence of stroke will
increase to 89.32 per 1,00,000 population (Pu et al., 2023). Following
severe stroke, many patients die, and those who survive may have a
greatly reduced quality of life due to sequelae such as hemiplegia.
More than half of the patients with stroke may develop hemiplegia
(Alhwoaimel et al.,, 2024). In such patients, a lot of time and energy is
often required for their limb function to recover; therefore, a variety
of rehabilitation techniques to restore the limb function of patients
with hemiplegia have been explored (Li et al., 2024). At present, the
conventional rehabilitation treatment for hemiplegia after stroke is
symptomatic treatment (Wang et al, 2023), including motor
imagination therapy, compulsory motor therapy, and robot-
assisted therapy (Lee et al, 2022; Loro et al, 2023). Sensory
function rehabilitation through transcranial magnetic stimulation
and cranial electrical stimulation to stimulate neuronal activity has
also been implemented (Karatzetzou et al, 2022). The above
rehabilitation methods have certain functional rehabilitation
effects. However, the rehabilitation of sensory and motor
functions is often not conducted simultaneously, and even
though most patients with hemiplegia are eager to recover, it is
easy to develop circular gait, and balance function and gait
symmetry remain poor (Warutkar et al, 2022). The long
recovery time of patients diminishes their enthusiasm for life and
aggravates social and economic pressure. Therefore, it is imperative
to explore efficient rehabilitation methods.

In clinical practice, robot-assisted therapy has been proven to be
an effective means of improving balance function (Takebayashi
et al., 2022). Current traditional bilateral lower limb exoskeleton
rehabilitation robots are relatively heavy, and the constrained
posture can cause patients to lose balance or even fall. This
restriction on the healthy side is not conducive to the deep
relearning of movements by patients (Qin et al, 2023).
Moreover, the passive rehabilitation training for both the healthy
and affected sides is not beneficial for the control of the
rehabilitation exoskeleton. Exoskeletons typically operate on
predetermined motion paths suitable for assisting specific limbs
or body parts, but these paths are not personalized for each patient,
as they are relatively fixed (Hui et al., 2024). If the motion path
suitable for the patient can be monitored to achieve more natural
and intuitive interaction between the patient and the exoskeleton
device, the rehabilitation efficiency can be improved (Jyotindra
Narayan et al., 2023).
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Studies have shown that based on the theory of
neuroplasticity, mirror neuron rehabilitation and motor
imagery  therapy  contribute to  the  regeneration,

reorganization, and remodeling of neural functions affected by
brain injury (Joy and Carmichael, 2021; Abdullahi et al., 2022).
These rehabilitation treatment methods are both clinically
significant and effective for the rehabilitation of the central
nervous system (CNS). However, the current rehabilitation
methods stimulate the sensory pathways of the peripheral
nervous system (PNS) while neglecting the rehabilitation of
the motor pathways (O'Dell, 2023); this is not conducive to
the patient’s motor relearning program (Zhang et al., 2020).
Furthermore, it is difficult to rehabilitate both sensory and
motor pathways in patients in clinical practice. Nevertheless,
complete neurological rehabilitation may benefit from closed-
loop training of the CNS and PNS (including motor and sensory
pathways) (Aze et al.,, 2023). This requires the active participation
of the patient.

To overcome these challenges associated with robot-assisted
therapy, LiteStepper” unilateral lower limb exoskeleton (ULLE) was
developed by Angelexo Science Co., LTD., Zhejiang, China based on
symmetrical gait control, as a new type of lower limb rehabilitation
training equipment for patients with hemiplegia after stroke. The
ULLE design requires the patient to wear a sensing device on the
healthy side that senses the movement of the limb based on
physiology, kinematics, dynamics, and mechanics. The affected
side wears the power unit combined with the intelligent learning
advantages of the exoskeleton rehabilitation robot. This approach is
more conducive to stimulating the patient’s active learning ability
from the healthy side to the affected side, thereby helping the patient
recover balance function and perform normal gait (Calikusu et al.,
2022). Since ULLE has not been widely used for balance function
training, limited data exist regarding its effectiveness and safety for
patients with hemiplegia after stroke. Therefore, we aimed to
evaluate the effectiveness and safety of LiteStepper. ULLE
combined with conventional treatment for balance function
training in patients with post-stroke hemiplegia to facilitate its
clinical application.

The main objective of the study was to assess balance function-
related parameters while using LiteStepper” ULLE, such as sitting
balance, standing balance, and dynamic balance, as assessed by the
BBS. The secondary objective was to assess changes in walking
ability and activities of daily living during recovery with LiteStepper”
ULLE, quantified by the FAC, 6MWT, and Barthel Barthel, which
were used to evaluate the effectiveness of the device. We also
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TABLE 1 Assignment of cases at the four centers.

Total number of

Clinical research

Number of cases in the

10.3389/fbioe.2024.1441986

Number of cases in the

institution cases experimental group (n) conventional group (n)
01 Hospital 1 24 12 12
02 Hospital 2 52 26 26
03 Hospital 3 8 4 4
04 Hospital 4 8 4 4

assessed AEs during the use of LiteStepper” ULLE to evaluate
its safety.

2 Materials and methods
This multicenter, randomized controlled, open trial,
conducted over 21 days, included 92 patients with post-stroke
hemiplegia enrolled in rehabilitation between 23 November
2021 and 20 June 2022. Four centers participated in this study,
and Table 1 shows the assignment of clinical trial cases in the four
centers. To ensure randomization, this experiment used the
concealed envelope method; participants were randomly
assigned to the experimental group (EG) or conventional group
(CG) in a ratio of 1:1. After confirming the patients’ eligibility, the
researchers opened the corresponding random envelopes for
randomization to reduce subjective factors when selecting
patients. Due to the different treatment methods between the
EG and CG, blinding of the researchers and patients was

not possible.

2.1 Protocol

All included patients received conventional treatment. The CG
included patients with post-stroke hemiplegia who received
conventional treatment. The EG included patients with post-
stroke hemiplegia who on the basis of conventional treatment
adopted the LiteStepper” ULLE for rehabilitation management.

The conventional treatment included two parts, lasting 60 min
in total. One part was functional electrical stimulation, performed
once daily for 20 min per session; the other part was comprehensive
training, performed once daily for 40 min per session and consisting
of neuromuscular facilitation techniques, hip and knee joint control
training, ankle dorsiflexion-induced training, affected lower limb
support training, balance training (sitting, standing), and
ambulation training.

Following conventional treatment and at least 2 h of rest, the EG
received the experimental treatment, with each 40-min session
consisting of 10 min of passive stretching followed by 20 min of
walking training with LiteStepper” ULLE and a final 10-min phase of
passive stretching. The walking speed was mainly tolerated by the
patients. The trial had an open design; the researchers and
participants were aware of the treatment allocation.

All of the treatments were performed on the ground. Over the
21-day therapeutic intervention, two groups were evaluated for

comprehensive balance, walking ability, and AEs.
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2.2 Ethical considerations

Overall, 92 patients in their post-stroke phase participated in
this study. The protocol was conducted in accordance with the
principles of the Declaration of Helsinki and was approved by the
appropriate Ethics Review Committee (The Second Affiliated
Hospital of Zhejiang University School of Medicine, permission
number: 2021-0323; Hangzhou First People’s Hospital, permission
number: 2021-08001; The First Hospital of Jiaxing, permission

number: 2021-025; The Fifth Affiliated Hospital, permission
number: 2022-02-005-K02). All participants provided written
informed consent before participation. The Consolidated

Standards of Reporting Trials reporting guideline was adhered to
when designing and reporting this trial. This trial was prospectively
registered at ClinicalTrials.gov (identifier: NCT05360017).

The inclusion criteria were as follows:

1) understanding the entire experimental process, voluntarily
participating, and signing the informed consent form;

2) having an age of 18-75 years and being of either sex;

3) having stable vital signs, stable condition, and tolerance to low-
intensity sitting and standing training;

4) having a body mass of <100 kg and a height of 1.50-1.90 m;

5) having post-stroke hemiplegia, including cerebral infarction
and intracerebral hemorrhage, diagnosed at the first onset, and
disease course was within 1 month after its onset; and

6) having passive range of motion of the hip and knee that was
not significantly limited and whose passive range of motion of
the ankle could be maintained in a neutral position.

The exclusion criteria were as follows:

1) severely limited range of motion of the joint and limited
walking movement;

2) skin injury or infection of the lower limb in contact with
the robot;

3) history of unstable angina pectoris, severe arrhythmia, and
other heart diseases;

4) history of severe chronic obstructive pulmonary disease;

5) other contraindications or complications that may affect
walking training;

6) pregnant women and women preparing for pregnancy
or lactation;

7) participation in any clinical trial within 1 month before
enrollment in this study; and

8) other conditions that the researcher deemed ineligible for this
clinical trial.
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FIGURE 1
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Structural components and patient usage diagram of LiteStepper: (A) Mechanical components: 1-system host backpack; affected module including
2-affected thigh, 3-affected calf, 4-affected shoe; unaffected module including 5-unaffected thigh, 6-unaffected calf, 7-unaffected shoe; and 8-elbow
crutch (with handle); (B) front and rear views of LiteStepper; (C) the patient usage of LiteStepper.

2.3 Description of the equipment

The specifications of the LiteStepper” ULLE exoskeleton are

as follows:

1) Weight: The LiteStepper” ULLE weighs 16.9 kg, making it a
relatively lightweight exoskeleton designed for ease of use and
patient comfort during rehabilitation sessions.

2) Dimensions: When fully deployed, the LiteStepper” ULLE
measures 1,460 mm in length, 520 mm in width, and
480 mm in height. These dimensions accommodate a wide
range of patient body sizes and allow for ample natural
movement during rehabilitation exercises. For transport and
storage, the device can be compacted to a size of 1,310 mm in
length, 600 mm in width, and 380 mm in height.

3) Power Source: The device is powered by an independent 37 V,
2900 mAh battery, with an option to include two batteries for
rapid replacement during extended use or training sessions.
This ensures that the device remains operational for extended
periods without a constant power source, making it suitable for
various rehabilitation settings.

4) Charging: The battery can be recharged using a charger with
specifications of 220 V, 50 Hz input and 42 V, 2 A output,
ensuring efficient and safe charging for uninterrupted use of
the LiteStepper” ULLE.

5) Sensors: The LiteStepper” ULLE incorporates advanced sensor
technology to monitor and adjust its assistance based on the
patient’s movements and needs. The sensors include:
® Graphene Pressure Sensors: These are strategically located,

such as in the unaffected shoe, to provide real-time

feedback on pressure distribution during walking and
standing exercises.

@ Absolute Angle Sensors: Positioned at the hip and knee

joints of the unaffected leg, these sensors capture gait

and movement

information intention,  enabling

coordinated movements between the affected and
unaffected sides.
® Cane Pressure Sensor: Integrated into the bottom of the

assistive elbow crutch, this sensor detects the user’s weight
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distribution on the cane, providing additional stability and
safety during training.

6) Motor Specifications: The LiteStepper” ULLE is equipped with
brushless servo motors capable of delivering a control torque
of 45 Nm with an operating voltage range of 36-42 V. These
motors feature a high gear ratio of 100:1, resulting in a
maximum output power of 147 W and a peak torque of
88.63 Nm. The motors communicate via an isolated CAN

reliable and efficient data

bus, ensuring

transmission (Figure 1).
LiteStepper has two different training modes:

Training Mode I: When the patient is in training initially,
the unaffected module captures the motion data on the
patient’s unaffected side, including parameters such as
step speed; the
unaffected shoe provides pressure feedback; the assistive

step length, step height, and
elbow crutch supports body balance; and the trigger
button on the crutch handle can be operated to initiate
the walk of the affected side with the exoskeleton. The
system host processes data through data analysis to ensure
that LiteStepper can help the patient complete the walking
process according to the gait parameters obtained from the
unaffected side.

Training mode II: When the patient is in training and can
the

unaffected module captures the motion data on the

effectively handle walking with the exoskeleton,

patient’s unaffected side, including parameters such as
the
unaffected shoe provides pressure feedback; the assistive

step length, step height, and step speed;
elbow crutch supports body balance; and the exoskeleton
is triggered automatically without pressing the trigger
button on the crutch handle to assist the patient in
walking more naturally. The system host processes
data through data analysis to ensure that LiteStepper
can help the patient complete the walking process
according to the gait parameters obtained from the

unaffected side.

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1441986

Jin et al.

2.4 Balance and walking ability assessment

The first condition for normal walking is to maintain balance.
Balance is a key factor that helps patients with post-stroke
hemiplegia achieve optimal gait function.

The BBS is reliable, valid, and widely used in clinical practice. It
can be administered easily with minimal equipment in 10-15 min;
more so, it can be applied to people who are unable to move from a
chair (Baronchelli et al., 2021). The BBS comprises 14 items: one
item for sitting balance (task 1: sitting unsupported); eight items for
standing balance (task 2: standing unsupported, task 3: standing
with eyes closed, task 4: standing with feet together, task 5: standing
on one foot, task 6: turning to look behind, task 7: grab an object
from the floor, task 8: reaching forward with outstretched arms
while standing, and task 9: placing one foot in front of the other);
and five items for dynamic balance (task 10: going from sitting to
standing, task 11: going from standing to sitting, task 12: transfer
from a seat with an armrest to a seat without an armrest, task 13:
turn 360°, and task 14: place alternating foot on a step or stool while
standing unsupported).

The total score ranges from 0 (severe) to 56 (mild) points, and
the fall risk cutoff score is less than 40.

To increase the reliability of the evaluation results, we also
recorded the changes in the FAC, 6 MWT, and Barthel when
patients were treated with the device; this is a secondary way to
assess the effectiveness of the device in rehabilitating the affected
limb (Van Criekinge et al., 2024).

The FAC is an ordinal scale used to classify the level of support
required for walking safely, whether using lower limb orthoses or
walking aids (Moore et al., 2020). It has shown good reliability, and
its structural validity has been confirmed. Furthermore, it can also be
applied to individuals who are unable to walk independently. The
FAC comprises six items and ranges from 0 (unable to walk without
the assistance of two people) to 5 (independent walking on uneven
surfaces and on stairs).

The 6 MWT is an assessment of functional capacity and
measures the maximum walking distance of participants within
6 min (Jung and Oh, 2023). It is superior to other walking tests in
that it is safe and easy to administer.

Barthel has good test-retest reliability and validity in patients
with post-stroke hemiplegia (Ocagli et al, 2021). Barthel
encompasses 10 items and assesses independence in activities of
daily living. Its maximum score is 100 points, with lower scores
indicating a greater need for help and support to complete
each activity.

2.5 Data analysis

Data analysis was performed from 20 June 2022 to 20 July
2022. All data were analyzed using IBM SPSS Statistics, version
25.0 (IBM Corp., Armonk, NY, USA). Statistical significance was
set at P < 0.05. The Shapiro-Wilk test was performed, and
histograms, as well as P-P and Q-Q plots, were interpreted to
confirm whether the data were normally distributed. Normally
distributed data are presented as the mean * standard deviation
and were analyzed using the independent sample t-test. Non-
normally distributed data are presented as the medium (25th
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percentile, 75th percentile) and were analyzed using the
Wilcoxon signed-rank test. The EG treatment was considered
superior to the CG treatment if the BBS before and after
21 days of rehabilitation training was greater than the
superiority margin. The superiority margin was set at 2, which
has been reported as the minimal clinically important difference in
the BBS of patients with post-stroke hemiplegia (Tripepi
et al., 2020).

2.6 Sample size calculation

PASS 11.0 for Windows was used to estimate the required
sample size based on a power calculation to detect between-
group differences in the primary outcome measure (BBS) using
data from a pilot study conducted with 10 participants (5 per group).
We considered two groups and two measurements for primary
outcomes to obtain 80% statistical power (1-B error probability),
with an a error level probability of 0.05 using superiority test
measures. The estimated sample size requirement was 36 patients
per group, plus an additional 20% to account for those lost to follow-
up, resulting in an estimated sample size requirement of at least
46 patients per group.

3 Results
3.1 Patients and baseline characteristics

A total of 106 patients were identified as patients with post-
stroke hemiplegia, among whom 92 patients were enrolled and
randomly assigned to the EG (n = 46) and CG (n = 46); 14 patients
did not meet the inclusion criteria. Seven (7.6%) patients (three in
the EG and four in the CG) withdrew from the study owing to time
commitment or personal issues. Among the patients who completed
the intervention, 43 were in the EG and 42 in the CG (Figure 2).
With the exception of sex, there were no significant differences in the
baseline characteristics of the participants between the groups (P <
0.05) (Table 2).

3.2 Effectiveness

Significant differences in the BBS score were observed between
the two groups at 21 (P < 0.0001) and 14 days (P < 0.0047) (Table 3;
Figure 3A). From before to 21 days after rehabilitation training, the
improvement in the BBS score was significantly greater in the EG
than in the CG (32.1 £ 12.4 and 17.5 + 8.6, respectively; P < 0.0001).
The lower limit of the 95% confidence interval (Cl) in both the
groups was greater than 2 (range: 9.96-19.18 and 12.50-20.99,
respectively), indicating that the EG had significantly superior
therapeutic benefit on balance compared with the CG. These
results
treatment,

indicate that compared with routine rehabilitation
limb

rehabilitation can restore the balance function of limbs faster and

assisted  unilateral  lower exoskeleton
superiorly after stroke hemiplegia.
Both the groups demonstrated improvement in the FAC,

6MWT, and Barthel after 21 days of rehabilitation training
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106 Participants scheduled for
patients with post-stroke hemiplegia

14 Excluded

14 Did not meet inclusion criteria

( 92 Randomized )

46 Assigned to the experimental group

43 Finished allocated intervention
3 Lost to follow-up

46 Included in analysis

FIGURE 2
Study flowchart.

46 Assigned to the conventional group

42 Finished allocated intervention
4 Lost to follow-up

46 Included in analysis

TABLE 2 Baseline characteristics of all participants.

Baseline characteristic Experimental group (n = 46) Conventional group (n = 46) P-value
Age (years) 58.8 + 10.3 60.8 +10.9 0.3690
Sex 0.0444
Male, number (%) 36 (78.3) 26 (56.5)
Female, number (%) 10 (21.7) 20 (43.5)
Weight (kg) 67.6 + 9.7 67.2 +10.5 0.8476
Height (cm) 166.3 + 7.1 165.8 + 6.9 0.7637
Time from onset of stroke (days) 15.6 = 7.5 151 +79 1.0000
TABLE 3 Comparison of the Berg Balance Scale between the two groups.
Berg balance scale (BBS) Experimental group (n = 46) Conventional group (n = 46) P-value 95% ClI
DO 101 + 85 10.0 + 8.5 09512 —
D14 302 + 15.1 211 + 14.0 0.0047 —
D21 420 + 139 27.6 + 13.7 <0.0001 —
D21-D0 32.1 + 124 17.5 + 8.6 <0.0001 9.96-19.18

Data are presented as the mean + standard deviation.
Abbreviations: CI, confidence interval.

(Table 4). We calculated the distribution lines of FAC of different
grades in patients before and 14 and 21 days after treatment.
Before treatment, the EG and CG had roughly the same
(Figure 4A). days
rehabilitation treatment, patients in the CG were mostly rated

distribution  trend Fourteen after
as grade 0, while those in the EG were >grade 0; the number of

patients with high grades was higher in the EG than in the CG

Frontiers in Bioengineering and Biotechnology

(Figure 4B). At 21 days after rehabilitation treatment, most
grade 3, and the
distribution number was much larger than that in the CG

patients in the EG were rated as >

(Figure 4C). We also compared the within-group distribution
of FAC grades of patients in the EG and CG at different time
periods. Moreover, the differences between the EG and CG at 14
(FAC,P=0.0377) and 21 (FAC, P=0.0015) days were statistically
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FIGURE 3

Comparison of the Berg Balance Scale, 6MWT, and Barthel between the two groups: (A) Berg Balance Scale of the two groups at different time
points. (B) 6-min walk test of the two groups at different time points. (C) Barthel Index of the two groups at different time points *P < 0.05, **P < 0.01,
***%P < 0.0001 vs. CG. Abbreviations: EG, Experimental group; CG, Conventional group.

TABLE 4 Comparison of the Functional Ambulation Category, 6-min walk test, and Barthel Index between the two groups.

Experimental group (n = 46) Conventional group P-value 14- P-value 21-
(n = 46) EVS days
Time measures DO D14 D21 DO
Functional Ambulation Category =~ Grade 0 35 7 3 33 18 9 0.0377* 0.0015**
(FAC) (Number of patients)
Grade I 8 9 4 11 7 11
Grade IT 3 9 4 2 8 7
Gradelll 0 10 13 0 6 5
Grade 0 7 13 0 4 9
v
Grade V 0 1 6 0 1 1
6-min walking test ((MWT) (m) 0.00 24.00 (0.0,  120.00 (26.0, 0.00 0.00 (0.0, | 0.00 (0.0, 0.0494* 0.0005**
(0.0, 0.0) 108.0) 215.0) (0.0, 0.0) 67.25) 100.0)
Barthel Index (Barthel) 352+ | 6154163 752+173 347+ 5254197  61.2+18.0 0.0225* 0.0004**
13.2 15.0

Data are presented as the mean * standard deviation or median (25th percentile, 75th percentile).
Group design t-test or Wilcoxon signed-rank test was used in the differences of D0, D14, and D21 between groups.

*P < 0.05, **P < 0.01, **P < 0.0001.

significant. With the accumulation of rehabilitation time after
receiving the experimental treatment, the gait grade of patients
was gradually improved, mainly above grade 3, which was
superior to the improvement of patients who received
conventional rehabilitation treatment (Figures 4D, E).
Likewise, significant differences in the 6MWT (Figure 3B) and
Barthel (Figure 3C) were observed between the two groups at
14 days (6 MWT, P = 0.0494; Barthel, P = 0.0225) and 21 days
(6 MWT, P = 0.0005; Barthel, P = 0.0004).

Combined with the BBS results, these data show that regarding
balance function, a unilateral lower limb exoskeleton combined
with conventional treatment for post-stroke hemiplegia is more
effective than conventional rehabilitation treatment. Furthermore,
it showed that using a unilateral lower limb exoskeleton combined
with conventional treatment can better help patients with
hemiplegia after stroke improve gait stability and daily
living ability.
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3.3 Safety

Thirty-eight patients reported AEs: 22 (47.83%) from the EG
and 16 (34.78%) from the CG. All AEs were mild and included
diarrhea, clostridium difficile infection, abnormal liver function, left
wrist fracture, and swelling and pain in gingival and forearm soft
tissue. Only one (1.1%) AE (waist soreness) was judged as potentially
device related, while the others were unrelated to the device
(Table 5). No significant difference in the proportion of patients
with AEs was observed between the groups (P = 0.204).

4 Discussion

Stroke can cause damage to the upper motor neurons of the
patient, causing the lower central motor reflex that should be
suppressed to become active (Emos and Agarwal, 2023). This

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1441986

Jin et al.

10.3389/fbioe.2024.1441986

A) DO B) D14* © D2i**
40— -+ EG 204 -+ EG 154 -+ EG
- - CG - -o- CG - - CG
2 304 % 154 g
2 2 2 10+
E £ 5
£ 20+ £ 104 3
z z z
5 5 £ 5
= 104 g 5 2
£ < £
0= 0 T T T T T 0 T T T T T T
0 I Il mriv v 0 I Il mriv v 0 1 II mmiwv v
D) EG E) oG
40+ -o- DO 40 -o- DO
s o D14 - -O- D14
£ 304 £ 304
2 - D21 = - D21
= =
£ E
2 20 % 204
<] z
-] =
2 o 2
E 10 E 10+
0 T % 0 T T T @
0 1 I nm 1 \% 0 1 II 111 . A% \%
FIGURE 4

FAC of different grades in patients before treatment and 14 days and 21 days after treatment: (A) Distribution of patients with FAC grades at Day 0. (B)
Distribution of patients with FAC grades at Day 14. (C) Distribution of patients with FAC grades at Day 21. *P < 0.05, **P < 0.01 vs. CG. (D) Within-group
distribution of FAC grades of patients in the EG. (E) Within-group distribution of FAC grades of patients in the CG. Abbreviations: FAC, Functional

Ambulation Category; EG, Experimental group; CG, Conventional group.

TABLE 5 Group differences in safety analysis outcomes.

Safety analysis outcome Experimental group (n = 46) Conventional group (n = 46) P-value
AEs, n (%) 22 (47.83) 16 (34.78) 0.204
SAEs, n (%) 0 (0) 0 (0) —
Device-related AEs, n (%) 1(217) 0 (0) —
Device-related SAEs, n (%) 0 (0) 0 (0) —

Abbreviations: AE, adverse event; SAE, severe adverse event.
Only one AE was considered to be possibly caused by the device.

causes a series of spinal cord level movement patterns, such as an
abnormal increase in muscle tone on the affected site, abnormal
joint responses and co-movement, disruption of reciprocal
inhibition, and abnormal intermuscular coordination, which are
manifested as poor balance, weak muscle strength, poor control, and
abnormal movement patterns (Qi et al., 2024). According to the
theory of rehabilitation, active rehabilitation, regular exercise, and
sensory stimulation are conducive to the plasticity of the CNS (Shen,
2022). Active rehabilitation can promote the functional recovery of
the tissue around the injured brain, compensate for the healthy brain
cells, accelerate the establishment of collateral circulation, and
promote the functional recovery, together forming the motor
relearning program. This treatment approach was proposed in
the early 1980s (Winterbottom and Nilsen, 2024). Active motor
relearning therapy is recommended for stroke rehabilitation. It is a
process of relearning or retraining for the recovery of motor
function after CNS injury. Based on theories of biomechanics,
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sports science, and cognitive psychology, it emphasizes the
practicability of motor function and the active participation of
patients (Ghrouz et al., 2024).

Based on the principle of brain and nerve plasticity, stroke
patients with hemiplegia can receive repeated stimulation of the
remodeling cerebral cortex by participating in highly repetitive,
intensive, and correct balance and movement patterns and in
time, retain this correct balance and movement pattern in the
brain (Regele-Blasco and Palmer, 2024). LiteStepper” does this by
using kinematic, dynamic, and mechanical redundant sensing
technology to accurately perceive the patient’s motion intention
and gait characteristic parameters, copy the balance and gait data of
the healthy side leg, and provide reference for the movement of the
hemiplegic side leg. The healthy side leads the affected side to
perform bilateral joint gait and balance training, thus forming a
“symmetrical” interactive gait. This is more conducive to the
guidance of the therapist (Sorkhabadi et al., 2023). Using this
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approach, the problem of gait imbalance and asymmetry in
rehabilitation training was solved successfully, and accurate and
personalized rehabilitation training was realized. The results of the
present study show that the device can improve the patient’s
participation in treatment, promote the recovery of patients’
balance and motor abilities, and aid in the return of relatively
normal life abilities. This also shows that the comprehensive
rehabilitation treatment program based on the principle of active
movement relearning therapy is more conducive to promoting the
recovery of patients’ balance, motor function, and activities of daily
living and enabling efficient rehabilitation.

The first condition for normal walking is balance, which is a
crucial factor in the ability to walk independently. The BBS,
proposed by Berg et al, in 1989 and widely used in clinical
practice, includes 14 different balance items such as standing,
bending, turning, and moving, to assess a patient’s dynamic and
static balance (Miranda-Cantellops and Tiu, 2024). The efficacy of
previous robot-assisted therapy for balance function has been
evaluated using the BBS (Wang et al, 2021; Peldez-Vélez et al,
2023; Shao et al., 2023). These studies show that the restoration of
balance function is the primary goal of rehabilitation for hemiplegic
patients (Calisgan and Talu, 2024). It is also key to achieving optimal
gait function in patients with hemiplegia after a stroke (Yang et al.,
2023; Ayvat et al,, 2024). Therefore, in this study, we used the BBS as
the main outcome indicator.

Generally, the human leg structure consists of seven degrees of
freedom per leg. The ULLE used in this study features five degrees of
freedom at the ankle, knee, and hip joints. The joint motors are
controlled by the system’s main unit, which learns normal gait and
balance functions, driving the patient’s affected leg in a cyclic and
rhythmic motion. This is more complex and flexible than simpler
rehabilitation devices such as ankle orthoses and adaptive gait trainers.
Studies have reported that earlier and more intensive limb activity
post-stroke contributes to faster recovery of balance and motor
functions (Oliveira et al., 2024). Our study showed that compared
to the conventional rehabilitation group, the balance ability of patients
in EG was significantly improved. The balance score of EG was nearly
twice as high as that of CG. By the 21st day of the experiment, the
walking ability in EG was mainly grade 3 or above, while more than
half of the CG was below grade 3. Additionally, the FAC, 6 MWT, and
Barthel indicated that the daily activity ability of the EG was better
than that of the CG. These results suggest that LiteStepper” has a
significant auxiliary effect on balance and motor function
rehabilitation in patients with hemiplegia after stroke. During the
entire study, 38 cases of AEs were found, all of which were mild.
Among them, diarrhea and abnormal liver function were adverse
reactions of the digestive system. Left wrist fractures, gum pain, and
forearm soft tissue swelling and pain were related to the motor and
nervous systems. These were found to be unrelated to the instruments
after cause analysis, and we provided symptomatic treatment. The
fractures were associated with the subject’s osteoporosis and falls, gum
pain resulted from the subject’s pre-existing condition, and soft tissue
swelling and pain in the forearm were associated with skeletal muscle
stiffness after a stroke. There was one subject with lower back pain,
which was closely related to the rehabilitation with the exoskeleton
lower limb robot. After the patient was given sufficient rest, the
experiment continued once the pain subsided, and the patient was
instructed on performing correct skeletal muscle exercises.
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Compared with existing clinical rehabilitation equipment
products, the LiteStepper” ULLE has the advantages of switching
from traditional passive training to intelligent active training; the
patient’s brain controls its healthy limb walking to drive the affected
limb to form interactive walking, and the awakening and use of the
patient’s active rehabilitation consciousness can maximize the
rehabilitation efficiency of the brain (Marin-Medina et al., 2024).
Additionally, from programmed control to personalized learning
control, the gait control of the affected limb of LiteStepper” ULLE is
based on the perception of the movement intention and gait
characteristics of the limbs, and the object of learning is no
longer “program” or “others” but rather the patient’s own limbs,
which help the patients carry out personalized rehabilitation. The
personality-optimized movement pattern of the affected limb can
help the affected limb systematically recover its neural control
function with the correct movement pattern during walking
training and effectively reduce the disability rate caused by
abnormal gait. Finally, from peripheral nerve stimulation to
simultaneous central and peripheral nerve stimulation (Kern
et al, 2023), LiteStepper’ LiteStepper” ULLE stimulates the
patient’s active rehabilitation consciousness; by this means, the
patient’s CNS and PNS are trained concurrently, contributing to
the efficient rehabilitation of the patient’s overall nervous system.

4.1 Limitations of this study

This study, despite its merits, was constrained by several limitations
that merit attention. Firstly, the lack of follow-up observations hindered
our ability to comprehensively assess the long-term impacts of BBS-
assisted training on patients’ limb function and overall recovery. This
limited our understanding of the device’s sustained effectiveness.
Secondly, the relatively modest sample size employed in this study
restricts our capacity to conduct stratified analyses that could potentially
uncover nuanced differences in treatment responses across various
subgroups. This constraint prevented us from drawing more nuanced
conclusions regarding the generalizability and effectiveness of the
intervention. Thirdly, the absence of comprehensive gait analysis
represented a notable gap in our understanding of how BBS-training
specifically influences gait dynamics in patients with hemiplegia. Such
analysis would have provided a deeper, more nuanced insight into the
intervention’s impact on functional mobility and gait patterns.
Recognizing these limitations, future research endeavors should aim
to incorporate long-term follow-ups, larger sample sizes, and
assessments to enhance the

comprehensive  gait rigor and

comprehensiveness of their findings.

4.2 Conclusion

Our study evaluated the efficacy of LiteStepper’ ULLE, in
conjunction with conventional therapy, on balance function
training among patients with post-stroke hemiplegia. Ninety-two
patients in the late stage of stroke were randomly assigned to
either the EG or the CG. The EG received a 21-day intervention
combining LiteStepper” ULLE with routine treatment, whereas the
CG underwent a standard daily rehabilitation program for the
same duration.
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The study employed the BBS, FAC, 6 MWT, and Barthel as
assessment tools to comprehensively evaluate balance function,
walking ability, and activities of daily living (ADL) independence
before and after rehabilitation training in both groups. The results
demonstrated that at the 14th and 21st day evaluations, the BBS
scores of the EG were significantly higher than those of the CG, with
a notably greater improvement margin observed in the EG.
Additionally, the EG exhibited significantly  superior
improvements in FAC, 6 MWT, and Barthel Index scores
compared to the CG. Notably, only one adverse event related to
LiteStepper” ULLE was reported throughout the study period,
underscoring the high safety profile of this device when
combined with routine balance training.

In summary, the integration of LiteStepper” ULLE with
conventional therapy has shown remarkable advantages in
and ADL

patients.

enhancing balance function, walking ability,

independence  among  post-stroke  hemiplegia
Furthermore, this therapeutic approach demonstrates a high level
of safety. This finding introduces a novel and effective means for
rehabilitation in stroke survivors, thereby possessing significant

clinical implications and value.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the Second
Affiliated Hospital of Zhejiang University School of Medicine,
permission number: 2021-0323; Hangzhou First People’s Hospital,
permission number: 2021-08001; The First Hospital of Jiaxing,
permission number: 2021-025; The Fifth Affiliated Hospital,
2022-02-005-K02. The
conducted in accordance with the local legislation and

permission number: studies were
institutional requirements. The participants provided their
written informed consent to participate in this study. Written
informed consent was obtained from the individual(s) for the
publication of any potentially identifiable images or data included

in this article.

Author contributions

YJ: Conceptualization, Writing—original draft, Writing-review
and editing. BX: Conceptualization, Investigation, Writing-review

References

Abdullahi, A., Wong, T. W. L., and Ng, S. S. M. (2022). Rehabilitation of severe
impairment in motor function after stroke: suggestions for harnessing the potentials of
mirror neurons and the mentalizing systems to stimulate recovery. Brain Sci. 12, 1311.
doi:10.3390/brainscil2101311

Alhwoaimel, N. A., Alenazi, A. M., Alhowimel, A. S., Alqahtani, B. A., and Alshehri,
M. M. (2024). Effects of trunk exercises using virtual reality technology on

Frontiers in Bioengineering and Biotechnology

10

10.3389/fbioe.2024.1441986

and editing. LC: Conceptualization, Investigation, Writing-review
and editing. WZ: Conceptualization, Investigation, Writing-review
and editing. ZL: Conceptualization, Investigation, Writing-review
and editing. CZ: Writing-original draft. XX: Conceptualization,
Formal  Analysis, administration,

Investigation,  Project

Supervision, Validation, Visualization, Writing-review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work was
supported by No. 2021C03109, Key R&D Plan of Zhejiang Province,
research and development of advanced rehabilitation therapeutic
equipment-the world’s first set of AI based unilateral lower limb
Exoskeleton. The authors declare that this study received funding
from Angelexo Scientific Ltd. The funder was not involved in the
study design, collection, analysis, interpretation of data, the writing of
this article, or the decision to submit it for publication.

Acknowledgments

We acknowledge Angelexo Scientific Ltd., Zhejiang, China, for
supplying the equipment and financial support.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fbioe.2024.1441986/
full#supplementary-material

trunk performance and impairment post stroke: a systematic review and meta-
analysis. Top. Stroke Rehabil. 31 (4), 399-408. doi:10.1080/10749357.2023.2261701

Ayvat, E., Dogan, M., Ayvat, F,, Kiling 0,0, Siitt, G., Kiling, M., et al. (2024).
Usefulness of the Berg Balance Scale for prediction of fall risk in
multiple sclerosis. Neurol. Sci. 45 (6), 2801-2805. do0i:10.1007/s10072-024-
07318-w

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fbioe.2024.1441986/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2024.1441986/full#supplementary-material
https://doi.org/10.3390/brainsci12101311
https://doi.org/10.1080/10749357.2023.2261701
https://doi.org/10.1007/s10072-024-07318-w
https://doi.org/10.1007/s10072-024-07318-w
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1441986

Jin et al.

Aze, O. D., Ojardias, E., Akplogan, B., Giraux, P., and Calmels, P. (2023). Structural
and pathophysiological muscle changes up to one year after post-stroke hemiplegia: a
systematic review. Eur. J. Phys. Rehabil. Med. 59, 474-487. doi:10.23736/S1973-9087.23.
07844-9

Baronchelli, F., Zucchella, C., Serrao, M., Intiso, D., and Bartolo, M. (2021). The effect
of robotic assisted gait training with Lokomat® on balance control after stroke:
systematic review and meta-analysis. Front. Neurol. 12, 661815. doi:10.3389/fneur.
2021.661815

Galikusu, 1., Uzunhisarcikl, E., Fidan, U., and Cetinkaya, M. B. (2022). Analysing the
effect of robotic gait on lower extremity muscles and classification by using deep
learning. Comput. Methods Biomech. Biomed. Engin. 25, 1350-1369. doi:10.1080/
10255842.2021.2012655

Calisgan, E., and Talu, B. (2024). The effect of vestibular and somatosensory
rehabilitation in addition to early rehabilitation on balance after stroke: a randomized
controlled trial. Top. Stroke Rehabil., 1-10. doi:10.1080/10749357.2024.2318096

Emos, M. C,, and Agarwal, S. (2023). “Neuroanatomy, upper motor neuron lesion,” in
StatPearls (StatPearls: StatPearls Publishing).

Ghrouz, A., Guillen-Sola, A., Morgado-Perez, A., Mufoz-Redondo, E., Ramirez-
Fuentes, C., Curbelo Pefia, Y., et al. (2024). The effect of a motor relearning on balance
and postural control in patients after stroke: an open-label randomized controlled trial.
Eur. Stroke J. 9 (2), 303-311. doi:10.1177/23969873231220218

Hui, Z,, Qi, W., Zhang, Y., Wang, M., Zhang, J., Li, D., et al. (2024). Efficacy of a soft
robotic exoskeleton to improve lower limb motor function in children with spastic
cerebral palsy: a single-blinded randomized controlled trial. Brain Sci. 14 (5), 425.
doi:10.3390/brainscil 4050425

Joy, M. T., and Carmichael, S. T. (2021). Encouraging an excitable brain state:
mechanisms of brain repair in stroke. Nat. Rev. Neurosci. 22, 38-53. doi:10.1038/
$41583-020-00396-7

Jung, I. H., and Oh, D. W. (2023). Effects of incorporating dual task into repeated 6-
min walk test on balance and walking functions in patients with subacute stroke: a
randomized controlled trial. Physiother. Res. Int. 28, €2003. doi:10.1002/pri.2003

Jyotindra Narayan, C. A., Jhunjhunwala, S., Abbas, M., and Dwivedy, S. K. (2023).
Hierarchical classification of subject-cooperative control strategies for lower limb
exoskeletons in gait rehabilitation: a systematic review. machines 11 (7), 20. doi:10.
3390/machines11070764

Karatzetzou, S., Tsiptsios, D., Terzoudi, A., Aggeloussis, N., and Vadikolias, K. (2022).
Transcranial magnetic stimulation implementation on stroke prognosis. Neurol. Sci. 43,
873-888. doi:10.1007/s10072-021-05791-1

Kern, K., Vukeli¢, M., Guggenberger, R., and Gharabaghi, A. (2023). Oscillatory
neurofeedback networks and poststroke rehabilitative potential in severely impaired
stroke patients. Neuroimage Clin. 37, 103289. doi:10.1016/j.nicl.2022.103289

Lee, K. E., Choi, M., and Jeoung, B. (2022). Effectiveness of rehabilitation exercise in
improving physical function of stroke patients: a systematic review. Int. J. Environ. Res.
Public Health. 19, 12739. doi:10.3390/ijerph191912739

Li, J., Zhang, J., Zhao, B., Ma, J., Liu, C., Zhang, Y., et al. (2024). Effect of extended care
on functional rehabilitation of stroke-induced hemiplegic patients. J. Public Health. 53,
167-174. doi:10.18502/ijph.v53i1.14693

Loro, A., Borg, M. B., Battaglia, M., Amico, A. P., Antenucci, R., Benanti, P., et al.
(2023). Balance rehabilitation through robot-assisted gait training in post-stroke
patients: a systematic review and meta-analysis. Brain Sci. 13, 92. doi:10.3390/
brainscil3010092

Marin-Medina, D. S., Arenas-Vargas, P. A., Arias-Botero, J. C., Gomez-Vasquez, M.,
Jaramillo-Lopez, M. F., and Gaspar-Toro, J. M. (2024). New approaches to recovery
after stroke. Neurol. Sci. 45, 55-63. doi:10.1007/s10072-023-07012-3

Miranda-Cantellops, N., and Tiu, T. K. (2024). “Berg balance testing,” in StatPearls
(StatPearls: StatPearls Publishing).

Moore, J. L., Nordvik, J. E,, Erichsen, A., Rosseland, L, Bo, E., Hornby, T. G., et al.
(2020). Implementation of high-intensity stepping training during inpatient stroke

rehabilitation improves functional outcomes. Stroke 51, 563-570. doi:10.1161/
STROKEAHA.119.027450

Ocagli, H., Cella, N,, Stivanello, L., Degan, M., and Canova, C. (2021). The Barthel
index as an indicator of hospital outcomes: a retrospective cross-sectional study with
healthcare data from older people. J. Adv. Nurs. 77, 1751-1761. doi:10.1111/jan.14708

Frontiers in Bioengineering and Biotechnology

11

10.3389/fbioe.2024.1441986

O’Dell, M. W. (2023). Stroke rehabilitation and motor recovery. Contin. (Minneap
Minn) 29 (2), 605-627. doi:10.1212/con.0000000000001218

Oliveira, S. G., Ribeiro, J. A. M., Silva, E. S. M., Uliam, N. R,, Silveira, A. F., Aratjo, P.
N., et al. (2024). Interventions to change movement behaviors after stroke: a systematic
review and meta-analysis. Arch. Phys. Med. Rehabil. 105, 381-410. doi:10.1016/j.apmr.
2023.07.011

Peldez-Vélez, F. J., Eckert, M., Gacto-Sanchez, M., and Martinez-Carrasco, A. (2023).
Use of virtual reality and videogames in the physiotherapy treatment of stroke patients:
a pilot randomized controlled trial. Int. J. Environ. Res. Public Health 20 (6), 4747.
doi:10.3390/ijerph20064747

Pu, L, Wang, L., Zhang, R, Zhao, T, Jiang, Y., and Han, L. (2023). Projected global
trends in ischemic stroke incidence, deaths and disability-adjusted life years from
2020 to 2030. Stroke 54, 1330-1339. doi:10.1161/STROKEAHA.122.040073

Qi, H, Tian, D., Luan, F,, Yang, R, and Zeng, N. (2024). Pathophysiological changes
of muscle after ischemic stroke: a secondary consequence of stroke injury. Neural Regen.
Res. 19 (4), 737-746. doi:10.4103/1673-5374.382221

Qin, L, Ji, H.,, Chen, M., and Wang, K. (2023). A self-coordinating controller with
balance-guiding ability for lower-limb rehabilitation exoskeleton robot. Sensors (Basel,
Switz.) 23, 5311. doi:10.3390/s23115311

Regele-Blasco, E., and Palmer, L. M. (2024). The plasticity of pyramidal neurons in the
behaving brain. Philos. Trans. R. Soc. Lond B Biol. Sci. 379 (1906), 20230231. doi:10.
1098/rstb.2023.0231

Shao, C., Wang, Y., Gou, H.,, Xiao, H., and Chen, T. (2023). Strength training of the
nonhemiplegic side promotes motor function recovery in patients with stroke: a
randomized controlled trial. Arch. Phys. Med. Rehabil. 104 (2), 188-194. doi:10.
1016/j.apmr.2022.09.012

Shen, J. (2022). Plasticity of the central nervous system involving peripheral nerve
transfer. Neural Plast. 2022, 1-10. doi:10.1155/2022/5345269

Sorkhabadi, S. M. R., Smith, M., Khodmbashi, R., Lopez, R., Raasch, M., Maruyama,
T, et al. (2023). Learning post-stroke gait training strategies by modeling patient-
therapist interaction. IEEE Trans. Neural Syst. Rehabil. Eng. 31, 1687-1696. doi:10.1109/
TNSRE.2023.3253795

Takebayashi, T., Takahashi, K., Amano, S., Gosho, M., Sakai, M., Hashimoto, K., et al.
(2022). Robot-assisted training as self-training for upper-limb hemiplegia in chronic
stroke: a randomized controlled trial. Stroke 53, 2182-2191. d0i:10.1161/STROKEAHA.
121.037260

Tripepi, G., Chesnaye, N. C., Dekker, F. W., Zoccali, C., and Jager, K. J. (2020).
Intention to treat and per protocol analysis in clinical trials. Nephrol. Carlt. 25, 513-517.
doi:10.1111/nep.13709

Van Criekinge, T., Heremans, C., Burridge, J., Deutsch, J. E., Hammerbeck, U.,
Hollands, K., et al. (2024). Standardized measurement of balance and mobility post-
stroke: consensus-based core recommendations from the third Stroke Recovery and
Rehabilitation Roundtable. Neurorehabil Neural Repair 38 (1), 41-51. doi:10.1177/
15459683231209154

Wang, J., Li, Y., Qi, L, Mamtilahun, M., Liu, C,, Liu, Z,, et al. (2023). Advanced
rehabilitation in ischaemic stroke research. Stroke Vasc. Neurol. 9, 328-343. doi:10.
1136/svn-2022-002285

Wang, L., Zheng, Y., Dang, Y., Teng, M., Zhang, X., Cheng, Y., et al. (2021). Effects of
robot-assisted training on balance function in patients with stroke: a systematic review
and meta-analysis. J. Rehabil. Med. 53, jrm00174. doi:10.2340/16501977-2815

Warutkar, V., Dadgal, R., and Mangulkar, U. R. (2022). Use of robotics in gait
rehabilitation following stroke: a review. Cureus 14, €31075. doi:10.7759/cureus.31075

Winterbottom, L., and Nilsen, D. M. (2024). Motor learning following stroke:
mechanisms of learning and techniques to augment neuroplasticity. Phys. Med.
Rehabil. Clin. N. Am. 35 (2), 277-291. doi:10.1016/j.pmr.2023.06.004

Yang, J., Gong, Y., Yu, L., Peng, L, Cui, Y., and Huang, H. (2023). Effect of
exoskeleton robot-assisted training on gait function in chronic stroke survivors: a
systematic review of randomised controlled trials. BMJ Open 13, €074481. doi:10.1136/
bmjopen-2023-074481

Zhang, Q., Schwade, M., Smith, Y., Wood, R., and Young, L. (2020). Exercise-
based interventions for post-stroke social participation: a systematic review and
network meta-analysis. Int. . Nurs. Stud. 111, 103738. doi:10.1016/j.ijnurstu.
2020.103738

frontiersin.org


https://doi.org/10.23736/S1973-9087.23.07844-9
https://doi.org/10.23736/S1973-9087.23.07844-9
https://doi.org/10.3389/fneur.2021.661815
https://doi.org/10.3389/fneur.2021.661815
https://doi.org/10.1080/10255842.2021.2012655
https://doi.org/10.1080/10255842.2021.2012655
https://doi.org/10.1080/10749357.2024.2318096
https://doi.org/10.1177/23969873231220218
https://doi.org/10.3390/brainsci14050425
https://doi.org/10.1038/s41583-020-00396-7
https://doi.org/10.1038/s41583-020-00396-7
https://doi.org/10.1002/pri.2003
https://doi.org/10.3390/machines11070764
https://doi.org/10.3390/machines11070764
https://doi.org/10.1007/s10072-021-05791-1
https://doi.org/10.1016/j.nicl.2022.103289
https://doi.org/10.3390/ijerph191912739
https://doi.org/10.18502/ijph.v53i1.14693
https://doi.org/10.3390/brainsci13010092
https://doi.org/10.3390/brainsci13010092
https://doi.org/10.1007/s10072-023-07012-3
https://doi.org/10.1161/STROKEAHA.119.027450
https://doi.org/10.1161/STROKEAHA.119.027450
https://doi.org/10.1111/jan.14708
https://doi.org/10.1212/con.0000000000001218
https://doi.org/10.1016/j.apmr.2023.07.011
https://doi.org/10.1016/j.apmr.2023.07.011
https://doi.org/10.3390/ijerph20064747
https://doi.org/10.1161/STROKEAHA.122.040073
https://doi.org/10.4103/1673-5374.382221
https://doi.org/10.3390/s23115311
https://doi.org/10.1098/rstb.2023.0231
https://doi.org/10.1098/rstb.2023.0231
https://doi.org/10.1016/j.apmr.2022.09.012
https://doi.org/10.1016/j.apmr.2022.09.012
https://doi.org/10.1155/2022/5345269
https://doi.org/10.1109/TNSRE.2023.3253795
https://doi.org/10.1109/TNSRE.2023.3253795
https://doi.org/10.1161/STROKEAHA.121.037260
https://doi.org/10.1161/STROKEAHA.121.037260
https://doi.org/10.1111/nep.13709
https://doi.org/10.1177/15459683231209154
https://doi.org/10.1177/15459683231209154
https://doi.org/10.1136/svn-2022-002285
https://doi.org/10.1136/svn-2022-002285
https://doi.org/10.2340/16501977-2815
https://doi.org/10.7759/cureus.31075
https://doi.org/10.1016/j.pmr.2023.06.004
https://doi.org/10.1136/bmjopen-2023-074481
https://doi.org/10.1136/bmjopen-2023-074481
https://doi.org/10.1016/j.ijnurstu.2020.103738
https://doi.org/10.1016/j.ijnurstu.2020.103738
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1441986

	Efficacy and safety of using a unilateral lower limb exoskeleton combined with conventional treatment in post-stroke rehabi ...
	1 Introduction
	2 Materials and methods
	2.1 Protocol
	2.2 Ethical considerations
	2.3 Description of the equipment
	2.4 Balance and walking ability assessment
	2.5 Data analysis
	2.6 Sample size calculation

	3 Results
	3.1 Patients and baseline characteristics
	3.2 Effectiveness
	3.3 Safety

	4 Discussion
	4.1 Limitations of this study
	4.2 Conclusion

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


