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Abstract

Objective: Multidisciplinary rehabilitation facilitates post-stroke functional recovery, but is asso-

ciated with resource and accessibility barriers. This study evaluated the combination of a wear-

able device-assisted system (WEAR) and conventional therapy for post-stroke rehabilitation.

Methods: This randomized, controlled, parallel group, clinical trial was conducted at two reha-

bilitation centers. A WEAR system was developed featuring sensors and application program-

embedded smartphones. Stroke patients within 12 weeks of onset and modified Rankin Scale

(mRS) scores of 2 to 4 were randomized into a wearable group (WG, WEARþ conventional

rehabilitation) or control group (CG, conventional rehabilitation) for 90 days. The primary out-

come was mRS score changes within 90 days.
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Results: Among 127 stroke patients enrolled (76 men [59.8%]; mean age: 57.5 years), 63 and

64 patients were randomized to WG and CG, respectively. Both groups showed significant

improvements in mRS scores. Between-group repeated measures analysis adjusted for sex, age

and number of rehabilitation sessions showed greater improvement in mRS scores within 90 days

in the WG than in the CG (estimate: 0.73).

Conclusions: This combined WEAR and conventional rehabilitation approach may improve

post-stroke functional recovery compared with conventional rehabilitation alone. The WEAR

system permits remote monitoring and recording of rehabilitation in various settings.

This clinical trial was retrospectively registered at www.clinicaltrials.gov with the Unique

Identifier NCT04997408.
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Wearable rehabilitation system, randomized controlled trial, stroke, rehabilitation, customized
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Background

Stroke remains the leading cause of chronic
physical disability worldwide and the
second leading cause of acute mortality.1

The global burden of stroke is increasing1,2

despite substantial progress in prevention
and acute treatment of ischemic and hem-
orrhagic stroke over the last few decades.3–6

Adherence to multidisciplinary rehabilita-
tion guidelines after acute stroke is associ-
ated with improved outcomes.7–9 Current
stroke guidelines from academic organiza-
tions recommend early and continuous
rehabilitation to facilitate functional recov-
ery and improve prognosis.7–9 However,
there are several barriers to adherence to
rehabilitation recommendations for stroke
patients, including the patient’s condition,
the engagement of caregivers, availability
of facilities and other environmental fac-
tors. The efficacy of rehabilitation could
be improved by increasing rehabilitation
time using mobile communication devi-
ces.7,10 According to the US Food and
Drug Administration, digital health has a
broad scope of application that includes
mobile health, telemedicine, telehealth,

wearable devices and personalized medi-

cine.11 Many types of digital devices and

technologies have been used to deliver

health interventions, including wearable

medical devices.12

Wearable devices have been proposed as

an advanced technology to facilitate post-

stroke rehabilitation.13 To supplement sub-

jective evaluation by medical staff, wearable

sensors can provide quantifiable data of

specific performed activities. They can also

record the activity of different parts of the

body simultaneously during individual or

multiple tasks.14,15 The long-term evalua-

tion of rehabilitation programs using such

data could help medical staff to better

understand patients’ abilities and progress,

complementing clinical assessment for indi-

vidualized adjustments. The use of wearable

devices has been evaluated for use in diag-

nostics, recovery/adaptation evaluation,

extended training outside rehabilitation

institutes and training of patients and care-

givers for post-stroke rehabilitation.13

Devices embedded with inertial measure-

ment units (IMU) provide readings from

accelerometers and gyroscopes to determine
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the positions of the attached body parts for
evaluation.16

We proposed a system that included (1)
wearable devices with IMU for detecting
the positions of body parts, (2) smartphones
for recording and transmitting patient data,
providing real-time feedback, and receiving
instructions from staff, (3) servers for
recording and analyzing the data and (4) a
computer to allow staff to review the perfor-
mance data of each patient.17

We conducted a trial to test this pro-
posed system, which we named the
WEarable device-Assisted Rehabilitation
(WEAR) system, for patients with stroke.
The aim of the trial was to investigate
the efficacy of implementing a 30-minute
smartphone- or smartwatch-assisted session
compared with conventional in-person
rehabilitation for stroke patients. A survey
to investigate patients’ perceptions and
intentions to use the system was conducted
using a questionnaire designed according to
the Unified Theory of Acceptance and Use
of Technology (UTAUT) model.18

Methods

Overview

This randomized, controlled, parallel group
clinical trial was conducted at two rehabili-
tation centers: Landseed International
Hospital, Taiwan, and Antai Tian-Sheng
Memory Hospital, Taiwan, from April
2016 to April 2018. The study was approved
by the institutional review boards of both
study sites (LS-14-001-B1 and TSMH 16-
074-2.1). All participants and/or their legal
representatives were informed about the
study purpose and procedures, including
academic publication. Recruitment was con-
ducted by trained nurses following strict
guidelines to ensure that participation was
voluntary. Written informed consent was
obtained prior to participant inclusion.
Participants’ identities were protected by

anonymizing their data by linking patients

to a unique study number devoid of personal

identifiers. No participants contacted us

after providing their data. The reporting of

this study conforms to the CONSORT

guidelines. This clinical trial was retrospec-

tively registered at www.clinicaltrials.gov

with the Unique Identifier: NCT04997408

on 31 July 2021.
The WEAR system (Supplementary

Figure 1) was developed by the Wireless

Network and Multimedia Laboratory at

National Central University, Taiwan,

through multidisciplinary collaboration

between stroke neurologists, physiatrists,

nurses and therapists from the two hospi-

tals. The development and validation of the

WEAR system are described in detail in the

Supplementary Material figures and table.

Participants

Patients were eligible for enrollment if they

were aged 20 to 75 years, had received a

diagnosis of stroke within 4 to 12 weeks

of onset, had a designated caregiver willing

to participate and had a baseline modified

Rankin Scale (mRS) score of 2 to 4. We

excluded patients with serious disabling

comorbidities that might have affected par-

ticipation and those who planned to partic-

ipate in post-acute stroke rehabilitation at

other hospitals.
Eligible patients were randomly assigned

in a 1:1 ratio to a group that received the

WEAR intervention plus conventional

rehabilitation (WG) or a control group

(CG) who received only conventional reha-

bilitation. The randomization sequence was

generated using a computer and the results

were sealed in opaque envelopes. The ran-

domization list was prepared by a statisti-

cian who had no clinical role in the study.

The study flow of randomization, interven-

tion and evaluation days is summarized in

Figure 1(a).
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Study interventions

All patients were scheduled to receive regu-
lar conventional rehabilitation therapy by
therapists at rehabilitation centers at least
three times per week. There was a consensus
regarding the implementation of the appli-
cation (app) rehabilitation practice in addi-
tion to conventional rehabilitation; a senior
therapist was in charge at each hospital
during the study. The protocol and recom-
mended intensity of the app rehabilitation

treatment was the same in the two hospi-

tals. Physical therapists selected and

adapted the exercises for individual patients

based on their disability and functional

assessment results.
Patients in the WG received approxi-

mately 60 minutes of traditional physical

and occupational therapy and another

30 minutes of WEAR using a customized

mobile app loaded onto a smartphone or

smartwatch. Patients in the CG received

Randomized
then Clinical
evalua�on

Day 0

4 weeks

Rehabilita�on
center

CG

WG

Using customized mobile APP onto a smart phone or
watch for 30 min

Clinical
evalua�on

Day 30

8 weeks

Rehabilita�on
center

CG

WG

Clinical
evalua�on

Day 90

(a)

(b)

Figure 1. The WEAR system (a) and the English version of its user interface (b). The Chinese version can
be downloaded from Google Play. CG, control group; WG, wearable group; WEAR, WEarable device-
Assisted Rehabilitation.
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approximately 90 minutes of conventional
physical and traditional therapy. At the
hospitals, WG patients and their caregivers
were provided with a smartphone loaded
with the rehabilitation app, which included
six standardized exercises aimed at improv-
ing trunk mobility and upper and lower
limb mobility [see Additional file 1].
Patients and their (formal or informal)
caregivers were asked to perform a selected
set of exercises for 3 months, and attended a
monthly evaluation session with therapists
and neurologists. If discharge occurred
before the end date of the study period,
then the program continued with outpatient
rehabilitation performed using the custom-
ized exercise app.

Rehabilitation programs

One of the most popular therapies for
stroke patients is proprioceptive neuromus-
cular facilitation (PNF),19 which was devel-
oped in the 1940s. PNF is a dynamic
approach to facilitate post-stroke motor
recovery and improves motor performance
using maximal resistance to facilitate move-
ment. PNF focuses on spiral and diagonal
movement patterns to promote a larger
neuromuscular response in proprioceptors.
The receptors involved in proprioception
transmit joint signals to the spinal cord
and then to the brain, facilitating bi- or
multi-articular muscle activities. The PNF
method includes the following maneuvers:
(1) resistance; (2) reinforcement; (3) manual
contact; (4) body position and body mechan-
ics; (5) verbal stimulation/commands;
(6) vision; (7) traction and approximation
and (8) stretch.20

We used six assisted rehabilitation pro-
grams for the trunk and upper and lower
limbs in accordance with rehabilitation
practice. The programs were based on the
following core activities: lifting, spinning
up, reaching the floor, knee extension, hip
abduction, and bridging (Supplementary

Figure 2 a–f). These daily exercises were
designed based on the PNF model and
incorporate three-dimensional movements
that include diagonal and spiral movement
patterns and their combinations in the sag-
ittal, coronal and transverse planes, corre-
sponding to pitch (movement through the
horizontal axis), roll (movement through
the frontal axis) and yaw (movement
through the vertical axis). These exercises
can be modified for patients at different
functional stages, and for the same patients
as they progress through different
Brunnstrom stages of stroke recovery. 21

Details of the app rehabilitation treat-
ment process are described in Additional
file 1. The therapists demonstrated these
movements on the smartphones and smart-
watches using the app, and recorded accu-
rate sensor values as the thresholds for the
algorithms used by the app.

The whole system was externally validat-
ed by an independent therapist who was not
involved in the development stage. This
therapist performed standard correct and
incorrect movements that were used to
determine the sensitivity and specificity of
the app (Supplementary Table 1). The final
version of the WEAR system included
public education of stroke prevention and
treatment, Framingham stroke risk scores,
app-assisted stroke rehabilitation, a calendar
to log daily performance and prompt the
uploading of records, and server and web-
based management systems (Figure 1(b)).

After correct installation of the app on
the smartphones or smartwatches, the devi-
ces were attached to the appropriate limbs
or trunk following evaluation by the thera-
pists, as in daily practice. The therapist
could choose one of the designed app pro-
grams for patients at the desired intensity
(angles and levels) to begin the interactive
program while performing the in-person
rehabilitation programs. The devices
detect the movements, transmit them to
the server and provide real-time feedback.

Ho et al. 5



The therapists instructed patients and their

caregivers on how the systems worked.

Demonstrative pictures and videos were

used to guide patients in performing each

movement. During the patients’ regular

visits to the rehabilitation center, the thera-

pists evaluated patients’ functional status

and provided further instructions based on

the stored records. Patients could choose to

run the rehabilitation programs on either

their smartphones or their smartwatches.

Feedback based on the records was avail-

able on the system’s web interface. Once the

app was activated, the system automatically

recorded and uploaded users’ activities,

including performed programs, frequency,

duration and success rates. Physicians,

therapists and nurses could use the system

to monitor patients’ app use in real time.
After the WG patients and their care-

givers had received sufficient instruction

from the therapists, we encouraged patients

to perform the assigned rehabilitation pro-

grams at home after discharge. The study

coordinator and authorized personnel mon-

itored the website every working day to

examine the transmitted data on the reha-

bilitation activities of all participants, either

in the rehabilitation centers or at home. The

information was shared with the therapists

and the physicians in charge. The study

coordinator contacted any patients whose

transmitted data indicated that they might

need further assistance and/or instruction.

Acceptance of the WEAR system

To explore patients’ acceptance and percep-

tions of the WEAR system, we developed

a questionnaire based on the UTAUT

model.18 Cronbach’s alpha indicated that

the internal consistency reliability of the

questionnaire was high (alpha: 0.963). The

content validity index of content appropri-

ateness was 0.79, and the content validity

index of clarity of recommendations was

0.86, confirming the suitability and compre-
hensibility of the questionnaire.

The survey was conducted with patients
at one center (Landseed International
Hospital), using a cross-sectional assess-
ment at baseline for both groups and a
follow-up assessment at 30 days (D30) and
90 days (D90) for the WG.

The UTAUT model comprises four
determining factors of technology use: per-
formance expectancy, effort expectancy,
social influence and facilitating conditions;
these factors influence behavioral intention
and thus technology use.22

Outcome measures

All patients underwent a comprehensive
clinical evaluation at the start of the study
that recorded sex, age, type of stroke, date
of stroke onset and affected side. Detailed
data on patients’ daily functional scores,
which were assessed by the therapist assist-
ing with the rehabilitation, were also col-
lected to evaluate primary and secondary
outcomes.

The primary outcome was the change in
mRS score from baseline (D0) to D30 and
D90. The mRS is a widely used measure of
functional outcomes and activity limita-
tions in stroke therapies.23,24 This activity-
level measure has been widely used in a
range of stroke studies and its application
and interpretation is well accepted.
However, the mRS does not assess motor
function, physical function, movement exe-
cution or level of independence. Therefore,
we used secondary outcomes to assess other
aspects of functional recovery, balance and
upper and lower motor ability D0, D30,
and D90. We used the following measures,
which are routinely used to assess acute
stroke patients during admission: the
National Institute of Health Stroke scale
(NIHSS); the Barthel index (BI)25 to
assess functional recovery of activities of
daily living; the Brunnstrom stages of
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recovery; the Functional Independence
Measure (FIM) to assess motor domains,
such as self-care, continence, transfers,
and locomotion, and cognitive domains;26

the Berg Balance Scale (BBS) to assess
static and dynamic balance ability;27 and
the Wolf Motor Function Test-Functional
Ability Scale (WMFT-FAS) to assess upper
extremity motor ability.28

We also conducted focus group inter-
views with recruited patients and their care-
givers, rehabilitation therapists, researchers
in post-acute stroke care, the managers of
nursing homes and the study investigators.
The aim of the interviews was to investigate
respondents’ willingness to use the WEAR,
and the costs, benefits and barriers involved
in applying this system outside of hospital
and rehabilitation center settings. During
the interview, we shared information
about the results of the study and compre-
hensively discussed aspects that may affect
the potential implementation of the system
in external settings such as patients’ homes
and nursing homes.

Statistical analyses

We calculated the sample size using a two-
sided, two-sample t-test assuming 80%
power and a type I error of 0.05.29,30

Considering a dropout rate of 20%, the
final estimation of the required sample
size was 108 participants. A power analysis
was performed using G*Power V3.1.9.4.31

All outcome measures were analyzed
based on the intention-to-treat principle,
and missing data were addressed according
to the last observation carried forward
method.32,33 We compared the two groups
(WG and CG) on demographics, stroke
types, clinical characteristics, rehabilitation
engagement items, and scores on the five
rehabilitation scales. To assess differences
in clinical and demographic characteristics
of the patients in the two groups, we used the
independent samples t-test for continuous

variables, the Pearson chi-square test or
Fisher’s exact test for dichotomous variables
or the Mann–Whitney U test for ordinal var-
iables (univariate analysis).34 For the primary
outcome, the changes in mRS scores from
baseline over the course of the treatment
period (from D0 to D30, from D0 to D90)
were further compared using the indepen-
dent samples t-test or the Mann–Whitney
U test. The secondary outcomes were
determined using the paired t-test or
Mann–Whitney U test.

To analyze the outcome at three time-
points, we compared the two groups at mul-
tiple time points using a series of individual
group comparisons (repeated measures pro-
cedures). The within-subject factor was set
as time and the between-subject factor was
set as group, with an analysis of covariance
(ANCOVA) model adjusted using the base-
line parameters as covariates.35 To control
the effect of covariate variables, we exam-
ined not only the changes in variance of the
dependent variable but also the relationship
between the dependent variable and the
covariates across different levels of a qual-
itative variable. ANCOVA differentiates
between the variance change in the depen-
dent variable explained by changes in the
covariate variable and the variance change
explained by changes in the levels of the
qualitative variables. Therefore, it reduces
the error variance of the dependent variable
and makes it easier to determine the signif-
icance of the variables; it also increases
the analytical power. Significant effects iden-
tified by the ANCOVA were further exam-
ined with a post hoc between-group
comparison (pairwise multiple comparisons)
of mRS scores using the Mann–Whitney
U test.33,36,37 Before conducting the post
hoc test (on between-subject factors), the
homogeneity of the variances between the
groups was first tested. A value of P� 0.05
indicates that the variances are homoge-
neous, and that a multiple comparison pro-
cedure can be applied, such as the least

Ho et al. 7



significant difference, the Bonferroni

method or the Tukey test.38

A two-sided value of P< 0.05 was con-

sidered significant. SAS software (version

9.4; SAS Institute Inc., Cary, NC, USA)

was used to perform all statistical analyses.

Results

A total of 140 patients were evaluated from

April 2016 to April 2018, and 127 met the

eligibility criteria. After randomization, 63

participants were assigned to the WG and

64 to the CG. The WG included 41 partic-

ipants with smartphones (ASUSVR Zenfone

5) and 22 participants with smartwatches

(PebbleVR Time).

The details of baseline clinical character-
istics are shown in Table 1. Of the 127
patients (mean age, 57.45� 9.29 years),
59.8% were men and 74.4% had ischemic
stroke. The mean time from stroke to
screening was 20.42� 25.70 days (interquar-
tile range [IQR] 5–23 days). The median
baseline NIHSS score was 5 (IQR 2.0–8.0)
in each group, with no difference between
groups. There was no between-group differ-
ence in the median Brunnstrom stage score,
which was 4 in both groups (P¼ 0.348 for
upper limbs, and P¼ 0.391 for lower limbs).
However, there was a significant between-
group difference in the distribution of mRS
scores 2, 3 and 4 (more patients in the WG
group scored 2 whereas more patients in the

Table 1. Demographic and baseline characteristics of the enrolled participants according to randomization
groups.

Characteristic

Wearable group

(n¼ 63)

Control group

(n¼ 64) P value

Age, years, mean� SD 58.73� 8.91 56.19� 9.55 0.123

Sex, n (%) 0.538

Male 36 (57.14) 40 (62.50)

Stroke type, n (%)a 0.475

Ischemic 48 (77.42) 46 (71.88)

Hemorrhagic 14 (22.58) 18 (28.12)

From stroke onset to screening, days, mean� SD 23.57� 25.43 17.31� 25.78 0.171

Affected side, n (%)b 0.532

Left 33 (52.38) 30 (47.62)

Right 30 (47.62) 33 (52.38)

Rehabilitation sessions, median (IQR) 23.0 (12.0–34.0) 17.0 (4.0–34.0) <0.001

Baseline clinical outcome score

NIHSS, median (IQR) 5.0 (2.0–8.0) 5.0 (2.0–8.0) 0.759

Brunnstrom stage, median (IQR)c

Upper extremity 4.0 (4.0–5.0) 4.0 (3.0–5.0) 0.348

Lower extremity 4.0 (4.0–5.0) 4.0 (3.0–5.0) 0.391

mRS, n (%) 0.039

2 27 (42.86) 15 (23.43)

3 17 (26.98) 19 (29.69)

4 18 (29.03) 30 (46.88)

NIHSS, National Institutes of Health Stroke Scale; mRS, modified Rankin Scale; IQR, interquartile range; SD, standard

deviation.
aOne individual in the wearable group had a subarachnoid hemorrhage and was excluded from the calculations.
bOne individual in the control group had an affected brainstem and was excluded from the calculations.
cSeven individuals in the wearable group and three individuals in the control group had missing Brunnstrom assessments at

baseline and were excluded from the calculations.
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CG group scored 4; P¼ 0.039) (Table 1).
Excluding two WG patients and four CG
patients who did not participate in any treat-
ment sessions after randomization, patients
participated in an average of 23 sessions
(63.9%) in the WG group and 17 sessions
(47.2%) in the CG group out of the

36 assigned rehabilitation sessions. Thirty-
seven patients (18 in the WG and 19 in the
CG groups) were unavailable to complete
the D30 and D90 study evaluations
(Figure 2). WG patients who were dis-
charged from the hospital without complet-
ing the 36 sessions were encouraged to

Acute stroke patients screening for eligibility (n=140)

Excluded (n=13)

Did not meet inclusion criteria 

(n=9)

Lost contact (n=1)

Family members did not agree to 

participate (n=3)

Wearable intervention (n=63)

Received allocated intervention 

(n=63)

Control intervention (n=64)

Received allocated intervention 

(n=64)

Randomized (n=127)

Allocation

Completed D30 intervention (n=51)

Lost contact (n=5)

Refused to return (n=4)

Schedule conflict (n=3)

Completed D30 intervention (n=49)

Lost contact (n=9)

Refused to return (n=5)

Schedule conflict (n=1)

Completed D90 intervention (n=45)

Lost contact (n=4)

Refuse to return (n=2)

Completed D90 intervention (n=45)

Lost contact (n=4)

Intention-to-treat analysis (n=63) Intention-to-treat analysis (n=64)

Analysis

Figure 2. CONSORT participant flow chart.

Ho et al. 9



continue rehabilitation at the same hospital
facility or at home. All patients who dropped
out of the study completed at least four ses-
sions before discharge. No serious adverse
events or discomfort were observed following
the rehabilitation.

During the study period, we encouraged
patients and their caregivers to use the
WEAR at home after appropriate instruc-
tion. The system records showed that three
patients performed the instructed programs
at home for 5, 5, and 22 days, respectively.
The patient with the longest engagement
time engaged in 516 minutes of WEAR at
home, equivalent to almost six rehabilita-
tion sessions as defined in the study.

Primary outcome

The analysis of the mRS score distribution
showed that both groups experienced sig-
nificant improvements at D30 and D90
compared with baseline (WG: median 2,
[IQR 1–3], P< 0.0001; CG: median 3;
[IQR 2–4], P< 0.0001 at D90, respectively)
(Table 2).

Further repeated measures ANCOVA
analysis was performed to compare the
interaction between time and group. The
results showed a significant between-group

effect for mRS score (P¼ 0.023), with WG

patients showing more improvement

than CG patients (estimate �0.73 in the

post hoc comparison between groups),

after adjusting for age, sex and number of

rehabilitation sessions (Table 2).

Secondary outcomes

The mean scores on the BI, FIM and BBS

and the median scores on the WMFT-FAS

at different time points are shown in Table 3.

Both groups showed significant improve-

ments in BI, FIM and BBS scores at D30

and D90, respectively (all P< 0.0001). Both

groups also showed significant improve-

ments in WMFT-FAS scores at D30 and

D90. In the between-group comparison,

WG patients showed significantly more

improvement than CG patients in scores

on the BI at D0 (P¼ 0.014) and D90

(P¼ 0.039), on the FIM at D0 (P¼ 0.001)

and D90 (P¼ 0.012), on the BBS at D0

(P¼ 0.025) and D90 (P¼ 0.002), and on

the WMFT-FAS at D90 (P¼ 0.038).

However, there were no significant between-

group differences in the mean change in BI,

BBS, FIM and WMFT-FAS scores from

baseline to D90 (Table 3).

Table 2. Primary outcome (modified Rankin Scale score) by timepoint and changes from baseline at 30 and
90 days

Day of

evaluation

Assessment

Median (IQR)

Changes from

D0 Median

(IQR)

Within-group

P valuea

Between

group

P valueb Estimate

Post hoc

P valuec

WG (n¼ 63) Baseline (D0) 3.0 (2.0–4.0) Reference Reference 0.019 �0.73 0.023

D30 2.0 (2.0–4.0) 0 (�1.0 to 0) 0.002

D90 2.0 (1.0–3.0) 0 (�1.0 to 0) <0.0001

CG (n¼ 64) Baseline (D0) 3.0 (3.0–4.0) Reference Reference Reference

D30 3.0 (2.0–4.0) 0 (�1.0 to 0) <0.0001

D90 3.0 (2.0–4.0) 0 (�1.0 to 0) <0.0001

WG, wearable group; CG, control group; IQR, interquartile range; D0, baseline; D30, 30 days; D90, 90 days.
aSignificant within-group difference.
bComparison of between-group change from baseline to D90 using ANCOVA test, adjusting for sex, age and number of

rehabilitation sessions.
cPost hoc comparison between groups using Mann–Whitney U test.
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Acceptance of the WEAR system

We conducted expert validation tests prior

to administering the UTAUT questionnaire.
There were no between-group differences

in performance expectancy, effort expectan-

cy and facilitating conditions at baseline,
but WG patients had significantly higher

scores on social influence (P¼ 0.02) and

behavioral intention (P¼ 0.002). The

follow-up survey of WG patients demon-

strated significantly increased scores from

baseline to D30 and D90 on performance

expectancy (D30: P¼ 0.002; D90:
P¼ 0.007), effort expectancy (D30:

P¼ 0.0001; D90: P< 0.001) and facilitating

conditions (D30: P¼ 0.003; D90: P< 0.001)

(Table 4). Non-significant increases in

social influence and behavioral intention

scores were also shown at D30 and D90
follow-up.

Discussion

Our study showed that stroke patients

in both groups experienced significant

improvement over 90 days, andWG patients

showed significantly, although slightly,

better functional recovery than CG patients
as assessed by the primary outcome (mRS

scores) during the study period. The results

suggest the benefits of incorporating wear-

able devices into post-stroke rehabilitation.
The lack of significant differences in ini-

tial NIHSS scores and Brunnstrom stages
suggest that patients in the two groups

had similar severity and functional impair-

ment. However, the groups had different

distributions of initial mRS scores.

Compared with the WG, the CG group

had worse BI, FIM and BBS baseline

scores. This difference may reflect the fact
that the study assessed different aspects of

Table 3. Secondary outcomes by timepoint and change from baseline at 90 days.

Wearable group (n¼ 63) Control group (n¼ 64)
Between

group

P valueb

Difference in the

mean change at

D90 (95% CI)cMean� SD

Within-group

P valuea Mean� SD

Within-group

P valuea

BI

Baseline (D0) 70.71� 25.54 Reference 58.57� 29.22 Reference 0.014 �2.93 (�9.43 to 3.56)

D30 78.49� 25.30 <0.0001 73.13� 27.57 <0.0001 0.285

D90 83.02� 23.06 <0.0001 73.67� 28.09 <0.0001 0.039

FIM

Baseline (D0) 76.57� 20.87 Reference 61.63� 27.16 Reference 0.001 �4.16 (�15.33 to 7.00)

D30 85.79� 37.31 <0.0001 77.10� 40.70 <0.0001 0.306

D90 84.98� 34.83 <0.0001 74.05� 37.95 <0.0001 0.012

BBS

Baseline (D0) 33.66� 16.15 Reference 26.43� 17.92 Reference 0.025 �0.14 (�4.26 to 3.97)

D30 41.43� 15.54 <0.0001 36.23� 17.22 <0.0001 0.115

D90 44.71� 13.21 <0.0001 37.07� 16.95 <0.0001 0.002

WMFT-FAS, median (IQR)

Baseline (D0) 3.0 (0.0–5.0) Reference 3.0 (0.0–5.0) Reference 0.142 �0.009 (�0.33 to 0.32)

D30 3.0 (0.0–5.0) 0.001 4.0 (0.0–5.0) 0.007 0.099

D90 4.0 (0.0–5.0) <0.0001 3.0 (1.0–5.0) 0.0007 0.038

CI, confidence interval; BI, Barthel index; FIM, Functional Independence Measure; BBS, Berg Balance Scale; WMFT-FAS,

Wolf Motor Function Test-Functional Ability Scale; IQR, interquartile range; SD, standard deviation; WG, wearable group;

CG, control group; D0, baseline; D30, 30 days; D90, 90 days.
aComparison within groups using the paired t-test.
bComparison between groups using the ANCOVA test and adjusting for sex, age and number of rehabilitation sessions.
cAdjusted for sex, age and number of rehabilitation sessions; and no significant between-group difference.
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disability, functional impairment and

health.39 Our primary outcome was mRS

score; randomized controlled rehabilitation

and pharmaceutical studies have demon-

strated that the mRS is a validated global

measure of post-stroke activity levels.40 Of

the several statistical methods used to ana-

lyze changes in mRS scores over time, the

comparison of initial and final dichoto-

mized mRS score changes between the two

groups may not reflect clinically meaningful

changes in function.41 Therefore, we focused

on comparing individual changes in mRS

scores between the WG and CG to evaluate

the progress of each patient. We analyzed

patients’ mRS scores using repeated meas-

urements, using an ANCOVA model adjust-

ed for sex, age and number of rehabilitation

sessions to identify significant changes

across different stroke severities within and

between the two groups.42

Both groups experienced significant

improvements in the primary outcome and

all secondary outcomes at D30 and D90.

There were also non-significant improve-

ments in BI, FIM and BBS scores at D90

in the CG but not in the WG, which might

reflect the significantly lower baseline

scores on the three measures of the CG

compared with the WG. Scores on the

mRS, BI and FIM are highly correlated,

although the FIM contains more cognitive

domain response categories than the BI.

The non-significant differences found in

the between-group analysis of BI, FIM,

BBS and WMFT-FAS scores within

90 days may indicate similar rehabilitation

efficacy in both groups.43 We suspect that

the greater improvement in mRS scores in

the WG was a result only of more rehabil-

itation sessions;42 therefore, we adjusted for

the number of rehabilitation sessions in the

ANCOVA model. Furthermore, the higher

number of rehabilitation sessions did not

necessarily indicate more overall rehabilita-

tion time in the WG. In the early WG

implementation stages, the therapists had

to explain to participants how the WEAR

worked and help them set up the app and

devices in 30 minutes, which may have

reduced the in-person rehabilitation time

compared with the CG. This setup may

have increased the efficacy of the WG in

the later stages. The present findings indi-

cate that therapists could integrate app

rehabilitation using the WEAR system

with in-hospital rehabilitation to facilitate

functional improvement. The consecutive

records of rehabilitation activity in the

system could also help multidisciplinary

Table 4. Acceptance of the WEAR system at baseline in the WG and CG and changes from baseline in
the WG.

Baseline assessment 30 days assessment 90 days assessment

Variable

WG

(n¼ 56)

CG

(n¼ 60) P value

WG

(n¼ 56)

Change from

Baseline P valuea
WG

(n¼ 56)

Change from

Baseline P valuea

UTAUT score, mean þ�SD

PE 3.58� 0.63 3.41� 0.56 0.133 3.88� 0.68 0.30� 0.69 0.002 3.90� 0.80 0.32� 0.85 0.007

EE 3.33� 0.79 3.33� 0.56 0.993 3.80� 0.72 0.47� 0.86 0.0001 3.91� 0.63 0.58� 0.86 <0.001

SI 3.67� 0.62 3.41� 0.58 0.021 3.84� 0.65 0.17� 0.69 0.08 3.87� 0.74 0.20� 0.77 0.06

FC 3.50� 0.70 3.33� 0.63 0.168 3.83� 0.68 0.33� 0.78 0.003 3.94� 0.65 0.43� 0.74 <0.001

BI 3.72� 0.64 3.36� 0.59 0.002 3.88� 0.70 0.15� 0.61 0.06 3.89� 0.75 0.17� 0.77 0.099

WG, wearable group; CG, control group; UTAUT, Unified Theory of Acceptance and Use of Technology; SD, standard

deviation; PE, performance expectancy; EE, effort expectancy; FC, facilitating conditions; SC, social influence; BI, behavioral

intention; WEAR, WEarable device-Assisted Rehabilitation.
aComparison within groups using paired t-test.
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team members monitor and analyze indi-
viduals’ performances.44 In this study,
three patients used the WEAR at home,
and one performed almost six equivalent
sessions. This finding suggests that the
WEAR system could increase in-home
self-practice rehabilitation, thus overcom-
ing time and location constraints, limita-
tions in medical resources and safety
concerns44,45 and enhancing rehabilitation
intensity and functional recovery.46,47

Using the technology-assisted system,
the quantity and intensity of rehabilitation
sessions could be increased beyond in-
person therapy to facilitate recovery.10,47

The sensor-driven system, which features
real-time and continuous recording, also
helps to overcome the difficulty of monitor-
ing performance accuracy and compliance
with recommended activity outside the cen-
ters and specialized institutes.48,49 Our
system could help to bridge the gap between
the advised post-stroke rehabilitation inten-
sity and the insufficient rehabilitation
therapy resources provided by medical sys-
tems.49 For example, it could permit more
inpatient rehabilitation in the wards, assis-
ted by trained nursing staff, and more out-
patient activities, with the help of formal
and informal caregivers under supervision
using remote monitoring and recording.
Although the system is not very expensive,
further research is needed to perform cost-
benefit analyses.

The UTAUT questionnaire was used to
explore patients’ perceptions and intention
to use the WEAR system. The WG showed
significantly higher scores on social influence
and behavioral intention. As the question-
naire was administered after randomization,
this finding probably reflects the expectation
of WG patients that they would use the
WEAR system, and the knowledge of CG
patients that they would have no opportuni-
ty to use it. Using focus group interviews, we
investigated the willingness to use the
WEAR system among patients, caregivers

and rehabilitation center therapists. We
found that compared with therapists,
patients and caregivers were more willing
to accept the assistance of the WEAR
system for rehabilitation. The follow-up
survey of WG patients showed significantly
increased scores on performance expectancy,
effort expectancy and facilitating conditions
at D30 and D90, which suggests that these
are the main factors that affect use intention.
The non-significant increase in social influ-
ence and behavioral intention scores at D90
may have been a result of higher baseline
scores, but it suggests that the willingness
to use the system remained constant in the
WG. The influence of other factors, such as
age, experience and caregiver support should
be further investigated.50,51

All stroke care pathways were modified
to avoid delayed reperfusion therapy for
acute ischemic stroke participants52 and to
ensure the safety of participants, caregivers
and multidisciplinary care teams during the
COVID-19 pandemic period.53 Inpatient
rehabilitation should be continued as
much as possible for appropriate patients.54

However, outpatient and community reha-
bilitation services may be limited,45,55

increasing the need for rehabilitation both
inside and outside the institute.53 Although
a systematic review did not support the
superiority of telerehabilitation, it has
been demonstrated to be noninferior to out-
patient rehabilitation.47 Our results suggest
that integrating a wearable device-assisted
app with conventional rehabilitation could
help stroke survivors to continue their
advised rehabilitation programs with simi-
lar efficacy.

There were several study limitations. The
difference in baseline scores between the
two groups may have affected the final
results and their interpretation. The inclu-
sion of the study patients was based on
mRS scores. The mRS is a well-accepted
scale with few grades and modest interrater
reliability, which may partly explain the
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lack of difference between the two groups,
consistent with NIHSS scores. However,
the difference in initial disability and func-
tion between the two groups could have
been better assessed using more graded
and specific measures for the secondary
outcomes. We recommend further studies
to recruit stroke patients using more finely
graded functional scales to allow for more
detailed assessment of these differences.
The number of app rehabilitation and con-
ventional rehabilitation sessions during our
study were in line with local rehabilitation
protocols; however, they may not be opti-
mal.56 The primary outcome results may
have been less significant if the CG had
received a similar number of rehabilitation
sessions. Furthermore, only a few patients
used the system and transmitted data to the
server outside the hospital. Implementation
of this system requires more information
technology literacy and additional efforts
from physicians, therapists, patients and
their caregivers. Fortunately, these factors
will likely improve over time with increased
penetration of smartphones, smartwatches
and more immersive internet environments.
Further investigation to expand the appli-
cation of technology in stroke rehabilitation
in the community is warranted.

Conclusion

This study demonstrated that the WEAR
system is feasible, safe and may have bene-
ficial effects over conventional therapy on
post-stroke rehabilitation. Patients who
received both the WEAR and conventional
rehabilitation by therapists showed facili-
tated functional recovery and persistent
improvement of stroke. Rehabilitation
using combined modalities could increase
the duration and frequency of therapy
activities, enhance caregiver engagement,
and provide timely feedback to patients
through longitudinal monitoring by multi-
disciplinary teams. Further investigation is

warranted to explore more applications of the

these types of systems and their efficacy in

both inpatient and outpatient rehabilitation.
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