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Abstract

Objective: This study aimed to examine the effectiveness, safety and patients’ perceptions of an immersive virtual reality
(VR)–based exercise system for poststroke upper limb rehabilitation.

Methods: A proof-of-concept, 2-week randomized controlled trial was conducted. Fifty stroke patients were randomly
assigned to either use the immersive VR-based exercise system to perform upper limb exercises for 2 weeks (intervention)
or play commercial games (control). Effectiveness, safety and patients’ perceptions of the exercise system were assessed at
baseline and at 1- and 2-week follow-ups.

Results: Intention-to-treat analysis revealed that after 2weeks, statistically significant improvements in shoulderflexion active range of
motion (AROM), shoulder abduction AROM, perceived upper limbmotor function and quality of life (QoL)were observed in one or both
groups, but not between the groups. Per-protocol analysis showed that after 2 weeks: (i) statistically significant improvement in shoul-
der abduction AROM was obtained in the intervention group, and the difference in the mean changes between the groups was stat-
istically significant; (ii) statistically significant improvements in coordination/speed (Fugl–Meyer Assessment for Upper Extremity),
shoulderflexionAROM,perceivedupper limbmotor functionandQoLwereobtained inoneorbothgroups,butnotbetween thegroups.

Conclusions: The immersive VR-based exercise system is a potentially effective, safe and acceptable approach for supporting post-
stroke motor rehabilitation. These findings can serve as a basis for larger-scale studies on the application of VR for poststroke exercises.
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Introduction

Upper limb motor impairment is a common disability after
stroke. Afflicted patients need to undergo therapeutic exer-
cises to restore motor function and independence. However,
because such treatment is typically supervised by physical
therapists and takes place in clinics, it can be costly and
inconvenient to obtain.

Technologies such as virtual reality (VR) have been used
to overcome these limitations, because VR can promote
access to exercises, aid motor learning and enhance indivi-
duals’ motivation to perform therapeutic exercises while also
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providing a safe simulation of real-life daily activities, real-time
multimodal feedback on performance and engaging exercising
experience.1–9 VR applications range from non-immersive to
immersive, depending on the degree to which users are isolated
from the real world when interacting with virtual environments.
Non-immersive VR is achieved through a 2D screen, which
allows users to interact with virtual environments from the
‘outside’ while having a full view of the surrounding real
world, and interaction is typically limited to the use of a mouse
or joystick.10–12 Immersive VR is usually achieved through a
head-mounted display (HMD), which isolates users from the
actual world and immerses them inside stereoscopic environ-
ments where they can interact with the environments using their
body.10,13 Compared to non-immersive VR, immersive VR can
incorporatemultiple sensory andmotor channels into experience,
allow for more natural and intuitive interaction, provide a more
realistic perception of space (e.g., depth, distances and size) and
elicit a higher perceived level of presence.14–16 Being immersed
in virtual environments can arouse physiological responses,14,15

activate brain activities,17 and influence the effectiveness of
VR-based treatments.18,19

Reviews of the use of VR in poststroke motor rehabilitation
have shown its effectiveness in safely improving certain out-
comes, such as upper limb motor function (as measured by
the Fugl–Meyer Assessment for Upper Extremity [FMA-UE])
and independence in daily living (as measured by the
Functional Independence Measure).20–24 However, evidence
on the effects of VR on other relevant outcomes that can also
be important for evaluating upper limb motor recovery, such
as range of motion (ROM), muscle strength and quality of
life (QoL), is still weak due to the low quality of evidence.20

Additionally, previous studies have primarily used non-
immersive VR. The use, effectiveness and safety of immersive
VR in poststroke motor rehabilitation are less studied and thus
are less understood.20–26Moreover, users’ perceptions of a tech-
nology, such as its ease of use and usefulness, can influence
their attitudes toward the technology and ultimately impact
their acceptance of the technology.8,27–39 In the context of the
use of technology in poststroke motor rehabilitation, stroke
patients’ perceptions of VR-based rehabilitation programmes
can also influence their acceptance of and adherence to the pro-
grammes; however, research on this topic has been limited.

In view of the aforementioned research gaps, we con-
ducted a proof-of-concept and feasibility randomized con-
trolled trial (RCT) to examine the effectiveness, safety
and patients’ perceptions of an immersive VR-based exer-
cise system developed to support the performance of
upper limb exercises in poststroke patients.

Methods

Study design and participants

A proof-of-concept, parallel-group, double-blind RCT was
conducted at a public hospital in China (Dingzhou People’s

Hospital, Hebei) from September 2021 to June 2022.
Participants were poststroke patients recruited from the hos-
pital’s rehabilitation medicine department. Eligible partici-
pants were aged 19–75 years; had a first-ever unilateral
stroke, as confirmed from their computed tomography or
magnetic resonance imaging records; were experiencing
motor impairments in one of the upper limbs, with the
affected arm in Brunnstrom stage 3, 4, or 5 of stroke recov-
ery; had at least 10° of active range of motion (AROM) in
the shoulder and elbow of the affected arm; were able to
maintain autonomous upright seating for at least 45
minutes; had a normal or corrected-to-normal vision; and
had normal hearing. Patients were excluded if they had
injuries or other health conditions that restricted their
upper limb mobility, unilateral spatial neglect, unstable
medical conditions, a history of seizures or epilepsy, com-
munication difficulty, mood instability or were involved
in any other ongoing investigational drug studies.

The trial was approved by the Human Research Ethics
Committee of The University of Hong Kong-Shenzhen
Hospital (approval number: [2021]137) and the Dingzhou
People’s Hospital (approval number: hx-2021-04) in
China and has been registered in the Chinese Clinical
Trial Registry (registration number: ChiCTR210004
7150). All of the participants provided written informed
consent before participating in the study.

Procedures

Doctors and physical therapists in the rehabilitation medicine
department first introduced the study to their stroke inpatients.
Patients who were interested in the study were invited to a
screening session, during which they tried the study’s VR
devices and their eligibility was determined. The researcher
(JC) explained the study’s details to the patients initially deter-
mined to be eligible, confirmed their eligibility and obtained
their written informed consent. Subsequently, the researcher
collected data on the participants’ demographic and clinical
characteristics, and two outcome assessors (YZ and TH) con-
ducted baseline assessments.

The participants were then randomized to one of the two
study groups: the intervention group, in which the immer-
sive VR-based exercise system was used to perform
upper limb exercises (35 minutes/day, 6 days/week for 2
weeks), or the control group, in which commercial games
were played (35 minutes/day, 6 days/week for 2 weeks).
The dose and frequency of the VR exercise or game
playing were suggested by physical therapists in accord-
ance with the dose and frequency of the physical therapy
at the hospital (30 minutes/day, 6 days/week). The study
was conducted in a separate therapy room (approximately
25 m2) in the department. The outcome measures were
assessed at baseline and at 1-week and 2-week follow-ups.

All of the participants continued their stroke rehabilita-
tion therapy provided by the hospital during the study
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period, including physical therapy (30 minutes/day), func-
tional electrical stimulation (20 to 80 minutes/day), occupa-
tional therapy (20 minutes/day), aerobic exercises (15 to 85
minutes/day), acupuncture (30 minutes/day), soft robotic
glove–assisted hand training (15 minutes/day), intermittent
pneumatic compression therapy for lower extremity (30
minutes/day), facial massage (15 minutes/day), speech
therapy (20 minutes/day), transcranial magnetic stimulation
(20 minutes/day) and equipment-assisted standing training
(30 minutes/day). The above therapy was delivered 6
days per week.

Randomization and masking

The participants were randomized 1:1 to either the interven-
tion or the control group, using permuted blocks of sizes
four and six. Randomization was performed using a com-
puter program. A researcher (TC) who was not involved
in the study performed the randomization after the baseline
assessments had been completed. YZ and TH (the two
outcome assessors) and the participants were blinded to
group allocation. As JC (the onsite researcher) had to
administer the intervention, researcher blinding was not
possible.

Intervention and control conditions

Intervention condition. The participants randomized to the
intervention group were instructed to perform upper limb
exercises using the immersive VR-based exercise system.
The design of the system adhered to the established learning
principles of poststroke rehabilitation.3,5,40,41 First, the
exercise system focused on training the fundamental
upper limb movements essential to daily activities (e.g.,
shoulder flexion). The tasks involved in the exercise
system were those that patients were familiar with in
daily life, such as lifting weights (in our case, a dumbbell).
Second, the exercise system provided repetitive exercises of
the upper limb to facilitate the development of normal
movement pattern. Third, the exercise system provided
visual (e.g., balloon popping into pieces), audio (e.g.,
sheep bleating) and haptic (e.g., fish rod vibrating) feedback
to inform patients’ success in performing the tasks and
assist their motor learning. Fourth, the exercise system
incorporated a progressive difficulty level for tasks, to
suit the heterogeneous conditions and abilities of patients.
The difficulty levels could be quantified as the number of
repetitions of movements, degrees and distances, allowing
patients setting quantifiable goals of performing tasks.
Fifth, the tasks were designed as engaging cartoon games
to increase patients’ enthusiasm to participate actively in
the exercises.

The exercise system included five games, one each for
shoulder flexion and abduction (Dumbbell lifting), elbow
flexion (Fishing), forearm pronation and supination

(Sheep whacking), wrist flexion and extension (Apple
picking) and reaching exercises (Balloon popping), which
were based on the Graded Repetitive Arm Supplementary
Program (https://neurorehab.med.ubc.ca/grasp/)42–44 and
PhysioTherapy eXercises (https://www.physiotherapy
exercises.com/). The games were recently preliminarily
applied and their feasibility demonstrated in healthy older
adults.30 The details of the five exercise games are pre-
sented below.

Dumbbell lifting. This game included two modes: shoul-
der flexion exercise and shoulder abduction exercise
(Figure 1). The participants held the controller (presented
as a dumbbell in VR) and needed to (1) start with their
arm hanging naturally to the side of their body, elbow
fully extended and palm facing the side of the body; then
(2) lift the controller up and out to the front (for flexion)
or to the side (for abduction) until it reached shoulder
level, keeping the elbow straight; and then (3) hold the con-
troller at the shoulder level for 1 to 3 seconds, depending on
the difficulty level. A longer required time for holding the
controller indicated a higher difficulty level than a shorter
required time for holding the controller. One trial lasted 1
minute, during which each participant was required to
repeatedly lift the controller by following the above-
described steps as many times as possible. For each
mode, four trials were performed by each participant.

Fishing. This game was designed as an elbow flexion
exercise (Figure 2). The participants were in front of a
pond in VR in which fish were swimming. The participants
needed to (1) hold the controller (presented as a fishing rod
in VR) and wait until it started vibrating, indicating that a
fish had been caught; then (2) flex their elbow and raise the
controller toward the shoulder, keeping the elbow still on
the real table; and then (3) hold the position for 1 to 3
seconds, depending on the difficulty level, to pull the fish
out of the water. A longer required time for holding the con-
troller indicated a higher difficulty level than a shorter required
time holding the controller. One trial lasted 1 minute, during
which each participant was required to catch as many fish as
possible. Each participant performed four trials.

Sheep whacking. This game was designed as a forearm
pronation and supination exercise (Figure 3). The partici-
pants were in front of two holes in VR, holding the control-
ler (presented as a hammer in VR). A sheep alternately
popped up from one of the two holes. The participants
needed to whack the sheep back into the hole by pronating
or supinating their forearm, with the elbow kept still on the
real table. There were four difficulty levels: the participants
needed to pronate and supinate the forearm to 15°, 30°, 45°
and 60°; more required degrees of movement indicated
higher difficulty levels than fewer required degrees of
movement. One trial lasted 1 minute, during which each
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participant was required to whack as many sheep as pos-
sible. Each participant performed four trials.

Apple picking. This game was designed as a wrist flexion
and extension exercise (Figure 4). The participants were in
front of an apple tree and a stump in VR. The participants
needed to hold the controller (presented as a bird in VR)
and extend their wrist to control the upward flight of the
bird to pick a red apple from the tree, then flex their wrist
to control the downward flight of the bird and drop the
apple on the stump. Immediately after this, another apple
appeared on the tree, and the participants needed to repeat
the process. There were four difficulty levels: the partici-
pants needed to flex and extend their wrist to 15°, 30°,
45° and 60°; more required degrees of movement indicated
higher difficulty levels than less required degrees of move-
ment. One trial lasted 1 minute, during which each partici-
pant was required to pick as many apples as possible. Each
participant performed four trials.

Balloon popping. This game was designed as a reaching
exercise for the overall upper limb (Figure 5), which com-
bined the movements of shoulder flexion and extension, and
elbow flexion and extension. The participants were in front of
a virtual table, on which a balloon appeared on the affected
side of the participant. The participants needed to hold the con-
troller (presented as a hand in VR) and reach their hand toward
the balloon and pop it by pressing a trigger button on the con-
troller using their index finger. Immediately after this, another
balloon appeared, and the participants needed to repeat the
process. The game had four modes: reaching toward the
front, reaching toward the side at 45° and 90° and reaching
upward (toward a balloon). There were four difficulty levels
within each mode, depending upon the distance between the
balloons and the participants. Balloons randomly appeared
within a distance of 0%–25%, 0%–50%, 0%–75% and 0%–
100% of the participants’ maximum reaching distance. A
longer distance indicated a higher difficulty level than a
shorter distance. Each participant’s maximum reaching distance
was measured before the game. One trial lasted 1 minute,

Figure 1. Dumbbell lifting in virtual reality (left) for shoulder exercises (right).

Figure 2. Fishing in virtual reality (left) for elbow exercise (right).
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during which each participant was required to pop as many bal-
loons as possible. Each participant performed four trials.

Participants in the intervention group started with
Dumbbell lifting, followed by Fishing, Sheep whacking,
Apple picking and Balloon popping. The difficulty level of
the games started from the easiest level. After each trial,
the researcher asked the participants how difficult they felt
the exercise was; if the participants reported the trial was
easy, the difficulty level was increased by one; if the partici-
pants reported the trial was acceptable or difficult to perform,
the difficulty level remained unchanged. After consultations
with physical therapists, the participants who had been
cleared to perform strengthening exercises used weights
(0.25, 0.5 or 1 kg, based on the level of their motor function)
placed on the wrist for the shoulder, elbow, forearm, and
reaching exercises or on the hand for the wrist exercises.
Rest during exercises was allowed to avoid fatigue. The par-
ticipants were instructed to stretch their upper limbs during
the rest to avoid increased muscle spasticity. Guided by the
physical therapists, the researcher held the participants’
joints to ensure their sitting balance and avoid abnormal
movements (e.g., shrugging the shoulders) when needed.

AHMD (HTCVive Pro) was used for navigation in virtual
environments, and awireless hand-held controllerwasused for
interaction (e.g. lifting the dumbbell). Unity 2018.4.24f1
(Unity Technologies, USA) and VotanicXR (version 2020,
Votanic Ltd., HK, China) were used to develop the exercise
system, which was run on a Dell G7 laptop computer. An
elastic bandage was used to maintain the hand-held controller
on the hand if the participants were not able to independently
hold the hand-held controller with their affected hand. A
table was used to support the elbow during the elbow and
forearm exercises. A sponge foam box placed on the table
was used to support the wrist exercises.

Control condition. Immersive VR-based commercial games
obtained from Steam (https://store.steampowered.com/) were

used as a sham VR programme, in order to blind the partici-
pants and outcome assessors to the group allocation. The
games used in the study required upper limb movements (it
is impossible to avoid upper limbmovements with immersive
VR devices) but do not require specific movement patterns,
and thus, theywere not directly aligned with the exercises pro-
vided by the system we developed. The participants rando-
mized to the control group play the games for entertainment,
rather thandevelopingnormalmovement patterns.The follow-
ing gameswere used after their safety and playability had been
assessed by the doctors, physical therapists and researcher of
this study: Chocolat Rush, Zooma, Fruit Ninja VR, Kooring
Wonderland, and Space Slurpies (details of the games are pre-
sented in Appendix 1). These games are single-player, casual
and supported on HTC Vive Pro, and do not involve highly
active movements, complex operations or elements that may
induce discomfort. After the researcher explained the rules of
the games, the participants were told to select several games
they were interested in and play them at their style and pace,
during which each game was repeated approximately two to
four times. The participants rested and stretched their upper
limbswhenneeded to avoid fatigue and increasedmuscle spas-
ticity.The researcher held theparticipant’s joints to ensure their
sitting balance and avoid abnormal movements when needed,
with the guidance of the physical therapists.

The control participants used the same HMD, hand-held
controller, laptop computer and elastic bandage as the inter-
vention participants.

Outcomes

Baseline demographic and clinical characteristics. The base-
line demographic and clinical characteristics measured
were age, sex, education level, stroke type, time since
stroke onset, stroke-affected side, dominant hand before
stroke, Brunnstrom stage of the affected arm, comorbidities,

Figure 3. Sheep whacking in virtual reality (left) for forearm exercises (right).
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ongoing stroke rehabilitation therapy prescribed by doctors
and previous experience of using a computer and VR.

Outcomes used to evaluate the effectiveness of the immersive
VR-based exercise system. The effectiveness outcomes
were as follows:

• Upper limb motor function measured using the FMA-UE
scale, which contains four subscales: shoulder/elbow/
forearm, wrist, hand and coordination/speed scales. The
total score ranges from 0 to 66, with higher scores indicat-
ing better motor function than lower scores.45

• AROM of shoulder flexion and abduction, elbow
flexion, forearm pronation and supination, and wrist
flexion and extension, measured using a goniometer.46,47

• Strength of shoulder flexors and abductors, elbow
flexors, and wrist flexors and extensors measured using
a hand-held muscle dynamometer (model 01165;
Lafayette Instrument Company, USA).48–51

• Arm and hand motor ability measured using the Wolf
Motor Function Test (WMFT), which consists of 15
timed tasks, with up to 120 seconds allowed per task.52

The task completion times of the 15 tasks were averaged,
with a shorter completion time indicating better motor
ability than a longer completion time. The quality of move-
ment while performing the tasks was rated on a 6-point
scale, ranging from 0 (does not attempt to perform the
task) to 5 (movement appears to be normal). The quality
of movement scores of the 15 tasks were averaged, with
higher scores indicating better motor ability than lower
scores.

• Perceived upper limb motor function of the affected side
measured using an 11-point rating scale ranging from 0
(very poor) to 10 (excellent).

• QoL measured using the EQ-5D-5L questionnaire (https://
euroqol.org/), which measures five dimensions of health:
mobility, self-care, usual activities, pain/discomfort and
anxiety/depression. Each dimension is rated on a 5-point

Figure 4. Apple picking in virtual reality (left) for wrist exercises (right).

Figure 5. Balloon popping in virtual reality (left) for reaching exercise (right).
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scale ranging from 1 (no problem) to 5 (unable to perform/
extremeproblem). The responseswere then summarized as
five-digit codes (e.g. 11235), and the codes were trans-
formed into a single number (i.e. an index value) using
the Chinese population tariff to present a specific health
status.53

Outcomes used to evaluate the safety of the immersive
VR-based exercise system. The following three outcomes
were used to examine the safety of the exercise system:

(i) discomfort, (ii) pain in the upper limb, and (iii) muscle
spasticity in the upper limb, all due to the use of the exercise
system. Discomfort was recorded based on the participants’
self-report and the researcher’s observation during each
session of VR exercise. Pain was measured using an
11-point visual analogue scale ranging from 0 (no pain)
to 10 (worst possible pain), with higher scores indicating
more severe pain than lower scores. Muscle spasticity
was measured using the modified Ashworth Scale,

Table 1. Perception outcomes and measurement items.

Outcomes Measurement items

Perceived usefulness (PU) PU1: Using the immersive VR-based exercise system to perform upper limb exercises would improve your
upper limb motor function.

PU2: Using the immersive VR-based exercise system to perform upper limb exercises would increase
exercise efficiency.

PU3: Using the immersive VR-based exercise system to perform upper limb exercises would enhance
exercise effectiveness.

PU4: You found the immersive VR-based exercise system to be useful to perform upper limb exercises.

Perceived ease of use
(PEOU)

PEOU1: Learning to use the immersive VR-based exercise system was easy for you.

PEOU2: You found it easy to get the immersive VR-based exercise system to do what you wanted to do.

PEOU3: It was easy to become skillful at using the immersive VR-based exercise system.

PEOU4: You found the immersive VR-based exercise system easy to use.

Attitude (ATT) ATT1: Using the immersive VR-based exercise system to perform upper limb exercises is a good idea.

ATT2: Using the immersive VR-based exercise system to perform upper limb exercises is a wise idea.

ATT3: You like the idea of using the immersive VR-based exercise system to perform upper limb exercises.

ATT4: Using the immersive VR-based exercise system to perform upper limb exercises was a pleasant
experience.

Intrinsic motivation (IM) IM1: You found using the immersive VR-based exercise system to perform upper limb exercises to be
enjoyable.

IM2: The actual process of using the immersive VR-based exercise system to perform upper limb exercises
was pleasant.

IM3: You had fun using the immersive VR-based exercise system to perform upper limb exercises.

Satisfaction (SAT) SAT1: You are satisfied with the use of the immersive VR-based exercise system for performing upper limb
exercises.

SAT2: You are satisfied with the immersive VR-based exercise system.

Behavioural intention (BI) BI1: You intend to continue using the immersive VR-based exercise system to perform upper limb exercises.

BI2: You plan to continue using the immersive VR-based exercise system to perform upper limb exercises.

VR, virtual reality.
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ranging from 0 to 4 with 6 possible levels (i.e. 0, 1, 1+, 2, 3,
4), with higher scores indicating more severe muscle spas-
ticity than lower scores.49

Outcomes used to evaluate patients’ perceptions of the
immersive VR-based exercise system. In the last follow-up
assessment, a questionnaire was used to measure the inter-
vention participants’ perceived usefulness of the exercise
system, perceived ease of use of the exercise system,
attitudes toward the exercise system, intrinsic motivation
for using the exercise system, satisfaction with the exercise
system and intention to use the exercise system. Table 1
presents the perception outcomes and their measurement
items, which were rated on a 7-point Likert scale ranging
from 1 (very strongly disagree) to 7 (very strongly
agree).36,37,54,55

Statistical analysis

Between-group differences in participant characteristics
and outcome variables at baseline were assessed using
independent t-tests and chi-square/Fisher exact tests.
Mean changes in the effectiveness outcomes over time
within the groups and between the two groups were ana-
lysed using linear mixed models with a scaled identity
covariance structure. The linear mixed model technique
can accommodate all available data of participants if
missing data appear, without dropping the entire data of
the participants from the analysis.56 The outcomes were
modelled in terms of the time effect (1 week vs. baseline
and 2 weeks vs. baseline) and treatment condition effect
(intervention vs. control). Intention-to-treat analysis was
first performed by including all participants in the study
group to which they had been assigned. We assumed
that the missing data were missing at random and no
imputation was adopted for the missing data.57 We also
conducted a per-protocol analysis which included only
participants who completed the 2-week trial. The safety
and patient perception outcomes were reported descrip-
tively. IBM SPSS Statistics (version 25) was used for all
of the statistical analyses. A two-sided p < 0.05 was con-
sidered statistically significant.

Results

Study characteristics

From September 2021 to June 2022, 84 patients were
screened. Fifty of them were eligible and willing to partici-
pate, and were thus enrolled in the study and randomized
into the intervention and control groups (Figure 6). Two
intervention participants were lost to follow-up at week 1:
one was discharged, and another was unable to arrange a
time to participate in the study; nine intervention partici-
pants were lost to follow-up at week 2: seven were

discharged, and two did not feel well during hospitalization.
Seven control participants were lost to follow-up at week 1:
three were discharged; three lost interest and one partici-
pant’s family members thought the participant was too
tired to attend the study; four control participants were
lost to follow-up at week 2, because they were discharged.
Baseline characteristics and outcome measures were
balanced between the groups, except that the intervention
group had a significant higher prevalence of diabetes than
the control group (p< 0.001) (Tables 2 and 3).

Effectiveness outcomes

Intention-to-treat analysis. The results of the intention-to-
treat analyses of effectiveness outcomes are shown in
Table 4.

Regarding upper limb motor function measured using
the FMA-UE, a significant increase was observed in the
coordination/speed score after 1 week in the intervention
group (0.51, 95% confidence interval [CI]: 0.05 to 0.97,
p= 0.03), but no significant difference was noted compared
with the control group (p= 0.94). No other within-group
and between-group differences were observed.

For AROM, significant increases were observed in the
AROM of shoulder flexion after 2 weeks in both the inter-
vention (19.71, 95% CI: 3.33 to 36.09, p= 0.02) and
control groups (17.17, 95% CI: 0.79 to 33.55, p= 0.04),
but no significant between-group difference was observed
(p= 0.83). Significant increases were also observed in the
AROM of shoulder abduction after 1 week (16.69, 95%
CI: 3.36 to 30.03, p= 0.02) and 2 weeks (29.21, 95% CI:
13.81 to 44.62, p < 0.001) in the intervention group and
after 2 weeks (16.81, 95% CI: 1.41 to 32.22, p= 0.03) in
the control group, but no significant between-group differ-
ences were found at 1 week (p= 0.55) or 2 weeks (p=
0.26). No other within-group and between-group differ-
ences were observed.

There were no within-group or between-group differ-
ences in strength or arm and hand motor ability, as mea-
sured using the WMFT.

Regarding perceived upper limb motor function, signifi-
cant increases were observed after 2 weeks (1.78, 95% CI:
0.67 to 2.89, p= 0.002) in the intervention group and after 1
week (1.33, 95% CI: 0.31 to 2.36, p= 0.01) and 2 weeks
(1.64, 95% CI: 0.53 to 2.75, p= 0.004) in the control
group, but no significant between-group differences were
found at 1 week (p= 0.39) or 2 weeks (p= 0.86).

For QoL, significant increases were observed after 1
week (0.14, 95% CI: 0.02 to 0.25, p= 0.02) and 2 weeks
(0.18, 95% CI: 0.05 to 0.30, p= 0.01) in the control
group, but no significant between-group differences were
found at 1 week (p= 0.55) or 2 weeks (p= 0.58).

Per-protocol analysis. The results of the per-protocol ana-
lyses of effectiveness outcomes are shown in Table 5.
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Regarding upper limb motor function measured using
the FMA-UE, a significant increase was observed in the
coordination/speed score after 2 weeks in the intervention
group (0.64, 95% CI: 0.06 to 1.23, p= 0.03), but there
was no significant between-group difference (p= 0.73).
No other within-group and between-group differences
were observed.

For AROM, significant increases were observed in the
AROM of shoulder flexion after 1 week (17.03, 95% CI:
1.57 to 32.48, p= 0.03) and 2 weeks (28.36, 95% CI: 12.90
to 43.82, p<0.001) in the intervention group, but no signifi-
cant between-group differences were observed at 1 week (p

=0.33) or 2 weeks (p= 0.15). Significant increases were
also observed in the AROM of shoulder abduction after 1
week (17.57, 95% CI: 1.86 to 33.29, p= 0.03) and 2 weeks
(36.24, 95% CI: 20.53 to 51.95, p<0.001) in the intervention
group, and the improvement in AROM in the intervention
group was significantly higher than that in the control group
at 2 weeks (p=0.04).

No within-group and between-group differences were
observed in strength and arm and hand motor ability, as
measured using the WMFT.

Regarding perceived upper limb motor function, signifi-
cant increases were observed after 2 weeks in the

Figure 6. Study flow diagram.
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Table 2. Baseline characteristics of the participants.

Characteristics
Intervention
(n= 25)

Control
(n= 25)

p value for between-group
difference

Age (years)

Mean (SD) 56.4 (12.9) 59.1 (10.2) 0.41

Median (range) 58.0 (28.0–75.0) 60.0 (34.0–75.0)

Sex, n (%) 0.77

Male 16 (64.0%) 17 (68.0%)

Female 9 (36.0%) 8 (32.0%)

Education received (years), n (%) 0.27

≤6 0 (0.0%) 1 (4.0%)

6–9 24 (96.0%) 19 (76.0%)

>9 1 (4.0%) 5 (20.0%)

Stroke type, n (%) 0.77

Ischaemic 17 (68.0%) 16 (64.0%)

Haemorrhagic 8 (32.0%) 9 (36.0%)

Time since stroke onset at baseline
(days)

Mean (SD) 36.1 (24.2) 46.0 (74.2) 0.53

Median (range) 34.0 (7.0–107.0) 19.0 (5.0–357.0)

Stroke-affected side, n (%) >0.99

Left 13 (52.0%) 13 (52.0%)

Right 12 (48.0%) 12 (48.0%)

Dominant hand, n (%) 0.35

Left 1 (4.0%) 4 (16.0%)

Right 24 (96.0%) 21 (84.0%)

Brunnstrom stage of stroke recovery for
the affected arm, n (%)

0.69

Stage 3 14 (56.0%) 11 (44.0%)

Stage 4 6 (24.0%) 8 (32.0%)

Stage 5 5 (20.0%) 6 (24.0%)

(continued)

10 DIGITAL HEALTH



Table 2. Continued.

Characteristics
Intervention
(n= 25)

Control
(n= 25)

p value for between-group
difference

Comorbidities, n (%)

Hypertension 20 (80.0%) 21 (84.0%) >0.99

Diabetes 13 (52.0%) 1 (4.0%) <0.001

Hyperlipidaemia 5 (20.0%) 5 (20.0%) >0.99

Vascular disease 4 (16.0%) 5 (20.0%) >0.99

Heart disease 4 (16.0%) 4 (16.0%) >0.99

Musculoskeletal disorder 1 (4.0%) 1 (4.0%) >0.99

No comorbidities 0 (0.0%) 1 (4.0%) >0.99

Conventional therapeutic modalities, n
(%)

Physical therapy 25 (100.0%) 23 (92.0%) 0.49

Functional electric stimulation 25 (100.0%) 23 (92.0%) 0.49

Occupational therapy 25 (100.0%) 21 (84.0%) 0.11

Aerobic exercises 23 (92.0%) 21 (84.0%) 0.67

Acupuncture 23 (92.0%) 21 (84.0%) 0.67

Soft robotic glove-assisted hand
training

16 (64.0%) 10 (40.0%) 0.09

Intermittent pneumatic compression
therapy for lower extremity

6 (24.0%) 5 (20.0%) 0.73

Facial massage 3 (12.0%) 5 (20.0%) 0.70

Speech therapy 2 (8.0%) 2 (8.0%) >0.99

Transcranial magnetic stimulation 1 (4.0%) 3 (12.0%) 0.61

Equipment-assisted standing training 2 (8.0%) 1 (4.0%) >0.99

Experience of using a computer, n (%) 0.19

Never 17 (68.0%) 19 (76.0%)

Rarely 2 (8.0%) 5 (20.0%)

Sometimes 3 (12.0%) 0 (0.0%)

Often 3 (12.0%) 1 (4.0%)

Always 0 (0.0%) 0 (0.0%)

(continued)
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intervention group (2.14, 95% CI: 0.90 to 3.39, p= 0.001)
and control group (1.29, 95% CI: 0.04 to 2.53, p= 0.04),
but no significant between-group difference was found at
2 weeks (p= 0.34).

For QoL, a significant increase was observed after 2
weeks (0.15, 95% CI: 0.02 to 0.28, p= 0.02) in the
control group, but there was no significant between-group
difference at 2 weeks (p= 0.57). Appendix 2 summarizes
the distribution of the participants’ responses to the
EQ-5D-5L.

Safety outcomes

One intervention participant experienced dizziness from
using VR. Two intervention participants and one control
participant reported eye strain due to wearing the HMD.
One intervention participant experienced fatigue during
VR exercise. Two intervention participants reported
pain in the upper limb during VR exercise.

Table 6 presents the distribution of the participants’
ratings for pain in their upper limb due to the use of
the exercise system at 1 and 2 weeks. More than half
of the participants in both groups perceived no pain in
the upper limb, and several participants reported mild
to moderate levels of pain, with ratings ranging from 2
to 6.

Table 7 shows the distribution of the muscle spasticity
of the biceps, triceps, forearm pronators, forearm

supinators, wrist flexors and wrist extensors for both
groups at 1 and 2 weeks. Almost all the participants had
no increase in spasticity (level 0) or mild spasticity (level
1 or 1+), and no severe spasticity was reported.

Patient perception outcomes

Of the 25 intervention participants, 21 completed the patient
perception questionnaire. The mean values of the ratings
(ranging from 1 to 7, with higher values indicating more
positive perceptions than lower values) for perceived use-
fulness, perceived ease of use, attitude, intrinsic motivation,
satisfaction and behavioural intention were 6.20 (standard
deviation [SD]= 0.69), 6.33 (SD= 0.80), 6.25 (SD=
0.74), 6.37 (SD= 0.75), 6.36 (SD= 0.69) and 6.31 (SD=
0.84), respectively. These results indicate that the partici-
pants’ overall perceptions of the exercise system were
highly positive.

Discussion

Principal findings

This study developed an immersive VR-based exercise
system and evaluated its use for upper limb motor rehabili-
tation in poststroke patients from multiple perspectives.
Regarding its effectiveness, the intention-to-treat analyses
showed that there were no significant differences in upper
limb motor function (FMA-UE), upper limb AROM,

Table 2. Continued.

Characteristics
Intervention
(n= 25)

Control
(n= 25)

p value for between-group
difference

Experience of using VR, n (%) >0.99

Never 24 (96.0%) 24 (96.0%)

Rarely 1 (4.0%) 1 (4.0%)

Sometimes 0 (0.0%) 0 (0.0%)

Often 0 (0.0%) 0 (0.0%)

Always 0 (0.0%) 0 (0.0%)

Total duration of VR exercises/game
playing (minutes)a

Mean (SD) 296.04 (132.97) 267.40 (162.56) 0.50

Median 350.0 350.0

Range 35.0–420.0 35.0–420.0

aOne intervention participant did not receive virtual reality exercises because the participant withdrew from the study immediately after enrolment.
SD, standard deviation; VR, virtual reality.
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Table 3. Outcomes at baseline.

Outcome
Intervention
(n= 25)

Control
(n= 25)

p value for
between-group
difference

Upper limb motor function (Fugl–Meyer Assessment for
Upper Extremity)

Shoulder/elbow/forearm 20.04 (9.44) 20.36 (8.63) 0.90

Wrist 3.40 (3.72) 3.08 (3.20) 0.75

Hand 7.56 (4.74) 7.12 (4.76) 0.75

Coordination/speed 4.36 (0.91) 4.24 (0.78) 0.62

Total 35.36 (17.16) 34.80 (15.20) 0.90

Active range of motion (°)

Shoulder flexion 98.60 (26.47) 96.64 (26.49) 0.80

Shoulder abduction 81.81 (20.95) 84.85 (24.97) 0.64

Elbow flexion 107.08 (25.68) 104.84
(20.34)

0.73

Forearm pronation 48.79 (35.37) 51.83 (35.82) 0.76

Forearm supination 47.20 (33.98) 50.88 (31.83) 0.69

Wrist flexion 20.75 (21.64) 23.60 (20.69) 0.64

Wrist extension 21.81 (19.21) 26.56 (23.81) 0.44

Strength (N)

Shoulder flexors 50.24 (29.23) 42.55 (19.05) 0.28

Shoulder abductors 53.54 (29.19) 43.44 (18.79) 0.15

Elbow flexors 47.54 (29.18) 42.80 (23.37) 0.53

Wrist flexors 13.38 (18.93) 12.37 (14.68) 0.83

Wrist extensors 21.67 (25.59) 15.34 (17.12) 0.31

Arm and hand motor ability (Wolf Motor Function Test)

Task completion time (seconds) 50.40 (35.88) 52.37 (32.83) 0.84

Quality of movement (score) 2.59 (1.32) 2.35 (1.02) 0.48

Perceived upper limb motor function 3.72 (1.51) 4.00 (1.55) 0.52

Quality of life (EQ-5D-5L) 0.57 (0.21) 0.55 (0.24) 0.66
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upper limb strength, arm and hand motor ability (WMFT),
perceived upper limb motor function and QoL (EQ-5D-5L)
between the intervention and control groups, although signifi-
cant improvements in coordination/speed (FMA-UE sub-
scale), AROM of shoulder flexion and abduction, perceived
upper limb motor function and QoL (EQ-5D-5L) over time
were observed in either one or both of the groups.
Per-protocol analyses revealed that the exercise system signifi-
cantly improved the AROM of shoulder abduction at 2 weeks
compared with the commercial games; significant improve-
ments in coordination/speed (FMA-UE subscale), AROM of
shoulder flexion, perceived upper limb motor function and
QoL (EQ-5D-5L) over time were also observed in either
one or both of the groups, but without significant
between-group differences. In terms of safety, VR-induced
side effects were mild and short lived, with no severe pain
or significant increase in upper limb muscle spasticity
observed, indicating that the exercise system was generally
safe to use. Furthermore, the participants’ overall perceptions
of the exercise system were highly positive.

Interpretation of study outcomes

Upper limb motor function (FMA-UE). A possible explanation
for failing to detect improvements in upper limb motor
function could be because the VR exercise provided was
insufficient. Although the ideal level of practice has yet to
be determined,5,41 some general guidelines on the amount
of training have been proposed. For example, Laver
et al.23 reported that more than 15 hours of VR-based inter-
ventions tended to result in greater benefits in upper limb
motor function than shorter interventions. Thus, a longer
study period with a longer duration of training may
provide different results than those we obtained in the
present study. Moreover, in patients with mild impairments,
the FMA-UE may not be responsive to changes (i.e. the
ceiling effect).58 In the present study, some of the partici-
pants were already in the Brunnstrom recovery stage 5 for
the affected arm (performing complex movements is pos-
sible in this stage) at baseline, and thus, their FMA-UE
scores were already close to the maximum possible score.
Therefore, improvements in the upper limb motor function
of these participants were limited.

AROM. The AROM results indicate that the exercise system
has the potential to improve the shoulder joint movement
range. This may be because the exercise system provided
four types of exercises that focused separately on different
joints, allowing the participants to learn to control a specific
joint independently while inhibiting unwanted movements
of other joints.59,60

Strength. A possible explanation for failing to detect
improvements in muscle strength could be that most inter-
vention participants’ exercises focused on improving theirTa
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joint motion and facilitating normal movement patterns.
Over 50% of the intervention participants (Table 2) were
in Brunnstrom recovery stage 3 for the affected arm at base-
line. For patients in this stage, performing movements with
undue effort could lead to an abnormal increase in muscle
spasticity, which would reinforce abnormal movement pat-
terns and cause pain.61,62 The controller used in the study
weighed about 0.4 kg; thus, we were quite prudent to add
additional weights (i.e. put weight on the wrist or hand)
for those participants, to avoid adverse training effects.
For the participants who were cleared for adding additional
weights during exercises, approximately 35 minutes of
exercises within 2 weeks might have been insufficient to
significantly enhance muscle strength.63 A review by
Harris and Eng64 indicated that, on average, strength train-
ing should be administered for at least 4 weeks (60 minutes/
day, 2–3 days/week) to achieve promising improvements in
upper limb muscle strength in poststroke patients.
American Heart Association/American Stroke Association
suggested that strength training should be performed 2 to
3 days per week, including 1 to 3 sets of 8 to 10 different
exercises with 10 to 15 repetitions.65

Arm and hand motor ability (WMFT). A potential reason for
failing to detect a significant improvement in arm and
hand motor ability is that half of the tasks in the WMFT
require the use of the hand and fingers, such as grasping a
pencil and flipping cards over. In this study, the participants
needed to just hold and move the controller when interact-
ing with virtual environments, which scarcely involved any
hand and finger movements; thus, training in hand and
finger movements was limited.

Perceived upper limb motor function. The participants in
both the groups perceived that their upper limb motor func-
tion significantly improved, and no between-group differ-
ences were observed. For stroke patients, being afflicted
with long-term motor impairment can lead to low self-
efficacy and negative health behaviours (e.g., decreased
independence and autonomy in disease management).66

Improving self-efficacy is essential for effective disease
self-management.66 Our results suggest that, combined
with conventional rehabilitation therapy, either the exercise
system or commercial games could positively impact parti-
cipants’ perceptions of their motor function, which may
increase their self-efficacy in performing therapeutic exer-
cises and recovering from motor impairment.

Qol (EQ-5D-5L). The control group showed significantly
improved QoL, but this improvement was not significantly
different from that in the intervention group. According to
the EQ-5D-5L questionnaire, QoL can be assessed in mul-
tiple dimensions, including in mobility, self-care, usual
activities, pain/discomfort and anxiety/depression dimen-
sions. In this study, a higher proportion of controlTa
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participants reported no problems or slight problems in
mobility after 1 and 2 weeks (Appendix 2). This might be
the possible explanation for the results.

Safety. The safety of immersive VR-based interventions for
poststroke motor rehabilitation has rarely been reported. In
this study, immersive VR induced discomfort, such as diz-
ziness and eye strain, but it was mild and short lived, indi-
cating that immersive VR for poststroke exercise was safe
overall for and well tolerated by the participants.

Patients’ perceptions. The results indicate that the
participants perceived that using the exercise system
for upper limb exercises was easy, useful, enjoyable
and satisfactory, which could have positively influenced
their attitudes toward and intention to use the exercise
system.28–31,36,37,54,55,67 These findings reflect that the
participants’ overall perceptions of the exercise system
were positive. However, these highly positive percep-
tions may be subject to bias, because the participants
who had positive perceptions were more likely to have
adhered to the intervention than those who had negative
perceptions, who might have been those who withdrew
from the study. It is suggested that the features of the
exercise system that positively and negatively influence

patients’ perceptions of the exercise system should be
further identified, as this will guide improvements in
the design of such interventions and thereby enhance
poststroke patients’ experience with and acceptance of
such interventions.

Implications for research

The study’s findings have several implications for research.
First, studies with larger sample sizes than this study are
required to provide more robust evidence on the use of immer-
sive VR-based interventions for poststroke upper limb motor
rehabilitation. Based on the mean changes in the FMA-UE
total score at week 2 (Table 5) in the two groups, to detect a
mean difference of 6 points (the minimal clinical important
change68,69) in the FMA-UE total score between groups with
a SD value of 16 (calculated based on results in Table 5),
assuming a power of 80% and attrition rate of 20%, the total
sample size should be 140.70–72 Stroke patients with different
clinical characteristics should also be included and stratified
in future studies to examine how different groups of patients
respond to such interventions. Second, the exercise system
did not produce clinically significant improvements in study
outcomes during our 2-week study period, but its long-term
effects remain unknown. A longer intervention duration is
needed to provide evidence regarding the long-term effects
of such a system on outcomes of poststroke upper limb
motor rehabilitation. Third, the games used in this study did
not involve all gross and fine movements of the upper limb
joints. Additionally, the games mainly focused on single-joint
movements, and multi-joint movements were less involved
(only the reaching exercise). Thus, it is recommended that
VR-based games that include more types of movements of
upper limb joints be designed and developed for poststroke
upper limb motor rehabilitation. For example, sensor-based
hand tracking systems, such as Ultraleap 3Di, can be combined
with HMD devices to provide exercises for hand and finger
movements. Finally, possible reasons for participant with-
drawal should be examined in future studies, as these may
shed light on factors that impede patients’ acceptance of and
adherence to VR-based interventions. Such information
would be useful for improving the design, development and
implementation of VR-based interventions, to improve
patients’ experiences with and acceptance of such interven-
tions and increase their benefit for patients. In general, chal-
lenges that are frequently seen in healthcare field research
shouldbecarefullyconsidered to increase their effectiveness.73

Implications for practice

The study offers implications for practice. First, our find-
ings suggest that the exercise system is useful for support-
ing the delivery of upper limb exercises for poststroke
patients, given that the intervention was regarded as toler-
able and satisfactory overall by the participants and

Table 6. Distribution of the participants’ ratings for pain in the
affected upper limb due to the use of the immersive virtual reality–
based exercise system.

Pain level

Intervention Control

Week 1
(n= 23)

Week 2
(n= 14)

Week 1
(n= 18)

Week 2
(n= 14)

0 15 (65.2%) 10 (71.4%) 15 (83.3%) 11 (78.6%)

1 0 (0.0%) 0 (0.0%) 0 (0.0%) 1 (7.1%)

2 3 (13.0%) 1 (7.1%) 2 (11.1%) 1 (7.1%)

3 0 (0.0%) 0 (0.0%) 1 (5.6%) 0 (0.0%)

4 3 (13.0%) 3 (21.4%) 0 (0.0%) 1 (7.1%)

5 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

6 2 (8.7%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

7 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

8 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

9 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

10 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)
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Table 7. Distribution of the participants’ muscle spasticity in the affected upper limb.

Muscle spasticity level

Intervention Control

Week 1 (n= 23) Week 2 (n= 14) Week 1 (n= 18) Week 2 (n= 14)

Biceps

0 19 (82.6%) 9 (64.3%) 15 (83.3%) 12 (85.7%)

1 3 (13.0%) 3 (21.4%) 2 (11.1%) 1 (7.1%)

1+ 1 (4.3%) 2 (14.3%) 1 (5.6%) 1 (7.1%)

2 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

3 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

4 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

Triceps

0 22 (95.7%) 13 (92.9%) 17 (94.4%) 12 (85.7%)

1 1 (4.3%) 1 (7.1%) 1 (5.6%) 2 (14.3%)

1+ 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

2 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

3 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

4 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

Forearm pronators

0 23 (100.0%) 13 (92.9%) 18 (100.0%) 14 (100.0%)

1 0 (0.0%) 1 (7.1%) 0 (0.0%) 0 (0.0%)

1+ 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

2 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

3 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

4 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

Forearm supinators

0 21 (91.3%) 12 (85.7%) 15 (83.3%) 12 (85.7%)

1 2 (8.7%) 2 (14.3%) 3 (16.7%) 2 (14.3%)

1+ 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

2 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

(continued)

Chen et al. 27



demonstrated the potential to improve the upper limb
joints movement range. Second, patients may experience dis-
comfort (e.g. dizziness) with immersive VR devices, and thus,
clinicians and therapists should carefully monitor and identify
susceptible patients when implementing VR-based therapy.74,75

Extra care should be taken, such as by limiting the duration of
exposure to virtual environments, informing patients about
appropriate strategies for interacting with virtual environments
(e.g., avoiding quick head movements) and monitoring patients
to identify possible signs of discomfort.75 In addition, elements
that may induce discomfort, such as poor environmental illumin-
ance, poor contrast and highly realistic graphics, should be
avoided in the design of virtual environments.75–78

Limitations

This study has the following limitations. First, the study had a
small and heterogenous sample and thus was only a feasibil-
ity and proof-of-concept study. It was also less likely to

perform sufficiently powered subgroup analysis using
potentially important patient clinical characteristics
(e.g. time from stroke onset and the severity of motor
impairment). Second, due to the local medical policy
about hospitalization length, the study period was short.
Consequently, the total duration of the VR-based exer-
cise intervention provided for the participants was less
than the suggested total duration of training needed to
produce evident improvements in upper limb motor func-
tion (i.e., more than 15 hours of total intervention).23

Therefore, the effects of the exercise system might have
been underestimated. Third, the study had a high attrition
rate. Some withdrawals might have been due to dissatis-
faction with the exercise system. Therefore, the partici-
pants’ perceptions might have been overestimated. In
addition, the participants’ reasons for withdrawal were
not collected, so their barriers to accepting and adhering
to the intervention and the usability problems of the
system remain unknown.

Table 7. Continued.

Muscle spasticity level

Intervention Control

Week 1 (n= 23) Week 2 (n= 14) Week 1 (n= 18) Week 2 (n= 14)

3 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

4 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

Wrist flexors

0 23 (100.0%) 14 (100.0%) 18 (100.0%) 14 (100.0%)

1 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

1+ 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

2 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

3 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

4 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

Wrist extensors

0 18 (78.3%) 10 (71.4%) 16 (88.9%) 10 (71.4%)

1 5 (21.7%) 1 (7.1%) 2 (11.1%) 3 (21.4%)

1+ 0 (0.0%) 2 (14.3%) 0 (0.0%) 1 (7.1%)

2 0 (0.0%) 1 (7.1%) 0 (0.0%) 0 (0.0%)

3 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

4 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)
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Conclusions
This proof-of-concept RCT was conducted to develop,
implement and evaluate an immersive VR-based exercise
system for supporting upper limb exercises in poststroke
patients. This exercise system holds promise for improving
the shoulder joint range of motion and was found to be safe
to use. Furthermore, the participants were overall positive
about using the exercise system for upper limb exercises.
This RCT demonstrates that using immersive VR for post-
stroke motor rehabilitation is potentially effective, safe and
acceptable in poststroke patients. These findings can serve
as a basis for larger-scale RCTs of immersive VR-based
systems for poststroke upper limb motor rehabilitation.
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Appendix 1. Commercial games used in the
control group.
Chocolat Rush Chocolat Rush was a shooting game. The
participants stood in the centre of a room in the virtual
environment. The participants needed to hold the controller
(presented as a gun in VR) and press a trigger button on the
controller using their index finger to fire bullets at the mon-
sters swarming in from different directions and blow them
up. The participants achieved higher scores with more mon-
sters hit. This game had no time limit.

Zooma The participants stood on a high platform in a hall in
the virtual environment. A string of balls of different
colours was rolling in front of the participants. The partici-
pants needed to hold the controller (presented as a gun in
VR) and shoot different colours of balls. The participants
needed to eliminate all the rolling balls by lining up three
or more balls of the same colour. The participants achieved
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higher scores with more balls eliminated. Each trial lasted
approximately 2 minutes.

Fruit Ninja VR Fruits popped up from the ground in front
of the participants in the virtual environment. The partici-
pants needed to hold the controller (presented as a sword
in VR) and cut the fruits into pieces. The participants
achieved higher scores with more fruit cut. Each trial
lasted approximately 1.5 minutes.

Kooring Wonderland—Mecadino’s Attack game package
Two games in this package were used.Mirrorland’s Saber:
The participants needed to cut blocks flying to them into
two pieces using the controller (presented as a red or blue
sabre in VR) in the virtual environment; the colour of the
blocks should match the colour of the sabre. Mock
Turtle’s Magic Shield: The participants needed to block
arrows flying toward them with the controller (presented
as a red or green shield in VR) in the virtual environment;
the colour of the arrows should match the colour of the
shield. The participants won a gold, silver or bronze
medal, depending on the number of blocks they cut or
arrows they blocked successfully. Each trial lasted approxi-
mately 2.5 minutes.

Kooring Wonderland—Heart Castle Crush game package
Three games in this package were used. Humpty Dumpty:
The participants needed to hold the controller (presented
as a red or blue hammer in VR) and whack the head of

the Humpty Dumpty running closer to them in the virtual
environment. The Humpty Dumpty disappeared immedi-
ately after being whacked successfully. The colour of the
Humpty Dumpty should match the colour of the hammer.
Garden to Live Flowers: The participants stood in front
of a tree in the virtual environment. The participants
needed to hold the controller (presented as a paintbrush in
VR) and paint the white flowers on the tree red. The
painted flowers disappear immediately, and white flowers
kept showing up. Koorobo Toorobo: In the virtual environ-
ment, there were four buttons of different colours (purple,
green, yellow and red) in front of the participants, and dif-
ferent colours of blocks kept showing up in a circle in the
distance. The participants needed hold the controller (pre-
sented as a virtual hand in VR) and press the corresponding
button according to the colour of the block. The participants
won a gold, silver or bronze medal, depending on the
number of Humpty Dumpty they hit, flowers they painted
or buttons they pressed successfully. Each trial lasted
approximately 2.5 minutes.

Space Slurpies Food (e.g. the cube, tetrahedron and icosahe-
dron) was floating in the air and moving around the partici-
pants in the virtual environment. The participants needed to
hold and move the controller (presented as a snake in VR)
to keep eating food, during which the snake grew in length
and size. The participants achieved higher scores with more
food ate. Each trial lasted approximately 2 minutes.

EQ-5D-5L

Intervention Control

Baseline
(n= 25)

Week 1
(n= 23)

Week 2
(n= 14)

Baseline
(n= 25)

Week 1
(n= 18)

Week 2
(n= 14)

Mobility

No problems 2 (8.0%) 2 (8.7%) 1 (7.1%) 3 (12.0%) 4 (22.2%) 1 (7.1%)

Slight problems 8 (32.0%) 8 (34.8%) 5 (35.7%) 5 (20.0%) 6 (33.3%) 10 (71.4%)

Moderate problems 9 (36.0%) 12 (52.2%) 8 (57.1%) 10 (40.0%) 5 (27.8%) 2 (14.3%)

Severe problems 2 (8.0%) 1 (4.4%) 0 (0.0%) 5 (20.0%) 2 (11.1%) 1 (7.1%)

Unable to walk about 4 (16.0%) 0 (0.0%) 0 (0.0%) 2 (8.0%) 1 (5.6%) 0 (0.0%)

Self-care

No problems 3 (12.0%) 1 (4.4%) 1 (7.1%) 1 (4.0%) 2 (11.1%) 1 (7.1%)

Slight problems 5 (20.0%) 7 (30.4%) 7 (50.0%) 6 (24.0%) 7 (38.9%) 7 (50.0%)

(continued)

Appendix 2. Distribution of the participants’ responses to the EQ-5D-5L.
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Continued.

EQ-5D-5L

Intervention Control

Baseline
(n= 25)

Week 1
(n= 23)

Week 2
(n= 14)

Baseline
(n= 25)

Week 1
(n= 18)

Week 2
(n= 14)

Moderate problems 10 (40.0%) 11 (47.8%) 6 (42.9%) 9 (36.0%) 8 (44.4%) 6 (42.9%)

Severe problems 5 (20.0%) 3 (13.0%) 0 (0.0%) 3 (12.0%) 0 (0.0%) 0 (0.0%)

Unable to wash or dress 2 (8.0%) 1 (4.4%) 0 (0.0%) 6 (24.0%) 1 (5.6%) 0 (0.0%)

Usual activities

No problems 2 (8.0%) 2 (8.7%) 0 (0.0%) 1 (4.0%) 1 (5.6%) 0 (0.0%)

Slight problems 11 (44.0%) 11 (47.8%) 9 (64.3%) 9 (36.0%) 9 (50.0%) 10 (71.4%)

Moderate problems 6 (24.0%) 6 (26.1%) 3 (21.4%) 9 (36.0%) 6 (33.3%) 3 (21.4%)

Severe problems 5 (20.0%) 3 (13.0%) 1 (7.1%) 6 (24.0%) 2 (11.1%) 1 (7.1%)

Unable to do usual activities 1 (4.0%) 1 (4.4%) 1 (7.1%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

Pain/discomfort

No pain/discomfort 13 (52.0%) 17 (73.9%) 9 (64.3%) 17 (68.0%) 14 (77.8%) 8 (57.1%)

Slight pain/discomfort 11 (44.0%) 4 (17.4%) 5 (35.7%) 7 (28.0%) 3 (16.7%) 5 (35.7%)

Moderate pain/discomfort 1 (4.0%) 2 (8.7%) 0 (0.0%) 1 (4.0%) 0 (0.0%) 1 (7.1%)

Severe pain/discomfort 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 1 (5.6%) 0 (0.0%)

Extreme pain/discomfort 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

Anxiety/depression

No anxious/depressed 17 (68.0%) 20 (87.0%) 11 (78.6%) 15 (60.0%) 14 (77.8%) 12 (85.7%)

Slightly anxious/depressed 6 (24.0%) 3 (13.0%) 3 (21.4%) 7 (28.0%) 4 (22.2%) 1 (7.1%)

Moderately anxious/depressed 0 (0.0%) 0 (0.0%) 0 (0.0%) 3 (12.0%) 0 (0.0%) 1 (7.1%)

Severely anxious/depressed 2 (8.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

Extremely anxious/depressed 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)
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