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Abstract

Background: Immersive virtual reality (VR)-based motor control training (VRT) is an innovative approach to improve
motor function in patients with stroke. Currently, outcome measures for immersive VRT mainly focus on motor func-
tion. However, serum biomarkers help detect precise and subtle physiological changes. Therefore, this study aimed to
identify the effects of immersive VRT on inflammation, oxidative stress, neuroplasticity and upper limb motor function
in stroke patients.

Methods: Thirty patients with chronic stroke were randomized to the VRT or conventional occupational therapy
(CQOT) groups. Serum biomarkers including interleukin 6 (IL-6), intracellular adhesion molecule 1 (ICAM-1), heme
oxygenase 1 (HO-1), 8-hydroxy-2-deoxyguanosine (8-OHdG), and brain-derived neurotrophic factor (BDNF) were
assessed to reflect inflammation, oxidative stress and neuroplasticity. Clinical assessments including active range of
motion of the upper limb and the Fugl-Meyer Assessment for upper extremity (FMA-UE) were also used. Two-way
mixed analyses of variance (ANOVAs) were used to examine the effects of the intervention (VRT and COT) and time on
serum biomarkers and upper limb motor function.

Results: We found significant time effects in serum IL-6 (p =0.010), HO-1 (p =0.002), 8-OHdG (p =0.045), and all
items/subscales of the clinical assessments (ps < 0.05), except FMA-UE-Coordination/Speed (p =0.055). However,
significant group effects existed only in items of the AROM-Elbow Extension (p =0.007) and AROM-Forearm Pronation
(p =0.048). Moreover, significant interactions between time and group existed in item/subscales of FMA-UE-Shoul-
der/Elbow/Forearm (p =0.004), FMA-UE-Total score (p =0.008), and AROM-Shoulder Flexion (p =0.001).

Conclusion: This was the first study to combine the effectiveness of immersive VRT using serum biomarkers as out-
come measures. Our study demonstrated promising results that support the further application of commercial and
immersive VR technologies in patients with chronic stroke.
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Background

Stroke affects 80 million people annually and claims 5.5
million lives and 116 million disability-adjusted life years
worldwide. This number is gradually increasing, mak-
ing stroke a serious global healthcare issue [1]. Approxi-
mately 85% of stroke survivors exhibit various degrees
of motor paralysis [2], and 55 to 75% of patients experi-
ence paralysis of an arm [3]. Upper limb paralysis may
affect a person participating in activities of daily living
[4], increases the burden on the caregiver, and puts an
economic pressure on both the patient’s family, and the
society.

Rehabilitation is critical and a long-term journey for
a patient with stroke. Through motor control and func-
tional training, rehabilitation facilitates post-stroke
motor recovery and improves patient participation in
daily life. Implementing motor control training for a
patient to relearn motor skills also facilitates neuroplas-
ticity. Neuroplasticity is defined as the brain capacity of
undergoing functional and structural changes through
growth and reorganization [5]. Moreover, neuroplasti-
city helps motor recovery. Previous studies revealed that
enhancing adaptive neuroplasticity and promoting brain
activity help improve motor function [6, 7]. Therefore,
motor control training plays a critical role in rehabilita-
tion in patients with stroke.

However, a challenge of motor control training is the
low motivation and compliance with the intervention,
which largely affects its effectiveness. To improve the
patients’ rehabilitation motivation, rehabilitation activi-
ties involving the use of virtual reality (VR) have been
developed. VR provides a novel virtual environment and
multisensory stimulation that adds an entertainment
value to the intervention, and thus may improve an indi-
vidual’s sense of self-reflection and self-efficacy through
the processes of adaptation and engagement [8].

An immersive VR system, using external devices such
as a head-mounted display (HMD) to create a full-body
sense of presence in a virtual environment, has been
increasingly used in VR-based rehabilitation. Evidence
exists for the effectiveness of using an immersive VR
system in motor control training. Song and Lee have
developed VR activities with immersive VR systems to
provide bilateral arm training in patients with stroke [9].
They found that both the immersive VR-based bilateral
arm training group and the normal bilateral arm train-
ing group showed significant differences in upper limb
function between pre- and post-test, without significant

differences between groups [9]. Ogiin et al. conducted a
randomized control trial to examine the effectiveness of
Leap Motion-based 3D immersive VR system on upper
limb function in patients with ischemic stroke [10]. In
both groups (VR and control group), participants showed
improved upper limb function overtime. Moreover, the
VR group had significantly higher scores in the assess-
ments of Fugl-Meyer Assessment for upper extrem-
ity (FMA-UE), Action Research Arm Test (ARAT), the
Functional Independence Measure, and the Performance
Assessment of Self-Care Skills. Accordingly, immersive
VR rehabilitation appeared to be effective in improving
upper extremity function and self-care skills.

Moreover, the immersive VR system can be custom-
ized or commercialized. Compared to a customized VR
system, a commercial VR system requires less develop-
mental costs and fewer guidelines for operation, which
may decrease the financial burden and workload for
practitioners in clinical practice. Erhardsson et al. have
conducted a single case study exploring the potential
of using commercial immersive VR system for chronic
stroke rehabilitation [11]. Using motor function-related
assessments (e.g., ARAT, Box and Block Test, and kine-
matic measures) as outcome measures, they showed that
among six participants, four showed an improvement in
ARAT (Tau-U scores =0.50-0.92). Two participants also
showed improvements in kinematic measures. No seri-
ous adverse effects of VR-based motor control training
(VRT) were observed. Therefore, using a commercialized
VR system originally designed for entertainment could
be an alternative strategy for VR rehabilitation.

Although the immersive VRT has been shown to
improve motor function in patients with stroke, the
outcome measures used for VRT were mainly based on
motor function measurements (e.g., the ARAT, Box and
Block Test, and the FMA-UE) [10-16] or the examina-
tion of brain cortical activation (e.g., magnetic resonance
imaging [MRI], motor-evoked potentials, computed
tomography [CT], and electroencephalography) [17-22].
Few studies have used serum biomarkers as outcome
measures. However, several stroke mechanisms related to
inflammation, oxidative stress, and neuroplasticity may
reflect the neuroprotective effects of motor control train-
ing on a molecular level. Such molecular changes could
be detected by serum biomarkers. For example, interleu-
kin 6 (IL-6) [23-26] and intercellular adhesion molecule
(ICAM-1) could represent the inflammation level [23,
27, 28], 8-hydroxy-2’-deoxyguanosine (8-OHdG) [29, 30]
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and heme oxygenase-1 (HO-1) could provide the infor-
mation of oxidative stress [31-35], and brain-derived
neurotrophic factor (BDNF) could be an indicator of
neuroplasticity [36, 37].

In particular, BDNF is a key factor in neuroplasticity
and is involved in brain cell regeneration, reestablish-
ment, and rearrangement of neural connections, and fur-
ther influences the functional outcome after stroke [37].
A secreted protein extensively expressed in the brain,
it can traverse the blood-brain barrier in both direc-
tions. Because of its neurotrophic effects and detectable
changes in serum, restoration or increase of BDNF lev-
els may have a beneficial effect in neurologic disorders.
However, the relationship between the serum BDNF
concentration and short-term functional outcomes is
controversial. Three studies have indicated that low
serum BDNF at admission was significantly associated
with poor functional outcomes at 3 months [38-40], and
two studies have shown non-significant results [41, 42],
although one of the studies also indicated that the low
BDNF concentration was associated with poor functional
outcomes at 2 and 7years [42]. Since tissue repair may
be followed by inflammation resolution and homeosta-
sis restoration, which is a long-lasting process, the focus
should lie on the changes of BDNF expression at the
chronic stage rather than the acute stage.

Moreover, investigating changes in serum molecules
along with conventional assessments may increase the
understanding of the pathological mechanisms underly-
ing stroke at the chronic stages. In addition, in compari-
son to CT and MRI, serum markers are easier to collect,
detect, and analyze. Therefore, we suggest investigating
the changes of serum biomarkers to reveal the effects of
post-stroke motor control training at a molecular level,
and reflect the changes on inflammation, oxidative stress,
and neuroplasticity.

In summary, our study aimed to use a commercial
HMD immersive VR system combined with therapist-
designed tasks to investigate the effects of VRT on serum
markers of inflammation, oxidative stress and neuroplas-
ticity, and upper limb motor function in patients with
chronic stroke.

Methods

Participants

Individuals with stroke were recruited from a hospital
in southern Taiwan. The inclusion criteria were (1) age
between 20 to 75years old, (2) stroke onset >3 months,
(3) Brunnstrom stage >3, (4) a diagnosis of stroke con-
firmed with computerized tomography (CT) or magnetic
resonance imaging (MRI)scans, (5) Mini-Mental State
Examination score (MMSE)>18, indicating being able
to understand the instructions and (6) having no other
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neurological disorders as comorbidities. The exclusion
criteria were as follows: (1) participated in other reha-
bilitation-related or clinical trials within 3 months of the
experiment, (2) sensory apraxia, (3) severe impairments
in vision or visual perception such as hemi-neglect, (4)
receiving warfarin or vitamin K antagonist treatment,
(5) high risk of epilepsy, (6) failure to cooperate with
the researcher to execute VR activities, and (7) refusal
to undergo the blood test. Forty-two potentially eligible
participants were invited by the therapist, and 30 were
eligible to participate in the study (Fig. 1). This study was
approved by the Institutional Review Board of E-Da Hos-
pital with Clinical Trials Approval Certificate Number
EMRP-108-006 (07/04/2019) and was registered in the
WHO International Clinical Trials with Portal Number
ChiCTR2100047853 (27/06/2021). Informed consent was
obtained from all participants involved in the study. All
study procedures were conducted in accordance with the
Declaration of Helsinki.

Design

This study was an assessor-blinded, randomized con-
trolled trial with pre-intervention and post-intervention
assessments. Full details of the trial protocol can be
found in the Additional file 3. Participants were ran-
domly equally allocated to the conventional occupa-
tional therapy (COT) and virtual reality training (VRT).
Randomization procedures were performed using a ran-
domization table generated online (freely available at
http://www.randomizer.org/). The allocation sequence
was attained by a researcher not involved in the inter-
vention and evaluation. Clinical assessments were per-
formed within one week before and after interventions by
another therapist not involved in training and blinded to
the purpose and group allocation. Questionnaires evalu-
ating user’s experience were assessed after each session.
Blood collection was also conducted before and after
interventions by licensed medical personnel at the same
hospital.

Intervention

All participants received 16 sessions of intervention for
60 min/day, 2 to 3days/week, as well as attended regu-
lar occupational therapy. Each session was supervised
by an occupational therapist. In the COT group, con-
ventional instruments such as the peg board, climbing
ladder, and stacking cones were used for upper limb
training. In the VRT group, participants executed VR-
based activities conducted by the same therapist. Six to
ten tasks were assigned in each session. The commer-
cial immersive VR headset developed by HTC VIVE
(HTC Corporation, New Taipei City, Taiwan) was used
in this study. The VR equipment contains an HMD
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Fig. 1 Flow diagram of the participant inclusion
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device, two controllers and two infrared laser emitter
units. The VR equipment was installed in a room with-
out external disturbances, and the virtual environment
was set in a 6 m? physical space. At the beginning of
each session, the participant would sit in the center of
the set zone and was assisted to wear the HMD. After
the participant confirmed that the sight and sound were
clear and comfortable, the controllers were handed to
the participant.

Twenty VR scenes (see Additional file 1) from commer-
cial games were selected for the participants. Only the
last VR scene was purchased, and the rest were free or
partly free. Participants able to walk experienced all the
tasks, while those unable to walk experienced 15 scenes
(exclusion of Scenes 6, 8, 10, 18, and 19). Scenes 6, 8, 10,
18, and 19 required either standing in a fixed position, or
moving a few steps to complete the tasks. Selected scenes
were chosen based on the original upper limb activities.
Participants could accomplish the first-contact task with
the help of their unaffected hand, and then they were
encouraged to use the affected hand or both hands at
same time. Tasks in several scenes (Scenes 10, 12, and 17)
could be completed using only one hand, while tasks in
other scenes (Scenes 3, 8, 18, and 19) required bilateral
coordination of both hands. Upper limb movements in
most scenes involved aiming, shooting, hitting, waving
arms, punching, and throwing objects. Upper limb move-
ments in Scenes 18 and 19 were more complex, since

tasks in the two scenes simulated daily life activities, such
as shopping, pouring water, and blending drinks.

Participants’ activity performance and information
were recorded, including training intensity, duration,
game scores, level completed, and invalid activities. This
information allowed the therapist to assign the tasks,
adjust the difficulty in the VR game settings, and even
design a new way to play the game for each participant
according to their needs and capacities.

Outcome measures

Clinical assessments

The Fugl-Meyer Assessment for upper extremity (FMA-
UE) and active range of motion (AROM) were assessed
to exam motor function changes in patients with stroke.
The FMA-UE is widely used to examine motor impair-
ment of upper limb performance of motor, sensation,
coordination, range of motion, and speed. It is a highly
reliable and valid assessment tool. The score of the FMA-
UE ranges from 0 to 66, with a higher score indicating
better function. A total score and four subscale scores
of the FMA-UE were used in this study. The subscale
scores included upper extremity (18 items; 0 to 36), wrist
(5 items; O to 10), hand (7 items; O to 14), and coordina-
tion/speed (3 items; 0 to 6). AROM was used to evalu-
ate isolated joint motion by the participant self reporting
reaching maximal capacity without pain. Five AROM
items including shoulder flexion, elbow extension, wrist
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extension, forearm supination and pronation were
assessed with a goniometer.

Serum sampling for molecular biomarkers

Blood samples from all participants were collected before
and after 16 weeks of intervention. Since BDNF protein
expression may be affected by age, circadian rhythm, and
menstrual cycle [43], blood was drawn at the same time
point before and after intervention. The intervention
lasted approximately one month, which met the men-
strual cycle of the only woman who has not yet under-
gone menopause. Whole blood was maintained at 40°C
for 30min and then centrifuged at 1000 x g for 15min,
with the supernatant transferred to several microfuge
tubes to avoid repeated freeze—thaw cycles. Serum sam-
ples were stored at — 80°C and each aliquot was used only
once. Serum IL-6 (Invitrogen Corp., Carlsbad, CA, USA),
ICAM-1 (Invitrogen Corp., Carlsbad, CA, USA), HO-1
(Aviva Systems Biology, San Diego, CA, USA), 8-OHdG
(Aviva Systems Biology, San Diego, CA, USA), and BDNF
(Invitrogen Corp., Carlsbad, CA, USA) were measured by
the respective commercial enzyme linked immunoassay
(ELISA) kit following the manufacturer’s standard proto-
cols. All samples were analyzed in triplicate.

Satisfaction and safety

Side effects, simulation motion sickness symptoms, and
enjoyment were recorded for each session. For each ses-
sion, participants in the VRT group had to complete the
user’s experience questionnaire, including Simulator
Sickness Questionnaire (SSQ), Borg Scale of Perceived
Exertion (RPE) scale, and a few simple rating questions
about physical and mental health conditions, satisfaction,
and favorite game. After the intervention, participants
had to fill out 18 questions related to satisfaction of the
VR training.

The SSQ includes 18 possible side effects of immer-
sive VR activities. Each item is rated on a 4-point scale:
no discomfort, slight discomfort, moderate discomfort,
and severe discomfort. The total score ranges from 0 to
54 [44].

The RPE scale is designed by the Swedish psychologist
Gunnar Borg to estimate the intensity of exercise based
on the user’s own feelings during the activity. The score
ranges from 6 to 20, representing the feeling of no exer-
tion to maximum effort. Although subjective, previous
studies have shown that multiplying the RPE value by 10
is highly correlated with the actual heart rhythm [45].

Statistics analysis

Sample size was estimated using G*Power software and
based on previous research [10]. The effect size 0.79
proposed by Guillermo was used in this study [46], a
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significance level of 5% and a test power of 80% were
applied.

Descriptive analysis was used to describe characteris-
tics of participants and illustrate participants’ percep-
tion of participating in VRT. Demographic data between
groups were compared using the chi-square test for cat-
egorical variables and Mann-Whitney U test for con-
tinuous variables. Two-way mixed analyses of variance
(ANOVAs) were used to examine the effects of the inter-
vention (VRT and COT) and time on the upper limb
motor function and serum biomarkers. Further, we used
the Wilcoxon signed rank test and the Mann-Whitney
U test to compare independent-samples (pre- and post-
treatment effects in each group) and paired-samples
(pre- and post-treatment effects within groups), respec-
tively. Significant models were further assessed by Bon-
ferroni post-hoc tests to compare differences between
each pair of the five variables in either clinical assessment
(FMA and AROM).

Spearman’s correlations and Kruskal-Wallis test were
used to examine the relationships between demographic
characteristics (e.g., age, subtype of stroke, education,
and cognitive function) and motor performance and
serum biomarkers. Correlations between clinical out-
comes and biomarker concentration were assessed using
Spearman’s correlation coefficient. The alpha level was
set at 0.05. Data were analyzed using statistical software
SPSS 18.0 (IBM Corp., Chicago, NY, USA).

Results

Participant characteristics

Thirty patients with chronic stroke were enrolled in our
study. The demographic and clinical characteristics are
shown in Table 1; there were no significant differences
between the COT and VRT groups (all p>0.05).

The ages of the COT group participants ranged from 28
to 71years, and the ages of participants in the VRT group
ranged from 22 to 70years. Regarding the stroke sub-
types, the major type was ischemic stroke. The maximum
and minimum Mini-Mental State Examination scores of
both groups were 23 and 30, respectively. The baseline
motor function and baseline level of serum molecular
biomarkers are listed in Table 2 and Table 3, respectively;
no significant differences were observed between groups
at the beginning of the trial (all p>0.05).

Effects of the intervention on upper limb motor function

The results of motor function are presented in Table 2.
Two-way mixed ANOVA revealed a significant time
effect for all items of upper limb assessment (F ranges
from 4.763 to 54.218, all p <0.05) except FMA-UE-Coor-
dination/Speed (F=4.375, p =0.055), and a significant
group effect for AROM-Elbow Extension (F=9.840,
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Table 1 Demographic, neurological, and functional characteristics of the COT and VRT groups at baseline

Variables COT group (n =15) VRT group (n=15) p
Age (years), mean (SD) 5833+£11.22 50.80+12.32 0.093
Sex (female/male), n (%) 11/4(73/27) 9/6 (60/40) 0.439
Years of education (years), mean (SD) 10.40+6.092 11.20+3.509 0.863
Body mass index, mean (SD) 24464315 2442 +4.04 0.971
Time since stroke (months), mean (SD) 179142125 36.20+£42.38 0.071
Affected extremity, n (%)

Right/Left 5/10 (34/66) 6/9 (40/60) 0.705

Dominant/Non-dominant 5/10 (34/66) 8/7 (53/47) 0.269
Subtype of stroke, n (%)

Infarction (TOAST 1/2/3/4/5)/ 7/0/3/2/0/3 4/2/2/2/0/5 0475
Hemorrhage (46/0/20/13/0/20) (26/13/13/13/0/33)
Mini-Mental State Examination 27.93+£1.907 26.53+£0354 0422

COT Conventional occupational therapy, VRT Virtual reality training; TOAST classification: 1: large-artery atherosclerosis; 2: cardioembolism; 3: small-vessel occlusion; 4:

stroke of other determined etiology; 5: stroke of undetermined etiology

Table 2 Clinical assessment scores in the COT group and VRT group

Upper limb assessment COT group VRT group F Time Group
Pre-test Post-test Pre-test Post-test Time x Group

FMA-UE
Shoulder/Elbow/Forearm 24.53£7.87 24.87£7.75 26.33+4.94 2753+4.16P 8.895° 11.831¢ 1.045
Wrist 733+813 800+ 12.90° 8.13+£1.80 887+192 0.028 17.441%¢ 1.036
Hand 8.53+£4.14 9.00+4.14 10.20+2.88 11.00+2.54 1.750 9.645¢ 3.541
Coordination/Speed 4.07£263 4.07£263 4.73£2.05 5.07+2.09 4375 4.375 1.264
Total 4447 £16.60 4553416.39° 49.40+9.02 5247+£9.11P 9.669° 42422 1.768

AROM
Shoulder Flexion 1390045995  1412045953% 1383342447  150934+2447%F  17.975% 54218% 0065
Elbow Extension 707 +£294 7.53+£3.00 8.60+2.33 10.6043.50 3.130 10.162% 9.840°
Wrist Extension 38.73+£30.80 39.87+31.00 39.00+18.82 4740419878 3.661 5.287° 0.161
Forearm Pronation 68.93+16.23 70.73£16.70 7507 £1348 78534 1281° 1316 22.323% 4.699%
Forearm Supination 53.00+30.39 5347 +3063 64.80+18.96 68.73+13.85 2.756 4.763° 3.197

a

, % The effect of group and time examined by mixed model design ANOVA were significant (p < 0.05) and highly significant (p <0.001)

#, B8 Comparison between pre-test and post-test examined by Wilcoxon signed rank test were significant (p <0.05) and highly significant (p <0.001). COT:
conventional occupational therapy; VRT Virtual reality training

Table 3 Expression levels of serum biomarkers in the COT group and VRT group

Serum biomarkers COT group VRT group F Time Group
Pre-test Post-test Pre-test Post-test Time x Group
Inflammation
IL-6 (pg/mL) 536+234 433+180° 52443.10 3954256 0.079 8.770° 0.071
ICAM-1 (ng/mL) 430.81+34.36 47544 £93.99 419.80+106.68 43332+£70.39 1.865 2.500 1.059
Oxidative stress
HO-1 (pg/mL) 48.01+£2523 5733425048 51.87+21.74 64.83+£20.89° 0.137 14.388% 0.528
8-OHdG (pg/mL) 6.60+£227 6.48=42.05° 7104230 6.5642.09° 0.788 4837¢ 0.155
Neuroplasticity
BDNF (ng/mL) 11096 +£16.24 109.09+14.37 116.99+£11.17 122.11+£1056° 2343 0.584 3443

9 The effect of group and time examined by mixed model design ANOVA were significant (p <0.05). ® Comparison between pre-test and post-test examined by
Wilcoxon signed rank test were significant (p < 0.05). COT conventional occupational therapy, VRT virtual reality training
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p =0.007) and AROM-Forearm Pronation (F=4.699,
p =0.048). There was a significant interaction between
time and group for FMA-UE-Shoulder/Elbow/Forearm
(F=8.895, p =0.004), FMA-UE-Total score (F=9.669,
p =0.008), and AROM-Shoulder Flexion (F=17.975,
p =0.001). As shown in Fig. 2, the improvement in FMA-
UE-Shoulder/Elbow/Forearm, FMA-UE-Total score, and
AROM-Shoulder Flexion was significantly higher in the
VRT group than in the COT group.

Additionally, we demonstrated the comparison
between pre-test and post-test as well as the delta change
between groups.

After the intervention, significant improvements were
observed in both groups for FMA-UE-Total scores (COT:
3.86%, p=0.021, VRT: 6.60%, p=0.003) and AROM-
Shoulder Flexion (COT: 2.87%, p=0.023, VRT: 9.65%,
p=0.003). Significant improvement in FMA-UE-Wrist
was only observed in the COT group (8.57%, p=0.033),
whereas significant improvements in FMA-UE-Shoulder/
Elbow/Forearm (6.01%, p=0.035), AROM-Wrist Exten-
sion (35.65%, p=0.025), and AROM-Forearm Prona-
tion (4.83%, p=0.038) scores were observed only in the
VRT group. Moreover, FMA-UE-Total scores (p=0.046)
and AROM-Shoulder Flexion (p=0.001) of the VRT
group changed significantly more than those of the COT
groups.

Furthermore, we investigated the percentage change of
FMA-UE-Total scores and AROM-Shoulder Flexion. A
significant difference was found between the COT and
VRT group, as shown in Fig. 3. Comparison between
groups of FMA-UE-Total (p=0.046) and AROM-Shoul-
der Flexion showed significant differences (p=0.008).
The average FMA-UE-Total score increased by 3.86%
in the COT group and 6.60% in VRT group; there was
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a<2% increase among most patients in the COT group,
whereas 80% of patients in the VRT group showed an
increase from 2 to 10%. The average AROM-Shoulder
Flexion score increased by 2.87% in COT the group and
9.65% in the VRT group, none of the participants in the
COT group exhibited an increase >10%, whereas 40% of
patients in the VRT group showed an increase > 10%.

Effects of the intervention on serum biomarker levels
Two-way mixed ANOVA revealed a significant time
effect for IL-6 (F=8.770, p =0.010), HO-1 (F=14.388,
p =0.002), and 8-OHdG (F=4.837, p =0.045). No signif-
icant group effects and interactions were found (Table 3).

Additionally, we demonstrated the comparison
between pre-test and post-test as well as the delta change
between groups. After intervention, IL-6 levels decreased
by 13.57% in the COT group (p=0.016) and 17.96% in
the VRT group, but the change in the VRT group was not
significant. There were no significant changes in ICAM-1
levels. The concentration of HO-1 tended to increase
(COT: 40.99%, p=0.014, VRT: 38.35%, p=0.027)
while that of 8-OHdG tended to decrease (COT: 0.51%,
p=0.048, VRT: 0.77%, p=0.041) in both the COT and
VRT groups. The changes of the abovementioned factors
showed a similar trend in both groups, except for BDNF,
which decreased slightly in the COT group (0.77%,
p=0.103), but increased significantly in the VRT group
(4.87%, p =0.023; Table 3 and Fig. 4).

Relationship between participant characteristics

and changes in upper limb motor function and serum
biomarker levels

Baseline characteristics including sex, years of educa-
tion, body mass index, time since stroke, affected side,

(a) (b) (©)
FMA-Shoulder/ Elbow/ Forearm FMA-UE Total AROM-Shoulder Flexion
28 >3 152 ‘, —O— COT
g 2 7 —O— VRT
B 27 S 148
g /),/ f\*‘; ' /'/
5 o 49 2 i
g 26 144
3 47 /
s
7 @/@ 45
24 43 136
Pre-test Post-test Pre-test Post-test Pre-test Post-test
Fig. 2 Significant interaction effect between group and time in FMA-UE-Shoulder/Elbow/Forearm (a), FMA-UE-Total (b), and AROM-Shoulder
Flexion (c)
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VRT

stroke subtypes, and MMSE score showed no correla-
tion with either the change of serum biomarker levels or
the improvements in motor performance (all p >0.05).
However, the initial age was negatively correlated with
the improvement in FMA-UE-Hand scores (r=—0.407,
p <0.05).

Correlation between upper limb motor function
improvement and changes in serum biomarker levels
Baseline IL-6, ICAM-1, HO-1, and BDNF did not cor-
relate with the improvement in any motor performance

items. Interestingly, there was a significant positive
correlation between baseline 8-OHdG levels and the
improvement in FMA-UE-Total scores (r=0.463,
p <0.01). Moreover, changes in HO-1 levels were
positively correlated with improvements in FMA-UE-
Shoulder/Elbow/Forearm scores (r=0.478, p<0.01;
Fig. 5a). Changes in 8-OHdG levels were related
to improvements in FMA-UE-Wrist (r=—0.436,
p<0.05) and FMA-UE-Total (r=-0.399, p<0.05)
scores (Fig. 5b and ¢). No significant relationships were
observed for other comparisons.
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FMA-UE-Total and 8-OHdG. FMA-UE: Fugl-Meyer Assessment for upper extremity

Feasibility and safety

All participants completed the trial, and none experi-
enced immersive VR before the intervention. Among
the 20 activities, participants voted Scene 1 (19.57%)
as the favorite activity, followed by Scene 15 (13.77%)
and Scene 12 (13.04%), while Scene 5 (12.00%), Scene
8 (10.67%), Scene 3 (9.33%), and Scene 16 (9.33%) were
less popular activities (Fig. 6a and b). The informa-
tion of each scene is listed in the Additional file. As
for satisfaction with the VRT, participants reported an
average score of 4.5 out of 5 points. None of the par-
ticipants reported a satisfaction score < 3.

In the VRT group, the total SSQ score ranged from 0
to 7, with a mean of 0.387. The most common adverse
symptoms were eye strain (46.67%) and sweating
(46.67%), approximately 26.6% of participants experi-
enced both symptoms. Eye strain was the most intense
(25.58%) followed by blurred vision (12.79%), fatigue
(9.3%), sweating (9.3%), and dizziness with the eyes
open (9.3%). Most symptoms were mild, except for
eye strain and blurred vision, which were reported to
cause moderate discomfort. Additionally, burping and
vomiting were not reported (Fig. 6¢ and d).

The average RPE score for a single session was 12.4;
personal RPE scores ranged from 11 to 13.5. Some par-
ticipants reported that they felt as if they were exer-
cising in the real-world during tasks in Scenes 1, 3, 4,
11, 15, and 20. Several scenes, such as Scenes 8, 9, 14,
16, and 17, were fast-paced and had virtual enemies,
which made the sessions tense, and exciting. This
training made some participants sweat and pant, but
they did not report other uncomfortable symptoms.

Discussion

This study aimed to investigate the effects of motor con-
trol training with a commercial, immersive VR system
on upper limb motor function, inflammation, oxidative
stress and neuroplasticity in patients with stroke. There
were four main findings in our study. First, with respect
to inflammation, a significant decrease in IL-6 levels
was found after the intervention, despite the lack of sig-
nificant group differences. Second, as for oxidative stress,
significant differences between pre- and post-tests were
found in both HO-1 and 8-OHdG levels, without sig-
nificant differences between groups. Third, consistent
with previous studies [11, 47], significant improvements
in overall upper limb function and AROM were found
after the intervention, while only elbow extension and
forearm pronation were significantly different between
groups. Forth, there were significant positive correla-
tions between baseline 8-OHdG and the improvement
in FMA-UE-Total scores, and between the change in
HO-1 levels and the improvement in FMA-UE-Shoulder/
Elbow/Forearm scores.

In our study, although VRT did not significantly affect
BDNF expression level, a significant improvement was
found after intervention in the VRT group. This result
indicated that BDNF induction might be affected by a
specific type of intervention or rehabilitation program.
This is the first immersive VR-based study to report a
significant increase in BDNF levels after motor control
training; similarly, Koroleva et al. showed that BDNF
concentration was significantly induced during aug-
mented-reality-based motor training (average 45 days)
[48]. On the other hand, our study reported the lack
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of significant relationships between BDNF level and
motor function outcomes. One potential explana-
tion may be that the increase may not be enough to
reach significance in such short time period. In animal
models, increasing BDNF expression by endogenous
proteins and blocking BDNF expression by antisense
oligonucleotide have shown positive and negative
impact on motor recovery, respectively [49, 50]. How-
ever, the concentration of VRT-generated BDNF might
not reach such a high level of endogenous protein
(20 pug/g in rats), and it is unclear whether long-term
continuous stimulation by VRT has beneficial effects on
BDNF levels. Additional testing is required to monitor
the changes in BDNF level over time rather than a few
time points.

As we expected, IL-6 and 8-OHdG levels significantly
decreased and the HO-1 level significantly increased
after the intervention. Evidence has shown that the
pro-inflammatory cytokine IL-6 increases after stroke,

and higher IL-6 concentrations during the acute phase
(<7 days) after onset were associated with poor short-
term and long-term outcomes in stroke patients [23—
25]. Liu et al. found that serum IL-6 levels significantly
decreased after evidence-based nursing interventions
[26]. Therefore, the decrease in IL-6 may indicate that
patients may return to a more homeostatic status after
the intervention.

This is the first study to demonstrate significant
changes in HO-1 and 8-OHdG levels after an immer-
sive VR-based intervention of motor control training,
as well as the significant relationship between these two
oxidative stress biomarkers and functional outcome in
patients with chronic stroke. Since redox homeostasis
in the chronic stroke stage is relatively more stable than
in the acute phase, our findings suggest that HO-1 and
8-OHdG may have a predictive value for motor function,
and the reduced reactive oxygen species might be associ-
ated with HO-1 dependent pathways. Further work will
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be necessary to elucidate the role of HO-1 in patients
with chronic stroke.

Consistent with previous studies, the present results
showed that most participants in both groups had
improved upper limb motor function after the interven-
tion [10, 13, 14]. There were significant interactions in the
subscale score of proximal upper extremity of the FMA-
UE, total scores of the FMA-UE, and AROM of shoulder
flexion. As shown in Fig. 2, these results indicated that
the changes in these variables might be larger in the VRT
group than in the COT group. Moreover, the AROM of
elbow extension and the AROM of forearm flexion both
showed intervention and time effects. These results also
indicated that the VRT group had larger improvements
than the COT group in the two AROM variables. In
summary, our results in relation to upper motor func-
tion support the use of a commercial immersive VR sys-
tem for motor control training if participants follow the
researchers’ instructions.

We further compared the popularity of the 20 commer-
cial VR activities. Scenes 3, 8, and 16 were three activi-
ties that participants’ least liked. There are two possible
reasons. First, upper limb motor functions needed in
these three activities were asymmetrical bilateral coordi-
nation, which may be more difficult than other activities
only needing motor functions of symmetrical or recipro-
cal bilateral coordination. Second, it is counterintuitive to
perform these three activities because different methods
are used to perform the activities in the VR environment
and in the real world. For example, in the three activities,
participants picked up an object by pressing the trigger
on the controller, and released it by holding the controller
still.

In this study, age showed significantly negative associa-
tion with the improvement of the hand score of FMA-UE.
The result was supported by previous research reporting
that age was a crucial predictor of good functional out-
come in stroke patients [51]. In a large multicenter study,
Knoflach et al. found better outcomes in stroke patients
aged <55years [52]. Potential explanations are the
regenerative capacity in the brain and angiogenesis [53].
Regarding other demographic and clinical characteris-
tics, cognitive functioning, stroke subtypes, affected side,
and years of education showed no significant relationship
with motor performance and indicators of inflamma-
tion, oxidative stress and neuroplasticity. However, the
results might be limited by the sample size. Further stud-
ies including a representative sample to identify respond-
ers to immersive VRT among patients with stroke are
warranted.

Moreover, a commercialized immersive VR system has
several advantages for clinical practice, such as being
user-friendly and high accessibility, and for containing a
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wide range of well-developed games. Most importantly,
the highly interactive entertainment nature of the VR
can be used to enrich the training content and help boost
the rehabilitation motivation of patients with stroke.
Such advantages allow practitioners to seek and inte-
grate their knowledge to meet the diverse rehabilitation
needs of patients with stroke. For example, occupational
therapists could integrate the principles of occupational
therapy into VR activities, and thus achieve the patients’
rehabilitation goals.

In addition to functional and biological changes after
receiving the training, our study also addressed the nega-
tive effects of VRT on participants. Several safety issues
were identified based on the participants’ feedback and
researchers’ observation. Some participants reported
moderate eye discomfort (e.g., eye strain and blurred
vision) and sweating after training. Previous studies using
the VR modality in motor recovery training also reported
similar side effects [14, 54, 55]. Therefore, breaks are
needed during each training section, and the time for
each training section may need to be limited to 60 min.
Although side effects were reported in some participants
after receiving VRT, generally, participants described
high satisfaction with VR activities (an average score
of 4.5 out of 5 points). Accordingly, as long as there is
awareness of its possible side effects, VRT can potentially
facilitate upper limb motor functions in patients with
stroke.

Moreover, two observations from the researchers about
the safety issues should be addressed during the training
process, although there were no accidents due to falling
or bumps. First, in the pilot trial phase, when participants
moved to an undetectable space of the VR system, the VR
scene would be paused or shaken, resulting in a feeling of
sudden dizziness. Therefore, in formal trials, researchers
should remind participants to remain within the detect-
able space for the VR system. When participants acciden-
tally moved out of the space, we asked them to stop the
movement and close their eyes until we helped them go
back to the right space. Second, participants tended to lie
on the devices presenting in the VR environment (e.g., a
table or a shooting machine). This may increase the fall-
ing risk of participants. Therefore, it is better to place
some devices such as tables or stable shelves in the cor-
responding places in the real environment.

Four limitations should be noted in our study. First,
participants were a sample of patients with chronic
stroke. Whether similar differences in serum biomarker
levels are observed among patients with stroke and
healthy adults remains to be examined. Second, inflam-
mation, oxidative stress, and spontaneous motor recov-
ery are relatively high and unstable during the acute
phase; these may drop, or be maintained at low-levels
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for months or even years. To identify a biomarker sen-
sitive to VRT at the chronic stage, further research is
needed to examine the extended time course of VRT
by assessing more stroke biomarkers at regular inter-
vals across a longer period. Third, five detected mol-
ecule biomarkers showed no significant differences
within groups, although the BDNF change trends were
the opposite in the two groups. These data must be
regarded as preliminary because of the relatively small
sample size, and the lack of BDNF polymorphism infor-
mation. Future longitudinal studies with a larger sam-
ple size are required to confirm the present findings
identify suitable subjects for the VRT. Fourth, several
variables related to stroke data were not collected in
our study (e.g., use of tissue plasminogen activator at
the onset of stroke) and the sample size was small; thus,
we may not have been able to identify more responders
to the VRT.

Conclusion

To the best of our knowledge, this is the first study to
examine the effects of an immersive VR-based inter-
vention of motor control training on pathophysiologi-
cal molecules in chronic stroke patients. Our results
suggest that HO-1, 8-OHdG, and BDNF might be
potential serum biomarkers for VR-based interven-
tions in chronic stroke patients. This study also indi-
cated that general commercial VR applications may
provide therapists with more diversified options for
post-stroke rehabilitation, as they are effective and safe
under the guidance of occupational therapists. The
clinical recommendations of the study are the applica-
tion of immersive VR-based training on upper extrem-
ity motor performance and the detection of serum
biomarkers of oxidative stress and neuroplasticity as
potential outcome measurement after motor control
training in chronic stroke patients.
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