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Abstract
Virtual reality (VR) is considered to be a promising therapeutic technology for the rehabilitation of upper extremities (UEs) post-
stroke. Recently, we designed and then implemented a neuroscientifically grounded VR protocol for the rehabilitation of patients
with stroke. The system provides unilateral and bilateral limb mirroring exercises in a fully immersive virtual environment that may
stimulate and activate the mirror neuron system in the brain to help patients for their rehabilitation. Twelve patients with subacute
stroke underwent the newly implemented VR treatment in addition to conventional rehabilitation for 8 consecutive weekdays. The
treatment effect on brain reorganization andmotor function was investigated using resting-state fMRI (rs-fMRI) and the Fugl-Meyer
assessment for Upper Extremity (FM-UE), respectively. Fifteen healthy controls (HCs) also underwent rs-fMRI scanning one time.
The study finally obtained usable data from 8 patients and 13 HCs. After the intervention, patients demonstrated significant
improvement in their FM-UE scores (p values < 0.042). Voxel-wise functional connectivity (FC) analysis based on the rs-fMRI
data found that HCs showedwidespread bilateral FC patterns associated with the dominant hemispheric primarymotor cortex (M1).
However, the FC patterns in patients revealed intra-hemispheric association with the ipsilesional M1 seed and this association
became visible in the contra-hemisphere after the intervention. Moreover, the change of FC values between the bilateral M1 was
significantly correlated with the changes in FM-UE scores (p values < 0.037). We conclude that unilateral and bilateral limb
mirroring exercise in an immersive virtual environment may enhance cortical reorganization and lead to improved motor function.
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Introduction

Stroke

Stroke can be defined as an interruption of blood flow within
the brain that causes the death of massive brain cells [1]. Over
the past decade, stroke-related mortality has rapidly declined.
However, the number of neurologically impaired patients liv-
ing with a substantial disability after stroke has rapidly in-
creased [2]. Approximately 65% of stroke survivors have
functional limitations on their upper extremities (UEs), which
severely diminish their quality of life [3]. Evidence suggested
that highly intensive and repetitive functional practices
coupled with extended treatment duration are likely necessary
to promote neuroplasticity in the damaged brain areas and
favor the functional recovery of post-stroke UEs [4, 5].
Occupational and physical therapies may help patients im-
prove their UE motor function [6, 7]. These treatment options,
however, are time-consuming, resource-intensive, and the
outcomes often depend on the ability of the medical staff
who administer the treatments. Moreover, training intensity
and repetition of such therapies have been evaluated as insuf-
ficient to boost neuroplasticity and associated motor recovery
[8]. In contrast, virtual reality (VR)–based neuro-
rehabilitation exercise may easily address these limitations
and therefore holds a great promise in improving motor func-
tion through promoting use-dependent neuroplasticity in the
damaged brain areas [9].

Virtual Reality

VR is a computer-based technology that allows users to inter-
act with a multisensory simulated environment and receives
real-time feedback on performance [8]. VR has the potential to
provide highly intensive and repetitive functional tasks, and
may also enhance the patient’s rewarding system by adding
playful elements in the paradigm. Moreover, some of the VR
systems allow personalized graded programs to maintain mo-
tor capabilities by increasing the level of task difficulty [9].

Basic Theory Behind VR-Based Neuro-rehabilitation

The foremost neuroscientific theory cited in VR-based neuro-
rehabilitation research and clinical practice is the one
concerning mirror neurons (MNs). The MNs are a subset of
brain cells and were initially discovered in the premotor cortex
of macaque by a group of Italian scientists [10]. These scien-
tists have initially confirmed that neurons in the premotor
cortex of macaque were responsible for reaching and grasping

related handmovements [11]. Furthermore, they had extended
their demonstration by directly recording the neurons’ activi-
ties in the premotor cortex of macaque when the macaque was
performing a goal-oriented reach-to-grasp action and when
the macaque was observing the same actions performed by
another macaque [10]. Their demonstration revealed that hand
cells (neurons responsible for hand movements) in the
premotor cortex of macaque were activated and discharged
both when the macaque performing motor acts as well when
observing the same acts performed by another macaque [10].
Such neurons are named as “mirror neurons,” which refers to
neurons with mirroring properties [12].

Recent neuroimaging evidence in macaques revealed neu-
rons with mirror properties seemed to be found in widespread
motor-related brain regions, including the supplementary motor
area (SMA), the premotor cortex, the primary motor cortex
(M1), and the non-motor-related brain regions, including the
middle frontal gyrus (MFG), the superior parietal gyrus
(SPG), and the inferior parietal gyrus (IPG) [12, 13]. Human
neuroimaging studies also reported that there had been neuronal
activation overlaps between action execution and action obser-
vation tasks in higher-order motor-related cortical areas includ-
ing the M1, SMA, premotor cortex, primary sensory cortex
(S1), cerebellum, SPG, supramarginal gyrus (SMG), and infe-
rior frontal gyrus (IFG) [13–15]. In addition, MNs also seemed
to observe during imaginary motor-control acts (“brain rehears-
al”) [16]. For instance, using fMRI paradigm, Prochnow et al.
[17] investigated the healthy subjects’ brain areas controlling
imaginary catching of a far distance approaching colored balls
in an outdoor virtual environment. The authors confirmed that
the parietal, frontal, temporal, and cerebral brain areas were
activated during the target imaginary catching tasks. Hence,
taking into consideration the MNs, a number of VR-based
neuro-rehabilitation methods such as the rehabilitation gaming
system [9], MindMotion Pro™ (MindMaze SA, Switzerland),
andYouGrabber (YouRehab Ltd., Schlieren, Switzerland) have
recently been developed and implemented in the rehabilitation
of stroke patients with UE deficits.

VR applications in stroke rehabilitation are ranging from
custom-built virtual environment (CBVE) to commercial vid-
eo gaming console (CVGC) [5]. Evidence from meta-analysis
studies indicated that the use of VR-based rehabilitation pro-
tocols for UE trainingmay be beneficial, although results were
variable [4, 5, 8, 18]. One possible source of variability may
be due to methodological limitations of the included studies.
For instance, Saposnik et al. [19] used a CVGC named
Nintendo Wii gaming for the rehabilitation of patients with
stroke who had impaired UEs. The authors reported that the
Wii gaming console had no superior benefit in the recovery of
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UEs to a dose-matched conventional treatment. CVGC sys-
tems were originally designed for healthy people for recrea-
tion, which is limited in adjusting task difficulty. CVGC sys-
tems are in fact excessively challenging for patients with
stroke [20]. Moreover, a recent meta-analysis study confirmed
that the impact of CBVE on body function and activity per-
formance had superior benefits than that of dose-matched con-
ventional therapies, but VGC systems did not [18]. Therefore,
CBVE holds a greater promise in the rehabilitation of UE
motor functions. However, most of the CBVE studies did
not consider the following issues: first, the majority of the
studies involved in a chronic phase of stroke. Studies reported
that intervention administered in the chronic phase of stroke
(over 6 months from the onset of stroke) associated with poor
UE recovery because neuroplasticity (the plasticity of brain
functionalities) may have become less elastic at this stage [5].
In contrast, brain plasticity is high within 6 months post-
stroke. In turn, intervention within this time window is asso-
ciated with better UE recovery [5, 15]. Second, most studies
did not use a fully immersive virtual environment, whereas the
use of an immersive virtual environment for stroke rehabilita-
tion may enhance the sense of experiencing the reality of
being in another world, and may further result in a more effi-
cient treatment on the impaired UEs [21]. Third, rehabilitation
of severely impaired UE after a stroke has remained the most
challenging clinical practice [22], although most of the
existing VR systems do not support patients who have no
sufficient power to perform training tasks related to hand
opening-closing [9, 19, 21]. Fourth, despite the rise of VR-
based neuro-rehabilitation studies for stroke patients with UE
motor deficits, the neural mechanism for motor recovery has
not yet been adequately studied.

Taking into consideration the recent advancement in VR
technology and the four research gaps aforementioned, we
have designed and implemented a novel type of immersive
VR system, which we call it mirroring neuron VR Rehab
(MNVR-Rehab) for the rehabilitation of UE motor deficit
post-stroke. The MNVR-Rehab system provides game-based
training tasks such as unilaterally and bilaterally grasping and
releasing a virtual ball using virtual limb(s). The movements
of the virtual limb were controlled by either the patient’s af-
fected UE or the reflection of the normal UE’s movements
(limb mirroring). In this study, we were interested in testing
the impacts of VR-based limbmirroring therapy (VRLMT) on
brain reorganization and UE recovery in stroke patients with
moderate to severe UE impairments. We hypothesized that
using our MNVR-Rehab as a VRLMT therapy in an
immersive virtual environment would stimulate the MNs in
the damaged brain areas, and consequently facilitate the reha-
bilitation of the functional use of UEs in patients with a sub-
acute stroke. Resting-state functional magnetic resonance im-
aging (rs-fMRI) was used to investigate VR-induced
neuroplasticity changes in the brains of patients with a stroke.

Materials and Methods

Participants

Twelve patients with subacute stroke were recruited from the
inpatient service at the Department of Rehabilitation Medicine,
Zhejiang Province People’s Hospital (Hangzhou, China) be-
tween July 2018 and September 2019. Patients were screened
and included based on the following inclusion criteria: (a) mod-
erate to severe UE impairments due to a first-episode stroke; (b)
stroke duration not exceeding 3 months; (c) adults (older than
18 years); (d) no moderate to severe visual or auditory func-
tional impairments; (e) no moderate to severe cognitive impair-
ments; (f) right-handed before stroke; and (g) no contraindica-
tions to MRI scanning. This study also recruited 15 right-
handed HCs as a control group. This study was approved by
the responsible local Ethics IRB committee at the hospital in
accordance with the Helsinki Declaration, and informed written
consents were obtained from all participants before their enroll-
ment into the study.

Clinical Assessment

The FM-UE assessment was used to quantify the motor recov-
ery status before and after the VRLMT. The FM-UE assess-
ment is valid for quantifying the motor function as it is a widely
used clinical scale in virtual reality trials and therapies [5].

VR Intervention

The MNVR-Rehab system comprises of the following ele-
ments (Fig. 1(a)): (1) A HTC Vive head-mounted display
(HMD) to fully immerse the patient in the virtual environ-
ment; (2) two base stations (lighthouses) to track the patient’s
exact location in 3D; (3) a piece of Leap Motion to track the
patient’s UE movements and transfer the movements onto a
virtual limb in the virtual environment; and (4) a high-
performance PCwith powerful graphics as the central control-
ler, running the software system to generate the virtual envi-
ronment, supervise the participant’s performance, record the
patient’s actions, and choose various training options.

The MNVR-Rehab system provides game-based exercises
of unilateral and bilateral reach-to-grasp tasks, requiring to use
either the affected UE or the unaffected UE. In this study, all
eligible patients underwent the MNVR-Rehab as a VRLMT
training in addition to conventional treatments. According to
the previous study [19], all patients have received 8 h of VR
training and 8 h conventional treatment within 2 weeks (1-h
VR and 1-h conventional therapy per day, 4 days/week).

Training Protocol The patient was instructed to seat on a chair
comfortably, put his/her hands on a real tabletop, and wear the
HMD headset to navigate the virtual objects and environment
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Fig. 1 Setup and scenario of the MNVR-Rehab system: (a) the arrows
indicate the interaction between the system and the patient. The patient
wears the HMD headset; the two infrared cameras track the 3D exact
location of the patient; send the information to the PC. The leap motion
controller tracks the gesture of the patient, and it graphically mimics it in
the virtual environment. The PC generates the virtual environment and
displays in the HMD via the HTCVive link box and the patient immerses
into and navigates the virtual environment through HMD. The therapist

may assist the patient during the training andmonitor his/her performance
on the PC. (b) The patient wears the HMD headset and is navigating the
virtual environment and objects. (c) A screenshot of a typical scene in the
training environment; (d) a screenshot when the patient moves a virtual
ball into a virtual basket using her left virtual limb; and (e) a screenshot
when the patient moves the ball into the basket using her both virtual
limbs together
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(Fig. 1(b)). In the virtual environment, he/she would see a
typical scene of a training environment, including a virtual
tabletop displaying a ball on it (Fig. 1(b)). Twenty equally
spaced white circles were programmed to be shown in a ma-
trix on the virtual tabletop to indicate the location of virtual
balls (Fig. 1(c–e)). An aerial-view map (Fig. 1(c–e), top right)
was also programmed for the therapist to define the locations
where to populate the virtual balls.

Reaching and Grasping Training The therapist could choose
one of the following training modes based on the patient’s
interest (Fig. 1(c–e), top left). (1) Unilateral limb mirroring
(Fig. 1(d)): the patient was instructed to move his/her unaffect-
ed UE to guide the virtual limb, which was parallel to his/her
affected UE, for the purpose of a target ball grasping and re-
leasing training. (2) Bilateral limb mirroring (Fig. 1(e)): the
patient was instructed to move his/her unaffected UE in order
to coordinate the right-side and left-side virtual limbs together
for the purpose of a target ball grasping and releasing training.
After choosing the training mode, the therapist randomly set 20
colored balls from the aerial-view map. Then, the patient was
instructed to reach, grasp, and release each ball into the basket.
After completing the first VR session (20 balls), the therapist
could set the next VR session and adjust the task complexity to
be slightly higher, lower, or keep it as it was in the previous
session based on the patient’s activity performance.

MRI Scanning

A 7-TMAGNETOM scanner (Siemens Healthcare, Erlangen,
Germany) was used to collect MRI data. The patients
underwent MRI scanning both before and after VRLMT,
whereas the HCs were scanned only once.

A multi-band gradient echo planar imaging (mb-EPI) se-
quence was used to collect the rs-fMRI data (1.5-mm isotropic
resolution, echo time (TE) = 20.6 ms, repetition time (TR) =
2000 ms, mb acceleration factor = 5, GRAPA acceleration fac-
tor = 3, flip angle = 70 degree, FOV= 228 mm×225 mm, and
90 anterior-posterior commissioner slices, number of image vol-
umes = 160, scanning time = 6 min and 24 s). In total, 160 rs-
fMRI volumes were collected for each participant. T1-weighted
structural images (MP2RAG: TR/TE = 2300/2.64 ms, FOV=
225 mm× 225 mm, 0.7 mm slice thickness, and 208 slices,
scanning time = 4 min and 44 s) were acquired for anatomical
reference. Total scanning time was 11 min and 8 s.

Image Analysis

The two brain hemispheres are functionally different, typically
with the left hemisphere for abstract thinking (e.g., mathemat-
ics, symbols) and the right for imaginary thinking (music, art,
shape recognition, etc.). Therefore, imaging analysis typically
would require brains to be spatially aligned to the same sides.

However, brains with stroke are already morphologically le-
sioned and functionally injured, performing analyses sticking
to such a requirement of aligning to the same sides will con-
found and even prevent the study from identifying possible
alteration and improvement offered by the treatment therapies.
Therefore, we first flipped the brain images of our patients in
the data preprocessing step so that lesions of the brains were
assigned to the same side, which has been a routine operation
in similar studies [23–25]. In our study, all participants (pa-
tients and HCs) are right-handed due to left brain dominance.
Three patients had right-sided lesions, while the other five had
lesions in the left hemisphere. The functional and structural
images of the three with right-sided lesions were flipped along
the mid-sagittal plane so that the injured hemisphere
corresponded to the left hemisphere for all patients. To ac-
count for symmetric confounds resulting from hemispheric
difference, we also randomly selected three HCs and flipped
their brain accordingly. These 6 participants’ brains stayed
flipped throughout the entire image analysis procedure, in-
cluding functional connectivity analysis.

Imaging Data Pre-Processing

The Advanced DPARSF (http://www.restfmri.net/forum/
DPARSF) and SPM8 (http://www.fil.ion.ucl.ac.uk/spm)
toolkits were used in the preprocessing, which included the
following steps. The first 5 volumes of each rs-fMRI datasetwere
discarded to ensure steady-state longitudinal magnetization, then
155 volumes remained and were slice-time corrected. The data
were realigned to the middle volume for head motion correction
and co-registered to the corresponding structural image of each
participant. Thus, any participants whose head motion parame-
ters (rotation and translation) exceeded 3 degrees or 3 mmwould
be considered unusable and were therefore excluded from the
subsequent preprocessing steps [26]. Next, whitematter, cerebro-
spinal fluid, and head motion of the Friston 24-parameter model
[27] were removed as nuisance variables. The noise-cleaned
fMRI data were then spatially normalized to the Montreal
Neurological Institute (MNI) standard space using an EPI tem-
plate and resampled into a voxel size of 3 mm × 3 mm × 3 mm.
The data were then smoothed by convolution with an isotropic
Gaussian kernel of 6-mm full width at half maximum (FWHM)
to decrease spatial noise. Finally, we removed linear trends from
the time courses and used temporal band-pass filtering (0.01–0.
1 Hz) to remove the effects of low-frequency drift and high-
frequency noise, such as respiratory and heart rhythms.

Functional Connectivity

Resting-state functional connectivity (FC) methods have
emerged as a powerful tool to study the relationship between
spatially disparate and temporally related brain regions during
awake rest [28, 29]. Two possible reasons make the FC
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attractive [30]. First, FC acquisition can be performed without
complex task demands which only require the participants to
remember simple instructions. Therefore, it is particularly use-
ful for patients with moderate to severe stroke. Second, FC
allows to examine regional or whole-brain neural network
interaction and investigate the impacts of diseases on these
neural network interaction. The most commonly used
methods for analyzing the FC results are independent compo-
nent analysis (ICA) and seed-based correlation analysis. ICA
is a model-free and data-driven approach that analyzes the
entire brain voxels that show coherent fluctuation in BOLD
rs-fMRI signals, and reveal temporally coherent neural net-
works. ICA has been proven to be computationally higher
dimensional and provides robust statistical testing. However,
performing ICA is potentially more complex, which may
complicate the translation of results to clinical relevance [31].

On the other hand, seed-based FC analysis is a model-
based approach that allows us to define a hypothesis-driven
ROI and find the linear correlation between this ROI with the
entire brain voxels [28]. This approach has proven to be tech-
nically simplified, highly reliable, easily interpretable, and
effective in identifying regions that have a strong functional
connection with the seed [32].

In this study, we used seed-based connectivity approach to
explore possible alteration in whole-brain FC patterns following
stroke and our MNVR-Rehab treatment. Previous functional
MRI studies have reported that the best functional recovery of
UE post-stroke is associated with the highest return of neuronal
activity in the ipsilesional M1 region [25, 30, 33, 34]. Based on
this knowledge, we selected M1 (dominant hemispheric M1 in
HCs and ipsilesional M1 in patients) as an ROI using the SPM
Anatomy toolbox. Voxel-wise FC analysis taking the M1 as a
seed was performed for each participant’s rs-fMRI data set. The
Advanced DPARSF toolkit was used to compute the FC maps.
First, the blood oxygenation level-dependent (BOLD) time series
of the voxels within the ROI were averaged to obtain the refer-
ence time series for the seed area. Second, for each participant, a
correlation map was obtained by computing the correlation co-
efficients between the reference time series and the time series of
the rest of the whole-brain voxels. Finally, correlation coeffi-
cients were converted to z-values using Fisher’s r-to-z transfor-
mation to improve the normality [35].

Statistical Analysis

A one-sample t test was employed to identify FC and thereby
generate three FC maps based on the preprocessed rs-fMRI
data, for the HCs, and also the patients before and after the
intervention. Then, a paired t test was performed to explore
changes in FC results before and after the intervention.
Based on the Gaussian Random Field (GRF) theory, we
took results as statistically significant when p value <
0.001 and cluster > 50 voxels.

Additional statistical analyses were performed using SPSS
(version 22, IBM). Mean and standard deviation (mean±SD)
were reported for baseline demographic information. A paired
Wilcoxon test was used to compute improvements on FM-UE
scores from pre-intervention to post-intervention. The effect size
of FM-UE was calculated based on the following formula [36]:

Cohen
0
s d ¼ m1−m2j j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

S21 þ S22− 2rs1s2ð Þ
q

where m1, m2, s1, and s2 are the mean and SD of the FM-
UE values before and after the intervention, respectively,
whereas r is the correlation between the two conditions. The
d value of 0.2, 0.5, and 0.8 represents small, moderate, and
large effect size, respectively [36].

According to the previous studies [30], we computed the
changes in bilateral M1-M1 FC values and the changes in FM-
UE scores [(post-intervention − pre-intervention) / (pre-inter-
vention)], aiming to study the relationship between the inter-
hemispheric M1-M1 FC and motor function using Pearson’s
correlation (p value < 0.05).

Results

Patients’ demographic information and clinical outcomes are
depicted in Table 1. Four patients and two HCs were exclud-
ed. We were unable to contact three of the four patients for a
second MRI scan after they finished their inpatient care and
the first scan. The remaining one patient complained about the
MRI noise, and he wanted to withdraw from the second MRI
scan. The two HCs were excluded because of their head mo-
tion greater than 3 mm. Consequently, data from eight patients
( age = 57.13± 4.45 years) and thirteen HCs ( age = 55±
7.85years) entered the final statistical analysis.

Clinical Outcomes

Prior to VRLMT training, all patients had considerable defi-
cits in their UE motor function. After the VRLMT interven-
tion for only 2 weeks, an improvement was already observed
on the FM-UE score (mean [SD] = 2.5 [3.8], p value < 0.042;
Cohen’s effective size d = 0.7, moderate effect), reflecting
moderate functional recovery of the UEs.

Functional Connectivity Results

In HCs, the dominant hemispheric M1 seed was functionally
connected with widespread intra- and interhemispheric brain
areas (Fig. 2(a), Table 2a; and Fig. S1 in supplementary for 3D
visualization). In patients, before the intervention, the FC pat-
terns in relation to the ipsilesional M1 seed were
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predominantly intra-hemispheric, particularly in the
ipsilesional parietal, temporal, and frontal regions. Notably,
the postcentral gyrus (the S1 region), precentral gyrus (the
M1 region), SPG, MFG, superior frontal gyrus (SFG), middle
occipital gyrus (MOG), IPG, SMA, STGMTG, and superior
occipital gyrus (SOG) were involved (Fig. 2(b), Table 2b; and
Fig. S2 in supplementary for 3D visualization). Similar FC
patterns were also observed after the intervention (Fig. 2(c),
Table 2c; and Fig. S3 in supplementary for 3D display). In
addition, the FC patterns were visible in the contralesional
M1, S1, and cerebellum (p value < 0.001, cluster ≥50 voxels,
GRF corrected). In consistence with the previous studies [13,
15, 16, 37] regarding the brain areas showing MN properties,
our findings also showed theM1, S1, cerebellum, SPG, SMA,
and MFG regions were highlighted after the VR intervention.

Changes in FC Map from Pre-intervention to Post-
Intervention

The paired t statistics revealed that no significant FC changes
were observed between the FC before and after the treatment
at a p value < 0.001, cluster≥50 voxels, GRF corrected
(Fig. 3(a)). However, when we adopted p value < 0.01, cluster
≥50 voxels, GRF corrected, the paired t statistics revealed
significantly increased FC patterns in the bilateral M1, S1,
and ipsilesional SPG, and cerebellum regions (Fig. 3(b);
Table 3a) and decreased in the ipsilesional MFG and STG
regions (Fig. 3(b); Table 3b; and Fig. S4 in supplementary
for 3D visualization).

VRLMT-Induced Change in FC Values and FM-UE Score

Pearson’s correlation showed that the change of the bilateral
M1-M1 FC value was positively and significantly correlated
with the change of FM-UE score (Fig. 4, R2 statistics = 0.729,

p value < 0.037), which infers a positive sign of the recovery
of UE motor function due to the increased connectivity in
relation to interhemispheric M1.

Discussion

In this study, we demonstrated the effect of a 2-week VRLMT
training plus a conventional treatment on cortical reorganiza-
tion and associated motor function in patients with subacute
strokewho hadmoderately to severely impairedUE functions.
The patients and HCs had undergone the rs-fMRI scanning
twice (before and after VRLMT) and once, respectively.
Overall, patients exhibited significant improvements in their
affected UE motor function. In HCs, widespread bilateral
brain areas were connected with the dominant hemispheric
M1 seed. In the patients, before VRLMT, the FC pattern as-
sociated with the ipsilesional M1 seed was predominantly
intra-hemispheric. Compared with the pre-intervention FC re-
sults, the interhemispheric FC pattern after VRLMT became
more explicit in the patients between the ipsilesional M1 seed
and contralesional brain regions related to motor control and
sensation information processing. Moreover, a significant
positive correlation was observed in the patient group between
the changes in interhemispheric M1-M1 FC values and FM-
UE scores.

VRLMT-Induced Motor Function Recovery

One novelty aspect of this study was that we investigated the
impact of unilateral and bilateral limb mirroring training in an
immersive virtual environment on motor functional recovery
in post-stroke patients with moderately to severely impaired
UEs. The motor outcomes showed that patients got small, but
statistically significant improvements on their UE motor

Table 1 Demographic
information and clinical outcomes Participant Age, years Gender Stroke type Lesion location Days since

stroke onset
FM-UE

Pre Post

P1 59 M I L, BG, PL 28 5 7

P2 59 M H R, PCG 85 6 6

P3 52 M I R, MFG 44 8 9

P4 55 M I L, BG. IC 71 7 7

P5 56 M H L, pond 24 16 16

P6 51 M I L, BG 9 5 6

P7 64 F I L, BG, LV 27 8 13

P8 61 F I R, TL 16 5 16

P = participant; F = female;M =male; I = ischemia; H = hemorrhage; R = right hemispheric lesion; L = left hemi-
spheric lesion; PL = prefrontal lobule; IC = internal capsule; PCG = postcentral gyrus; MFG =middle frontal
gyrus; BG = basal ganglia; LV = lateral ventricle; TL = temporal lobule; FM-UE = the Fugle-Meyer assessment
for Upper Extremity
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function just in 2 weeks as assessed by the FM-UE clinical
scale. This improvement indicated that practicing using a

goal-specific unilateral and bilateral limb mirroring exercise
in an immersive virtual environment may facilitate the

Fig. 2 FC maps based on the one-sample t statistics at 4 representative
transversal planes where MNI coordinates Z = − 25, 11, 50, 68, from the
left to the right column. (a) The HCs’ FC maps associated with the dom-
inant hemispheric M1 seed and the whole brain. (b, c) The FC maps of
patients before and after intervention associated with the ipsilesional M1
seed and whole brain, respectively (p value < 0.001, cluster ≥50 voxels,
GRF corrected). The cold color spectrum indicates significantly de-
creased FC maps in relation to M1 seed and the warm color spectrum

indicates significantly increased FC maps in relation to M1 seed. Note:
CL = cerebellum; ITG = inferior temporal gyrus; IPG = inferior parietal
gyrus; PRE = precuneus; L = left; R = right; MTG =middle temporal gy-
rus; STG = superior temporal gyrus; SPG: superior parietal gyrus; S1:
primary sensory cortex; M1: primary motor cortex; MFG: middle frontal
gyrus; SFG: superior frontal gyrus; SMA: supplementary motor area;
SOG: superior occipital gyrus

Table 2 Clusters showing significantly increased FC in relation to M1 seed (p value < 0.001, cluster ≥50 voxels, GRF corrected)

Cluster no. Cluster size (mm3) PeakMNI coordinate Peak
t-value

AAL brain atlas

X Y Z

a. HCs

1 14,327 − 24 − 21 72 24.17 L: M1, S1, STG, MTG, SPG, SMA, IPG, SFG, ITG,
CL; R: M1, S1, STG, SPG, MTG, SMA, PRE, ITG, IPG, SFG

b. Before intervention

1 5916 − 33 − 36 60 43.71 L: M1, S1, SPG, PRE, IPG, STG, SFG, SMA, CL, MTG; R: PRE, CL, SOG, MOG

2 357 − 36 42 12 15.85 L: MFG, IFG

3 122 − 60 − 57 15 10.41 L: MTG

c. After intervention

1 3421 − 33 − 24 63 27.67 L: M1, S1, SPG, IPG, PRE, SMA, STG, MTG, SFG, SOG; R: PRE

2 666 27 − 54 − 30 14.13 L: CL; R: CL

3 107 30 − 21 69 7.07 R: M1, S1

AAL: automated anatomical labeling; CL: cerebellum; L: left hemispheric; R: right hemispheric
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recovery of impaired UEs. Functional improvements of the
UEs in response to VR-based limb mirroring training were
investigated in previous neuro-rehabilitation studies [38, 39].
A study reported by [38] demonstrated the effect of VR-based
reflection therapy on UE motor function as compared to dose-
matched conventional therapy that after 4 weeks of treatment,
the VR group got improved as assessed by the FM-UE scores
better than did the control group. Our findings differed from the
findings reported by [39], which reported that using an
immersive VR-based unilateral limb mirroring therapy system
statistically had no significant impacts on the recovery of UE
motor function in patients with chronic stroke. Our findings
also have been consistent with those therapies using a physical
mirror [40–42], as all the three studies investigated the impact
of mirror visual feedback in the recovery of UE motor function

in patients with chronic stroke, and all the three reported statis-
tically significant improvements on the FM-UE scale.

Apparently, growing pieces of evidence are showing that
VR-based, as well as mirror-based, limb mirroring therapies
have significant benefits in improving the functional recovery
of UEs post-stroke. Our findings also confirmed that VRLMT
has significant benefits in the recovery of UE motor function
in patients with subacute stroke.

VRLMT-Induced Brain Reorganization

A second novelty aspect of this study was that we investigated
the neural mechanisms of VRLMT-induced UE motor func-
tional improvements. Compared with the HCs, the FC results

Fig. 3 Post-treatment versus pre-treatment paired t statistics of the FC
maps obtained from 4 representative transversal planes at MNI coordi-
nates Z =− 25, 11, 68, and 71. (a) The FCmaps GRF-corrected at p value
greater than 0.001 and cluster ≥50 voxels. (b) The FC maps GRF-
corrected at p value less than 0.01 and cluster ≥50 voxels. The cold color
spectrum indicates significant negative changes of FC maps in relation to

M1 seed between the before and after the intervention, and the warm
color spectrum indicates significant positive changes of FC maps in rela-
tion toM1 seed between the before and after the intervention. Note: CL =
cerebellum; L = left, R = right; STG = superior temporal gyrus; SPG=
superior parietal gyrus; S1 = primary sensory cortex;M1 = primarymotor
cortex; MFG =middle frontal gyrus

Table 3 Post-treatment versus
pre-treatment comparison of FC
in relation to M1 seed and the
whole brain (p value < 0.01,
cluster ≥50 voxels, GRF
corrected)

Cluster

no.

Cluster size

(mm3)

Peak MNI coordinate Peak t-value AAL brain atlas

X Y Z

a. FC after intervention versus before intervention: positive results

1 63 − 22 − 56 − 25 3.92 L: Cerebellum

2 165 27 − 33 72 7.20 R: M1, S1

3 88 − 9 − 27 72 8.14 L: M1, SPG

b. FC after intervention versus before intervention: negative results

2 132 − 29 45 11 − 4.80 L: MFG

3 205 − 53 − 19 11 − 3.94 L: STG

L: left hemispheric; R: right hemispheric; AAL: automated anatomical labeling
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in the patients showed a significant decrement in the bilateral
M1 regions. M1 is a key motor area and has a function of
controlling proper movements of the UEs [2]. Past studies
reported that stroke-induced lesions in motor-related regions
could disrupt the bilateral M1 connectivity, leading to a motor
functional deficit of the UEs [30, 34, 43, 44]. During the
recovery process, the interhemispheric connectivity between
the M1 regions can be established [30, 34, 43]. Our findings
based on our MNVR-rehab system are along with this that
after 2 weeks of the VRLMT training the bilateral M1 con-
nectivity was enhanced. Similar results were also documented
previously in the literature [45], which reported that patients
with stroke lost the resting-state FC between the bilateral M1
regions, whereas the connectivity got significantly enhanced
after a motor imaginary treatment for 4 weeks. In accordance
with our findings, Fan et al. [30] reported that the bilateral M1
connectivity was lost before the patients received robotic-
assisted training. Then the lost connectivity was reestablished
after receiving a 4-week training session.

Relationship Between VRLMT-Induced Bilateral M1
Connectivity and Motor Function

A growing body of evidence showed that interhemispheric
functional connectivity between bilateral sensorimotor corti-
ces may predict the recovery of motor function [1, 46].
Grefkes et al. [2] reported that impaired motor performance
induced by stroke was associated with a loss of interhemi-
spheric sensorimotor connectivity, whereas the recovery of
the impaired motor function was associated with improved
bilateral sensorimotor connectivity. Similar findings were re-
ported also by Fan et al. [30], which investigated the effect of a
4-week robotic-assisted treatment on brain reorganization and
functional performance recovery in patients with chronic

stroke. They found a statistically significant correlation be-
tween the bilateral M1 connectivity and the UE motor perfor-
mance. In line with this report, our unique MNVR-rehab sys-
tem also promotes neuroplasticity in the injured and distant
brain areas, which may cause a significant improvement in UE
motor function. Moreover, the bilateral M1-M1 FC scores
were significantly correlated with the UE motor functional
recovery. Our findings indicated that there were behavioral
relevant plastic changes in the ipsilesional sensorimotor net-
work. In accordance with our findings, Zhang et al. [34] re-
ported that patients with stroke significantly improved func-
tional use of the affected UE after 4 weeks of motor imaginary
intervention, and the gained improvement was significantly
coupled with the bilateral M1 functional connectivity.

Highly repetitive and intensive functional tasks are be-
lieved to be a key factor for promoting the induction of use-
dependent neuroplasticity, which may be associated with op-
timal motor recovery [5, 8, 9]. In addition, a user-controllable,
motivated, and joyful rehabilitation setting is likely necessary
for motor development and prolonged active training [9].
Based on these ideas, our system has been developed to pro-
vide completely immersive, joyful, game-based repetitive
limb mirroring exercises. The system also provides progres-
sive task complexity as well as visual and auditory feedback
regarding successful movements, which may further increase
patients’ exposure to more intensive and repetitive functional
practices. We believe that these unique features provided by
our MNVR-Rehab system are likely promoting and activating
the mirror neurons, and their connectivity in the damaged
brain areas could consequently play a crucial role in helping
patients for their UE functional rehabilitation [9, 15, 47].
Moreover, the options of bilateral limb mirroring training
available in our MNVR-Rehab system may facilitate the re-
covery of the UE function. Previous studies have reported that
performing repetitive functional tasks using both affected and
unaffected UEs simultaneously are useful in improving the
affected UE motor function through adapting the temporal
and spatial characteristics of the normal UE [48].

Limitation

This study has some limitations. First, the number of partici-
pants was relatively small [34]. Because of our restrictive
inclusion criteria, it was challenging to recruit a large number
of participants. While the effect size of FM-UE was moderate
(d = 0.7), reflecting the study was moderately powered. Future
studies are encouraged to replicate the current study with a
large number of participants that permit different potential
moderators to enhance the generalizability of the current re-
sults. Second, all patients received conventional therapies
alongside with our VRLMT. Hence, this study lacked a con-
trol group consisting of post-stroke patients, who received
only CT, to control for the bias that could have been induced

Fig. 4 Significant positive correlation between the changes in bilateral
M1 FC values and the FM-UE score
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by the CT and thus to identify and verify the effect on reha-
bilitation purely due to our VR therapy with more confidence.

The strength of our trial is that our MNVR-Rehab system
has a fundamental and valid neuroscience hypothesis, which
aims to activate the mirror neurons to promote neuroplasticity
in the damaged brain regions. Our future studies will recruit a
large number of participants with less inter-subject variations
and more appropriately designed controls, and follow up them
for a longer period for more detailed evaluations.

Conclusion

This study has demonstrated the effect of immersive VR-
based limb mirroring therapy plus routine treatment on corti-
cal reorganization and motor function rehabilitation in sub-
acute stroke patients. Our findings have revealed that unilat-
eral and bilateral limb mirroring exercises in an immersive
virtual environment may stimulate MNs in the damaged brain
areas and may facilitate functional recovery of the affected
upper extremities post-stroke. This clinical outcome implies
that therapeutic exercises based on unilateral and bilateral
limb mirroring provided by our MNVR-Rehab system may
be useful interventions for rehabilitation of subacute stroke
patients with UE functional impairments.
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