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Abstract
Virtual reality is nowadays used to facilitate motor recovery in stroke patients. Most virtual reality studies have involved chronic stroke 
patients; however, brain plasticity remains good in acute and subacute patients. Most virtual reality systems are only applicable to the 
proximal upper limbs (arms) because of the limitations of their capture systems. Nevertheless, the functional recovery of an affected hand 
is most difficult in the case of hemiparesis rehabilitation after a stroke. The recently developed Leap Motion controller can track the fine 
movements of both hands and fingers. Therefore, the present study explored the effects of a Leap Motion-based virtual reality system on 
subacute stroke. Twenty-six subacute stroke patients were assigned to an experimental group that received virtual reality training along 
with conventional occupational rehabilitation, and a control group that only received conventional rehabilitation. The Wolf motor func-
tion test (WMFT) was used to assess the motor function of the affected upper limb; functional magnetic resonance imaging was used to 
measure the cortical activation. After four weeks of treatment, the motor functions of the affected upper limbs were significantly improved 
in all the patients, with the improvement in the experimental group being significantly better than in the control group. The action perfor-
mance time in the WMFT significantly decreased in the experimental group. Furthermore, the activation intensity and the laterality index 
of the contralateral primary sensorimotor cortex increased in both the experimental and control groups. These results confirmed that Leap 
Motion-based virtual reality training was a promising and feasible supplementary rehabilitation intervention, could facilitate the recovery 
of motor functions in subacute stroke patients. The study has been registered in the Chinese Clinical Trial Registry (registration number: 
ChiCTR-OCH-12002238).

Key Words: nerve regeneration; virtual reality; Wolf motor function test; functional magnetic resonance imaging; stroke; Leap Motion; 
rehabilitation; upper limb; neural reorganization; neural regeneration 
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Introduction
Chronic conditions such as stroke are becoming more 
prevalent as the world’s population ages (Christensen et al., 
2009). Although the number of fatalities caused by stroke 
has fallen in most countries, stroke is still a leading cause of 
acquired adult hemiparesis (Langhorne et al., 2009; Liu and 
Duan, 2017). Up to 85% of patients who survive a stroke 
experience hemiparesis, resulting in impaired movement 
of an arm and hand (Nakayama et al., 1994). Among them, 
a large proportion (46% to 95%) remain symptomatic six 
months after experiencing an ischemic stroke (Kong et al., 
2011). The loss of upper limb function adversely affects the 
quality of life and impedes the normal use of other body 
parts. The motor function recovery of the upper limbs is 
more difficult than that of the lower extremities (Kwakkel 
et al., 1996; Nichols-Larsen et al., 2005; Día and Gutiérrez, 
2013). Functional motor recovery in the affected upper ex-
tremities in patients with hemiparesis is the primary goal of 
physical therapists (Page et al., 2001). Evidence suggests that 
repetitive, task-oriented training of the paretic upper ex-
tremity is beneficial (Barreca et al., 2003; Wolf et al., 2006). 
Rehabilitation intervention is a critical part of the recovery 
and studies have reported that intensive repeated practice is 
likely necessary to modify the neural organization and favor 
the recovery of the functional upper limb motor skills of 
stroke survivors (Brunnstrom, 1966; Kopp et al., 1999; Taub 
et al., 1999; Wolf et al., 2006; Nudo, 2011). Meta-analyses of 
clinical trials have indicated that longer sessions of practice 
promote better outcomes in the case of impairments, thus 
improving the daily activities of people after a stroke (Nudo, 
2011; Veerbeek et al., 2014; Sehatzadeh, 2015; French et al., 
2016). However, the execution of these conventional re-
habilitation techniques is tedious, resource-intensive, and 
often requires the transportation of patients to specialized 
facilities (Jutai and Teasell, 2003; Teasell et al., 2009). 

Virtual reality training is becoming a promising technol-
ogy that can promote motor recovery by providing high-in-
tensity, repetitive, and task-orientated training with com-
puter programs simulating three-dimensional situations in 
which patients play by moving their body parts (Saposnik et 
al., 2010, 2011; Kim et al., 2011; Laver et al., 2015; Tsoupiko-
va et al., 2015). The gaming industry has developed a variety 
of virtual reality systems for both home and clinical applica-
tions (Saposnik et al., 2010; Bao et al., 2013; Orihuela-Espina 
et al., 2013; Gatica-Rojas and Méndez-Rebolledo, 2014). 
The most difficult task related to hemiparesis rehabilitation 
after a stroke is the functional recovery of the affected hand 
(Carey et al., 2002). To facilitate the functional recovery of a 
paretic hand along with that of the proximal upper extrem-
ity, an ideal virtual reality system should be able to track 
hand position and motion, which is not a feature of most 
existing virtual reality systems (Jang et al., 2005; Merians 
et al., 2009). The leap motion controller developed by Leap 
Motion (https://www.leapmotion.com) provides a means of 
capturing and tracking the fine movements of the hand and 
fingers, while controlling a virtual environment requiring 
hand-arm coordination as part of the practicing of virtual 

tasks (Iosa et al., 2015; Smeragliuolo et al., 2016).
Most virtual reality studies have often only involved pa-

tients who have experienced chronic stroke (Piron et al., 
2003; Yavuzer et al., 2008; Saposnik et al., 2010; da Silva Ca-
meirao et al., 2011). For patients in the chronic stage, who 
had missed the window of opportunity present at the acute 
and subacute stages (in which the brain plasticity peaks), 
rehabilitation-therapy-induced neuroplasticity can only be 
effective within a relatively narrow range (Chen et al., 2002). 
No motor function recovery of the hands, six months after 
the onset of a stroke, indicates a poor prognosis for hand 
function (Duncan et al., 1992).

We hypothesized that Leap Motion-based virtual reality 
training would facilitate motor functional recovery of the 
affected upper limb, as well as neural reorganization in sub-
acute stroke patients. Functional magnetic resonance imag-
ing (fMRI), also called blood oxygenation level-dependent 
fMRI (BOLD-fMRI), is widely used as a non-invasive, con-
venient, and economical method to examine cerebral func-
tion (Ogawa et al., 1990; Iosa et al., 2015; Yu et al., 2016). In 
the present study, we evaluated the brain function reorgani-
zation by fMRI, as well as the motor function recovery of the 
affected upper limb in patients with subacute stroke using 
Leap Motion-based virtual reality training.

Subjects and Methods
Subjects
This randomized controlled pilot study was performed at 
the China Rehabilitation Research Center at the Beijing Boai 
Hospital, China, from November 2014 to November 2015. 
Twenty-six inpatients (all of whom had suffered a subacute 
stroke) of the China Rehabilitation Research Center provid-
ed written consent according to the Declaration of Helsinki. 
All patients were assessed as being right-handed, as defined 
by the Edinburgh scale. Ethical approval was given by the 
Ethics Committee of the China Rehabilitation Research 
Center (approval number: 2012-045-1), and the study was 
registered with the Chinese Clinical Trial Registry (registra-
tion number: ChiCTR-OCH-12002238). In the context of 
the study, “stroke” was diagnosed according to the diagnos-
tic criteria of the Fourth National Academic Conference on 
cerebrovascular disease, held in 1995 (Wang, 1996). At the 
beginning of the study, each patient was subjected to a diag-
nostic procedure including a general physical examination, 
neurological examination, computed tomography (CT) or 
MRI scans, and a review of his/her medical history. 

Inclusion criteria
Patients presenting with all of the following criteria were 
considered for study inclusion: (1) They were being treated 
for their first-ever supratentorial stroke in the area of the 
middle cerebral artery, as confirmed by MRI or a CT scan. (2) 
They exhibited mild to moderate motor impairment in the 
upper extremity, resulting directly from the stroke (hem-
orrhage or ischemia). (3) They were able to independently 
move the affected arm and wrist with their residual volun-
tary movement capacity (that is, a nadir function level of the 
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Figure 1 Leap Motion-based virtual reality system and training games.
(A, B) Leap Motion-based virtual reality system; (C) petal-picking game; (D) piano-playing game; (E) robot-assembling game; (F) object-catching 
with balance board game; (G) firefly game; (H) bee-batting game.

hand beyond Brunnstrom IV (Brunnstrom, 1966)). (4) Since 
the onset of the stroke, between 4–24 weeks had elapsed (1–6 
months, subacute phase of stroke (Teasell et al., 2014; He-
bert et al., 2016); They were aged 18–75. (5) They were able 
to sit steadily without assistance. (6) They were able to sign 
the informed consent. (7) They had normal or corrected to 
normal visual acuity.

Exclusion criteria
Patients with one or more of the following conditions were 
excluded from this study: Severe psychiatric problems, cog-
nitive impairment or aphasia, neglect/inattention, evidence 
of significant medical disease (e.g., cardiovascular disease, 

diabetes or hepatic cancer, renal, cardiac or pulmonary dis-
orders), the presence of uncontrolled hypertension, hearing 
disabilities, visual field impairment, depression, and contra-
indications to MRI. 

Assignment
Using random allocation software (NCSS-PASS 11.0, NCSS, 
Kaysville, UT, USA), 26 eligible subjects were assigned to 
either the control group (conventional rehabilitation group, 
n = 13; two females; mean age, 53.4 ± 7.6 years; mean elapsed 
time since stroke onset, 7.9 ± 2.1 weeks) or the experimental 
group (Leap Motion-based virtual reality training added to 
conventional rehabilitation, n = 13; two females; mean age 

A B C D
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Figure 2 Flow chart of experimental protocol. 

Baseline assessment

Eligible patients (n = 26)

Randomization (n = 26) 

Control group (n = 13): 
Conventional occupational 
therapy twice a day, each 
45 minutes, 5 days per 
week for 4 weeks 

Experimental group (n = 13): 
Leap Motion-based virtual 
reality training and conventional 
occupational therapy, once a day, 
each 45 minutes, 5 days per week 
for 4 weeks, separately 

Both experimental and control groups: Conventional physiotherapy 
once a day, each 45 minutes, 5 days per week for 4 weeks

 Assessment of motor function (Wolf Motor Function 
Test) and functional magnetic resonance imaging 
Assessors were blinded to the group allocation

 After 4 weeks of training Figure 3 Activated brain regions of interest during the thumb-to-
palm opposition task before and after training in the two groups.
Control group (n = 13): Conventional occupational therapy twice a 
day, each 45 minutes, 5 days per week for 4 weeks; Experimental group 
(n = 13): Leap Motion-based virtual reality training and conventional 
occupational therapy, once a day, each 45 minutes, 5 days per week for 
4 weeks, separately. C: Contralateral (side opposite that of the paretic 
hand, ipsilesional); I: ipsilateral (same side as the paretic hand, contral-
esional); SMC: sensorimotor cortex; SMA: supplementary motor area. 
The activated brain regions are marked in red.
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55.3 ± 8.4 years; mean elapsed time since stroke onset, 7.2 ± 
2.0 weeks). The sample size was determined based on statis-
tical calculations (NCSS-PASS 11.0, NCSS) to achieve a 90% 
power at a significance level of 0.05, and the parameters used 
to perform the power calculation were estimated from the re-
sults of a pre-experiment. 

Leap Motion-based virtual reality intervention
As depicted in Figure 1A, B, the Leap Motion-based virtual 
reality system consisted of a personal computer and the leap 
motion controller (LMC®; Leap Motion, Inc., San Fran-
cisco, CA, USA). The two parts were connected through a 
USB cable. The controller can track, with sub-millimeter 
accuracy, the movement of multiple hands and fingers. The 
leap motion controller is a low-cost, markerless motion-cap-
ture device that tracks the fine movements of fingers and 
hands using neither data gloves nor markers. It is also ca-
pable of controlling a virtual environment (Iosa et al., 2015; 
Smeragliuolo et al., 2016). 

The captured images of a hand were converted into dig-
ital format and projected on to the screen of the personal 
computer. The patient was able to view the movement of a 
representation (avatar) of his/her own hand and carry out 
the tasks involved in games played in the virtual world by 
controlling the avatar through hand-arm coordination in 
the real world. As such, the patient was able to immerse 
him/herself in the virtual environment. Thus, the Leap Mo-
tion-based virtual reality system is superior to competitive 
virtual reality systems in that it provides greater freedom 
of mobility without the need for extra devices such as data 
gloves, wires, or head-mounted displays.

Figure 1C–H shows six interfaced virtual exercise proto-
cols programmed in the Leap Motion-based virtual reality 
system. These Leap Motion-based virtual reality protocols 
were designed to focus on the development of the pinching, 
grasping, and individuating motor skills of fingers; the im-
provement of the dexterity and coordination of the digits; 
the improvement of the ability to flex and extend the hand, 
the pronation and supination of the forearm; the increase 
in the joint range of motion of the hand, elbow, shoulder 
and wrist; the improvement of the movement speed, muscle 
strength, and motor control. 

Petal-picking game: Designed to develop the pinching 
motor skills of the fingers by picking lotus petals in a virtual 
environment. This also improved the dexterity and coordi-
nation of the digits (Figure 1C). 

Piano-playing: This game was designed to develop the in-
dividuating motor skills of the fingers while improving the 
dexterity and coordination of the digits (Figure 1D). 

Robot-assembly game: This game was mainly used to de-
velop the pinching motor skills of the fingers and to improve 
the pronation and supination capabilities of the forearm 
(Figure 1E). 

Object-catching with balance board: This game focused on 
the flexion and extension of the hand, as well as the prona-
tion and supination of the forearm (Figure 1F). 

Firefly game: This game focused on the flexion and exten-

sion of the hand and the development of the grasping motor 
skills of the hand (Figure 1G).

Bee-batting game: This game focused on increasing the 
range of motion of the joints of the hand, elbow, shoulder, 
and wrist, the improvement of the speed of movement, mus-
cle strength, and motor control (Figure 1H). 

Experimental procedure
Training started after baseline evaluation and fMRI exam-
ination. Figure 2 shows the experimental protocol. In the 
experimental group, patients were given Leap Motion-based 
virtual reality training for 45 minutes, once a day, 5 times a 
week for 4 weeks, as well as conventional occupational ther-
apy for 45 minutes, once a day, 5 times a week for 4 weeks. 
In the control group, the patients only received conventional 
occupational therapy training twice a day, each for 45 min-
utes, 5 times a week for 4 weeks. Both the experimental and 
control groups participated in conventional physiotherapy, 
which included stretches, strength, balance, gait, and func-
tional training for 45 minutes, once a day, 5 times a week for 
4 weeks. Conventional occupational therapy concentrates 
on both hand and arm movements that are similar to Leap 
Motion-based virtual reality training. During training, the 
virtual reality exercise was carried out five times for each 
game, with the therapists guiding each patient to exercise the 
related joints to their maximum achievable range of motion, 
while avoiding compensatory strategies (Martin et al., 2011). 
Conventional occupational exercise was also performed by 
each patient at the same frequency, and each patient was 
also guided to avoid compensatory strategies and to exercise 
related joints to their maximum achievable range of motion. 

Outcome measures
Primary outcome measure
The primary outcome measure was the motor functions 
as assessed using the Wolf motor function test (WMFT) 
(Saposnik et al., 2010). Measurements were recorded at the 
baseline and post intervention by two certified therapists. 
The assessors were not aware of the group allocations. 
WMFT was used because (1) the test is standard throughout 
constraint-induced movement therapy research and other 
studies about upper limb rehabilitation techniques (Taub 
et al., 1999; Tarkka et al., 2008; Bao et al., 2013; Tong et al., 
2015). The inclusion criteria of our present investigation 
were a modification of those for constraint-induced move-
ment therapy (Taub et al., 1993). (2) This test measures the 
movement ability of the upper extremity. It is composed of a 
series of tasks with timed single or multiple joint motions of 
progressive complexity that measures movement capability 
and speed with minimal training and with the need for few 
tools (Wolf et al., 2001). In the present study, a patient’s pa-
retic hand and arm coordination in the real world was uti-
lized to carry out the tasks required of the games played in a 
virtual environment. WMFT (Bao et al., 2013): Tasks 1–6 of 
the WMFT are timed joint-segment movements, while tasks 
7–15 are timed integrative functional movements. Higher 
function scores indicate a superior upper-limb function. A 
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reduction in the performance time corresponded to an im-
provement in the functioning of the upper extremity. 

Patients in both groups were also questioned about their 
experience with the Leap Motion-based virtual reality train-
ing and conventional therapy, specifically with the aim of 
identifying any side-effects or preference for virtual reality 
over conventional therapy (Yin et al., 2014). 

Secondary outcome measure
The secondary outcome measure was the fMRI results. 
Measurements were recorded at the baseline and post inter-
vention. The task-state BOLD-fMRI experiment was divided 
into six 1-minute task cycles with a 24-second preparatory 
phase. Each task cycle consisted of a 30-second motion and 
a 30-second rest. During the motion, a patient performed an 
auditory-directed 1-Hz movement whereby he/she used the 
thumb of the affected hand to touch the opposite palm (Bae-
ck et al., 2012). During the fMRI scanning, the room lights 
were dimmed, and the patients were instructed to close their 
eyes. The patient’s body parts were also secured by straps to 
prevent translational movement and the scanning was done 
with the patients in the supine position. 

A 1.5-T General Electric Signa scanner (Signa; General 
Electric Medical Systems, Milwaukee, WI, USA) was used 
to measure the BOLD contrast. The fMRI acquisition pa-
rameters were: echo time = 40 ms, repetition time = 3,000 
ms, field of view = 24 mm × 24 mm, slice thickness = 5 mm, 
image matrix = 64 × 64. The mid-sagittal scout image was 
used, and a total of 24 5-mm contiguous axial slices were 
laid along the anterior-posterior commissure plane, thus 
covering the entire brain.

The MATLAB7.1 platform (Mathworks, Inc., Natick, MA, 
USA) SPM8 package (Welcome Department of Cognitive 
Neurology, Queen’s College, London, England) was used 
to analyze the fMRI data. The preprocessing steps included 
realignment, co-registration, spatial normalization, and 
smoothing. The statistics threshold was at P < 0.05 (correct-
ed). A false discovery rate of 0.05 was used to perform cor-
rection for multiple comparisons. The activated cluster level 
was more than 10 voxels. For all the patients, the bilaterally 
predefined regions of interest, including the primary senso-
rimotor cortex (SMC) containing the primary sensory cor-
tex and the primary motor cortex, the supplementary motor 
area (SMA), and the cerebellum, were studied to identify 
the occurrence of neuroplastic changes (Cramer et al., 1997; 
Carey et al., 2002; Lefebvre et al., 2012; Szameitat et al., 2012; 
Bao et al., 2013).

The BOLD signal carries a large within-subject variability; 
therefore, to determine the symmetry shift of cortical activa-
tion in the regions of interest between two hemispheres, we 
used the laterality index, which was defined as (C – I)/(C + 
I), where C and I are the number of activated voxel counts 
in the region contralateral or ipsilateral to the affected hand 
movement (Kim et al., 1994; Carey et al., 2002). The later-
ality index ranged from 1.0 (total contralateral activation) to 
–1.0 (total ipsilateral activation) (Cramer et al., 1997; Carey et 
al., 2002). 

Statistical analysis
The data are presented as the mean ± SD. Statistical Package 
for the Social Sciences (SPSS, version 17.0, SPSS, Chica-
go, IL, USA) was used to perform all the statistical anal-
yses. A t-test was used to analyze the quantitative data: A 
paired-sample t-test was used to compare the upper limb 
function and fMRI data between the pre-training and 
post-training in each group. An independent-sample t-test 
was used to compare the upper limb function and fMRI data 
between the experimental and control groups both before 
and after training. The qualitative data were analyzed by ap-
plying a chi-square test. The statistical significance was set to 
P < 0.05. 

Results
Demographic baseline of subacute stroke patients
Twenty-six patients with subacute stroke were included. 
None of the patients dropped out of the study. Table 1 lists 
the patient clinical data. No significant difference was ob-
served between the two groups in terms of their baseline 
clinical characteristics. 

Motor function of affected upper limbs in subacute stroke 
patients before and after Leap Motion-based virtual 
reality training
No significant difference in the WMFT assessment score was 
observed between the groups prior to the training (P > 0.05). 
After 4 weeks of training, significant improvements in the 
motor functions of the affected upper limbs were observed 
in all the participants of both groups, as measured by the 
WMFT quality (P < 0.01). The improvement was greater in 
the experimental group than in the control group (P < 0.01). 
After 4 weeks of therapy, the action performance time in the 
WMFT (WMFT time, s) had decreased significantly in both 
groups (P < 0.01). However, the WMFT time was signifi-
cantly shorter in the experimental group than in the control 
group (P < 0.01; Table 2).

Neural reorganization in subacute stroke patients before 
and after Leap Motion-based virtual reality training
The activated brain regions of interest during the thumb-to-
palm opposition task, both before training and after training 
in the two groups, are shown in Figure 3. Before training, 
when using the affected hand, the bilateral or ipsilateral 
SMC, and the bilateral or unilateral SMA and cerebellum 
were mainly activated in both groups. After training, a shift 
in the SMC activation from the ipsilateral or bilateral to 
contralateral regions was found after intensive use of the pa-
retic limb in both groups; these changes were more obvious 
in the experimental group than in the control group. There 
was no obvious evolving pattern of change in the SMA and 
cerebellum (Nair et al., 2007; Mintzopoulos et al., 2009). The 
mainly activated areas were the bilateral or ipsilateral SMC. 
The changes in the laterality index of the SMC and the ac-
tivation intensity (T value) of the contralateral SMC before 
and after the training are shown in Table 3. 
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There was no significant difference in the activation inten-
sity of the contralateral SMC and the laterality index of SMC 
between the groups before training (P > 0.05). After 4 weeks 
of training, both the activation intensity of the contralateral 
SMC and the laterality index of the SMC had increased in 
both the experimental group (P < 0.01) and control group 
(P < 0.05). The Leap Motion-based virtual reality training 
produced a greater increase in the activation intensity of the 
contralateral SMC in the laterality index of SMC in the ex-
perimental group than in the control group (P < 0.01).

Adverse effects of Leap Motion-based virtual reality 
training on subacute stroke patients
The patients of the two groups completed all the training 
sessions without any adverse effects. In addition, the Leap 
Motion-based virtual reality training was deemed to be more 
enjoyable than, and preferable to, conventional therapy by 
all patients of the experimental group.

Discussion
The present study evaluated the effect of a rehabilitation pro-
tocol incorporating Leap Motion-based virtual reality train-
ing and conventional occupational rehabilitation therapy on 
the cortical reorganization and motor function recovery of 
the affected upper limb of patients who had experienced a 
subacute stroke. 

All the participants in both groups exhibited significant 
improvements in the motor function of their affected upper 
limb in terms of the WMFT quality score (WMFT quality) 
after training. The WMFT quality score for the experimental 
group (Leap Motion-based virtual reality training combined 
with conventional occupational therapy) indicated greater 
improvement than that attained by the control group (only 
conventional occupational rehabilitation training, of the 
same total training duration as the experimental group). 
Meanwhile, after training, the action performance time in 

Table 1 Demographic baseline clinical data of enrolled patients

Experimental group (n = 13) Control group (n = 13) P value

Sex 
Male [n(%)] 11(85) 11(85) 1
Female [n(%)] 2(15) 2(15)

Age (year) 55.33 ± 8.40 53.38 ± 7.65 0.548
Time after the onset (week) 7.15 ± 1.95 7.92 ± 2.10 0.343
Affected limbs 

Left [n(%)] 6(46) 5(38) 0.691
Right [n(%)] 7(54) 8(62)

Subtype of stroke 
Cerebral infarction [n(%)] 7(54) 8(62) 0.691
Cerebral hemorrhage [n(%)] 6(46) 5(38)

Handedness 
Left [n(%)] 0 0
Right [n(%)] 13(100) 13(100)

Blood pressure 
Systolic pressure (mmHg) 133.43 ± 6.20 133.33 ± 6.16 0.969
Diastolic pressure (mmHg) 81.43 ± 6.02 82.33 ± 5.63 0.697

Blood glucose (mM) 5.55 ± 7.49 5.90 ± 1.08 0.345

Data are expressed as n(%), except for age, elapsed time since the onset, blood pressure, and blood glucose, which are expressed as the mean ± SD. 
There is no significant difference in the baseline clinical characteristics between the two groups.

Table 2 Effect of Leap Motion-based virtual reality training on motor 
functions of subacute stroke patients

WMFT quality (point) WMFT time (second)

Experimental group 
Pre-training 3.19 ± 0.20 4.58 ± 0.80
Post-training 3.65 ± 0.31**## 3.29 ± 0.82**##

Control group
Pre-training 3.16 ± 0.16 5.00 ± 0.87
Post-training 3.32 ± 0.20## 4.24 ± 0.57##

Data are expressed as the mean ± SD (n = 13), and analyzed by an 
independent sample t-test. **P < 0.01, vs. control group; ##P < 0.01, vs. 
pre-training. WMFT: Wolf motor function test. 

Table 3 Effect of Leap Motion-based virtual reality training on 
activation intensity (T value) of contralateral SMC and laterality 
index of SMC of subacute stroke patients

Laterality index T value

Experimental group 
Pre-training –0.15 ± 0.65 7.69±1.90
Post-training 0.82 ± 0.13## 10.66 ± 1.04##

Control group
Pre-training 0.11 ± 0.42 6.71 ± 0.96
Post-training 0.58 ± 0.16**## 9.34 ± 0.60**#

Data are expressed as the mean ± SD (n = 13), and analyzed using by 
a paired sample t-test. **P < 0.01, vs. control group; #P < 0.05, ##P < 
0.01, vs. pre-training. T value: activation intensity of contralateral SMC. 
SMC: Sensorimotor cortex. 
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the WMFT was significantly shorter for both groups, while 
the WMFT time for the experimental group was significant-
ly shorter than that for the control group. These results in-
dicate that Leap Motion-based virtual reality training could 
facilitate the recovery of the motor function and dexterity 
of a paretic upper limb. This finding is consistent with that 
reported in a previously published study (Iosa et al., 2015). 
Similarly, the present study found that Leap Motion-based 
virtual reality training was deemed to be more enjoyable 
than, and preferable to, the conventional therapy, because 
Leap Motion-based virtual reality training using interactive 
virtual reality games can provide task-oriented practice, as 
well as visual and auditory feedback regarding performance 
and gain, which further motivates and engages players to 
increase the rehabilitation intensity (Saposnik et al., 2010,  
2011; Iosa et al., 2015; Laver et al., 2015; Tsoupikova et al., 
2015). A greater amount of practice promotes better out-
comes in the event of impairments. Therefore, the effect of 
Leap Motion-based virtual reality training should be asso-
ciated with the principle of high-intensity, repetitive and 
task-orientated training (Barreca et al., 2003; Wolf et al., 
2006; Dobkin, 2008; Langhorne et al., 2009; Saposnik et al., 
2011; Laver et al., 2015).

The results of the present study indicate that Leap Mo-
tion-based virtual reality training not only facilitates the 
motor function recovery of paretic upper limbs, but also 
promotes neural reorganization, as evidenced by the fMRI 
scan. 

After training, the laterality index of SMC increased in 
both the experimental group and control group, while 
the Leap Motion-based virtual reality training produced a 
greater increase in the laterality index of SMC in the experi-
mental group than in the control group. Cortical activation 
by the affected hand movements in the experimental group 
was also more obviously reorganized from ipsilateral (before 
Leap Motion-based virtual reality) to contralateral (after 
Leap Motion-based virtual reality) activation in the later-
ality index than that in the control group. These findings 
agreed with previous reports that pointed to a shift in the 
SMC activation from the ipsilateral or bilateral to contra-
lateral regions after the intensive use of the paretic limb in 
adults (Carey et al., 2002; Miyai et al., 2002, 2003). Intensive 
repeated practice might be necessary to modify neural or-
ganization according to previous reports (Kopp et al., 1999; 
Nudo, 2011). Repetitive practice of the affected limb may 
increase practice-induced neuroplasticity by generating ef-
fective synaptic potentiation (Liepert et al., 2000). There was 
a more obvious shift in the SMC between brain hemispheres 
in the experimental group than that in the control group 
after training. This phenomenon might be due to two mech-
anisms. On the one hand, interactive virtual reality games 
provide task-oriented practice and feedback regarding 
performance and gain, which further motivate and engage 
players to increase the rehabilitation intensity (Saposnik et 
al., 2010, 2011; Laver et al., 2015; Tsoupikova et al., 2015). 
The higher intensity of the practice could promote a more 
obvious shift in the SMC between brain hemispheres in the 

experimental group than that in the control group through 
practice-induced neuroplasticity. On the other hand, during 
virtual reality training, the patient observed and imitated 
the movement of the representation (avatar) of his/her own 
hand and carried out the tasks required of the games in the 
virtual world by controlling the avatar through hand-arm 
coordination in the real world. Therefore, some studies have 
suggested that virtual reality training might induce a reor-
ganization mechanism of the imitation-dependent cortex 
neuroplasticity through mirror neural networks (Rizzolatti 
et al., 1999; Holden and Dyar, 2002; Kim et al., 2006). 

After training, the activation intensity of the contralateral 
primary SMC of the mainly activated area also increased in 
both the experimental group and control group. The Leap 
Motion-based virtual reality training produced a great-
er increase in the experimental group than in the control 
group. A previous study revealed that the recovery of motor 
function is mainly due to the activation of the contralateral 
(ipsilesional) sensorimotor area at the subacute stage (Kim 
et al., 2006). The function of the primary SMC is to control 
the speed, extent, direction, and force of the movement. Our 
findings support the theory that the contralateral primary 
sensorimotor area continues to exert primary control over 
the affected upper limb after rehabilitation training. 

In addition, activation in the SMA and cerebellum was 
also observed in both groups before and after training. The 
SMA is involved in both producing and mentally rehearsing 
movement sequences, while the cerebellum oversees the 
coordination of voluntary movements and motor learning. 
However, there was no obvious evolving pattern of change 
after training in these two areas in the present study. This 
observation was consistent with the results of previous 
studies (Nair et al., 2007; Mintzopoulos et al., 2009). The 
activation of the SMA and cerebellum induced by Leap Mo-
tion-based virtual reality training may play a compensatory 
role in neural reorganization.

In summary, our findings revealed that Leap Mo-
tion-based virtual reality training could facilitate cortical 
reorganization and might facilitate the motor function 
recovery of an affected upper limb in patients who had ex-
perienced a subacute stroke. The Leap Motion-based virtual 
reality training could be a promising and feasible adjuvant 
rehabilitation intervention to conventional rehabilitation 
therapy for promoting motor recovery in stroke patients.

Although the results are encouraging, some limitations 
of our study should be noted. First, the sample size is too 
small for an in-depth analysis, and therefore any future work 
should be planned with a larger number of patients. Second, 
the patients in this study all had mild to moderate impair-
ments; thus, the results cannot be generalized for the reha-
bilitation of all patients after a stroke, especially those with 
severe impairments. Third, the long-term effects of Leap Mo-
tion-based virtual reality training were not evaluated in this 
study. Future studies should further investigate the changes 3 
months after training to better understand the lasting effect.
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