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Effects of transcranial direct current
stimulation with virtual reality on upper
limb function in patients with ischemic
stroke: a randomized controlled trial
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Abstract

Background: Non-invasive brain stimulation techniques have been shown in several studies to improve the motor
recovery of the affected upper-limbs in stroke patients. This study aims to investigate whether or not cathodal
transcranial direct current stimulation (c-tDCS), combined with virtual reality (VR), is superior to VR alone in reducing
motor impairment and improving upper limb function and quality of life in stroke patients.

Methods: Forty patients who suffered ischemic stroke between 2 weeks to 12 months were recruited for this
single-blind randomized control trial. The patients were randomly assigned either to an experimental group who
receiving c-tDCS and VR, or a control group receiving sham stimulation and VR. The cathodal electrode was
positioned over the primary motor cortex (M1) of the unaffected hemisphere. The treatment session consisted of
20 min of daily therapy, for 10 sessions over a 2-week period. The outcome measures were the Fugl-Meyer Upper
Extremity (FM-UE), the Action Research Arm Test (ARAT) and the Barthel Index (BI).

Results: The two groups were comparable in demographic characteristic and motor impairment. After 2 weeks of
intervention, both groups demonstrated significant improvement in FM-UE, ARAT and BI scores (P<0.05).The
experiment group demonstrated more improvement in FM-UE than the control group (10.1 vs. 6.4, p = 0.003) and,
ARAT (7.0 vs 3.6, p = 0.026) and BI (12.8 vs 8.5, p = 0.043).

Conclusions: The findings from our study support that c-tDCS, along with VR, can facilitate a stronger beneficial
effect on upper limb motor impairment, function and quality of life than VR alone in patients with ischemic stroke.

Trial registration: The study was registered in the Chinese Clinical Trial Registry (ChiCTR1800019386) in November
8, 2018-Retrospectively registered.
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Introduction
Motor impairment is the most common complication
after stroke. Despite rehabilitation, the recovery of the
affected upper limb is typically more limited than the af-
fected lower limb [1]. There is an urgent need for emer-
ging rehabilitation techniques to improve upper limb
motor function after stroke. Recently, new therapeutic
approaches including non-invasive brain stimulation,
functional electrical stimulation, robotic therapies, and
virtual reality (VR) have been investigated for stroke re-
habilitation [2].
Transcranial direct current stimulation (tDCS) is a

non-invasive brain stimulation technique which has the
capability of modulating motor cortex excitability by the
application of weak direct current through the scalp [3].
In general, cathodal transcranial direct current stimula-
tion (c-tDCS) can upregulate the contralesional cortical
excitability while anodal transcranial direct current
stimulation (a-tDCS) can upregulate the ipsilesional cor-
tical excitability [4–6]. Zimerman et al. Observed that
the use of c-tDCS during training could increase Short
Interval Intracortical Inhibition (SICI) in M1 of the con-
tralesional hemisphere, on the contrary, decrease of SICI
in M1 of the ipsilesional hemisphere. At the same time,
it was observed that the c-tDCS improved the motor
function of the hemiplegic hands, suggesting that there
was a significant correlation between the improvement
of tDCS-induced motor function and the intracortical
inhibition induced by c-tDCS [7]. According to the
current tDCS safety guidelines, the application of tDCS
is generally safe on healthy subjects and patients with
various neurological disorders including stroke [8]. tDCS
has shown great promise in improving motor function
during rehabilitative training of patients who have suf-
fered from subacute ischemic stroke in several proof-of-
concept stroke studies [9–11].
VR is a synthetic artificial environment which en-

ables users to interact with multi-sensory simulation
environment and receive real-time feedback [12, 13].
In general, there are two types of VR: immersion and
non-immersion [12]. A study with chronic stroke pa-
tients found that after immersion VR, the activation
of contralesional sensorimotor cortices (SM1s) was
weakened or disappeared, with subsequently improved
motor function of affected limbs [14, 15]. All these
experiments indicate that VR can improve cortical
plasticity and facilitate neural reorganization [16].
Similarly, another experiment performing on VR
training in patients with chronic stroke also demon-
strated that the functional connectivity between the
contralesional motor cortex and the bilateral sensori-
motor area increased significantly during finger move-
ment. It suggested that VR training can promote

brain functional connectivity and balance reconstruc-
tion between the cerebral hemispheres [17].
The learning of new motor skills depends on the feed-

back of the task itself in the learning process. Compared
with conventional rehabilitation therapy, VR can im-
prove the motor function of affected limbs by increasing
feedback [18]. Moreover, the acquisition of motor learn-
ing or motor skills is a prerequisite for the plasticity of
M1 in the motor cortex of the brain [19]. tDCS can im-
prove the motor function of affected limbs after stroke
by regulating neuroplasticity. Therefore, we hypothesize
that the combination of tDCS and VR after stroke can
promote the improvement of upper limb motor function
to a greater extent than VR alone. We aim to test this
hypothesis by conducting a single-center phase IIa study
that randomized patients into tDCS+VR or VR alone.

Methods
Participants
Patients with ischemic stroke were recruited from the
rehabilitation department of Southeast Hospital of
Huangpu District, Shanghai. The Inclusion criteria are
as followed: aged 18–80 years; had a first-ever ischemic
stroke (silent infarct is allowed) as diagnosed by com-
puted tomography or magnetic resonance imaging image
scans; had their first ischemic stroke between 2 weeks to
12months; can induce motor evoked potential (MEP) of
contralesional first dorsal interossei muscle (FDI) using
Transcranial magnetic stimulation.
The exclusion criteria were as follows: intracranial or

orbital metallic implants, pacemakers or artificial coch-
lea; previous seizure history; previous history of brain
neurosurgery or cerebral trauma; aphasia, unilateral neg-
lect or cognitive deficits (Mini-Mental State Examination
score < 20); refused to sign informed consent.

Experimental design
This study design was a prospective, single-blinded, ran-
domized and controlled phase II clinical trial that was
conducted in Southeast Hospital of Huangpu District,
Shanghai.
A rehabilitation physician who was not involved in the

study used a computer to generate a random number
table. The physician designated the random numbers in
the random number table as the experimental group or
the control group according to odd or even numbers,
and the generated random distribution sequence was
put into the sequentially coded, sealed and opaque enve-
lope. When another rehabilitation physician not involved
in the study was determined that the patients met the
conditions, the envelope was opened in order and the
patients were assigned to the corresponding group. The
patients were blinded to the stimulation condition. The
experimental group received combination of c-tDCS and

Yao et al. Journal of NeuroEngineering and Rehabilitation           (2020) 17:73 Page 2 of 8



VR therapy, and the control group received sham tDCS
and VR. Both groups were simultaneously applied tDCS
and VR. Each treatment programs consisted of 10 ses-
sions (20 min/d and 5 sessions/week for 2 weeks). All pa-
tients received additional conventional occupational and
physical therapies during the study period.

Transcranial direct current stimulation (tDCS)
The electrical stimulation device was a transcranial dir-
ect current stimulation model IS300 manufactured by
Sichuan Intelligent Company of China. Its two conduct-
ive rubber electrodes were placed in a saline-soaked
sponge (5 × 7 cm 2) when used. The cathodal electrode
was placed over the patients’ scalp which corresponded
to the primary motor cortex (M1) of the unaffected
hemisphere, and the region was determined by the in-
duction of stable MEP response in the FDI using trans-
cranial magnetic stimulation. The reference electrode
was placed above the contralateral supraorbital region.
The current of the experimental group was constant 2
mA for 20min. For the control group, the current was
rapidly increased to 2 mA in the beginning and then
slowly tapered down to 0. At the end of the experiment,
the current again rapidly ramp up to 2 mA and then
slowly ramp-down to 0. It created a scalp sensation to
blind the subject.

Adverse effects’ questionnaire of tDCS
A questionnaire adapted from Poreisz et al. [8] was used
to monitor common adverse effects of tDCS (e.g., tin-
gling, itchiness, and fatigue) and its items were illus-
trated in Table 1. If an adverse effect was reported, the
patient had to report its duration. The tDCS question-
naire, which was in the form of interview questionnaire,
was administered 2 h after each tDCS session.

Virtual reality (VR)
The equipment for VR was made by Shanghai Fourier In-
telligent Technology Co., Ltd. It consisted of a mechanical
ontology, a powerful feedback sensing manipulator and a

large screen providing VR scenes. The equipment was
built-in with different motion mode (passive, assistant, ac-
tive and resistant mode) and different game forms, mainly
to help patients do exercise control training, which could
effectively make the dull and monotonous rehabilitation
training interesting. In this experiment, the game mode
was that the patients hit the target object with the ball
through the movement of the mechanical handle, but the
motion mode chose depending on the capabilities of the
patients. The patients were told to use only the hemiplegic
hand. Meanwhile, the therapist guided and encouraged
the patients to perform VR training. The duration of the
VR therapy was 20min.

Outcome measures
The Fugl-Meyer Upper Extremity (FM-UE) [20] scale
was the primary outcome to measure the motor impair-
ment. The Action Research Arm Test (ARAT) [21] and
the Barthel Index (BI) [22] were used as secondary out-
come measures. ARAT was chosen to evaluate the upper
limb the motor function, and BI was used to assess ac-
tivities of daily living (ADL) to reflect the quality of life.
The item of the FM-UE consists of reflex, synergy,

range of motion, and fine and gross hand movements.
Its score ranges from 0 to 66.The reliability and validity
of the scale were approved [23]. The ARAT scores are
divided into grasp (6 tasks, score: 18), grip (4 tasks,
score: 12), pinch (6 tasks, score: 18), and gross move-
ment (3 tasks, score: 9) segments. The final score of
ARAT is the sum of the scores from each of 4 subscales.
It shows good validity [24] and sensitivity to therapy-
related [25, 26] gains after stroke. The BI has 10 assess-
ment items:bowel and bladder care, feeding, grooming,
bathing, dressing, toilet use, ambulation, transfers, and
stair climbing. Its total score ranges from 0 to 100.It has
been shown to be a valid, responsive, and reliable meas-
ure of basic ADL in patients with stroke [27]. All evalua-
tions were performed 1day before and after intervention
by an occupational therapist who was unaware of the
group assignment and study objectives.

Statistical analysis
SPSS version 22.0 statistical software was used for statis-
tical analysis. Descriptive statistics were performed on
for all outcome variables. Independent sample t test,
Chi-square test and Fisher’s exact test were used to
evaluate differences in demographic and clinical charac-
teristics between the two groups, according to whether
the variables were categorical or continuous. Wilcoxon
sign rank test was used to compare the data obtained be-
fore and after treatment in the two groups, due to the
non-parametric distributions of the outcome measure-
ment data. We calculated the changes of each outcome
measure before and after the intervention and compared

Table 1 Adverse effects’ questionnaire of tDCS

Adverse effects items No. of patients

Tingling 4

Itching 1

Burning 0

Pain 0

Headache 0

Fatigue 0

Difficulties in concentrating 0

nausea 0

insomnia 0

Yao et al. Journal of NeuroEngineering and Rehabilitation           (2020) 17:73 Page 3 of 8



these between groups using Mann–Whitney U test. Stat-
istical significance was set at P value < 0.05.

Result
The flow of the trial and baseline characteristics of
patients
From April 2018 to January 2019, all inpatients in the
rehabilitation department were screened. Of these, 66
patients with unilateral upper limb motor impairment
due to ischemic stroke were eligible for evaluation.
Among these patients, 18 patients did not meet the in-
clusion criteria and 6 patients declined to participate in
this study.42 patients were assigned randomly to either
the experimental group or the control group by using a
table of random numbers.22 patients were allocated to
the experimental group and 20 patients were allocated
to the control group. One patient declined to continue
the intervention due to medical illness and another one

discontinued the intervention without providing a rea-
son in experimental group. Therefore, a total of 40 pa-
tients (20 patients in each group) completed this study
and participated in the evaluations (Fig. 1).4 patients re-
ported tingling sensation in experimental group, lasting
up to 2 min after the start of the experiment, and 1 pa-
tient reported itching sensation during cathodal stimula-
tion in experimental group, lasting up to 1 min after the
end of real stimulation (Table 1).
Table 2 shows the demographic and clinical character-

istics of patients at baseline between the two groups.
And there was no significant difference in age, gender,
time after stroke, stroke lesion, paretic side, and stroke
risk factors.

Effects of the treatment
Table 3 shows the results of the experimental group and
the control group that were recorded before and after

Fig. 1 Flowchart of the trial
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treatment. There was no significant difference in FM-
UE, ARAT, and BI at baseline between the 2 groups.
After treatment, the 2 groups showed significant im-
provements in FM-UE, ARAT and BI by using Wilcoxon
signed rank test (experimental group: FM-UE, ARAT, BI
P < 0,001, respectively; control group: FM-UE, ARAT, BI
P < 0,001, respectively).
When comparing the changes of the 2 groups, greater

improvements were found in the experimental group in
all assessment outcomes than the control group by using
Mann–Whitney U test (Fig. 2). In the post hoc analysis,
the improvement of the FM-UE was statistically signifi-
cant in experimental group when compared with the con-
trol group (FM-UE: 10.1 ± 4.1 in experimental group vs
6.4 ± 2.9 in control group, P = 0.003). The improvement of
the ARAT was statistically significant in experimental
group when compared with the control group (ARAT:
7.0 ± 4.5 in experimental group vs 3.6 ± 2.9 in control
group, P = 0.026). And the improvement of the BI was also
statistically significant in experimental group when com-
pared with the control group (BI:12.8 ± 6.6 in experimen-
tal group vs 8.5 ± 5.0 in control group, P = 0.043).

Discussion
Our single-center phase II study found that c-tDCS posi-
tioned over M1 of the unaffected hemisphere, combined
with VR therapy for 10 sessions over a 2-week period
can reduce ipsilateral upper limb motor impairment, im-
prove motor function and enhanced ADL of patient with
ischemic stroke better than VR alone. The proposed
intervention is safe and tolerable as only minor adverse
events were observed.
Our study is consistent with a prior study led by Lee

and Chun who also investigated the effect of c-tDCS
combined with VR on upper limb motor function in pa-
tients with subacute stroke. The improvement of Manual
Function Test (c-tDCS+VR group VS VR group, p<0.01)
and FM-UE scores(c-tDCS+VR group VS VR group, p<
0.01) in the combined treatment group was significantly
higher than that in the VR group, but there was no sig-
nificant difference in the Korean-Modified Barthel Index
scores (c-tDCS+VR group VS VR group, p>0.05) [13].
Patients included in both studies have positive motor
evoked potential from the contralateral first dorsal inter-
ossei muscle, but the baseline FM-UE score of patients
in their study is higher than our study (c-tDCS+VR
group:38.4 ± 23.4,VR group:34.9 ± 22.0 VS our experi-
mental group: 24.3 ± 16.6, control group:26.0 ± 15.2).
They recruited patients with acute stroke (less than 1
month) while we recruit patients with a wide window
(from 2 weeks to 12months).
Viana et al. found that there was no significant differ-

ence between a-tDCS combined with VR and VR alone
in FM-UE, Wolf Motor Function Test, grip strength and
stroke-specific quality of life scale (SSQOL) in patients
with chronic stroke(>6 months from stroke onset) [28].
The main differences between this study and our study
were that the patients had a longer course of disease and
a-tDCS was chosen as the target electrode in this study.
Although our inclusion stated the time from stroke was
2 weeks to 12months, but we enrolled majority of pa-
tients in the subacute phase (the average time from
stroke onset is about 60 days for both groups). The brain
is likely more plastible and robust for recovery in the
subacute phase after stroke.
After stroke, the balance between the two cerebral

hemispheres is destroyed [29, 30], and the dynamic neu-
roplasticity of the bilateral cerebral hemispheres is acti-
vated. However, this dynamic neuroplasticity is not
always beneficial [6, 31]. tDCS induces changes in cor-
tical excitability by regulating the conductivity of sodium
and calcium channels and the activity of NMDA recep-
tor to achieve membrane polarization [32, 33]. Pharma-
cological studies have shown that dextromethorphan, an
antagonist of NMDA receptor, can eliminate the long-
term after-effect of c-tDCS and a-tDCS [32, 33]. Bennett
et al. found that NMDA receptor is involved in the

Table 2 Demographic and clinical characteristics of participants

Characteristic Exp
(n = 20)

Con
(n = 20)

P
value

Age (yrs) 63.0 ± 7.5 66.2 ± 6.2 0.16a

Gender (M/F, n) 14/6 17/3 0.45b

Time since stroke (d) 60.5 ±
35.5

56.5 ±
33.3

0.73a

Stroke lesion(n)

cortex/subcortex/cortex and
subcortex

0/15/5 1/14/5 1.00b

Paretic side (L/R, n) 12/8 10/10 0.53b

Stroke Risk Factors (n)

Hypertension 20 18 0.49b

Diabetes mellitus 10 8 0.53b

Atrial fibrillation 2 1 1.00b

Hyperlipoidemia 2 1 1.00b

All values are mean ± SD or number. n number of patients, yrs. years, M/F
male/female, d days, L/R left/right. aP values by independent samples t test. bP
values by Chi-square test or Fisher’s exact test (2-tailed)

Table 3 Effect of intervention on outcomes

Outcome Exp (n = 20) Con (n = 20)

Pre Post Pre Post

FM-UE 24.3 ± 16.6 34.4 ± 17.8# 26.0 ± 15.2 32.4 ± 16.4#

ARAT 17.8 ± 18.4 24.8 ± 19.9# 15.3 ± 13.5 18.8 ± 15.9#

BI 59.3 ± 15.1 72.0 ± 17.1# 56.0 ± 11.9 64.5 ± 12.4#

All values are mean ± SD. n number of patients. #P < 0.001 within group
analysis (Wilcoxon signed rank test)
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regulation of cortical neuroplasticity, suggesting that
tDCS may further regulate cortical neuroplasticity by
regulating NMDA receptor [34]. Similar mechanisms
were observed when VR improved motor function in
stroke patients [14–17]. In addition to similar mecha-
nisms, tDCS and VR may have complementary mech-
anisms. tDCS can improve motor skill learning by
promoting BDNF secretion and TrkB activation in
M1 [35]. And animal studies have shown that motor
learning or acquisition of motor skills can facilitate
the reorganization of the cerebral motor cortex [19,
36]. Similarly, it has been found in humans that re-
peated practice of the affected limb produced an ef-
fective synaptic potential to increase exercise-induced
neuroplasticity [37].
The minimum clinically significant difference

(MCID) of FM-UE after stroke is 4.25 points [38]. In
our study, 100% of the patients in the experimental
group and 65% of the patients in the control group
reached this MCID, respectively. The MCID of ARAT
in affected limbs after stroke is 17 points [39]. In our
study, 5% of the patients in the experimental group
achieved MCID, while no patients in the control
group achieved MCID. This discrepancy in improve-
ment between motor impairment and motor function
is likely due to the different threshold of MCID for
FM-UE (as measure of motor impairment) and ARAT
(measure of motor function).
There are several limitations in this study. First, our

study is single-center with a relatively small sample, the
study and data need to be replicated; second, our study
is a single-blind study, which may cause some bias in
the results; third, as the study was conducted in the re-
habilitation inpatient facility in real-world practice, and
all of the patients likely received additional rehabilitation
therapy outside of the clinical-trial setting. We could not
quantify and control these therapies which may pose
biases to the study.

Conclusions
Our proof-of-concept single-center phase II study
showed that c-tDCS combined with VR can reduce
motor impairment, improve function, increase ADL in
the affected upper limb in patients with subacute or
chronic ischemic stroke than VR alone. This study pro-
vides critical preliminary data to plan a future multi-
center clinical trial to systematically investigate the effi-
cacy of combined intervention.

Abbreviations
tDCS: transcranial direct current stimulation; c-tDCS: cathodal transcranial
direct current stimulation; a-tDCS: anodal transcranial direct current
stimulation; VR: Virtual reality; SICI: Short Interval Intracortical Inhibition; FM-
UE: Fugl-Meyer Upper Extremity; ARAT: Action Research Arm Test; BI: Barthel
Index; MEP: Motor evoked potential; FDI: First dorsal interossei muscle;
ADL: Activities of daily living; MCID: Minimum clinically significant difference

Acknowledgments
We would like to thank the generous contributions from study participants
and all research staffs to this research project.

Authors’ contributions
XY, LC, YB, QX designed the study; LC, JW, YB conducted clinical trials; XY, YB
analyzed these data; XY, LC, WF wrote this paper. All authors read and
approved the final manuscript.

Funding
This work was supported by Shanghai Jiao Tong University School of Medicine
- Institute of Neuroscience, Chinese Academy of Sciences, Leading Startup
Project of Brain Diseases Clinical Research Center [2017NKX002]. The funders
had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
The study protocol was approved by the Ethics Committee of Southeast
Hospital of Huangpu District, Shanghai. All participants provided written
informed consent.

Consent for publication
Not applicable.

Fig. 2 Change scores of experiment group and control group. **P<0.01,*P<0.01: between groups change analysis

Yao et al. Journal of NeuroEngineering and Rehabilitation           (2020) 17:73 Page 6 of 8



Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Rehabilitation Medicine, Ruijin Hospital, School of Medicine,
Shanghai Jiao Tong University, Shanghai, China. 2Deparment of Neurology,
Duke University Medical Center, Durham, North Carolina, USA. 3Department
of Rehabilitation Medicine, Shanghai Ruijin Rehabilitation Hospital, Shanghai,
China.

Received: 16 September 2019 Accepted: 21 May 2020

References
1. Kwakkel G, Kollen BJ, Van der Grond JV, Prevo AJH. Probability of regaining

dexterity in the flaccid upper limb: impact of severity of paresis and time
since onset in acute stroke. Stroke. 2003. https://doi.org/10.1161/01.STR.
0000087172.16305.CD.

2. Langhorne P, Bernhardt J, Kwakkel G. Stroke care stroke rehabilitation.
Lancet. 2011. https://doi.org/10.1016/S0140-6736(11)60325-5.

3. Nitsche MA, Paulus W. Excitability changes induced in the human motor
cortex by weak transcranial direct current stimulation. J Physiol. 2000.
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x.

4. Wagner T, Fregni F, Fecteau S, Grodzinsky A, Zahn M, Pascual-Leone A.
Transcranial direct current stimulation: a computer-based human model
study. Neuroimage. 2007. https://doi.org/10.1016/j.neuroimage.2007.01.027.

5. Nowak DA, Bösl K, Podubeckà J, Carey JR. Noninvasive brain stimulation and
motor recovery after stroke. Restor Neurol Neurosci. 2010. https://doi.org/10.
3233/RNN-2010-0552.

6. Schlaug G, Renga V. Transcranial direct current stimulation: a noninvasive
tool to facilitate stroke recovery. Expert Rev Med Devices. 2008. https://doi.
org/10.1586/17434440.5.6.759.

7. Zimerman M, Heise KF, Hoppe J, Cohen LG, Gerloff C, Hummel FC.
Modulation of training by single-session transcranial direct current
stimulation to the intact motor cortex enhances motor skill acquisition of
the paretic hand. Stroke. 2012;43:2185–91. https://doi.org/10.1161/
STROKEAHA.111.645382.

8. Poreisz C, Boros K, Antal A, Paulus W. Safety aspects of transcranial direct
current stimulation concerning healthy subjects and patients. Brain Res Bull.
2007. https://doi.org/10.1016/j.brainresbull.2007.01.004.

9. Kim DY, Lim JY, Kang EK, You DS, Oh MK, Oh BM, et al. Effect of transcranial
direct current stimulation on motor recovery in patients with subacute
stroke. Am J Phys Med Rehabil. 2010. https://doi.org/10.1097/PHM.
0b013e3181f70aa7.

10. Khedr EM, Shawky OA, El-Hammady DH, Rothwell JC, Darwish ES, Mostafa
OM, et al. Effect of anodal versus cathodal transcranial direct current
stimulation on stroke rehabilitation: a pilot randomized controlled trial.
Neurorehabil Neural Repair. 2013. https://doi.org/10.1177/
1545968313484808.

11. Fregni F, Boggio PS, Mansur CG, Wagner T, Ferreira MJL, Lima MC, et al.
Transcranial direct current stimulation of the unaffected hemisphere in
stroke patients. Neuroreport. 2005. https://doi.org/10.1097/01.wnr.
0000177010.44602.5e.

12. Saposnik G, Levin M, Stroke Outcome Research Canada (SORCan) Working
Group. Virtual reality in stroke rehabilitation: A meta-analysis and
implications for clinicians. Stroke. 2011. https://doi.org/10.1161/STROKEAHA.
110.605451.

13. Lee SJ, Chun MH. Combination transcranial direct current stimulation and virtual
reality therapy for upper extremity training in patients with subacute stroke. Arch
Phys Med Rehabil. 2014. https://doi.org/10.1016/j.apmr.2013.10.027.

14. Sung HJ, You SH, Hallett M, Yun WC, Park CM, Cho SH, et al. Cortical
reorganization and associated functional motor recovery after virtual reality
in patients with chronic stroke: an experimenter-blind preliminary study.
Arch Phys Med Rehabil. 2005. https://doi.org/10.1016/j.apmr.2005.04.015.

15. You SH, Jang SH, Kim YH, Hallett M, Ahn SH, Kwon YH, et al. Virtual reality-
induced cortical reorganization and associated locomotor recovery in
chronic stroke: an experimenter-blind randomized study. Stroke. 2005.
https://doi.org/10.1161/01.STR.0000162715.43417.91.

16. Wang Z-R, Wang P, Xing L, Mei L-P, Zhao J, Zhang T. Leap motion-based
virtual reality training for improving motor functional recovery of upper

limbs and neural reorganization in subacute stroke patients. Neural Regen
Res. 2017. https://doi.org/10.4103/1673-5374.219043.

17. Saleh S, Bagce H, Qiu Q, Fluet G, Merians A, Adamovich S, et al. Mechanisms
of neural reorganization in chronic stroke subjects after virtual reality
training. In: 2011 Annual International Conference of the IEEE Engineering in
Medicine and Biology Society: EMBS; 2011. https://doi.org/10.1109/IEMBS.
2011.6092002.

18. Turolla A, Dam M, Ventura L, Tonin P, Agostini M, Zucconi C, et al. Virtual
reality for the rehabilitation of the upper limb motor function after stroke: a
prospective controlled trial. J Neuroeng Rehabil. 2013. https://doi.org/10.
1186/1743-0003-10-85.

19. Plautz EJ, Milliken GW, Nudo RJ. Effects of repetitive motor training on
movement representations in adult squirrel monkeys: role of use versus
learning. Neurobiol Learn Mem. 2000. https://doi.org/10.1006/nlme.1999.3934.

20. Fugl-Meyer AR. Post-stroke hemiplegia assessment of physical properties.
Scand J Rehabil Med Suppl. 1980;7:85–93.

21. Yozbatiran N, Der-Yeghiaian L, Cramer SC. A standardized approach to
performing the action research arm test. Neurorehabil Neural Repair. 2008.
https://doi.org/10.1177/1545968307305353.

22. Mahoney FI, Barthel DW. Functional Evaluation: The Barthel Index. Md State
Med J. 1965;14:61–5.

23. Alonso-Alonso M, Fregni F, Pascual-Leone A. Brain stimulation in poststroke
rehabilitation. Cerebrovasc Dis. 2007. https://doi.org/10.1159/000107392.

24. Hsueh IP, Hsieh CL. Responsiveness of two upper extremity function
instruments for stroke inpatients receiving rehabilitation. Clin Rehabil. 2002.
https://doi.org/10.1191/0269215502cr530oa.

25. Dromerick AW, Edwards DF, Hahn M. Does the application of constraint-
induced movement therapy during acute rehabilitation reduce arm
impairment after ischemic stroke? Stroke. 2000. https://doi.org/10.1161/01.
STR.31.12.2984.

26. Page SJ, Levine P, Leonard AC. Modified constraint-induced therapy in
acute stroke: a randomized controlled pilot study. Neurorehabil Neural
Repair. 2005. https://doi.org/10.1177/1545968304272701.

27. Hsueh IP, Lee MM, Hsieh CL. Psychometric characteristics of the Barthel
activities of daily living index in stroke patients. J Formos Med Assoc. 2001;
100:526–32.

28. Viana RT, Laurentino GEC, Souza RJP, Fonseca JB, Silva Filho EM, Dias SN,
et al. Effects of the addition of transcranial direct current stimulation to
virtual reality therapy after stroke: a pilot randomized controlled trial.
NeuroRehabilitation. 2014. https://doi.org/10.3233/NRE-141065.

29. Kang N, Summers JJ, Cauraugh JH. Transcranial direct current stimulation
facilitates motor learning post-stroke: a systematic review and meta-analysis. J
Neurol Neurosurg Psychiatry. 2016. https://doi.org/10.1136/jnnp-2015-311242.

30. Shimizu T, Hosaki A, Hino T, Sato M, Komori T, Hirai S, et al. Motor cortical
disinhibition in the unaffected hemisphere after unilateral cortical stroke.
Brain. 2002. https://doi.org/10.1093/brain/awf183.

31. Nowak DA, Grefkes C, Ameli M, Fink GR. Interhemispheric competition after
stroke: brain stimulation to enhance recovery of function of the affected
hand. Neurorehabil Neural Repair. 2009. https://doi.org/10.1177/
1545968309336661.

32. Nitsche MA, Fricke K, Henschke U, Schlitterlau A, Liebetanz D, Lang N, et al.
Pharmacological modulation of cortical excitability shifts induced by
transcranial direct current stimulation in humans. J Physiol. 2003. https://doi.
org/10.1113/jphysiol.2003.049916.

33. Liebetanz D, Nitsche MA, Tergau F, Paulus W. Pharmacological approach to
the mechanisms of transcranial DC-stimulation-induced after-effects of
human motor cortex excitability. Brain. 2002;125:2238–47.

34. Bennett MR. The concept of long term potentiation of transmission at
synapses. Prog Neurobiol. 2000. https://doi.org/10.1016/S0301-
0082(99)00006-4.

35. Fritsch B, Reis J, Martinowich K, Schambra HM, Ji Y, Cohen LG, et al. Direct
current stimulation promotes BDNF-dependent synaptic plasticity: potential
implications for motor learning. Neuron. 2010. https://doi.org/10.1016/j.
neuron.2010.03.035.

36. Kleim JA, Barbay S, Cooper NR, Hogg TM, Reidel CN, Remple MS, et al.
Motor learning-dependent synaptogenesis is localized to functionally
reorganized motor cortex. Neurobiol Learn Mem. 2002. https://doi.org/10.
1006/nlme.2000.4004.

37. Liepert J, Bauder H, Miltner WHR, Taub E, Weiller C. Treatment-induced
cortical reorganization after stroke in humans. Stroke. 2000. https://doi.org/
10.1161/01.STR.31.6.1210.

Yao et al. Journal of NeuroEngineering and Rehabilitation           (2020) 17:73 Page 7 of 8

https://doi.org/10.1161/01.STR.0000087172.16305.CD
https://doi.org/10.1161/01.STR.0000087172.16305.CD
https://doi.org/10.1016/S0140-6736(11)60325-5
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
https://doi.org/10.1016/j.neuroimage.2007.01.027
https://doi.org/10.3233/RNN-2010-0552
https://doi.org/10.3233/RNN-2010-0552
https://doi.org/10.1586/17434440.5.6.759
https://doi.org/10.1586/17434440.5.6.759
https://doi.org/10.1161/STROKEAHA.111.645382
https://doi.org/10.1161/STROKEAHA.111.645382
https://doi.org/10.1016/j.brainresbull.2007.01.004
https://doi.org/10.1097/PHM.0b013e3181f70aa7
https://doi.org/10.1097/PHM.0b013e3181f70aa7
https://doi.org/10.1177/1545968313484808
https://doi.org/10.1177/1545968313484808
https://doi.org/10.1097/01.wnr.0000177010.44602.5e
https://doi.org/10.1097/01.wnr.0000177010.44602.5e
https://doi.org/10.1161/STROKEAHA.110.605451
https://doi.org/10.1161/STROKEAHA.110.605451
https://doi.org/10.1016/j.apmr.2013.10.027
https://doi.org/10.1016/j.apmr.2005.04.015
https://doi.org/10.1161/01.STR.0000162715.43417.91
https://doi.org/10.4103/1673-5374.219043
https://doi.org/10.1109/IEMBS.2011.6092002
https://doi.org/10.1109/IEMBS.2011.6092002
https://doi.org/10.1186/1743-0003-10-85
https://doi.org/10.1186/1743-0003-10-85
https://doi.org/10.1006/nlme.1999.3934
https://doi.org/10.1177/1545968307305353
https://doi.org/10.1159/000107392
https://doi.org/10.1191/0269215502cr530oa
https://doi.org/10.1161/01.STR.31.12.2984
https://doi.org/10.1161/01.STR.31.12.2984
https://doi.org/10.1177/1545968304272701
https://doi.org/10.3233/NRE-141065
https://doi.org/10.1136/jnnp-2015-311242
https://doi.org/10.1093/brain/awf183
https://doi.org/10.1177/1545968309336661
https://doi.org/10.1177/1545968309336661
https://doi.org/10.1113/jphysiol.2003.049916
https://doi.org/10.1113/jphysiol.2003.049916
https://doi.org/10.1016/S0301-0082(99)00006-4
https://doi.org/10.1016/S0301-0082(99)00006-4
https://doi.org/10.1016/j.neuron.2010.03.035
https://doi.org/10.1016/j.neuron.2010.03.035
https://doi.org/10.1006/nlme.2000.4004
https://doi.org/10.1006/nlme.2000.4004
https://doi.org/10.1161/01.STR.31.6.1210
https://doi.org/10.1161/01.STR.31.6.1210


38. Page SJ, Fulk GD, Boyne P. Clinically important differences for the upper-
extremity Fugl-Meyer scale in people with minimal to moderate impairment
due to chronic stroke. Phys Ther. 2012. https://doi.org/10.2522/ptj.20110009.

39. Lang CE, Edwards DF, Birkenmeier RL, Dromerick AW. Estimating minimal
clinically important differences of upper-extremity measures early after stroke.
Arch Phys Med Rehabil. 2008. https://doi.org/10.1016/j.apmr.2008.02.022.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Yao et al. Journal of NeuroEngineering and Rehabilitation           (2020) 17:73 Page 8 of 8

https://doi.org/10.2522/ptj.20110009
https://doi.org/10.1016/j.apmr.2008.02.022

	Abstract
	Background
	Methods
	Results
	Conclusions
	Trial registration

	Introduction
	Methods
	Participants
	Experimental design
	Transcranial direct current stimulation (tDCS)
	Adverse effects’ questionnaire of tDCS
	Virtual reality (VR)
	Outcome measures
	Statistical analysis

	Result
	The flow of the trial and baseline characteristics of patients
	Effects of the treatment

	Discussion
	Conclusions
	Abbreviations
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

