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Abstract—Rehabilitation options for stroke survivors who
present severe hemiparesis in chronic stages are limited and may
end in compensation techniques that involve the use of the less
affected arm to achieve some degree of functional independence.
Passive mobilization, mirror therapy, or motor imagery are the
scant alternatives that try to involve the hemiparetic arm into the
rehabilitation process. Transcranial direct current stimulation
(tDCS) is a non-invasive technique that has been used after stroke
to promote excitability of the surviving neural architecture in
order to support functional recovery. Interestingly, cortical
excitability has been reported to increase when tDCS is combined
with virtual reality. This synergetic effect could explain the
promising results achieved by preliminary experimental
interventions that combined both approaches on upper limb
rehabilitation after stroke. However, the efficacy of these
interventions in subjects with severe hemiparesis has not been
explored, at least in part, because their restriction of movements
may limit their interaction with common virtual reality systems.
We present a tDCS enhanced virtual reality-based intervention
that enables interaction and multimodal stimulation of subjects
with severe hemiparesis after stroke and evaluate its efficacy in
seven chronic participants. Results showed clinically important
improvement in the body functions and activities after the
intervention, and a maintenance of gains weeks after. Although
further studies are needed, the efficacy of this intervention is
promising.
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the upper limb function is an imperative objective of physical
and occupational therapy.

I. INTRODUCTION

However, rehabilitation of severe arm paresis in chronic
stroke survivors is especially challenging because useful
reorganization of cortical areas involved in arm function is
believed to occur in response to active exercise and to motor and
attentional inclusion of the affected arm in task oriented
movements [4], [5] but severe paresis impedes active training of
the arm. Traditionally, rehabilitation strategies in these subjects
have almost exclusively aimed to compensate for the deficit by
training the opposite limb in daily tasks [4], [6]. However, as
synaptic connectivity is highly use dependent, the absence of
stimulation on the chronic paretic arm might result in reduced
sensorimotor representation in the available neural circuits over
time [7] and, consequently, diminish the possibilities for
sensorimotor clinical progress [6]. Accordingly, a reduction in
sensorimotor abilities might partly be an effect of non-use of the
affected limb [7]. In fact, lack of movement has been considered
to be a form of “learned paralysis” [8], [9]. To overcome the
deleterious effect of non-use techniques, different rehabilitative
approaches have been presented. Most of these alternatives
involve passive mobilization (either manual or robotic-guided)
[10], [11], mirror therapy [11], [12], or motor imagery-based
interventions [13], [14]. The capacity of these interventions to
elicit cortical activation in the hemisphere contralateral to the
imaginarily moving arm has been evidenced by different
neuroimaging techniques [14], [15], and suggests that these
interventions may be functionally akin to preparatory and
executive motor processes [14].

Functional impairment of the upper limbs, reported in
approximately 85% of the cases [1], is one of the most common
sequelae after stroke. Six months after onset, 30-60% of
individuals do not regain functional use, and only 5-20% will
achieve full recovery of arm function [2]. Given the incidence
of upper limb deficits and their implication in the participation
in daily living activities and quality of life [3], rehabilitation of

Transcranial direct current stimulation (tDCS), a type of
non-invasive brain stimulation that induces constant low direct
currents through electrodes on the scalp to regulate neuronal
excitability, has achieved promising results in severe
hemiparesis after stroke [16], [17]. Interestingly, this technique
has been reported to synergistically promote short-term
corticospinal facilitation when combined with virtual reality
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(VR)-based interventions [18], which could explain the
promising results reported on upper limb rehabilitation after
stroke [19], [20]. The capacity of VR to simulate an environment
or activity through the real-time stimulation of one or more
sensory channels [21] has recently motivated its use to guide
motor imagery interventions in stroke survivors [22]. In
addition, the capacity of this technology to allow real-time user
interaction could be potentially use to close the loop of
interaction-stimulation, which could be specially interesting to
facilitate motor learning in subjects with severely affected upper
limb function [23], who present limited movement capability.
We hypothesized that a tDCS enhanced VR-based closedloop intervention could have a cumulative beneficial effect on
sensorimotor function of severely affected upper limbs of
chronic stroke survivors. The objective of this study was to
determine the efficacy of this experimental intervention in
chronic stroke survivors with severe hemiparesis.
II. METHODS
A. Participants
Participants were recruited from the chronic stroke
management program of NISA Valencia al Mar Hospital
(Valencia, Spain). The inclusion criteria to participate in the
study were: 1) chronicity > six months; 2) severe paresis of the
upper limb defined by the Brunnstrom Approach [24] as stages
I or II) and by the Upper Extremity subscale of the Fugl-Meyer
Assessment [25] as scores below 19; 4) ability to maintain a
sitting position for at least 60 minutes; 5) fairly good cognitive
condition defined by scores in the Mini-Mental State
Examination [26] above 23. Patients were excluded if they had:
1) pacemakers; 2) brain implants or other metallic objects
(valves, coils, etc.); 3) impaired comprehension that hinder
sufficient understanding of the instructions defined by
Mississippi Aphasia Screening Test [27] scores below 45; 4)
severe visual impairments; and 5) emotional or behavioral
circumstances that impede adequate collaboration.
The study was approved by the Institutional Review Board
of the Neurorehabilitation and Brain Injury Service of NISA
Hospitals. Written consent was obtained from all of the subjects
who satisfied the inclusion criteria and accepted to participate in
the study.
B. Instrumentation
The experimental system detected the users’ intention of
movement from their gaze and residual muscular activity and
movement capability, and provided coherent multimodal
stimulation including audiovisual and tactile feedback, and
tDCS (Fig. 1).
Stimulation: Audiovisual stimulation was provided by the
15.6” screen and integrated speakers of a laptop (Fig. 1.a).
Tactile feedback was provided using three vibrators that
were embedded in a hand-made Velcro band (Fig. 1.b). The
band was designed to surround the participants’ hemiparetic
hands in such a way that vibrators were located in the palmar
side of the metacarpophalangeal joint of the thumb, index and

pinky fingers. Actuators vibrated independently to simulate the
contact of those anatomical points with virtual elements.

Fig. 1. The experimental system provided a) audiovisual and b) tactile
feedback, and c) transcranial direct current stimulation, and allowed
interaction through d) eye-tracking and e) muscular activity and
movement.

tDCS was provided using a wireless hybrid EEG/tDCS
headset, the StarStim (Neuroelectrics, Barcelona, Spain), which
includes a neoprene headcap with 39 positions based on the 1010 system where the electrodes can be inserted (Fig. 1.c).
Continuous direct currents were transferred via a pair of salinesoaked surface sponge electrodes (surface of 25 cm2).
Interaction: The participants’ gaze was estimated using a
portable eye-tracking bar, the EyeX (Tobii Technology AB,
Danderyd, Sweden) (Fig. 1.d). This device provided gaze data
with a minimum framerate of 30 Hz.
The residual muscular activity and movements of the
participants’ hemiparetic arms was registered using a gesture
and motion control armband, the Myo (Thalmic Labs,
Kitchener, ON, Canada) (Fig. 1.e). This device provided surface
electromyographical (sEMG) data from seven medical-grade
stainless steel sensors that surrounded the arm, angular velocity
provided by a three-axis gyroscope, and acceleration data
provided by a three-axis accelerometer at a framerate of 200, 50,
and 50 Hz, respectively. The brachioradialis, palmaris longus,
and flexors and extensors of the fingers were potential
contributors to the sEMG data.
C. Calibration
The coordinates of the participants’ gaze and the movement
capability of their hemiparetic arms had to be estimated to
enable interaction.
Calibration of the eye-tracking required participants to
follow a red spot that moved along a cross-shaped path on the
screen. This process provided the transform matrix to estimate
the X and Y coordinates of the participants’ gaze on the screen
of the laptop from the movements of their pupils.
Calibration of the movement capability required participants
to perform three attempts to move their hemiparetic arm as if
they wanted to pick a virtual apple that was shown on the screen.
If the sEMG activity during the attempt was at least five times
the activity during the resting condition participants were able to

use this variable to interact with the system. Analogously, if the
angular velocity or the acceleration during the attempt was at
least twice the velocity and acceleration detected during the
resting condition, participants were able to interact through these
variables. This calibration process provided the maximum
sEMG activity in the seven sensors, angular velocity, and
acceleration in those participants who passed the process.
D. Exercise
The virtual environment simulated an apple picking task in
an apple orchard. The user’s view was fixed in front of an apple
tree, where a serial of apples appeared and disappeared a few
seconds after. The arms of the participants were represented
using a first-person perspective (Fig. 2). Extrinsic feedback
included the time left, number of repetitions, and record number
of repetitions.

a)

The objective of the exercise was to pick the apples that
sequentially grew in the branches of the tree with the virtual
hemiparetic hand (Fig. 2.a). To pick the apples, participants
were required to stare at them and to try the movement (it is, to
move their affected extremities as if they wanted to pick the
virtual apples with their real hands). An attempt was considered
successful if participants stared at the apple for 2 s and if they
were able to produce a muscular activity, angular velocity, or
acceleration greater than 70% of their calibrated values.
Participants had 10 s to pick an apple. Time between apples was
set to 4 s.
If participants did not performed a successful attempt,
audiovisual feedback was provided to them. In the virtual
environment, the arm remained still (if not enough muscular
activity, angular velocity, or acceleration was detected) or made
a grasping movement towards the wrong location that they were
staring at (if they were staring at a wrong location on the screen).
This was also indicated with a losing sound effect. In the latter
case, the visual animation lasted 6 s.
On the contrary, if participants performed a successful
attempt, audiovisual and tactile feedback were provided. In the
virtual environment, the virtual hand moved towards the apple,
grasped it (Fig. 2.b), and brought it towards their mouth (Fig.
2.c). The environment simulated that the participants bit the
apple three times and the arm was finally moved to the initial
resting position. A biting sound effect was also provided
synchronously with the visual animation. The successful attempt
was also indicated with a winning sound effect. The visual
animation lasted 10 s. Tactile feedback was provided when the
hand initially made contact with the apple and during each bite.
tDCS was uninterruptedly provided during the whole session
with independence of the success of the attempt.
The workflow of the exercise is shown in Fig. 3.
E. Procedure
Sessions were carried out in a dedicated area of the physical
therapy unit free of distractors.

b)

c)
Fig. 2. The virtual environment showed a) an apple tree and the users’ arms.
The objective of the exercise was to pick the apples that appeared on a
branch. In case of succesful interaction, the virtual environment showed
how the hand moved towards the apple, b) grasped it, and c) brought it to
the mouth.

A physical therapist equipped participants with the EMG
bracelet, the vibration band, and the tDCS headband.
Participants sat in a chair with their backs leaning against the
backrest and their arms on the armrests. The laptop was placed
approximately 50 cm from the head and 40 cm below eye-level.
The eye-tracker was tilted towards the eyes and the tDCS
electrodes were soaked in saline solution. The anode was placed
over the ipsilesional primary motor cortex (M1) (C3 or C4 for
left or right hemiparesis, respectively) and the cathode was
placed in the contralesional supraorbital cortex (Fp2 or Fp1 for
left or right hemiparesis, respectively). Impedance was kept
below 10 kΩ and voltage below 26 V. Maximum output
intensity was set to 2 mA. The eye-tracking coordinates and the
muscular activity and movement thresholds were calibrated and
the session started.
Intervention consisted of a reversal A-B-A design. Both
phases included 25 60-minute sessions administered three to
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Gaze > 2 s

¿?

Successful
attempt

Audiovisual feedback

Audiovisual feedback
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Fig. 3. Worflow of the exercise. At each repetition, gaze, muscular activity, and movements are evaluated to provide adequate audiovisual and tactile feedback.
tDCS is provided during the whole session.

five times a week (75 sessions in the whole intervention). In
Phase A, participants received conventional physical therapy.
Passive range of motion exercises were provided in those
segments where no active movement was detected to
meticulously reproduce a range of articular movements and
muscle and soft tissue elongation. In those segments where
residual active movement capability was detected, participants
were encouraged to perform the movements with the assistance
of the therapists. In phase B, participants combined 20 minutes
of the experimental intervention with 40 minutes of described
physical therapy program, in that order. A physical therapist
supervised all the sessions and prevented extreme compensatory
movements.
Participants were assessed by a physical therapist at the
beginning of the initial phase A (Ai), at the end of the initial
phase A, which was the beginning of phase B (Bi), at the end of
phase B, which was the beginning of the second phase A (Bf),
and at the end of the second phase A (Af). The body functions
were evaluated with the upper extremity subscale of the FuglMeyer Assessment Scale. The body activities were evaluated
with the time and functional ability scores of the Wolf Motor
Function Test [28].
F. Data analysis
Changes in the outcome measures throughout the
intervention were assessed using Wilcoxon match-paired
signed-rank tests. The α level was set at 0.05 for all analyses
(two-sided). All analyses were computed with SPSS for
Windows, version 22 (SPSS Inc., Chicago, USA).

III. RESULTS
A. Participants
From the 77 stroke survivors who were attending the
neurorehabilitation program, seven participants satisfied criteria
to participate and were included in the study. Two woman and
five men, with a mean age of 55.9±8.1 years (ranging from 40
to 63 years), and 365.1±383.9 days post-stroke (ranging from
184 to 1233 days) were included. Five participants presented an
ischemic stroke and two participants presented a hemorrhagic
stroke. All the participants were right-handed before the lesion.
Four of them presented a left hemiparesis, and the other three
presented a right hemiparesis.
B. Clinical data
Participants showed a statistically significant improvement
in all the outcome measures during the experimental
intervention (Phase B), which was not detected during the
conventional intervention (Phase A) either before or after it
(TABLE I)(Fig 4). Interestingly, improvement was maintained
after the second Phase A.
When analyzing the progress of each participant, results
showed that two participants, two men with ischemic lesions,
did not respond to treatment. One of them improved one point
in the Fugl-Meyer, but other measures remained unaltered
throughout the intervention.
In contrast, the other five participants experienced a
remarkable improvement that even exceeded the minimally
clinically important difference in the Fugl-Meyer [29], and in
both subscales of the Wolf Motor function test [30].

TABLE I.

CLINICAL DATA

Start of phase A
(Ai)

Start of phase B
(Bi)

End of phase B
(Bf)

End of phase A
(Af)

12.6±2.4

12.9±2.5

18.0±5.35

17.6±5.1

Wolf Motor Function Test –
Timea (s)

1580.0±251.1

1581.6±256.5

1429.7±307.5

1421.43±300.5

Wolf Motor Function Test –
Functional abilitya

8.1±9.1

8.3±9.4

11.6±10.0

11.7±10.1

Scale/Test
Fugl-Meyer Assessment Scale –
Upper extremitya

a.

Data are expressed in terms of mean and standard deviation.

Time (s)
18
16
14

Bi>Ai: p=0.157
Bf>Bi: p=0.027
Af<Bf: p=0.083
Bi>Ai: p=0.713
Bf<Bi: p=0.045
Af<Bf: p=0.171
Bi>Ai: p=0.317
Bf>Bi: p=0.038
Af>Bf: p=1.000

Wolf Motor Function Test

Fugl-Meyer Assessment Scale - Upper Extremity

20

Significance

Functional ability
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Fig. 4. Clinical data of the a) Upper Extremity subscale of the Fugl-Meyer Assessment Scale; and b) Wolf Motor Function Test.

IV. DISCUSSION
There is a growing body of research that supports the
efficacy of VR [31]–[33] and tDCS interventions [34]–[36] on
upper limb rehabilitation after stroke. Interestingly, the
combination of tDCS and VR has been reported to provide
greater improvement than each technique alone [20], which
could be explained by an increased corticospinal excitability
facilitated by the combination of both techniques [18].
Previous interventions combining tDCS and VR-based
support the improvement detected in our participants in both the
body [19], [20] and activity functions [19]. As in preliminary
reports, the changes detected in our study in both domains
exceeded the minimally clinically important difference for both
scales [19], [20]. Interestingly, this improvement has been
reported in the subacute [20] and in the chronic phase after
stroke [19], when (in the latter) spontaneous neural recovery is
unlikely [37]. The improvement detected in our participants is
specially remarkable because they were not only chronic but
also presented a severe hemiparesis, and the expected outcome
of a rehabilitation program on upper limb mainly has been
reported to depend on the baseline condition of the upper
extremities. Actually, the baseline motor condition of the upper
extremities is the major predictor of upper limb recovery [38].

In addition to the improvement, participants maintained the
gains until the end of the study. Although clinical deterioration
is expected after discharge of rehabilitation, literature about the
maintenance of gains when returning to a physical therapy
program after a specific intervention is more limited, especially
in virtual reality-based interventions. However, existing studies
support our results [31], [39]. The capacity of VR to provide
online closed-loop multimodal feedback could have facilitated
the effects detected in our sample [23], and visual, auditory, and
haptic feedback have been shown to have a considerable impact
on the development and on the motor learning process [40].
If these results are confirmed in future controlled studies,
the improvement and the maintenance of gains detected after
the experimental intervention, could support its use as a feasible
alternative to the scant existing therapeutic options available to
subjects with severe hemiparesis, which have proved limited
effect on motor function [41] and may require high attentional
and cognitive demands that can limit its use [13].
Although the limited number of participants did not allow
to analyze the responsiveness to the treatment, it is worth
mentioning that the two non-responders detected in our study
did not present any relevant demographic characteristic.
Surprisingly, the greatest improvement was detected in the
subject who presented the highest time since injury. In addition
to the limited sample, no structural nor functional data was

available to check the integrity of the corticospinal tract of the
participants. Lesions of this tract in non-responders could
explain the absence of improvement after the intervention.
Actually, integrity of the corticospinal tract is the second major
predictor of upper limb recovery [38]. Yet, despite the
limitations, the combinative use of tDCS and a closed-loop VR
intervention showed promising results on upper limb recovery
in stroke survivors with severe hemiparesis that would be
worthwhile to investigate in future studies.
ACKNOWLEDGMENT
This study was funded in part by Ministerio de Economía y
Competitividad of Spain (Project NeuroVR, TIN2013-44741R, Project REACT, TIN2014-61975-EXP, and Grant BES2014-068218) and by Universitat Politècnica de València
(Grant PAID-10-14).
REFERENCES
[1]

[2]

[3]
[4]
[5]
[6]

[7]

[8]
[9]

[10]

[11]
[12]

[13]

M. Invernizzi, S. Negrini, S. C. Da, L. Lanzotti, C. Cisari, and A.
Baricich, “The value of adding mirror therapy for upper limb motor
recovery of subacute stroke patients: A randomized controlled trial,”
Eur. J. Phys. Rehabil. Med., vol. 49, no. 3, pp. 311–317, 2013.
G. Kwakkel, B. J. Kollen, J. V. Van der Grond, and A. J. H. Prevo,
“Probability of regaining dexterity in the flaccid upper limb: Impact of
severity of paresis and time since onset in acute stroke,” Stroke, vol. 34,
no. 9, pp. 2181–2186, 2003.
Y. Park, M. Chang, K.-M. Kim, and D.-H. An, “The effects of mirror
therapy with tasks on upper extremity function and self-care in stroke
patients.,” J. Phys. Ther. Sci., vol. 27, no. 5, pp. 1499–501, 2015.
R. N. Barker, T. J. Gill, and S. G. Brauer, “‘Factors contributing to upper
limb recovery after stroke: A survey of stroke survivors in Queensland
Australia,’” Disabil. Rehabil., vol. 29, no. 13, pp. 981–989, 2007.
N. A. Bayona, J. Bitensky, K. Salter, and R. Teasell, “The role of taskspecific training in rehabilitation therapies.,” Top. Stroke Rehabil., vol.
12, pp. 58–65, 2005.
P. S. Lum, S. Mulroy, R. L. Amdur, P. Requejo, B. I. Prilutsky, and A.
W. Dromerick, “Gains in upper extremity function after stroke via
recovery or compensation: Potential differential effects on amount of
real-world limb use.,” Top. Stroke Rehabil., vol. 16, no. 4, pp. 237–253,
2009.
P. G. Lindberg, C. Schmitz, M. Engardt, H. Forssberg, and J. Borg,
“Use-dependent up- and down-regulation of sensorimotor brain circuits
in stroke patients.,” Neurorehabil. Neural Repair, vol. 21, no. 4, pp.
315–326, 2007.
E. Taub, G. Uswatte, V. W. Mark, and D. M. M. Morris, “The learned
nonuse phenomenon: implications for rehabilitation.,” Eura.
Medicophys., vol. 42, no. 3, pp. 241–56, 2006.
F. J. A. Deconinck, A. R. P. Smorenburg, A. Benham, A. Ledebt, M. G.
Feltham, and G. J. P. Savelsbergh, “Reflections on Mirror Therapy: A
Systematic Review of the Effect of Mirror Visual Feedback on the
Brain,” Neurorehabil. Neural Repair, vol. 29, no. 4, pp. 349–361, 2014.
S. M. Hunter, P. Crome, J. Sim, and V. M. Pomeroy, “Effects of
Mobilization and Tactile Stimulation on Recovery of the Hemiplegic
Upper Limb: A Series of Replicated Single-System Studies,” Arch.
Phys. Med. Rehabil., vol. 89, no. 10, pp. 2003–2010, 2008.
C. Colomer, E. Noé, and R. Llorens, “Mirror therapy in chronic stroke
survivors with severely impaired upper limb function: A randomized
controlled trial,” Eur. J. Phys. Rehabil. Med., vol. 52, no. 3, 2016.
H. Thieme, M. Bayn, M. Wurg, C. Zange, M. Pohl, and J. Behrens,
“Mirror therapy for patients with severe arm paresis after stroke--a
randomized controlled trial.,” Clin. Rehabil., vol. 27, no. 4, pp. 314–
324, 2013.
C. Dettmers, M. Benz, J. Liepert, and B. Rockstroh, “Motor imagery in
stroke patients, or plegic patients with spinal cord or peripheral
diseases,” Acta Neurol. Scand., vol. 126, no. 4, pp. 238–247, 2012.

[14] T. J. Kimberley, G. Khandekar, L. L. Skraba, J. A. Spencer, E. A. Van
Gorp, and S. R. Walker, “Neural substrates for motor imagery in severe
hemiparesis.,” Neurorehabil. Neural Repair, vol. 20, no. 2, pp. 268–77,
2006.
[15] A. Pascual-Leone, “The neuronal correlates of mirror therapy: an fMRI
study on mirror induced visual illusions in patients with stroke.,” J.
Neurol. Neurosurg. Psychiatry, vol. 82, no. 4, pp. 393–398, 2011.
[16] M. Ochi, S. Saeki, T. Oda, Y. Matsushima, and K. Hachisuka, “Effects
of anodal and cathodal transcranial direct current stimulation combined
with robotic therapy on severely affected arms in chronic stroke
patients,” J. Rehabil. Med., vol. 45, no. 2, pp. 137–140, 2013.
[17] H. T. Peters, D. J. Edwards, S. Wortman-Jutt, and S. J. Page, “Moving
Forward by Stimulating the Brain: Transcranial Direct Current
Stimulation in Post-Stroke Hemiparesis,” Front. Hum. Neurosci., vol.
10, no. August, p. 394, 2016.
[18] Y. J. Kim et al., “Facilitation of corticospinal excitability by virtual
reality exercise following anodal transcranial direct current stimulation
in healthy volunteers and subacute stroke subjects.,” J. Neuroeng.
Rehabil., vol. 11, no. 1, p. 124, 2014.
[19] R. T. Viana et al., “Effects of the addition of transcranial direct current
stimulation to virtual reality therapy after stroke: A pilot randomized
controlled trial,” NeuroRehabilitation, vol. 34, no. 3, pp. 437–446, 2014.
[20] S. J. Lee and M. H. Chun, “Combination transcranial direct current
stimulation and virtual reality therapy for upper extremity training in
patients with subacute stroke,” Archives of Physical Medicine and
Rehabilitation, vol. 95, no. 3. pp. 431–438, 2014.
[21] S. Bermúdez i Badia, G. G. Fluet, R. Llorens, and J. E. Deutsch, “Virtual
Reality for Sensorimotor Rehabilitation Post Stroke: Design Principles
and Evidence,” in Neurorehabilitation Technology, Second edi.,
Springer, 2016, pp. 573–603.
[22] H. Im, J. Ku, H. J. Kim, and Y. J. Kang, “Virtual reality-guided motor
imagery increases corticomotor excitability in healthy volunteers and
stroke patients,” Ann. Rehabil. Med., vol. 40, no. 3, pp. 420–431, 2016.
[23] F. Grimm, G. Naros, and A. Gharabaghi, “Closed-Loop Task Difficulty
Adaptation during Virtual Reality Reach-to-Grasp Training Assisted
with an Exoskeleton for Stroke Rehabilitation,” Front. Neurosci., vol.
10, no. November, p. 518, 2016.
[24] S. K. Shah, “Reliability of the Original Brunnstrom Recovery Scale
Following Hemiplegia,” Aust. Occup. Ther. J., vol. 31, no. 4, pp. 144–
151, 2010.
[25] J. Sanford, J. Moreland, L. R. Swanson, P. W. Stratford, and C.
Gowland, “Reliability of the Fugl-Meyer assessment for testing motor
performance in patients following stroke.,” Phys. Ther., vol. 73, no. 7,
pp. 447–454, 1993.
[26] M. F. Folstein, S. E. Folstein, and P. R. McHugh, “Mini-Mental State:
A practice method for grading the cognitive state of patients for the
clinician,” J Psychiatr Res, vol. 12, pp. 189–198, 1975.
[27] M. Romero, a. Sánchez, C. Marín, M. D. Navarro, J. Ferri, and E. Noé,
“Clinical usefulness of the Spanish version of the Mississippi Aphasia
Screening Test (MASTsp): validation in stroke patients,” Neurol.
(English Ed., vol. 27, no. 4, pp. 216–224, 2012.
[28] M. L. Woodbury et al., “Measurement structure of the Wolf Motor
Function Test: implications for motor control theory.,” Neurorehabil.
Neural Repair, vol. 24, no. 9, pp. 791–801, 2010.
[29] S. J. Page, G. D. Fulk, and P. Boyne, “Clinically important differences
for the upper-extremity Fugl-Meyer Scale in people with minimal to
moderate impairment due to chronic stroke.,” Phys. Ther., vol. 92, no.
6, pp. 791–8, 2012.
[30] C. E. Lang, D. F. Edwards, R. L. Birkenmeier, and A. W. Dromerick,
“Estimating Minimal Clinically Important Differences of UpperExtremity Measures Early After Stroke,” Arch. Phys. Med. Rehabil.,
vol. 89, no. 9, pp. 1693–1700, 2008.
[31] C. Colomer, R. Llorens, E. Noé, and M. Alcañiz, “Effect of a mixed
reality-based intervention on arm, hand, and finger function on chronic
stroke,” J. Neuroeng. Rehabil., vol. 13, no. 1, 2016.
[32] M. S. Cameirão, S. B. I. Badia, E. Duarte, A. Frisoli, and P. F. M. J.
Verschure, “The combined impact of virtual reality neurorehabilitation
and its interfaces on upper extremity functional recovery in patients with
chronic stroke,” Stroke, vol. 43, no. 10, pp. 2720–2728, 2012.

[33] K. E. Laver, S. George, S. Thomas, J. E. Deutsch, and M. Crotty,
“Virtual reality for stroke rehabilitation,” in Cochrane Database of
Systematic Reviews, vol. 9, no. 2, 2015, pp. 1–107.
[34] S. Lefebvre, P. Laloux, A. Peeters, P. Desfontaines, J. Jamart, and Y.
Vandermeeren, “Dual-tDCS Enhances Online Motor Skill Learning and
Long-Term Retention in Chronic Stroke Patients.,” Front. Hum.
Neurosci., vol. 6, p. 343, 2012.
[35] R. Lindenberg, V. Renga, L. L. Zhu, D. Nair, and G. Schlaug,
“Bihemispheric brain stimulation facilitates motor recovery in chronic
stroke patients,” Neurology, vol. 75, no. 24, pp. 2176–2184, 2010.
[36] K. Figlewski, J. U. Blicher, J. Mortensen, K. E. Severinsen, J. F.
Nielsen, and H. Andersen, “Transcranial Direct Current Stimulation
Potentiates Improvements in Functional Ability in Patients With
Chronic Stroke Receiving Constraint-Induced Movement Therapy,”
Stroke, Nov. 2016.

[37] R. Teasell, “Evidence-Based Review of Stroke Rehabilitation Background Concepts in Stroke Rehabilitation,” 2016.
[38] F. Coupar, A. Pollock, P. Rowe, C. Weir, and P. Langhorne, “Predictors
of upper limb recovery after stroke: a systematic review and metaanalysis.,” Clin. Rehabil., vol. 26, no. 4, pp. 291–313, 2012.
[39] R. Llorens, E. Noé, C. Colomer, and M. Alcañiz, “The Authors
Respond,” Arch. Phys. Med. Rehabil., vol. 96, no. 8, 2015.
[40] R. Sigrist, G. Rauter, R. Riener, and P. Wolf, “Augmented visual,
auditory, haptic, and multimodal feedback in motor learning: A review,”
Psychon. Bull. Rev., vol. 20, no. 1, pp. 21–53, 2013.
[41] C. Colomer, E. Noé, and R. Llorens, “Mirror therapy in chronic stroke
survivors with severely impaired upper limb function: a randomized
controlled trial.,” Eur. J. Phys. Rehabil. Med., 2016.

