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Background: Transcranial direct current stimulation (tDCS) and therapy-based virtual
reality (VR) have been investigated separately. They have shown promise as efficient
and engaging new tools in the neurological rehabilitation of individuals with cerebral
palsy (CP). However, the recent literature encourages investigation of the combination
of therapy tools in order to potentiate clinic effects and its mechanisms.

Methods: A triple-blinded randomised sham-controlled crossover trial will be performed.
Thirty-six individuals with gross motor function of levels | to IV (aged 4-14 years old) will
be recruited. Individuals will be randomly assigned to Group A (active first) or S (sham
first): Group A will start with ten sessions of active tDSC combined with VR tasks. After
a 1-month washout, this group will be reallocated to another ten sessions with sham
tDCS combined with VR tasks. In contrast, Group S will carry out the opposite protocol,
starting with sham tDCS. For the active tDCS the protocol will use low frequency tDCS
[intensity of 1 miliampere (MA)] over the primary cortex (M1) area on the dominant
side of the brain. Clinical evaluations (reaction times and coincident timing through
VR, functional scales: Abilhand-Kids, ACTIVLIM-CP, Paediatric Evaluation of Disability
Inventory-PEDI- and heart rate variability-HRV) will be performed at baseline, during, and
after active and sham tDCS.

Conclusion: tDCS has produced positive results in treating individuals with CP; thus,
its combination with new technologies shows promise as a potential mechanism for
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FIGURE 2 | Study design. MACS, Manual Ability Classification System; GMFCS, Gross Motor Function Classification System; PEDI, Pediatric Evaluation of Disability
Inventory; VR, virtual reality; n: sample size; tDCS, transcranial direct current stimulation; DO-D11, days of interventions in which DO is the baseline, D1 to D10 are the
days of interventions and the D11 is the day of the final assessments. Participants and sampling.

keyboard of the computer and then press the space key at exactly
the moment when the last (target) sphere lights up. The software
provides immediate feedback on the success or otherwise of the
task by means of different previously demonstrated sounds and
colours [for more details, see (8, 17, 67, 68)]. If the participant
anticipates or delays the timing of the stimulus, a red light will
appear around the feedback; if he/she hits the target, a green light
will appear (Figure 3).

The magnitude and direction of error of each
participant in anticipating or delaying the arrival of the
light is recorded by the software in milliseconds. The
object is to evaluate the time difference between the
participant’s response and the arrival of the object at the
target location (accuracy) and his/her global temporal
precision and therefore his/her coincidence-anticipation
ability (8, 17, 67, 69, 70).

The software is programmed to provide a unique username
for each participant and the following data are stored: participant
name, date of birth, sex, and the researcher’s name.

Reaction Time

To analyse the reaction time, the software TRT_S2012 will be
used [constructed and validated by (71)]. The software proposes
a simple total reaction time (TRT) test, which consists of the
appearance of a yellow square (parameterisable) in the centre of
the monitor at predefined time intervals (ranging from 1.5 to

FIGURE 3 | Representative design of the accomplishment of the coincident
timing task. (A) Demonstration of error performed by the participant on each
attempt (red light-unsuccessful). (B) Demonstration of hit performed by the
participant on each attempt (green light-successful). (C) Demonstration of the
movement on the space bar on keyboard to perform the task. Main image is

about an example of the initial position of the participant.

6.5ms) and, when it is presented, the participant should react
as quickly as possible by pressing the spacebar of the computer
keyboard (Figure 4).
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FIGURE 4 | Reaction time task.

ASSESSMENT PROTOCOL

The assessment protocol will have the following sequence: the
assessment scales will be undertaken with the participants’
parents in a separate room (PEDI, Abilhand-Kids, and
ACTIVLIM-CP), and GMFCS and MACS will be carried out by
observacional analysis of their abilities. Also, cognitive (WISC-
IV) and visual assessments (Titmus Test and Ishihara Test) will
be made by a psychologist and a psychometrist, respectively.

Then, for the VR assessment, the coincident timing task will
be carried out with a short-term motor learning protocol as
used by Monteiro et al. (17), with 20 repetitions for acquisition.
After 15min of no contact with the task, the participants will
perform five repetitions of the same task (for retention analysis),
and five more repetitions with a speed increase (for transfer of
performance analysis).

The reaction time task will be carried out with two attempts
of adaptation and 10 attempts for analysis, as used by Crocetta
etal. (71).

The HRV will be assessed by 20min of rest seated in a
comfortable chair or their own wheelchair, as used by Alvarez
etal. (72).

The assessment part of the protocol will take around 1h and
30 min in total (inferential analysis method follows in the item
“Data analysis”).

INTERVENTION

All participants will attend the assigned tDCS and VR
intervention as follows: there will be 20 sessions over 4 weeks
with tDCS and non-immersive VR tasks, 10 of which will
involve active tDCS combined with VR tasks and 10 will
involve sham tDCS combined with VR tasks, separated by a
1 month washout period. The sessions will be administered
consecutively and once a day (except for weekends). The
investigators will have certification to apply the tDCS in children
and adolescents with CP and will have experience of the
VR tasks.

FIGURE 5 | Representative design of the MoveHero software performed
during tDCS intervention. (A) Demonstration of hit performed by the
participant (green light). (B) Error performed by the participant (red bar).

VR Intervention

During application of the active or sham tDCS, in all sessions
the participants will perform tasks in a non-immersive VR
environment to stimulate and verify improvement of motor
performance. Thus, we will use the Bridge Games software tasks
[for details and publication, see (68, 71)]. The software that will
be used was developed by the Research Group and Technological
Applications in Rehabilitation (Grupo de Pesquisa e Aplicagdo
Tecnoldgica em Reabilitagao-PATER) group from the School of
Arts, Sciences, and Humanities of the University of Sao Paulo
(EACH-USP) (12).

The two tasks that will be used are presented below.

MoveHero

MoveHero, as presented by Martins et al. (68), is a game
that displays falling spheres in four imaginary columns on
the computer screen, with a musical rhythm selected by the
researcher. This is also considered a coincident timing task; the
action is to react (using the upper limbs) and not let the balls pass
from the fixed targets. The spheres should only be intercepted
when they reach the targets allocated in parallel (at two height
levels), two on the left (left position targets A and B) and two on
the right of the participant (right position targets C and D), as
shown in Figure 5. The virtual contact is performed by the avatar
of the individual, i.e., a representation of the individual appears
on the computer screen. The individual moves their arms and
trunk (only if they can move the trunk) in front of the webcam
to coincide with the moment the ball touches the target. The
individual is positioned at a distance of 1.5 m metres from the
computer monitor and waits for the balls (which fall randomly
on each target) to drop. The avatar’s hand should reach the target
sphere along with the arrival of the ball, and the game offers
feedback on correctness and error by means of changing the
spheres’ colour (green for correct and a red line for error).
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FIGURE 6 | Representative design of the Moviletrando software performed
during tDCS intervention.

Moviletrando
The computer game MoviLetrando was developed at the
Laboratory for Research on Visual Applications in the State
University of Santa Catarina, Brazil (73, 74). It has been used
in different studies [see (75, 76)]. The game uses the concept of
projection-based VR with a webcam and creates a mirror images
so that participants can see themselves on the screen (Figure 6).
As presented by Guarnieri et al. (75), MoviLetrando is a
face-to-face learning computer program that involves interaction
with virtual symbols projected on the screen: letters of the
alphabet (vowels and/or consonants) and numbers (1 to 10). The
software allows the therapist or education professional to control
different phases that are identifiable as alphabet phases (AP) and
numbers phases (NP). In each phase, the software offers various
levels of difficulty (generating symbols on the left side, on the
right side, or both sides; an increase/decrease in the number of
symbols; an increase/decrease the size of the symbols; and an
increase/decrease in the time of the exposure to symbols). For
this study we chose two phases (one alphabet and one number).
The game shows a symbol (an alphabet or number according to
the phase) in the top middle of the screen, and the participant has
to reach the same symbol, moving his/her hands in the virtual
environment. The score obtained is based on whether or not
participants reach a symbol, whether it is correct, and the elapsed
time taken to carry out each task.

tDCS Intervention

Active tDCS

The anodal active tDCS will be performed over 10 consecutive
sessions per weekday (i.e., one session daily, no stimulation
during the weekend) during the practice of VR games. The active
tDCS will be performed with a current of 1 mA and 20 min of
duration (and 30 s of ramp-up and ramp-down). The stimulation
target will be the M1 area and aimed at the elbow, shoulder,
and trunk of the Penfield homunculus (i.e., 10% instead of
20% laterally to CZ), choosing the more functional side of the

participant (C1 or C2 areas of the International 10-20 System
for EEG).

Sham tDCS

The sham tDCS will be performed over 10 consecutive sessions
per weekday (i.e., one session daily, no stimulation during the
weekend). However, the electrodes will be positioned at the same
sites of the active tDCS and the device will be switched on for
30s (ramp-up), giving the children the initial sensation of the
1 mA current, but with no stimulation administered the rest of
the time (32). The current will be interrupted after 30 seconds.
This sham protocol is already programmed in the device prior to
data collection.

PROCEDURE

During the tDCS combined with VR protocol, participants will be
seated comfortably in an ordinary chair or their own wheelchair,
with their hands arranged over their legs and their feet resting
on the floor (or on the wheelchair support). The demarcation
and application of the active TDCS will then be performed in
the cortical area corresponding to the C1 and C2 primary motor
cortex according to the International 10-20 System for EEG (area
M1), in order to reach the elbow, shoulders, and trunk.

Therefore, anodal tDCS with electrodes with 25 cm?, intensity
of ImA and a density of up to 0.057 mA/cm? for a period
of 20min will be used. The same active procedure setting
will be used for the sham (placebo) procedure; however, the
current will be interrupted after 30s (32). This configuration
will ensure that the electrical stimulus is interrupted before
generating considerable stimuli, while the other characteristics
of the intervention will be maintained. After each session the
participants will be questioned about the presence of any adverse
effects. The device used will be the DS-Stimulator Mobile from
NeuroConn, which allows blindness of the subjects of the
research and the experimenters.

After 5min of stimulation, the individuals will perform
the VR training. The protocol will count on the execution
of the following sequence of games: MoveHero for 5min and
Moviletrando for another 5min. The participants will have the
rest of the time (5min) with tDCS (sham or active) only. The
training time will take 20 min in total. This kind of protocol was
used by previous authors who used tDCS (22). The method of
inferential analysis follows is described in the “Analysis of the
data” section of this paper.

PRIMARY OUTCOME

To evaluate the effect of the combined therapy of virtual reality
and tDCS in the upper-limb and trunk motor area on M1 (C1
or C2) of individuals with CP, and to check the possibility of
generating motor gains in individuals with CP, we will observe the
change from baseline motor values provided by different scales
and VR tasks.
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Assessments for Primary Outcome

The VR task will be used to assess the participants motor
abilities (accuracy, precision, and trend of anticipation or
delay in movement) during each intervention. Also, we will
use coincident timing and reaction time tasks, ABILHAND-
Kids, ACTIVLIM-CP, and visual and cognitive assessments
to characterise the group and to find influences on motor
improvement by using correlation tests. These tests will be
carried out at three stages: initial assessment (DO0); assessment
after five interventions (D5) and final assessment (DI11)
(Figure 1).

SECONDARY OUTCOME

We will observe changes in the ANS after active and sham tDCS
combined with VR tasks in children and adolescents with CP.

Assessments for Secondary Outcome

In addition to the motor tests, the HRV analysis will be
verified throughout the intervention. Some studies point to ANS
alteration, with a reduction in HRV in individuals with CP
(77, 78). HRV represents the autonomic function, and short-
term HRV measurement has been used to evaluate sympathetic
and parasympathetic heart rate modulation. Therefore, because
of the ease of evaluation (non-invasively, through a chest strip)
and because of its high clinical relevance, it is important to
evaluate HRV before and during the intervention with tDCS and
VR, since some studies indicate improvement of the autonomic
balance after VR tasks in individuals with Duchenne muscular
dystrophy (72) and post-stroke (79). In the case of CP, some
studies had identified low HRV in foetuses that would later be
given a CP diagnosis (80), at rest and during postural change
(81), and submaximal tests (78). Low HRV is often an indicator
of abnormal and insufficient ANS adaptation, which may indicate
the presence of physiological malfunction in the individual (50)
and is associated with an increased risk of cardiac events (6).

STATISTICAL ANALYSIS

For the coincident timing task for the inferential analysis of
the initial tasks (transversal) and the longitudinal protocol with
tDCS and HRV as dependent variables, the error measures
(constant, absolute, and variable errors) will be considered
(time in milliseconds). If the data meet the assumptions for
the use of parametric analysis, ANOVA will be performed

will be 95% statistical confidence. The statistical program
used will be SPSS (Statistical Package for Social Sciences),
version 26.0.

DISCUSSION

Although treatment with tDCS is feasible and effective, further
studies with individuals with CP are essential for a better
understanding of the motor and autonomic effects of treatment
with VR associated with tDCS for clinical practice. Therefore,
we organised this study to analyse the influence of combined
therapy of VR and tDCS for children and adolescents with CP,
with VR tasks for upper limb and trunk movements. As outcome
measures, we chose different upper limb functional assessment
scales, computer tasks for the analysis of reaction time and
anticipatory timing, as well as physiological analyses such as heart
rate variability (HRV). Considering our hypothesis, supported
by previous studies using similar tasks (8, 68, 70, 71), we
speculate that all individuals with CP will show an improvement
in performance during therapy sections and will maintain this
improvement in follow-up assessments (15 and 30 days). We also
hypothesise that the individuals using active tDCS with present
better results.

The results from this study can positively influence
the rehabilitation programs and provide answers to four
important topics:

1. Safety. The tDCS and VR are safe non-invasive techniques
according to current knowledge (24, 82). Two systematic
reviews of tDCS in children with CP (83) and paediatric motor
disorders (22) found that a large number of individuals have
been involved in studies with tDCS since 2014 and noted a
small number of adverse effects such as erythematous rash,
mild skin burn, redness, and tingling of the skin. The use
of Virtual reality presented some adverse symptomatology
(especially with immersive VR and commercial games)
such as nausea, dizziness, disorientation, frustration for the
failure of the interface to detect movement or actions, and
difficulty with hand-held interfaces, mainly in positioning
users with movement and postural impairments (84). Thus,
to avoid adverse effects and risks to the individual, the tDCS
parameters used in the present trial will be within the safety
limits described in the methods, and to prevent the adverse VR
effects, we will use a game developed especially for individuals
with disabilities with the use of non-immersive VR task.

to identify intra and inter-group differences. These, if any, 2. Use of non-commercial games. Despite promising studies in
will be detected by the post hoc Tukey-HSD test. If the the literature using commercial games (85), an important
normality assumptions are not met, non-parametric analyses question is the potential and future use of customised serious
will be undertaken to identify and locate the differences: a games—defined as a game developed for a specific target
Friedman and post hoc Wilcoxon test (for within groups) (84). Commercial games are designed for entertainment
and a Kruskal-Wallis and post hoc Mann-Whitney U-test rather than rehabilitation and require high cognitive and
(between groups). For the between-groups analysis of HRV motor performance, which makes them unsuitable for patients
indices, MANOVA will be used, with repeated measures for with restrictions on mobility. In contrast, studies using
within groups analyses (for evaluations and follow-up) or games specifically developed for rehabilitation have presented
Mann-Whitney for intergroup analyses and Friedman for interesting results (71). Thus, for the present study, we selected
intragroup analyses. A significance level of 0.05 (5%) will a serious game that provided an engaging task, specially
be defined; all intervals constructed throughout the work designed and created to effectively capture the performance
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of individuals with disabilities and provide a report of their
performance (68).

3. Combined intervention for different levels of motor
impairment. There is a significant gap in knowledge
about the benefits of combining different technologies for the
rehabilitation of upper limbs, in order to increase accuracy
of movement, reaction time, coincident timing and physical
activity for children and adolescents with CP with different
levels of gross motor function. Thus, we hope to contribute
knowledge for clinical practice by examining the effects
of a combined intervention on gross motor functions in
individuals classified as GMFCS I-IV.

. Autonomic nervous system. In addition, there is another gap
in knowledge concerning the adaptation of the autonomic
nervous system (assessed through heart rate variability-HRV)
to a combined therapy of VR and tDCS, by measuring
HRV before, during, and after this intervention. Heart Rate
Variability is a well-known risk marker for chronic disorders
and reflects the control of autonomic nervous system in the
sinus node in different health conditions, physical activity
levels and exercise (70, 72, 86). HRV is impaired in individuals
with CP, with a sympathetic predominance, which leads to
less adaptation to physical demands (78). It characterises
a cardiovascular neural profile that can lead to negative
clinical results (87), such as increased cardiac arrhythmias and
cardiovascular mortality (88), in addition to the risk of sudden
death (86, 89), and there is evidence that maintained exercise
is a feasible option to decrease cardiovascular risk in persons
with sympathetic compromise (90).

Thus, we believe that the results of this study will provide
scientific support for the use of combined tDCS and VR therapy
in individuals with CP to improve motor skills, functionality, and
the autonomic nervous system.

TRIALS STATUS

Participant recruitment started in December 2019 and is
expected to end in July 2020. Study completion is estimated by
October 2020.
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