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Abstract

Introduction: Rehabilitation techniques have been used to facilitate reading acquisition in dyslexia. However, many individuals
continue to present academic impairment throughout life. New intervention strategies are necessary to further help this pop-
ulation. Objectives: Assess the impact of transcranial direct current stimulation on reading skills in children and adolescents with
dyslexia. Methods: The study was conducted with one-group pretest—posttest. Participants received 2 mA transcranial direct
current stimulation during 30 minutes for 5 consecutive days. Reading performance was measured by a group of tasks (identi-
fication and reading of letters, syllables, words, nonwords, and text). Results: A significant increase in the number of correct
answers for nonwords and text tasks was observed after transcranial direct current stimulation (P = .035 and P = .012,
respectively). Conclusion: The transcranial direct current stimulation seems to be a promising tool for the treatment of reading
problems in dyslexia. Future studies are necessary to confirm the effects of transcranial direct current stimulation and to establish
optimal intervention protocol in this population.
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Dyslexia is a neurodevelopmental disorder characterized by a
persistent reading deficit despite normal intellectual potential,
appropriate learning environment, and full educational oppor-
tunities.' Its prevalence has been estimated between 5%
and 10% in school-aged children, depending on language and
cultural background.*>

Studies have shown a strong genetic background for this
disease.*® Specific genes seem to be involved in neuronal
migration processes, axonal growth, and change in the cortical
and subcortical structures.” Moreover, neuroimaging studies in
dyslexia displayed abnormal activation patterns of the cerebral
cortex during the reading process, as well as abnormalities
related to the distribution of gray and white matters.®

These cortical changes are mainly associated with deficits in
phonological awareness, rapid automatized naming, and work-
ing memory.’ Rehabilitation techniques have been used to
facilitate reading acquisitions'® including phonological aware-
ness, visual, and auditory processing training.''™'* Although

functional imaging studies have shown activation of inferior
frontal and occipitotemporal regions after auditory and phono-
logical training,'* individuals still face significant academic
challenges throughout the life span, despite interventions.'>"'®

Several noninvasive brain stimulation techniques have been
used in neuropsychiatric disorders with favorable results,
including transcranial direct current stimulation.'”?* The
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transcranial direct current stimulation is considered a simple,
safe, and low-cost technique, with positive results in the mod-
ulation of brain activity using anodic or cathodic currents.*®
Studies using transcranial direct current stimulation in the
pediatric population have revealed mixed findings. Positive
results after transcranial direct current stimulation include
reduction of epileptic seizures,?’ improvement in static balance
and functional abilities in cerebral palsy,”® and functional
improvement in children with autism.*> Conversely, Bhanpuri
et al’® reported increased symptoms in children with dystonia.

Recent studies have shown that transcranial direct current
stimulation can be a useful therapeutic tool to improve perfor-
mance in cognitive tasks including arithmetic processing, verbal
working memory, attention skills,>' and remodeling language
networks.> Previous studies including healthy adults without
dyslexia have also suggested that the technique may improve
reading. Thomson et al*® reported improvement in reading speed
of participants who received 20 minutes of 2 mA anodic stimu-
lation at CP6 in the right hemisphere. According to Heth and
Lavidor,** the use of 1.5 mA anodal stimulation in theV5/MT
area for 20 minutes resulted in significant improvement in read-
ing and fluency. A placebo-controlled study examining the
effect of 1.5 mA anodic transcranial direct current stimulation
applied for 20 minutes between T7 and TP7 (left hemisphere)
resulted in improved reading efficiency of words.*

To the best of our knowledge, only 3 studies to date have
evaluated the effect of transcranial direct current stimulation
on reading performance in individuals with alexia or dys-
lexia.>*>® Lacey et al*® reported changes in activity and
connectivity of the occipitotemporal cortex after 20 minutes
of 2 mA transcranial direct current stimulation delivered
between T7 and TP7 in an adult with alexia. Costanzo and col-
laborators®®*7 conducted 2 studies with children and adoles-
cents with dyslexia using 1 mA transcranial direct current
stimulation for 20 minutes with the anode electrode placed
between P7 and TP7 and the cathode between P8 and TP8. They
reported mixed findings on the studied variables, with improve-
ment in text reading,>® reading of low-frequency words and non-
words reading speed.®” There was not an increase in number of
correct answers for nonwords and words.>*

Given the limitation of current therapeutic techniques and
the potential benefits of transcranial direct current stimulation
in cognitive rehabilitation, the current study aimed to assess the
effect of transcranial direct current stimulation in reading skills
(identification and reading of letters, syllables, words, non-
words, and text) of children and adolescents with dyslexia.
We used a one-group pretest—posttest design to test our hypoth-
esis, which is anodic t-DCS will increase reading skills in the
studied sample.

Methods
Participants

This was a one-group pretest—posttest study. Individuals with dyslexia
were recruited from the neuropediatric clinic at Professor Edgard
Santos Teaching Hospital, Salvador-Bahia, Brazil.

We recruited 12 participants of both genders (3 female and 9
males), aged between 8 and 17 years old, right handed, and Brazilian
Portuguese native speakers. The average age was 12.5 years (+3.18).
Children were in grades 1 through 12. At the Brazilian school system,
children usually start at grade 1 when they reach 6 years of age and
commence grade 12 at age 17 years. A child neurologist assessed all
participants and diagnosed dyslexia according to the Diagnostic and
Statistical Manual of Mental Disorders (Fifth Edition) criteria.>® The
neurologist and her team diagnosed dyslexia using the Diagnostic and
Statistical Manual of Mental Disorders criteria, supported by the fol-
lowing Brazilian assessments: The Reading Processes Assessment™’
and the Phonological Awareness Test.*' The score analysis in each
Reading Processes Assessment test classified the participants as
belonging to the group with indicative of severe impairment in reading
skills. Moreover, in the Phonological Awareness Test, all the partici-
pants demonstrated an unsatisfactory performance in the tasks of pho-
nemic awareness. On both tests, all participants scored below the
expected level for age and educational level.

All individuals had an estimated intelligence quotient of 90 or
higher, according to Wechsler Intelligence Scale for Children-III;
we did not include participants with visual and/or hearing impairment,
intellectual disability, attention-deficit/hyperactivity disorder (the
absence of attention-deficit hyperactivity disorder was assessed using
the Diagnostic and Statistical Manual of Mental Disorders criteria),
microcephaly (head circumference smaller than 32 cm), craniofacial
anomalies, and epilepsy; we excluded participants with any contra-
indication to transcranial direct current stimulation, such as scalp
dermatitis, cochlear implant, cardiac pacemaker, or metallic implant
in the skull; all parents signed an informed consent and received a
copy of it.

Assessments and Measures

Study tasks measured the ability to read letters, syllables, words, non-
words, and text before and after transcranial direct current stimulation
treatment. Testing materials were developed by authors D.M.R. and
R.L. (Available upon request). All stimuli were presented in a com-
puter screen, one at a time, using a PowerPoint presentation (font
Times New Roman, font size 130, font color black, in a white back-
ground). Participants seated comfortably facing the computer screen
and were requested to read each stimulus aloud. The examiner sat
beside the participant and waited until (s)he read the stimuli or stated
“I do not know” before changing to the next one. All assessment
sessions were recorded for offline judgment using a camera, posi-
tioned on a tripod, and focusing on the participant. Reading tasks
followed the same order in all assessments (letter identification,
words, nonwords, and text reading). For each one of these tasks, the
total number of correct answers and reading time were calculated. The
total number of correct answers for letter identification, words, and
nonwords included only perfect reading of the target production. The
total number of correct answers for text reading consisted of the total
number of words read correctly in the text. During the offline assess-
ment of these tasks, author D.P.M.S.R measured reading time in sec-
onds, using a chronometer. The reading time was the time elapsed
from start to end of an attempt to produce the target block of letters
and reading the words, nonwords, and the entire text. Each task is
detailed below.

Letter identification task. At the beginning, 2 letters were presented
as examples. Then, the 23 test letters were displayed
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individually. The variables analyzed were total number of cor-
rect answer letter and reading time letter.

Syllable task. This task consisted of 39 syllables, starting with the
easiest and ending with the hardest syllabic structures in the Bra-
zilian Portuguese language (consonant-vowel, consonant-vowel-
vowel, consonant-consonant-vowel, consonant-vowel-consonant,
vowel-consonant). The variables analyzed were total number of
correct answer syllable and reading time syllable.

Word task. The words in this test had 2 or 3 syllables, with different
syllabic structures. The 32 words included all phonemes in the
Brazilian Portuguese language. Our research team analyzed total
number of correct answer word and reading time word.

Nonword task. This task contained 30 nonwords using the same
syllabic structures present in the word task. Two additional non-
words were presented at the beginning of this task as an exam-
ple. For this task, we analyzed total number of correct answer
nonword and reading time nonword.

Text task. Two different texts, one with 56 and the other with 60
words each, of same complexity, were used for this task. The 56
word text was always used before the intervention, whereas the
60 word text was used post intervention. From this task, we
analyzed variables total number of correct answer text and read-
ing time text.

Percentage of change. In addition to the main analysis of comparing
pre- and post-transcranial direct current stimulation means of the
abovementioned variables, we performed qualitative assess-
ments for each participant. Our research team included the qua-
litative assessment results due to the importance of individual
changes in clinical practice. Using each individual baseline
score, we computed an increase or decrease in the number of
total number of correct answers for each task after the treat-
ment. Thus, we reported individual percentages of score varia-
tion after transcranial direct current stimulation for all 5 reading
tasks. For total number of correct answer scores, a positive
value indicates the improvement in performance by the individ-
ual in a given task, whereas a negative value means a decrease
in performance. A score of zero represents no change after
treatment. Participants were assessed at the first day, before
starting the stimulation session and after the final stimulation
session on the last day.

Intervention

The transcranial direct current stimulation was performed using a pair
of 7 x 5 cm (35 em?) electrodes in saline-soaked sponges and were
held in place by elastic bandages. The device used was the Striat
(IBRAMED, Amparo-SP, Brazil), regulated by the Brazilian Health
Agency. The current intensity was adjusted to 2 mA for 30 minutes,
with a 60-second ramp up and down at beginning and end of the
stimulation. The intensity was based on a study that considered the
2 mA current well tolerated by children.** The anode electrode was
placed between the middle temporal (T3) and left posterior temporal
(TS) areas, as determined by the 10-20 International electroencepha-
lography system (Figure 1). This choice was based on recent studies
that demonstrated patterns of activation in the superior temporal
gyrus, which has been recognized as a crucial site in the development
of reading skills.**** This finding holds true for both adults and chil-
dren.* The cathode was placed on the right supraorbital region (FP2).
During the stimulation, participants were instructed to remain relaxed
and seated facing a wall, without access to any written materials.
Stimulation on the first and last days took place 10 to 15 minutes after

Figure |. Placement of electrodes for anodic transcranial direct
current stimulation. The anode (in red) was placed between the
middle temporal (T3) and left posterior temporal (T5) areas, as
determined by the 10-20 International electroencephalography
system. The cathode (in black) was placed on the right supraorbital
region (FP2).

and before the assessments, respectively. All stimulation parameters
are considered safe for children and adolescents according to previous
studies.>*4°

For 5 consecutive days, participants received an active, 2 mA
transcranial direct current stimulation for 30 minutes. In this study,
transcranial direct current stimulation was applied without the influ-
ence of cognitive tasks. Bortoletto et al*’ demonstrated that the simul-
taneous combination of a cognitive task and transcranial direct current
stimulation can reduce neuroplasticity. Participants were questioned
about side effects during and after treatment. A single investigator
conducted all procedures to reduce measurement bias.

Recordings were edited, coded, and deidentified. The order of the
24 videos (pre- and post-treatment) was electronically randomized and
saved in an external hard drive. Three speech-language pathologists,
none involved in data collection, judged each task. The evaluators
received the same instructions on how to judge each task and how
to fill out the evaluation forms. Judges received training to improve
interrater reliability. During the training stage, they initially arbitrated
the same video, compared, and discussed answers. Subsequently, they
judged another video, compared, and discussed their answers again.
Judges’ general concordance was measured with Cohen kappa coeffi-
cient (k). We observed high agreement after training for all tasks:
letters—« = 1, P < .001; syllables—k = 0.791, P < .001; words—«
= 0.93, P < .001; nonwords—« = 0.8, P < .001; and text—k = 1,
P <.001. After the training, they received an external hard drive with
the 24 coded, deidentified recordings. Data were analyzed by a statis-
tician not involved in any of the previous stages of the study and was
blind to the data coding.

Statistical analyses were performed using SPSS 21.0 for Win-
dows.*® Descriptive statistics were used to characterize the sample.
Nonparametric Wilcoxon test was used to compare the scores before
and after transcranial direct current stimulation sessions. G*Power
version 3.1 was used to calculate effect size.* Effect size was calcu-
lated based on the method described by Morris and DeShon.>® We
followed the classification of Cohen (1988) and Rosenthal (1996) for
the magnitude of the effect size: <0.19—insignificant; between 0.20
and 0.49—small; between 0.50 and 0.79—medium; between 0.80 and



Child Neurology Open

Table . Performance of Youth 8-to-16-Year Old With Dyslexia in
Reading Tasks Pre- and Post-tDCS Intervention.?

Pre-tDCS, Post-tDCS,

Reading tasks Mean (SD) Mean (SD) P Value d (ES)
Letters

TCA 18.92 (3.45) 20.25 (0.87) 223 45

RT 38.42 (10.87) 36.92 (12.92) .530 .14
Syllables

TCA 26.83 (11.45) 28.58 (10.30) .055 .57

RT 144.83 (51.69) 155.92 (109.68) .695 15
Words

TCA 25.10 (9.64) 25.00 (9.74) .785 .07

RT 142.50 (136.67) 175.60 (208.64) .169 .38
Nonwords

TCA 16.70 (9.07) 18.70 (8.14) .035° .87

RT 153.50 (107.72) 184.80 (185.30) .475 32
Words in the text

TCA 43.11 (15.96) 48.11 (17.23) 0l12° 1.47

RT 65.78 (64.44) 65.33 (61.40) 953 .07

Abbreviations: ES, effect size; RT, reading time; SD, standard deviation; tDCS,

transcranial direct current stimulation; TCA, total number of correct answers.

?Differences were tested using Wilcoxon test. Reading time was measured in
seconds. Number of participants who completed the tasks: Letter and Syllable,
N = 12; Words and Nonwords, N = 10; Words in the text, N = 9. All 12
participants were presented with the 5 tasks, but some of them did not have
the ability to give answers on tasks that were more complex.

PIndicates a statistically significant value (P < .05).

1.29—large; and >1.30—very large.”'>> We considered statistically
significant P values <.05.

Results

Table 1 presents pre- and postintervention scores for total num-
ber of correct answers and reading time. We found a significant
increase for total number of correct answers of nonwords
(Z=12.113, P = .035, r = 0.97) and words read in text (£ =
2.501, P = .012, r = 0.98) after transcranial direct current
stimulation. The total number of correct answers of letters,
syllables, and words, as well as all reading time variables did
not change after the intervention. Effect sizes are shown in the
last column of Table 1. In terms of total number of correct
answers, a very large and large effect size were observed for
text and nonword tasks (1.47 and 0.87, respectively). The syl-
lable task presented a medium effect size (.57), the letter task
had a small (.45), and the word task presented an insignificant
one (.07). For reading time, all effect size values were insig-
nificant (ranging from 0.07 to 0.15), except for the words and
nonword tasks, which presented small values (0.38 and 0.32,
respectively).

Results for the individual percentage of change in reading
tasks are presented in Table 2, along with sociodemographic
characteristics. For the entire sample, 60 tasks were performed
(5 for each participant). That number dropped to 53 because 3
participants did not complete 7 tasks. Looking at Table 2, the
improvement in 25 (41.7%) total number of correct answer
tasks for 11 participants is observable. The increase in total

number of correct answers indicates that participants had more
answers that are correct after the intervention when compared
to the baseline assessment. These improvements appear as pos-
itive percentage values, varying from 2.6% to 200% of change
from the baseline scores.

Overall, individual performances postintervention in total
number of correct answers were greater in the nonword task
and the number of words read in the text tasks, with an average
increment in correct responses of 43.6% and 32.2%, respec-
tively. This result can be seen in the last row of Table 2. In
letter and syllable tasks, improvement in total number of cor-
rect answers after transcranial direct current stimulation was
observed in individuals 12-year old or younger.

Tingling (33.3%) and mild headache (25%) were the only
adverse effects reported. These symptoms were mild and tran-
sient, as observed in previous studies.****

Discussion

This study investigated the effects of five 2 mA transcranial
direct current stimulation sessions on reading performance of
children and adolescents with dyslexia to evaluate its impact.
Results suggested that anodal transcranial direct current stimu-
lation in the temporal may produce an increase in the number of
correct answers for nonwords and words read in text tasks.

These findings are consistent with previous studies using
transcranial direct current stimulation intervention to improve
reading skills in children. Constanzo et al*® studied children
and adolescents aged between 10 and 17 years and looked at
improvement in correct answers for nonwords, words, and text
reading. These authors revealed a significant improvement in
the text reading (P < .001), with reduction in errors after tran-
scranial direct current stimulation. They placed the anode on
the left side, approximately in the same region we stimulated
in the current study (parietotemporal region) and the cathode in
the right contralateral region. Despite the difference in cathode
location between this study and that of Costanzo, both studies
found positive effects on reading after anode stimulation in the
left parietotemporal region. In addition, Costanzo and colla-
borators found an increase in reading errors in the reverse
polarity condition.

In the current study, we also observed an improvement in
the number of nonwords read, but not on the number of words.
The same study of Costanzo et al,*® comparatively to our
results, found no significant effect of transcranial direct current
stimulation on the word reading task. Contrary to our findings,
these authors did not observe improvement in nonword read-
ing. A single transcranial direct current stimulation session, as
argued by Costanzo et al,*® may not suffice to induce changes
in several reading tasks. They suggested that multiple sessions,
as used in our study, may lead to greater and lasting changes.

Another study®” in children with dyslexia aged 10 to
17 years showed a significant effect of transcranial direct cur-
rent stimulation on nonword reading speed (P = .04) and error
reduction after transcranial direct current stimulation in the
low-frequency word task (P = .02), but not in error reduction
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Table 2. Individual Percentage of Change in the Number of Total Correct Answers in Reading Tasks Post-tDCS for Youth 8-to-16-Year Old

With Dyslexia.?

TCA
Participant Age School Grade Gender Letters Syllables Words Nonwords Texts
I 8 2 F 727 0 NR NR NR
2 8 2 M -5 50 NR NR NR
3 10 5 M 0 -3.1 -1 0 10.2
4 10 4 M 46.2 222 0 150 NR
5 12 5 F 235 66.7 0 100 200
6 12 5 M 0 13.8 0 357 21.3
7 12 5 M 0 2.6 10.7 9.1 10.4
8 I5 7 M 0 0 0 6.3 1.4
9 I5 9 M 0 1.4 -34 20 16.3
10 16 9 M 0 0 0 0 1.5
I 16 10 F 0 —10.3 0 357 12.8
12 17 10 M —4.38 0 0 -77 -39
Mean total percentage of change 26.5 19.2 —1.3 43.6 322

Abbreviations: NR, no response; TCA, total of number correct answers; tDCS, transcranial direct current stimulation.
A positive value on TCA indicates increase, whereas a negative value indicates decrease, and zero represents no change in the number of correct answers after
the tDCS intervention. The last line on this table represents the average percentage of change for each variable in the entire sample.

in high-frequency words, nonwords, and text. Participants
received 18 days of anodic transcranial direct current stimula-
tion stimulation, spread through 6 weeks (anode placed in the
parietotemporal area and cathode in the contralateral area).
Additionally, participants performed phonetic and text reading
training during transcranial direct current stimulation sessions.
According to Turkeltaub et al,** in a study with individuals
without reading deficits, the association of transcranial direct
current stimulation sessions with reading interventions focus-
ing on the impaired reading skills for each individual may
optimize the effect of transcranial direct current stimulation
on reading performance. Another study, however, suggested
the contrary.*> We based our choice of not using cognitive
activities during stimulation based on previous work suggest-
ing that plasticity induced by transcranial direct current stimu-
lation is task dependent. The use of a cognitive task
concomitant to transcranial direct current stimulation may
reduce learning if the task induces an increase in cortical excit-
ability, triggering an undesired nonadditive mechanism that
may hinder neuroplasticity, which we wanted to avoid.*’

Despite the differences in the use or nonuse of concomitant
reading training, the current and the previous 2 studies in chil-
dren with dyslexia®®*’ stimulated the left temporal area and
showed gains at reading tasks. An imaging study with func-
tional magnetic resonance demonstrated improvement in the
reading process after transcranial direct current stimulation.*®
The authors reported greater connectivity in the left occipital
cortex and decreased connectivity in the right occipitotemporal
cortex after the stimulation, with the anode placed between T7
and TP7 and cathode in the contralateral region in an individual
with alexia.

Although only nonwords and words in text tasks presented
significant differences after the intervention, the effect size of
other tasks deserve to be mentioned, considering features of

this study and possible clinical implications. We failed to find
statistically significant differences for letter and syllable
tasks. The 2 studies to date on transcranial direct current
stimulation and reading performance in children with dyslexia
did not include similar tasks.*®*” At the individual level anal-
ysis (see Table 2), we noticed a pattern of improvement
among younger individuals (12 years or younger) in the letter
and syllable tasks. Given the simpler complexity of these
tasks, we assume that older individuals with more years of
school have already acquired competence and a certain level
of proficiency, especially at the letter task. Hence, the impact
of transcranial direct current stimulation should be tested in
bigger samples, especially considering the results for total
number of correct answers in the syllable tasks (.57, a medium
effect size).

Regarding the safety of transcranial direct current stimula-
tion in children, adverse effects reported in this study were mild
and transient, as previously observed in the studies of Andrade
et al and Gillicket al.** Recently, Palm et al** conducted a
meta-analysis discussing the therapeutic use of transcranial
direct current stimulation in children and adolescents, suggest-
ing that transcranial direct current stimulation seems to be a
safe, tolerable, and powerful in the pediatric population, though
this still requires further study to fully ensure the safety of the
method. Our results corroborate the overall safety of this neu-
romodulation technique for the treatment of children.

Our study has limitations that should be addressed. First, we
lacked a control group. In the population that included our
potential participants, we conducted a survey before finishing
the study protocol and identified that parents were not willing
to participate in a long-term study where they might receive the
placebo treatment. The families in this study were looking for
new treatments to improve their children’s reading abilities and
were interested in volunteering only if they would receive an
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active stimulation. Even the prospect of a crossover design was
unwelcomed by the majority of parents surveyed. Thus, we
opted to conduct a one-group pretest—posttest design. Ours,
however, is not the only transcranial direct current stimulation
study intervention to not include a control group.>?

We had a small number of participants, although our
sample size was similar to previous studies with transcranial
direct current stimulation.>®*” Age and grade ranges were
broad in our study, which hinders our ability to adequately
explain the developmental differences in reading skills.
Although dyslexia is a relatively common disorder, the
design of transcranial direct current stimulation studies with
multiple sections poses challenges to enroll a large number
of participants, especially at school age. This was true for
our study as we had planned a larger sample size but could
not achieve recruitment goals. We believe, however, that
our results are valuable to provide additional evidence on
the potential benefits of the technique, as well as safety
information for the pediatric population. Studies using tran-
scranial direct current stimulation in children with dyslexia
remain scarce and are in demand. Larger sample sizes’* and
randomized control trial designs are clearly needed in future
studies with this population.

The variability of findings in functional neuroimaging
indicates that location of target brain regions varies among
participants,”>>° which may explain variability of findings
among similar electrodes’ montage. In this study, the anode
electrode was placed between T3 and TS5, in accordance with
the theoretical location of structures involved in typical read-
ing development. Dyslexia is a heterogeneous condition and
studies have shown variability in location of neuroanatomical
abnormalities in the human brain.** All participants in the
current study were right handed and most likely had the left
hemisphere-dominant for reading, which guided our choice
for the placement of the anode on the left side. Ideally, future
transcranial direct current stimulation research should use
individualized protocols based on results of neurofunctional
studies, costs permitting.

Finally, although the results indicate an improvement in
reading efficiency for some tasks in children with dyslexia, the
gains from transcranial direct current stimulation may not
necessarily translate into improved functionality in uncon-
trolled environments, such as the classroom. Significant results
do not necessarily mean clinical or subjective perception of
improvement. Future controlled clinical trials must assess clin-
ical relevance of similar results over time.

Conclusion

In summary, the use of transcranial direct current stimulation in
children and adolescents with dyslexia appears to improve
reading scores of nonwords and words in text. Our findings are
encouraging to continue the exploration of the potential bene-
fits of using transcranial direct current stimulation intervention
to improve reading skills in youth with dyslexia.
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