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Abstract

Objective: Among the target groups in child and adolescent psychiatry, transcra-
nial direct current stimulation (tDCS) has been more applied in neurodevelopmental
disorders specifically, attention-deficit hyperactivity disorder (ADHD), autism spec-
trum disorder (ASD), and dyslexia. This systematic review aims to provide the latest
update on published randomized-controlled trials applying tDCS in these disorders for
evaluating its efficacy and safety.

Methods: Based on a pre-registered protocol (PROSPERO: CRD42022321430) and
using the PRISMA approach, a literature search identified 35 randomized controlled
trials investigating the effects of tDCS on children and adolescents with ADHD (n = 17),
ASD (nh = 11), and dyslexia (n = 7).

Results: In ADHD, prefrontal anodal tDCS is reported more effective compared to
stimulation of the right inferior frontal gyrus. Similarly in ASD, prefrontal anodal
tDCS was found effective for improving behavioral problems. In dyslexia, stimulating
temporoparietal regions was the most common and effective protocol. In ASD and
dyslexia, all tDCS studies found an improvement in at least one of the outcome vari-
ables while 64.7% of studies (11 of 17) in ADHD found a similar effect. About 88%
of all tDCS studies with a multi-session design in 3 disorders (16 of 18) reported a
significant improvement in one or all outcome variables after the intervention. Ran-
domized, double-blind, controlled trials consisted of around 70.5%, 36.3%, and 57.1%
of tDCS studies in ADHD, ASD, and dyslexia, respectively. tDCS was found safe with
no reported serious side effects in 6587 sessions conducted on 745 children and
adolescents across 35 studies.

Conclusion: tDCS was found safe and partially effective. For evaluation of clinical
utility, larger randomized controlled trials with a double-blind design and follow-up
measurements are required. Titration studies that systematically evaluate different

stimulation intensities, duration, and electrode placement are lacking.
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Significant Outcomes

* In ADHD, prefrontal anodal tDCS has been more promising com-
pared to the right IFG stimulation.

* In ASD and dyslexia, left prefrontal anodal tDCS and left tem-
poroparietal anodal stimulation have been promising for improving
behavioral and reading problems, respectively.

* Double-blind, RCTs consisted of 70.5%, 36.3%, and 57.1% of tDCS
studies in ADHD, ASD, and dyslexia, respectively, and tDCS was
found safe with no reported serious side effects in 6587 sessions in
745 children and adolescents across 35 studies.

Limitations

* Overall quality of established evidence in our systematic review was
low, mostly because of small sample sizes, lack of long-term follow-
ups, and several risks of bias.

* Heterogenous stimulation parameters in ADHD studies and low
number of double-blind RCTs in ASD are noticeable limitations in

these disorders.

1 | INTRODUCTION

Over the last two decades, transcranial direct current stimulation
(tDCS) has been exponentially applied in humans for studying and mod-
ifying brain physiology that underlies cognition (Polania et al., 2018;
Salehinejad et al., 2021) as well as for improving symptoms in clini-
cal populations that suffer from plasticity-related symptoms/deficits
(Fregni et al., 2020). Yet, the number of currently available studies in
children and adolescents is limited compared to adults (Bikson et al.,
2016). In the last couple of years, however, tDCS has been increas-
ingly used in children and adolescents (Rivera-Urbina et al., 2017,
Salehinejad et al., 2021; Vicario & Nitsche, 2013, 2019). In child psychi-
atric disorders, tDCS has been mostly applied in neurodevelopmental
disorders specifically attention-deficit hyperactivity disorder (ADHD)
(Salehinejad et al., 2019, 2020; Westwood et al., 2021), autism spec-
trum disorder (ASD) (Garcia-Gonz alez et al., 2021; Osério & Brunoni,
2019), and developmental dyslexia (Salehinejad et al., 2021; Turker &
Hartwigsen, 2022).

What makes the application of tDCS, and other non-invasive brain
stimulation techniques, promising in these disorders is the underly-
ing pathophysiology, which is related to brain functional and struc-
tural abnormalities. In ADHD pathophysiology, there are at least two
influential theories that have gained support with neuroimaging, neu-

ropsychological, and brain stimulation studies. The first theory posits

that ADHD is a result of poor inhibitory control due to executive
dysfunctions (Barkley, 1997; Willcutt et al., 2005), which are associ-
ated with functional abnormalities in the prefrontal cortex and several
subcortical regions (Passarotti et al., 2010; Samea et al., 2019). The
other theory, “motivational dysfunction theory” (Cepeda et al., 2000;
Sonuga-Barke, 2005) assumes that there are impulse control deficits
that lead to hyperactivity, and these deficits are mostly related to the
medial prefrontal regions and subcortical areas (Krain & Castellanos,
2006; Rubia, 2018). The most updated account on ADHD pathophysi-
ology shows that it results from both hot and cold cognitive deficits that
correspond to distinct but related brain regions although cold cognitive
deficits seem to be central (Cubillo et al., 2012; Salehinejad et al., 2021).
It is noteworthy that describing cognitive and executive functions as
hot and cold is based on the extent they are related to emotion (e.g., hot)
or purely cognitive aspects (e.g., cold) (Salehinejad et al., 2021; Ward,
2019).

In ASD and dyslexia, similar heterogeneous pathophysiology is
documented. Impaired social cognition (e.g., theory of mind) and reci-
procity behavior are core deficits in ASD (Lord et al., 2018). Neuroimag-
ing studies have shown a frontal-posterior network including the
medial prefrontal cortex (e.g., ventromedial prefrontal cortex—vmPFC,
posterior cingulate cortex, and bilateral temporoparietal junction—
TPJ) and several subcortical regions (e.g., amygdala, insula, thalamus,
and basal ganglia) with altered activation in ASD (Cerliani et al., 2015;
Nijhof et al., 2018; Salehinejad et al., 2021; Yuk et al., 2020). A recent
account of ASD pathophysiology posits that ASD is marked with both
cognitive and social/emotional deficits related to cold and hot cognition
but here hot cognition deficits seem more central (Salehinejad et al.,
2021). Developmental dyslexia, as the most frequent learning disorder,
is characterized by severe impairments in reading and writing despite
normal intelligence (American Psychiatric Association 2013). Here, the
left hemisphere and especially the frontal region (e.g., inferior frontal
gyrus), temporal, parietal (e.g., inferior parietal regions), and also visual
cortex and cerebellum are involved in language difficulties (D'mello &
Gabrieli, 2018; Richlan et al., 2010).

In addition to brain functional abnormalities, these major neu-
rodevelopmental disorders come with related cognitive, affective, and
social deficits. Modulating cortical (and subcortical activities) with
tDCS is assumed to regulate such functional abnormities and hopefully
associated cognition and behavior. Cortical excitability and neuro-
plasticity are two fundamental physiological components underlying
human cognition and behavior (Salehinejad et al., 2021), which can
be modulated by tDCS (Polania et al., 2018). Based on this assump-
tion, tDCS has been applied for enhancing cognitive, emotional, and
social functions in healthy individuals (Ghanavati et al., 2018; Ghana-
vati et al., 2019; Nejati et al., 2018; Sellaro et al., 2016) and also
improving respective deficits in brain disorders (Begemann et al., 2020;
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Fregni et al., 2020; Vicario et al., 2019) including neurodevelopmental
disorders.

Despite growing interest in the application of tDCS in neurodevel-
opmental disorders, the number of standard tDCS studies with robust
experimental conditions is still limited and warrants further investiga-
tion. Furthermore, the standard and safe application of tDCS in the
developing population, especially children and adolescents requires an
updated overview of the currently available studies. Finally, results
have been mixed regarding the efficacy of tDCS, especially in ADHD.
The available reviews that are published in the last 2 years are mostly
limited to one specific disorder, include studies with adult sample, or
are relatively outdated. The only review with a similar scope was pub-
lished in 2019 (Finisguerra et al., 2019) and includes 16 tDCS studies,
4 of which are case reports and/or open-label trials with no risk of
bias or safety evaluation for the included studies. Accordingly, here, we
used the PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) method to systematically review the latest reports
of tDCS studies conducted to date in major neurodevelopmental
disorders including ADHD, ASD, and dyslexia.

1.1 | Aim of the study

We present a systematic review to (1) evaluate the efficacy of tDCS in
improving the symptoms and neuropsychological deficits of these dis-
orders and (2) investigate the safety aspects of tDCS in these pediatric

populations. We also discuss future directions for tDCS studies in these

disorders.
2 | METHODS
2.1 | Information sources, search strategy, and

study selection

We used the PRISMA approach (Moher et al., 2015) in this
systematic review and registered the protocol in PROSPERO
(CRD42022321430). Using the PRISMA guidelines, a systematic
search was performed by the first author in PubMed (Medline), Sco-
pus, and Google Scholar, using the following search terms: [‘ADHD”
OR “attention-deficit hyperactivity disorder” OR “ASD” OR “autism
spectrum disorder” OR “dyslexia” OR “learning disorder” OR "Inaguage
disorder"] AND [ “transcranial electrical stimulation” OR “transcranial
direct current stimulation” OR “tES” OR “tDCS”] AND [“children” OR
“pediatric” OR “adolescents”] with the final search updated on March
10, 2022. The database search identified initial 1118 records with
587 records identified via PubMed and 531 records identified via the
Scopus database. After removing the duplicates of two databases,
67 records remained for screening. Furthermore, a manual search of
the reference sections of the retrieved studies and review articles was
carried out. No year limit was applied. Review articles, meta-analyses,
and relevant book chapters were examined for cross-references. The

PRISMA flow diagram is displayed in Figure 1.

2.2 | Study inclusion

Only peer-reviewed published studies were included in our analy-
sis. The inclusion criteria were: (1) randomized controlled trials with
placebo (sham)-control, baseline-control, or waitlist-control, (2) stud-
ies published in international peer-reviewed journals and in English,
(3) studies conducted on children and adolescents with ADHD, ASD,
or dyslexia (studies conducted on adults were excluded). The final
search identified a total of 35 studies following screening 67 records.
After removing duplicates and screening the abstracts based on the
inclusion criteria, 17 RCTs in ADHD, 11 RCTs in ASD, and 7 RCTs in
dyslexia remained for full-text assessment and data extraction. It is of
note that two recent tDCS studies in ADHD population belong to one
dataset (Westwood et al., 2021, 2022) but as they are published sepa-
rately with two different sample sizes and have different measures, we

treated them as separate studies.

2.3 | Risk of bias

The risk of bias assessment was performed using the Cochrane Collab-
oration’s tool (Higgins et al., 2011). In each study, authors judged the
risk of selection, performance, detection, attrition, reporting, and other
biases. The risk of bias was categorized as low, high, or uncertain, and
a summary of results for tDCS studies conducted in ADHD, ASD, and

dyslexiais shown in Figure 2.

3 | RESULTS

3.1 | Risk of bias

3.1.1 | tDCS studies in ADHD

The risk of bias for each tDCS study in ADHD is reported in Figure 2a.
In ADHD studies, five studies used a single-blind design (Breitling
et al., 2016; Nejati et al., 2021; Nejati et al., 2020; Salehinejad et al.,
2020; Soltaninejad et al., 2015) yielding a potential detection bias as
the experimenter was not blind to the tDCS condition. We identi-
fied “other” biases in several other studies. In Breitling et al. (2020),
the sources of other biases are different experimental procedures in
the control and ADHD groups, and reduction of stimulation inten-
sity to 50% in 3 out of 14 participants due to low tolerability of
the standard current intensity. In Breitling-Ziegler et al. (2021), the
source of other bias includes low sample size in each dosage group
(9 and 11) that is very low for concluding the efficacy of HD-tDCS
in ADHD. In Berger et al.’s (2021) study, the source of other bias is
having no sham control condition although the authors had an active
control condition. Finally, in Westwood and colleagues’ recent stud-
ies (Westwood et al., 2021, 2022), the authors applied concurrent
cognitive training and tDCS without any experimental condition that
disentangles the effect of each intervention alone. In other marked
studies, the source of other bias is related to low sample size (>15),
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FIGURE 1 PRISMA flow diagram of included studies investigating the effects of transcranial direct current stimulation in ADHD, autism, and
dyslexia. Note: Twenty-two records were excluded for being conducted in adults, published as protocol, review articles, and case reports, and not
meeting the inclusion criteria. Four non-English full-texts and non-RCT (mainly open-label trials) were excluded. Abbreviations: ADHD,

attention-deficit hyperactivity disorder; ASD, autism spectrum disorder

which does not comply with current standards and guidelines for tES
studies.

3.1.2 | tDCS studies in ASD

The risk of bias for each tDCS study in ASD is reported in Figure 2b.
The source of selection bias in GAmez et al.’s (2017) was that ASD
children received different interventions (i.e., repetitive TMS for 11-
years-old and older or tDCS in 10-years-old and younger) depending
on age. Although both techniques are modulatory, their mechanisms of
effect and focality and the modulated target regions are thus different.
In Sun et al. (2022), the source of the other bias is related to comor-
bidity of patients. Most of the enrolled patients were accompanied by
degrees of comorbidities including anxiety disorder, ADHD, and atten-
uated psychosis syndrome. The source of other biases in other studies
(Amatachaya et al., 2014; Toscano et al., 2019) is having no control
over medication use in the patients or comorbid disorders in addition

to ASD, which makes the sample heterogenous.

3.1.3 | tDCS studies in dyslexia

The risk of bias for tDCS studies in children and adolescents with

dyslexia is reported in Figure 2c. Four of 7 studies had a double-blind

design (Costanzo et al., 2019; Costanzo et al., 2016; Costanzo et al.,
2016; Lazzaro et al., 2021) and 3 studies reported a single-blind design
(Lazzaro et al., 2021; Rahimi et al., 2019; Rahimi et al., 2019). In the
multi-session study conducted by Rahimi et al. (2019b), (there are two
experimental groups one of which received the tDCS intervention. Fur-
thermore, the control group was a waitlist group with not enough
details about how this group was monitored. In the Lazzaro et al.’s
(2021b) study (, there is no sham control condition and we consid-
ered this as an important other bias that does not allow us to rule out
the potential placebo effect. Also, some participants in Lazzaro and
colleagues’ two studies (Lazzaro et al., 2021a,b) were taken from par-
ticipants in Costanzo et al.’s (2019) study ), which might be a source
of selection bias. The source of reporting bias in the Costanzo et al.
(2016a) and Lazzaro et al. (2021b) studies is related to no report of

reaction time in the n-back test.

3.2 | Overview of tDCS studies in children and
adolescents with neurodevelopmental disorders

Of studies included in this review, ADHD is the most studied neurode-
velopmental disorder with 17 tDCS RCTs in children and adolescents
with ADHD. ASD is the second-most studied neurodevelopmental
disorder with 11 reported studies. Seven studies also reported the

application of tDCS in developmental dyslexia. Details of the tDCS
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FIGURE 2 (a)Bias assessment for included tDCS studies in children and adolescents with ADHD (n = 17) using the Cochrane risk of bias tool.
(b) Bias assessment for included tDCS studies in children and adolescents with ASD (n = 11) using the Cochrane risk of bias tool. (c) Bias assessment
for included tDCS studies in children and adolescents with dyslexia (n = 7) using the Cochrane risk of bias tool; Abbreviations: na, not applicable
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studies in these disorders are summarized in Tables 1-3, respectively.
In what follows, we briefly overview the targeted outcome measures,
study design, and important parameters of tDCS interventions applied
in each disorder.

3.2.1 | ADHD

We found 17 tDCS studies in children and adolescents with ADHD
(Berger et al., 2021; Breitling et al., 2016; Breitling et al., 2020;
Breitling-Ziegler et al, 2021; Klomjai et al., 2022; Munz et al.,
2015; Nejati et al., 2021; Nejati et al., 2020; Nejati et al., 2017;
Prehn-Kristensen et al., 2014; Salehinejad et al., 2020; Soff et al.,
2017; Soltaninejad et al., 2015; Sotnikova et al., 2017; Westwood
et al., 2022; Westwood et al., 2021). It is of note that the 2 stud-
ies of Westwood and colleagues are from the same database, but as
they report different measures with different sample sizes, we listed
them separately. Cognitive deficits and executive dysfunctions were
the primary targets in 10 studies. In other studies, one specifically
targeted behavioral symptoms (Soff et al., 2017), 2 studies investi-
gated both cognitive deficits and symptoms improvement (Berger et al.,
2021; Westwood et al., 2021), and 4 studies also examined EEG power
spectral and task-based EEG in addition to cognitive deficits (Bre-
itling et al., 2020; Breitling-Ziegler et al., 2021; Klomjai et al., 2022;
Westwood et al., 2022). Details of these studies including stimula-
tion protocols, sample size, outcome measures, and major findings
are summarized in Table 1. Overall, the results of these studies sug-
gest partially improving effects of tDCS on cognitive deficits (response
inhibition, working memory, attention, cognitive flexibility, reward
processing), but the clinical utility of tDCS in ADHD cannot yet be
concluded and requires further investigation with multi-session proto-
cols in larger sample sizes (Salehinejad et al., 2019; Salehinejad et al.,
2020). Of 5 studies with multi-session protocols (Berger et al., 2021;
Breitling-Ziegler et al., 2021; Klomjai et al., 2022; Soff et al., 2017;
Westwood et al., 2022; Westwood et al., 2021), 40% reported a sig-
nificant improving effect on outcome variables including ratings of
symptoms and one study (2021) found beneficial effect of 5 day HD-
tDCS on attention (but not response inhibition) which was detectable
up to 4 months after the stimulation.

The left dIPFC was the most often targeted region, and anodal
tDCS—the most often applied protocol—with promising results
(Figure 3a,d). Additional cortical regions such as the medial prefrontal
cortex, right inferior frontal gyrus, and right dIPFC are also involved
in the pathophysiology of ADHD, which were not explored in studies
published before 2020. Recently, however, one study targeted the
medial prefrontal cortex (e.g., vmPFC) and found that tDCS over this
region vs. the left dIPFC improved hot executive dysfunction (e.g., risky
decision-making and delay discounting) in ADHD (Nejati et al., 2020).
Another study also found that tDCS over the right posterior parietal
cortex had a partial and specific effect on attentional orienting but not
attentional alerting or attentional control and, on the contrary, had a
deteriorating effect on the top-down attentional control (Salehinejad
et al,, 2020). The specific role of the right dIPFC with anodal tDCS

SALEHINEJAD ET AL.

has been studied in one study so far (Nejati et al., 2021) where the
reference electrode was placed externally. With four published tDCS
studies in 2020-2022, the number of studies that targeted r-IFG
in children and adolescents with ADHD is now five (Breitling et al.,
2016; Breitling et al., 2020; Breitling-Ziegler et al., 2021; Westwood
et al,, 2022; Westwood et al., 2021), which may allow us to under-
stand the contribution of this region. Overall, these studies found no
significant improving effect of r-IFG anodal tDCS on their primary
outcome measures including working memory, response inhibition,
ADHD symptoms, or EEG markers. In two studies, however, (Breitling
etal., 2016; Breitling-Ziegler et al., 2021), significant improvement was
reported in reducing commission errors and improving attention which
was detectable up to 4 months after the end of stimulation. The results
of these studies need to be interpreted with some considerations
about the applied protocols and experimental procedure, which we
explain in the discussion.

It is also of note that only 2 studies applied HD-tDCS protocols
in which usually 4 return electrodes surround on a central electrode
(Breitling et al., 2020; Breitling-Ziegler et al., 2021) and the rest applied
conventional tDCS protocols with electrode sizes of 25 or 35 cm.
Anodal polarity was the predominant target in 16 studies and in 4 stud-
ies both anodal and cathodal polarity were applied (Breitling et al.,
2016; Nejati et al., 2020; Nejati et al., 2017; Soltaninejad et al., 2015).
Only in 3 of these studies (Klomjai et al., 2022; Nejati et al., 2017; Solta-
ninejad et al., 2015), cathodal tDCS was applied over the left dIPFC,
which improved outcome variables (response inhibition). Finally, only
5 studies applied the return electrode extracranially on either mastoid
or shoulders (Breitling et al.,2016; Munz et al., 2015; Nejati et al., 2021;
Prehn-Kristensen et al., 2014; Salehinejad et al., 2020). The stimulation
intensities also ranged from 0.25 to 0.5 mA for HD-tDCS, and 0.75 and
1.5 mA for conventional tDCS protocols. See Table 1 for specific study
details and Figure 3a for an overview of studies blindness, repetition
rate, and target regions.

3.2.2 | Autism spectrum disorder

We identified 11 RCTs of tDCS application in children and adolescents
with ASD. Details of these studies including stimulation protocols,
sample size, outcome measures, and major findings are summarized
in Table 2. DLPFC was the most often-targeted region (Figure 3b,d)
and here, anodal tDCS over the left dIPFC (in 7 out of 11 studies)
(Amatachaya et al., 2014; Amatachaya et al., 2015; Han et al.,, 2022;
Kangetal.,, 2018; Qiu et al., 2021; Sun et al., 2022; Toscano et al., 2019)
was the most often applied protocol in ASD. In one study (Hadoush
et al,, 2020), a significant improving effect of bilateral anodal dIPFC
tDCS was observed on overall behavioral symptoms. A novel aspect
of this study was the application of bilateral anodal stimulation over
both, left and right dIPFC, with a 4x1 electrode arrangement. Catho-
dal stimulation over the left dIPFC is also applied in ASD (GAmez et al.,
2017) and in two open-label studies that were not included in this
review. Two recent studies also reported improving effects of fronto-
cerebellar tDCS (i.e., anodal left dIPFC, cathodal right cerebellar tDCS)
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(Continued)

TABLE 2

Return

electrode

Target

Design

site/electrode

size

electrode
site

7.80 +2.00 [NR] Left dIPFC

Mean age +

(control

Outcome measure Major finding

Polarity

Duration

Intensity
1.5mA

SD [age range]

N

condition)

# Author

Anodal + Symptoms (by ABC),  ABC significantly improved

12 x 20 min

Right

37

RCT single

11 Sunetal.(2022)P

n after active and sham
tDCS+ rehabilitation.

ERP (MMN)

rehabilitation

(daily)

supraorbital

(F3)

blind parallel
group (sham

(Fp2)/7 x5cm

Active tDCS group

controlled)

performed significantly

better. MMN amplitude

increased in both groups

with no significant
difference between

groups

dorsolateral prefrontal cortex; vimPFC/Fpz = ven-

randomized controlled trial; SD = standard deviation; ERP = event-related potential; dIPFC
left dorsolateral prefrontal cortex; F4 = right dorsolateral prefrontal cortex; Fpl = left supraorbital area; Fp2 = right supraorbital area; M1 = left primary motor cortex;

Note: tDCS = transcranial direct current stimulation; RCT

tromedial prefrontal cortex; F3

Aberrant Behavior

Childhood Autism Rating Scale; ABC

Autism Treatment Evaluation Checklist; CARS =

left and right frontocentral regions; ATEC

mismatch negativity; NR = not reported or available.

CP6/rTPJ = right temporoparietal junction; FC1/FC2

Checklist; MMN

2Findings of these works are based on proceeding reports.

Open Access

bpatients in these studies underwent tDCS intervention + rehabilitation treatment.

SALEHINEJAD ET AL.

on behavioral symptoms (Toscano et al., 2019), and anodal stimulation
over the primary motor cortex on motor skill training in children with
ASD (Mahmoodifar & Sotoodeh, 2020). Of 11 included studies, only
1 study targeted right TPJ and vmPFC, two key regions in the theory
of mind in ASD, and found that anodal vmPFC, but not r-TPJ tDCS,
significantly improved ToM in children with ASD (Salehinejad et al.,
2021).

Nine of 11 studies had repeated protocols in which tDCS was
applied on consecutive days for 10, 12, 15, or 20 sessions (Amatachaya
et al., 2014; GAmez et al., 2017; Hadoush et al., 2020; Han et al,
2022; Kang et al., 2018; Mahmoodifar & Sotoodeh, 2020; Qiu et al.,
2021; Sun et al., 2022; Toscano et al., 2019). All these studies reported
significant improvement of their outcome variables (mostly ASD symp-
toms) and repeated daily sessions resulted in improved behavioral and
social functioning for up to 6 months (GAmez et al., 2017) after the
intervention. The stimulation intensity varied from 1 mA (n = 9) to
1.5 mA (n = 2) and all studies used conventional protocols with elec-
trode sizes of 25 or 35 cm. Only 4 studies applied a double-blind design
(Amatachaya et al., 2014; Amatachaya et al., 2015; Hadoush et al.,
2020; Han et al., 2022) and the rest had a single-blind design or not
reported the study blinding (Figure 3b), which should be considered
with care. See Table 2 for major findings of the studies and Figure 3b
for an overview of studies blindness, repetition rate, and the target

regions.

3.2.3 | Dyslexia

Seven tDCS RCTs in developmental dyslexia (Costanzo et al., 2019;
Costanzo et al., 2016; Costanzo et al., 2016; Lazzaro et al, 2021;
Lazzaro et al, 2021; Rahimi et al., 2019; Rahimi et al., 2019) were
included in this review. Reading performance and abilities were pri-
mary outcome measures in 5 of 7 studies and in all of them, a significant
improvement was observed in reading components (e.g., reading accu-
racy, word frequency, reading speed, reading fluency). One study
examined sustained attention in children with dyslexia (Rahimi et al.,
2019) and in another study, the outcome measure was auditory pro-
cessing and its ERP correlates (Rahimi et al., 2019), which showed
improved auditory processing. Unlike tDCS studies in ADHD and
ASD, temporoparietal regions (e.g., temporoparietal junction, superior
temporal gyrus, P7/8, TP7/8, T3, T4 according to the 10/20 EEG inter-
national system) were the target regions in all of the studies except one
that targeted left dIPFC for improving sustained attention in children
with dyslexia (Rahimi et al., 2019).

Stimulation intensity ranged from 1 mA (n = 6) to 1.5 mA (n = 1) and
anodal polarity was predominant in all studies, especially on the left
hemisphere. In 71.4% of studies (5 of 7), bilateral tDCS was applied with
anodal left and cathodal right parietotemporal regions (Costanzo et al.,
2019; Costanzo et al., 2016; Costanzo et al., 2016; Lazzaro et al., 2021;
Lazzaro et al., 2021). In 4 studies, repeated tDCS sessions (10 or 18
sessions) were applied and all of them reported significantly improved
reading abilities (Costanzo et al., 2019; Costanzo et al., 2016; Laz-

zaro et al., 2021) or visual sustained attention (Rahimi et al., 2019) in
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children and adolescents with dyslexia. Details of these studies includ-
ing stimulation protocols, sample size, outcome measures, and major
findings are summarized in Table 3. See also Figure 3c for an overview
of studies blindness, repetition rate, and the target regions.

3.3 | Safety

In the included studies (n = 35), a total of 6587 sessions of tDCS
were conducted in 745 children and adolescents with ADHD, ASD, or
dyslexia, and no serious adverse effect was reported during or after the
tDCS. In the majority of studies, reported side effects were limited to
skin sensations (e.g., itching, tingling, or mild burning) which were tran-
sient. Several unexpected mild occurrences were reported though. In
ADHD studies, one study reported one case of headache after anodal
tDCS (Soff et al., 2017). In another study (Sotnikova et al., 2017), one
participant felt nervous or overexcited during stimulation and another
reported headache. In one study that investigated blinding successful-
ness based on reported side effects (Breitling-Ziegler et al., 2021), the
intensity of painful sensation was rated on average as 0.94 on a six-
point Likert scale and 86% of individuals were willing to participate
again in a tDCS study. No serious or unusual side effects were reported
in ASD tDCS studies. Similarly, in tDCS studies conducted on dyslexia,
side effects were limited to mild tingling, itching, and burning and no

participants withdrew from the study due to discomfort.

4 | DISCUSSION

In this systematic review, we investigated efficacy and safety of the
randomized-controlled trials that applied tDCS in 3 major neurodevel-
opmental disorders: ADHD, ASD, and dyslexia. With regard to efficacy
and regardless of effect size, tDCS was found at least partially effec-
tive in 100% of the studies conducted in children and adolescents with
ASD (n = 11) and dyslexia (n = 7) (see Tables 2 and 3 last columns).
In 64.7% of tDCS studies in children with ADHD (n = 11 of 17), a sig-
nificant improving effect on at least one of the outcome variables was
observed. Moreover, 88.8% (16 of 18) of all multi-session tDCS proto-
cols applied in 18 studies (ADHD = 5, ASD = 9, dyslexia = 4) reported
significant improvement in their outcome variables (3 of 5 studies in
ADHD, 9 of 9 studies in ASD, and 4 of 4 studies in dyslexia), including
clinical symptoms in 8 studies (ADHD = 1, ASD = 7). These results are
overall promising, especially for ASD and dyslexia, yet cannot establish
clinical efficacy of tDCS unless proved in large clinical trials with robust
experimental design. Indeed, analyzing the effect size in previous met-
analyses has shown small effect or trend-level improvements of tDCS
in ADHD (Salehinejad et al., 2019; Westwood et al., 2021), which is
partly due to heterogeneity in stimulation protocols and outcome mea-
sures. Assessment of biases of the included studies shows that there is
a need for randomized clinical trials with a double-blind design in all 3
groups, especially ASD. With regard to safety, no single report of seri-
ous adverse effects was reported in these 35 studies confirming the
safety of tDCS in children and adolescents in line with recent studies
(Bikson et al., 2016; Salehinejad et al., 2021; Zewdie et al., 2020). In

SALEHINEJAD ET AL.

what follows, we discuss important methodological considerations for
each disorder that are noteworthy.

41 | ADHD

Two brain regions were targeted in the majority of RCTs in ADHD:
the lateral prefrontal cortex and the r-IFG. The dIPFC, specifically
left dIPFC, is the most-often targeted region, which is not surpris-
ing due to its documented role in executive functions (Koechlin et al.,
2003; Miller & Cohen, 2001; Salehinejad et al., 2021). The right dIPFC,
however, is not sufficiently investigated in ADHD tDCS studies. Right
prefrontal regions especially the right IFG and dIPFC are well docu-
mented in response inhibition (Aron et al., 2014, Aron et al., 2004).
The only tDCS study that specifically investigated the role of right
dIPFC found a partial improving effect of right dIPFC tDCS (single
session) in response inhibition, which was dependent on symptoms
severity (Nejati et al., 2021). Future studies should investigate contri-
bution of this region to ADHD cognitive deficits and symptoms with
multi-session experimental design and optimized protocol parame-
ters. For example, it is still not known which stimulation protocol for
right DLPFC (e.g., anodal/cathodal unilateral, anodal/cathodal bilateral
dLPFC, anodal/cathodal right DLPFC with other regions) is more ben-
eficial to ADHD psycho- and- neuropathology. Recently, we applied a
single session of anodal tDCS over both left and right dIPFCs and found
no effects on executive functions (2022).

In recent years, 4 RCTs are published that targeted r-IFG
(Breitling et al., 2016; Breitling et al., 2020; Breitling-Ziegler et al.,
2021; Westwood et al., 2021). While these studies benefited from
robust experimental design (i.e., double-blind RCT with follow-up,
behavioral, and physiological measures), they have several caveats
that ambiguate the contribution of r-IFG to ADHD pathophysiology.
The protocol applied in the Breitling et al.’s (2016) study was possibly
suboptimal in inducing the required electrical field in the target region
according to modeling of the electrical current flow (Salehinejad
et al., 2020). Their second study (Breitling et al., 2020) also suffered
from different experimental procedures in the control and ADHD
groups, and reduction of stimulation intensity to 50% in 3 out of 14
participants, and a low sample size. The only RCT with a relatively
large sample size is recently published and found null effects of 15
r-IFG tDCS + cognitive training on ADHD symptoms and neuropsy-
chological performance (Westwood et al., 2021). One methodological
issue with this work is the concurrent intervention with tDCS +
cognitive training. Without having a “tDCS only” condition, it is not
possible to disentangle efficacy of tDCS alone. Indeed, combining
two interventions may even counterbalance efficacy of each other
given that the acute and neuroplastic effects of tDCS vary during,
right after, and longer after the stimulation (Agboada et al., 2019) and
this might behave differently in the developing brain (Moliadze et al.,
2015). Moreover, the cathode electrode in this study was placed on
the left supraorbital, a region that is known for its contribution to hot
executive functions and reward processing (Nejati et al., 2018; 2021).
Future studies are needed to systematically investigate the role of
r-IFG in different stimulation protocols.
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FIGURE 3 (a) Proportion of study blindness, repetition (single vs. multi session), and target regions of tDCS studies in children and adolescents
with ADHD (n = 17). (b) Proportion of study blindness, repetition (single vs. multi session), and target regions of tDCS studies in children and
adolescents with ASD (n = 11). (c) Proportion of study blindness, repetition (single vs. multi session), and target regions of tDCS studies in children
and adolescents with dyslexia (n = 7). (d) Proportion of stimulation protocles of tDCS studies in ADHD (N = 17) and ASD (N = 11). Abbreviations:
ADHD, attention-deficit hyperactivity disorder; ASD, autism spectrum disorder; DLPFC, dorsolateral prefrontal cortex; IFG, inferior frontal gyrus;
PFC, prefrontal cortex; PPC, posterior parietal cortex; TPJ, right temperoparital junction; vmPFC, ventromedial prefrontal cortex; F3/F4, left and
right DLPFC; Fp1/Fp2, left and right supraorbital area; F8, right IFG; Cz, vertex; P4, right PPC; C3, left motor area
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In addition to dIPFC and r-IFG, the vmPFC seems another promis-

ing region, especially for hot executive dysfunctions with emotional/
motivational valence (Salehinejad et al., 2021). Only one tDCS study
investigated the contribution of this region and found it causally
involved in hot executive dysfunctions of children with ADHD. Consid-
ering ADHD subtypes (Molavi et al., 2020) whose symptoms differ in
the cognition-emotion spectrum, it might be interesting to study the
role of this region with regard to subtype-specific profiles in future
tDCS studies of ADHD. Finally, it is noteworthy that ADHD had the
lowest number of RCTs with multi-session tDCS protocol (29.41%) in
comparison to ASD (81.8%) and dyslexia (57.1%) and this gap needs
to be addressed in the future for evaluating clinical efficacy of tDCS in
ADHD.

In addition to the factors related to stimulation parameters and
study design, external and interindividual factors are largely missed in
tDCS studies in ADHD. The disorder subtype (i.e., inattentive, hyperac-
tive, combined) is related to heterogeneous symptoms manifestation
and is related to different functional structural brain abnormalities
(2020; 2019 ), which means different stimulation protocols are needed
for each subtype. So far, none of the studies have considered this. Fur-
thermore, ADHD is related to sleep difficulties and the majority of
children with ADHD have late chronotypes (i.e., eveningness) (Bijlenga
etal., 2019; Coogan & Mcgowan, 2017). Recent works also show apply-
ing tDCS on circadian non-preferred time (Salehinejad et al., 2021) and
under sleep pressure (Salehinejad et al., 2022) can abolish the expected
effect on cortical excitability, tDCS-induced neuroplasticity, and cogni-
tive functions. This should be considered especially for the therapeutic
application of tDCS in ADHD that is associated with a more evening
oriented circadian preference and sleep difficulties.

42 | ASD
All RCTs in ASD reported an improving effect on at least one of the
outcome variables. A major concern here, however, is the number of
studies with robust experimental design (double-blind RCT), which
constitutes 36.3% of all studies (4 of 11). Nevertheless, all RCTs with
both single- and double-blinded designs reported promising results. An
advantage of tDCS studies in ASD was the use of multi-session design,
which was the case in 81.8% of studies (9 of 11 studies). This is espe-
cially important for evaluating clinical efficacy of the intervention and
might be one reason for positive changes across all tDCS studies in
children with ASD. This is important as previous physiological studies
have shown that tDCS neuroplastic effects can be boosted by repeated
tDCS sessions over motor and prefrontal regions (Fregni et al., 2006;
Ho et al., 2016; 2020). The left dIPFC stimulation is reported promis-
ingly effective in reducing behavioral problems in ASD. The vmPFC
and cerebellum were found effective in the reported studies and worth
further investigation in future studies, especially for social cognition
deficits in ASD.

Furthermore, in tDCS studies conducted on ASD, opposite stimu-
lation polarity (anodal vs cathodal) is applied with beneficial effects.

This should be considered with respect to target symptoms, stimu-
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lation parameters (intensity, duration, and repetition rate), and the
excitatory/inhibitory dysbalance in ASD. Cathodal stimulation of the
left dIPFC was theoretically assumed to mitigate hyperactive behav-
jor and restore inhibition (Daurso et al., 2015; GAmez et al., 2017),
while left dIPFC anodal stimulation was applied to compensate for
left hemispheric hypoactivity. Nonetheless, the classical concept of
anodal-excitatory/cathodal-inhibitory has been questioned by recent
studies on the human motor cortex both in adults (Batsikadze et al.,
2013; 2020) and children (Moliadze et al., 2018). The beneficial effect
of cathodal tDCS over the left DLPFC reported in autism studies
should thus be interpreted carefully with respect to mechanisms of
action, as these stimulation protocols might indeed have an excitability-

enhancing effect.

4.3 | Dyslexia

Although the number of tDCS studies in children and adolescents with
dyslexia is lower compared to ADHD and ASD, their results are very
promising and all of the studies have an RCT design. Moreover, 57.14%
of the trials had a multi-session design with improving effects on out-
come variables indicating that tDCS can be of great clinical interest
in children and adolescents with learning disorders. Bilateral tem-
poroparietal regions including the TPJ and superior temporal gyrus
are the most often targeted regions. One argument beyond target-
ing these regions with anodal left-cathodal right hemisphere is that
the inhibition of the right temporoparietal cortex and the simultane-
ous facilitation of the left temporoparietal cortex might change an
underlying imbalance that could be at the core of dyslexia (Turker &
Hartwigsen, 2022). Studies that applied other non-invasive brain stim-
ulation techniques in dyslexia also found the left auditory cortex as
a promising region for improving reading abilities (Marchesotti et al.,
2020). Other promising cortical regions for targeting in tDCS studies
are the left inferior frontal gyrus and anterior cingulate gyrus which
show increased activation in those children with dyslexia with improve-
ment in oral language ability (Temple et al., 2003) and are among the
suggested tDCS protocols in dyslexia (Vicario & Nitsche, 2013). In sum,
available evidence suggests promising effects of tDCS in developmen-
tal dyslexia. Nevertheless, randomized clinical trials with long-term
follow-up measurements are required to establish the clinical efficacy
of this intervention. Given the promising results, it would be tempt-
ing to investigate the efficacy of tDCS in other learning disorders

(e.g., dyscalculia) as well as other cognitive deficits that characterize

dyslexia.
4.4 | Limitations of the studies and the filed
441 | Design-related limitations

The major limitations of tDCS studies included in these 2021 three
neurodevelopmental disorders can be categorized into design-related

limitations and protocol-related limitations. The first design-related
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limitation is the number of subjects, which is still limited in the majority
of tDCS studies. Only 13 and 5 of the included studies (N = 35) have a
sample size >20 and >30, respectively, in the group that received tDCS.
This is especially important for evaluating clinical efficacy. Second, we
need to have RCTs with double-blind design and follow-up measure-
ments specifically for evaluating the clinical efficacy. This issue was
more problematicin tDCS studies in ASD (27% of studies did not report
blindness) and dyslexia (42% single-blinded design) in which we also
see more promising clinical effects (see Figure 3).

442 | Protocol-related limitations

First, the most obvious limitation here is the use of suboptimal stimu-
lation protocols. It is surprising that we still do not have any titration
study that systematically investigates different parameters of stimula-
tion (e.g., different intensities (e.g. 2021), duration, electrode configu-
rations) in one homogeneous sample size. This is required for realistic
evaluation of applied protocols, which was not the case so farin ADHD
and ASD studies (Figure 3d). Applying adequate stimulation intensity
and optimal electrode placement which delivers maximum electrical
field to the target region is an issue that can be partially resolved by a-
priory modeling of current flow in the head. Only 5 of 17 tDCS studies
in ADHD (Breitling et al., 2016; Breitling et al., 2020; Breitling-Ziegler
et al., 2021; Salehinejad et al., 2020; Soff et al., 2017) and 3 of 11 tDCS
studies in ASD (Hadoush et al., 2020; Han et al., 2022; Salehinejad et al.,
2021), and 1 of 7 tDCS studies in dyslexia (Rahimi et al., 2019) cal-
culated and reported electric field modeling, which should be taken
into account in future studies for designing a more optimal protocol.
In this respect, it is important that the field establishes methodological
guidelines and/or suggested stimulation protocols for examining clini-
cal, cognitive, and physiological outcomes specifically for the pediatric
population. Second, combining stimulation with other interventions
with an assumption that concurrent interventions can have a synergis-
tic improving effect is another issue that should be considered. In the
end, considering large heterogeneity in these disorders due to different
reasons, adopting an individualized, anatomically adapted stimulation
protocol seems to be the promising way to go on in the field of tES

application in neurodevelopmental disorders.

5 | CONCLUSION

Taken together, current research provides preliminary evidence for the
therapeutic potential of tDCS in ADHD, ASD, and dyslexia of childhood
and adolescence. However, we still have a long way ahead to estab-
lish tDCS-based interventions in the developing population. To this
end, large-scale RCTs and translational studies covering the range from
basic neurophysiology to application in cognitive-clinical neuroscience
are required. Furthermore, stimulation protocols applied in the most-
studied neurodevelopmental disorders show that we need to develop
symptom-specific stimulation protocols that take disorder-specific

conditions into account. In this line, inter-individual variabilities should

be also considered, in line with a “personalized” approach in NIBS
research. This is even more important in the developing brain, which
undergoes broad and quick physiological changes. Adopting a person-
alized approach would allow us to purposefully target deficits and
symptoms and apply tDCS in individuals that will likely respond to the

treatment.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

Mohammad Ali Salehinejad: conceptualization, methodology, writ-
ing - review & editing, writing - original draft; supervision; Elham
Ghanavati: methodology, formal analysis, writing - review & editing;
Benedikt Glinski: formal analysis, writing - review & editing; Amir-
Homayun Hallajian: formal analysis, writing - review & editing; Anita

Azarkolah: conceptualization; writing - review & editing; supervision.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no new data were cre-
ated or analyzed in this study. The data that support the findings are

available in the manuscript.

PEER REVIEW
The peer review history for this article is available at https://publons.
com/publon/10.1002/brb3.2724

ORCID

Mohammad Ali Salehinejad “* https://orcid.org/0000-0003-1913-
4677

Elham Ghanavati ‘> https://orcid.org/0000-0001-5944-8123

Benedikt Glinski "= https://orcid.org/0000-0002-6745-4125
Amir-Homayun Hallajian "= https://orcid.org/0000-0001-5848-7841
Anita Azarkolah "2 https://orcid.org/0000-0001-5744-548X

REFERENCES

Agboada, D., Mosayebi Samani, M., Jamil, A,, Kuo, M.-. F,, & Nitsche, M.
A. (2019). Expanding the parameter space of anodal transcranial direct
current stimulation of the primary motor cortex. Science Reports, 9(1),
18185. https://doi.org/10.1038/s41598-019-54621-0

Amatachaya, A., Auvichayapat, N., Patjanasoontorn, N., Suphakunpinyo, C.,
Ngernyam, N., Aree-Uea, B., Keeratitanont, K., & Auvichayapat, P.(2014).
Effect of anodal transcranial direct current stimulation on autism: A ran-
domized double-blind crossover trial. Behavioural Neurology, 1-7. 2014
https://doi.org/10.1155/2014/173073

Amatachaya, A., Jensen, M. P, Patjanasoontorn, N., Auvichayapat, N.,
Suphakunpinyo, C., Janjarasjitt, S., Ngernyam, N., Aree-Uea, B., &
Auvichayapat, P. (2015). The short-term effects of transcranial direct
current stimulation on electroencephalography in children with autism:
A randomized crossover controlled trial. Behavioural Neurology, 1-11.
2015 https://doi.org/10.1155/2015/928631

American Psychiatric Association. (2013). Diagnostic and statistical manual of
mental disorders (DSM-5®). American Psychiatric Pub.

Aron, A. R, Robbins, T. W., & Poldrack, R. A. (2004). Inhibition and the right
inferior frontal cortex. Trends in Cognitive Sciences, 8(4), 170-177. https://
doi.org/10.1016/j.tics.2004.02.010


https://publons.com/publon/10.1002/brb3.2724
https://publons.com/publon/10.1002/brb3.2724
https://orcid.org/0000-0003-1913-4677
https://orcid.org/0000-0003-1913-4677
https://orcid.org/0000-0003-1913-4677
https://orcid.org/0000-0001-5944-8123
https://orcid.org/0000-0001-5944-8123
https://orcid.org/0000-0002-6745-4125
https://orcid.org/0000-0002-6745-4125
https://orcid.org/0000-0001-5848-7841
https://orcid.org/0000-0001-5848-7841
https://orcid.org/0000-0001-5744-548X
https://orcid.org/0000-0001-5744-548X
https://doi.org/10.1038/s41598-019-54621-0
https://doi.org/10.1155/2014/173073
https://doi.org/10.1155/2015/928631
https://doi.org/10.1016/j.tics.2004.02.010
https://doi.org/10.1016/j.tics.2004.02.010

Brain and Behavior

18of 21 Wl LEY

Aron, A. R, Robbins, T. W., & Poldrack, R. A. (2014). Inhibition and the right
inferior frontal cortex: One decade on. Trends in Cognitive Sciences, 18(4),
177-185. https://doi.org/10.1016/j.tics.2013.12.003

Barkley, R. A. (1997). Behavioral inhibition, sustained attention, and exec-
utive functions: Constructing a unifying theory of ADHD. Psychological
Bulletin, 121(1), 65. https://doi.org/10.1037/0033-2909.121.1.65

Batsikadze, G., Moliadze, V., Paulus, W., Kuo, M.-F., & Nitsche, M. A. (2013).
Partially non-linear stimulation intensity-dependent effects of direct
current stimulation on motor cortex excitability in humans. The Jour-
nal of Physiology, 591(7), 1987-2000. https://doi.org/10.1113/jphysiol.
2012.249730

Begemann, M. J, Brand, B. A, Cur¢i¢-Blake, B., Aleman, A., & Sommer,
I. E. (2020). Efficacy of non-invasive brain stimulation on cognitive
functioning in brain disorders: A meta-analysis. Psychological Medicine,
1-22.

Berger, 1., Dakwar-Kawar, O. Grossman, E. S, Nahum, M., Cohen
Kadosh, R., & Cohen Kadosh, R. (2021). Scaffolding the attention-
deficit/hyperactivity disorder brain using transcranial direct current
and random noise stimulation: A randomized controlled trial. Clinical
Neurophysiology, 132(3), 699-707. https://doi.org/10.1016/j.clinph.
2021.01.005

Bijlenga, D., Vollebregt, M. A., Kooij, J. J. S., & Arns, M. (2019). The role of
the circadian system in the etiology and pathophysiology of ADHD: Time
to redefine ADHD? ADHD Attention Deficit and Hyperactivity Disorders,
11(1), 5-19. https://doi.org/10.1007/s12402-018-0271-z

Bikson, M., Grossman, P, Thomas, C., Zannou, A. L., Jiang, J., Adnan, T,
Mourdoukoutas, A. P, Kronberg, G., Truong, D., Boggio, P, Brunoni, A. R.,
Charvet, L., Fregni, F,, Fritsch, B., Gillick, B., Hamilton, R. H., Hampstead,
B. M., Jankord, R, Kirton, A,, ... Woods, A. J. (2016). Safety of transcra-
nial direct current stimulation: Evidence based update. Brain Stimulation,
9; 9(5), 641-661. https://doi.org/10.1016/j.brs.2016.06.004

Breitling, C., Zaehle, T., Dannhauer, M., Bonath, B. r. n., Tegelbeckers, J.,
Flechtner, H.-H., & Krauel, K. (2016). Improving interference control in
ADHD patients with transcranial direct current stimulation (tDCS). Fron-
tiers of Cellular Neuroscience, 10, 72. https://doi.org/10.3389/fncel.2016.
00072

Breitling, C., Zaehle, T., Dannhauer, M., Tegelbeckers, J., Flechtner, H.- .
H., & Krauel, K. (2020). Comparison between conventional and HD-
tDCS of the right inferior frontal gyrus in children and adolescents
with ADHD. Clinical Neurophysiology, 131, 1146-1154. https://doi.org/
10.1016/j.clinph.2019.12.412

Breitling-Ziegler, C., Zaehle, T, Wellnhofer, C. Dannhauer, M,
Tegelbeckers, J., Baumann, V., Flechtner, H.-H., & Krauel, K. (2021).
Effects of a five-day HD-tDCS application to the right IFG depend on
current intensity: A study in children and adolescents with ADHD.
Progress Brain Research, 264, 117-150.

Cepeda, N. J,,Cepeda, M. L., &Kramer, A.F.(2000). Task switching and atten-
tion deficit hyperactivity disorder. Journal of Abnormal Child Psychology,
28(3),213-226. https://doi.org/10.1023/A:1005143419092

Cerliani, L., Mennes, M., Thomas, R. M., Di Martino, A., Thioux, M., & Keysers,
C. (2015). Increased functional connectivity between subcortical and
cortical resting-state networks in autism spectrum disorder. JAMA Psy-
chiatry, 72(8), 767-777. https://doi.org/10.1001/jamapsychiatry.2015.
0101

Coogan, A. N., & Mcgowan, N. M. (2017). A systematic review of circadian
function, chronotype and chronotherapy in attention deficit hyperac-
tivity disorder. ADHD Attention Deficit and Hyperactivity Disorders, 9(3),
129-147. https://doi.org/10.1007/512402-016-0214-5

Costanzo, F, Rossi, S., Varuzza, C., Varvara, P, Vicari, S., & Menghini, D.
(2019). Long-lasting improvement following tDCS treatment combined
with a training for reading in children and adolescents with dyslexia. Neu-
ropsychologia, 130, 38-43. https://doi.org/10.1016/j.neuropsychologia.
2018.03.016

Costanzo, F., Varuzza, C., Rossi, S., Sdoia, S., Varvara, P, Oliveri, M., Giacomo,
K., Vicari, S., & Menghini, D. (2016). Evidence for reading improvement

Open Access

SALEHINEJAD ET AL.

following tDCS treatment in children and adolescents with Dyslexia.
Restorative Neurology and Neuroscience, 34,215-226.

Costanzo, F., Varuzza, C. Rossi, S., Sdoia, S., Varvara, P, Oliveri, M,
Koch, G., Vicari, S., & Menghini, D. (2016). Reading changes in chil-
dren and adolescents with dyslexia after transcranial direct current
stimulation. Neuroreport, 27(5), 295-300. https://doi.org/10.1097/WNR.
0000000000000536

Cubillo, A, Halari, R., Smith, A., Taylor, E., & Rubia, K. (2012). A review of
fronto-striatal and fronto-cortical brain abnormalities in children and
adults with Attention Deficit Hyperactivity Disorder (ADHD) and new
evidence for dysfunction in adults with ADHD during motivation and
attention. Cortex; A Journal Devoted to the Study of the Nervous System and
Behavior, 48(2), 194-215. https://doi.org/10.1016/j.cortex.2011.04.007

Daurso, G., Bruzzese, D., Ferrucci, R., Priori, A., Pascotto, A., Galderisi, S.,
Altamura, A. C., & Bravaccio, C. (2015). Transcranial direct current stimu-
lation for hyperactivity and noncompliance in autistic disorder. The World
Journal of Biological Psychiatry, 16(5), 361-366. https://doi.org/10.3109/
15622975.2015.1014411

D’'mello, A. M., & Gabrieli, J. D. E. (2018). Cognitive neuroscience of dyslexia.
Language, Speech, and Hearing Services in Schools, 49(4), 798-809. https://
doi.org/10.1044/2018_LSHSS-DYSLC-18-0020

Finisguerra, A., Borgatti, R., & Urgesi, C. (2019). Non-invasive brain stim-
ulation for the rehabilitation of children and adolescents with neu-
rodevelopmental disorders: A systematic review. Frontiers in Psychology,
10(135),.

Fregni, F., Boggio, P. S., Nitsche, M. A,, Rigonatti, S. P, & Pascual-Leone, A.
(2006). Cognitive effects of repeated sessions of transcranial direct current
stimulation in patients with depression. Wiley Subscription Services, Inc.

Fregni, F., El-Hagrassy, M. M., Pacheco-Barrios, K., Carvalho, S., Leite,
J., Simis, M., Brunelin, J., Nakamura-Palacios, E. M., Marangolo, P,
Venkatasubramanian, G., San-Juan, D., Caumo, W., Bikson, M., Brunoni,
A. R,, Cardenas-Rojas, A., Giannoni-Luza, S., Leao, J., Teixeira Leffa, D.,
Mejia-Pando, P. F, ... Zeng, H. (2020). Evidence-based guidelines and
secondary meta-analysis for the use of transcranial direct current stim-
ulation in neurological and psychiatric disorders. International Journal
of Neuropsychopharmacology, 24(4), 256-313. https://doi.org/10.1093/
iinp/pyaa051

GAmez, L., Vidal, B., Maragoto, C., Morales, L., Berrillo, S., Vera Cuesta, H. 4.
C., Baez, M., Denis, M. N., Marina, T., Cabrera, Y., SAnchez, A., Alarcan,
C., Selguera, M., Llanez, Y., Dieguez, L., & Robinson, M. (2017). Non-
invasive brain stimulation for children with autism spectrum disorders: A
short-term outcome study. Behavioral Sciences, 7(3), 63. https://doi.org/
10.3390/bs7030063

Garcia-Gonzélez, S., Lugo-Marina, J., Setien-Ramos, I., Gisbert-Gustemps, L.,
Arteaga-Henriquez, G., Diez-Villoria, E., & Ramos-Quiroga, J. A. (2021).
Transcranial direct current stimulation in autism spectrum disorder: A
systematic review and meta-analysis. European Neuropsychopharmacol-
ogy, 48,89-109. https://doi.org/10.1016/j.euroneuro.2021.02.017

Ghanavati, E., Nejati, V., & Salehinejad, M. A. (2018). Transcranial direct
current stimulation over the posterior parietal cortex (PPC) enhances
figural fluency: Implications for creative cognition. Journal of Cognitive
Enhancement, 2(1), 88-96. https://doi.org/10.1007/s41465-017-005
9-7

Ghanavati, E., Salehinejad, M. A,, Nejati, V., & Nitsche, M. A. (2019). Differen-
tial role of prefrontal, temporal and parietal cortices in verbal and figural
fluency: Implications for the supramodal contribution of executive func-
tions. Science Reports, 9(1), 3700. https://doi.org/10.1038/s41598-019-
40273-7

Hadoush, H., Nazzal, M., Almasri, N. A, Khalil, H., & Alafeef, M. (2020). Ther-
apeutic effects of bilateral anodal transcranial direct current stimulation
on prefrontal and motor cortical areas in children with autism spectrum
disorders: a pilot study. Autism Research, 13(5),828-836. https://doi.org/
10.1002/aur.2290

Han, Y. M. Y., Chan, M. M. Y,, Shea, C. K. S,, Lai, O. L.-. H., Krishnamurthy,
K., Cheung, M. -C,, & Chan, A. S. (2022). Neurophysiological and


https://doi.org/10.1016/j.tics.2013.12.003
https://doi.org/10.1037/0033-2909.121.1.65
https://doi.org/10.1113/jphysiol.2012.249730
https://doi.org/10.1113/jphysiol.2012.249730
https://doi.org/10.1016/j.clinph.2021.01.005
https://doi.org/10.1016/j.clinph.2021.01.005
https://doi.org/10.1007/s12402-018-0271-z
https://doi.org/10.1016/j.brs.2016.06.004
https://doi.org/10.3389/fncel.2016.00072
https://doi.org/10.3389/fncel.2016.00072
https://doi.org/10.1016/j.clinph.2019.12.412
https://doi.org/10.1016/j.clinph.2019.12.412
https://doi.org/10.1023/A:1005143419092
https://doi.org/10.1001/jamapsychiatry.2015.0101
https://doi.org/10.1001/jamapsychiatry.2015.0101
https://doi.org/10.1007/s12402-016-0214-5
https://doi.org/10.1016/j.neuropsychologia.2018.03.016
https://doi.org/10.1016/j.neuropsychologia.2018.03.016
https://doi.org/10.1097/WNR.0000000000000536
https://doi.org/10.1097/WNR.0000000000000536
https://doi.org/10.1016/j.cortex.2011.04.007
https://doi.org/10.3109/15622975.2015.1014411
https://doi.org/10.3109/15622975.2015.1014411
https://doi.org/10.1044/2018_LSHSS-DYSLC-18-0020
https://doi.org/10.1044/2018_LSHSS-DYSLC-18-0020
https://doi.org/10.1093/ijnp/pyaa051
https://doi.org/10.1093/ijnp/pyaa051
https://doi.org/10.3390/bs7030063
https://doi.org/10.3390/bs7030063
https://doi.org/10.1016/j.euroneuro.2021.02.017
https://doi.org/10.1007/s41465-017-0059-7
https://doi.org/10.1007/s41465-017-0059-7
https://doi.org/10.1038/s41598-019-40273-7
https://doi.org/10.1038/s41598-019-40273-7
https://doi.org/10.1002/aur.2290
https://doi.org/10.1002/aur.2290

SALEHINEJAD ET AL.

Brain and Behavior

behavioral effects of multisession prefrontal tDCS and concurrent cog-
nitive remediation training in patients with autism spectrum disorder
(ASD): A double-blind, randomized controlled fNIRS study. Brain Stimu-
lation, 15(2), 414-425. https://doi.org/10.1016/j.brs.2022.02.004

Higgins, J. P. T., Altman, D. G., & Ggtzsche, P. C. (2011). The Cochrane Col-
laboration’s tool for assessing risk of bias in randomised trials. BMJ,
343.

Ho, K.-A., Taylor, J. L., Chew, T., GAlvez, V., Alonzo, A., Bai, S., Dokos, S., &
Loo, C. K. (2016). The effect of transcranial direct current stimulation
(tDCS) electrode size and current intensity on motor cortical excitabil-
ity: Evidence from single and repeated sessions. Brain Stimulation, 9(1),
1-7. https://doi.org/10.1016/j.brs.2015.08.003

Jafari, E., Alizadehgoradel, J., Pourmohseni Koluri, F., Nikoozadehkordmirza,
E., Refahi, M., Taherifard, M., Nejati, V., Hallajian, A.-H., Ghanavati, E.,
Vicario, C. M., Nitsche, M. A., & Salehinejad, M. A. (2021). Intensified
electrical stimulation targeting lateral and medial prefrontal cortices
for the treatment of social anxiety disorder: A randomized, double-
blind, parallel-group, dose-comparison study. Brain Stimulation, 14(4),
974-986. https://doi.org/10.1016/j.brs.2021.06.005

Kang, J., Cai, E., Han, J., Tong, Z., Li, X., Sokhadze, E. M., Casanova, M. F,,
Ouyang, G., & Li, X. (2018). Transcranial direct current stimulation (tDCS)
can modulate eeg complexity of children with autism spectrum disorder.
Frontiers in Neuroscience, 12, 201. https://doi.org/10.3389/fnins.2018.
00201

Klomjai, W., Siripornpanich, V. Aneksan, B. Vimolratana, O,
Permpoonputtana, K. Tretriluxana, J., & Thichanpiang, P. (2022).
Effects of cathodal transcranial direct current stimulation on inhibitory
and attention control in children and adolescents with attention-
deficit hyperactivity disorder: A pilot randomized sham-controlled
crossover study. Journal of Psychiatric Research, 150, 130-141.
https://doi.org/10.1016/j.jpsychires.2022.02.032

Koechlin, E., Ody, C. L. e., & Kouneiher, F. D. R. (2003). The architecture
of cognitive control in the human prefrontal cortex. Science, 302(5648),
1181-1185. https://doi.org/10.1126/science.1088545

Krain, A. L., & Castellanos, F. X. (2006). Brain development and ADHD.
Clinical Psychology Review, 26(4), 433-444. https://doi.org/10.1016/j.cpr.
2006.01.005

Lazzaro, G., Bertoni, S., Menghini, D., Costanzo, F., Franceschini, S., Varuzza,
C.,Ronconi, L., Battisti, A., Gori, S., Facoetti, A., & Vicari, S. (2021). Beyond
reading modulation: Temporo-parietal tDCS alters visuo-spatial atten-
tion and motion perception in dyslexia. Brain Sciences, 11(2), 263. https://
doi.org/10.3390/brainsci11020263

Lazzaro, G., Costanzo, F., Varuzza, C., Rossi, S., De Matteis, M. E., Vicari,
S., & Menghini, D. (2021). Individual differences modulate the effects of
tDCS on readingin children and adolescents with dyslexia. Scientific Stud-
ies of Reading, 25(6), 470-485. https://doi.org/10.1080/10888438.2020.
1842413

Lecei, A., van Hulst, B. M., de Zeeuw, P, van der Pluijm, M., Rijks, Y.,
& Durston, S. (2019). Can we use neuroimaging data to differenti-
ate between subgroups of children with ADHD symptoms: A proof of
concept study using latent class analysis of brain activity. Neurolmage:
Clinical, 21, 101601. https://doi.org/10.1016/j.nicl.2018.11.011

Lord, C., Elsabbagh, M., Baird, G., & Veenstra-Vanderweele, J. (2018). Autism
spectrumdisorder. The Lancet, 392(10146),508-520. https://doi.org/10.
1016/50140-6736(18)31129-2

Mahmoodifar, E., & Sotoodeh, M. S. (2020). Combined transcranial direct
current stimulation and selective motor training enhances balance in
children with autism spectrum disorder. Perceptual and Motor Skills,
127(1), 113-125. https://doi.org/10.1177/0031512519888072

Marchesotti, S., Nicolle, J., Merlet, 1., Arnal, L. H., Donoghue, J. P, &
Giraud, A.-L. (2020). Selective enhancement of low-gamma activity by
tACS improves phonemic processing and reading accuracy in dyslexia.
PLoS Biology, 18(9), e3000833. https://doi.org/10.1371/journal.pbio.
3000833

WILEY- 222

Miller, E. K., & Cohen, J. D.(2001). An integrative theory of prefrontal cortex
function. Annual Review of Neuroscience, 24(1), 167-202. https://doi.org/
10.1146/annurev.neuro.24.1.167

Moher, D., Shamseer, L., Clarke, M., Ghersi, D., Liberati, A., Petticrew, M.,
Shekelle, P, & Stewart, L. A. (2015). Preferred reporting items for system-
atic review and meta-analysis protocols (PRISMA-P) 2015 statement.
Systematic Reviews, 4(1), 1. https://doi.org/10.1186/2046-4053-4-1

Molavi, P, Nadermohammadi, M., Salvat Ghojehbeiglou, H., Vicario, C. M,,
Nitsche, M. A, & Salehinejad, M. A. (2020). ADHD subtype-specific
cognitive correlates and association with self-esteem: A quantitative dif-
ference. BMC Psychiatry [Electronic Resource], 20(1), 502. https://doi.org/
10.1186/s12888-020-02887-4

Molavi, P, Aziziaram, S., Basharpoor, S., Atadokht, A., Nitsche, M. A, &
Salehinejad, M. A. (2020). Repeated transcranial direct current stimu-
lation of dorsolateral-prefrontal cortex improves executive functions,
cognitive reappraisal emotion regulation, and control over emotional
processing in borderline personality disorder: A randomized, sham-
controlled, parallel-group study. Journal of Affective Disorders, 274,
93-102. https://doi.org/10.1016/j.jad.2020.05.007

Moliadze, V. Lyzhko, E., Schmanke, T., Andreas, S., Freitag, C. M., &
Siniatchkin, M. (2018). 1 mA cathodal tDCS shows excitatory effects
in children and adolescents: Insights from TMS evoked N100 poten-
tial. Brain Research Bulletin, 140, 43-51. https://doi.org/10.1016/].
brainresbull.2018.03.018

Moliadze, V., Schmanke, T., Andreas, S., Lyzhko, E., Freitag, C. M., &
Siniatchkin, M. (2015). Stimulation intensities of transcranial direct cur-
rent stimulation have to be adjusted in children and adolescents. Clinical
Neurophysiology, 126(7), 1392-1399. https://doi.org/10.1016/j.clinph.
2014.10.142

Munz, M. T,, Prehn-Kristensen, A., Thielking, F, MAlle, M., GAder, R., &
Baving, L. (2015). Slow oscillating transcranial direct current stimulation
during non-rapid eye movement sleep improves behavioral inhibition in
attention-deficit/hyperactivity disorder. Frontiers in Cellular Neuroscience,
9, 307. https://doi.org/10.3389/fncel.2015.00307

Nejati, V., Movahed Alavi, M., & Nitsche, M. A. (2021). The impact
of attention deficit-hyperactivity disorder symptom severity on the
effectiveness of transcranial direct current stimulation (tDCS) on
inhibitory control. Neuroscience, 466, 248-257. https://doi.org/10.1016/
j.neuroscience.2021.05.008

Nejati, V., Salehinejad, M. A., & Nitsche, M. A. (2018). Interaction of the left
dorsolateral prefrontal cortex (I-DLPFC) and right orbitofrontal cortex
(OFC) in hot and cold executive functions: evidence from transcranial
direct current stimulation (tDCS). Neuroscience, 369(Supp C), 109-123.
https://doi.org/10.1016/j.neuroscience.2017.10.042

Nejati, V., Salehinejad, M. A,, Nitsche, M. A,, Najian, A., & Javadi, A.-H. (2017).
Transcranial direct current stimulation improves executive dysfunctions
in adhd: implications for inhibitory control, interference control, work-
ing memory, and cognitive flexibility. Journal of Attention Disorders, 0(0),
1087054717730611.

Nejati, V., Sarraj Khorrami, A., & Nitsche, M. A. (2020). Transcranial direct
current stimulation improves reward processing in children with ADHD.
Journal of Attention Disorders, 25(11), 1623.

Nijhof, A. D., Bardi, L., Brass, M., & Wiersema, J. R. (2018). Brain activity for
spontaneous and explicit mentalizing in adults with autism spectrum dis-
order: An fMRI study. Neurolmage: Clinical, 18, 475-484. https://doi.org/
10.1016/j.nicl.2018.02.016

0s3a3Rio, A. A. C., & Brunoni, A. R. (2019). Transcranial direct current stimu-
lation in children with autism spectrum disorder: A systematic scoping
review. Developmental Medicine and Child Neurology, 61(3), 298-304.
https://doi.org/10.1111/dmcn.14104

Passarotti, A. M., Sweeney, J. A,, & Pavuluri, M. N. (2010). Neural correlates
of response inhibition in pediatric bipolar disorder and attention deficit
hyperactivity disorder. Psychiatry Research: Neuroimaging, 181(1), 36-43.
https://doi.org/10.1016/j.pscychresns.2009.07.002


https://doi.org/10.1016/j.brs.2022.02.004
https://doi.org/10.1016/j.brs.2015.08.003
https://doi.org/10.1016/j.brs.2021.06.005
https://doi.org/10.3389/fnins.2018.00201
https://doi.org/10.3389/fnins.2018.00201
https://doi.org/10.1016/j.jpsychires.2022.02.032
https://doi.org/10.1126/science.1088545
https://doi.org/10.1016/j.cpr.2006.01.005
https://doi.org/10.1016/j.cpr.2006.01.005
https://doi.org/10.3390/brainsci11020263
https://doi.org/10.3390/brainsci11020263
https://doi.org/10.1080/10888438.2020.1842413
https://doi.org/10.1080/10888438.2020.1842413
https://doi.org/10.1016/j.nicl.2018.11.011
https://doi.org/10.1016/S0140-6736(18)31129-2
https://doi.org/10.1016/S0140-6736(18)31129-2
https://doi.org/10.1177/0031512519888072
https://doi.org/10.1371/journal.pbio.3000833
https://doi.org/10.1371/journal.pbio.3000833
https://doi.org/10.1146/annurev.neuro.24.1.167
https://doi.org/10.1146/annurev.neuro.24.1.167
https://doi.org/10.1186/2046-4053-4-1
https://doi.org/10.1186/s12888-020-02887-4
https://doi.org/10.1186/s12888-020-02887-4
https://doi.org/10.1016/j.jad.2020.05.007
https://doi.org/10.1016/j.brainresbull.2018.03.018
https://doi.org/10.1016/j.brainresbull.2018.03.018
https://doi.org/10.1016/j.clinph.2014.10.142
https://doi.org/10.1016/j.clinph.2014.10.142
https://doi.org/10.3389/fncel.2015.00307
https://doi.org/10.1016/j.neuroscience.2021.05.008
https://doi.org/10.1016/j.neuroscience.2021.05.008
https://doi.org/10.1016/j.neuroscience.2017.10.042
https://doi.org/10.1016/j.nicl.2018.02.016
https://doi.org/10.1016/j.nicl.2018.02.016
https://doi.org/10.1111/dmcn.14104
https://doi.org/10.1016/j.pscychresns.2009.07.002

Brain and Behavior

200f21 Wl LEY

Polania, R., Nitsche, M. A,, & Ruff, C. C. (2018). Studying and modifying brain
function with non-invasive brain stimulation. Nature Neuroscience, 21(2),
174-187. https://doi.org/10.1038/s41593-017-0054-4

Prehn-Kristensen, A., Munz, M., GAder, R., Wilhelm, 1., Korr, K., Vahl, W.,
Wiesner, C.D., &Baving, L. (2014). Transcranial oscillatory direct current
stimulation during sleep improves declarative memory consolidation in
children with attention-deficit/hyperactivity disorder to a level compa-
rable to healthy controls. Brain Stimulation, 7(6), 793-799. https://doi.
org/10.1016/j.brs.2014.07.036

Qiu, J,, Kong, X, Li, J,, Yang, J., Huang, Y., Huang, M., Sun, B., Su, J., Chen, H.,
Wan, G., & Kong, J. (2021). Transcranial direct current stimulation (tDCS)
over the left dorsal lateral prefrontal cortex in children with autism spec-
trum disorder (ASD). Neural Plasticity, 2021, 6627507. https://doi.org/
10.1155/2021/6627507

Rahimi, M., Heidari, A., Naderi, F.,, Makvandi, B., & Bakhtiyarpour, S. (2019).
Comparison of cognitive training method and transcranial direct current
stimulation (tDCS) on the visual attention processes in the students with
special learning disorders. International Journal of Behavioral Sciences,
12(4), 162-168.

Rahimi, V., Mohamadkhani, G., Alaghband-Rad, J., Kermani, F. R., Nikfarjad,
H., & Marofizade, S. (2019). Modulation of temporal resolution and
speech long-latency auditory-evoked potentials by transcranial direct
current stimulation in children and adolescents with dyslexia. Experimen-
tal Brain Research, 237(3), 873-882. https://doi.org/10.1007/s00221-
019-05471-9

Richlan, F.,, Sturm, D., Schurz, M., Kronbichler, M., Ladurner, G., & Wimmer,
H. (2010). A common left occipito-temporal dysfunction in developmen-
tal dyslexia and acquired letter-by-letter reading? Plos One, 5(8),e12073.
https://doi.org/10.1371/journal.pone.0012073

Rivera-Urbina, G. N., Nitsche, M. A., Vicario, C. M., & Molero-Chamizo, A. S.
(2017). Applications of transcranial direct current stimulation in children
and pediatrics. Reviews in the Neurosciences, 28(2), 173-184. https://doi.
org/10.1515/revneuro-2016-0045

Rubia, K. (2018). Cognitive neuroscience of attention deficit hyperac-
tivity disorder (ADHD) and its clinical translation. Frontiers in Human
Neuroscience, 12(100),.

Saad, J. F, Griffiths, K. R., & Korgaonkar, M. S. (2020). A Systematic Review
of Imaging Studies in the Combined and Inattentive Subtypes of Atten-
tion Deficit Hyperactivity Disorder. Frontiers in Integrative Neuroscience,
14. https://doi.org/10.3389/fnint.2020.00031

Salehinejad, M. A,, Ghanavati, E., Rashid, M. d. H. Ar, & Nitsche, M. A. (2021).
Hot and cold executive functions in the brain: A prefrontal-cingular net-
work. Brain and Neuroscience Advances, 5, 239821282110077. https://
doi.org/10.1177/23982128211007769

Salehinejad, M. A., Ghanavati, E., Reinders, J., Hengstler, J. G., Kuo, M.-F,, &
Nitsche, M. A. (2022). Sleep-dependent upscaled excitability, saturated
neuroplasticity, and modulated cognition in the human brain. eLife, 11,
€69308. https://doi.org/10.7554/eLife.69308

Salehinejad, M. A., Ghayerin, E., Nejati, V., Yavari, F., & Nitsche, M. A. (2020).
Domain-specific involvement of the right posterior parietal cortex in
attention network and attentional control of adhd: a randomized, cross-
over, sham-controlled tDCS study. Neuroscience, 444, 149-159. https://
doi.org/10.1016/j.neuroscience.2020.07.037

Salehinejad, M. A., Nejati, V., Mosayebi-Samani, M., Mohammadi, A,
Wischnewski, M., Kuo, M.-F., Avenanti, A., Vicario, C. M., & Nitsche, M.
A.(2020). Transcranial direct current stimulation in ADHD: A systematic
review of efficacy, safety, and protocol-induced electrical field modeling
results. Neuroscience Bulletin, 36, 1191-1212. https://doi.org/10.1007/
$12264-020-00501-x

Salehinejad, M. A,, Nikolin, S., Vicario, C. M., Nitsche, M. A, & Loo, C. K,
(2021) Brunoni AR. Safety and tolerability. In A. R. Brunoni, M. A. Nitsche
& C. K. Loo (Eds.). Transcranial direct current stimulation in neuropsychi-
atric disorders: Clinical principles and management (pp. 667-676). Springer
International Publishing.

Open Access

SALEHINEJAD ET AL.

Salehinejad, M. A., Paknia, N., Hosseinpour, A. H., Yavari, F, Vicario, C. M.,
Nitsche, M. A, & Nejati, V. (2021). Contribution of the right temporopari-
etal junction and ventromedial prefrontal cortex to theory of mind in
autism: A randomized, sham-controlled tDCS study. Autism Research,
14(8), 1572-1584.

Salehinejad, M. A, Vicario, C. M., Vila-Rodriguez, F., Kadosh, R. C., & Nitsche,
M. A.(2021).tDCS in child and adolescent psychiatry. In A. R. Brunoni, M.
A. Nitsche & C. K. Loo (Eds.). Transcranial direct current stimulation in neu-
ropsychiatric disorders: Clinical principles and management (pp. 283-312).
Springer International Publishing.

Salehinejad, M. A, Wischnewski, M., Ghanavati, E., Mosayebi-Samani, M.,
Kuo, M.-F,, & Nitsche, M. A. (2021). Cognitive functions and underlying
parameters of human brain physiology are associated with chronotype.
Nature Communications, 12(1), 4672. https://doi.org/10.1038/s41467-
021-24885-0

Salehinejad, M. A., Wischnewski, M., Nejati, V., Vicario, C. M., & Nitsche,
M. A. (2019). Transcranial direct current stimulation in attention-
deficit hyperactivity disorder: A meta-analysis of neuropsychological
deficits. PLoS One, 14(4), e0215095. https://doi.org/10.1371/journal.
pone.0215095

Salehinejad, M. A., & Ghanavati, E. (2020). Complexity of cathodal tDCS:
Relevance of stimulation repetition, interval, and intensity. The Jour-
nal of Physiology, 598(6), 1127-1129. Portico. https://doi.org/10.1113/
jp279409

Samea, F, Soluki, S., Nejati, V., Zarei, M., Cortese, S., Eickhoff, S. B.,
Tahmasian, M., & Eickhoff, C. R. (2019). Brain alterations in chil-
dren/adolescents with ADHD revisited: A neuroimaging meta-analysis
of 96 structural and functional studies. Neuroscience & Biobehavioral
Reviews, 100, 1-8.

Sellaro, R., Nitsche, M. A,, & Colzato, L. S. (2016). The stimulated social
brain: Effects of transcranial direct current stimulation on social cog-
nition. Annals of the New York Academy of Sciences, 1369(1), 218-239.
https://doi.org/10.1111/nyas.13098

Soff, C., Sotnikova, A., Christiansen, H., Becker, K., & Siniatchkin, M. (2017).
Transcranial direct current stimulation improves clinical symptoms in
adolescents with attention deficit hyperactivity disorder. Journal of Neu-
ral Transmission, 124(1), 133-144. https://doi.org/10.1007/s00702-016-
1646-y

Soltaninejad, Z., Nejati, V., & Ekhtiari, H. (2015). Effect of anodal and catho-
dal transcranial direct current stimulation on DLPFC on modulation of
inhibitory control in ADHD. Journal of Attention Disorders,.

Salehinejad, M. A., Vosough, Y., & Nejati, V. (2022). The impact of bilateral
anodal tDCS over left and right DLPFC on executive functions in children
with ADHD. https://doi.org/10.31234/osf.io/7ckqp

Sonuga-Barke, E. J. S. (2005). Causal models of attention-
deficit/hyperactivity disorder: From common simple deficits to multiple
developmental pathways. Biological Psychiatry, 57(11), 1231-1238.
https://doi.org/10.1016/j.biopsych.2004.09.008

Sotnikova, A., Soff, C., Tagliazucchi, E., Becker, K., & Siniatchkin, M. (2017).
Transcranial direct current stimulation modulates neuronal networks in
attention deficit hyperactivity disorder. Brain Topography, 30(5), 656-
672. https://doi.org/10.1007/s10548-017-0552-4

Sun, C., Zhao, Z., Cheng, L., Tian, R.,, Zhao, W., Du, J., Zhang, Y., & Wang, C.
(2022). Effect of transcranial direct current stimulation on the mismatch
negativity features of deviated stimuli in children with autism spectrum
disorder. Frontiers in Neuroscience, 16, 721987. https://doi.org/10.3389/
fnins.2022.721987

Temple, E., Deutsch, G. K., Poldrack, R. A, Miller, S. L., Tallal, P, Merzenich,
M. M., & Gabrieli, J. D. E. (2003). Neural deficits in children with dyslexia
ameliorated by behavioral remediation: Evidence from functional MRI.
Proceedings of the National Academy of Sciences, 100(5), 2860-2865.
https://doi.org/10.1073/pnas.0030098100

Toscano, E., Sanges, V., Riccio, M. P, Bravaccio, C., De Bartolomeis, A.,
& Daurso, G. (2019). Fronto-cerebellar tDCS in children with autism


https://doi.org/10.1038/s41593-017-0054-4
https://doi.org/10.1016/j.brs.2014.07.036
https://doi.org/10.1016/j.brs.2014.07.036
https://doi.org/10.1155/2021/6627507
https://doi.org/10.1155/2021/6627507
https://doi.org/10.1007/s00221-019-05471-9
https://doi.org/10.1007/s00221-019-05471-9
https://doi.org/10.1371/journal.pone.0012073
https://doi.org/10.1515/revneuro-2016-0045
https://doi.org/10.1515/revneuro-2016-0045
https://doi.org/10.3389/fnint.2020.00031
https://doi.org/10.1177/23982128211007769
https://doi.org/10.1177/23982128211007769
https://doi.org/10.7554/eLife.69308
https://doi.org/10.1016/j.neuroscience.2020.07.037
https://doi.org/10.1016/j.neuroscience.2020.07.037
https://doi.org/10.1007/s12264-020-00501-x
https://doi.org/10.1007/s12264-020-00501-x
https://doi.org/10.1038/s41467-021-24885-0
https://doi.org/10.1038/s41467-021-24885-0
https://doi.org/10.1371/journal.pone.0215095
https://doi.org/10.1371/journal.pone.0215095
https://doi.org/10.1113/jp279409
https://doi.org/10.1113/jp279409
https://doi.org/10.1111/nyas.13098
https://doi.org/10.1007/s00702-016-1646-y
https://doi.org/10.1007/s00702-016-1646-y
https://doi.org/10.31234/osf.io/7ckqp
https://doi.org/10.1016/j.biopsych.2004.09.008
https://doi.org/10.1007/s10548-017-0552-4
https://doi.org/10.3389/fnins.2022.721987
https://doi.org/10.3389/fnins.2022.721987
https://doi.org/10.1073/pnas.0030098100

SALEHINEJAD ET AL.

Brain and Behavior

spectrum disorder. L'Encéphale, 45, S79-S80. https://doi.org/10.1016/j.
encep.2019.04.040

Turker, S., & Hartwigsen, G. (2022). The use of noninvasive brain stimula-
tion techniques to improve reading difficulties in dyslexia: A systematic
review. Human Brain Mapping, 43(3), 1157-1173. https://doi.org/10.
1002/hbm.25700

Vicario, C. M., & Nitsche, M. A. (2013a). Transcranial direct current stim-
ulation: A remediation tool for the treatment of childhood congenital
dyslexia? Frontiers in Human Neuroscience, 7, 139. https://doi.org/10.
3389/fnhum.2013.00139

Vicario, C. M., & Nitsche, M. A. (2013b). Non-invasive brain stimulation
for the treatment of brain diseases in childhood and adolescence: State
of the art, current limits and future challenges. Frontiers in Systems
Neuroscience, 7, 94. https://doi.org/10.3389/fnsys.2013.00094

Vicario, C. M., & Nitsche, M. A. (2019). Chapter 9—tDCS in pediatric
neuropsychiatric disorders. In L. M. Oberman & P. G. Enticott (Eds.).
Neurotechnology and brain stimulation in pediatric psychiatric and neurode-
velopmental disorders (pp. 217-235). Academic Press.

Vicario, C. M,, Salehinejad, M. A., Felmingham, K., Martino, G., & Nitsche,
M. A. (2019). A systematic review on the therapeutic effectiveness of
non-invasive brain stimulation for the treatment of anxiety disorders.
Neuroscience & Biobehavioral Reviews, 96,219-231.

Ward, J. (2019). The student’s guide to cognitive neuroscience (4th ed.).
Psychology Press.

Westwood, S. J., Bozhilova, N., Criaud, M., Lam, S.-L., Lukito, S., Wallace-
Hanlon, S., Kowalczyk, O. S., Kostara, A., Mathew, J., Wexler, B. E.,
Kadosh, R. C., Asherson, P, & Rubia, K. (2022). The effect of transcra-
nial direct current stimulation (tDCS) combined with cognitive training
on EEG spectral power in adolescent boys with ADHD: A double-blind,
randomized, sham-controlled trial. IBRO Neuroscience Reports, 12,55-64.
https://doi.org/10.1016/j.ibneur.2021.12.005

Westwood, S. J., Criaud, M., Lam, S.-. L., Lukito, S., Wallace-Hanlon, S.,
Kowalczyk, O. S., Kostara, A., Mathew, J., Agbedjro, D., Wexler, B.
E., Cohen Kadosh, R., Asherson, P, & Rubia, K. (2021). Transcranial
direct current stimulation (tDCS) combined with cognitive training
in adolescent boys with ADHD: A double-blind, randomised, sham-
controlled trial. Psychological Medicine, 1-16. https://doi.org/10.1017/
S0033291721001859

WILEY- 22

Westwood, S. J., Radua, J., & Rubia, K. (2021). Noninvasive brain stimula-
tion in children and adults with attention-deficit/hyperactivity disorder:
A systematic review and meta-analysis. Journal of Psychiatry & Neuro-
science, 46, E14-E33. https://doi.org/10.1503/jpn.190179

Westwood, S. J., Radua, J., & Rubia, K. (2021). Noninvasive brain stimula-
tion in children and adults with attention-deficit/hyperactivity disorder:
A systematic review and meta-analysis. Journal of Psychiatry & Neuro-
science, 46(1), E14-E33. https://doi.org/10.1503/jpn.190179

Willcutt, E. G., Doyle, A. E., Nigg, J. T, Faraone, S. V., & Pennington,
B. F. (2005). Validity of the executive function theory of attention-
deficit/hyperactivity disorder: A meta-analytic review. Biological Psychi-
atry, 57(11), 1336-1346. https://doi.org/10.1016/j.biopsych.2005.02.
006

Yuk, V., Anagnostou, E., & Taylor, M. J. (2020). Altered connectivity dur-
ing a false-belief task in adults with autism spectrum disorder. Bio-
logical Psychiatry: Cognitive Neuroscience and Neuroimaging, 5(9), 901-
912.

Zewdie, E., Ciechanski, P, Kuo, H. C., Giuffre, A., Kahl, C., King, R., Cole, L.,
Godfrey, H., Seeger, T., Swansburg, R., Damiji, O., Rajapakse, T., Hodge,
J., Nelson, S., Selby, B., Gan, L., Jadaviji, Z., Larson, J. R., Macmaster, F.,
..., Kirton, A. (2020). Safety and tolerability of transcranial magnetic
and direct current stimulation in children: Prospective single center evi-
dence from 3.5 million stimulations. Brain Stimulation, 13(3), 565-575.
https://doi.org/10.1016/j.brs.2019.12.025

How to cite this article: Salehinejad, M. A, Ghanavati, E.,
Glinski, B., Hallajian, A.-H., & Azarkolah, A. (2022). A systematic
review of randomized controlled trials on efficacy and safety of
transcranial direct current stimulation in major
neurodevelopmental disorders: ADHD, autism, and dyslexia.
Brain and Behavior, 12, e2724.
https://doi.org/10.1002/brb3.2724


https://doi.org/10.1016/j.encep.2019.04.040
https://doi.org/10.1016/j.encep.2019.04.040
https://doi.org/10.1002/hbm.25700
https://doi.org/10.1002/hbm.25700
https://doi.org/10.3389/fnhum.2013.00139
https://doi.org/10.3389/fnhum.2013.00139
https://doi.org/10.3389/fnsys.2013.00094
https://doi.org/10.1016/j.ibneur.2021.12.005
https://doi.org/10.1017/S0033291721001859
https://doi.org/10.1017/S0033291721001859
https://doi.org/10.1503/jpn.190179
https://doi.org/10.1503/jpn.190179
https://doi.org/10.1016/j.biopsych.2005.02.006
https://doi.org/10.1016/j.biopsych.2005.02.006
https://doi.org/10.1016/j.brs.2019.12.025
https://doi.org/10.1002/brb3.2724

	A systematic review of randomized controlled trials on efficacy and safety of transcranial direct current stimulation in major neurodevelopmental disorders: ADHD, autism, and dyslexia
	Abstract
	Significant Outcomes
	Limitations
	1 | INTRODUCTION
	1.1 | Aim of the study

	2 | METHODS
	2.1 | Information sources, search strategy, and study selection
	2.2 | Study inclusion
	2.3 | Risk of bias

	3 | RESULTS
	3.1 | Risk of bias
	3.1.1 | tDCS studies in ADHD
	3.1.2 | tDCS studies in ASD
	3.1.3 | tDCS studies in dyslexia

	3.2 | Overview of tDCS studies in children and adolescents with neurodevelopmental disorders
	3.2.1 | ADHD
	3.2.2 | Autism spectrum disorder
	3.2.3 | Dyslexia

	3.3 | Safety

	4 | DISCUSSION
	4.1 | ADHD
	4.2 | ASD
	4.3 | Dyslexia
	4.4 | Limitations of the studies and the filed
	4.4.1 | Design-related limitations
	4.4.2 | Protocol-related limitations


	5 | CONCLUSION
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT
	PEER REVIEW

	ORCID
	REFERENCES


