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Abstract: Autism spectrum disorder (ASD) is characterized by deficits in social inter-
actions, impairments in language and communication, and highly restrictive behavioral
interests. Because of its complex physiopathology, valid and reliable biomarkers are
needed for effective diagnosis and treatment, with the goal of symptomatic improve-
ment. Transcranial direct current stimulation (tDCS) is one of the most widely used
forms of noninvasive stimulation and may be a promising technique with both diagnos-
tic and therapeutic potential. Using PRISMA methodology, we conducted a review of
the contribution of tDCS to ASD treatment. A total of 43 references were found in our
literature search, of which six were relevant to this systematic review. Preliminary data
suggest an improvement in the behavioral and cognitive symptoms of ASD. However,
despite the efficacy of tDCS, some methodological differences were found among the
studies, indicating the need for well-designed and controlled studies to confirm the true
potential of tDCS for ASD treatment.

Keywords: noninvasive brain stimulation; transcranial direct current stimulation; au-
tism; autism spectrum disorder; systematic review.

ESTIMULACAO TRANSCRANIANA POR CORRENTE CONTINUA NO AUTISMO: UMA
REVISAO SISTEMATICA

Resumo: O transtorno do espectro autista (TEA) é caracterizado por apresentar prejui-
zos nas interagdes sociais, limitagdes nos comportamentos de comunicagao, além de al-
teragdes comportamentais de interesses. Devido a sua complexa fisiopatologia, é impres-
cindivel a existéncia de biomarcadores validos e confidveis para um diagndstico e
tratamento eficaz, objetivando a melhora da sintomética. A estimulagao transcraniana por
corrente continua (ETCC), uma das formas de estimulagdo nao-invasiva mais utilizadas,
apresenta-se como uma técnica promissora com potenciais diagndstico e terapéutico.
Usando a metodologia PRISMA, realizamos uma revisao da contribuicao e evidéncia cien-
tifica para o uso da ETCC no TEA. De 43 artigos, foram identificados seis estudos rele-
vantes. Os dados preliminares sugerem melhora nos sintomas comportamentais e cogni-
tivos do TEA. Todavia, apesar da eficacia da ETCC, algumas divergéncias metodolégicas
foram observadas entre os artigos, trazendo a necessidade da realizagdo de mais estudos
bem desenhados e controlados para confirmar potencialidade real da ETCC no TEA.

Palavras-chave: estimulacao cerebral; neuromodulacao; transtorno autistico; autis-
mo; revisao sistematica.
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ESTIMULACION TRANSCRANEAL DE CORRIENTE DIRECTA EN EL AUTISMO: UNA
REVISION SISTEMATICA

Resumen: El trastorno del espectro autista (TEA) es caracterizado por déficits persis-
tentes en comunicacion social, deterioro en el lenguaje y la comunicacién, y patrones
de comportamiento repetitivos. Debido su caracter complejo, es importante conocer
los marcadores vélidos para el diagnéstico y tratamiento eficaz, mejorando los sinto-
mas. La estimulacién transcraneal con corriente directa (tDCS en inglés) es una nova
técnica que es una herramienta terapéutica y diagnéstica muy prometedora. Utilizando
las directrices PRISMA, se realizé una revision para ver la evidencia cientifica para el uso
de tDCS en TEA. De los 43 articulos, se identificaron seis estudios potenciales. Los
datos preliminares sugieren una mejora en los sintomas conductuales y cognitivos del
TEA. Sin embargo, a pesar de la eficacia de tDCS, algunas divergencias metodolégicas
se observaron entre los estudios, lo que lleva a la necesidad de estudios bien disefiados
y controlados para confirmar el verdadero potencial de tDCS en TEA.

Palabras clave: estimulacidn transcraneal de corriente continua; neuromodulacién;
autismo; trastorno de espectro autista, revision sistematica.

Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental disorder that is charac-
terized by impairments in social interactions and communication and restricted pat-
terns of behavior and interests (American Psychiatric Association, 2013). The preva-
lence of ASD is one in every 110 births (Baron-Cohen et al., 2009; Oberman et al.,
2012). Autism spectrum disorder has a higher incidence in children than the combined
prevalence of other diseases, such as diabetes, cancer, acquired immunodeficiency
syndrome, and Down syndrome (Braun et al., 2014; Oberman et al., 2012).

The diagnosis of ASD is performed clinically through direct observation of the pres-
ence of behavioral symptoms that characterize the core of the disorder and through
interviews with parents or guardians (American Psychiatric Association, 2013). Some
test batteries are used for clinical diagnosis, such as the Childhood Autism Rating Scale
(CARS), Autism Treatment Evaluation Checklist (ATEC), Children’s Global Assessment
Scale (CGAS), and Aberrant Behavior Checklist (ABC; Garfin, McCallon, & Cox, 1988;
Geier, Kern, & Geier, 2013).

The CARS is a battery with 15 items that are related to social behavior, emotional
responses, the use of objects, body language, adaptation to change, visual responses,
perceptual responses, fear, and anxiety (Garfin, McCallon, & Cox, 1988). This scale gen-
erally ascertains the severity of autism. The ATEC is a test battery with four subtests:
(1) speech/language/communication (14 items, maximum score = 20), (2) social (20
items, maximum score = 40), sensory and cognitive awareness (18 items, maximum
score = 36), and (4) physical and behavioral health (25 items, maximum score = 75). A
higher score generally indicates lower patient performance. The CGAS assesses the
child’s psychosocial functioning. Scores range from 1 to 100. Lower scores indicate a
more severe disorder (Geier et al., 2013). The ABC consists of 57 items that screen mal-
adaptive behaviors.

There is still no definitive treatment for autism. Most treatments for the core symp-
toms of ASD are based on behavioral and cognitive interventions (Reichow, 2012).
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However, these treatments do not produce beneficial effects for severe cases with
catatonia, attention-deficit/hyperactivity disorder (ADHD), or high aggressiveness.
Pharmacological treatments that use antipsychotics or antidepressants have an adju-
vant role but do not effectively reduce the core symptoms of the disorder (Oberman
et al., 2012). Many cases present adverse symptoms (e.g., drowsiness, dry mouth, rest-
lessness, insomnia, and greater behavioral impairment; Amatachaya et al., 2015).
Therefore, innovative and more effective treatment options are needed.

Neuroimaging studies have investigated the pathophysiology of ASD (Anagnostou
& Taylor, 2011; Herbert et al., 2002; Oberman et al., 2012). The findings indicated brain
asymmetry that involved a reduction of activity in the left hemisphere. Brain struc-
tures in the left hemisphere are related to language, memory, and social functioning.
This reduction of activity in the left hemisphere derives from differential synaptic mat-
uration that is caused by microstructural abnormalities, mainly in the left dorsolateral
prefrontal cortex (dIPFC) (Chiron et al., 1995; Ozonoff & Miller, 1996; Peterson, Maha-
jan, Crocetti, Mejia, & Mostofsky, 2015). This brain asymmetry has shed light on the
hypothesis that the lateralization of neural function in these circuits can explain the
origin of aggressiveness and impairments in social interaction, communication, and
language in ASD (Casanova et al., 2013; Said, Egan, Minshew, Behrmann, & Heeger,
2013; Sokhadze et al., 2014).

In addition to behavioral and pharmacological interventions, new procedures that
utilize noninvasive brain stimulation techniques, such as transcranial magnetic stimu-
lation (TMS) and transcranial direct-current stimulation (tDCS), can be beneficial for
achieving behavioral and cognitive improvements in ASD. These brain stimulation
techniques have already been applied for the treatment of other disorders, such as
schizophrenia, Alzheimer’s disease, and depression, among others (Amatachaya et al.,
2015; Bystad et al., 2016; Enticott et al., 2014; Loo et al., 2012). The use of tDCS in chil-
dren and adolescents with ADHD resulted in behavioral improvements with regard to
aggressiveness and the processing of information, such as the detection of environ-
mental stimuli and ability to easily switch between activities (Bandeira et al., 2016;
Dambacher et al., 2015).

tDCS has been well studied and is one of the most promising techniques for the
treatment of numerous conditions (Kuo, Paulus, & Nitsche, 2014; Tortella et al., 2015).
The basis of tDCS is to employ a stimulator that emits continuous low-current electri-
cal currents (0.5-2.0 mA) through two electrodes (cathode and anode), ranging in size
from 25 to 35 cm?, that are in contact with the scalp (Stagg & Nitsche, 2011). The flow
of the electrical current is able to modulate neuronal excitability, change the resting
potential of neurons, and produce effects such as prolonged changes in neuronal ex-
citability, which can be driven by synaptic plasticity. Thus, the stimulation of one area
can improve adjacent areas (Stagg & Nitsche, 2011).

Depending on the polarity of the stimulation, the anode can have a depolarizing
effect, and the cathode can have an hyperpolarizing effect (Nitsche et al., 2003, 2008).
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Because of its ability to induce long-term cortical changes, tDCS has been considered
a treatment modality for numerous neurological and psychiatric conditions, such as
depression (Palm, Hasan, Strube, & Padberg, 2016), schizophrenia (Mondino et al.,
2015), and Alzheimer’s disease (Bystad et al., 2016).

tDCS can generally have acute or long-lasting effects on cortical function, depend-
ing on the parameters that are used for stimulation (e.g., location, frequency, inten-
sity, and repetition of stimulation). The present study critically reviewed evidence of
the applicability and efficacy of tDCS for the treatment of ASD.

Methods
Systematic Review

PRISMA guidelines (Liberati et al., 2009; Moher, Liberati, Tetzlaff, & Altman,
2009) were used to guide this systematic review (PROSPERO no. 42017057365). A
comprehensive search was conducted in the MEDLINE, Cumulative Index of Nursing
and Allied Health (CINAHL), Web of Science, PsycINFO, LILACS, and SciELO databases
for articles published until July 2016. The following specific descriptors were used:
“transcranial direct current stimulation,” “transcranial current stimulation,” “mi-
cropolarization,” “non-invasive brain stimulation,” and their abbreviations com-
bined with “autism,” “autism spectrum disorder,” “Asperger,” “Tourette syndrome,”
and "autistic disorder.” The keywords were chosen even in the absence of specific

MeSH terms.

Eligibility Criteria

The following eligibility criteria were applied: (1) articles published in English, Por-
tuguese, or Spanish, (2) randomized clinical trials, (3) interventional studies, and (4)
books and theses that were fully available. Studies in other languages, electroconvul-
sive therapy, transcranial magnetic stimulation studies, letters, editorials, studies that
assessed conditions other than ASD, and studies that evaluated interventions other
than tDCS were excluded.

We extracted the following information from eligible articles: (1) study design, (2)
tDCS methodology, (3) side effects, and (4) crucial findings. If insufficient information
was available, then the corresponding author was contacted.

Analysis Procedures

During the first screening, two authors (TM or AL) evaluated the titles and ab-
stracts of each citation and excluded irrelevant studies. For each potential study, two
authors (NA and TM) examined the full paper and assessed whether the studies met
the inclusion criteria. If there was disagreement, a third author (NL) was contacted for
consultation until agreement was reached.

Revista Psicologia: Teoria e Pratica, 19(1), 192-207. Sao Paulo, SP, jan.-abr. 2017.
ISSN 1516-3687 (impresso), ISSN 1980-6906 (on-line). http://dx.doi.org/10.5935/1980-6906/psicologia.vI9n1p192-207




Thiago Fernandes, Ana Luiza Alves Dias, Natanael Antonio Santos

Quality Assessment

Articles were evaluated with regard to internal validity (i.e., selection bias, perfor-
mance bias, attrition bias, and measurement reports) and construct validity (i.e., ade-
quacy of operational criteria used). The quality of the evidence from the studies was
assessed using three main measures: (1) limitations (i.e., weaknesses in the study de-
signs), (2) consistency of results, and (3) precision (i.e., generalizability of the findings
and sufficient data provided). Studies that had such flaws were excluded.

Results

The initial database search yielded 43 articles. After screening the titles, abstracts,
and bibliographies, we considered six articles based on the eligibility criteria for the
present systematic review (Figure 1).

Figure |. Flow chart of article selection process.

Records identified through database Additional records identified through
searching (n = 34) references (n = 9)

' .

Records after duplicates removed
(n = 41)

/

Records screened I
(n = 41) (n=31)

Full-text articles removed:

Full-text articles assessed for | _—| (=1
eligibility (n = 7)

/

Studies included in this
systematic review
(n=6)

Records excluded

{ Included ] [ Eligibility ] [ Screening ] [Identiﬁcation]

Fonte: Elaborado pelos autores.

The studies were restricted to randomized clinical trials and case reports. The sam-
ple sizes ranged from one to 30 subjects in each study. Table 1 shows the main charac-
teristics of the studies.

The overall analysis was based on 72 patients with ASD, the majority of whom were
children. Most of the studies used tDCS together with neuropsychological instruments,
such as the ATEC, CARS, CGAS, and ABC, to evaluate differences before and after
stimulation. The results indicated that patients with ASD presented improvements in
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more than half of the studied domains, such as aggressiveness, semantic and lexical
domains, and catatonia.

Table |. Studies that reported beneficial effects of tDCS on ASD symptoms

Study Design and  Instruments tDCS methodology Main findings
sample
Amatachaya  Double-blind, CARS, ATEC, ¢ Anodic unilateral stimulation * Improvement in
etal. (2014) placebo- and CGAS of dIPFC; cathode on sociability and social and
controlled contralateral deltoid cognitive awareness
clinical trial; * | mA with 35 cm? electrodes * Behavioral
24 patients * 20-min sessions at |0 day improvements after
intervals (except weekends) stimulation
* No adverse effects
Amatachaya Double-blind, EEG and * Anodic unilateral stimulation  * Improvements in social
etal. (2014) placebo- ATEC of dIPFC; cathode on and self-care domains of
controlled contralateral deltoid ATEC
clinical trial; * | mA with 35 cm? electrodes ¢ Increased peak alpha
24 patients * 20-min sessions for 3 weeks  frequency associated with
(except weekends) improvement on ATEC
* No adverse effects
Costanzo et Case report; ABC and ¢ Unilateral cathodic * 30% decrease on
al. (2015) I4-year-old  Kanner scale stimulation of dIPFC; anode catatonia scale
girl with of Catatonia on contralateral deltoid * Improvements on
catatonia * | mA with 25 cm? ABC
electrodes * Improvements
* 20-min sessions for 28 observed after |-month
consecutive days (excluding  follow-up
weekends)
D'Urso etal. Case report; ABC ¢ Unilateral cathodic * 40.2% decrease in
(2014) 26-year-old stimulation of dIPFC; anode behavioral symptoms
patient on contralateral deltoid * Improvements
* 1.5 mA with 35 cm? observed after 3-month
electrodes follow-up
® 20-min sessions for 10 * No adverse effects
weekdays
D'Urso etal. Open-label- ABC ¢ Unilateral cathodic ® 26.7% decrease on
(2014) trial; 12 stimulation of dIPFC; anode ABC
patients on contralateral deltoid * 35.8% increase on

¢ |.5 mA with 35 cm?
electrodes

® 20-min sessions for 10
weekdays

abnormal behavior
subscale
* No adverse effects

(continua)

Revista Psicologia: Teoria e Pratica, 19(1), 192-207. Sao Paulo, SP, jan.-abr. 2017.
ISSN 1516-3687 (impresso), ISSN 1980-6906 (on-line). http://dx.doi.org/10.5935/1980-6906/psicologia.vI9n1p192-207




Thiago Fernandes, Ana Luiza Alves Dias, Natanael Antonio Santos

Table |. Studies that reported beneficial effects of tDCS on ASD symptoms (conclusdo)

Study Design and  Instruments tDCS methodology Main findings
sample
Schneider &  Open-label-  BAT * Anodic unilateral * Significant
Hopp (2011) trial; 10 stimulation of dIPFC; improvement in
patients cathode on contralateral vocabulary and syntax
deltoid domains
* 0.08 mA with 15 cm? * First study that
electrodes reported efficacy of
* 30-min sessions for 10 tDCS for ASD
weekdays * No adverse effects

Fonte: Elaborado pelos autores.

Discussion
Main Findings

The objective of the present systematic review was to evaluate evidence of the ef-
fectiveness of tDCS for the treatment of cognitive and behavioral symptoms of ASD.
The results of the six studies that were eligible for inclusion in the study reported im-
provements in ASD symptoms, including improvements in language acquisition, a de-
crease in hyperactivity, a decrease in aggressiveness, and an increase in activity (in the
case of catatonia). The improvement of symptoms and some behaviors occurred even
with different stimulation protocols and behavioral indicators, and the effects were
relatively long-lasting (Brunoni et al., 2012; Dedoncker, Brunoni, Baeken, & Vander-
hasselt, 2016). Some studies reported continual improvements after a follow-up peri-
od of 3 and 6 months after stimulation (Costanzo et al., 2015; D'Urso et al., 2014).

A few adverse reactions of stimulation were reported, such as mild irritation of the
scalp or in the applied area, but tDCS was well tolerated even after 6 months of con-
secutive daily applications (Costanzo et al., 2015). The standard setting of stimulation
consisted of positioning the electrode over the left dIPFC with the reference electrode
outside the scalp in the contralateral deltoid.

This setup is based on neuroimaging findings where the test results that observed
irregular current flow between the left dIPFC, medial prefrontal cortex, supplemental
motor area, and parietal cortex (Taub, 2015). This irregular flow corroborates the
premise that there are dysfunctions in certain cortical regions in ASD patients (Ped-
apati et al., 2016). Computational models indicated that electrical flow with the com-
monly used tDCS settings also reaches deep encephalic structures that are involved in
the pathophysiology of ASD (Rosenberg, Patterson, & Angelaki, 2015).

Anodic stimulation of the left dIPFC, with the goal of achieving cortical balance in
this area because of its extensive connections with other networks that are distributed
in the encephalon, was the most used configuration for ASD treatment but not the
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only one. Thus, the dIPFC appears to be a site of potential interest for studying neuro-
plasticity in ASD because stimulation can promote a balance between excitation and
inhibition, resulting in improvements in neuronal communication (Lee, Lee, & Kim,
2016). Changes in this imbalance may improve cognitive function (Sesarini, 2015),
mainly attention and working memory, and the processing of visual information (Van-
denbroucke, Scholte, van Engeland, Lamme, & Kemner, 2008). In fact, excitability of
the prefrontal cortex improves ASD symptoms, corroborating studies that have re-
ported lower activity in the prefrontal cortex in people with ASD (Gao & Penzes, 2015).

Another line of evidence that supports stimulation of the dIPFC arises from clinical
trials that used cathodic rather than anodic stimulation of the left dIPFC, which re-
versed maladaptive behaviors, such as catatonia and hyperactivity (Costanzo et al.,
2015). The therapeutic effects that were observed in the studies that are reviewed
herein were related to a reduction of cortical excitability in the dIPFC and the possible
intracellular cascade due to inhibitory effects on all neural networks that are intercon-
nected with this region (Gao & Penzes, 2015). The positive effects of stimulation in-
cluded reductions of dysphoria, irritability, agitation, crying, and behavioral symptoms
that were evaluated by the ABC, CARS, CGAS, and ATEC. Neuroimaging studies indicate
that the medial prefrontal cortex and medial temporal lobe are also critically involved
in the pathophysiology of ASD. Social withdrawal in individuals with ASD is associated
with a reduction of dopaminergic signaling in these brain regions, in addition to areas
that are interconnected with the dIPFC (Gilbert, Bird, Brindley, Frith, & Burgess, 2008).

Possible Mechanisms of Action of tDCS for ASD Treatment

We provide a summary of the possible mechanisms of action by which tDCS is ben-
eficial for ASD treatment. The specific pathophysiology of this complex disorder, how-
ever, remains unknown, and additional mechanisms of action need to be identified.
The overall effects of tDCS appear to involve neuronal polarity and neural circuitry
(Krause, Marquez-Ruiz, & Cohen Kadosh, 2013; Wokke, Talsma, & Vissers, 2015).

Stimulation Protocols Used

Anodic stimulation increased neuronal excitability, whereas cathodic stimulation
decreased neuronal excitability. This shift in polarization likely occurred through the
displacement of resting potential, at least when evaluated through the prism of the
short-term effects of tDCS (Nitsche & Paulus, 2001). The long-term effects of tDCS have
been proposed to result from changes in synaptic function (Medeiros et al., 2012),
specifically through changesin the activity of N-methyl-D-aspartate and y-aminobutyric
acid receptors, which can lead to permanent changes in areas that exhibit lower activ-
ity. tDCS may also modulate neuroplasticity through brain-derived neurotrophic fac-
tor. The hyperactivity of this trophic factor plays a fundamental role in the etiology of
autism in early life (Fritsch et al., 2010). The overall impact of tDCS is not restricted to
specific sites of application and appears to impact other areas.
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Comparisons with Other Studies

We reviewed tDCS and its modes of application for the treatment of ASD. Previous
studies have evaluated tDCS for the treatment of ASD based on neuropsychological
outcomes. For example, tDCS improved language acquisition (Amatachaya et al.,
2015) and operational memory (van Steenburgh, Varvaris, Schretlen, Vannorsdall, &
Gordon, 2016). tDCS, together with other forms of micropolarization, appears to im-
prove ASD symptoms.

Relevance of the Study

The relatively few findings that were identified in the present review are nonethe-
less important for future studies. Indeed, all of the studies discussed herein reported
improvements in ASD symptoms after several months of follow-up, demonstrating the
durability of the effects of tDCS. Additional controlled and randomized studies with
larger sample sizes and different classes of medications should be conducted, and at-
tempts should be made to match the gender of the participants because ASD in fe-
males presents more abruptly than in males (Werling & Geschwind, 2013).

At the outset of the present study, we expected to identify only a few studies be-
cause the use of tDCS for ASD treatment is still in an incipient stage. Our goal was not
to perform a meta-analysis or utilize meta-regression techniques. We instead focused
only on highlighting the limitations and contributions of this stimulation technique.

Limitations

Only a few studies have evaluated the effects of tDCS on ASD symptomatology. We
employed a robust search strategy. Nonetheless, we might not have identified all
studies that are germane to this topic. Despite the importance of case reports, the
clinical benefits of tDCS are better understood with the use of randomized controlled
trials. We included case reports in the present review because they are oftentimes the
first steps toward clinical trials. Although case reports do not provide robust evidence
of the efficacy of tDCS for ASD treatment, their findings are important for the design
of future studies.

One other limitation is that the studies did not use precisely the same stimulation
protocols. Randomized clinical trials using tDCS showed more robust experimental
design and replicated the design of studies using TMS, pointing to stimulation in the
DLPFC.

Conclusions

The results suggest that tDCS is a promising tool for the treatment of ASD. This
conclusion was reached based on diverse studies that used different designs and had
different objectives and conditions. This reinforces the use of tDCS as a promising
clinical tool for studying and monitoring ASD, especially when considering that it
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achieves symptomatic improvements when other conventional treatments are ineffec-
tive. Protocols that stimulate such regions as the dIPFC can lead to behavioral and
cognitive improvements and can serve as research and therapeutic tools.

Unknown are the the specific physiological mechanisms that are altered in ASD
and whether these changes can be generalized to the entire population with ASD.
Unclear is which region is most affected by ASD and thus which region should be
stimulated. Based on neuroimaging studies and the findings presented herein, stimu-
lation of the dIPFC appears to be promising. Further studies need to evaluate the ef-
ficacy of tDCS for ASD treatment.

The promising effects of tDCS for ASD indicate which symptoms are best treated
using this technique and indicate when to use therapeutic stimulation. This technique
needs to be refined so healthcare professionals can determine exactly when stimula-
tion should be applied. Understanding such parameters is crucial from the standpoint
of pathophysiology because it may open new avenues for the treatment of refractory
or recurrent conditions.
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