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Recently, transcranial direct current stimulation (tDCS) has been applied to relieve symptoms in individuals with autism spectrum
disorder (ASD). In this prospective, parallel, single-blinded, randomized study, we investigate the modulation eﬀect of three-week
tDCS treatment at the left dorsal lateral prefrontal cortex (DLPFC) in children with ASD. 47 children with ASD were enrolled, and
40 (20 in each group) completed the study. The primary outcomes are Childhood Autism Rating Scale (CARS), Aberrant Behavior
Checklist (ABC), and the Repetitive Behavior Scale-Revised (RBS-R). We found that children with ASD can tolerate three-week
tDCS treatment with no serious adverse events detected. A within-group comparison showed that real tDCS, but not sham
tDCS, can signiﬁcantly reduce the scores of CARS, Children’s Sleep Habits Questionnaire (CSHQ), and general impressions in
CARS (15th item). Real tDCS produced signiﬁcant score reduction in the CSHQ and in CARS general impressions when
compared to the eﬀects of sham tDCS. The pilot study suggests that three-week left DLPFC tDCS is well-tolerated and may hold
potential in relieving some symptoms in children with ASD.

1. Introduction
Autism Spectrum Disorder (ASD) is a common neurodevelopmental disorder with no cure. Multiple interventions such
as behavioral analysis (ABA), occupational therapy, speech
therapy, physical therapy, and pharmacological therapy have
been used to relieve the symptoms of ASD [1, 2]. Nevertheless, most of these treatments have achieved only limited
success. Many (but not all) individuals with ASD require lifelong support of some kind [3]. Thus, there is an urgent need
to develop new ASD interventions.
Transcranial direct current stimulation (tDCS) is a safe,
low-cost neuromodulation tool that can noninvasively change

cortical excitability by applying a low direct current (usually
no more than 2 mA) from electrodes placed on the scalp
[4–7]. Accumulating evidence suggests that tDCS application
to a certain brain region, such as the frontal cortex, can signiﬁcantly modulate attention [8], learning [8–10], memory
[9, 11], vigilance [12], brain activity/connectivity/plasticity/
dynamics [13–17], conditioning/placebo eﬀect [18, 19], and
neurotransmitter levels ([13]). These unique characteristics
make tDCS a promising tool for ASD treatment.
Recently, tDCS has been applied to relieve symptoms in
individuals with ASD [20–23]. One widely used target brain
region of tDCS is the dorsal lateral prefrontal cortex (DLPFC).
As a key region of executive functions, the DLPFC plays an
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important role in cognitive control processes [24–29]. Cognitive control includes a set of brain processes necessary for
goal-directed thought and action [30], which plays a crucial
role in the top-down modulation of attention-memory interactions [31, 32], decision-making, and conﬂict resolution [32].
In parallel, studies have shown that plateaued growth of
attentional control is associated with elevated autism trait
characteristics and lower adaptive functioning at earlier
stages of development [33]. Meta-analysis has also shown
that ASD is associated with DLPFC structure and functional
alternation [34, 35], which illustrates the important role of
the DLPFC in the pathophysiology of ASD. For instance, in
a previous study, investigators found that during a parametrically modulated vigilance task, both ADHD and ASD disorders displayed shared under-activation relative to the healthy
controls in the bilateral striato-thalamic and the left DLPFC.
In addition, the left DLPFC under activation was positively
associated with the prosocial Strength and Diﬃculty Questionnaire (SDQ) scores. This ﬁnding may suggest that problems
with reducing self-referential thoughts that interfere with frontal attention networks may be either a cause or a consequence
of abnormalities in reciprocal social communication [36].
Furthermore, the DLPFC is also the highest cortical area
that is involved in motor planning, organization, and regulation/inhibition and has closely connected to other regions
such as the orbitofrontal cortex, thalamus, parts of the basal
ganglia (speciﬁcally, the dorsal caudate nucleus), the hippocampus, and primary and secondary association areas of
the neocortex (including posterior temporal, parietal, and
occipital areas). This function and connection also linked
the DLPFC with behavioral abnormality, such as restricted
and repetitive behaviors, hypersensitivities (over-responsiveness), and hyposensitivities (under-responsiveness), to a
wide range of stimuli. As a result, it has been used as a target
brain region of tDCS for the treatment of ASD.
In an early pilot study [37], researchers tested the hypothesis that tDCS can facilitate language acquisition in a cohort
(n = 10) of ASD children with immature syntax using a single
arm design (pre-tDCS vs. post-tDCS). The anodal lead was
placed over the left DLPFC corresponding to F3 of 10-20
EEG system. The cathode was placed over the right supraorbital region (0.08 mA, 30 minute). They found a large eﬀect
size of the diﬀerence between the pre-/post-tDCS groups on
language (syntax) acquisition. In another earlier study [38],
investigators explored the eﬀects of tDCS on the left DLPFC
using a crossover design on 20 children with ASD. They found
that 5 consecutive days of real tDCS treatment (1 mA, 20
minutes, with the anodal electrode placed over F3 and the
cathodal electrode on the right shoulder contralateral to the
anode) produced a signiﬁcant decrease in Childhood Autism
Rating Scale (CARS) score and Autism Treatment Evaluation
Checklist (ATEC) score and produced an increase in the
Children’s Global Assessment Scale (CGAS) score. In a following study [39] by the same group, the authors studied the
eﬀects of anodal tDCS on Peak EEG Alpha Frequency
(PAF). Twenty male children on the autism spectrum were
randomly assigned in a crossover design to receive a single session of both active and sham tDCS stimulations over the left
DLPFC. The investigators found clinical improvement similar

Neural Plasticity
to a previous study, as well as PAF increase. In a case report
[40], investigators found that 28 consecutive daily tDCS
sessions (excluding the weekend, the cathode over the right dorsolateral prefrontal cortex and the anode over the left DLPFC, 1
mA, 20 min) can result in a reduction of catatonic symptoms in
an adolescent with ASD and drug-resistant Catatonia.
More recently, investigators applied a crossover design to
investigate the modulation of tDCS on working memory in
adults with high-functioning autism. Each participant received
left anodal/right cathodal stimulation, right anodal/left cathodal stimulation, or sham stimulation, in a randomized, counterbalanced order on three separate days. They found that a
single tDCS treatment (40 min of 1.5 mA), through both left
DLPFC anodal stimulation and right DLPFC anodal stimulation, can signiﬁcantly improve working memory task performance and may reduce some core symptoms of ASD [41].
Most recently, Hadoush et al. [42] studied the potential
therapeutic eﬀects of tDCS on the clinical characteristics of
children with ASD. The tDCS treatment group underwent
10 sessions (1 mA, 20 min durations, ﬁve per week) of bilateral
anodal tDCS stimulation applied simultaneously over the left
and right prefrontal and motor areas (FC1 and FC2 of EEG
system) and the cathode electrodes applied over the left and
right supraorbital areas. The control group underwent the
same procedures but with the use of sham tDCS stimulation.
The results showed that there were signiﬁcant decreases in
total autism treatment evaluation checklist (ATEC) scores
(p = 0:014), sociability subscores (p = 0:021), and behavioral,
health, and physical condition subscores (p = 0:011) in the
tDCS treatment group. No signiﬁcant changes were observed
in total ATEC scores and subscores in the control group, demonstrating the potential of tDCS.
Nevertheless, most clinical studies have only tested the
short-term (1 to 5 treatments) eﬀects of tDCS. Although
crossover design can increase the power of the study, the
“carry-over” eﬀect of tDCS may confound estimates of the
eﬀect of tDCS treatment. We thus performed a pilot prospective, single-blinded, randomized, parallel clinical study to test
the eﬃcacy of three-week tDCS at the left DLPFC [38, 39] in
children with ASD. We hypothesized that three weeks of
tDCS treatment can be well-tolerable and may signiﬁcantly
reduce the symptoms associated with ASD children.

2. Materials and Methods
2.1. Participants. Participants in the ASD group were recruited
from an outpatient ward of the Child Mental Health and
Rehabilitation Center in the Shenzhen Maternity & Child
Healthcare Hospital in China. The clinical trial registration
number is ChiCTR1800015264. Written informed consent to
participate in this study was provided and signed by the participants’ legal guardians before the start of the experiment.
The inclusion criteria were that the participant had to be 26 years old and had to meet the diagnostic criteria for DSM-V
autism spectrum disorders as conﬁrmed by study physicians.
The exclusion criteria were the use of neurologic, hormone,
or immunological therapy within three months; mental illness
(schizophrenia, etc.), hereditary metabolic diseases, severe neurological diseases, and craniocerebral injury history; history of
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epilepsy; and intracranial implants or other conditions that
lead to the inability to administer tDCS treatment. All children
received regular special education provided by special schools
for ASD.
2.2. Experimental Procedure
2.2.1. Randomization and Blindness. After screening, eligible
children were randomly assigned in a 1 : 1 ratio to the real or
sham tDCS groups using computer-generated randomized
numbers. All guardians/children and investigators/staﬀs,
except a staﬀ who applied the tDCS, were blinded to real or
sham tDCS interventions.
2.2.2. Transcranial Direct Current Stimulation (tDCS)
Administration. The tDCS treatment will be administered
using two saline-soaked, surface sponge electrodes (area:
5 × 5 cm2) and delivered using the Brain Stimulator v3.0
tDCS device (https://www.amazon.ca/Brain-Stimulator-v30-Device-Deluxe/dp/B01N74RKEI) by trained research clinicians under the supervision of the study physician and
aid of parents. All devices were placed in a carrying pouch
provided by the device vendor and tied to the back of the
waist belt to blind the patients and parents. tDCS was
applied ﬁve times a week for three weeks.
Similar to previous studies [38, 39] that showed signiﬁcant clinical improvement after tDCS in children with ASD,
for real tDCS, the anodal electrode was placed over F3 of a
10-20 EEG electrode placement (the site of the left dorsal
lateral prefrontal cortex) and the cathodal electrode was
placed on the right shoulder contralateral to the anode. tDCS
treatment was applied at 1 mA for twenty minutes. For sham
tDCS after the setup electrodes, the staﬀ turned on the device
for 15 seconds, then turned it oﬀ and placed it in the carrying
pouch. Thus, no stimulation was applied except at the beginning of the sham stimulation to mimic the somatosensory
eﬀect of real tDCS for 15 seconds.
2.3. Clinical Outcome. The primary outcomes include three
commonly used measurements that reﬂect key symptoms
associated with ASD, i.e., Childhood Autism Rating Scale
(CARS, higher scores indicate greater severity), Aberrant
Behavior Checklist (ABC, higher scores indicate greater severity), and Repetitive Behavior Scale-Revised (RBS-R, higher
scores indicate greater severity). We chose CARS because it
is a well-established measure of autism severity [43], and previous studies have found that tDCS can reduce the CARS score
[38]. We chose ABC because it is one of the few empirically
developed scales designed to measure psychiatric symptoms
and behavioral disturbance exhibited by individuals with
developmental disabilities [44]. The ABC is a caregiverinformed problem behavior scale that assesses ﬁve categories:
Irritability, Agitation, and Crying; Lethargy/Social Withdrawal; Stereotypic Behavior; Hyperactivity/Noncompliance;
and Inappropriate Speech. It is a widely used measure in
ASD treatment studies [45]. Repetitive and stereotyped patterns of behavior, interests, and activities have been considered
central to ASD[46]; we thus also included RBS-R as a primary
outcome. RBS-R is a self-reported questionnaire that is used to
measure the breadth of repetitive behavior for ASD individ-
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uals. It consists of 6 subcategories: stereotyped behavior, selfinjurious behavior, compulsive behavior, routine behavior,
sameness behavior, and restricted behavior for a total score
of 43 items.
The secondary outcomes are sleep condition, as measured
by the Children’s Sleep Habits Questionnaire (CSHQ, higher
scores indicating more severe sleep disturbance), the subscale
scores of ABC and RBS-R, and the 15 items (questions) of
CARS. For all secondary outcomes, higher scores indicated
greater severity. We include the general impressions (the
15th item in CARS) as a separate secondary outcome, as it
represents an overall rating of autism based on subjective
impression of the degree to which the child is autistic given
all of the available information [47]. All outcome measurements (when applicable) were applied by trained clinicians
who were blinded to the treatment group at baseline and
within two weeks after the ﬁnal tDCS treatment.
2.3.1. Adverse Events. Similar to a previous study [38], clinicians and the parents/guardians were asked to report any
adverse events as well as other signs and symptoms every
day after treatment. Participants were also closely observed
by clinicians during the stimulation session.
2.4. Statistical Analysis. The eﬀect of tDCS was estimated by
comparing primary outcome diﬀerences using a mixedmodel regression with group (real vs. sham) and time points
(baseline and after treatment) as ﬁxed eﬀects and with the
patients as a random eﬀect. Age and gender were also included
in the model as covariates. All analyses were performed using
R Version 3.1.0 with the lme4 (http://CRAN.R-project.org/
package=lme4) and lmerTest packages (http://CRAN.Rproject.org/package=lmerTest). For this model, the treatment
eﬀect is the group-by-time interaction. Within-group comparisons before and after treatment were performed using paired t
-tests. We also performed the same analyses on the secondary
clinical outcomes.
2.5. Power Calculation. Since no prior clinical trial has been
performed to investigate the eﬀects of three-week tDCS on
the left DLPFC, we present our power analysis here for the
primary outcomes before and after three-week tDCS treatments. For the comparison of the pre- and posttreatment
diﬀerences between the real and sham tDCS groups, with
20 children on the autism spectrum in each group, we will
use 80% power to test the eﬀect size of 0.91 (Cohen-d)
between the two groups, based on the two sample t-tests at
the 0.05 two-tailed signiﬁcance level.

3. Results
3.1. Participants and Baseline Characteristics. 47 guardians of
the participants signed the consent form and were enrolled in
this study. Four subjects dropped at the baseline assessment
stage before randomization (three due to schedule conﬂicts
and one due to noncompliance with the inclusion criteria).
43 participants were randomized to real (n = 22) or sham
(n = 21) tDCS treatment. Two subjects dropped from the real
tDCS group (one due to a schedule conﬂict and one due to a
mother’s concern of an increase in daily activity/movement
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Flow diagram
Screened and signed consent form (N = 47)

Excluded (N = 4)
(i) Not meeting inclusion critere a (n = 1)
(ii) Schedule conﬂict (n = 3)

Baseline assessment and randomization

Allocation
Allocated to real tDCS (n =22)
(i) Completed allocated intervention (n = 20)
(ii) Dropout (n = 2)
Schedule conﬂict (n = 1)
Reporting increased daily activities (n = 1)

Allocated to sham tDCS (n = 21)
(i) Completed allocated intervention (n = 21)

Post treatment assessment (n = 20)

Post treatment assessment (n = 21)

Data analysis
Analysed (n = 20)
(i) Excluded from analysis (given reasons) (n = 0)

Analysed (n = 20)
(i) Excluded from analysis (n = 1)
(i) Missing baseline data (n = 1)

Figure 1: Flow chart of the experiment.

after treatments). One subject’s data in the sham tDCS group
was not used due to missing data at the baseline (Figure 1).
Of the 40 subjects who completed the study, the ABC,
RSB, and CSHQ of three subjects (all in the sham group)
could not be assessed by the same person (guardian) before
and after treatments; thus, the ﬁnal data analyses for ABC,
RSB, and CSHQ were performed on 37 subjects (20 in the
real tDCS group and 17 in the sham tDCS group). The ﬁnal
data analysis for CARS, which was assessed by trained staﬀ,
was performed on 40 subjects (20 in each group) who completed the study.
The baseline demographic characteristics are shown in
Table 1. There are no signiﬁcant diﬀerences in age (p = 0:98)
and gender (p = 0:53) and baseline clinical assessments
between the real and sham tDCS groups (p value range from
0.12 to 0.97).
3.2. Primary Outcome Results. Within-group data analysis
(paired t-test) on primary outcomes showed that after real
tDCS treatment, ABC and CARS score signiﬁcantly decreased
(improvement) (tð19Þ = 2:2, p = 0:04; tð19Þ = 2:1, p = 0:05,
respectively). After sham tDCS, ABC score and RBS-R score
were reduced (improvement) signiﬁcantly (tð16Þ = 4:0, p <
0:001; tð16Þ = 3:0, p = 0:01, respectively) (Figure 2).

Comparison between the two groups using mixed-model
regression analysis showed no signiﬁcant diﬀerence in
group-by-time interaction for ABC total score (p = 0:21),
RBS-R (p = 0:37), and CARS score (p = 0:42).
We also explored the association (using Pearson’s correlation) between the baseline and pre- and posttreatment diﬀerences (pre- minus posttreatment) in three primary outcomes
(CARS, ABC, and RBS-R) that showed signiﬁcant changes
after real or sham tDCS treatment during within group analysis. We found signiﬁcant correlation between baseline CARS
score and CARS score decrease (improvement) after real tDCS
(p = 0:03, r = 0:49), baseline ABC score, and ABC score
change after real tDCS (p = 0:04, r = 0:46). There is no significant association between the baseline ABC/RBS-R score and
ABC/RBS-R score change after sham tDCS.
3.3. Secondary Outcome Results. Within-group data analysis
(paired t-test) on secondary outcomes showed that after real
tDCS treatment, ABC stereotypic behavior subscale score
(tð19Þ = 2:2, p = 0:04), and ABC hyperactivity subscale score
(tð19Þ = 2:8, p = 0:01), and CSHQ score (tð19Þ = 2:6, p =
0:02) were signiﬁcantly reduced (improvement) (Table 2).
After sham tDCS, ABC subscale irritability (tð16Þ = 3:2,
p = 0:01), ABC social subscale withdrawal (tð16Þ = 3:5, p
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Table 1: Demographic and other related information for the
subjects who completed the study.
ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Group
Sham
tDCS
Real tDCS
Real tDCS
Sham
tDCS
Sham
tDCS
Real tDCS
Sham
tDCS
Real tDCS
Real tDCS
Sham
tDCS
Real tDCS
Sham
tDCS
Real tDCS
Real tDCS
Sham
tDCS
Real tDCS
Sham
tDCS
Real tDCS
Sham
tDCS
Sham
tDCS
Real tDCS
Real tDCS
Sham
tDCS
Sham
tDCS
Real tDCS
Real tDCS
Sham
tDCS
Sham
tDCS
Real tDCS
Sham
tDCS
Real tDCS
Real tDCS
Sham
tDCS

Gender

Age
(months)

Table 1: Continued.
ID

Group

Gender

Handedness Parturition
34

Female

78

Right

Natural

Male
Male

30
81

Left
Right

C-section
C-section

Male

54

Left

C-section

Female

69

Right

Natural

Male

36

Right

C-section

Male

47

Right

Natural

Male
Female

40
79

Right
Right

Natural
Natural

Female

70

Right

Natural

Female

42

Right

C-section

Male

42

Right

Natural

Male
Male

67
47

Right
Right

C-section
Natural

Female

53

Right

Natural

Male

44

Right

C-section

Male

44

Right

C-section

Female

59

Right

Natural

Male

61

Right

C-section

Male

34

Right

Natural

Male
Male

30
59

Right
Right

Natural
Natural

Male

50

Right

Natural

Male

71

Right

C-section

Male
Male

37
50

Right
Right

Natural
Natural

Female

49

Right

Natural

Female

24

Right

C-section

Male

65

Right

C-section

Male

25

Right

Natural

Male
Male

63
46

Right
Right

Natural
Natural

Male

73

Right

C-section

35
36
37
38
39
40

Sham
Male
tDCS
Real tDCS Male
Real tDCS Female
Sham
Male
tDCS
Sham
Male
tDCS
Real tDCS Male
Sham
Male
tDCS

Age
(months)

Handedness Parturition

44

Right

Natural

54
62

Right
Right

Natural
Natural

39

Right

C-section

66

Right

Natural

54

Right

Natural

49

Right

C-section

= 0:003), ABC stereotypic behavior subscale score
(tð16Þ = 2:5, p = 0:02), ABC hyperactivity subscale score
(tð16Þ = 3:2, p = 0:006), and RBS-R ritualistic/sameness subscale score (tð16Þ = 2:3, p = 0:04) were signiﬁcantly reduced
(improvement). No signiﬁcant increase was detected after
the treatments in all secondary outcomes.
Between-group comparisons showed signiﬁcant diﬀerences (group-by-time interaction) between the two groups
on CSHQ score (p = 0:049, real tDCS produced a greater
decrease), the general impression item in CARS (p = 0:047,
real tDCS produced a greater decrease), and ABC subscale
irritability (p = 0:01) (sham tDCS produced a greater
decrease). No other signiﬁcant secondary outcome diﬀerences were detected (p value group-by-time interaction ranging from 0.1 to 0.89).

4. Discussion
In this pilot study, we investigated the modulation eﬀect of a
3-week left frontal anodal tDCS treatment on children with
ASD. We found no signiﬁant diﬀerence in pre- and posttreatment changes for ABC, RSB, and CARS scores between the
real and sham tDCS groups. Nevertheless, we found that after
real tDCS treatment, but not after sham tDCS treatment,
CARS scores were reduced signiﬁcantly. Exploratory analysis
showed that real tDCS can signiﬁcantly reduce the CSHQ
score and the general impression item in CARS when compared to the eﬀect of sham tDCS. Our results suggest that
tDCS may hold the potential in relieving some symptoms
of ASD.
We found that real tDCS treatment can signiﬁcantly
decrease CARS and ABC scores. This result is consistent with
a previous cross-over study [38] in which the authors found
that ﬁve-day real tDCS treatment (ﬁve-session) can produce
a signiﬁcant decrease in the CARS score. Our ﬁnding is also
consistent with a noncontrolled study, in which the investigator found that both real tDCS and repetitive Transcranial
Magnetic Stimulation at left DLPFC can signiﬁcantly reduce
ABC scores in children with ASD [48].
The CARS is a 15-item rating scale used to identify children on the autism spectrum and distinguish them from
those with developmental disabilities [43]. In addition, it is
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Post

Sham- tDCS

Figure 2: Eﬀects of real and sham tDCS on Childhood Autism Rating Scale (CARS), Aberrant Behavior Checklist (ABC), and Repeat
Behavior Scale - Revised (RBS-R). ∗ indicates a signiﬁcant diﬀerence before and after treatment (within group comparison, p < 0:05).

a well-established autism severity measurement. Unlike the
other two primary outcomes (ABC and RSB), which were
assessed by the guardians of the children with ASD, CARS
was measured by trained clinicians who were blinded to the
treatment modes. Thus, it may be associated with less bias
than the other two primary outcomes (ABC and RSB).
Interestingly, we found signiﬁcant correlation between
baseline CARS/ABC scores and CARS/ABC score changes
(pre- minus post-treatment) after real tDCS. These results
may indicate that those with more severe symptoms tend to
have a greater response to tDCS treatment. This is consistent
with previous studies showing that baseline severity level can
be used as a predictor of treatment response [49, 50].
We did not detect a signiﬁcant CARS total score diﬀerence between the two groups; this may be due to the small
sample size in this pilot study. Nevertheless, we detected a
signiﬁcant diﬀerence in the general impression (item 15 of
CARS) between the two groups. Real tDCS produced a small
but signiﬁcant general impression score decrease (improvement) compared to the eﬀect of sham tDCS. The general
impressions item (the 15th item in CARS) is an overall rating
of autism based on subjective impression of the degree to
which the child is autistic, as deﬁned by the other 14 items
of CARS. This rating is not an average rating of the other
14 items. It was made based on all of the available information including the case history, parent interview, and past
records [47]. Thus, it represents a summarized overview of
the general conditions. The signiﬁcant improvement in general impression scores further endorsed the potential of
tDCS. Future studies with larger sample sizes are needed to
replicate this ﬁnding.
We also found that the CSHQ score was reduced signiﬁcantly after real tDCS treatment and that there were signiﬁcant diﬀerences in CSHQ score changes after treatment
between the real and sham tDCS groups with a medium eﬀect
size (Cohen’s d = 0:66). This result implies that real tDCS can
also improve sleep quality in children with ASD.
The CSHQ is a retrospective parent questionnaire that
has been used to examine sleep behavior in young children
[51–53]. The literature suggests that children and adults with

autistic symptoms often experience sleep disturbances and
alterations in circadian sleep rhythmicity. Disturbed sleep is
one of the most common reasons that parents with children
who have ASD seek medical support [54], with the prevalence rate of sleep disturbances between 64% and 93% [55].
In particular, total sleep time is reduced starting from 30
months of age towards adolescence [55]. Studies further suggest improving treatment strategies for both children and
adults with ASD by targeting sleep disturbances [55].
To further support our ﬁndings, previous studies found
that the prefrontal cortex (including the left DLPFC) plays a
role in mediating normal sleep physiology, dreaming, and
sleep-deprivation phenomena. Particularly, studies showed
that during nonrapid-eye-movement sleep, frontal cortical
activity is characterized by the highest voltage and the slowest
brain waves when compared to other cortical regions [56–58].
Interestingly, we found that both ABC score and RBS-R
score reduced signiﬁcantly after sham tDCS. Sham tDCS treatment also produced greater ABC irritability subscore reduction compared to real tDCS treatment. There is almost no
change after real tDCS in ABC irritability subscore (the score
reduced 0.1 point); thus, the signiﬁcant diﬀerence in ABC irritability subscore between real and sham tDCS is mainly
derived from reduction after sham tDCS (Table 2). This result
indicates that tDCS itself is safe and did not change ABC
irritability. Our ﬁndings also suggest that the placebo eﬀect
produced by sham tDCS is robust, particularly in scores
assessed by the guardians/parents such as ABC and RBS-R.
During each visit, we asked the parent/guardian if they
detected any unusual behavior/symptoms since the last treatment. The children’s responses were also assessed by the
clinical staﬀ and parents/guardian during the treatment. No
serious adverse events were detected/reported during and after
tDCS administration. A parent reported hyperactivity after
one week of real tDCS treatment for one child. The symptom
disappeared in one week after withdrawal from tDCS treatment. No other adverse events were observed/reported.
The mechanism of tDCS treatment of ASD remains
unclear. Recently, EEG has been used to investigate the
underlying mechanism of ASD and its treatment. Compared
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Table 2: Clinical assessments for each group before and after treatment (mean ± SD).
Real tDCS

Group

Pretreatment Posttreatment

CARS total score

34:5 ± 3:4

33:8 ± 3:0

Sham tDCS
Diﬀerence
Pretreatment Posttreatment
(pre-post)
0:7 ± 1:5∗

33:6 ± 3:2

33:5 ± 3:0

0:1 ± 2:4

ABC total score

61:6 ± 27:6

53:5 ± 24:9

8:1 ± 16:5

68:4 ± 26:8

53:5 ± 27:3

14:9 ± 15:5∗

RBS-R total score

16:5 ± 11:2

14:4 ± 10:2

2:1 ± 7:2

19:5 ± 11:7

15:4 ± 10:7

4:1 ± 5:6∗

10:8 ± 6:1

10:9 ± 6:2

−0:1 ± 3:5

14:1 ± 6:5

10:2 ± 5:5

3:9 ± 5:1∗

19:6 ± 10:1

17:0 ± 9:7

2:7 ± 7:0

17:3 ± 5:9

13:0 ± 6:5

4:3 ± 5:0∗

6:3 ± 4:4

5:2 ± 4:5

1:1 ± 2:2∗

6:7 ± 5:5

5:1 ± 4:4

1:6 ± 2:7∗

ABC-irritability

+

ABC-social withdrawal
ABC-stereotypic behavior

∗

Diﬀerence
(pre-post)

∗

ABC-hyperactivity

20:9 ± 7:5

17:3 ± 7:2

3:6 ± 5:7

25:8 ± 9:9

21:5 ± 10:7

4:3 ± 5:5∗

ABC-inappropriate

4:0 ± 2:5

3:2 ± 2:1

0:8 ± 2:3

4:5 ± 2:9

3:8 ± 2:9

0:7 ± 2:0

RBS-R-stereotyped

3:4 ± 2:9

3:1 ± 2:6

0:3 ± 2:2

4:5 ± 3:3

3:8 ± 2:4

0:6 ± 2:8

RBS-R-self-injurious

0:7 ± 1:2

0:4 ± 0:8

0:3 ± 0:7

0:9 ± 1:3

1:0 ± 2:0

−0:1 ± 1:4

RBS-R-compulsive

2:8 ± 2:9

2:8 ± 3:4

−0:1 ± 1:4

3:0 ± 2:6

2:1 ± 2:7

0:9 ± 2:0

RBS-R-routine

5:0 ± 3:7

4:3 ± 3:3

0:7 ± 2:5

4:1 ± 3:2

3:7 ± 3:1

0:4 ± 2:2

RBS-R-sameness

2:4 ± 2:7

2:0 ± 2:2

0:4 ± 2:0

4:3 ± 3:9

2:9 ± 2:7

1:4 ± 2:4∗

RBS-R-restricted

2:4 ± 2:6

1:8 ± 2:4

0:6 ± 2:2

2:8 ± 2:8

1:8 ± 2:1

0:9 ± 2:0

+

∗

53:4 ± 4:9

50:8 ± 4:2

2:7 ± 4:6

52:5 ± 3:9

53:7 ± 5:9

−1:2 ± 6:8

CARS-relationship to people

2:4 ± 0:4

2:3 ± 0:4

0:1 ± 0:3

2:3 ± 0:4

2:2 ± 0:3

0:1 ± 0:3

CARS-imitation

2:2 ± 0:4

2:1 ± 0:4

0:1 ± 0:3

2:1 ± 0:4

2:1 ± 0:3

0:0 ± 0:3

CARS-emotion response

2:4 ± 0:4

2:3 ± 0:3

0:1 ± 0:2

2:3 ± 0:3

2:2 ± 0:3

0:1 ± 0:4

CSHQ

CARS-body use

2:3 ± 0:4

2:2 ± 0:4

0:1 ± 0:3

2:2 ± 0:3

2:2 ± 0:4

0:0 ± 0:3

CARS-object use

2:4 ± 0:4

2:3 ± 0:4

0:1 ± 0:3

2:2 ± 0:4

2:2 ± 0:4

0:0 ± 0:5

CARS-adaptation to use

2:2 ± 0:3

2:2 ± 0:3

0:0 ± 0:4

2:2 ± 0:4

2:1 ± 0:3

0:1 ± 0:4

CARS-visual response

2:3 ± 0:4

2:2 ± 0:3

0:1 ± 0:4

2:2 ± 0:5

2:2 ± 0:4

−0:1 ± 0:4

CARS-listening response

2:2 ± 0:3

2:3 ± 0:3

0:0 ± 0:3

2:3 ± 0:4

2:2 ± 0:3

0:1 ± 0:4

CARS-taste, small, touch, response and use

2:2 ± 0:3

2:2 ± 0:4

0:1 ± 0:2

2:2 ± 0:4

2:2 ± 0:3

−0:1 ± 0:4

CARS-fear and nervousness

2:2 ± 0:3

2:2 ± 0:3

−0:1 ± 0:4

2:2 ± 0:4

2:2 ± 0:3

0:0 ± 0:3

CARS-verbal communication

2:6 ± 0:2

2:6 ± 0:2

0:0 ± 0:3

2:5 ± 0:3

2:4 ± 0:4

0:1 ± 0:3

CARS-nonverbal communication

2:2 ± 0:2

2:2 ± 0:3

0:0 ± 0:3

2:2 ± 0:3

2:1 ± 0:3

0:1 ± 0:3

CARS-activity level

2:1 ± 0:4

2:0 ± 0:6

0:2 ± 0:6

2:2 ± 0:4

2:3 ± 0:3

−0:1 ± 0:4

CARS-level and consistency of intellectual
response

2:4 ± 0:3

2:4 ± 0:3

−0:1 ± 0:2

2:3 ± 0:6

2:4 ± 0:3

−0:1 ± 0:6

CARS-general impressions+

2:6 ± 0:4

2:5 ± 0:3

0:1 ± 0:3

2:4 ± 0:4

2:5 ± 0:3

−0:1 ± 0:4

For CARS and CARS 15 separate items, there are 20 subjects in each group. For ABC, RBS-R, and CSHQ score and subscores, there are 20 subjects in the real
tDCS group and 17 subjects in the sham tDCS group. ∗ indicates a signiﬁcant diﬀerence before and after treatment (within group, p < 0:05); + indicates a
signiﬁcant diﬀerence on pre- and posttreatment changes between the real and sham tDCS groups (between group, p < 0:05).

with other brain imaging tools such as fMRI, EEG can be
applied relatively easily on children, particularly on those
with lower developmental abilities.
For instance, studies have found that children with ASD
are associated with less relative alpha and more relative delta
compared to those in typically developed children [59, 60].
Further studies showed that peak alpha frequency (PAF) as
a marker for ASD depends on age, with an resting state alpha
marker of more interest in younger versus older children
with ASD [61]. Interestingly, in a previous study on tDCS

treatment in the DLPFC [39], investigators studied the eﬀects
of anodal tDCS using Peak EEG Alpha Frequency. They found
(1) signiﬁcant pre- to postsession improvement in social and
health/behavior domains of ATEC following active tDCS
treatment and (2) that PAF increased at the stimulation site.
The increase in PAF was signiﬁcantly associated with
improvement in the two domains of ATEC impacted by tDCS.
In a more recent study, researchers applied maximum
entropy ratio (MER), a new symbolic analysis approach for
the detection of recurrence domains of complex dynamical
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systems from time series, to investigate the modulation eﬀect of
tDCS. They found that the MER value signiﬁcantly increased
after repeated DLPFC tDCS (10 tDCS sessions once every other
day, 1 mA, 20 min) compared to that of the waiting list control
group [62], suggesting that anodal tDCS over the DLPFC can
increase EEG complexity.
Studies have shown that, in addition to modulating the
EEG signal, anodal tDCS can reduce the GABA levels as well
as resting-state functional coupling compared with sham
tDCS, reﬂecting the preserved neuromodulatory eﬀect of
tDCS in older adults [13]. Interestingly, studies have suggested the ASD may be associated with imbalance of neural
excitation and inhibition (glutamate (Glu) and γ-aminobutyric acid (GABA) balance) [63]. Thus, the tDCS may also
relieve the symptom of ASD by modulating the neurotransmitter imbalance.
Finally, the tDCS can signiﬁcantly modulate the brain
activity and connectivity [64, 65]. For instance, Antonenko
et al. also found that tDCS can reduce resting-state functional
coupling compared with sham tDCS [13]. We also found that
repeated tDCS (three consecutive sessions) at the DLPFC can
modulate (1) the functional connectivity between the DLPFC
and the orbital medial prefrontal cortex [19] and (2) the
occurrences and transitions of brain dynamics represented
by the fMRI coactivation patterns [17]. The literature has
suggested that ASD is associated with altered prefrontal functional connectivity [66, 67]. A future study is needed to
directly investigate the linkage between tDCS, brain function,
and ASD neuropathology.
It is worth noting that we are still in the infant stage of
utilizing tDCS for ASD treatment. There are several limitations in this study. First, as a pilot study, the sample size is
relatively small. A future study with a larger sample size is
needed. Second, a treatment duration of three weeks is still
relatively short; a future study with a longer treatment duration is needed. Third, we only applied assessments at two
time points (baseline and posttreatment); a future study
with multiple assessments including follow-up will provide
us with crucial trajectory information of tDCS treatment
such as the minimum duration of tDCS and how long the
eﬀects can last. Fourth, we chose the left DLPFC as the
target region of tDCS. In a recent study, we combined the
meta-analysis and functional connectivity methods and
found multiple potential tDCS targets including the DLPFC,
medial prefrontal cortex, angular gyrus, inferior frontal
gyrus, superior parietal lobe, postcentral gyrus, precentral
gyrus, middle temporal gyrus, superior temporal sulcus,
lateral occipital cortex, and supplementary motor area.
Interestingly, the identiﬁed DLPFC is slightly diﬀerent from
the F3 locations applied in our study [34]. Thus, future
studies are needed to optimize the DLPFC locations. Moreover, studies applied on other target locations, particularly
testing if speciﬁc target locations can produce speciﬁc symptom reduction in individuals with ASD, are needed in the
future. Finally, tDCS is just one of the brain stimulation
techniques; other brain stimulation methods such as Transcranial Magnetic Stimulation and Transcranial Alternating
Current Stimulation [20–23] should also be considered for
future studies.

Neural Plasticity
In summary, we found that three-week tDCS treatment
at the left DLPFC is feasible and well-tolerated in children
with ASD. No serious adverse events were detected. Real
tDCS can signiﬁcantly reduce the scores of CARS, CSHQ,
and general impressions of CARS; real tDCS produced significant score reduction in CSHQ and general impressions in
CARS compared to that of sham tDCS. The pilot study
suggests that tDCS may be a promising treatment option
for relieving symptoms in children with ASD.

Data Availability
Data are available upon request.

Additional Points
Highlights. We investigated the eﬀects of 3-week tDCS treatment at the left DLPFC in children with ASD. Children with
ASD can tolerate tDCS with no serious adverse event
detected. Real tDCS can improve sleep quality and general
impressions score when compared to that of sham tDCS.

Disclosure
Jiujun Qiu and Xuejun Kong are co-ﬁrst author of this article.

Conflicts of Interest
J.K. has a disclosure to report (holding equity in a startup
company (MNT) and a patent to develop new peripheral
neuromodulation tools) but declares no conﬂict of interest.
All other authors declare no conﬂict of interest.

Authors’ Contributions
JK, XJK, and GBW are responsible for the experimental
design. JJQ, LJH, JY, MSH, BBS, and JYS collected the data.
JK, YTH, and JJQ analyzed the data. JK, GBW, XJK, and
HC prepared the manuscript. Jiujun Qiu and Xuejun Kong
contributed equally to this work.

Acknowledgments
This study was funded by the Key Realm R&D Program of
Guangdong Province (2019B030335001), the Sanming Project of Medicine in Shenzhen (SZSM201512009), and the
Shenzhen Maternity & Child Healthcare Hospital Science
Foundation (FYA2017002).

References
[1] K. E. Sanchack and C. A. Thomas, “Autism spectrum disorder:
primary care principles,” American Family Physician, vol. 94,
no. 12, pp. 972–979, 2016.
[2] S. R. Sharma, X. Gonda, and F. I. Tarazi, “Autism Spectrum
Disorder: Classiﬁcation, diagnosis and therapy,” Pharmacology & Therapeutics, vol. 190, pp. 91–104, 2018.
[3] C. Lord, M. Elsabbagh, G. Baird, and J. Veenstra-Vanderweele,
“Autism spectrum disorder,” The Lancet, vol. 392, no. 10146,
pp. 508–520, 2018.

Neural Plasticity
[4] A. Antal, I. Alekseichuk, M. Bikson et al., “Low intensity transcranial electric stimulation: safety, ethical, legal regulatory and
application guidelines,” Clinical Neurophysiology, vol. 128,
no. 9, pp. 1774–1809, 2017.
[5] M. Bikson, P. Grossman, C. Thomas et al., “Safety of transcranial direct current stimulation: evidence based update 2016,”
Brain Stimulation, vol. 9, no. 5, pp. 641–661, 2016.
[6] F. Fregni, M. A. Nitsche, C. K. Loo et al., “Regulatory considerations for the clinical and research use of transcranial direct
current stimulation (tDCS): review and recommendations
from an expert panel,” Clinical Research and Regulatory
Aﬀairs, vol. 32, no. 1, pp. 22–35, 2015.
[7] M. A. Nitsche, L. G. Cohen, E. M. Wassermann et al., “Transcranial direct current stimulation: state of the art 2008,” Brain
Stimulation, vol. 1, no. 3, pp. 206–223, 2008.
[8] V. P. Clark and R. Parasuraman, “Neuroenhancement:
enhancing brain and mind in health and in disease,” NeuroImage, vol. 85, Part 3, pp. 889–894, 2014.
[9] B. A. Coﬀman, V. P. Clark, and R. Parasuraman, “Battery powered thought: enhancement of attention, learning, and memory in healthy adults using transcranial direct current
stimulation,” NeuroImage, vol. 85, Part 3, pp. 895–908, 2014.
[10] A. Floel, “tDCS-enhanced motor and cognitive function in
neurological diseases,” NeuroImage, vol. 85, Part 3, pp. 934–
947, 2014.
[11] R. Ferrucci and A. Priori, “Transcranial cerebellar direct current stimulation (tcDCS): motor control, cognition, learning
and emotions,” NeuroImage, vol. 85, Part 3, pp. 918–923,
2014.
[12] J. T. Nelson, R. A. McKinley, E. J. Golob, J. S. Warm, and
R. Parasuraman, “Enhancing vigilance in operators with prefrontal cortex transcranial direct current stimulation (tDCS),”
NeuroImage, vol. 85, Part 3, pp. 909–917, 2014.
[13] D. Antonenko, F. Schubert, F. Bohm et al., “tDCS-induced
modulation of GABA levels and resting-state functional connectivity in older adults,” The Journal of Neuroscience,
vol. 37, no. 15, pp. 4065–4073, 2017.
[14] A. Bastani and S. Jaberzadeh, “Does anodal transcranial direct
current stimulation enhance excitability of the motor cortex
and motor function in healthy individuals and subjects with
stroke: a systematic review and meta-analysis,” Clinical Neurophysiology, vol. 123, no. 4, pp. 644–657, 2012.
[15] A. M. D'Mello, P. E. Turkeltaub, and C. J. Stoodley, “Cerebellar
tDCS modulates neural circuits during semantic prediction: a
combined tDCS-fMRI study,” The Journal of Neuroscience,
vol. 37, no. 6, pp. 1604–1613, 2017.
[16] A. Naro, D. Milardi, M. Russo et al., “Non-invasive brain stimulation, a tool to revert maladaptive plasticity in neuropathic
pain,” Frontiers in Human Neuroscience, vol. 10, p. 376, 2016.
[17] Y. Tu, J. Cao, S. Guler et al., “Perturbing fMRI brain dynamics
using transcranial direct current stimulation,” NeuroImage,
vol. 237, p. 118100, 2021.
[18] N. Egorova, R. Yu, N. Kaur et al., “Neuromodulation of conditioned placebo/nocebo in heat pain: anodal vs. cathodal transcranial direct current stimulation to the right dorsolateral
prefrontal cortex,” Pain, vol. 156, no. 7, pp. 1342–1347, 2015.
[19] Y. Tu, G. Wilson, J. Camprodon et al., “Manipulating placebo
analgesia and nocebo hyperalgesia by changing brain excitability,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 118, no. 19, article
e2101273118, 2021.

9
[20] A. Finisguerra, R. Borgatti, and C. Urgesi, “Non-invasive brain
stimulation for the rehabilitation of children and adolescents
with neurodevelopmental disorders: a systematic review,”
Frontiers in Psychology, vol. 10, p. 135, 2019.
[21] J. C. Lee, D. L. Kenney-Jung, C. J. Blacker, D. Doruk Camsari,
and C. P. Lewis, “Transcranial direct current stimulation in
child and adolescent psychiatric disorders,” Child and Adolescent Psychiatric Clinics of North America, vol. 28, no. 1, pp. 61–
78, 2019.
[22] A. A. C. Osorio and A. R. Brunoni, “Transcranial direct current stimulation in children with autism spectrum disorder: a
systematic scoping review,” Developmental Medicine and
Child Neurology, vol. 61, no. 3, pp. 298–304, 2019.
[23] U. Palm, F. M. Segmiller, A. N. Epple et al., “Transcranial
direct current stimulation in children and adolescents: a comprehensive review,” Journal of Neural Transmission (Vienna),
vol. 123, no. 10, pp. 1219–1234, 2016.
[24] E. C. Cieslik, K. Zilles, S. Caspers et al., “Is there "one" DLPFC
in cognitive action control? Evidence for heterogeneity from
co-activation-based parcellation,” Cerebral Cortex, vol. 23,
no. 11, pp. 2677–2689, 2013.
[25] J. Kong, E. Wolcott, Z. Wang et al., “Altered resting state functional connectivity of the cognitive control network in ﬁbromyalgia and the modulation eﬀect of mind-body
intervention,” Brain Imaging and Behavior, vol. 13, no. 2,
pp. 482–492, 2019.
[26] V. Legrain, S. V. Damme, C. Eccleston, K. D. Davis, D. A.
Seminowicz, and G. Crombez, “A neurocognitive model of
attention to pain: behavioral and neuroimaging evidence,”
Pain, vol. 144, no. 3, pp. 230–232, 2009.
[27] J. Liu, L. Chen, Y. Tu et al., “Diﬀerent exercise modalities
relieve pain syndrome in patients with knee osteoarthritis
and modulate the dorsolateral prefrontal cortex: a multiple
mode MRI study,” Brain Behav Immun, vol. 82, pp. 253–263,
2019.
[28] E. K. Miller and J. D. Cohen, “An integrative theory of prefrontal cortex function,” Annual Review of Neuroscience, vol. 24,
no. 1, pp. 167–202, 2001.
[29] J. Tao, X. L. Chen, N. Egorova et al., “Tai Chi Chuan and
Baduanjin practice modulates functional connectivity of the
cognitive control network in older adults,” Scientiﬁc Reports,
vol. 7, no. 1, 2017.
[30] M. W. Cole and W. Schneider, “The cognitive control network:
integrated cortical regions with dissociable functions,” NeuroImage, vol. 37, no. 1, pp. 343–360, 2007.
[31] M. L. Rosen, C. E. Stern, S. W. Michalka, K. J. Devaney, and
D. C. Somers, “Cognitive control network contributions to
memory-guided visual attention,” Cerebral Cortex, vol. 26,
no. 5, pp. 2059–2073, 2016.
[32] Y. I. Sheline, J. L. Price, Z. Yan, and M. A. Mintun, “Restingstate functional MRI in depression unmasks increased connectivity between networks via the dorsal nexus,” Proceedings of
the National Academy of Sciences of the United States of America, vol. 107, no. 24, pp. 11020–11025, 2010.
[33] A. Hendry, E. J. H. Jones, R. Bedford et al., “Atypical development of attentional control associates with later adaptive
functioning, autism and ADHD traits,” Journal of Autism
and Developmental Disorders, vol. 50, no. 11, pp. 4085–4105,
2020.
[34] Y. T. Huang, B. L. Zhang, J. Cao et al., “Potential locations for
noninvasive brain stimulation in treating autism spectrum

10

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Neural Plasticity
disorders – a functional connectivity study,” Frontier in Psychiatry, vol. 11, p. 388, 2020.
S. Lukito, L. Norman, C. Carlisi et al., “Comparative metaanalyses of brain structural and functional abnormalities during
cognitive control in attention-deﬁcit/hyperactivity disorder and
autism spectrum disorder,” Psychological Medicine, vol. 50,
no. 6, pp. 894–919, 2020.
A. Christakou, C. M. Murphy, K. Chantiluke et al., “Disorderspeciﬁc functional abnormalities during sustained attention in
youth with Attention Deﬁcit Hyperactivity Disorder (ADHD)
and with autism,” Molecular Psychiatry, vol. 18, no. 2, pp. 236–
244, 2013.
H. D. Schneider and J. P. Hopp, “The use of the Bilingual
Aphasia Test for assessment and transcranial direct current
stimulation to modulate language acquisition in minimally
verbal children with autism,” Clinical Linguistics & Phonetics,
vol. 25, no. 6-7, pp. 640–654, 2011.
A. Amatachaya, N. Auvichayapat, N. Patjanasoontorn et al.,
“Eﬀect of anodal transcranial direct current stimulation on
autism: a randomized double-blind crossover trial,” Behavioural Neurology, vol. 2014, Article ID 173073, 7 pages, 2014.
A. Amatachaya, M. P. Jensen, N. Patjanasoontorn et al., “The
short-term eﬀects of transcranial direct current stimulation
on electroencephalography in children with autism: a randomized crossover controlled trial,” Behavioural Neurology,
vol. 2015, Article ID 928631, 11 pages, 2015.
F. Costanzo, D. Menghini, L. Casula et al., “Transcranial direct
current stimulation treatment in an adolescent with autism
and drug-resistant catatonia,” Brain Stimulation, vol. 8,
no. 6, pp. 1233–1235, 2015.
J. J. van Steenburgh, M. Varvaris, D. J. Schretlen, T. D. Vannorsdall, and B. Gordon, “Balanced bifrontal transcranial
direct current stimulation enhances working memory in adults
with high-functioning autism: a sham-controlled crossover
study,” Molecular Autism, vol. 8, no. 1, p. 40, 2017.
H. Hadoush, M. Nazzal, N. A. Almasri, H. Khalil, and
M. Alafeef, “Therapeutic 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, vol. 13, no. 5, pp. 828–836, 2020.
E. Schopler, R. J. Reichler, R. F. DeVellis, and K. Daly, “Toward
objective classiﬁcation of childhood autism: Childhood
Autism Rating Scale (CARS),” Journal of Autism and Developmental Disorders, vol. 10, no. 1, pp. 91–103, 1980.
J. D. Schmidt, J. M. Huete, J. C. Fodstad, M. D. Chin, and P. F.
Kurtz, “An evaluation of the Aberrant Behavior Checklist for
children under age 5,” Research in Developmental Disabilities,
vol. 34, no. 4, pp. 1190–1197, 2013.
A. J. Kaat, L. Lecavalier, and M. G. Aman, “Validity of the
aberrant behavior checklist in children with autism spectrum
disorder,” Journal of Autism and Developmental Disorders,
vol. 44, no. 5, pp. 1103–1116, 2014.
N. Watt, A. M. Wetherby, A. Barber, and L. Morgan, “Repetitive and stereotyped behaviors in children with autism spectrum disorders in the second year of life,” Journal of Autism
and Developmental Disorders, vol. 38, no. 8, pp. 1518–1533,
2008.
G. B. Mesibov, E. Schopler, B. Schaﬀer, and N. Michal, “Use of
the childhood autism rating scale with autistic adolescents and
adults,” Journal of the American Academy of Child and Adolescent Psychiatry, vol. 28, no. 4, pp. 538–541, 1989.

[48] L. Gómez, B. Vidal, C. Maragoto et al., “Non-invasive brain stimulation for children with autism spectrum disorders: a short-term
outcome study,” Behavioral Sciences, vol. 7, no. 4, p. 63, 2017.
[49] R. C. Kessler, H. M. van Loo, K. J. Wardenaar et al., “Using
patient self-reports to study heterogeneity of treatment eﬀects
in major depressive disorder,” Epidemiology and Psychiatric
Sciences, vol. 26, no. 1, pp. 22–36, 2017.
[50] E. P. Navarese, J. G. Robinson, M. Kowalewski et al., “Association between baseline LDL-C level and total and cardiovascular mortality after LDL-C lowering: a systematic review
and meta-analysis,” JAMA, vol. 319, no. 15, pp. 1566–1579,
2018.
[51] Z. Liu, G. H. Wang, H. Tang, F. M. Wen, and N. Li, “Reliability
and validity of the Children’s Sleep Habits Questionnaire in
preschool-aged Chinese children,” Sleep and Biological
Rhythms, vol. 12, no. 3, pp. 187–193, 2014.
[52] J. A. Owens, A. Spirito, and M. McGuinn, “The Children's
Sleep Habits Questionnaire (CSHQ): psychometric properties
of a survey instrument for school-aged children,” Sleep,
vol. 23, no. 8, pp. 1043–1051, 2000.
[53] W. Q. Sun, W. J. Chen, Y. R. Jiang, and F. Li, “The association
between hygienic habits and quality of sleep among school-age
children,” Chinese Journal of Preventive Medicine, vol. 46,
no. 8, pp. 713–717, 2012.
[54] Xue Ming, M. Brimacombe, J. Chaaban, B. Zimmerman-Bier,
and G. C. Wagner, “Autism spectrum disorders: concurrent
clinical disorders,” Journal of Child Neurology, vol. 23, no. 1,
pp. 6–13, 2008.
[55] C. Carmassi, L. Palagini, D. Caruso et al., “Systematic review of
sleep disturbances and circadian sleep desynchronization in
autism spectrum disorder: toward an integrative model of a
self-reinforcing loop,” Frontiers in Psychiatry, vol. 10, p. 366,
2019.
[56] A. Ioannides, G. Kostopoulos, L. Liu, and P. Fenwick, “MEG
identiﬁes dorsal medial brain activations during sleep,” NeuroImage, vol. 44, no. 2, pp. 455–468, 2009.
[57] M. Koenigs, J. Holliday, J. Solomon, and J. Grafman, “Left dorsomedial frontal brain damage is associated with insomnia,”
The Journal of Neuroscience, vol. 30, no. 47, pp. 16041–
16043, 2010.
[58] A. Muzur, E. F. Pace-Schott, and J. A. Hobson, “The prefrontal
cortex in sleep,” Trends in Cognitive Sciences, vol. 6, no. 11,
pp. 475–481, 2002.
[59] A. S. Chan, S. L. Sze, and M. C. Cheung, “Quantitative electroencephalographic proﬁles for children with autistic spectrum disorder,” Neuropsychology, vol. 21, no. 1, pp. 74–81,
2007.
[60] M. Murias, S. J. Webb, J. Greenson, and G. Dawson, “Resting
state cortical connectivity reﬂected in EEG coherence in individuals with autism,” Biological Psychiatry, vol. 62, no. 3,
pp. 270–273, 2007.
[61] J. C. Edgar, M. Dipiero, E. McBride et al., “Abnormal maturation of the resting-state peak alpha frequency in children with
autism spectrum disorder,” Human Brain Mapping, vol. 40,
no. 11, pp. 3288–3298, 2019.
[62] J. Kang, E. Cai, J. Han et al., “Transcranial direct current stimulation (tDCS) can modulate EEG complexity of children with
autism spectrum disorder,” Frontiers in Neuroscience, vol. 12,
p. 201, 2018.
[63] A. Dickinson, M. Jones, and E. Milne, “Measuring neural excitation and inhibition in autism: diﬀerent approaches, diﬀerent

Neural Plasticity

[64]

[65]

[66]

[67]

ﬁndings and diﬀerent interpretations,” vol. 1648, Part A,
pp. 277–289, 2016.
Z. Esmaeilpour, A. D. Shereen, P. Ghobadi-Azbari et al.,
“Methodology for tDCS integration with fMRI,” Human Brain
Mapping, vol. 41, no. 7, pp. 1950–1967, 2020.
J. Vosskuhl, D. Struber, and C. S. Herrmann, “Non-invasive
brain stimulation: a paradigm shift in understanding brain
oscillations,” Frontiers in Human Neuroscience, vol. 12,
p. 211, 2018.
K. Ibrahim, J. A. Eilbott, P. Ventola et al., “Reduced amygdalaprefrontal functional connectivity in children with autism
spectrum disorder and co-occurring disruptive behavior,” Biol
Psychiatry Cogn Neurosci Neuroimaging, vol. 4, no. 12,
pp. 1031–1041, 2019.
R. J. Jao Keehn, S. Nair, E. B. Pueschel, A. C. Linke, I. Fishman,
and R. A. Muller, “Atypical local and distal patterns of
occipito-frontal functional connectivity are related to symptom severity in autism,” Cerebral Cortex, vol. 29, no. 8,
pp. 3319–3330, 2019.

11

