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Abstract

Background: Autism spectrum disorder (ASD) is characterized by impaired social communication and interaction,
and stereotyped, repetitive behaviour and sensory interests. To date, there is no effective medication that can
improve social communication and interaction in ASD, and effect sizes of behaviour-based psychotherapy remain in
the low to medium range. Consequently, there is a clear need for new treatment options. ASD is associated with
altered activation and connectivity patterns in brain areas which process social information. Transcranial direct
current stimulation (tDCS) is a technique that applies a weak electrical current to the brain in order to modulate
neural excitability and alter connectivity. Combined with specific cognitive tasks, it allows to facilitate and
consolidate the respective training effects. Therefore, application of tDCS in brain areas relevant to social cognition
in combination with a specific cognitive training is a promising treatment approach for ASD.

Methods: A phase-lla pilot randomized, double-blind, sham-controlled, parallel-group clinical study is presented,
which aims at investigating if 10 days of 20-min multi-channel tDCS stimulation of the bilateral tempo-parietal
junction (TPJ) at 2.0 mA in combination with a computer-based cognitive training on perspective taking, intention
and emotion understanding, can improve social cognitive abilities in children and adolescents with ASD. The main
objectives are to describe the change in parent-rated social responsiveness from baseline (within 1 week before first
(Continued on next page)
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cognitive mechanisms.

on 15 August 2018.

Tempo-parietal junction

stimulation) to post-intervention (within 7 days after last stimulation) and to monitor safety and tolerability of the
intervention. Secondary objectives include the evaluation of change in parent-rated social responsiveness at follow-
up (4 weeks after end of intervention), change in other ASD core symptoms and psychopathology, social cognitive
abilities and neural functioning post-intervention and at follow-up in order to explore underlying neural and

Discussion: If shown, positive results regarding change in parent-rated social cognition and favourable safety and
tolerability of the intervention will confirm tDCS as a promising treatment for ASD core-symptoms. This may be a
first step in establishing a new and cost-efficient intervention for individuals with ASD.

Trial registration: The trial is registered with the German Clinical Trials Register (DRKS), DRKS00014732. Registered

Protocol version: This study protocol refers to protocol version 1.2 from 24 May 2019.

Keywords: Autism spectrum disorder, Transcranial direct current stimulation, tDCS, Randomized controlled trial,

Background

Autism spectrum disorder (ASD) is characterized by im-
pairments in social communication and interaction, as
well as stereotyped and repetitive behaviours and inter-
ests [1]. With a prevalence of 1% in children and adoles-
cents of the European population [2], and a global
increase in ASD prevalence over the past years [3], there
is a strong need for effective interventions. The overall
prognosis is currently poor, as only around 20% of the
individuals with ASD are able to lead independent lives
as adults [4]. Societal costs are high [5, 6], and quality of
life is reduced in individuals with ASD [7].

To date, no effective pharmacotherapy for the core
symptoms of impaired social interaction and communi-
cation has been developed. Early, behaviourally based
intervention in infancy and toddlerhood has a medium
effect on social reciprocity in ASD [8], and autism-
specific social skills training can lead to small to medium
improvements in social responsiveness in older children
and adolescents with high-functioning ASD [9, 10]. Still,
high variability in individual outcomes has been ob-
served in most psychotherapeutic intervention studies,
and overall effect sizes often remain in the small to
medium range. Therefore, there is a need for new treat-
ment options targeting the underlying neurobiological
mechanisms of the disorder.

Brain stimulation techniques represent a new and
promising alternative to medication and psychotherapy
for the treatment of mental disorders [11]. Especially
transcranial direct current stimulation (tDCS), which
uses low-intensity electrical stimulation (0.5-2.0 mA) ap-
plied via anode and cathode electrodes placed on the
surface of the scalp [12], is an innovative and cost-
effective treatment approach. tDCS alters spontaneous
neural activity. The positively charged current from
the anode usually increases cortical excitability, while

the negatively charged cathode usually decreases it
[13]. This modulation is brought upon by a modifica-
tion of the resting membrane potential in regions of
current flow [14].

tDCS has been successfully employed to modulate
resting state activity [15] as well as functional connectiv-
ity of brain networks [16]. The effects of tDCS on
various perceptual, motor and cognitive processes have
also been studied extensively. While single sessions of
tDCS often lead to small and inconsistent effects, de-
signs comprising several tDCS sessions lead to stronger
and more consistent improvements [17]. Furthermore,
meta-analytic evidence indicates that on-line stimulation
(i.e. tDCS stimulation during performance of a cognitive
task, which involves the stimulated area) leads to stron-
ger improvements in cognitive performance, especially
in neuropsychiatric populations such as children and ad-
olescents with attention deficit hyperactivity disorder
(ADHD [18]).

A recent systematic review indicated that tDCS is a
highly promising treatment approach for children and
adolescents with ASD, as it has the potential to amelior-
ate ASD-typical patterns of altered neural functioning
including aberrant brain connectivity patterns [19]. In
fact, several studies have already investigated the effects
of tDCS over the dorsolateral prefrontal cortex (DLPFC)
on autistic symptoms, electroencephalogram (EEG)
resting state connectivity, executive function, working
memory and syntax acquisition [20-26]. These results
indicate that tDCS is a promising treatment approach
for ASD and confirm favourable safety evaluations simi-
lar to those reported for typically developing children
[27] and adults [28]. However, only small samples have
been investigated with highly variable study designs and
safety has not always been systematically evaluated. Fur-
thermore, DLPFC functions are only indirectly linked to
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the core symptoms of social cognition and social com-
munication impairments in ASD. Targeting brain areas
which are directly involved in these processes therefore
could be an even more promising approach.

Brain networks affected in ASD consist of structures
such as the superior temporal sulcus (STS) and the
temporo-parietal junction (TPJ). Especially the TPJ
consistently shows patterns of decreased activation and
connectivity in individuals with ASD [29, 30]. The TP]
includes several sub-regions such as the angular gyrus,
lateral occipital cortex and supramarginal gyrus [31]. To-
gether, these regions form a key hub within the “social
brain” [32] that relates to many social cognitive func-
tions which are affected in individuals with ASD, such as
theory of mind [33], attention, visuo-motor processing,
speech and language, self-other differentiation and social
cognition [34-36]. tDCS over the TPJ has been shown
to improve social cooperation, perspective taking and
emotion attribution in healthy individuals [37-39].

To date, only one small-scale pilot study investigated
the effect of a single session of anodal stimulation of the
right TPJ at 2 mA with a concurrent skills training. Re-
sults, which are based on the behavioural data of six
adults with high-functioning ASD, indicate higher verbal
fluency following verum compared to sham stimulation,
and a trend for improvement in a pre-post comparison
of social skills in the verum group [40]. However, the
small sample size, the application of tDCS for only a sin-
gle session and the lack of validated clinical outcome
measures highlight the preliminary nature of this study.
More highly powered randomized controlled trials with
carefully selected outcome measures are needed to ac-
curately estimate the effect size of changes that can be
elicited by tDCS to the TPJ.

In the presented protocol, we aim to investigate if
10 x 20 min multi-channel 2 mA anodal stimulation of
the bilateral TPJ in children and adolescents with ASD,
in addition to a computer-based cognitive training, will
improve disorder-specific neurocognitive and behavioural
impairments. The study is a phase-Ila pilot randomized,
double-blind, sham-controlled, parallel-group clinical
study, with the main objective to estimate effect sizes of
change in parent-rated social responsiveness, and to
monitor safety and tolerability of the intervention.

Methods/design

Aims and objectives

The study “StimAT” aims to investigate whether re-
peated (10 x 20 min) multi-channel 2 mA anodal stimu-
lation of the bilateral tempo-parietal junction, in
addition to a computer based cognitive training, will im-
prove relevant behavioural and cognitive symptoms in
children and adolescents with ASD aged 10 to < 18 years
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old compared to the combination of the computer-based
training with sham stimulation.

Primary objectives

e To investigate the effect size of change in parent-
rated social responsiveness total score (SRS-16-item
short form) between baseline (T2, within 1 week be-
fore first stimulation) and post-intervention (T3,
within 7 days after last stimulation) after 10 sessions
of multi-channel anodal tDCS over bilateral TP]
with a concurrent cognitive training in children and
adolescents with ASD compared to sham stimula-
tion during the same cognitive training.

e To study safety and tolerability of multi-channel
anodal tDCS targeting the TPJ in children and
adolescents with ASD.

Secondary objectives

e To investigate effect size of change in parent-rated
social responsiveness (SRS-16-item short form) be-
tween baseline (T2) and follow-up (T4, within 3—4
weeks after T3, within 4—5 weeks after last
stimulation)

e To investigate effect sizes of change in ASD core
symptoms and associated psychopathology
(Repetitive Behaviour Scale-revised, RBS-R; Chil-
dren’s Communication Checklist-2, CCC-2; all sub-
scales of the Child Behaviour Checklist, CBCL;
Aberrant Behavior Checklist, ABC) and all areas of
health-related quality of life according to KIDSCREE
N-27 (parent and child)

e To investigate effect sizes of change in imitation
abilities of non-meaningful gestures [41] between
baseline (T2) and end of treatment (T3) and baseline
to follow-up (T4)

o To investigate effect sizes of change in social
cognition (Cambridge Neuropsychological Test
Automated Battery (CANTAB), Emotion
Recognition Task error rates and reaction times)
and attention (Reaction Time Test, Spatial Span
Test, One Touch Stockings of Cambridge, error
rates and reaction times) between baseline (T2)
and end of treatment (T3) and baseline (T2) to
follow-up (T4)

e To investigate effect sizes of change in reaction
time and error rates of behavioural tasks assessing
intentionality, visual perspective taking, emotion
recognition and attention between baseline (T2)
and end of treatment (T3) and baseline (T2) to
follow-up (T4)

e To investigate effect sizes of change in
neurophysiological measures (amplitude and latency,
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latency variability of evoked potentials, neuronal
sources of task relevant components and oscillatory
activity) assessed by EEG (tasks: intentionality, visual
perspective taking, emotion recognition, Posner
task) between baseline (T2) and end of treatment
(T3) and baseline (T2) to follow-up (T4)

e To study structural and functional magnetic
resonance imaging (MRI) measures at T2 as
predictors of change in resting-state fMRI/EEG mea-
sures at T3

e To assess expectations and concerns of parents and
ASD individuals towards tDCS

Design

The study is a multi-centre, two-arm randomized,
double-blind, parallel group, sham-controlled pilot phase
ITa-trial with one time-point for screening/inclusion (T1)
and three measurement points (T2, baseline; T3, post-
intervention; T4, follow-up). Arm one is repeated anodal
tDCS over bilateral TPJ (10 days of stimulation, 20 min/
day, with 2 mA total injected current) during a concur-
rent computer-based cognitive training focussing on per-
spective taking, intention and emotion understanding.
Arm two is the blinded sham stimulation of 10 x 20 min
applied during the same computer-based training as the
comparator.

Timeline of study participation and collection of all
outcome measures is summarized in Fig. 1. At visit T1
(screening), participants and parents are informed by a
qualified study investigators about all aspects of the trial
and are asked to give written informed consent/assent.
Afterwards, the necessary information on inclusion and
exclusion criteria is collected and assessed: developmen-
tal and medical history (including information on
current medication and somatic or neurological disor-
ders), screening for vision and hearing impairments,
Autism Diagnostic Interview-Revised (ADI-R [42]), Aut-
ism Diagnostic Observation Schedule-2 (ADOS-2 [43]),
Schedule for Affective Disorders and Schizophrenia for
School-Age Children-Present and Lifetime Version (K-
SADS-PL [44]), 1Q-Test [45, 46], tDCS/MRI safety
criteria and tDCS participation criteria (see supplement
for further information). Information on the child’s and
parents’ expectations and concerns towards tDCS are
obtained by a questionnaire. At visit T2 (baseline, within
3 months after screening), a urine pregnancy test is
performed with female participants, the pubertal devel-
opment status (PDS [47]) is assessed, questionnaire and
MRI data is collected and neurocognitive tests with con-
current EEG and eye-tracking are performed (see the
“Outcome measures” section below).

Visits T2-1 to T2-10 represent the 10 days of interven-
tion, over a 2-week period (usually in two blocks of
5 days with a 2-day break over the weekend; T2-1 within
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7 days after T2, up to three missed interventions of T2-1
to T2-10 may be rescheduled in a 3rd week). Each ses-
sion consists of stimulation (sham/active) for 20 min
while the computer-based cognitive training is per-
formed. At each intervention session, the possible occur-
rence of adverse events (AEs), serious adverse events
(SAEs) and the current medication is documented; a
tDCS safety questionnaire is collected; and motivation is
assessed. Pre- and post-stimulation resting-state EEG (8-
channel) is collected at T2-1, T2-5 and T2-10 (required;
optionally resting state EEG can be collected pre and
post each stimulation session). At T2-5 questionnaires
are additionally collected (see Fig. 1).

The T3-post intervention assessment (within 7 days
after T2-10, within 25 days after T2) includes (S)AE and
current medication documentation, collection of ques-
tionnaires and MRI data as well as neurocognitive tests,
EEG and eye-tracking measures (see the “Outcome mea-
sures” section below). The same data (except MRI) is
again collected at T4 (follow-up).

Study participation ends with the last follow-up visit
(T4). However, participants as well as their caregivers
can withdraw from the study at any time and without
providing reasons. Their concurrent or subsequent treat-
ment will not be affected or compromised because of
the decision to withdraw. Moreover, the investigator can
decide to end participation in the clinical trial if there is
reason to assume that the intervention is harmful for the
participant. Furthermore participants, who are non-
compliant to a degree that either their safety or the in-
tegrity of data is at risk, may be excluded from further
treatment at the investigator’s discretion. Reasons for ex-
clusion from the study will be documented in the eCRF.

Outcome measures

The primary outcome measure is the effect size of
change in parent-rated social responsiveness (SRS-16-
item short form [48]) from baseline (T2) to post-
intervention (T3). The SRS-16 is a short version of the
Social Responsiveness Scale (SRS) [49] which combines
the raw score of 16 items from the original SRS into a
short version based on item response theory to measure
autistic traits, particularly reciprocal social behaviour.
The SRS-16 shows high reliability (@ =.96) and strong
correlations with the full length SRS (r=.98) as well as
other measures of ASD symptom severity [48].

Ratings and observations of safety and tolerability of
tDCS stimulation will be assessed at all intervention visits
based on an established safety questionnaire [50, 51]. The
questionnaire comprises 8 items regarding side effects
such as itching, pain, burning, warmth, fatigue and other
adverse effects. The participant is asked to rate the inci-
dence/intensity on a 4-point Likert-scale (“none” =0 to
“strong” = 3), to indicate when and where (if localized) the
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side effect occurred, as well as how disturbing it felt (on a
5-point Likert scale from “not at all” to “extremely”). Fur-
thermore, a descriptive comparison of (S) AEs during the
entire study will be made between groups.

Secondary outcome measures obtained at baseline
(T2), post-intervention (T3) and follow-up (T4) include
the following:

— Repetitive Behaviour Scale-revised (RBS-R) total
score and subscales. The parent-rated Repetitive Be-
haviour Scale-Revised (RBS-R, [52]) measures
autism-specific repetitive behaviours. Total score
and five subscales (stereotyped, self-injurious,
compulsive, ritualistic and restricted behaviour) are
derived. One-month test re-test reliability was a =
0.97 (total score, [53]). Internal consistency for the
subscales is satisfying ranging from a =.78 to a = .91.
High correlations with the CBCL and the ADI-R
were found [54]

— Children’s Communication Checklist-2, CCC-2 [55].
The 70-item questionnaire completed by a parent
screens for communication problems. Two compos-
ites are derived: The General Communication
Composite (GCC) is used to identify children likely
to have clinically significant communication prob-
lems; the Social Interaction Deviance Composite can
assist in identifying children with a communicative
profile characteristic of autism [55]. The GCC as
well as factor scores derived from factor analysis are
used as outcome.

— Child Behaviour Checklist (CBCL). The parent rating
form the Child Behaviour Checklist (CBCL) [56] is one
of the most widely used valid and reliable measures in
clinical research, dimensionally measuring social-
emotional or behavioural problems. It contains 99
items from which a total score, the internalizing/exter-
nalizing scores and 6 subscales are derived.

— Aberrant Behavior Checklist (ABC [57]). The factors
of the Aberrant Behavior Checklist are as follows: (I)
Irritability, (II) Lethargy, (III) Stereotypic Behavior,
(IV) Hyperactivity, Noncompliance and (V)
Inappropriate Speech. It is an empirically developed
scale to measure psychiatric symptoms and
behavioural disturbance exhibited by individuals
with intellectual and developmental disability.

— All areas of health-related quality of life according to
KIDSCREEN-27 (parent and child). The Kidscreen-
27 is an instrument that assesses children’s and ado-
lescents’ (ages 8—18 years) subjective health and
well-being. It contains 27 items that cover five sep-
arate domains: physical well-being, psychological
well-being, autonomy and parents, peers and social
support and school environment. Two-week test—re-
test reliability is at 0.61 to 0.74 [58].
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— Imitation abilities of non-meaningful gestures [41]

are tested behaviourally by an examiner demonstrat-
ing non-meaningful hand, finger and hand-finger ges-
tures which have to be reproduced by the participant.
Either hand position relative to the head, finger con-
figuration or both are assessed. Correct imitation after
the first demonstration is scored 2 points, after the
second demonstration 1 point. The test includes 14
items for hand position, 14 for finger configuration
and 14 for combined hand and finger gestures [41].
Cognitive tests by the CANTAB (“CANTAB®
Cognitive assessment software”): (a) The One Touch
Stockings of Cambridge, which examines executive
functions and requires both spatial planning and
working memory; (b) Spatial Span Test, which
assesses visual working memory capacity; (c) the
Reaction Time Test, assessing movement time,
reaction time, response accuracy and impulsivity;
and (d) the Emotion Recognition Task, which
measures the ability to identify basic emotions in
facial expressions. Error-rates, reaction times and
span length will be assessed.

Resting state EEG (4 min eyes open, 4 min eyes
closed), behavioural performance (error rates and
reaction times) and neurophysiological measures
(amplitude, latency and latency variability of evoked
potentials, neuronal sources of task relevant
components and oscillatory activity) will be obtained
by a 64-channel EEG in four tasks. Concurrent eye
tracking is performed to record gaze shifts and pupil
dilation. The skills needed for the tasks are associated
with TP] functioning and are known to be impaired in
ASD: (a) Intentionality will be assessed in a task
adapted from Vistoli et al. [59] in which comic scenes
requiring the attribution of intent to a character or
understanding of logical sequence of events based on
physical causality are shown. (b) Visual perspective
taking (adapted from [60, 61] will be assessed using
the “dot perspective task”. (c) Emotion recognition
will be assessed in a paradigm presented with a virtual
avatar whose face morphs from a neutral expression
to either “happy” or “sad” [62]. (d) A Posner task will
be used to examine abilities of attention reorienting
(adapted from [63, 64]).

8-channel resting-state EEG is also recorded before
and after the first, fifth and last stimulation (T2-1,
T2-5 and T2-10).

At post-intervention (T2) and follow-up (T3), resting-
state MRI will be obtained and a voice localizing task
will be presented [65, 66] assessing voice perception.
Furthermore, structural MRI and diffusion tensor
imaging (DTI) data collected at baseline (T2) are
evaluated to develop biomarkers to predict response
to tDCS.
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Participants, inclusion and exclusion criteria

It is planned to include 100 participants with ASD
between the ages of 10 and <18years old at
randomization. Both boys and girls can participate in the
study. However, in ASD populations, there is a sex dis-
tribution in favour of males, as boys are approximately 3
times more likely to be affected than girls [67]. Conse-
quently, the gender distribution in the recruited sample
is likely to reflect this population-based imbalance.

Inclusion criteria are an expert clinical ASD diagnosis
according to DSM-5 supported by ADI-R and ADOS-2,
including all Autism Spectrum Disorders (299.00), and
the participant and their parents have to be able and
willing to give written informed assent/consent.

Exclusion criteria are 1Q <70, birth weight <2000 g,
cerebral palsy, tuberous sclerosis, neurofibromatosis,
history of brain surgery, cochlear implant, skull
deformity, history of craniocerebral injury with loss of
consciousness, increased intracranial pressure, history
of epilepsy or seizures or migraine in patients or
first-degree relatives, and current vision (less than
80% of normal or corrected to normal vision in both
eyes) or hearing impairments. Any comorbid mental
disorders other than the following (classified accord-
ing to DSM-5): all communication disorders, attention
deficit hyperactivity disorder (ADHD), specific learn-
ing disorder with IQ>=70, developmental coordin-
ation disorder, major depressive disorder (mild
depressive episode, dysthymia), all anxiety disorders,
all elimination disorders, gender dysphoria, oppos-
itional defiant disorder, ASD-related sleeping prob-
lems and ASD-related eating problems. Furthermore
dermatological disease of the scalp or chronic skin
damage; any electrically, mechanically or magnetically
activated implant (for example, brain implant, pace-
makers, cardiac implants, vascular clips); heart
disease; current pregnancy or hormonal contraception;
and history of smoking within last 5 years are also
excluded.

The following psychopharmacological and therapeutic
treatment is permitted during study participation: any
antidepressive medication (atomoxetine, guanfacine) and
any antipsychotic medication with a stable dosage for at
least 4 weeks prior to T2 until T4 and methylphenidate,
any amphetamine preparation and melatonin with a
stable dosage for at least 1 week prior to T2 until T4.
Concurrent neurofeedback, stimulation therapy, or par-
ticipation in other clinical trials is not allowed. Other
ongoing interventions such as behavioural therapy or oc-
cupational therapy can be continued.

Recruitment measures
Four sites with extensive experience and expertise in the
investigation and treatment of children and adolescents
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with ASD participate in the trial: (1) the Department of
Child and Adolescent Psychiatry, Psychosomatics and
Psychotherapy and Autism Research and Intervention
Center of Excellence at the University Hospital Frank-
furt, Goethe University; (2) the Department of Child and
Adolescent Psychiatry, Psychosomatics and Psychother-
apy at Bethel Protestant Hospital in Bielefeld, Germany
(3) the ICNAS, Centro Clinico Académico, Universidade
de Coimbra, Portugal; and (4) the Centre Hospitalier
Regional Universitaire de Tours, Tours, France. All sites
are associated with large in- and outpatient departments,
so families and adolescents with ASD can be approached
and specifically invited to participate in the study. Add-
itional patients will be approached via flyers and by an-
nouncements published in the local newspapers and on
the internet. Local paediatricians, child and adolescent
psychiatrists and psychotherapists as well as ASD patient
and parent organizations will be informed about the
study.

Assignment to study arm / randomization

After definite inclusion into the study (signed informed
consent, fulfilment of all inclusion criteria), each patient
will be allocated randomly to one of the two treatment
conditions (anodal tDCS stimulation or sham
stimulation) via the electronic case report form (eCRF)
using a stratified block randomization. Randomization
will be stratified by site and gender. Block randomization
for each stratum is prepared with the electronic
randomization tool BiAS for Windows. Randomization
is performed by Institute of Medical Informatics and
Statistics (IMIS)/Center for Clinical Trials (ZKS) Kiel.

Blinding
Subjects, parents and study personnel will be blinded to
treatment allocation for the whole duration of the trial.
The device Starstim32 (Neuroelectrics SLU, Barcelona,
Spain) allows to perform double-blind stimulation. Prior
to study start, an administrator at Neuroelectrics who
can create and manage stimulation protocols creates
templates for real and sham stimulation. Each centre re-
ceives a series of files from the statistician which do not
reveal any information of the condition (tDCS or sham).
At randomization, one specific file is assigned to each
participant via the eCRF. During the stimulation session,
the study personnel will have no access to the password-
protected content of this file (protocol data, i.e. currents,
sham-settings) and thus remain effectively blinded.
Unblinding will be done in case of the following emer-
gencies: unblinding is necessary for reasons of subjects’
safety and for decisions on further medical treatment
and a serious adverse device effect (SADE) has to be
unblinded for notification to authorities and ethics
committees. Unblinding will be performed through
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emergency envelopes on site, which contain information
on sham or real stimulation. The participant and his/her
parents must be informed about unblinding. Unblinding
leads to the exclusion of the respective participant from
further intervention sessions.

Intervention

The intervention consists of 10 sessions of either tDCS-
or sham stimulation during a socio-cognitive training.
The real stimulation is anodal stimulation of the TPJ at
2 mA for a duration of 20 min (plus 30-s ramp-up and
30-s ramp-down) per session. The control intervention
is a sham stimulation (at the beginning 30-s ramp-up
followed by 30-s fade out after 5s and 30s fade in and
then 30 s ramp-down at the end, but no effective stimu-
lation for the remaining duration of the intervention),
which also has a total duration of 21 min including
ramp-up and ramp-down. This type of sham stimulation
is routinely used as a comparison to actual tDCS stimu-
lation. The short transient application of current at the
beginning and at the end induces the sensory impression
of being stimulated and serves to improve the blinding
of participants, while no meaningful changes in neural
excitability is induced. The medical device used for the
intervention (Starstim 32°, Neuroelectrics) is a transcra-
nial current stimulation and EEG monitoring device. An
optimized multi-channel montage is used to target the
TPJ bilaterally based on an area identified using DTI-
based tractography [68]. The target area covers regions
of the TPJ which were identified as functionally relevant
for social cognitive abilities [31]. The optimization
method used is the Stimweaver algorithm [69], which
determines the electrode positions and currents that bet-
ter approximate a target distribution of currents in a
computational numerical head model (Colin head
model, [70]). The optimized montage consists of two
anode-electrodes, one over the left and right TP] each,
with several cathode-electrodes placed around each
anode. The maximal injected current into the brain at
any given time will be below 2.00 mA and maximum
current at any electrode is 1.00 mA. The electrodes used
in this study are 1cm radius Ag/AgCl cylindrical elec-
trodes with conductive gel underneath (NG PiStim
electrodes).

Both, the tDCS and sham groups, will perform a cog-
nitive training battery targeting theory of mind and per-
spective taking abilities during the intervention sessions.
The training battery consists of short film clips, followed
by questions probing the participant’s understanding of
the character’s intentions, thoughts or feelings. Depend-
ing on whether the participant chooses a correct or in-
correct answer to the question, the participant will
either have to explain how they knew the correct an-
swer, or receive an opportunity to repeat the scene and
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question if an incorrect answer was given. Before the
film clip is repeated, they will receive a prompt about
what to attend to in order to answer the question cor-
rectly. If they do not succeed on the second attempt, de-
tailed feedback will be presented to ensure the
participant understood which answer was correct and
why. This detailed feedback involves highlighting the sa-
lient expressions, body language or choice of words a
character expresses. Rule-based explanations for a char-
acter’s action will be given. Emotions or facial expres-
sions will be explained in detail, and other examples will
be given to allow the participant to generalize from the
film scene to other social situations. An experimenter is
present with the participant, helps understand the ques-
tions and feedback and can motivate and encourage the
child throughout the training.

Statistical methods

The planned sample size was calculated using a two-
sided t-test (significance level a = 0.05) with a power 1
- =80% based on a medium expected effect size of d =
0.6. Previous studies in ASD have shown similar or lar-
ger effect sizes for tDCS [71]. This effect requires a sam-
ple size of 45 patients per group (G*Power 3.1);
assuming 10% drop-out, the total sample size will thus
consist of 100 individuals randomized to tDCS or sham.

The primary analysis will be based on the intention-
to-treat (ITT) set, including all randomized patients irre-
spective of the amount of treatment actually received or
adherence to the intervention. A per-protocol (PP) ana-
lysis will be performed as sensitivity analysis with only
those participants who received at least 9 out of 10
stimulation sessions without further relevant protocol
deviations. In order to follow the intention-to-treat
principle as closely as possible, all participants will be
asked to participate in the end-of-treatment and follow-
up assessment, even if they drop out of treatment, to
minimize the amount of missing data.

We will test for a difference in the primary outcome
measure, the change in SRS-16 item short form between
post-treatment (T3) and baseline (T2), between the two
study arms using a mixed-effects model repeated mea-
sures analysis with covariates centre, gender, age, IQ and
the baseline value of the primary outcome (SRS-16 at
T2). No unadjusted analyses are planned. Emphasis will
be on the 95% confidence intervals of the effect size
estimates; additionally, p values will be calculated. Sec-
ondary outcomes and the additional outcomes at the
follow-up assessment (T4) will be analysed in a similar
way. No subgroup analyses are planned, and any post
hoc subgroup analyses would be considered exploratory.
In this clinical trial, any missing values of the primary
outcome variable have to be considered to be missing
not at random (MNAR), in particular patients with very
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poor response to the intervention might be more likely
to drop out of treatment and might be more likely not
to provide data on the primary outcome (loss to follow-
up). Thus, imputation strategies or analysis methods that
rely on the missing at random (MAR) assumption could
be anti-conservative. In the primary analysis of the pri-
mary endpoint, we will use all available measures of the
primary outcome (SRS-16) at all time-points (in particu-
lar T2-5 and follow-up T4) in a mixed-effects model re-
peated measures analysis without imputation of missing
values. Sensitivity analyses will be performed to investi-
gate the potential impact of missing data, in particular,
by performing a complete case analysis and a pre-
specified conservative single imputation approach and
by using multiple imputations. All analyses will be pre-
specified in a statistical analysis plan. Statistical analyses
will be performed using the statistical software IBM
SPSS Statistics. SPSS will be used for descriptive statis-
tics and all main analyses. There will be no interim
analysis.

Data collection and quality assurance

Data collection will be handled by experienced study
personnel who received training in all study-related pro-
cedures, as well as good clinical practice related to the
investigation of medical devices. A validated eCRF soft-
ware will be used for data entry. Only authorized and
trained personnel will get a password/username and are
allowed to enter data. All entries and changes will be
logged via an audit trail. Data management of clinical
study data is handled by “Zentrum fiir Klinische Studien
(ZKS) Kiel”. This includes eCRF construction, training
and support of study sites regarding the eCRF system,
query management, data cleaning and database lock. A
validated study database system, Marvin (provided by
XClinical), will be used. The clinical data entered into
the eCRF will be stored on the XClinical servers in Nur-
emberg and Munich (Germany) and will be released to
Frankfurt and other partners within the STIPED consor-
tium for planned data analysis after the end of the study.
Participants are informed about this procedure in the
data protection paragraph of the informed consent
forms. The data management plan (DMP) is issued by
ZKS and describes all functions, processes and specifica-
tions for data collection, cleaning and validation. The
trial monitoring will also be carried out by the ZKS, ac-
cording to a pre-specified monitoring plan. Furthermore
auditing procedures are specified in a separate audit
plan, which encompasses auditing procedures for
the whole trial as well as individual study sites re-
garding general quality assurance and monitoring
activities, or, e.g. in case of repeated protocol-
deviations.
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Documentation and evaluation of adverse events
Previous studies in children have rarely reported serious
adverse events (SAEs) and tDCS-related side effects gen-
erally seem to be mostly mild and transient (such as, e.g.
tingling, itching, redness and scalp discomfort [27]). In
the current trial, investigators record all adverse events
(AEs) in an Adverse Event Log provided in the eCRF in-
cluding time of onset and intensity, causal relationship,
action taken and outcome. SAEs are documented in a
Serious Adverse Event Log and additionally must be re-
ported to the sponsor immediately. The sponsor will
perform all SAE-reporting to responsible authorities ac-
cording to applicable national laws. A SOP on handling
SAEs is provided for all trial sites by the sponsor. In
Germany, quarterly safety reports listing all SAEs will be
provided by the sponsor. In France and in Portugal, an-
nual safety reports will be submitted.

A DSMB with three independent members is installed,
who will monitor safety data in fixed time intervals. The
first meeting will be held after the tenth patient has been
included in the trial. When 50% of the participants have
been recruited, the second meeting will take place. Add-
itional meetings will be organized on demand, e.g. in
case of emergency, an unscheduled meeting can be per-
formed. If necessary, the DSMB has access to the un-
blinded data to judge whether the risk-benefit ratio
changes throughout the study. If the board decides that
the safety of participants is significantly endangered, they
can recommend stopping the study.

Continued treatment and medical care of subject after
end of study

Patients who are under the care of the investigating sites
will be able to continue their previous/ongoing treat-
ment after the end of the study. The access to regular
medical and/or psychological care is not altered by par-
ticipation in the clinical study. Participants who were re-
ferred to the study from other sources are offered
counselling for treatment options and will be supported
in finding adequate treatment options.

Further information on the trial

This trial is a part of the EU-Project STIPED (“Stimula-
tion in Pediatrics” within Horizon2020). The Goethe
University Frankfurt is the sponsor of the trial and is
represented by Prof. Dr. Christine M. Freitag, who is also
the coordinating investigator of StimAT. Further infor-
mation on the consortium and other relevant aspects of
the study conduct can be found in the supplement. The
trial was first submitted to the German Federal Institute
for Drugs and Medical Devices (Bundestinstitut fiir Arz-
neimittel und Medizinprodukte, BfArM, Germany) and a
waiver of authorisation was granted; furthermore, the
trial was evaluated and approved by the ethical
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committee of the Faculty of Medicine at Goethe Univer-
sity Frankfurt (Ethik-Kommission des Fachbereichs
Medizin der Goethe-Universitit Frankfurt am Main,
Germany). The trial is referenced under EUDAMED No.
CIV-18-01-022765.

Discussion

The present trial is a double-blind, sham controlled par-
allel group phase-Ila pilot study of tDCS of the bilateral
TPJ in children and adolescents with ASD. It will be the
first study powered to detect a medium effect size by
tDCS targeting a part of the “social brain”, thereby ex-
ploring a new treatment option for core social commu-
nication and interaction deficits in ASD. To test effect,
feasibility and safety of the intervention, several points
have been taken into consideration during development
of the study protocol.

To date, only few studies have investigated tDCS as
intervention method for ASD and there is a high vari-
ability between study designs. Most trials have focused
on stimulating the DLPFC [21-23, 25, 26]. Only one
study has previously examined the effect of tDCS over
the TPJ. Despite a small sample size, Esse Wilson et al.
[40] found tentative evidence that stimulation of the TPJ]
may improve verbal fluency and social skills in ASD.
These results are similar to studies in healthy controls
showing that tDCS stimulation of the TPJ can success-
fully improve social abilities such as perspective taking
or emotion attribution [37-39]. All studies, including
Esse Wilson et al. [40], have used large sponge or surface
electrodes placed according to the international 10-20
system. While this approach is commonly used in tDCS
research, it only allows for a relatively coarse localization
of the target area and in turn relies on the widely distrib-
uted current flow effected by these electrodes. In the
proposed study, we took a different approach by devel-
oping an optimized multi-channel montage with DTI-
based definition of the target area in order to increase
precision of the stimulation. While this is a novel ap-
proach for ASD samples, a systematic comparison of
conventional and multi-channel montages for stimulat-
ing the right inferior frontal gyrus in children and
adolescents with ADHD has previously shown that
multi-channel tDCS has equivalent, if not better, re-
sponse rates to stimulation and can successfully elicit
changes in neurophysiological parameters [72].

Studies have also varied greatly in the number and
duration of stimulation sessions, the applied stimulation
intensity and use of concurrent tasks. Applied stimula-
tion intensities ranged from 1 to 2mA and duration
from a single 30-min session up to 10 or more 20-min
sessions over several days. Often no cognitive task was
applied during stimulation, although the only study
stimulating the TPJ applied a battery of social cognitive
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tasks concurrently to stimulation [40], as in the present
study. Evidence from ADHD research indicates that re-
peated sessions lead to longer-lasting effects and that
on-line stimulation during a cognitive task improves the
effectiveness of stimulation [18]. Taken together, the pa-
rameters chosen for the current study are well within
conventional standards of comparable studies.

To examine the effects of tDCS stimulation in ASD a
variety of outcome measures targeting core symptoms,
cognitive and neurophysiological changes have been
chosen, yet to date no study has taken into account all
of them simultaneously. In the current study, change in
parent-rated social responsiveness from baseline to post-
intervention was chosen as the primary clinical outcome
measure. The SRS-16 was selected, because the instru-
ment is a reliable, valid and economic way to describe
parent-rated ASD symptom severity, which is also less
susceptible to the influence of age, gender and verbal
and non-verbal level of functioning of the ASD individ-
ual, and shows superior internal consistency compared
to the long version [48]. It therefore allows to evaluate
generalized improvements in every-day social communi-
cation and interaction abilities in ASD. Most tDCS stud-
ies have applied the autism treatment evaluation
checklist (ATEC [73]); however, the SRS is better vali-
dated and is more frequently used in clinical trials of be-
havioural interventions for ASD (see, e.g. [9, 74]) and
brain stimulation using repetitive transcranial magnetic
stimulation [75-79].

Furthermore, evaluating the safety and tolerability of
the tDCS intervention is another primary aim of the
study. Safety evaluations are not only an essential part of
investigating new treatment methods such as tDCS by
phase-Ila trials, but also have a specific relevance for the
ASD population. Individuals with ASD often experience
sensory abnormalities [80, 81] which are described as
“hypo- or hyper-reactivity to sensory input and unusual
interests in sensory aspects of the environment” in do-
main B of the diagnostic criteria for ASD according to
DSM-5 [1]. Consequently, individuals with ASD may ex-
perience different adverse events compared to the non-
ASD population. To date, studies in participants with
ASD have not reported an increased occurrence of ad-
verse reactions to tDCS stimulation, but due to the lim-
ited amount of studies, especially in adolescents with
ASD, a further systematic evaluation is needed.

Several secondary outcome measures were also chosen
to describe the effect size of change in additional ASD
symptoms, additional psychopathology and health-
related quality of life. To date, no tDCS study in ASD
has applied such an extensive battery of clinical outcome
measures. Most studies only focus on few measures
assessing core ASD symptomatology but neglect other
psychopathology or health-related quality of life.
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Especially the latter has been discussed as an essential
outcome, as improving quality of life should be an im-
portant objective of any intervention study in ASD [82].
By this broad approach of applying multiple clinical out-
come measures, not only desired improvements will be
examined, but possible undesired deterioration can also
be monitored. This approach is also in line with the “net
zero-sum model” [83] which posits that gain in one
neural domain may lead to loss in another, and that
therefore a broad spectrum of functions should be moni-
tored. Also, the multiple outcome measures will allow us
to describe specific change of the targeted social cogni-
tive domain or more general change in psychopathology,
cognition or neural function.

The aim to cover a broad spectrum of functions was
taken into account in the choice of neuropsychological
tasks as additional secondary outcome measures. These
do not only encompass functions closely related to the
TPJ, such as imitation or emotion recognition abilities,
but also attention and executive function. This also rep-
resents an extension of previous tDCS research in ASD,
where only tasks directly related to the functionality of
the stimulated area were examined (see, e.g. [23, 40]).

EEG and functional MRI measures will be used to de-
scribe functional changes on the neural level, with a
focus on investigating changes in TP] activation and
connectivity patterns. Previous studies mostly focused
on EEG or fMRI resting state spectral and connectivity
analyses [22, 25, 26] and did not look at neural corre-
lates of task performance.

In addition to describing changes in behaviour, cogni-
tion and brain function induced by the intervention, the
study also aims at exploring moderators of intervention
effects. Almost all clinical trials in ASD have described a
large variation of intervention effects within the treated
sample, such as behavioural interventions [9]. Thus,
identifying and characterizing children and adolescents
who profit from tDCS may pave the way to an ultimately
individualized recommendation for study participants to
further pursue tDCS treatment. This is addressed in the
current study by using neuroanatomical biomarkers to
predict treatment response as an important step towards
personalized treatment of ASD as a heterogeneous
neurodevelopmental disorder. To our knowledge, no
previous study has implemented neuroanatomical, or
any other, biomarkers in order to analyse variability in
response to tDCS in ASD.

An extensive evaluation of possible benefits and risks
of the study was performed prior to the start of the
study. A clear benefit of the study is the access to con-
trolled and monitored tDCS treatment, which is not
available as a standard treatment for ASD. Potential ben-
efits for participants receiving real tDCS stimulation are
improved social communication symptoms in ASD. The
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present study investigates tDCS as an add-on to a
cognitive training focussing on highly relevant cogni-
tive aspects underlying successful social communica-
tion. The benefits for all patients, regardless whether
they are allocated to the tDCS or the sham condition,
are participation in the cognitive training, which is
provided independent of the stimulation (tDCS/sham).
Cognitive trainings, e.g. of emotion recognition, have
been studied in ASD before, but results have mostly
shown that improvements can only be seen in prox-
imal tasks evaluating the trained skill, while there is
still little evidence of generalization to everyday life
social interactions [84]. Combining a cognitive train-
ing with tDCS may serve to amplify the effects and
therefore lead to improvements in more distal mea-
sures of social skills.

Regarding potential adverse effects, studies examining
the safety aspects of tDCS in adult populations have
found no adverse effects related to motor performance,
the spectral characteristics of EEG or other clinical mea-
sures of brain function [85-87]. The levels of neuron-
specific enolase, a sensitive marker of neuronal damage,
were not increased after tDCS [88], and no pathological
changes were observed in contrast-enhanced MRI or
EEG [88, 89]. A comprehensive review on safety aspects
of the tDCS was published by an International Safety
Consortium [90], summarizing experimental (animal
and human), clinical and computational studies which
have been performed until 2016 in healthy subjects, pa-
tients and in theoretically vulnerable populations includ-
ing children and the elderly; subjects with mood
disorders, epilepsy, stroke and implants; and home users.
Evidence from relevant animal and computational
models indicates that brain injury by tDCS occurs at
predicted brain current densities (6.3—13 A/m?) that are
over an order of magnitude above those produced by
conventional tDCS, such as used in the present clinical
study (max. 2mA). Regarding long-term safety aspects
in children and adolescents, the longest follow-up period
was 1.5years and no adverse responses were reported
[27, 91]. Also regarding epilepsy, the majority of studies
in both adults and children showed that tDCS does not
elicit epileptic seizures or provoke epileptic EEG activity
either in healthy subjects [51] or in children with known
epilepsy [90, 92]. Only in one single case an epileptic
seizure was observed during a tDCS session conducted
to treat epilepsy in a child. Systematic investigations of
AEs to tDCS in different age and subject groups show
that participants tolerated the stimulation well with a
low rate of AEs during and after both real stimulation
and application of sham [93-96]. No serious adverse ef-
fects were seen in young patients, even after tDCS ap-
plied with a higher than usual current density (0.497
mA/cm?) and/or repeated over several days [20, 95, 97,
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98]. Thus, we conclude that potential benefits outweigh
the risks posed by participating in the clinical trial.

If the current evaluation of tDCS over the bilateral
TPJ shows positive changes in ASD-related behaviour
and confirms good safety and tolerability of the method,
tDCS may represent a new, cost-efficient and easily ap-
plied therapy option for the disorder. Detailed analysis
of the collected data will also enable us to further
optimize parameters of the stimulation and to develop
personalized treatment approaches based on biomarkers.
This may however only be a first step. The easy applica-
tion of tDCS also opens up further possibilities, as simi-
lar stimulation paradigms may be applied in other
settings. For example, the application at home could be
a promising cost-efficient way to offer additional inter-
vention for autistic children, which is even more con-
venient for affected individuals and their families.
Furthermore, the concurrent application of tDCS could
be an approach to amplify the positive effects of behav-
ioural therapy, which could be implemented in a clinical
setting.

Limitations

Even though the design of the proposed study was care-
fully considered, there are several limitations to the
study. Firstly, the proposed design only entails a rela-
tively short follow-up period after the intervention of 4
weeks. In previous studies, this period has varied greatly,
and the last time point of observation has ranged from
directly after stimulation [40] to up to 7 months’ follow-
up [22]. Recent studies however also suggest that effects
of combined cognitive training and tDCS stimulation
can be stable for up to 1 year [99].

Furthermore, we chose a multi-channel montage to
target the bilateral TP]. We have outlined the advantages
of this approach above. However, it could be argued that
individualized montages, e.g. based on individual fMRI
or DTI data, may be even better to increase accuracy in
the stimulation of the target brain area. However, at the
time of study conceptualization, generating those indi-
vidual montages still had a relatively high cost with re-
spect to computational effort and time needed and was
therefore not implemented. Systematic comparisons of
different stimulation montages are an important aspect
for future research.

Another potential problem of the study design is the
unknown re-test reliability and possible training effects
of some outcome measures such as the neurocognitive
and EEG tasks. A recent systematic evaluation of the re-
test reliability of EEG markers in an autistic sample has
shown that inter-class correlation for repeated assess-
ment of EEG measures can range from, e.g. 0.83 for
resting-state slope to —0.09 for the N2 in a biological
motion paradigm [100]. Unfortunately, the reliability of
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the tasks which are implemented in the current study is
yet unknown. This was also a reason why these mea-
sures were not chosen as primary outcome. In addition,
where possible, measures were taken to mitigate the po-
tential problems of repeated assessments, e.g. by imple-
menting three parallel versions of the intention tasks for
the three measurement time points.

Also, only high functioning individuals with ASD are
eligible for study participation. The relatively high cogni-
tive demand of the training, as well as the extensive
battery of outcome measures, makes it impossible for in-
tellectually disabled individuals with ASD to participate.
This means that the intervention is only suited for part
of the ASD population. However, if the combination of
tDCS and cognitive training prove effective in the
current study population, it may be worthwhile to adapt
the procedures in order to also make the intervention
available to intellectually disabled individuals with ASD.

Trial status

The current description of the trial refers to study proto-
col version 1.2 from 24 May 2019, ie. the second
amended version, of the study protocol. Recruitment for
the trial started in March 2019 and is ongoing. It will be
completed approximately in October 2021.

Abbreviations

ABC: Aberrant Behavior Checklist; ADHD: Attention deficit hyperactivity
disorder; ADI-R: Autism Diagnostic Interview-revised; ADOS-2 : Autism
Diagnostic Observation Schedule-2; AE: Adverse event; ASD: Autism
spectrum disorder; ATEC : Autism treatment evaluation checklist; CANT

AB: Cambridge Neuropsychological Test Automated Battery; CBCL: Child
Behaviour Checklist; CCC-2: Children’s Communication Checklist-2; CRF: Case
report form; DC: Direct current; DLPFC: Dorsolateral prefrontal cortex;

DRKS: German Clinical Trials Register; DSM-5: Diagnostic and Statistical
Manual of Mental Disorders, 5th edition; DTI: Diffusion tensor imaging;

eCRF: Electronic case report form; EEG: Electroencephalogram; ERP: Event-
related potential; fMRI: Functional magnetic resonance imaging; GCP: Good
Clinical Practice; IMIS: Institute of Medical Informatics and Statistics Kiel;

1Q: Intelligence quotient; KIDSCREEN 27: Health-Related Quality of Life
Questionnaire for Children and Adolescents; K-SADS-PL: Revised Schedule for
Affective Disorders and Schizophrenia for School-Age Children: Present and
Lifetime Version; mA: Milliampere; MAR: Missing at random; MNAR: Missing
not at random; MRI: Magnetic resonance imaging; PDS: Pubertal
Development Scale; RBS-R: Repetitive Behaviour Scale-revised; SADE: Serious
adverse device effect; SAE: Serious adverse event; SRS: Social Responsiveness
Scale; SRS-16: Social Responsiveness Scale: 16 item short form; SSRI: Selective
serotonin reuptake inhibitors; STIPED: Stimulation in Pediatrics consortium;
TPJ: Tempo-parietal junction; tCS: Transcranial stimulation; tDCS: Transcranial
direct current stimulation; TES: Transcranial electric stimulation; ZKS: Zentrum
fur Klinische Studien (Center for Clinical Trials) Kiel

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/513063-021-05172-1.

[Additional file 1. ]

Acknowledgements
Not applicable.


https://doi.org/10.1186/s13063-021-05172-1
https://doi.org/10.1186/s13063-021-05172-1

Luckhardt et al. Trials (2021) 22:248

Authors’ contributions

CMF, CL, MS, HM and AM wrote the study protocol, CL prepared the
manuscript which was revised by CMF and all other authors. AD is the
statistician for the trial. RS and GR created the optimization for the
stimulation montage. CE developed the MRI protocol. CMF, CL, HM, MS, SB,
MCB and HCP developed the neurophysiological paradigms with support
from ML, FBB, JS and MS. AD, JS, MS, ML, FBB, HCP, MCB, SB and CE were
also deeply involved and contributed both to the development of the study
protocol and this manuscript. All authors reviewed and agreed to the final
version of the manuscript.

Funding

This trial is a part of the EU-Project STIPED (Horizon2020) and is therefore fi-
nanced through the Grant Agreement No. 731827. The funding body is not
involved in the design of the study and collection, analysis and interpretation
of data and in writing the manuscript.

The multi-channel tDCS device employed in the study is provided by Neuro-
electrics as part of their obligations within the STIPED consortium.

This trial does not receive financial support from other funding sources.
Open Access funding enabled and organized by Projekt DEAL.

Availability of data and materials

Data is only available for members of the STIPED consortium in accordance
with the STIPED memorandum of understanding. Other materials such as
information regarding EEG tasks and the social cognitive training battery or
stimulation montage are available upon request. Model-informed consent
forms (in German, French and Portuguese) are available from the corre-
sponding author on request. Results of the trial will be published in appropri-
ate peer-reviewed journals.

Declarations

Ethics approval and consent to participate

The study protocol was submitted to the German Federal Institute for Drugs
and Medical Devices (Bundestinstitut fir Arzneimittel und Medizinprodukte,
BfArM, Germany) and a waiver of authorization was granted; furthermore,
the trial was evaluated and approved by the ethical committee of the
Faculty of Medicine at Goethe University Frankfurt (Ethik-Kommission des
Fachbereichs Medizin der Goethe-Universitat Frankfurt am Main, Germany).
The study protocol was subsequently submitted to and approved by the
French Drug and Health Products Safety Agency (Agence nationale de sécur-
ité du médicament et des produits de santé, ANSM, France) and Ethical
Committee (Comité de protection des personnes, CPP, France). The study
protocol is currently under evaluation by National Authority of Medicines
and Health Products, I.P. (Autoridade Nacional do Medicamento e Produtos
de Saude, INFARMED, Portugal) and the National Ethics Committee for Clin-
ical Research (Comissdo de Etica para a Investigacdo Clinica, CEIC, Portugal).
Participants will only be included in the study after they and their caregivers
give written informed assent/consent.

Consent for publication
Not applicable.

Competing interests

CL, MS, AM, HM, SB, AD, HCP, MCB, ML, FBB, JS, MS, CE and CMF have no
competing interests to declare.

GR is cofounder of Neuroelectrics; RS works at Neuroelectrics, a company
that designs and produces EEG and tES solutions.

Author details

'Department of Child and Adolescent Psychiatry, Psychosomatics and
Psychotherapy, University Hospital Frankfurt, Goethe University,
Deutschordenstr.50, 60528 Frankfurt, Germany. “Institute of Medical
Informatics and Statistics (IMIS), Kiel University, Brunswiker Str. 10, 24105 Kiel,
Germany. *Neuroelectrics SLU, Av. Tibidabo 47 Bis, 08035 Barcelona, Spain.
“Coimbra Institute for Biomedical Imaging and Translational Research (CIBIT),
ICNAS, Faculty of Medicine, Academic Clinical Centre, University of Coimbra
(UQ), Paco das Escolas, 3001 451 Coimbra, Portugal. SUMR 1253, iBrain,
Université de Tours, Inserm, Centre de Pédopsychiatrie, CHRU Bretonneau, 2
bd Tonnellé, 37044 Tours Cedex 9, France. °Centre Hospitalier Universitaire
de Tours (CHUT), Centre Universitaire de Pédopsychiatrie, UMR930 INSERM /

Page 13 of 16

Equipe autism, CHRU Tours / Hopital Bretonneau, 2 Bd Tonnellé, 37044 Tours
Cedex 9, France. “Clinic of Child and Adolescent Psychiatry and
Psychotherapy, Protestant Hospital Bethel, EVKB, Remterweg 13a, 33617
Bielefeld, Germany.

Received: 29 October 2020 Accepted: 6 March 2021
Published online: 06 April 2021

References

1. American Psychiatric Association, editor. Diagnostic and statistical manual of
mental disorders: DSM-5. 5th ed. Washington, DC: American Psychiatric
Publishing; 2013.

2. Baird G, Simonoff E, Pickles A, Chandler S, Loucas T, Meldrum D,
Charman T. Prevalence of disorders of the autism spectrum in a
population cohort of children in South Thames: the Special Needs and
Autism Project (SNAP). Lancet. 2006;368(9531):210-5. https://doi.org/10.1
016/50140-6736(06)69041-7.

3. Elsabbagh M, Divan G, Koh Y-J, Kim YS, Kauchali S, Marcin C, Montiel-Nava
C, Patel V, Paula CS, Wang C, Yasamy MT, Fombonne E. Global prevalence
of autism and other pervasive developmental disorders. Autism Res. 2012;
5(3):160-79. https://doi.org/10.1002/aur.239.

4. Steinhausen H-C, Mohr Jensen C, Lauritsen MB. A systematic review and
meta-analysis of the long-term overall outcome of autism spectrum
disorders in adolescence and adulthood. Acta Psychiatr Scand. 2016;133(6):
445-52. https;//doi.org/10.1111/acps.12559.

5. Barrett B, Mosweu |, Jones CRG, Charman T, Baird G, Simonoff E, Pickles A,
Happé F, Byford S. Comparing service use and costs among adolescents
with autism spectrum disorders, special needs and typical development.
Autism. 2015;19(5):562-9. https://doi.org/10.1177/1362361314536626.

6. Lavelle TA, Weinstein MC, Newhouse JP, Munir K, Kuhlthau KA, Prosser LA.
Economic burden of childhood autism spectrum disorders. Pediatrics. 2014;
133(3):¢520-9. https.//doi.org/10.1542/peds.2013-0763.

7. van Heijst BFC, Geurts HM. Quality of life in autism across the lifespan: a
meta-analysis. Autism. 2015;19(2):158-67. https.//doi.org/10.1177/13623
61313517053.

8. Tachibana Y, Miyazaki C, Ota E, Mori R, Hwang Y, Kobayashi E, Terasaka A, Tang
J, Kamio Y. A systematic review and meta-analysis of comprehensive
interventions for pre-school children with autism spectrum disorder (ASD).
PLoS One. 2017;12(12):e0186502. https//doi.org/10.1371/journal.pone.0186502.

9. Freitag CM, Jensen K, Elsuni L, Sachse M, Herpertz-Dahlmann B, Schulte-
Ruther M, Hanig S, von Gontard A, Poustka L, Schad-Hansjosten T, Wenzl C,
Sinzig J, Taurines R, Geif3ler J, Kieser M, Cholemkery H. Group-based
cognitive behavioural psychotherapy for children and adolescents with
ASD: the randomized, multicentre, controlled SOSTA-net trial. J Child
Psychol Psychiatry. 2016;57(5):596-605. https://doi.org/10.1111/jcpp.12509.

10.  Gates JA, Kang E, Lerner MD. Efficacy of group social skills interventions for
youth with autism spectrum disorder: a systematic review and meta-analysis.
Clin Psychol Rev. 2017;52:164-81. https://doi.org/10.1016/j.cpr.2017.01.006.

11. Downar J, Blumberger DM, Daskalakis ZJ. The neural crossroads of
psychiatric illness: an emerging target for brain stimulation. Trends Cogn
Sci. 2016;20(2):107-20. https://doi.org/10.1016/.tics.2015.10.007.

12. Paulus W, Classen J, Cohen LG, Large CH, Di Lazzaro V, Nitsche M, et al.
State of the art: pharmacologic effects on cortical excitability measures
tested by transcranial magnetic stimulation. Brain stimulation. 2008;1(3):151-
63. https://doi.org/10.1016/}.brs.2008.06.002.

13. Nitsche MA, Paulus W. Excitability changes induced in the human motor
cortex by weak transcranial direct current stimulation. J Physiol Lond. 2000;
527(Pt 3):633-9. https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633 x.

14.  Stagg CJ, Nitsche MA. Physiological basis of transcranial direct current
stimulation. Neuroscientist. 2011;17(1):37-53. https://doi.org/10.1177/1073
858410386614.

15. Boonstra TW, Nikolin S, Meisener A-C, Martin DM, Loo CK. Change in mean
frequency of resting-state electroencephalography after transcranial direct
current stimulation. Front Hum Neurosci. 2016;10:270. https://doi.org/10.33
89/fnhum.2016.00270.

16.  To WT, de Ridder D, Hart J, Vanneste S. Changing brain networks through
non-invasive neuromodulation. Front Hum Neurosci. 2018;12:128. https://
doi.org/10.3389/fnhum.2018.00128.

17. Berryhill ME, Martin D. Cognitive effects of transcranial direct current
stimulation in healthy and clinical populations: an overview. J ECT. 2018;
34(3):e25-35. https://doi.org/10.1097/YCT.0000000000000534.


https://doi.org/10.1016/S0140-6736(06)69041-7
https://doi.org/10.1016/S0140-6736(06)69041-7
https://doi.org/10.1002/aur.239
https://doi.org/10.1111/acps.12559
https://doi.org/10.1177/1362361314536626
https://doi.org/10.1542/peds.2013-0763
https://doi.org/10.1177/1362361313517053
https://doi.org/10.1177/1362361313517053
https://doi.org/10.1371/journal.pone.0186502
https://doi.org/10.1111/jcpp.12509
https://doi.org/10.1016/j.cpr.2017.01.006
https://doi.org/10.1016/j.tics.2015.10.007
https://doi.org/10.1016/j.brs.2008.06.002
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
https://doi.org/10.1177/1073858410386614
https://doi.org/10.1177/1073858410386614
https://doi.org/10.3389/fnhum.2016.00270
https://doi.org/10.3389/fnhum.2016.00270
https://doi.org/10.3389/fnhum.2018.00128
https://doi.org/10.3389/fnhum.2018.00128
https://doi.org/10.1097/YCT.0000000000000534

Luckhardt et al. Trials

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

(2021) 22:248

Dedoncker J, Brunoni AR, Baeken C, Vanderhasselt M-A. A systematic review
and meta-analysis of the effects of transcranial direct current stimulation
(tDCS) over the dorsolateral prefrontal cortex in healthy and
neuropsychiatric samples: influence of stimulation parameters. Brain Stimul.
2016,9(4):501-17. https://doi.org/10.1016/j.brs.2016.04.006.

Osorio AAC, Brunoni AR. Transcranial direct current stimulation in children
with autism spectrum disorder: a systematic scoping review. Dev Med Child
Neurol. 2019,61(3):298-304. https://doi.org/10.1111/dmcn.14104.

Schneider HD, Hopp JP. The use of the Bilingual Aphasia Test for
assessment and transcranial direct current stimulation to modulate
language acquisition in minimally verbal children with autism. Clin Linguist
Phon. 2011;25(6-7):640-54. https://doi.org/10.3109/02699206.2011.570852.
Amatachaya A, Auvichayapat N, Patjanasoontorn N, Suphakunpinyo C,
Ngernyam N, Aree-uea B, Keeratitanont K, Auvichayapat P. Effect of anodal
transcranial direct current stimulation on autism: a randomized double-blind
crossover trial. Behav Neurol. 2014;2014:173073-7. https;//doi.org/10.1155/2
014/173073.

Gomez L, Vidal B, Maragoto C, Morales LM, Berrillo S, Vera Cuesta H, Baez M,
Denis M, Marin T, Cabrera Y, Sénchez A, Alarcon C, Selguera M, Llanez Y,
Dieguez L, Robinson M. Non-invasive brain stimulation for children with
autism spectrum disorders: a short-term outcome study. Behav Sci (Basel).
2017;7(4). https://doi.org/10.3390/bs7030063.

van Steenburgh JJ, Varvaris M, Schretlen DJ, Vannorsdall TD, Gordon B.
Balanced bifrontal transcranial direct current stimulation enhances working
memory in adults with high-functioning autism: a sham-controlled
crossover study. Mol Autism. 2017;8(1):40. https.//doi.org/10.1186/513229-01
7-0152-x.

Rotharmel M, Moulier V, Vasse M, Isaac C, Faerber M, Bendib B, Mirea-Grivel
I, Opolczynski G, Rosier A, Guillin O. A prospective open-label pilot study of
transcranial direct current stimulation in high-functioning autistic patients
with a dysexecutive syndrome. Neuropsychobiology. 2019;78(4):189-99.
https://doi.org/10.1159/000501025.

Kang J, Cai E, Han J, Tong Z, Li X, Sokhadze EM, Casanova MF, Ouyang G, Li
X. Transcranial direct current stimulation (tDCS) can modulate EEG
complexity of children with autism spectrum disorder. Front Neurosci. 2018;
12:201. https://doi.org/10.3389/fnins.2018.00201.

Amatachaya A, Jensen MP, Patjanasoontorn N, Auvichayapat N,
Suphakunpinyo C, Janjarasjitt S, Ngernyam N, Aree-uea B, Auvichayapat P.
The short-term effects of transcranial direct current stimulation on
electroencephalography in children with autism: a randomized crossover
controlled trial. Behav Neurol. 2015;2015:928631-11. https://doi.org/10.11
55/2015/928631.

Krishnan C, Santos L, Peterson MD, Ehinger M. Safety of noninvasive brain
stimulation in children and adolescents. Brain Stimul. 2015;8(1):76-87.
https.//doi.org/10.1016/j.brs.2014.10.012.

Antal A, Alekseichuk I, Bikson M, Brockméller J, Brunoni AR, Chen R,
Cohen LG, Dowthwaite G, Ellrich J, Floel A, Fregni F, George MS,
Hamilton R, Haueisen J, Herrmann CS, Hummel FC, Lefaucheur JP,
Liebetanz D, Loo CK, McCaig CD, Miniussi C, Miranda PC, Moliadze V,
Nitsche MA, Nowak R, Padberg F, Pascual-Leone A, Poppendieck W,
Priori A, Rossi S, Rossini PM, Rothwell J, Rueger MA, Ruffini G,
Schellhorn K, Siebner HR, Ugawa Y, Wexler A, Ziemann U, Hallett M,
Paulus W. Low intensity transcranial electric stimulation: safety, ethical,
legal regulatory and application guidelines. Clin Neurophysiol. 2017;
128(9):1774-809. https://doi.org/10.1016/j.clinph.2017.06.001.

Miller R-A, Shih P, Keehn B, Deyoe JR, Leyden KM, Shukla DK.
Underconnected, but how? A survey of functional connectivity MRI studies

in autism spectrum disorders. Cereb Cortex. 2011;21(10):2233-43. https//doi.

0rg/10.1093/cercor/bhq296.

Kana RK, Libero LE, Hu CP, Deshpande HD, Colburn JS. Functional brain
networks and white matter underlying theory-of-mind in autism. Soc
Cogn Affect Neurosci. 2014;9(1):98-105. https://doi.org/10.1093/scan/nss1
06.

Schurz M, Radua J, Aichhorn M, Richlan F, Perner J. Fractionating theory of
mind: a meta-analysis of functional brain imaging studies. Neurosci
Biobehav Rev. 2014;42:9-34. https;//doi.org/10.1016/j.neubiorev.2014.01.009.
Frith U, Frith C. The social brain: allowing humans to boldly go where no
other species has been. Philos Trans Royal Soc B Biol Sci. 2010;365(1537):
165-76. https://doi.org/10.1098/rstb.2009.0160.

Vogeley K, Bussfeld P, Newen A, Herrmann S, Happé F, Falkai P, Maier W,
Shah NJ, Fink GR, Zilles K. Mind reading: neural mechanisms of theory of

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Page 14 of 16

mind and self-perspective. Neuroimage. 2001;14(1):170-81. https://doi.org/1
0.1006/nimg.2001.0789.

Geng JJ, Vossel S. Re-evaluating the role of TPJ in attentional control:
contextual updating? Neurosci Biobehav Rev. 2013;37(10):2608-20. https://
doi.org/10.1016/j.neubiorev.2013.08.010.

Williams JHG, Waiter GD, Gilchrist A, Perrett DI, Murray AD, Whiten A. Neural
mechanisms of imitation and ‘mirror neuron’functioning in autistic
spectrum disorder. Neuropsychologia. 2006;44(4):610-21. https.//doi.org/10.1
016/j.neuropsychologia.2005.06.010.

Donaldson PH, Rinehart NJ, Enticott PG. Noninvasive stimulation of the
temporoparietal junction: a systematic review. Neurosci Biobehav Rev. 2015;
55:547-72. https//doi.org/10.1016/j.neubiorev.2015.05.017.

Santiesteban 1, Banissy MJ, Catmur C, Bird G. Enhancing social ability by
stimulating right temporoparietal junction. Curr Biol. 2012;22(23):2274-7.
https://doi.org/10.1016/j.cub.2012.10.018.

Ye H, Chen S, Huang D, Zheng H, Jia Y, Luo J. Modulation of neural
activity in the temporoparietal junction with transcranial direct current
stimulation changes the role of beliefs in moral judgment. Front Hum
Neurosci. 2015,9:659.

Donaldson PH, Kirkovski M, Rinehart NJ, Enticott PG. A double-blind HD-
tDCS/EEG study examining right temporoparietal junction involvement in
facial emotion processing. Soc Neurosci. 2019;14(6):681-96. https://doi.org/1
0.1080/17470919.2019.1572648.

Esse Wilson J, Trumbo MC, Wilson JK, Tesche CD. Transcranial direct current
stimulation (tDCS) over right temporoparietal junction (rTPJ) for social
cognition and social skills in adults with autism spectrum disorder (ASD). J
Neural Transm (Vienna). 2018;125(12):1857-66. https://doi.org/10.1007/
500702-018-1938-5.

Freitag CM, Kleser C, von Gontard A, von Gontardf A. Imitation and
language abilities in adolescents with autism spectrum disorder without
language delay. Eur Child Adolesc Psychiatry. 2006;15(5):282-91. https://doi.
0rg/10.1007/500787-006-0533-8.

Rutter M, Le Couteur A, Lord C. Autism diagnostic interview-revised. Los
Angeles, CA: Western Psychological Services; 2003.

Lord C. ADOS-2: Diagnostische Beobachtungsskala fir autistische Stérungen
- 2 : Manual. Bern: Huber; 2015.

Kaufman J, Birmaher B, Brent D, Rao U, Flynn C, Moreci P, et al. Schedule for
affective disorders and schizophrenia for school-age children-present and
lifetime version (K-SADS-PL): initial reliability and validity data. J Am Acad
Child Adolesc Psychiatry. 1997;36(7):980-8. https.//doi.org/10.1097/00004
583-199707000-00021.

Tewes U, editor. HAWIK-IIl: Hamburg-Wechsler-Intelligenztest fir Kinder -
dritte Auflage ; Manual ; Ubersetzung und Adaptation der WISC-lll Wechsler
intelligence scale for children - third edition von David Wechsler. 1st ed.
Bern, Gottingen, Toronto, Seattle: Huber; 1999.

Wechsler D. Wechsler Adult Intelligence Scale-Third Edition. San Antonio,
TX: The Psychological Corporation; 1997.

Carskadon MA, Acebo C. A self-administered rating scale for pubertal
development. J Adolesc Health. 1993;14(3):190-5. https://doi.org/10.1016/1
054-139X(93)90004-9.

Sturm A, Kuhfeld M, Kasari C, McCracken JT. Development and
validation of an item response theory-based Social Responsiveness
Scale short form. J Child Psychol Psychiatry. 2017;58(9):1053-61. https://
doi.org/10.1111/jcpp.12731.

Constantino JN, Gruber CP. Social Responsiveness Scale: SRS-2: Manual. Los
Angeles: Western Psychological Services; 2012.

Poreisz C, Boros K, Antal A, Paulus W. Safety aspects of transcranial direct
current stimulation concerning healthy subjects and patients. Brain Res Bull.
2007;72(4-6):208-14. https;//doi.org/10.1016/j.brainresbull.2007.01.004.
Moliadze V, Andreas S, Lyzhko E, Schmanke T, Gurashvili T, Freitag CM,
Siniatchkin M. Ten minutes of 1 mA transcranial direct current stimulation
was well tolerated by children and adolescents: self-reports and resting
state EEG analysis. Brain Res Bull. 2015;119(Pt A):25-33. https://doi.org/10.101
6/j.brainresbull.2015.09.011.

Lam KSL, Aman MG. The Repetitive Behavior Scale-Revised: independent
validation in individuals with autism spectrum disorders. J Autism Dev
Disord. 2007,37(5):855-66. https://doi.org/10.1007/510803-006-0213-z.
Martinez-Gonzélez AE, Piqueras JA. Validation of the Repetitive Behavior
Scale-Revised in Spanish-speakers participants with autism spectrum
disorder. J Autism Dev Disord. 2018;48(1):198-208. https://doi.org/10.1007/s1
0803-017-3276-0.


https://doi.org/10.1016/j.brs.2016.04.006
https://doi.org/10.1111/dmcn.14104
https://doi.org/10.3109/02699206.2011.570852
https://doi.org/10.1155/2014/173073
https://doi.org/10.1155/2014/173073
https://doi.org/10.3390/bs7030063
https://doi.org/10.1186/s13229-017-0152-x
https://doi.org/10.1186/s13229-017-0152-x
https://doi.org/10.1159/000501025
https://doi.org/10.3389/fnins.2018.00201
https://doi.org/10.1155/2015/928631
https://doi.org/10.1155/2015/928631
https://doi.org/10.1016/j.brs.2014.10.012
https://doi.org/10.1016/j.clinph.2017.06.001
https://doi.org/10.1093/cercor/bhq296
https://doi.org/10.1093/cercor/bhq296
https://doi.org/10.1093/scan/nss106
https://doi.org/10.1093/scan/nss106
https://doi.org/10.1016/j.neubiorev.2014.01.009
https://doi.org/10.1098/rstb.2009.0160
https://doi.org/10.1006/nimg.2001.0789
https://doi.org/10.1006/nimg.2001.0789
https://doi.org/10.1016/j.neubiorev.2013.08.010
https://doi.org/10.1016/j.neubiorev.2013.08.010
https://doi.org/10.1016/j.neuropsychologia.2005.06.010
https://doi.org/10.1016/j.neuropsychologia.2005.06.010
https://doi.org/10.1016/j.neubiorev.2015.05.017
https://doi.org/10.1016/j.cub.2012.10.018
https://doi.org/10.1080/17470919.2019.1572648
https://doi.org/10.1080/17470919.2019.1572648
https://doi.org/10.1007/s00702-018-1938-5
https://doi.org/10.1007/s00702-018-1938-5
https://doi.org/10.1007/s00787-006-0533-8
https://doi.org/10.1007/s00787-006-0533-8
https://doi.org/10.1097/00004583-199707000-00021
https://doi.org/10.1097/00004583-199707000-00021
https://doi.org/10.1016/1054-139X(93)90004-9
https://doi.org/10.1016/1054-139X(93)90004-9
https://doi.org/10.1111/jcpp.12731
https://doi.org/10.1111/jcpp.12731
https://doi.org/10.1016/j.brainresbull.2007.01.004
https://doi.org/10.1016/j.brainresbull.2015.09.011
https://doi.org/10.1016/j.brainresbull.2015.09.011
https://doi.org/10.1007/s10803-006-0213-z
https://doi.org/10.1007/s10803-017-3276-0
https://doi.org/10.1007/s10803-017-3276-0

Luckhardt et al. Trials

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

(2021) 22:248

Mirenda P, Smith IM, Vaillancourt T, Georgiades S, Duku E, Szatmari P, et al.
Validating the Repetitive Behavior Scale-revised in young children with
autism spectrum disorder. J Autism Dev Disord. 2010;40(12):1521-30.
https://doi.org/10.1007/510803-010-1012-0.

Bishop DVM. The Children's communication checklist. 2nd ed. London: The
Psychological Corporation; 2003.

Achenbach TM. Manual for the Child Behavior Checklist/4-18 and 1991
profile. Burlington, VT: Dept. of Psychiatry University of Vermont; 1991.
Aman MG, Singh NN. Aberrant behavior checklist. East Aurora, NY: Slosson
Educational Publ; 1986.

Ravens-Sieberer U, Gosch A, Rajmil L, Erhart M, Bruil J, Duer W, Auquier P,
Power M, Abel T, Czemy L, Mazur J, Czimbalmos A, Tountas Y, Hagquist C,
Kilroe J, KIDSCREEN Group E. KIDSCREEN-52 quality-of-life measure for
children and adolescents. Expert Rev Pharmacoecon Outcomes Res. 2005;
5(3):353-64. https//doi.org/10.1586/14737167.5.3.353.

Vistoli D, Passerieux C, El Zein M, Clumeck C, Braun S, Brunet-Gouet E.
Characterizing an ERP correlate of intentions understanding using a
sequential comic strips paradigm. Soc Neurosci. 2015;10(4):391-407. https.//
doi.org/10.1080/17470919.2014.1003272.

Schwarzkopf S, Schilbach L, Vogeley K, Timmermans B. "Making it explicit"
makes a difference: evidence for a dissociation of spontaneous and
intentional level 1 perspective taking in high-functioning autism. Cognition.
2014;131(3):345-54. https://doi.org/10.1016/j.cognition.2014.02.003.
McCleery JP, Surtees ADR, Graham KA, Richards JE, Apperly IA. The neural
and cognitive time course of theory of mind. J Neurosci. 2011;31(36):12849-
54. https://doi.org/10.1523/JNEUROSCI.1392-11.2011.

Simées M. Processing of Facial Expressions and their Mental Imagery in
ASD: an EEG study with feasibility analysis for a neurofeedback approach.
Baltimore, USA; 2016. https://imfar.confex.com/imfar/2016/webprogram/Pa
per22426.html.

Sokhadze EM, Tasman A, Sokhadze GE, El-Baz AS, Casanova MF. Behavioral,
cognitive, and motor preparation deficits in a visual cued spatial attention
task in autism spectrum disorder. Appl Psychophysiol Biofeedback. 2016;
41(1):81-92. https;//doi.org/10.1007/510484-015-9313-x.

Posner MI. Orienting of attention. Q J Exp Psychol. 1980;32(1):3-25. https//
doi.org/10.1080/00335558008248231.

Pernet CR, McAleer P, Latinus M, Gorgolewski KJ, Charest |, Bestelmeyer PEG,
Watson RH, Fleming D, Crabbe F, Valdes-Sosa M, Belin P. The human voice
areas: spatial organization and inter-individual variability in temporal and
extra-temporal cortices. Neuroimage. 2015;119:164-74. https://doi.org/10.1
016/j.neuroimage.2015.06.050.

Belin P, Zatorre RJ, Lafaille P, Ahad P, Pike B. Voice-selective areas in human
auditory cortex. Nature. 2000/403(6767):309-12. https;//doi.org/10.1038/3
5002078.

Loomes R, Hull L, Mandy WPL. What is the male-to-female ratio in autism
spectrum disorder? A systematic review and meta-analysis. J Am Acad Child

Adolesc Psychiatry. 2017;56(6):466-74. https.//doi.org/10.1016/jjaac.2017.03.013.

Mars RB, Sallet J, Schiffelgen U, Jbabdi S, Toni I, Rushworth MFS.
Connectivity-based subdivisions of the human right “temporoparietal
junction area”: evidence for different areas participating in different
cortical networks. Cereb Cortex. 2012;22(8):1894-903. https://doi.org/10.1
093/cercor/bhr268.

Ruffini G, Fox MD, Ripolles O, Miranda PC, Pascual-Leone A. Optimization of
multifocal transcranial current stimulation for weighted cortical pattern
targeting from realistic modeling of electric fields. Neuroimage. 2014;89:
216-25. https;//doi.org/10.1016/j.neuroimage.2013.12.002.

Miranda PC, Mekonnen A, Salvador R, Ruffini G. The electric field in the
cortex during transcranial current stimulation. Neuroimage. 2013;70:48-58.
https.//doi.org/10.1016/j.neuroimage.2012.12.034.

Muszkat D, Polanczyk GV, Dias TGC, Brunoni AR. Transcranial direct current
stimulation in child and adolescent psychiatry. J Child Adolesc
Psychopharmacol. 2016;26(7):590-7. https://doi.org/10.1089/cap.2015.0172.
Breitling C, Zaehle T, Dannhauer M, Tegelbeckers J, Flechtner H-H, Krauel K.
Comparison between conventional and HD-tDCS of the right inferior frontal
gyrus in children and adolescents with ADHD. Clin Neurophysiol. 2020;
131(5):1146-54. https;//doi.org/10.1016/j.clinph.2019.12.412.

Rimland B, Edelson SM. Autism treatment evaluation checklist (ATEC).
2000. https://www.autism.org/autism-treatment-evaluation-checklist/.
Accessed 3 Mar 2021.

Wolstencroft J, Robinson L, Srinivasan R, Kerry E, Mandy W, Skuse D. A
systematic review of group social skills interventions, and meta-analysis of

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9.

Page 15 of 16

outcomes, for children with high functioning ASD. J Autism Dev Disord.
2018:48(7):2293-307. https://doi.org/10.1007/510803-018-3485-1.

Sokhadze E, Baruth J, Tasman A, Mansoor M, Ramaswamy R, Sears L, Mathai
G, el-Baz A, Casanova MF. Low-frequency repetitive transcranial magnetic
stimulation (rTMS) affects event-related potential measures of novelty
processing in autism. Appl Psychophysiol Biofeedback. 2010;35(2):147-61.
https://doi.org/10.1007/510484-009-9121-2.

Baruth JM, Casanova MF, El-Baz A, Horrell T, Mathai G, Sears L, Sokhadze E.
Low-frequency repetitive transcranial magnetic stimulation modulates
evoked-gamma frequency oscillations in autism spectrum disorder. J
Neurother. 2010;14(3):179-94. https://doi.org/10.1080/10874208.2010.501500.
Casanova MF, Baruth JM, El-Baz A, Tasman A, Sears L, Sokhadze E. Repetitive
transcranial magnetic stimulation (rTMS) modulates event-related potential
(ERP) indices of attention in autism. Transl Neurosci. 2012;3(2):170-80.
https://doi.org/10.2478/513380-012-0022-0.

Sokhadze EM, El-Baz AS, Sears LL, Opris I, Casanova MF. rTMS
neuromodulation improves electrocortical functional measures of
information processing and behavioral responses in autism. Front Syst
Neurosci. 2014;8:134. https://doi.org/10.3389/fnsys.2014.00134.

Casanova MF, Hensley MK, Sokhadze EM, El-Baz AS, Wang Y, Li X, Sears L.
Effects of weekly low-frequency rTMS on autonomic measures in children
with autism spectrum disorder. Front Hum Neurosci. 2014;8:851. https//doi.
0rg/10.3389/fnhum.2014.00851.

Cascio CJ. Somatosensory processing in neurodevelopmental disorders.
J Neurodevelop Disord. 2010;2(2):62-9. https://doi.org/10.1007/511689-01
0-9046-3.

Rogers SJ, Ozonoff S. Annotation: what do we know about sensory
dysfunction in autism? A critical review of the empirical evidence. J Child
Psychol Psychiatry. 2005;46(12):1255-68. https;//doi.org/10.1111/j.1469-761
0.2005.01431.x.

Payakachat N, Tilford JM, Kovacs E, Kuhlthau K. Autism spectrum disorders: a
review of measures for clinical, health services and cost-effectiveness
applications. Expert Rev Pharmacoecon Outcomes Res. 2012;12(4):485-503.
https://doi.org/10.1586/erp.12.29.

Brem A-K, Fried PJ, Horvath JC, Robertson EM, Pascual-Leone A. Is
neuroenhancement by noninvasive brain stimulation a net zero-sum
proposition? Neuroimage. 2014;85(Pt 3):1058-68. https.//doi.org/10.1016/j.
neuroimage.2013.07.038.

Berggren S, Fletcher-Watson S, Milenkovic N, Marschik PB, Bolte S, Jonsson
U. Emotion recognition training in autism spectrum disorder: a systematic
review of challenges related to generalizability. Dev Neurorehabil. 2018;
21(3):141-54. https.//doi.org/10.1080/17518423.2017.1305004.

lyer MB, Mattu U, Grafman J, Lomarev M, Sato S, Wassermann EM. Safety and
cognitive effect of frontal DC brain polarization in healthy individuals. Neurology.
2005,64(5):872-5. https//doi.org/10.1212/01.wnl.0000152986.07469.€9.

Gandiga PC, Hummel FC, Cohen LG. Transcranial DC stimulation (tDCS): a
tool for double-blind sham-controlled clinical studies in brain stimulation.
Clin Neurophysiol. 2006;117(4):845-50. https://doi.org/10.1016/j.clinph.2
005.12.003.

Tadini L, E-Nazer R, Brunoni AR, Williams J, Carvas M, Boggio P, et al.
Cognitive, mood, and electroencephalographic effects of noninvasive
cortical stimulation with weak electrical currents. J ECT. 2011;27(2):134-40.
https://doi.org/10.1097/yct.0b013e3181e631a8.

Nitsche MA, Liebetanz D, Lang N, Antal A, Tergau F, Paulus W. Safety criteria
for transcranial direct current stimulation (tDCS) in humans. Clin
Neurophysiol 2003;114:2220-2. doi:https://doi.org/10.1016/51388-2457(03
)00235-9, 11, 2222.

Nitsche MA, Niehaus L, Hoffmann KT, Hengst S, Liebetanz D, Paulus W,
Meyer B-U. MRI study of human brain exposed to weak direct current
stimulation of the frontal cortex. Clin Neurophysiol. 2004;115(10):2419-23.
https://doi.org/10.1016/j.clinph.2004.05.001.

Bikson M, Grossman P, Thomas C, Zannou AL, Jiang J, Adnan T,
Mourdoukoutas AP, Kronberg G, Truong D, Boggio P, Brunoni AR, Charvet L,
Fregni F, Fritsch B, Gillick B, Hamilton RH, Hampstead BM, Jankord R, Kirton
A, Knotkova H, Liebetanz D, Liu A, Loo C, Nitsche MA, Reis J, Richardson JD,
Rotenberg A, Turkeltaub PE, Woods AJ. Safety of transcranial direct current
stimulation: evidence based update 2016. Brain Stimul. 2016,9(5):641-61.
https://doi.org/10.1016/).brs.2016.06.004.

Alon G, Syron SC, Smith GV. Is Transcranial electrical stimulation (TCES) a
safe intervention for children with cerebral palsy? Neurorehabil Neural
Repair. 1998;12(2):65-71. https://doi.org/10.1177/154596839801200204.


https://doi.org/10.1007/s10803-010-1012-0
https://doi.org/10.1586/14737167.5.3.353
https://doi.org/10.1080/17470919.2014.1003272
https://doi.org/10.1080/17470919.2014.1003272
https://doi.org/10.1016/j.cognition.2014.02.003
https://doi.org/10.1523/JNEUROSCI.1392-11.2011
https://imfar.confex.com/imfar/2016/webprogram/Paper22426.html
https://imfar.confex.com/imfar/2016/webprogram/Paper22426.html
https://doi.org/10.1007/s10484-015-9313-x
https://doi.org/10.1080/00335558008248231
https://doi.org/10.1080/00335558008248231
https://doi.org/10.1016/j.neuroimage.2015.06.050
https://doi.org/10.1016/j.neuroimage.2015.06.050
https://doi.org/10.1038/35002078
https://doi.org/10.1038/35002078
https://doi.org/10.1016/j.jaac.2017.03.013
https://doi.org/10.1093/cercor/bhr268
https://doi.org/10.1093/cercor/bhr268
https://doi.org/10.1016/j.neuroimage.2013.12.002
https://doi.org/10.1016/j.neuroimage.2012.12.034
https://doi.org/10.1089/cap.2015.0172
https://doi.org/10.1016/j.clinph.2019.12.412
https://www.autism.org/autism-treatment-evaluation-checklist/
https://doi.org/10.1007/s10803-018-3485-1
https://doi.org/10.1007/s10484-009-9121-2
https://doi.org/10.1080/10874208.2010.501500
https://doi.org/10.2478/s13380-012-0022-0
https://doi.org/10.3389/fnsys.2014.00134
https://doi.org/10.3389/fnhum.2014.00851
https://doi.org/10.3389/fnhum.2014.00851
https://doi.org/10.1007/s11689-010-9046-3
https://doi.org/10.1007/s11689-010-9046-3
https://doi.org/10.1111/j.1469-7610.2005.01431.x
https://doi.org/10.1111/j.1469-7610.2005.01431.x
https://doi.org/10.1586/erp.12.29
https://doi.org/10.1016/j.neuroimage.2013.07.038
https://doi.org/10.1016/j.neuroimage.2013.07.038
https://doi.org/10.1080/17518423.2017.1305004
https://doi.org/10.1212/01.wnl.0000152986.07469.e9
https://doi.org/10.1016/j.clinph.2005.12.003
https://doi.org/10.1016/j.clinph.2005.12.003
https://doi.org/10.1097/yct.0b013e3181e631a8
https://doi.org/10.1016/s1388-2457(03)00235-9
https://doi.org/10.1016/s1388-2457(03)00235-9
https://doi.org/10.1016/j.clinph.2004.05.001
https://doi.org/10.1016/j.brs.2016.06.004
https://doi.org/10.1177/154596839801200204

Luckhardt et al. Trials

92.

93.

94.

95.

96.

97.

98.

99.

100.

(2021) 22:248

Varga ET, Terney D, Atkins MD, Nikanorova M, Jeppesen DS, Uldall P,
Hjalgrim H, Beniczky S. Transcranial direct current stimulation in refractory
continuous spikes and waves during slow sleep: a controlled study. Epilepsy
Res. 2011,97(1-2):142-5. https://doi.org/10.1016/j.eplepsyres.2011.07.016.
Siniatchkin M, Glatthaar N, von Mller GG, Prehn-Kristensen A, Wolff S,
Knochel S, Steinmann E, Sotnikova A, Stephani U, Petermann F, Gerber WD.
Behavioural treatment increases activity in the cognitive neuronal networks
in children with attention deficit/hyperactivity disorder. Brain Topogr. 2012;
25(3):332-44. https://doi.org/10.1007/510548-012-0221-6.

Prehn-Kristensen A, Munz M, Goder R, Wilhelm 1, Korr K, Vahl W, Wiesner CD,
Baving L. Transcranial oscillatory direct current stimulation during sleep
improves declarative memory consolidation in children with attention-
deficit/hyperactivity disorder to a level comparable to healthy controls.
Brain Stimul. 2014;7(6):793-9. https://doi.org/10.1016/j.brs.2014.07.036.
Munz MT, Prehn-Kristensen A, Thielking F, Molle M, Goder R, Baving L. Slow
oscillating transcranial direct current stimulation during non-rapid eye
movement sleep improves behavioral inhibition in attention-deficit/
hyperactivity disorder. Front Cell Neurosci. 2015,9:307. https.//doi.org/10.33
89/fncel.2015.00307.

Breitling C, Zaehle T, Dannhauer M, Bonath B, Tegelbeckers J, Flechtner H-H,
Krauel K. Improving interference control in ADHD patients with transcranial
direct current stimulation (tDCS). Front Cell Neurosci. 2016;10:72.

Mattai A, Miller R, Weisinger B, Greenstein D, Bakalar J, Tossell J, David C,
Wassermann EM, Rapoport J, Gogtay N. Tolerability of transcranial direct
current stimulation in childhood-onset schizophrenia. Brain Stimul. 2011;
4(4):275-80. https://doi.org/10.1016/j.brs.2011.01.001.

Goder R, Baier PC, Beith B, Baecker C, Seeck-Hirschner M, Junghanns K,
Marshall L. Effects of transcranial direct current stimulation during sleep on
memory performance in patients with schizophrenia. Schizophr Res. 2013;
144(1-3):153-4. https;//doi.org/10.1016/j.schres.2012.12.014.

Katz B, Au J, Buschkuehl M, Abagis T, Zabel C, Jaeggi SM, Jonides J.
Individual differences and long-term consequences of tDCS-augmented
cognitive training. J Cogn Neurosci. 2017;29(9):1498-508. https://doi.org/1
0.1162/jocn_a_01115.

Webb SJ, Shic F, Murias M, Sugar CA, Naples AJ, Barney E, Borland H,
Hellemann G, Johnson S, Kim M, Levin AR, Sabatos-DeVito M, Santhosh M,
Senturk D, Dziura J, Bernier RA, Chawarska K, Dawson G, Faja S, Jeste S,
McPartland J, the Autism Biomarkers Consortium for Clinical Trials.
Biomarker acquisition and quality control for multi-site studies: the autism
biomarkers consortium for clinical trials. Front Integr Neurosci. 2019;13:71.
https://doi.org/10.3389/fnint.2019.00071.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 16 of 16

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1016/j.eplepsyres.2011.07.016
https://doi.org/10.1007/s10548-012-0221-6
https://doi.org/10.1016/j.brs.2014.07.036
https://doi.org/10.3389/fncel.2015.00307
https://doi.org/10.3389/fncel.2015.00307
https://doi.org/10.1016/j.brs.2011.01.001
https://doi.org/10.1016/j.schres.2012.12.014
https://doi.org/10.1162/jocn_a_01115
https://doi.org/10.1162/jocn_a_01115
https://doi.org/10.3389/fnint.2019.00071

	Abstract
	Background
	Methods
	Discussion
	Trial registration
	Protocol version

	Background
	Methods/design
	Aims and objectives
	Primary objectives
	Secondary objectives

	Design
	Outcome measures
	Participants, inclusion and exclusion criteria
	Recruitment measures
	Assignment to study arm / randomization
	Blinding
	Intervention
	Statistical methods
	Data collection and quality assurance
	Documentation and evaluation of adverse events
	Continued treatment and medical care of subject after end of study
	Further information on the trial

	Discussion
	Limitations

	Trial status
	Abbreviations
	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

