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Abstract

Autism spectrum disorder (ASD) is a neurodevelopmental disease characterized by defi-
cits in social communication and the presence of restricted, repetitive behaviors or inter-
ests, as well as difficulties in emotional regulation. To date, pharmacological approaches
are essentially limited to some drugs, such as aripiprazole and risperidone. Drug responses
are often partial. Neuromodulation therapies, including transcranial magnetic stimulation
(TMS) and transcranial direct current stimulation (TDCS) are sometimes used for cognitive,
social, behavioral and affective symptoms of ASD. In fact, by targeting specific brain regions,
such as the dorsolateral prefrontal cortex (DLPFC), temporoparietal junction (TPJ) and the
motor cortex, these therapies can improve the main symptoms of the disease. This work ex-
amines the role of TMS and TDCS in ASD. Even though new studies need to be implemented,
they have proven to be promising and precise therapeutic strategies for ASD.
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Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental
condition characterized by a complex and multifaceted neu-
robehavioral syndrome. At the current state of research, phar-
macological strategies approved for ASD are risperidone and
aripiprazole, especially for irritability and aggressive symptoms,
while psychostimulants could be useful for attention-deficit/hy-
peractivity disorders [1,2].

Other promising therapeutic strategies for ASD are non-in-
vasive brain stimulation (NIBS). NIBS is a therapeutic strategy
aimed at modulating relevant brain networks, and it is a pos-
sible candidate for the treatment of individuals with neuropsy-
chiatric conditions. It may play a role in understanding brain
network pathophysiology by expanding on traditional recording
techniques of spontaneous or evoked electroencephalographic
or magnetoencephalographic activity. In fact, NIBS offers the
opportunity to directly interact with brain functioning in a non-
invasive, safe and painless way, with a good time resolution
and relatively high spatial precision [3]. In addition, NIBS is em-
ployed both in healthy subjects to investigate brain mechanisms

underlying cognition, social, behavioral and emotional proc-
esses, and in psychiatric conditions to regulate neuroplasticity.
This could explain the NIBS rationale in neurodevelopmental
diseases, where an alteration in brain plasticity is suspected [4].

Transcranial magnetic stimulation (TMS) and repetitive TMS
(rTMS) are neurostimulation techniques that can alterate corti-
cal excitability by inducing neural activity. Particularly, suppres-
sion of cortical excitability is obtained through low frequency
stimulation (less than 1 Hz), while enhancement of cortical ac-
tivity is made via high stimulation frequency (5-20 Hz) [5]. Theta
Burst stimulation (TBS) is a particular form of TMS consisting of
the administration of repetitive stimuli to the motor cortex that,
in turn, can produce robust, self-limited physiological effects on
human cortex and has been implicated in long-term depression
(LTD) and long-term potentiation (LTP) in human cortex [6]. Ac-
cordingly, by investigating the effect of a single session of TBS
on a subsequent session of TBS carried out 24 hours later, meta
plasticity, even in ASD, may be assessed [7].

Transcranial direct current stimulation (TDCS) is a neuro-
modulation technique where an electric current of low inten-
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sity is injected into the brain through electrodes placed over
the scalp [8]. When it arrives in the gray matter, this current can
induce excitatory or inhibitory effects on neural excitability [9].

In the last few years, several studies have focused on the
possible beneficial role of somatic therapies in neuropsychiat-
ric disturbances [10]. Starting from the consideration that an
abnormal balance between excitation and inhibition of neuron
pathways could be at the basis of some ASD symptoms, such as
repetitive behaviors, it has been proposed that somatic thera-
pies, by usually targeting altered cortical excitability, may play a
role in the treatment of this complex disease [10,11]. However,
arecent work enhanced the potential of neuromodulation tech-
niques in ASD, concluding that there is still insufficient evidence
to recommend TMS and TDCS in current clinical practice [12].

This review analyses the existing literature about rTMS and
TDCS employment in ASD and evaluates the possible advan-
tages of their use as alternatives or in combination with phar-
macological, psychological, and other somatic therapies, thus
shedding new light on the neurophysiological mechanisms un-
derlying this complex disease.

Transcranial magnetic stimulation (TMS) in ASD: It is known
that individuals with ASD may report alterations in the gamma-
frequency oscillations detectable at the electroencephalogram
(EEG). As a result, TMS, which could entrain gamma modulation
oscillation as well as regulation neuron circuitry, might have a
rationale for mitigating these electrophysiological abnormali-
ties in ASD and, consequently, improving some aspects of the
disease [13]. Furthermore, it has been speculated that the al-
teration of specific genes involved in the disease is related to
abnormal synaptic connections. This highlights the role of both
genes and neuron plasticity in ASD [14].

We reported three works dealing with rTMS role in targeting
neurobiological altered circuits in ASD [15-17] one addressing
the physiological deregulation [18] and five showing the useful-
ness of the technique in improving clinical aspects of the dis-
ease [5,10,19-21].

In line with the central aspect of neuronal plasticity in ASD,
Pedapati et al. (2016) compared 9 ASD individuals (M=7, F=2,
age range=13-18 years) with 9 typically developed (TD) controls
(M=5, F=4, age range=11-18 years) for the assessment of motor
cortex plasticity by the use of low-intensity rTMS. The authors
administered intermittent theta burst stimulation (iTBS) to the
dominant motor cortex 1 (M1) of these individuals to compare
the amplitude of motor evoked potentials (MEP) of a target
muscle and found that the MEP amplitude in the ASD group at
20 minutes following iTBS was significantly lower than the one
reported in the TD. Consequently, low intensity rTMS could be
a potential physiological biomarker of cortical plasticity in ASD
young people [17].

To analyze the anatomical impact of these abnormalities
on clinical outcome and, consequently, TMS role in improving
symptoms of ASD, a work by Ni et al. (2021) examined the ef-
fects of intermittent TBS (iTBS), a particular form of rTMS, on
the bilateral posterior superior temporal sulcus (pSTS) on two
groups of ASD individuals: those receiving iTBS then sham
(n=6, M=5, F=1) and those administered with sham and then
iTBS (n=7, M=6, F=1). Wisconsin Card Sorting Test (WCST) was
used to evaluate cognitive flexibility, while the Autism Spectrum
Quotient (AQ) and the self-rate and parent-rate were used for
clinical outcomes. Results showed that multi-session iTBS over

the bilateral pSTS had good effects on parent-rated autistic
symptoms in adults with ASD whereas iTBS impact on cognitive
flexibility was milder [15].

Another promising brain region to be targeted by high-fre-
quency rTMS (HF-rTMS) in ASD is the left parietal cortex. Yang
et al. (2019) recruited eleven low-functioning ASD children (age
range=3-12 years) who underwent two separate HF-rTMS treat-
ment courses and were assessed through the Verbal Behavior
Assessment Scale (VerBAS), the Autism Treatment Evaluation
Checklist (ATEC) and daily treatment logbooks completed by
parents for linguistic, social, sensory and behavioral abilities.
Encouraging improvements in language, social, cognitive and
imitation aspects of the participants were reported both by the
authors and the caregivers [16].

Also, the dorsolateral prefrontal cortex (DLPFC) is a cortical
area under investigation for rTMS employment in clinical symp-
toms of ASD. Enticott et al. (2014) examined 28 ASD adults who
were treated with 2 weeks of daily weekday treatment of ac-
tive (n=15, M=13, F=2, age range=18-59 years) or sham (n=13,
M=10, F=3, age range= 19-54 years) deep rTMS. Participants
were assessed through the Ritvo Autism-Asperger Diagnostic
Scale (RAADS), Autism Spectrum Quotient (AQ), Interpersonal
Reactivity Index (IRI), and experimental measures of mentaliz-
ing (reading the mind in the eyes test and animations metalizing
test) at three times: immediately before the first deep rTMS ap-
plication, immediately after the last deep rTMS and one month
after the last deep rTMS. In the group receiving active deep
rTMS a reduction in socially related impairment and socially re-
lated anxiety was noted [22].

With the aim of investigating rTMS employment in auto-
nomic system deregulation in ASD, a study carried out in ASD
children (n=33, M=28, F=5, mean age=12,88 years), who were
administered TMS for 12 weeks and had their autonomic varia-
bles analyzed through electrocardiogram and skin conductance
records, pointed out a positive effect of TMS on autonomic ac-
tivity in both low and high functioning ASD. It was also demon-
strated that behavioral evaluation outcomes correlate with au-
tonomic changes during the 12-session rTMS course in children
with ASD [18].

Regarding rTMS application for behavioral symptoms of ASD,
a study analyzed 4 ASD (age range=11-17 years) participants
who were admitted to high frequency rTMS over the inferior
parietal lobe (IPL) and assessed through the autism diagnostic
observation schedule (ADOS), the Social Responsiveness Scale
(SRS-2), the Expressive Vocabulary Test (EVT) and the D-KEFS
Verbal Fluency. At follow-up, it was noted that measures of ver-
bal fluency and social responsiveness had improved. Addition-
ally, the SRS-2 completed by the parents demonstrated a mod-
est improvement in social responsiveness that was sustained
after 3 months of follow-up. In summary, it was emphasized
that rTMS can prove to be a valuable tool for enhancing behav-
ioral measures in ASD, and it was suggested that such enhance-
ments may prove beneficial even months after treatment [5].

Besides, rTMS was shown to improve ASD executive func-
tions related to self-monitoring behaviors and the possibility of
applying corrective actions. Specifically, when administered at
low frequencies in ASD individuals, TMS has proven safe and
useful to ameliorate multiple patient-oriented outcomes [20].
In line with these findings, Kang et al. (2019) analyzed 32 chil-
dren (M=26, F=6, mean age=7,8 years) with low functioning
ASD. Particularly, 16 of them received rTMS, while the other 16
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were enrolled in the waitlist group. Cognitive preparedness was
assessed through the Peak alpha frequency (PAF), a supposed
neural marker of cognitive function in ASD; brain functional
connectivity in ASD was specifically measured through coher-
ence; and ASD behaviors through the Autism Behavior Checklist
(ABC) score. Results showed that the rTMS group presented sig-
nificant improvements in behavioral and functional outcomes
compared to the waitlist group, thus enhancing the role of TMS
in behavioral and functional outcomes in ASD [10]. Similar re-
sults came from a study examining the effects of rTMS admin-
istered to the dorsolateral prefrontal cortex (DLPFC) in 40 ASD
individuals (M=28, F=12, mean age=16-35 years). Two groups
were formed: one made up of individuals receiving real rTMS
(n=20), while the second group was administered sham rTMS
(n=20). Participants were assessed through the Vineland Adap-
tive Behavior Scale-Il (VABS-II) for daily functioning, the Mini
International Neuropsychiatric Interview (MINI) (=18 years) or
MINI for Children and Adolescents (MINI-KID) for co-occurring
psychiatric disorders, and the Keel Transcranial Magnetic Stimu-
lation Adult Safety Screen for potential safety problems related
to TMS. Even if not significant, encouraging findings were found
for the improvement of executive functions in ASD individuals
with more severe adaptive functioning in the group receiving
active rTMS compared to the sham group [24].

Moreover, to examine emotion recognition in ASD, a work
carried out on individuals with autism-like traits investigated
the role of TBS in emotion recognition improvement. Two
groups were formed: the first was made by individuals receiv-
ing iTBS (n=12, M=6, F=6), the other by controls (n=15, M=6,
F=9). Participants were analyzed for clinical outcomes through
the Montreal Cognitive Assessment Test (MoCA), the Hamilton
Depression Rating Scale (HAMD), the Hamilton Anxiety Rating
Scale (HAMA), the Stroop test (color, word, and interference
tests), the Trail Making Test (A and B), and the Digit Span assess-
ment (forward, backward), while for neurophysiological aspects
through eye tracking data and functional magnetic resonance
imaging. Curiously, children who underwent TBS showed in-
creased accuracy in emotion recognition. Specifically, iTBS over
the right posterior superior temporal sulcus (rpSTS), could im-
prove emotion perception in autism-like traits (ALT) individuals
by modulating the associated neural network [19].

Given its role in emotional regulation, TMS has also been
proposed for depressive aspects of ASD, revealing it as a well-
tolerated treatment. The authors enrolled 10 individuals with
moderate depression and autism symptom burden (M=9, F=1,
age range=23-29 years), diagnosed through the Diagnostic and
Statistical Manual of Mental Disorders-5th Edition (DSM-5). In
addition, participants were evaluated through the Hamilton
Rating Scale for Depression-17 (HAM-D17) for depressive symp-
toms and the self-reported Social Responsiveness Scale, Second
Edition—Adult (SRS-2) and the Ritvo Autism Asperger Diag-
nostic Scale—Revised (RAADS-R), as well as informant-based
questionnaires (the Aberrant Behavior Checklist (ABC) and the
Repetitive Behavior Scale—Revised (RBS-R) for ASD symptom:s.
They were administered 25 sessions of rTMS applied to the left
dorsolateral prefrontal cortex. Results showed an improvement
in depressive symptoms of ASD and a potential effect in the be-
havioral aspects of the disease [21].

Transcranial direct current stimulation (TDCS) in ASD: The
rationale of TDCS in ASD can be supported by evidence of its role
in modulating motor and cognitive function in the disease. A
study enrolled 26 ASD children with 26 typically developed con-

trols (M=22, F=4, mean age=6,64+1,86 years). In addition, ASD
individuals were divided into two groups based on the fact that
they received or did not receive TDCS over the DLPFC: experi-
mental group (n=13, M=11, F=2, mean age=6,5211,76), which
was administered TDCS, and the control group, which did not
receive the treatment (n=13, M=11, F=2, mean age=6,38+1,79).
All groups underwent evaluation through the Autism Behavior
Checklist (ABC) and EEG microstates were calculated. There
were significant differences in EEG microstate and ABC scale be-
tween pre- and post-TDCS in the experimental group [24].

In line with these findings, the effect of TDCS on modulating
brain functional connectivity in ASD was studied. The authors
examined the EEG of ASD children before and after real (n=18,
M=11, F=7, mean age=6.5+1.4 years) and sham (n=18, M=11,
F=7, mean age=6.7+1.3 years) tDCS. To evaluate TDCS modula-
tion on the brain network, temporal flexibility and frequency
network changes were recorded. It was found that local and
global brain network dynamics could be influenced by TDCS,
thus suggesting stimulation-induced differences in the manifes-
tation of network reconfiguration [11].

When targeting a specific brain region, encouraging results
also came from Qiu et al. (2021), who investigated TDCS at
the DLPFC in ASD children. The authors enrolled 20 ASD par-
ticipants (M=14, F=6, age range=24-79 months) who received
sham TDCS and 20 who were administered real TDCS (M=16,
F=4, mean age=30-81). Participants were evaluated through the
CARS, ABC, RBS-R and the Repetitive Behavior Scale-Revised
(RBS-R) scales. It was pointed that real TDCS can significantly
improve scores in CARS and CSHQ compared to sham TDCS and
does not have any significant side effects [25]. Similarly, a study
analyzed the role of TDCS administration to the left DLFC in 10
ASD male individuals (mean age=6,60+0,84 years) who were
evaluated through the the ATEC social subscale for social be-
haviors and brain concentrations of some metabolites such as
N-acetylaspartate (NAA), glutamine combine glutamate (Glx),
choline (Cho), myoinositol (ml), creatine (Cr) as biological indi-
ces before and after treatment. The results showed a significant
decrease in the ATEC social subscale scores between pretreat-
ment and immediately post treatment, significant increases in
N-acetylaspartate/creatine (Cr) and myoinositol (ml)/Cr con-
centrations, and a decrease in choline (Cho)/Cr concentrations
in the left DLPFC and locus coeruleus after TDCS treatment.
These findings could support the hypothesis that changes in the
glial activity and synaptogenesis of ASD individuals are the basis
of TDCS beneficial effects [26].

A study examined the effect of TDCS on 12 high-function-
ing ASD individuals analyzed for working memory (WM) tasks
through the administration of spatial span, backward digit span,
spatial n-back and letter n-back tests, also after taking the Brief
Test of Attention (ref). Left anodal/right cathodal stimulation,
right anodal/left cathodal stimulation, or sham stimulation
were administered to each participant in a randomized order
on three different days. It was found that bifrontal TDCS admin-
istered to high-functioning ASD people involved in WM tasks
could improve performance; these beneficial effects could ex-
tend also to an untrained task completed shortly after stimula-
tion [27].

Intriguingly, it has been observed that TDCS could be a help-
ful tool for the rehabilitation of ASD children. Kang et al. (2018)
enrolled 13 ASD individuals (M=11, F=2, mean age=6,5+1,7
years) who received TDCS over the DLPFC and 13 ASD controls
(M=11, F=2, mean age=6,5+1,7 years) who waited to be admin-
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istered the treatment as controls. The complexity of the EEG
series was assessed through the maximum entropy ratio (MER)
method. Results showed that the MER value significantly in-
creased after TDCS thus presenting the treatment as valid for
the rehabilitation of ASD children [28].

Moreover, literature reports TDCS role in high functioning
ASD (HF-ASD) children. Eight children with HF-ASD were ad-
ministered TDCS over the left dorsolateral prefrontal cortex
for 15 minutes. Executive functions and behavioral dysexecu-
tive syndrome were evaluated before and after the treatment,
respectively, through the stroop test, trail-making tests A and
B, Modified Wisconsin Card Sorting Test, Verbal fluency test for
the former, and the Behavioral Dysexecutive Syndrome Inven-
tory and the Repetitive and Restricted Behaviour scale for the
latter. Results showed that TDCS could imporve initiation and
cognitive flexibility in these patients, as well as hypoactivity, re-
petitive and restricted behaviors [29].

Also, social impairment could be mitigated by TDCS adminis-
tration over the DLPFC. Han et al. (2023) enrolled ASD individu-
als receiving active (N=34, M=28, F=5) or sham (N=33, M=28,
F=5) TDCS and a control group not receiving the treatment
(N=30, M=28, F=2). TDCS stimulation was administered to the
experimental group for 10days with concurrent computer-
ized cognitive remediation training. The Social Responsiveness
Scale-2" Edition (SRS-2) was used to detect changes in overall
social functioning, social communication, and restricted, repeti-
tive behaviors (RRB). Only the group receiving active tDCS re-
ported significant improvements in RRB when compared to the
placebo group [30].

What’s more, the modulation of DLPFC through TDCS has
been implicated in emotional regulation and behavioral aspects
of ASD. It was investigated the effect of TDCS administration
over the DLPFC in 32 ASD individuals (mean age=10,16+1,93
years, age range 7-12 years) evaluated for autism symptom
severity, theory of mind, emotion regulation strategies, and
emotional-behavioral functions and divided into two groups:
one treated with active TDCS (n=17), the other with sham TDCS
(n=15). Participants were administered 10 sessions of active or
sham TDCS. At baseline, immediately after the intervention and
1 month after the intervention, the authors assessed the follow-
ing aspects: autism symptom severity, theory of mind, emotion
regulation strategies, and emotional-behavioral functioning. It
was noted that ASD individuals had their symptom severity im-
proved as well as specific domains of theory of mind, and emo-
tion regulation, thus leading to speculation that treatment for
ASD could target core mechanisms underlying socio-cognitive-
emotional deficits in autistic children [31].

Social cognitive functions in ASD seem to be linked to an-
other brain area: the temporoparietal junction (TPJ). It has been
reported that TDCS on the TPJ may improve social cognitive
functions in ASD, such as imitation-inhibition and perspective
taking. Nobusako et al. (2017) carried out a study in 30 healthy
individuals (M=15, F=15, mean age 21,37+1,22 years), who
were divided into 3 groups: a control group (n=10), which did
not receive TDCS, and two other groups receiving tDCS on TPJ
(n=10) or inferior frontal cortex (IFC, n=10). Participants were
examined for behavioral tasks through an imitation-inhibition
task and a visual perspective-taking task and completed the AQ
questionnaire for autistic traits. It was found that both the TPJ
and IFC may play a role in behavioral tasks [32]. To analyze the
effect of TDCS on the primary motor cortex, 18 ASD children
(age range=6-14 years) were administered TDCS and selective

motor training. Raven’s Colored Progressive Matrices were used
to assess participants’ general intelligence, while the Movement
Assessment Battery for Children-2 examined children’s fine and
gross motor skills. It was suggested that motor skills for ASD
children could be improved by TDCS [33]. Accordingly, Wilson et
al. (2018) examined the effectiveness of social skills’ interven-
tion in 6 ASD people (M=4, F=2, age range=18-58 years) who
underwent TDCS over the right temporoparietal junction (rTPJ).
Tests for verbal fluency (VF) and social skills (TASSK-M), were
performed, whereas autistic traits were quantified through the
AQ test. The authors concluded that TDCS could be a promising
therapeutic strategy for improving skills of emotion and verbal
fluency in ASD [34].

Moreover, a work investigated 53 ASD individuals (M=23,
F=30, mean age=30) before and after the administration of
high-definition TDCS, a particular type of TDCs that is directed
to a specific brain region. Participants were evaluated through
the AQ and the SRS-2 for symptoms of autism and social cogni-
tion. People with higher AQ scores showed a reduced pre-stim-
ulation mental state attribution. These findings contributed to
an understanding of how such trait-level variation might inter-
act with the effects of tDCS as well as the potential roles of the
rTPJ in both attention and social cognition and how autism-rel-
evant traits might influence TPJ function [35]. Some years later,
Parmar et al. (2021) studied the effects of active and sham (pla-
cebo) anodal high-definition transcranial direct current stimula-
tion (aHD-tDCS) over the right vIPFC in adolescents and young
ASD adults. Four indices of cognitive flexibility (behavioral, elec-
trophysiological, cognitive, and clinical), as well as safety and
tolerability of aHD-TDCS, were investigated. aHD-TDCS over the
right vIPFC, even when safe and well tolerated, was not effec-
tive for cognitive flexibility difficulties in ASD [36].

Discussion

In this review, we reported promising effects of both rTMS
and TDCS in ASD. Specifically, we showed that rTMS could
play an important role in cognitive [15,16], behavioral [5,10],
and social [22] deficits of the disease, as well as in depressive
symptoms [21] and emotional deregulation [19]. Interestingly,
rTMS seems to improve behavioral aspects of ASD by targeting
autonomic system deregulation occurring in the disease [18].
Starting from the consideration that the DLPFC is an important
region for cognitive functions in ASD, we reported promising
findings for rTMS administered to the DLPFC [23] and the pSTS
[15] for executive function improvements in ASD. Also, TDCS has
been suggested as a good therapeutic strategy for core symp-
toms of ASD, including emotional deregulation, hyperactivity,
irritability, and repetitive behaviors [25,30], as well as cognitive
performances, executive functions [27], initiation, and cognitive
flexibility in high functioning ASD [29]. Intriguingly, TDCS has al-
lowed us to better clarify the role of specific brain regions in
some autistic symptoms, such as the DLPFC for RRBs [30], emo-
tional regulation [31], social cognition and verbal fluency [34],
the TPJ for social cognitive functions [32], and the primary mo-
tor cortex for motor skills [33]. The TPJ has been implicated in
attention switching and memory. In ASD, it has been suggested
that an atypical function of this area is associated with a re-
ciprocal social impairment [37]. Other recent works presented
encouraging findings on non-invasive brain stimulation (NIBS)
techniques employment in ASD symptoms such as repetitive
behavior, sociability, and some executive and cognitive func-
tions [8,12,38]. Accordingly, it has been recently reported that
some biological factors, such as the brain-derived neurotrophic
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factor (BDNF), could be used as biomarkers to evaluate the ef-
fectiveness of non-invasive brain stimulation (NIBS) in ASD [39].

Conclusion

Globally, despite the limited literature available, some inter-
esting evidence on the efficacy of TDCS and rTMS in ASD was
highlighted. However, as previously noted [12], larger, rand-
omized controlled trials incorporating neuroimaging and neu-
romodulation therapies to develop predictive biomarkers of
treatment response and optimize treatment parameters could
be advisable. In fact, given that pharmacological approaches to
ASD may not always be successful [40], NIBS could be a promis-
ing potentiating or augmentation therapeutic strategy for ASD,
and it could be speculated that NIBS together with pharma-
cological approaches could play a synergistic role in the core
symptoms of the disease.
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