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Abstract  
Autism spectrum disorder is classified as a spectrum of neurodevelopmental disorders with an 
unknown definitive etiology. Individuals with autism spectrum disorder show deficits in a variety 
of areas including cognition, memory, attention, emotion recognition, and social skills. With no 
definitive treatment or cure, the main interventions for individuals with autism spectrum disorder 
are based on behavioral modulations. Recently, noninvasive brain modulation techniques including 
repetitive transcranial magnetic stimulation, intermittent theta burst stimulation, continuous 
theta burst stimulation, and transcranial direct current stimulation have been studied for their 
therapeutic properties of modifying neuroplasticity, particularly in individuals with autism spectrum 
disorder. Preliminary evidence from small cohort studies, pilot studies, and clinical trials suggests 
that the various noninvasive brain stimulation techniques have therapeutic benefits for treating 
both behavioral and cognitive manifestations of autism spectrum disorder. However, little data is 
available for quantifying the clinical significance of these findings as well as the long-term outcomes 
of individuals with autism spectrum disorder who underwent transcranial stimulation. The objective 
of this review is to highlight the most recent advancements in the application of noninvasive brain 
modulation technology in individuals with autism spectrum disorder.
Key Words: autism spectrum disorder; behavior; cognition; neurostimulation interventions; 
noninvasive brain modulation; theta burst stimulation; transcranial direct current stimulation; 
transcranial magnetic stimulation

Introduction 
Autism spectrum disorder (ASD) is a spectrum of neurodevelopmental 
disorders characterized by social communication deficits and repetitive 
sensory-motor behaviors (Lord et al., 2018). The other associated features 
include abnormal responses to sensory stimuli, speech and language 
difficulties, and lack of social adaptation (Lord et al., 2018). It is estimated to 
affect approximately 1.5% of the population of developed countries (Lyall et 
al., 2017). The pathophysiology of ASD is complex and not fully understood 
but has been shown to have brain reorganization beginning during early 
childhood development. Neuroimaging studies have found that there is a 
pattern of overgrowth of brain volume, leading to brain underconnectivity in 
some regions coupled with over-connectivity within other regions (Anteraper 
et al., 2020; May and Kana, 2020; Kim et al., 2021; Mann et al., 2021; Zhao 
et al., 2021). It is therefore hypothesized that the underlying etiology of ASD 
may be related to aberrant neuroplasticity (Courchesne et al., 2011; Desarkar 
et al., 2015; Wallace et al., 2015).

Treatments for children with ASD are primarily targeted towards behavioral 
interventions and improving sensory and motor skills (Schreibman et al., 
2015; Weitlauf et al., 2017). However, in the last two decades, with greater 
understanding of the pathophysiology, therapeutic approaches aimed at 
reversing underlying neuroplasticity defects have been studied in the context 
of neuropsychiatric disorders including ASD.

These noninvasive brain stimulation techniques work in the following ways: 
transcranial magnetic stimulation (TMS) and repetitive transcranial magnetic 
stimulation (rTMS) induce changes in plasticity via a current passed through 
a wire coil generating a magnetic field that passes through the skull (Yang et 
al., 2020; Xie et al., 2021; Chang et al., 2022; Eldaief et al., 2022; Huang et 
al., 2022; Ward et al., 2022). These magnetic fields produce small electrical 
currents, which thereby activate neurons to release neurotransmitters. A 
modification to the rTMS is theta burst stimulation (TBS) which has been 
performed in different sequences including intermittent TBS (iTBS) and 
continuous TBS (cTBS) (Ding et al., 2022; Knehans et al., 2022; Mehta et 
al., 2022). TBS delivers rapid stimuli at lower intensities than TMS as well 

as shorter duration therapy sessions. Another mode of noninvasive brain 
stimulation includes transcranial direct current stimulation (tDCS), which 
applies weak electric currents passed through two electrodes instead of a coil, 
modulating resting membrane potentials and inducing neuronal excitability or 
decreasing excitability (Hodaj et al., 2022).

The objective of this review article is to discuss the most current literature 
regarding the utilization of different types of noninvasive brain stimulation 
technologies in individuals with ASD (Additional Table 1). It will also provide 
an overview of previous and ongoing clinical trials regarding the implications 
of TMS in ASD (Additional Table 2). We will highlight the recent advances 
in noninvasive brain stimulation in the treatment of ASD as new evidence 
demonstrates the therapeutic capabilities of this technology in both behavior 
and cognitive domains.  

Search Strategy and Selection Criteria
A PubMed literature search was conducted using the keywords “rTMS”, 
“transcranial magnetic stimulation”, “TBS”, “theta burst stimulation,” “tDCS,” 
“transcranial direct current stimulation,” “autism spectrum disorder,” and 
“neurostimulation interventions.” Abstracts published between January 
2017 and April 2022 were reviewed with original interventional research 
studies selected for inclusion. Articles’ reference lists were screened to 
locate additional articles. In addition, current clinical trials were found 
on ClinicalTrials.gov using the same keywords which yielded 29 relevant 
interventional studies with primary and secondary outcome measures.

Transcranial Magnetic Stimulation 
Procedures of TMS
Nine recent studies found in the literature evaluated the effects of TMS on 
behavioral and cognitive dimensions in individuals with ASD. This procedure 
involves the generation of magnetic fields that penetrate the skull and 
induce neurons to fire action potentials (Figure 1; Chang et al., 2022; Eldaief 
et al., 2022). Specifically, repetitive TMS (rTMS) involves short, consistent 
frequency pulses applied over various portions of the cranium. The areas of 
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brain stimulation include the dorsolateral prefrontal cortex (DLPFC), which 
plays a role in executive functions including working memory, planning, 
and abstract reasoning, and the inferior parietal lobe, which helps in the 
processing of emotions and language (Yang et al., 2019; Ambrus et al., 2020). 
Studies varied in the number of sessions and frequency of stimulation they 
used. For example, Casanova et al. (2020) treated patients with 1.0 Hz for 
18 weekly sessions whereas Assadi et al. (2020) used 10 Hz 3 days per week 
for 3 weeks straight. Many different measurements were used to quantify 
the changes in behavior and cognition such as alpha and gamma waves with 
electroencephalogram (EEG) and the Aberrant Behavior Checklist (ABC). 

Behavioral effects of TMS
The behavioral effects of TMS treatment were measured, largely based on the 
decrease of repetitive behaviors and modulation of characteristic symptoms 
of autism, such as decreased attentive capacity. An early study by Sokhadze 
(2017) showed that rTMS may induce neuromodulation by increasing 
parasympathetic tone, which has been associated with less repetitive 
behaviors. This study concluded that decreasing sympathetic arousal indices 
has a positive correlation with repetitive and stereotypical behaviors of 
autism. In a follow-up study by Sokhadze et al. (2018), children with ASD 
were stratified into control and experimental groups where the experimental 
groups received rTMS stimulation over the DLPFC for 6-, 12-, and 18-week 
time courses. There was a significant improvement in motor response 
answers and a significant reduction in aberrant behavior ratings in both 
repetitive and stereotypical behaviors. Further, behavioral changes improved 
with an increasing number of sessions, finding that 18 sessions best facilitate 
cognitive control and attention (Sokhadze et al., 2018).

In addition to eliciting improvements shortly after TMS treatment, TMS has 
also shown promise as being a potentially long-lasting treatment for ASD. 
Gomez et al. (2017) demonstrated that noninvasive brain stimulation via rTMS 
for children 11–13 years of age significantly improved autistic symptoms, 
with results lasting for 6 months at follow-up with minimal degradation. 
These results highlight the possibility of lasting therapeutic effects of TMS 
on changing neuroplasticity in children with ASD. Studies with longer follow-
up intervals are needed to fully establish the long-term effects of TMS on 
behavior modulation.

One of the biggest behavioral deficiencies in individuals with ASD is their 
reduced attention capacity. A study by Casanova et al. (2020) compared 
the effects of rTMS with 19 children with ASD matched to 19 age-matched 
neurotypical children. Researchers measured a significant reduction in gamma 
oscillations after treatment. Gamma waves play a role in attention selection 
and memory operations, so in context with this study, researchers deduced 
that rTMS can have an impact on improving attention capacity and memory 
(Casanova et al., 2020). In the experimental group with adolescents with ASD, 
the study also showed decreased scores in irritability and hyperactivity, signs 
that are often elevated in children with ASD (Casanova et al., 2020). 

Cognitive effects of TMS
Cognitive deficits in ASD, including altered social behaviors, learning 
difficulties, and memory deficits, are common presenting symptoms of 
ASD and are often extremely challenging for those with ASD to overcome. 
Desarkar et al. (2021) studied the effects of rTMS on overall brain plasticity. In 
the first phase of the study, researchers compared long-term potentiation and 
long-term depression, two prototypes for plasticity, in individuals with ASD to 
neurotypical controls. Their results supported the understanding that those 

with autism have atypical plasticity. After an experimental group of individuals 
with ASD underwent a single treatment with rTMS, there was a significant 
change in long-term depression but no change in long-term potentiation. 
Researchers concluded that indeed there is a difference in hyperplasticity 
between individuals with ASD and neurotypical subjects, which can serve 
as an area of research for brain stimulation to correct for those differences 
(Desarkar et al., 2021). A study with children with low-functioning ASD who 
underwent rTMS treatment showed significant increases in the peak alpha 
frequency, a measure of cognitive preparedness, and a possible neural marker 
of cognitive function of autism in the frontal region, left and right temporal 
region, and the occipital region (Kang et al., 2019). 

There have also been improvements in linguistics when the left inferior 
parietal lobe was targeted as well as resolution of social symptoms, imitation, 
and cognition (Yang et al., 2019; Assadi et al., 2020). Considering these 
cognitive disabilities are hard to overcome even with psychological therapy, it 
is important to recognize the potential value of rTMS since individuals were 
able to maintain improvements through the six-week follow-up period (Yang et 
al., 2019). Another study determined that expanding the region of stimulation 
can have an even greater effect on cognitive function. They targeted seven 
main brain regions (frontal, vertex, right and left temporal, right and left 
parietal, and occipital), and beta rhythm with magnetoencephalography 
was measured (Anninos et al., 2019). Beta rhythms are often associated 
with active, busy, or anxious thinking and active concentration (Anninos et 
al., 2019). A change in beta rhythms was noted in all subjects, and patients 
showed improvements in their clinical and cognitive symptoms (Anninos et 
al., 2019). These findings suggest the beneficial effect of rTMS treatment on 
cognitive function in ASD individuals.

Transcranial Direct Current Stimulation  
Procedures of tDCS
tDCS is a similar approach to rTMS but involves the passage of electric current 
through the brain rather than a magnetic field (Figure 2). This technique 
can modulate neuronal membrane potentials, which modulates cortical 
tissue excitability (Woods et al., 2016; Hodaj et al., 2022). tDCS does not 
directly induce activity in resting neural networks, but instead, modulates 
spontaneous neuronal activity (Fritsch et al., 2010; Chase et al., 2020). tDCS 
involves the application of low current stimulation, often in the range of 1–2 
mA via electrodes to the scalp (Kenney-Jung et al., 2019). The low voltage 
has been shown to alter the threshold of cortical neuronal firing, such that 
neurons near the anode (positive lead) become more likely to fire, and 
neurons near the cathode (negative lead) become less likely to fire (Nitsche et 
al., 2008; Amatachaya et al., 2014). When comparing efficacy between rTMS 
and tDCS, Gomez et al. (2017) found no significant difference in outcome 
measurements of treatment groups 6 months after stimulation treatment.

Figure 1 ｜ A schematic representation of transcranial magnetic stimulation (TMS). 
The electromagnetic coil is placed on the skull and creates a magnetic field that 
specifically targets the left dorsolateral prefrontal cortex. Using a treatment coil, highly 
concentrated magnetic fields are released. These magnetic fields only reach 2–3 cm 
beneath the treatment coil, and thus do not affect the entire brain. The magnetic fields 
produce small electrical currents, which activate cells within the brain that release 
neurotransmitters such as serotonin, norepinephrine, and dopamine.

Figure 2 ｜ Topographical representation of transcranial direct current stimulation 
(tDCS). 
Constant low-intensity electrical signals are released by the tDCS system. This electrical 
current is passed through two electrodes which sit on the dorsolateral frontal cortex. The 
neuron’s resting potential is either hyperpolarized or depolarized by the electric current, 
which stimulates the brain cells. Anodal tDCS (positive stimulation) causes depolarization 
of the resting membrane potential, thus increasing spontaneous cell firing and neuronal 
excitability. Cathodal excitability (negative stimulation) causes hyperpolarization of the 
resting membrane potential, decreasing neuronal excitability. Cortical changes can be 
achieved poststimulation depending on the intensity and duration of the administered 
current.

Multiple measurement scales have been proposed to calculate the 
neuromodulation induced by tDCS. The ABC and Childhood Autism Rating 
Scale can be used to evaluate autism severity at baseline of treatment and 
at follow-up after tDCS treatment (Amatachaya et al., 2014). The Autism 
Treatment Evaluation Checklist evaluates the effectiveness of the treatment 
from the viewpoint of the caregiver (Geier et al., 2012). To measure a child’s 
psychosocial function, a proxy of cognitive ability, the Children’s Global 
Assessment Scale was used. Common autistic behaviors were measured 
through the Autism-Spectrum Quotient questionnaire, a measure of autism 
spectrum traits. The Test of Adolescent Social Skill Knowledge can be used to 
test social skills while a verbal fluency test can be utilized to assess language 
capabilities.

To modulate neuroplasticity and induce observable behavioral changes, the 
temporoparietal junction, which plays a role in social functioning, and the 
inferior frontal gyrus were stimulated (Bitsch et al., 2018). Cognitive function 
is targeted through the DLPFC and the anterior cingulate cortex, which 
functions in many physiological roles including blood pressure and heart rate 
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monitoring, and the amygdala, which assists in the interpretation of fear 
and emotion. Researchers also looked at the inferior frontal cortex, which 
functions in the processing of speech and language in Broca’s area, to see 
if language modulation was possible (Dick et al., 2019). Finally, to measure 
motor effects, researchers have stimulated the primary motor cortex, which 
functions in the production of skilled and fine movements (Dick et al., 2019).

Behavioral effects of tDCS
To observe the potential and various modulating effects of tDCS through 
the aforementioned procedures, researchers proposed a study in which 
stimulated the right temporoparietal junction or the inferior frontal cortex. 
Nobusako et al. (2017) observed that there was an immediate increase in 
imitation inhibition and perspective taking. This modulation of behavior and 
cognition was a significant finding and long-term follow-up should be initiated 
to determine if the treatment is still beneficial over time.

Mahmoodifar and Sotoodeh (2020) investigated changes in motor skills. 
All children practiced motor training to improve balance skills, and the 
experimental group also received tDCS stimulation. Results showed that 
both groups had significant positive impacts on balance (Mahmoodifar and 
Sotoodeh, 2020). In addition, participants who received both tDCS and motor 
skill training performed significantly better than those who only received 
motor skill training (Mahmoodifar and Sotoodeh, 2020). The combination of 
brain stimulation and motor exercises seems to show a great potential for 
improving motor performance in children with ASD. Hadoush et al. (2020) 
expanded upon these findings by demonstrating an improvement in Autism 
Treatment Evaluation Checklist scores. These changes correlated with a 
decline in autistic symptoms in the treatment group with no significant 
change in the control group (Hadoush et al., 2020). D’Urso et al. (2021) in 
an open-label pilot study of 7 individuals with ASD showed a 25% mean 
reduction in global severity of symptoms derived from the ABC after receiving 
daily sessions of right cerebellar lobe stimulation. Interestingly as well, this 
study highlights the reduction in the severity of tics in a patient with ASD and 
a concurrent tic disorder (D’Urso et al., 2021). These multiple studies suggest 
that tDCS can have a significant effect on modulating motor and behavioral 
skills.

A subsequent study measured the changes in brain metabolites before 
and after ten individuals with ASD received tDCS for 5 consecutive 
days. Researchers found significant changes in several metabolites 
(N-acetylaspartate, myoinositol, and choline) which positively correlated 
to improvement in the social subsection of Autism Treatment Evaluation 
Checklist (Auvichayapat et al., 2020). These findings suggest that the observed 
behavioral changes are due to changes in neuronal signaling, elucidating 
some of the physiology underlying tDCS stimulation.

In addition to proposed changes in neurochemicals, researchers have also 
observed changes in EEG readings after receiving tDCS that reflect readings 
that are similar to those of neurotypical subjects. Mismatch negativity (MMN) 
is the measurement of waveform changes from auditory event-related 
potentials which have been shown to be decreased in individuals with ASD. 
Sun et al. (2022) found that after receiving tDCS, individuals with ASD had a 
decrease in MMN latency and an increase in MMN amplitude which is more 
in line with average MMN measurements. These EEG changes also correlated 
with changes in the ABC scale. However, there were no statistical differences 
between the experimental and control groups after 1 month (Sun et al., 2022) 
indicating the modulations have a brief therapeutic effect.   

Cognitive effects of tDCS
As cognitive deficits commonly plague children with ASD, studies have been 
performed to determine the effect of tDCS in modifying and improving 
cognition. Kang et al. (2018, 2022) and Zhou et al. (2020) measured changes 
in EEG, mapping increased brain complexity, and the reconfiguration of 
dynamic network communities. English et al. (2018) provided evidence for 
the modulation of attention deficits through right-hemisphere stimulation 
in low-functioning individuals with ASD. Esse Wilson et al. (2018a) captured 
positive changes in verbal fluency but did not see a difference in social 
behaviors between those treated with tDCS and those in the control group at 
first. To further evaluate changes in social behaviors, Esse Wilson et al. (2018b) 
presented a case study of an 18-year-old, high-functioning ASD patient 
who underwent tDCS treatment to improve social behaviors. Immediately 
after treatment, the patient showed improvement in social functioning and 
increased interest in social interactions, which was maintained at a 2-month 
follow-up. The patient’s anger and frustration over social disappointments 
had also markedly decreased during immediate follow-up. In a larger study 
on the effects of tDCS on social cognition, Donaldson et al. (2018) showed 
that there is a complex relationship between individual social traits and the 
neurological changes induced by tDCS. Differences caused by cathodal and 
anodal stimulation on Autism Spectrum Quotient Switching and Social scores 
were analyzed. Researchers concluded that the interventions may have 
opposing outcomes depending on initial levels of individual Autism-Spectrum 
Quotient domain scores (Donaldson et al., 2018). These studies demonstrate 
the possibility for cognitive and social improvement with tDCS treatment; 
however, it is difficult to deduct conclusive evidence from isolated case 
reports and small cohort studies. 

Theta Burst Stimulation 
Procedures of TBS
Intermittent TBS (iTBS) is another TMS technique that has been tested in 

the context of neuromodulation and improvement of ASD symptoms. iTBS 
is a patterned repetitive transcranial magnetic stimulation, which has been 
shown to have success in long-term potentiation effects of cortical excitability 
(Figure 3; Desforges et al., 2022; Mao et al., 2022; Pabst et al., 2022). When 
comparing TBS to rTMS, TBS is able to produce 20 minutes of suppressive 
effects after only a 20-second span of uninterrupted bursts, equating to 
300 pulses (Li et al., 2014). Therefore, this methodology is potentially more 
convenient for patients receiving brain stimulation treatments. 

Figure 3 ｜ A schematic representation of theta burst stimulation (TBS).  
The computer passes a current through the coil which sits on the dorsolateral prefrontal 
cortex. This current causes the two inner copper windings to create a magnetic field. 
The coil releases short, magnetic pulses at 50 Hz, 5 times per second. These magnetic 
pulses stimulate the cells of the brain. Similar to transcranial magnetic stimulation 
(TMS), TBS is noninvasive delivering rapid stimuli that increase neuronal excitability at a 
lower intensity. However, the duration of TBS therapy session is 3 minutes, relative to a 
40-minute TMS session.

Behavioral effects of TBS
As iTBS is a relatively new treatment, there have been mixed results reported. 
Abujadi et al. (2018) stimulated the right DLPFC using iTBS and showed 
improvement in obsessive-compulsive behaviors, reduced errors on the 
Wisconsin Card Sorting Test, and reduced time in the Stroop test. The results 
indicate that iTBS might be effective in mitigating some of the neurological 
deficits of ASD (Abujadi et al., 2018). However, it is impossible to draw 
definitive conclusions from this study because of the small sample size (n = 
10) with no randomization. There was also no neurophysiological correlate 
examined, so there is no quantification of physiologic changes in the brain due 
to iTBS treatment. A second study used iTBS to target the posterior superior 
temporal sulcus or bilateral DLPFC but found no significant improvements in 
Wisconsin Card Sorting Test (Ni et al., 2017). More recently, Ni et al. (2021) 
used iTBS over the bilateral posterior superior temporal sulci in adults with 
ASD and found an immediate change in parent-rated Autism Spectrum 
Quotient scores. However, researchers acknowledged that variations in 
baseline impairments and medications might have impacted the results (Ni 
et al., 2021). Differences in methodology could explain the varied results 
among these studies. There is limited data on iTBS in ASD, which emphasizes 
the need to further evaluate the efficacy of this technique in this patient 
population.

Currently Funded Clinical Trials 
The overwhelming positive reports of various noninvasive technologies in 
individuals with ASD published in the literature have prompted an increase 
in clinical trials designed to further investigate the potential therapeutics 
related to TMS, DCS, and TBS to improve the lives of those with ASD and their 
caregivers. A search on this topic on ClinicalTrials.gov yielded 29 interventional 
studies with primary and secondary outcome measures designed to evaluate 
behavior and cognitive modulation of ASD with noninvasive brain stimulation 
(Additional Table 2). Out of the 29 studies, there are 7 crossover studies, 
7 single group assignment studies, and 14 parallel assignment studies. The 
studies range from no blinding (10/29) to quadruple blinding. All 29 studies 
have autism as an inclusion diagnosis and seven include another condition as 
well. The interventional techniques across trials vary: TMS (5/29), tDCS (9/29), 
rTMS (12/29), cTBS (1/19), and iTBS (2/29). 

The outcomes of the trials were categorized into four broad categories – 
social deficits, behavioral deficits, cognitive deficits, and emotional deficits. 
The clinical trials were all similar in their goal of modulating abnormal 
behavior and cognition associated with ASD; however, they greatly differ in 
their protocols and outcome measurements. The most frequently reported 
outcome measures were functional magnetic resonance imaging (7/29), the 
Social Responsiveness Scale (7/29), and the ABC (4/29). Unfortunately, the 
fundamental differences of each trial do not allow for direct comparison 
of results among other trials limiting corroboration of results. A more 
standardized approach would be beneficial as it would allow for a greater 
understanding of the therapeutic capabilities of each stimulation technique 
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which will ultimately benefit those with ASD and their caretakers. Many trials 
are also in their beginning phases. Published results from trials are limited 
considering the novelty of noninvasive brain interventions in individuals with 
ASD. 

One randomized pilot study (NCT02311751) used rTMS and measured 
changes in executive functioning through the Cambridge Neuropsychological 
Test Automated Battery Spatial Working Memory tasks and Behavior Rating 
Inventory of Executive Functioning. Individuals with severe functioning 
deficits in the experimental group demonstrated improved executive 
functioning when compared to the sham group (Ameis et al., 2020). These 
preliminary results highlight the feasibility and acceptability of rTMS in 
the treatment of working memory performance. Another interventional 
pilot study (NCT02939560) studied the effectiveness of rTMS on alleviating 
depressive symptoms in adults with Major Depressive Disorder and ASD 
measured with the Hamilton Depression Rating Scale as well as reducing 
core symptoms of ASD and changes in brain connectivity. Researchers found 
a remarkable reduction in depressive symptoms and some improvement in 
core autism symptoms (Gwynette et al., 2020). Most clinical trials on this 
topic are underway and results are not publicly available.  From the data that 
has been published, results have demonstrated positive changes in several 
domains of symptoms of ASD. Long-term studies are awaited to see how 
these modulations changed over time.  

There are published trials on the clinical effects of transcranial stimulation 
in individuals with ASD being completed on an international scale. Prillinger 
et al. (2021) have published a study protocol that will investigate the 
psychological and behavioral changes in male adolescents with ASD who 
undergo 10 sessions of tDCS over the left prefrontal cortex. A pilot study from 
China found significant score reductions in Childhood Autism Rating Scale 
and the Children’s Sleep Habits Questionnaire when subjects underwent 
tDCS treatments to the DLPFC for 3 weeks (Qiu et al., 2021). However, a pilot 
study in New Zealand looked at adolescents and young adults with ASD who 
underwent high-definition-tDCS over the right ventrolateral prefrontal cortex 
and no significant changes in cognitive flexibility or behaviors (Parmar et al., 
2021). 

Conclusion and Future Directions 
Overall, the various noninvasive brain stimulation modalities which have 
been explored in this article show great promise as possible neuromodulators 
for the treatment of ASD symptoms. Preliminary results from randomized 
pilot studies suggest that there are many positive effects, which warrant 
the continuation and development of more trials to fully understand the 
therapeutic nature of noninvasive brain stimulation in individuals, both 
children and adults, with ASD.

There are no standardized protocols for administering the various brain 
stimulating technologies, including the location of stimulation, and there are 
also no uniform outcome measures amongst studies making it impossible 
to compare methods and results directly. Nevertheless, the multitude of 
stimulation protocols and tracked outcome measures indicate that there 
is a wide realm of possible treatments for the variable expressivity of ASD 
symptomatology. In addition, studies published thus far have small sample 
sizes with minimal follow-up. To recognize the true benefits of noninvasive 
brain stimulation in individuals with ASD, all of the above criteria need to be 
met which will enable researchers to corroborate their findings. 

From the perspective of the patients, it is important for these treatments 
to be as accessible as possible. Protocols that require daily treatments for 
extended periods may act as a barrier for patients and their families to 
receiving the proper brain stimulation. Therefore, keeping the patients’ best 
interests at the forefront can serve to guide the research of treatments for 
ASD. In addition, efforts should be done to reduce the costs associated with 
noninvasive brain modulation enhancing accessibility so that more patients 
can benefit from this technology.
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Additional Table 1 A summary of recent studies using noninvasive brain stimulation in individuals with autism spectrum disorder

Author Intervention Area of stimulation Sample size Age range Sex Outcome
measures

Study results

Anninos et al.,
2019

pT-TMS Frontal, vertex, right
and left temporal,
right and left parietal,
occipital regions

10 5–12 years 6M/4F Beta rhythm with
MEG

Changes in beta
rhythms associated
with improvement of
clinical symptoms

Casanova et al.,
2020

rTMS Left DLPFC and
Right DLPFC

Experimental:19
Control: 19

9–17 years Exp:14M/5F
Control: 13M/6F

Visual Oddball
task, Gamma
oscillations with
EEG, ABC,
RBS-R

No difference in
oddball task
measurements;
improvement of ABC
for irritability and
hyperactivity;
decreased gamma
oscillations

Kang et al., 2018 rTMS DLPFC Experimental:16
Control: 16

Exp: 7.8 ± 2.1 years
Control: 7.2 ± 1.6 years

Exp:13M/3F
Control: 13M/3F

Peak alpha
frequency with
EEG, ABC

Increase in peak alpha
frequency;
improvement of ABC

Kang et al., 2022 rTMS DLPFC Experimental:16
Control:16

Exp: 7.8 ± 2.1 years
Control: 7.2 ± 1.6
years

Exp:
13M/3F
Control:
13M/3F

EEG, ABC Significant changes
recursive rate and
deterministic measures
in EEG; improvement
in ABC score

Assadi et al., 2020 rTMS Left IPL 4 11–17 years 4M ADOS-2, SRS-2,
EVT-2, D-KEFS
Verbal Fluency

Improvement of
behavioral and
linguistic symptoms

Sokhadze et al.,
2018

rTMS DLPFC Control: 26
Group 1: 25
Group 2: 27
Group 3: 18

13.1 ± 1.78 years Control: 22M/4F
Group 1:
21M/4F
Group 2:
21M/6F
Group 3:
23M/5F

Visual Oddball
task, stimulus
and response-
locked event-
related potentials

Improvement of motor
response and accuracy;
error-related
negativity; aberrant
behavior rating of
repetitive and
stereotypical
symptoms

Sokhadze et al.,
2017

rTMS DLPFC 27 12.52 ± 2.85 years 21M/6F Heart rate, skin
conductance
level, ABC,
RBS-R, SRS-2

Decreased sympathetic
arousal, increased
parasympathetic
arousal; correlated to
improvements of
behavior scores

Yang et al., 2019 HF-rTMS Left IPL 11 3–12 years 7M/4F VerBAS, ATEC Improvement of
language and social-
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related symptoms,
imitation, and
cognition

Desarkar et al.,
2021

rTMS Left motor cortex Experimental: 14
Control: 15

Exp: 15.79 ± 2.69 years
Control: 15.17 ± 3.14
years

Exp: 9M/5F
Control: 11M/4F

Calculated LTP
and LTD

Stabilized LTD; no
change in LTP

Gomez et al., 2017 rTMS and tDCS rTMS: Left DLPFC

tDCS: Cathode: Left
DLPFC
Anode: Right
proximal arm

24 Mean 12.2 years N/A ADI-R, ABC,
ATEC, GCIS

Improvements of all
scores 6 months post
treatment

Esse Wilson et al.,
2018b

tDCS Cathode: Right
deltoid
Anode: Right
temporoparietal
junction

1 18 years 1M ATEC Improvement of social
functions

Auvichayapat et
al., 2020

tDCS Cathode: R shoulder
Anode: Left DLPFC

10 5–8 years 10M ATEC, CARS,
N-Acetyl-
Aspartate,
Myoinositol,
Glutamine-
Combined-
Glutamate and
Choline

Significant decrease
in ATEC scores;
increased N-
acetylaspartate,
myoinositol;
decreased
concentration of
choline

Esse Wilson et al.,
2018

tDCS Cathode: Right
deltoid
Anode: Right
temporoparietal
junction

6 18–58 years 4M/2F Verbal Fluency,
Test of Social
Skills

Improvement of
verbal fluency; no
difference in social
skills

Zhou et al., 2020 tDCS Cathode: Right
eyebrow
Anode: DLPFC

Experimental:18
Control:18

Exp: 6.5 ± 1.4 years
Control: 6.7 ± 1.3
years

Exp:
11M/7F
Control:
11M/7F

EEG Observed network
changes; specific
increase in
interhemispheric
connectivity

Mahmoodifar et
al., 2020

tDCS Cathode: Right
supraorbital region
Anode: Left primary
motor cortex

Experimental:9
Control:9

Exp: 11.04 ± 2.80
years
Control: 9.31 ± 2.70
years

N/A Movement
Assessment
Battery for
Children-2

Improvement of
balance for control
and experimental
groups; significant
difference between
experimental and
control

Kang et al., 2018 tDCS Cathode: Right Experimental:13 Exp: 6.5 ± 1.7 years Exp: 11M/2F Maximum Significant increase
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supraorbital region
Anode: DLPFC

Control:13 Control: 6.3 ± 1.3 years Control: 11M/2F entropy ratio after treatment

Donaldson et al.,
2017

tDCS Right
temporoparietal
junction*

Cathodal:18
Anodal:17
Control:18

Cathodal: 24.4 ± 4.4
years
Anodal: 24.3 ± 5.4
years
Control: 26.6 ± 6.6
years

Cathodal:
4M/14F
Anodal: 11M/6F
Control: 8M/10F

Reading the
Mind in the Eyes
task, Fear
Surprise Task
(Static and
Dynamic
Emotion
Recognition
Task), AQ, SRS

Improvement of
emotion attribution in
cathodal group; anodal
group showed changes
in AQ Social scores;
cathodal and anodal
stimulation may have
differing effects

Hadoush et al.,
2020

tDCS Cathodes: Left and
right supraorbital
regions
Anodes: Left and
right prefrontal and
motor areas

Experimental:25
Control:25

Exp: 7.6 ± 2.2 years
Control: 8.0 ± 2.8 years

Exp: 19M/6F
Control: 22M/3F

ATEC Significant decrease
in ATEC scores in
the experimental
group

Nobusako et al.,
2017

tDCS Cathode: Vertex
Anode: Right inferior
frontal cortex or
temporoparietal
junction

Experimental:
10 (frontal cortex), 10
(temporoparietal
junction)
Control:10

Temporoparietal: 21.20
± 0.75 years
Frontal cortex: 21.50 ±
1.36 years
Control: 21.40 ± 1.43
years

All groups
5M/5F

Imitation-
inhibition,
perspective-
taking, AQ

Improvement of
imitation-inhibition
tasks in both
experimental groups;
no difference in AQ
scores

van Steenburgh et
al., 2017

tDCS DLPFC** 12 20–66 years old 10M/2F n-back stimuli,
Wechsler
Memory Scale,
Brief Test of
Attention

Improvements of
backward spatial
span and attention;
beneficial effects of
persisted for at least
50 minutes after
stimulation

English et al.,
2018

tDCS Right posterior
parietal cortex***

Low levels of autistic
traits: 19
High levels of autistic
traits: 19

Low: 21.28 ± 1.23
years
High: 21.19 ± 2.00
years

Low: 8M/10F
High: 10M/6F

AQ, Edinburgh
Handedness
Inventory,
Greyscales task

Improvement of
attention bias for high-
trait individuals

Sun et al., 2022 tDCS Cathode: Right
supraorbital region
Anode: Left DLPFC

Experimental: 19
Control: 18

Exp: 8.0 ± 1.9 years
Control: 7.6 ± 2.1 years

Exp: 15M/4F
Control:
15M/3F

EEG, ABC Decrease in mismatch
negativity latency,
increase in mismatch
negativity amplitude,
improvement of ABC;
no significant
difference in groups
after 4 weeks

D’Urso et al.,
2021

tDCS Cathode: Right
cerebellar lobe

7 11.0 ± 1.15 years 6M/1F ABC Decrease in global
severity of symptoms;
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ABC: Aberrant Behavior Checklist; ADI-R: Autism Diagnostic Interview, Revisited Edition; ADOS-2: Autism Diagnostic Observation Schedule-2; AQ: Autism Spectrum
Quotient; ATEC: Autism Treatment Evaluation Checklist; BDNF: brain-derived neurotrophic factor; CARS: Childhood Autism Rating Scale; CCPT: Conners’ Continuous
Performance Test; cTBS: continuous theta-burst stimulation; D-KEFS: Delis-Kaplan Executive Function System; DLPFC: dorsolateral prefrontal cortex; EEG:
electroencephalogram; EVT-2: Expressive Vocabulary Test-2; Exp: experimental; F: female; GCIS: Global Clinical Impression Scale; HF-rTMS: high frequency repetitive
transcranial magnetic stimulation; IPL: inferior parietal lobe; iTBS: intermittent theta-burst stimulation; LTD: long-term depression; LTP: long-term potentiation; M: male; MEG:
magnetoencephalography; MEP: motor evoked potential; N/A: not available; pT-TMS: pico tesla transcranial magnetic stimulation; RBS-R: Repetitive Behavior Scale-Revised;
rTMS: repetitive transcranial magnetic stimulation; SRS-2: Social Responsiveness Scale Second Edition; tDCS: transcranial direct current stimulation; VerBas: Verbal Behavior
Assessment Scale; WCST: Wisconsin Card Sorting Test; YBOCS: Yale-Brown Obsessive Compulsive Scale. *Right temporoparietal junction served as the cathode in one group
and anode in a comparison group; **Participants received cathodal and anodal stimulation to DLPFC in randomized counterbalanced order; ***Participants first received anodal
then cathodal stimulation to right posterior parietal cortex.

Anode: Left DLPFC improved quality of
sleep and mood

Abujadi et al.,
2018

iTBS Right DLPFC 10 9–17 years 10M RBS-R, YBOCS,
WCST, Stroop
test

Improvement of all
scores

Ni et al., 2017 iTBS Bilateral DLPFC or
bilateral posterior
superior temporal
sulcus

19 (including control) 18–29 years 14M/5F CCPT, WCST,
YBOCS, SRS

Improvement of
reaction time following
single DLPFC
treatment; no
significant changes
observed for posterior
temporal sulcus
stimulation

Ni et al., 2021 iTBS Bilateral superior
temporal sulcus

13 22.7 ± 1.4 years 11M/2F AQ, WCST Improved baseline
cognitive performance
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Additional Table 2 A summary of clinical trials investigating the effects of noninvasive brain stimulation in individuals with autism spectrum disorder

Clinical trials Intervention Primary outcome
measure

Other outcome measures Trial identifier

Effects of Repetitive Transcranial
Magnetic Stimulation on Neural and
Behavioral Facets of Social Cognition in
Autism Spectrum Disorder

rTMS EEG Eye tracking, Benton Face Recognition Task NCT04242355

Autism Spectrum Disorders: Double Blind
Randomized Placebo-control Active Pilot
Study of Transcranial Magnetic
Stimulation Applied to the Superior
Temporal Sulcus

TMS Eye tracking ABC, CGI, MRI, BDNF/COMT polymorphisms NCT04442061

rTMS for Adults With Autistic Spectrum
Disorder

rTMS Continuous performance
test

YBOCS, AQ NCT01918787

Role of GABAergic Transmission in
Auditory Processing in Autism Spectrum
Disorder

rTMS MEG, MRS, DTI fMRI SRS-2, CELF-5, EVT, PPVT, ADOS-2, ADI-R, VABS,
WASI-II

NCT04798274

Neurocircuitry of Autism- fMRI and
Transcranial Magnetic Stimulation Studies

TMS RBS-R VABS NCT01553240

Transcranial Magnetic Stimulation (rTMS)
and Autism

rTMS Fixation time Eye tracking, fractional anisotropy NCT01648868

TMS for Adults with Autism and
Depression

rTMS Hamilton Depression
Rating Scale, ABC,
SRS, Ritvo Autism-
Aspergers Diagnostic
Scale, RBS-R

fMRI NCT02939560

rTMS for Executive Function Deficits in
Autism Spectrum Disorder

rTMS CANTAB Spatial
Working Memory Task

BRIEF NCT02311751

Transcranial Magnetic Stimulation for
Restricted and Repetitive Behavior in ASD

TMS RBS-R Dimensional Change Card Sort Test, Stanford Social
Dimensions Scale, YBOCS, SRS, VABS, Sensory
Perception Quotient, Anxiety Depression and Mood Scale

NCT04532424

The Use of rTMS to Improve Theory of
Mind Among Adults With Autism and
Asperger's Disorder

rTMS Theory of Mind
Neurobehavioral Battery

AQ NCT00808782
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Cerebellar Stimulation and Cognitive
Control

rTMS Disease-specific
symptom rating scale

EEG, fMRI, NIH Toolbox Cognitive and Emotion
Battery, Calgary depression scale, Young Mania rating,
Suicide Severity Rating Scale, PHQ9 Score, CGI, DTI

NCT03217110

Transcranial magnetic stimulation (TMS)
study for adults with Autism Spectrum
Disorder (ASD)

rTMS EEG, event-related
potentials, eye-tracking

- NCT04936009

Therapeutic intervention effects of rTMS
on children with Autism Spectrum
Disorder

rTMS Gray matter volume Functional connectivity by fMRI NCT05140356

Efficacy and mechanism of rTMS in
children with ASD: an open-label clinical
trial

rTMS SRS RBS-R, ADHD rating scale, BRIEF, CARS, Clinical
Efficacy Rating Scale, CANTAB, Continuous Operation
Test, EEG, Functional Near Infrared Spectroscopy

NCT05238298

Transcranial Magnetic Stimulation Studies
in Autism Spectrum Disorders

TMS Motor evoked potential - NCT02591446

TMS for the investigation of brain
plasticity in Autism Spectrum Disorders

TMS MEPs - NCT02836405

Deep rTMS (repetitive transcranial
magnetic stimulation) for treatment of
Autism symptoms in children

rTMS CGI, ASRS, facial
recognition test

Preschool Language Scale-4, BASC, ABC NCT01388179

rTMS for depression in young adults with
autism

TBS Hamilton Rating Scale
for Depression

Beck Scale for Suicide Ideation NCT04972136

Effect of rTMS on the Abnormal Executive
Function of ASD Children

cTBS BRIEF Working Memory Task, fMRI NCT04237870

Intermittent Theta-Burst Stimulation to
Target Irritability in Adults With ASD

iTBS ABC Irritability questionnaire, self-injury questionnaire,
MOAS, Emotion Regulation Scale, AQ, RBS-R,
Montgomery-Asberg Depression Rating Scale, fMRI,
EEG, MRS

NCT04316338

Cerebellar tDCS in Children with Autism
Spectrum Disorder

tDCS tDCS Safety
Assessment

NEPSY-2 Subtests, Reading the Mind in the Eyes,
Triangle Animations/Social Perception Task,
Cyberball/Social Ball Throwing Task, Dimensional
Change Card Sort, ASRS

NCT04446442

Transcranial Direct Current Stimulation in
Autism Spectrum Disorder

tDCS EATQ-R-EC, AQ, SRS,
CANTAB Tests, n-back
task, ANT, EEG, fNIRS

- NCT03814083

tDCS on Working Memory (WM) in tDCS n-back memory task n-back memory task NCT03255837
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Adults With ASD

Effects of Cathodal tDCS on Executive
Functions in Autism

tDCS Wisconsin Card Scoring
test

Udvalg pour Kliniske Undersøgelser Side Effect Rating
Scale, Inventaire du Syndrome Dysexécutif
Comportemental, Trail Making Test A and B, Stroop
Test, Verbal Fluency Test

NCT03235596

Neurostimulation for Cognitive
Rehabilitation in Autistic Spectrum
Disorders

tDCS Facial emotion
recognition, Theory of
Mind tasks

Memory for Digit Span, Trail Making Test A and B,
Seven Errors

NCT03947086

Improving Social Interaction for
Adolescents With Autism During the
Transition to Adulthood

tDCS Objective Social
Interaction Quality,
Subjective Social
Interaction Quality

Social Cognition NCT03785327

Non-invasive brain stimulation in children
with Autism

tDCS BRIEF, EEG PDDBI, DTT, Vineland Adaptive Behavior Scales NCT05105126

A machine learning approach for
predicting tDCS treatment outcomes of
adolescents with Autism Spectrum
Disorder

tDCS SRS-2 ADI-R, CANTAB, EEG NCT05035511

Learning enhancement through
neurostimulation in Austism

tDCS TASSK, SRS - NCT02998684

ABC: Aberrant Behavior Checklist; ADHD: attention deficit hyperactivity disorder; ADI-R: Autism Diagnostic Interview-Revised; ADOS-2: Autism Diagnostic Observation
Schedule Second Edition; ANT: Attention Network Task; AQ: Autism Spectrum Quotient; ASRS: Autism Spectrum Rating Scale; BASC: Behavior Assessment System for
Children; BDNF/COMT: brain derived neurotrophic factor/ catechol-O-methyltransferase; BRIEF: Behavior Rating Inventory of Executive Functioning; CANTAB: Cambridge
Neuropsychological Test Automated Battery; CARS: Childhood Autism Rating Scale; CELF-5: Clinical Evaluation of Language Fundamentals-Fifth Edition; CGI: clinical global
impression; cTBS: continuous theta burst stimulation; DTI: diffusion tensor imaging; DTT: discrete trial training; EATQ-R-EC: Early Adolescent Temperament Questionnaire -
Revised - Effortful Control Subscale; EEG: electroencephalogram; EVT: Expressive Vocabulary Test; fMRI: functional magnetic resonance imaging; fNIRS: functional near-
infrared spectroscopy; iTBS: intermittent theta burst stimulation; MEG: magnetoencephalography; MEP: motor evoked potential; MOAS: modified overt aggression scale; MRI:
magnetic resonance imaging; MRS: magnetic resonance spectroscopy; NIH: National Institute of Health; PDDBI: Pervasive Developmental Disorder Behavior Inventory; PHQ9:
Patient Health Questionnaire-9; PPVT: Peabody Picture Vocabulary Test; RBS-R: Repetitive Behavior Scale-Revised; rTMS: repetitive transcranial magnetic stimulation; SRS:
Social Responsiveness Scale; SRS-2: Social Responsiveness Scale Second Edition; TASSK: Test of Adolescent Social Skills Knowledge; TBS: theta burst stimulation; tDCS:
transcranial direct cortical stimulation; TMS: transcranial magnetic stimulation; VABS: Vineland Adaptive Behavior Scales; WASI-II: Wechsler Abbreviated Scale of Intelligence
Second Edition; YBOCS: Yale-Brown Obsessive-Compulsive Scale.



NEURAL REGENERATION RESEARCH www.nrronline.org


