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Abstract

Noninvasive Brain Stimulation (NIBS) techniques, including repetitive transcranial magnetic 

stimulation (rTMS) and transcranial direct current stimulation (tDCS), have recently emerged 

as alternative, nonpharmacological interventions for a variety of psychiatric, neurological, and 

neurodevelopmental conditions. NIBS is beginning to be applied in both research and clinical 

settings for the treatment of core and associated symptoms of autism spectrum disorder 

(ASD) including social communication deficits, restricted and repetitive behaviors, irritability, 

hyperactivity, depression and impairments in executive functioning and sensorimotor integration. 

Though there is much promise for these targeted device-based interventions, in other disorders 

(including adult major depressive disorder (MDD) and obsessive compulsive disorder (OCD) 

where rTMS is FDA cleared), data on the safety and efficacy of these interventions in individuals 

with ASD is limited especially in younger children when neurodevelopmental interventions 

typically begin. Most studies are open-label, small scale, and/or focused on a restricted subgroup 

of individuals with ASD. There is a need for larger, randomized controlled trials that incorporate 

neuroimaging in order to develop predictive biomarkers of treatment response and optimize 

treatment parameters. We contend that until such studies are conducted, we do not have adequate 

estimates of the safety and efficacy of NIBS interventions in children across the spectrum. Thus, 

broad off-label use of these techniques in this population is not supported by currently available 

evidence. Here we discuss the existing data on the use of NIBS to treat symptoms related to ASD 

and discuss future directions for the field.

Lay Summary

Noninvasive Brain Stimulation techniques are currently being studied in research centers and 

being offered in clinical settings to treat individuals with autism spectrum disorder. In this 

commentary, we discuss the evidence base for the use of these techniques. We also highlight 

the limitations and caution against broad expedited translation of these tools to the clinic without 

properly powered and controlled studies that provide sufficient data to inform their safety and 

efficacy in this population.
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Introduction

The mechanisms underlying the behavioral symptoms of autism spectrum disorder (ASD) 

are thought to be related to aberrant neurodevelopment, affecting functional brain networks, 

resulting in relatively unique pathophysiology for each individual. Thus, neural circuit-based 

interventions, such as noninvasive brain stimulation (NIBS) techniques (e.g. transcranial 

magnetic stimulation (rTMS) and transcranial direct current stimulation (tDCS)) have 

recently been put forth as alternative/adjunctive treatment options targeting these putative 

brain network mechanisms.

There is increasing literature on the use of NIBS techniques across multiple psychiatric 

and neurological disorders. Consistent with numerous positive randomized controlled trials 

establishing efficacy, a strong safety record, established safety and efficacy guidelines 

(Lefaucheur et al., 2020; Rossi et al., 2021) and with industry support, the US Food and 

Drug Administration (FDA) has now cleared rTMS for treatment-resistant major depressive 

disorder with and without comorbid anxiety (2021 and 2008 respectively) and obsessive 

compulsive disorder (2019) in individuals over the age of 21. There is currently no FDA 

approved indication for tDCS.

Though there is a substantial literature base for the safety and efficacy of NIBS in adult 

depression, obsessive compulsive disorder (OCD), and anxiety disorders (on the order of 

hundreds of thousands of patients), the literature base in pediatric and neurodevelopmental 

disorders is substantially smaller and more limited in scope. As these alternative treatments 

emerge, it is critical to evaluate their safety and efficacy in the context of a developing 

(and in the case of ASD, an atypically developing) brain. Interventions may be safe 

and have a defined therapeutic profile in typically developing individuals or those with 

other neuropsychiatric or behavioral disorders but may have different or even paradoxical 

effects in a child or adult with ASD. There is a paucity of rTMS studies in younger 

children and those with intellectual disabilities. Investigations that do include these pediatric 

or neurodevelopmentally delayed populations utilize protocols and dosages shown to be 

effective in adults without consideration for neurodevelopmental stage. Thus, caution is 

warranted before considering immediate or expedited clinical implementation of alternate 

interventions, especially those that alter brain function, in children with ASD, until their 

safety and efficacy for this population has been more fully examined using properly powered 

randomized controlled trials. Here we summarize the current evidence base for the use of 

rTMS and tDCS to treat symptoms related to ASD.

Repetitive Transcranial Magnetic Stimulation (rTMS)

During rTMS, trains of magnetic pulses are applied at various stimulation frequencies 

(e.g., 1 Hz, 5 Hz, 10 Hz) and patterns (e.g., Intermittent Theta Burst Stimulation (iTBS) 
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and Continuous Theta Burst Stimulation (cTBS). rTMS modulates excitability in targeted 

regions of stimulation (Hallett, 2000; Huang et al., 2005; Pascual-Leone et al., 1998) and 

exerts broader effects across networks connected to those regions (Beynel et al., 2020; 

Hawco et al., 2018). It was originally thought that stimulation frequencies 1 Hz or lower 

produce local cortical inhibition while those 5 Hz or higher lead to local cortical excitation 

(Chen et al., 1997; Pascual-Leone et al., 1994). Similarly, iTBS and cTBS protocols 

were originally thought to lead to long-lasting facilitation and suppression of cortical 

excitability, respectively (Huang et al., 2005). However, recent meta-analyses highlight the 

substantial interindividual variability (Corp et al., 2020). Beyond the various stimulation 

parameters, an increasingly recognized critical factor is the individual’s behavioral and 

electrophysiological state at the time of stimulation (Sathappan et al., 2019; Silvanto & 

Pascual-Leone, 2008). Such state-dependency effects can be used to increase the specificity 

of the rTMS modulatory effects.

Safety of rTMS

The safety of rTMS in clinical practice and research has been evaluated through multiple 

meta-analyses (e.g. (Janicak et al., 2008; Machii et al., 2006)). Safety guidelines have been 

disseminated by the International Federation of Clinical Neurophysiology (Rossi et al., 

2021). Widespread application of several rTMS protocols, across diverse populations and 

devices, show a low incidence of adverse events (Lerner et al., 2019).

Compared to the adult literature, data on the safety of rTMS in pediatric populations are 

relatively lacking. However, existing data suggest a similar safety profile in children and 

adolescents as compared to adults with adverse event rates ranging from 3.4% to 10.11%. 

Adverse event (AE) rates vary based on the patient population, the form of TMS, and the 

number of sessions (Allen et al., 2017). Similar to the adult literature, the most common side 

effects seen in the pediatric literature are transient headache and neck pain (Zewdie et al., 

2020).

More serious adverse events in pediatric studies have been rare (1-2% of participants). 

Two cases of syncope in children with pediatric stroke and six cases of seizures have 

been reported (Chiramberro et al., 2013; Cullen et al., 2016; Hu et al., 2011; Kallel & 

Brunelin, 2020; Purushotham et al., 2018; Wang et al., 2018). The most recent International 

Federation of Clinical Neurophysiology TMS safety guidelines indicate that the extant 

pediatric literature “provides reassurance regarding the safety of these techniques” in 

pediatric populations (Rossi et al., 2021). However, this “reassurance” is based on far less 

data than in the adult literature. Furthermore, the neurodevelopmental processes ongoing 

in children and adolescence, compounded by the pathophysiological processes affecting 

those with neuropsychiatric and neurodevelopmental disorders, require careful consideration 

(Kirton & Gilbert, 2016; Oberman & Enticott, 2019).

Efficacy of rTMS

The mechanism of action of the therapeutic effect of rTMS is thought to be in the 

modulation of the functional connectivity of targeted networks. Thus, researchers have 

taken a “Research Domain Criteria (RDoC)” approach to targeting networks associated 
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with specific behavioral domains shown to be dysfunctional in individuals with ASD. The 

literature appears promising at first glance but is limited, composed of underpowered, 

sometimes open-label trials and case reports from only a handful of labs.

Three relatively small-scale (n=28, 75, and 13 respectively) randomized rTMS trials applied 

over the dorsomedial prefrontal cortex (dmPFC) (Enticott et al., 2014) and the posterior 

superior temporal cortex (pSTS) (Ni et al., 2021; Ni et al., 2022) led to improvements 

in social relating in children and adults with ASD. Additionally, multiple small-scale open-

label trials of rTMS over the dorsolateral prefrontal cortex (dlPFC) conducted out of a single 

lab (Abujadi et al., 2018; Baruth et al., 2010; Casanova et al., 2012; Casanova et al., 2014; 

Casanova et al., 2020; Sokhadze et al., 2010; Sokhadze et al., 2009; Sokhadze, El-Baz, 

Sears, et al., 2014; Sokhadze, El-Baz, Tasman, et al., 2014; Sokhadze et al., 2018) and pSTS 

(Ni et al., 2021) (same study as above) led to a reduction in repetitive behaviors in children 

and adolescents with ASD.

Though these trials did show positive effects, Ni and colleagues noted variability in 

response rates with certain factors mediating the level of improvement in their studies. 

Specifically, higher IQ, better baseline social cognitive performance, less severe social-

communicative impairments, less severe baseline ASD symptoms, and less attention-deficit 

hyperactivity disorder (ADHD) severity predicted better response (Ni et al., 2021; Ni et 

al., 2022). Additionally, those on concurrent psychotropic medication appeared to benefit 

less from pSTS stimulation in their social relating abilities (Ni et al., 2022). If replicated, 

these studies suggest that rTMS to pSTS for social relating may only be beneficial for 

a small subgroup of individuals with ASD (i.e., those without co-occurring ADHD or 

intellectual disability (common comorbidities), with relatively mild social-communicative 

impairments, or not taking concomitant medications). However, much larger trials are 

needed to determine whether these baseline clinical and behavioral variables should be used 

for patient stratification or as predictive markers of clinical response to rTMS.

Beyond the core ASD symptoms, rTMS has been used in clinical trials to improve 

associated symptoms of ASD with variable success. First, Ni and colleagues found a 

single session of active iTBS to the dlPFC led to immediate improvements on executive 

functioning tasks, effects not seen with sham iTBS (Ni et al., 2017). Shortly after, Abujadi 

and colleagues reported positive effects on executive functioning tasks following a series of 

open-label iTBS sessions to dlPFC (Abujadi et al., 2018). However, a randomized controlled 

trial over the same target resulted in no significant difference between the active and sham 

groups in improvement of executive functioning following a course of high-frequency rTMS 

(Ameis et al., 2020).

Ameis and colleagues (Ameis et al., 2020) highlight that baseline adaptive functioning 

moderated the effect of the stimulation. Specifically, the subgroup of participants with more 

severe impairment in baseline adaptive functioning experienced significant improvement in 

the active, but not the sham group compared with no difference in those with relatively 

higher levels of adaptive functioning at baseline. Interestingly, this is opposite to what 

was seen in Ni and colleagues’ studies (Ni et al., 2021; Ni et al., 2022) where higher 

levels of functioning and lower levels of symptom severity predicted better response. This 
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difference may be due to differences in the primary outcome with Ameis and colleagues 

targeting executive functions and Ni and colleagues focusing on social relating and repetitive 

behaviors. As above, since this trial had a relatively small sample size (20 participants 

in each group), the degree to which these subgroup analyses represent a true predictor of 

response will have to be determined in a larger trial.

rTMS to dlPFC has also led to reduction in irritability in children/adolescents (Baruth et 

al., 2010; Casanova et al., 2012; Casanova et al., 2020; Sokhadze et al., 2010; Sokhadze 

et al., 2009; Sokhadze, El-Baz, Sears, et al., 2014), hyperactivity in children/adolescents 

(Casanova et al., 2020; Sokhadze, El-Baz, Sears, et al., 2014), and co-occurring depression 

in adults with ASD (Gwynette et al., 2020), in open-label trials of variable rTMS protocols. 

Given the open-label methodology and variable parameters used, the degree to which any 

specific protocol may be effective for these symptom domains will require replication in 

larger-scale, randomized, sham-controlled trials.

To date, four preliminary studies from a single lab have examined the use of rTMS to target 

impairments in sensorimotor integration in ASD (Panerai et al., 2014). These investigations 

are also notable for their inclusion of individuals with comorbid intellectual disability. 

Across the series of four small studies (n = 9, 17, 4, and 13), improved performance on 

eye-hand integration was seen following high-frequency stimulation to premotor cortex, and 

further improved when paired with eye-hand integration training.

Transcranial Direct Current Stimulation (tDCS)

Transcranial direct current stimulation (tDCS) is a form of transcranial electrical stimulation 

(tES) that alters cortical excitability through the application of a weak constant electrical 

current. The current is delivered via electrodes placed on the scalp. Unlike TMS, the applied 

current is not strong enough to induce action potentials. The current modulates the electrical 

field impacting surface neurons, increasing or decreasing the probability of neuronal firing 

in the affected area. Anodal stimulation depolarizes neurons leading to an increase in 

the likelihood of firing and cathodal stimulation hyperpolarizes neurons decreasing the 

likelihood of firing (Auvichayapat & Auvichayapat, 2022; Ciechanski & Kirton, 2017; 

Moreno-Duarte et al., 2014; Woods et al., 2016).

The intensity of tDCS is held constant (excluding ramping up and down of the current, 

usually 10-15 seconds) throughout a session and ranges from 0.5 to 2mA for 5-30 minutes. 

Often multiple sessions are applied within one day. Current passes from anode (negative 

pole/−) to cathode (positive pole/+), therefore, anodal versus cathodal (polarity) stimulation 

is determined by the placement of the negative or positive electrode over the target or region 

of interest (ROI). This divides conventional tDCS into three montages: anodal, cathodal, 

and bihemispheric. Anodal stimulation places the anode over the ROI and the cathode at 

a distant or “inert” location; cathodal stimulation reverses this paradigm. In bihemispheric 

stimulation both electrodes are placed on ROIs, the anode over the ROI one is seeking to 

depolarize and the cathode over the location one is seeking to hyperpolarize (Auvichayapat 

& Auvichayapat, 2022; Ciechanski & Kirton, 2017; Moreno-Duarte et al., 2014; Woods 

et al., 2016). Beyond electrode placement, polarity, and intensity - the individuals’ brain 
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state at the time of stimulation is another important factor impacting the effects of tDCS. 

tDCS paired with a task or behavioural intervention is referred to as an “online” design or 

“online” tDCS (Thair et al., 2017). This design allows the investigator to observe the impact 

of stimulation on the task/ behavior and/or the impact of the task or behavior on the brain 

network response to tDCS (Horvath et al., 2014; Li et al., 2019; Nozari et al., 2014; Parmar 

et al., 2021).

Safety of tDCS

tDCS has been shown to be both safe and tolerable across the age-span in research settings 

(Bikson et al., 2016; Buchanan et al., 2021; Zewdie et al., 2020) and at home in recent trials 

of remotely supervised at-home devices (Cappon et al., 2021; Pilloni et al., 2022; Shaw et 

al., 2020; Simpson et al., 2022). Common reported side effects of tDCS are all considered 

mild and include sensations (i.e., tingling, itching, and mild burning) and redness at the 

stimulation site. Uncommon side effects include headaches, nausea, small blistering at the 

stimulation site, mood changes, difficulty concentrating, and transient changes in attention 

and memory (Auvichayapat & Auvichayapat, 2022; Buchanan et al., 2021; Zewdie et al., 

2020). The largest tDCS safety data set, composed of >2800 tDCS sessions across ~500 

children, was aggregated by Bikson and colleagues (Bikson et al., 2016) and found no 

serious adverse effects and low dropout rates across the studies. The estimated prevalence 

and quality of the side effect profile of tDCS, however, is limited by the small sample sizes 

of the studies. More recently, Zewdie et al (Zewdie et al., 2020) aggregated a decade of 

brain stimulation data from a single clinic representing 92 children who combined received 

612 sessions of tDCS primarily over the primary motor cortex (n=48 typically developing, 

n=43 with perinatal stroke, n=1 with schizophrenia). Anodal, cathodal, and high-density 

tDCS (HD-tDCS) approaches were conducted with 1mA median dose of electrical current 

(range 1-2mA). All sessions were 20 minutes in duration. There were no dropouts or serious 

adverse effects reported and individuals ranked the experience as highly tolerable, between 

“attending a birthday party” and a “long car ride”. Itching and burning sensations under 

the stimulation site was the most reported side effect, followed by tingling. Headache, neck 

pain, lightheadedness (without altered consciousness), and nausea were also reported at 

lower rates. Given the minor and transient nature of side effects, tDCS trials often carry a 

“nonsignificant risk” designation (Fregni et al., 2021).

Efficacy of tDCS

It is hypothesized that tDCS may modulate network activity via processes such as regulation 

of synaptic plasticity (Hameed et al., 2017), increased synaptogenesis (Auvichayapat et al., 

2020), and promotion of cortical meta-plasticity (Monai et al., 2016). Therefore, similar 

to TMS, tDCS has been investigated as a possible tool in the treatment of ASD by 

targeting these putative pathophysiological mechanisms. Like TMS, an obstacle to the broad 

dissemination of tDCS as a clinical treatment is the variability in methodology and response 

across studies. The heterogeneity of ASD and the small study sample sizes are recognized 

and established factors. Other contributors include differences in outcome measures, current 

intensity, electrode placement, stimulation sites, and the state of the targeted network at the 

time of stimulation.
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While current is held steady and the range across investigations is relatively small, 0.5-2mA, 

utilizing computer modeling to map the electrical field may aid researchers in optimizing 

current delivery, not only individualized stimulation locations but also current intensity. As 

current travels from anode to cathode, the path taken can be influenced by the different 

resistance properties of the skin, bone, and underlying fluid and tissues. Therefore, utilizing 

E-field modeling programs, such as simNIBS, mapping and/or optimizing the current to the 

individual can be achieved by taking these physical factors into account (Saturnino et al., 

2015; Truong & Bikson, 2018). Additionally, as the current travels the cortical tissue along 

the path is impacted. One must remember that the sites directly under the electrodes are 

not the only neurons exposed to current. Therefore, electrode placement is important as it 

greatly influences the path.

A majority of tDCS studies in ASD target the dlPFC. As reviewed in Garcia-Gonzalez 

et al. and Khaleghi et al (Garcia-Gonzalez et al., 2021; Khaleghi et al., 2020) anodal 

stimulation of dlPFC was successfully investigated in language (improved syntax acquisition 

in minimally verbal children with ASD)(Schneider & Hopp, 2011), working memory 

(increase in performance) (van Steenburgh et al., 2017), and autistic symptoms and 

behaviors(Amatachaya et al., 2014; Amatachaya et al., 2015; Gomez et al., 2017; Hadoush 

et al., 2020). In more recent investigations of dlPFC stimulation, Qiu et al. (Qiu et al., 2021) 

conducted a randomized, parallel-group, sham-controlled investigation of multi-session (15 

sessions over 3 weeks) anodal left dlPFC tDCS stimulation in young children (2-6 years old) 

with ASD (n=20 per group). They noted no difference in improvements in ASD symptom 

severity between groups. However, in the within group analysis significant decreases (p < 

0.05) in symptom severity were observed in the active group, but not in the sham group. 

Improvements in sleep habits were also observed. In 2022, Auvichayapat and colleagues 

investigated the efficacy of anodal tDCS of the left dlPFC in young children with ASD 

(up to 2 years 11 months). They randomized the participants to receive sham, five, or 20 

tDCS sessions concurrent with a behavioral intervention. They observed superior effects 

of five and 20 sessions versus sham with the concurrent behavioral intervention, with no 

difference between 5 and 20 sessions (Auvichayapat & Auvichayapat, 2022). Zemestani et 

al. (Zemestani et al., 2022) conducted a randomized, sham-controlled, and parallel-group 

study of children 7-12 years old with ASD (n=17 and 15 in active and sham groups 

respectively). Participants received ten sessions (15 minutes) of active or sham bilateral 

dlPFC (left anodal/right cathodal) stimulation over five weeks. Significant improvements 

were noted in the active tDCS group as compared to the sham in ASD symptom severity, 

theory of mind (ToM), and emotion regulation following treatment. Additionally, in 2023, 

a larger tDCS study with 105 (87 completed entire protocol) ASD individuals (14-21 

years) was conducted by Han and colleagues (Han et al., 2023). This was a triple-arm 

(active, sham, waitlist control), double-blind RCT investigating 10 sessions of left cathodal 

dlPFC online tDCS. Concurrent with stimulation, individuals completed a cognitive training 

package that included games targeting cognitive flexibility, interference control, visual 

information processing, and working memory. Improvements were noted in the active tDCS 

group in social functioning and RRBs with medium and large effect sizes respectively.

Social cognition and information processing, including ToM, have also been targeted via 

stimulation of right temporoparietal junction (rTPJ) (Esse Wilson, Trumbo, et al., 2018) and 
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the ventromedial prefrontal cortex (vmPFC) (Salehinejad et al., 2021). Indeed, Salehinejad 

and colleagues found that a single online (ToM Test) session (20 minutes) of anodal vmPFC 

stimulation had better outcomes as compared to anodal rTPJ stimulation or sham in children 

with ASD (n=16) in a randomized, sham-controlled crossover study. Parmar et al (Parmar 

et al., 2021) recently reported a null finding in a recent randomized, sham-controlled, 

crossover trial of multiple sessions (20 minutes over four consecutive days) of online 

(Stop Task) anodal tDCS over the right ventrolateral prefrontal cortex (vlPFC) targeting 

cognitive inflexibility in adolescents and young adults with ASD (n=12). These two small-

sample studies differed in their target (rTPJ versus vlPFC), behavioral domain (ToM versus 

cognitive inflexibility). Thus, the source of the variability in outcome is unclear.

Future Directions

There are currently numerous gaps in the literature. Properly designed and powered, 

randomized, controlled, and blinded investigations are lacking and are the gold standard 

for establishing safety and efficacy of a novel treatment. Such trials are needed for the 

FDA to expand (rTMS) or establish (tDCS) labels to include ASD and to support broad 

off-label use. The regulatory pathway to FDA clearance often takes years to accumulate 

sufficient data for safety and efficacy and can be a costly process. Thus, advising against 

expedited clinical implementation of NIBS interventions before these trials have been 

conducted is admittedly difficult in the context of accumulating pressure from parents and 

clinicians for additional therapeutic options. A cursory google search conducted on April 

10, 2023, resulted in dozens of clinics offering “off-label” NIBS interventions for ASD. 

However, as this is off-label, insurance will likely not cover these treatments, which can cost 

approximately $6,000-$12,000 per treatment course.

Building upon early promising results and recognition of the benefits of collaboration, in 

2014, an international consensus group for TMS in ASD was convened composed of leaders 

in the field of neuromodulation and neurodevelopmental disorders and sponsored by the 

Clearly Present Foundation (https://clearlypresent.org/) of which the co-authors (LO and SF) 

are members. The importance of forming research groups and establishing collaborations 

are noted by three published consensus statements that call for definitive studies of the 

safety and efficacy of rTMS in ASD, and careful consideration of stimulation sites, outcome 

measures, reporter bias, and clinical heterogeneity when designing rTMS trials (Cole et al., 

2019; Oberman et al., 2014; Oberman et al., 2016).

Since convening the international consensus group, one large-scale, multisite, randomized 

trial has been initiated (Enticott et al., 2021). Results are expected in early 2025. This trial 

will evaluate the safety and efficacy of 20 daily sessions of iTBS to the rTPJ in an effort 

to improve social communication deficits in 150 adolescents and adults with ASD. Similar 

large-scale rTMS or tDCS studies for other behavioral domains await further clarification on 

the pathophysiology underlying other symptom domains, biomarkers of clinical severity and 

response variability, and commitment of substantial funding from either private or public 

sources.

Oberman et al. Page 8

Autism Res. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clearlypresent.org/


Computational models and analysis techniques applied to both rTMS and tDCS (e.g., 

(Antonenko et al., 2021; Bestmann, 2015; Minhas et al., 2012)) and “big data” meta-

analyses (e.g., (Corp et al., 2020; Medaglia et al., 2020) as has begun to be done in rTMS) 

may be useful to inform the selection of stimulation parameters and target sites for future 

trials. Additionally, establishing valid and reproducible biomarkers that can predict likely 

responders to NIBS could help to stratify and enrich samples for those who will most benefit 

(e.g., (D'Urso et al., 2017; Fidalgo et al., 2014; Garnaat et al., 2019).

Understanding the impact and controlling for ongoing brain state and dynamics on 

stimulation is also critical in reducing response variability. Guerra et al. (Guerra et al., 2020) 

and Zrenner et al. (Zrenner et al., 2018) showed that stimulating “at the right time” when 

the targeted network is most likely to respond enhances neuromodulation effects. Pairing 

neuroimaging techniques, such as EEG or fMRI, with brain stimulation can assist in timing 

stimulation to an optimal brain state. TMS or tDCS (Leite et al., 2017; Martens et al., 2021) 

paired with electroencephalography (EEG), which measures ongoing neural activity at a 

millisecond timescale, can also synchronize stimulation to an optimal brain state (Zrenner 

et al., 2018). In both TMS and tDCS a targeted network can be excited or inhibited by an 

ongoing task or intervention concurrent with the NIBS intervention (Esse Wilson, Quinn, et 

al., 2018; Esse Wilson, Trumbo, et al., 2018; Li et al., 2019; Parmar et al., 2021; Salehinejad 

et al., 2021; Sathappan et al., 2019).

Given the varied presentation of ASD, investigators are expanding potential target sites to 

address different deficits and domains across phenotypic groups. An excitatory/inhibitory 

imbalance has been observed in ASD individuals (Rubenstein & Merzenich, 2003), 

including reduced numbers of Purkinje cells, the inhibitory neurons of the cerebellum 

(Arin et al., 1991). Recently, D’Urso and colleagues (D'Urso et al., 2021) targeted the 

cerebellum in an open-label pilot study in six children with ASD (20 min, 1.0mA 

cathodal stimulation to the right cerebellar hemisphere, 20 daily sessions over four 

weeks). They noted improvements in ASD symptoms, including social withdrawal and 

irritability. Additionally, in an individual comorbid for Tics, they noted a decrease in 

tic severity and in the individual with comorbid epilepsy, a reduction in seizures. These 

findings justify further investigation into this region as a possible treatment target. As 

mentioned above, computational investigations can aid in identification of new targets 

streamlining the investigative process. In addition to the future directions above, specific 

to tDCS and touched upon earlier, further investigations into the use of at-home devices 

should be conducted. Mandated temporary holds on “nonessential” medical procedures and 

appointments during the early months of the novel coronavirus disease 2019 (COVID-19) 

pandemic in spring of 2020, magnified the need to increase accessibility (e.g., city versus 

rural, outside of clinic and school hours) and alternative options to certain in-clinic treatment 

procedures. This event accelerated investigations into the use of at-home tDCS devices 

(Charvet et al., 2015; Charvet et al., 2020). The use of these devices has proven feasible and 

safe in both adults and children (Cappon et al., 2021; Pilloni et al., 2022; Simpson et al., 

2022).

As research groups and clinics around the world increase their acceptance of NIBS 

techniques as promising scientific and therapeutic tools, it is important to be cognizant 
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of not only their potential, but also the limitations of the existing literature on the safety and 

efficacy of various NIBS protocols. More research aimed at the discovery and optimization 

of parameters for modulating the brain that has an altered developmental trajectory is needed 

to address these gaps.

Acknowledgments:

This work was supported by the NIMH Intramural Research Program (ZIAMH002955).

Data Availability Statement:

No datasets were generated or analyzed as part of this commentary.

References

Abujadi C, Croarkin PE, Bellini BB, Brentani H, & Marcolin MA (2018). Intermittent theta-burst 
transcranial magnetic stimulation for autism spectrum disorder: an open-label pilot study. Braz J 
Psychiatry, 40(3), 309–311. 10.1590/1516-4446-2017-2279 [PubMed: 29236921] 

Allen CH, Kluger BM, & Buard I (2017). Safety of Transcranial Magnetic Stimulation in Children: A 
Systematic Review of the Literature. Pediatr Neurol, 68, 3–17. 10.1016/j.pediatrneurol.2016.12.009 
[PubMed: 28216033] 

Amatachaya A, Auvichayapat N, Patjanasoontorn N, Suphakunpinyo C, Ngernyam N, Aree-Uea 
B, Keeratitanont K, & Auvichayapat P (2014). Effect of anodal transcranial direct current 
stimulation on autism: a randomized double-blind crossover trial. Behav Neurol, 2014, 173073. 
10.1155/2014/173073 [PubMed: 25530675] 

Amatachaya A, Jensen MP, Patjanasoontorn N, Auvichayapat N, Suphakunpinyo C, Janjarasjitt S, 
Ngernyam N, Aree-uea B, & Auvichayapat P (2015). The short-term effects of transcranial direct 
current stimulation on electroencephalography in children with autism: a randomized crossover 
controlled trial. Behav Neurol, 2015, 928631. 10.1155/2015/928631 [PubMed: 25861158] 

Ameis SH, Blumberger DM, Croarkin PE, Mabbott DJ, Lai MC, Desarkar P, Szatmari P, & Daskalakis 
ZJ (2020). Treatment of Executive Function Deficits in autism spectrum disorder with repetitive 
transcranial magnetic stimulation: A double-blind, sham-controlled, pilot trial. Brain Stimul, 13(3), 
539–547. 10.1016/j.brs.2020.01.007 [PubMed: 32289673] 

Antonenko D, Grittner U, Saturnino G, Nierhaus T, Thielscher A, & Floel A (2021). Inter-individual 
and age-dependent variability in simulated electric fields induced by conventional transcranial 
electrical stimulation. Neuroimage, 224, 117413. 10.1016/j.neuroimage.2020.117413 [PubMed: 
33011418] 

Arin DM, Bauman ML, & Kemper TL (1991). The distribution of Purkinje cell loss in the cerebellum 
in autism. Neurology, 41, 307.

Auvichayapat N, & Auvichayapat P (2022). Transcranial Direct Current Stimulation in Treatment 
of Child Neuropsychiatric Disorders: Ethical Considerations. Front Hum Neurosci, 16, 842013. 
10.3389/fnhum.2022.842013 [PubMed: 35874159] 

Auvichayapat N, Patjanasoontorn N, Phuttharak W, Suphakunpinyo C, Keeratitanont K, 
Tunkamnerdthai O, Aneksan B, Klomjai W, Boonphongsathian W, Sinkueakunkit A, Punjaruk 
W, Tiamkao S, & Auvichayapat P (2020). Brain Metabolite Changes After Anodal Transcranial 
Direct Current Stimulation in Autism Spectrum Disorder. Front Mol Neurosci, 13, 70. 10.3389/
fnmol.2020.00070 [PubMed: 32581703] 

Baruth JM, Casanova MF, El-Baz A, Horrell T, Mathai G, Sears L, & Sokhadze E (2010). Low-
Frequency Repetitive Transcranial Magnetic Stimulation (rTMS) Modulates Evoked-Gamma 
Frequency Oscillations in Autism Spectrum Disorder (ASD). J Neurother, 14(3), 179–194. 
10.1080/10874208.2010.501500 [PubMed: 21116441] 

Bestmann S. (2015). Computational neurostimulation in basic and translational research. Prog Brain 
Res, 222, xv–xx. 10.1016/S0079-6123(15)00159-4 [PubMed: 26541385] 

Oberman et al. Page 10

Autism Res. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Beynel L, Powers JP, & Appelbaum LG (2020). Effects of repetitive transcranial magnetic 
stimulation on resting-state connectivity: A systematic review. Neuroimage, 211, 116596. 10.1016/
j.neuroimage.2020.116596 [PubMed: 32014552] 

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 (2016). Safety of Transcranial 
Direct Current Stimulation: Evidence Based Update 2016. Brain Stimul, 9(5), 641–661. 10.1016/
j.brs.2016.06.004 [PubMed: 27372845] 

Buchanan DM, Bogdanowicz T, Khanna N, Lockman-Dufour G, Robaey P, & D'Angiulli A (2021). 
Systematic Review on the Safety and Tolerability of Transcranial Direct Current Stimulation in 
Children and Adolescents. Brain Sci, 11(2). 10.3390/brainsci11020212

Cappon D, den Boer T, Jordan C, Yu W, Lo A, LaGanke N, Biagi MC, Skorupinski P, Ruffini 
G, Morales O, Metzger E, Manor B, & Pascual-Leone A (2021). Safety and Feasibility of Tele-
Supervised Home-Based Transcranial Direct Current Stimulation for Major Depressive Disorder. 
Front Aging Neurosci, 13, 765370. 10.3389/fnagi.2021.765370 [PubMed: 35185515] 

Casanova MF, Baruth JM, El-Baz A, Tasman A, Sears L, & Sokhadze E (2012). Repetitive 
Transcranial Magnetic Stimulation (rTMS) Modulates Event-Related Potential (ERP) Indices 
of Attention in Autism. Transl Neurosci, 3(2), 170–180. 10.2478/s13380-012-0022-0 [PubMed: 
24683490] 

Casanova MF, Hensley MK, Sokhadze EM, El-Baz AS, Wang Y, Li X, & Sears L (2014). Effects of 
weekly low-frequency rTMS on autonomic measures in children with autism spectrum disorder. 
Front Hum Neurosci, 8, 851. 10.3389/fnhum.2014.00851 [PubMed: 25374530] 

Casanova MF, Shaban M, Ghazal M, El-Baz AS, Casanova EL, Opris I, & Sokhadze EM 
(2020). Effects of Transcranial Magnetic Stimulation Therapy on Evoked and Induced 
Gamma Oscillations in Children with Autism Spectrum Disorder. Brain Sci, 10(7). 10.3390/
brainsci10070423

Charvet LE, Kasschau M, Datta A, Knotkova H, Stevens MC, Alonzo A, Loo C, Krull KR, & Bikson 
M (2015). Remotely-supervised transcranial direct current stimulation (tDCS) for clinical trials: 
guidelines for technology and protocols. Front Syst Neurosci, 9, 26. 10.3389/fnsys.2015.00026 
[PubMed: 25852494] 

Charvet LE, Shaw MT, Bikson M, Woods AJ, & Knotkova H (2020). Supervised transcranial direct 
current stimulation (tDCS) at home: A guide for clinical research and practice. Brain Stimul, 
13(3), 686–693. 10.1016/j.brs.2020.02.011 [PubMed: 32289698] 

Chen R, Classen J, Gerloff C, Celnik P, Wassermann EM, Hallett M, & Cohen LG (1997). Depression 
of motor cortex excitability by low-frequency transcranial magnetic stimulation. Neurology, 48(5), 
1398–1403. 10.1212/wnl.48.5.1398 [PubMed: 9153480] 

Chiramberro M, Lindberg N, Isometsa E, Kahkonen S, & Appelberg B (2013). Repetitive transcranial 
magnetic stimulation induced seizures in an adolescent patient with major depression: a case 
report. Brain Stimul, 6(5), 830–831. 10.1016/j.brs.2013.02.003

Ciechanski P, & Kirton A (2017). Transcranial Direct-Current Stimulation Can Enhance Motor 
Learning in Children. Cereb Cortex, 27(5), 2758–2767. 10.1093/cercor/bhw114 [PubMed: 
27166171] 

Cole EJ, Enticott PG, Oberman LM, Gwynette MF, Casanova MF, Jackson SLJ, Jannati A, McPartland 
JC, Naples AJ, Puts NAJ, & r, T. M. S. i. A. S. D. C. G. (2019). The Potential of Repetitive 
Transcranial Magnetic Stimulation for Autism Spectrum Disorder: A Consensus Statement. Biol 
Psychiatry, 85(4), e21–e22. 10.1016/j.biopsych.2018.06.003 [PubMed: 30103951] 

Corp DT, Bereznicki HGK, Clark GM, Youssef GJ, Fried PJ, Jannati A, Davies CB, Gomes-Osman 
J, Stamm J, Chung SW, Bowe SJ, Rogasch NC, Fitzgerald PB, Koch G, Di Lazzaro V, Pascual-
Leone A, Enticott PG, & Big, T. M. S. D. C. (2020). Large-scale analysis of interindividual 
variability in theta-burst stimulation data: Results from the 'Big TMS Data Collaboration'. Brain 
Stimul, 13(5), 1476–1488. 10.1016/j.brs.2020.07.018 [PubMed: 32758665] 

Cullen KR, Jasberg S, Nelson B, Klimes-Dougan B, Lim KO, & Croarkin PE (2016). Seizure Induced 
by Deep Transcranial Magnetic Stimulation in an Adolescent with Depression. J Child Adolesc 
Psychopharmacol, 26(7), 637–641. 10.1089/cap.2016.0070 [PubMed: 27447245] 

Oberman et al. Page 11

Autism Res. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



D'Urso G, Dell'Osso B, Rossi R, Brunoni AR, Bortolomasi M, Ferrucci R, Priori A, de Bartolomeis 
A, & Altamura AC (2017). Clinical predictors of acute response to transcranial direct current 
stimulation (tDCS) in major depression. J Affect Disord, 219, 25–30. 10.1016/j.jad.2017.05.019 
[PubMed: 28505499] 

D'Urso G, Toscano E, Sanges V, Sauvaget A, Sheffer CE, Riccio MP, Ferrucci R, Iasevoli F, Priori 
A, Bravaccio C, & de Bartolomeis A (2021). Cerebellar Transcranial Direct Current Stimulation 
in Children with Autism Spectrum Disorder: A Pilot Study on Efficacy, Feasibility, Safety, and 
Unexpected Outcomes in Tic Disorder and Epilepsy. J Clin Med, 11(1). 10.3390/jcm11010143

Enticott PG, Barlow K, Guastella AJ, Licari MK, Rogasch NC, Middeldorp CM, Clark SR, Vallence 
AM, Boulton KA, Hickie IB, Whitehouse AJO, Galletly C, Alvares GA, Fujiyama H, Heussler 
H, Craig JM, Kirkovski M, Mills NT, Rinehart NJ, Donaldson PH, Ford TC, Caeyenberghs K, 
Albein-Urios N, Bekkali S, & Fitzgerald PB (2021). Repetitive transcranial magnetic stimulation 
(rTMS) in autism spectrum disorder: protocol for a multicentre randomised controlled clinical 
trial. BMJ Open, 11(7), e046830. 10.1136/bmjopen-2020-046830

Enticott PG, Fitzgibbon BM, Kennedy HA, Arnold SL, Elliot D, Peachey A, Zangen A, & Fitzgerald 
PB (2014). A double-blind, randomized trial of deep repetitive transcranial magnetic stimulation 
(rTMS) for autism spectrum disorder. Brain Stimul, 7(2), 206–211. 10.1016/j.brs.2013.10.004 
[PubMed: 24280031] 

Esse Wilson J, Quinn DK, Wilson JK, Garcia CM, & Tesche CD (2018). Transcranial Direct Current 
Stimulation to the Right Temporoparietal Junction for Social Functioning in Autism Spectrum 
Disorder: A Case Report. J ECT, 34(1), e10–e13. 10.1097/YCT.0000000000000445 [PubMed: 
28825927] 

Esse Wilson J, Trumbo MC, Wilson JK, & Tesche CD (2018). 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), 125(12), 1857–1866. 10.1007/
s00702-018-1938-5 [PubMed: 30341695] 

Fidalgo TM, Morales-Quezada JL, Muzy GS, Chiavetta NM, Mendonca ME, Santana MV, 
Goncalves OF, Brunoni AR, & Fregni F (2014). Biological markers in noninvasive brain 
stimulation trials in major depressive disorder: a systematic review. J ECT, 30(1), 47–61. 10.1097/
YCT.0b013e31828b34d8 [PubMed: 23845938] 

Fregni F, El-Hagrassy MM, Pacheco-Barrios K, Carvalho S, Leite J, Simis M, Brunelin J, 
Nakamura-Palacios EM, Marangolo P, Venkatasubramanian G, San-Juan D, Caumo W, Bikson 
M, Brunoni AR, & Neuromodulation Center Working, G. (2021). Evidence-Based Guidelines and 
Secondary Meta-Analysis for the Use of Transcranial Direct Current Stimulation in Neurological 
and Psychiatric Disorders. Int J Neuropsychopharmacol, 24(4), 256–313. 10.1093/ijnp/pyaa051 
[PubMed: 32710772] 

Garcia-Gonzalez S, Lugo-Marin J, Setien-Ramos I, Gisbert-Gustemps L, Arteaga-Henriquez G, 
Diez-Villoria E, & Ramos-Quiroga JA (2021). Transcranial direct current stimulation in Autism 
Spectrum Disorder: A systematic review and meta-analysis. Eur Neuropsychopharmacol, 48, 89–
109. 10.1016/j.euroneuro.2021.02.017 [PubMed: 33773886] 

Garnaat SL, Fukuda AM, Yuan S, & Carpenter LL (2019). Identification of Clinical Features 
and Biomarkers that may inform a Personalized Approach to rTMS for Depression. Pers Med 
Psychiatry, 17-18, 4–16. 10.1016/j.pmip.2019.09.001 [PubMed: 33954269] 

Gomez L, Vidal B, Maragoto C, Morales LM, Berrillo S, Vera Cuesta H, Baez M, Denis M, Marin 
T, Cabrera Y, Sanchez A, Alarcon C, Selguera M, Llanez Y, Dieguez L, & Robinson M (2017). 
Non-Invasive Brain Stimulation for Children with Autism Spectrum Disorders: A Short-Term 
Outcome Study. Behav Sci (Basel), 7(3). 10.3390/bs7030063

Guerra A, Lopez-Alonso V, Cheeran B, & Suppa A (2020). Solutions for managing variability in 
non-invasive brain stimulation studies. Neurosci Lett, 719, 133332. 10.1016/j.neulet.2017.12.060 
[PubMed: 29294334] 

Gwynette MF, Lowe DW, Henneberry EA, Sahlem GL, Wiley MG, Alsarraf H, Russo SB, Joseph 
JE, Summers PM, Lohnes L, & George MS (2020). Treatment of Adults with Autism and 
Major Depressive Disorder Using Transcranial Magnetic Stimulation: An Open Label Pilot Study. 
Autism Res, 13(3), 346–351. 10.1002/aur.2266 [PubMed: 31944611] 

Oberman et al. Page 12

Autism Res. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hadoush H, Nazzal M, Almasri NA, Khalil H, & Alafeef M (2020). Therapeutic Effects of Bilateral 
Anodal Transcranial Direct Current Stimulation on Prefrontal and Motor Cortical Areas in 
Children with Autism Spectrum Disorders: A Pilot Study. Autism Res, 13(5), 828–836. 10.1002/
aur.2290 [PubMed: 32149480] 

Hallett M. (2000). Transcranial magnetic stimulation and the human brain. Nature, 406(6792), 147–
150. 10.1038/35018000 [PubMed: 10910346] 

Hameed MQ, Dhamne SC, Gersner R, Kaye HL, Oberman LM, Pascual-Leone A, & Rotenberg A 
(2017). Transcranial Magnetic and Direct Current Stimulation in Children. Curr Neurol Neurosci 
Rep, 17(2), 11. 10.1007/s11910-017-0719-0 [PubMed: 28229395] 

Han YM, Chan MM, Shea CK, Mo FY, Yiu KW, Chung RC, Cheung MC, & Chan AS (2023). Effects 
of prefrontal transcranial direct current stimulation on social functioning in autism spectrum 
disorder: A randomized clinical trial. Autism, 13623613231169547. 10.1177/13623613231169547

Hawco C, Voineskos AN, Steeves JKE, Dickie EW, Viviano JD, Downar J, Blumberger DM, 
& Daskalakis ZJ (2018). Spread of activity following TMS is related to intrinsic resting 
connectivity to the salience network: A concurrent TMS-fMRI study. Cortex, 108, 160–172. 
10.1016/j.cortex.2018.07.010 [PubMed: 30195825] 

Horvath JC, Carter O, & Forte JD (2014). Transcranial direct current stimulation: five important 
issues we aren't discussing (but probably should be). Front Syst Neurosci, 8, 2. 10.3389/
fnsys.2014.00002 [PubMed: 24478640] 

Hu SH, Wang SS, Zhang MM, Wang JW, Hu JB, Huang ML, Wei N, Zhou WH, Qi HL, Xu WJ, 
& Xu Y (2011). Repetitive transcranial magnetic stimulation-induced seizure of a patient with 
adolescent-onset depression: a case report and literature review. J Int Med Res, 39(5), 2039–2044. 
10.1177/147323001103900552 [PubMed: 22118010] 

Huang YZ, Edwards MJ, Rounis E, Bhatia KP, & Rothwell JC (2005). Theta burst stimulation 
of the human motor cortex. Neuron, 45(2), 201–206. 10.1016/j.neuron.2004.12.033 [PubMed: 
15664172] 

Janicak PG, O'Reardon JP, Sampson SM, Husain MM, Lisanby SH, Rado JT, Heart KL, & Demitrack 
MA (2008). Transcranial magnetic stimulation in the treatment of major depressive disorder: a 
comprehensive summary of safety experience from acute exposure, extended exposure, and during 
reintroduction treatment. J Clin Psychiatry, 69(2), 222–232. 10.4088/jcp.v69n0208 [PubMed: 
18232722] 

Kallel L, & Brunelin J (2020). A Case Report of Transcranial Magnetic Stimulation-Related Seizure 
in a Young Patient With Major Depressive Disorder Receiving Accelerated Transcranial Magnetic 
Stimulation. J ECT, 36(3), e31–e32. 10.1097/YCT.0000000000000666 [PubMed: 32040022] 

Khaleghi A, Zarafshan H, Vand SR, & Mohammadi MR (2020). Effects of Non-invasive 
Neurostimulation on Autism Spectrum Disorder: A Systematic Review. Clin Psychopharmacol 
Neurosci, 18(4), 527–552. 10.9758/cpn.2020.18.4.527 [PubMed: 33124586] 

Kirton A, & Gilbert DL (2016). Pediatric Brain Stimulation: Mapping and Modulating the Developing 
Brain. Elsevier.

Lefaucheur JP, Aleman A, Baeken C, Benninger DH, Brunelin J, Di Lazzaro V, Filipovic SR, Grefkes 
C, Hasan A, Hummel FC, Jaaskelainen SK, Langguth B, Leocani L, Londero A, Nardone R, 
Nguyen JP, Nyffeler T, Oliveira-Maia AJ, Oliviero A, Padberg F, Palm U, Paulus W, Poulet 
E, Quartarone A, Rachid F, Rektorova I, Rossi S, Sahlsten H, Schecklmann M, Szekely D, & 
Ziemann U (2020). Evidence-based guidelines on the therapeutic use of repetitive transcranial 
magnetic stimulation (rTMS): An update (2014-2018). Clin Neurophysiol, 131(2), 474–528. 
10.1016/j.clinph.2019.11.002 [PubMed: 31901449] 

Leite J, Morales-Quezada L, Carvalho S, Thibaut A, Doruk D, Chen CF, Schachter SC, Rotenberg 
A, & Fregni F (2017). Surface EEG-Transcranial Direct Current Stimulation (tDCS) Closed-Loop 
System. Int J Neural Syst, 27(6), 1750026. 10.1142/S0129065717500265 [PubMed: 28587498] 

Lerner AJ, Wassermann EM, & Tamir DI (2019). Seizures from transcranial magnetic stimulation 
2012-2016: Results of a survey of active laboratories and clinics. Clin Neurophysiol, 130(8), 
1409–1416. 10.1016/j.clinph.2019.03.016 [PubMed: 31104898] 

Li LM, Violante IR, Leech R, Ross E, Hampshire A, Opitz A, Rothwell JC, Carmichael DW, & Sharp 
DJ (2019). Brain state and polarity dependent modulation of brain networks by transcranial direct 
current stimulation. Hum Brain Mapp, 40(3), 904–915. 10.1002/hbm.24420 [PubMed: 30378206] 

Oberman et al. Page 13

Autism Res. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Machii K, Cohen D, Ramos-Estebanez C, & Pascual-Leone A (2006). Safety of rTMS to non-motor 
cortical areas in healthy participants and patients. Clin Neurophysiol, 117(2), 455–471. 10.1016/
j.clinph.2005.10.014 [PubMed: 16387549] 

Martens G, Ibanez-Soria D, Barra A, Soria-Frisch A, Piarulli A, Gosseries O, Salvador R, Rojas 
A, Nitsche MA, Kroupi E, Laureys S, Ruffini G, & Thibaut A (2021). A novel closed-loop 
EEG-tDCS approach to promote responsiveness of patients in minimally conscious state: A study 
protocol. Behav Brain Res, 409, 113311. 10.1016/j.bbr.2021.113311 [PubMed: 33878429] 

Medaglia JD, Erickson B, Zimmerman J, & Kelkar A (2020). Personalizing neuromodulation. Int J 
Psychophysiol, 154, 101–110. 10.1016/j.ijpsycho.2019.01.002 [PubMed: 30685229] 

Minhas P, Bikson M, Woods AJ, Rosen AR, & Kessler SK (2012). Transcranial direct current 
stimulation in pediatric brain: a computational modeling study. Annu Int Conf IEEE Eng Med 
Biol Soc, 2012, 859–862. 10.1109/EMBC.2012.6346067 [PubMed: 23366028] 

Monai H, Ohkura M, Tanaka M, Oe Y, Konno A, Hirai H, Mikoshiba K, Itohara S, Nakai J, Iwai 
Y, & Hirase H (2016). Calcium imaging reveals glial involvement in transcranial direct current 
stimulation-induced plasticity in mouse brain. Nat Commun, 7, 11100. 10.1038/ncomms11100 
[PubMed: 27000523] 

Moreno-Duarte I, Morse LR, Alam M, Bikson M, Zafonte R, & Fregni F (2014). Targeted therapies 
using electrical and magnetic neural stimulation for the treatment of chronic pain in spinal cord 
injury. Neuroimage, 85 Pt 3, 1003–1013. 10.1016/j.neuroimage.2013.05.097 [PubMed: 23727533] 

Ni HC, Chen YL, Chao YP, Wu CT, Wu YY, Liang SH, Chin WC, Chou TL, Gau SS, Huang YZ, & 
Lin HY (2021). Intermittent theta burst stimulation over the posterior superior temporal sulcus for 
children with autism spectrum disorder: A 4-week randomized blinded controlled trial followed by 
another 4-week open-label intervention. Autism, 25(5), 1279–1294. 10.1177/1362361321990534 
[PubMed: 33631943] 

Ni HC, Hung J, Wu CT, Wu YY, Chang CJ, Chen RS, & Huang YZ (2017). The Impact of Single 
Session Intermittent Theta-Burst Stimulation over the Dorsolateral Prefrontal Cortex and Posterior 
Superior Temporal Sulcus on Adults with Autism Spectrum Disorder. Front Neurosci, 11, 255. 
10.3389/fnins.2017.00255 [PubMed: 28536500] 

Ni HC, Lin HY, Chen YL, Hung J, Wu CT, Wu YY, Liang HY, Chen RS, Gau SS, & Huang 
YZ (2022). 5-day multi-session intermittent theta burst stimulation over bilateral posterior 
superior temporal sulci in adults with autism-a pilot study. Biomed J, 45(4), 696–707. 10.1016/
j.bj.2021.07.008 [PubMed: 34358713] 

Nozari N, Woodard K, & Thompson-Schill SL (2014). Consequences of cathodal stimulation for 
behavior: when does it help and when does it hurt performance? PLoS One, 9(1), e84338. 10.1371/
journal.pone.0084338 [PubMed: 24409291] 

Oberman LM, & Enticott P (2019). Neurotechnology and Brain Stimulation in Pediatric Psychiatric 
and Neurodevelopmental Disorders Elsevier.

Oberman LM, Enticott PG, Casanova MF, Rotenberg A, Pascual-Leone A, & McCracken JT 
(2014). Transcranial magnetic stimulation (TMS) therapy for autism: an international consensus 
conference held in conjunction with the international meeting for autism research on May 13th and 
14th, 2014. Front Hum Neurosci, 8, 1034. 10.3389/fnhum.2014.01034 [PubMed: 25642178] 

Oberman LM, Enticott PG, Casanova MF, Rotenberg A, Pascual-Leone A, McCracken JT, & Group, T. 
M. S. i. A. C. (2016). Transcranial magnetic stimulation in autism spectrum disorder: Challenges, 
promise, and roadmap for future research. Autism Res, 9(2), 184–203. 10.1002/aur.1567 [PubMed: 
26536383] 

Panerai S, Tasca D, Lanuzza B, Trubia G, Ferri R, Musso S, Alagona G, Di Guardo G, Barone 
C, Gaglione MP, & Elia M (2014). Effects of repetitive transcranial magnetic stimulation 
in performing eye-hand integration tasks: four preliminary studies with children showing low-
functioning autism. Autism, 18(6), 638–650. 10.1177/1362361313495717 [PubMed: 24113340] 

Parmar D, Enticott PG, & Albein-Urios N (2021). Anodal HD-tDCS for cognitive inflexibility 
in autism spectrum disorder: A pilot study. Brain Stimul, 14(5), 1298–1300. 10.1016/
j.brs.2021.08.020 [PubMed: 34450360] 

Pascual-Leone A, Tormos JM, Keenan J, Tarazona F, Canete C, & Catala MD (1998). Study 
and modulation of human cortical excitability with transcranial magnetic stimulation. J Clin 
Neurophysiol, 15(4), 333–343. 10.1097/00004691-199807000-00005 [PubMed: 9736467] 

Oberman et al. Page 14

Autism Res. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Pascual-Leone A, Valls-Sole J, Wassermann EM, & Hallett M (1994). Responses to rapid-rate 
transcranial magnetic stimulation of the human motor cortex. Brain, 117 ( Pt 4), 847–858. 
10.1093/brain/117.4.847 [PubMed: 7922470] 

Pilloni G, Vogel-Eyny A, Lustberg M, Best P, Malik M, Walton-Masters L, George A, Mirza I, 
Zhovtis L, Datta A, Bikson M, Krupp L, & Charvet L (2022). Tolerability and feasibility of 
at-home remotely supervised transcranial direct current stimulation (RS-tDCS): Single-center 
evidence from 6,779 sessions. Brain Stimul, 15(3), 707–716. 10.1016/j.brs.2022.04.014 [PubMed: 
35470019] 

Purushotham A, Sinha VK, Goyal N, & Tikka SK (2018). Intermittent theta burst stimulation induced 
seizure in a child with schizophrenia: A case report. Brain Stimul, 11(6), 1415–1416. 10.1016/
j.brs.2018.09.008 [PubMed: 30245162] 

Qiu J, Kong X, Li J, Yang J, Huang Y, Huang M, Sun B, Su J, Chen H, Wan G, & Kong J 
(2021). Transcranial Direct Current Stimulation (tDCS) over the Left Dorsal Lateral Prefrontal 
Cortex in Children with Autism Spectrum Disorder (ASD). Neural Plast, 2021, 6627507. 
10.1155/2021/6627507 [PubMed: 34257640] 

Rossi S, Antal A, Bestmann S, Bikson M, Brewer C, Brockmoller J, Carpenter LL, Cincotta M, 
Chen R, Daskalakis JD, Di Lazzaro V, Fox MD, George MS, Gilbert D, Kimiskidis VK, Koch G, 
Ilmoniemi RJ, Lefaucheur JP, Leocani L, Lisanby SH, Miniussi C, Padberg F, Pascual-Leone A, 
Paulus W, Peterchev AV, Quartarone A, Rotenberg A, Rothwell J, Rossini PM, Santarnecchi E, 
Shafi MM, Siebner HR, Ugawa Y, Wassermann EM, Zangen A, Ziemann U, Hallett M, & basis 
of this article began with a Consensus Statement from the Ifcn Workshop on "Present, F. o. T. M. 
S. S. E. G. S. O. u. t. A. (2021). Safety and recommendations for TMS use in healthy subjects 
and patient populations, with updates on training, ethical and regulatory issues: Expert Guidelines. 
Clin Neurophysiol, 132(1), 269–306. 10.1016/j.clinph.2020.10.003 [PubMed: 33243615] 

Rubenstein JL, & Merzenich MM (2003). Model of autism: increased ratio of excitation/inhibition 
in key neural systems. Genes Brain Behav, 2(5), 255–267. 10.1034/j.1601-183x.2003.00037.x 
[PubMed: 14606691] 

Salehinejad MA, Paknia N, Hosseinpour AH, Yavari F, Vicario CM, Nitsche MA, & Nejati V (2021). 
Contribution of the right temporoparietal junction and ventromedial prefrontal cortex to theory 
of mind in autism: A randomized, sham-controlled tDCS study. Autism Res, 14(8), 1572–1584. 
10.1002/aur.2538 [PubMed: 34018333] 

Sathappan AV, Luber BM, & Lisanby SH (2019). The Dynamic Duo: Combining noninvasive brain 
stimulation with cognitive interventions. Prog Neuropsychopharmacol Biol Psychiatry, 89, 347–
360. 10.1016/j.pnpbp.2018.10.006 [PubMed: 30312634] 

Saturnino GB, Antunes A, & Thielscher A (2015). On the importance of electrode parameters 
for shaping electric field patterns generated by tDCS. Neuroimage, 120, 25–35. 10.1016/
j.neuroimage.2015.06.067 [PubMed: 26142274] 

Schneider HD, & Hopp JP (2011). 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, 25(6-7), 640–654. 10.3109/02699206.2011.570852 
[PubMed: 21631313] 

Shaw M, Pilloni G, & Charvet L (2020). Delivering Transcranial Direct Current Stimulation Away 
From Clinic: Remotely Supervised tDCS. Mil Med, 185(Suppl 1), 319–325. 10.1093/milmed/
usz348 [PubMed: 32074357] 

Silvanto J, & Pascual-Leone A (2008). State-dependency of transcranial magnetic stimulation. Brain 
Topogr, 21(1), 1–10. 10.1007/s10548-008-0067-0 [PubMed: 18791818] 

Simpson EA, Saiote C, Sutter E, Lench DH, Ikonomidou C, Villegas MA, & Gillick BT (2022). 
Remotely monitored transcranial direct current stimulation in pediatric cerebral palsy: open label 
trial protocol. BMC Pediatr, 22(1), 566. 10.1186/s12887-022-03612-8 [PubMed: 36175848] 

Sokhadze E, Baruth J, Tasman A, Mansoor M, Ramaswamy R, Sears L, Mathai G, El-Baz A, 
& Casanova MF (2010). Low-frequency repetitive transcranial magnetic stimulation (rTMS) 
affects event-related potential measures of novelty processing in autism. Appl Psychophysiol 
Biofeedback, 35(2), 147–161. 10.1007/s10484-009-9121-2 [PubMed: 19941058] 

Sokhadze EM, El-Baz A, Baruth J, Mathai G, Sears L, & Casanova MF (2009). Effects of low 
frequency repetitive transcranial magnetic stimulation (rTMS) on gamma frequency oscillations 

Oberman et al. Page 15

Autism Res. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and event-related potentials during processing of illusory figures in autism. J Autism Dev Disord, 
39(4), 619–634. 10.1007/s10803-008-0662-7 [PubMed: 19030976] 

Sokhadze EM, El-Baz AS, Sears LL, Opris I, & Casanova MF (2014). rTMS neuromodulation 
improves electrocortical functional measures of information processing and behavioral responses 
in autism. Front Syst Neurosci, 8, 134. 10.3389/fnsys.2014.00134 [PubMed: 25147508] 

Sokhadze EM, El-Baz AS, Tasman A, Sears LL, Wang Y, Lamina EV, & Casanova MF (2014). 
Neuromodulation integrating rTMS and neurofeedback for the treatment of autism spectrum 
disorder: an exploratory study. Appl Psychophysiol Biofeedback, 39(3-4), 237–257. 10.1007/
s10484-014-9264-7 [PubMed: 25267414] 

Sokhadze EM, Lamina EV, Casanova EL, Kelly DP, Opris I, Tasman A, & Casanova MF (2018). 
Exploratory Study of rTMS Neuromodulation Effects on Electrocortical Functional Measures of 
Performance in an Oddball Test and Behavioral Symptoms in Autism. Front Syst Neurosci, 12, 20. 
10.3389/fnsys.2018.00020 [PubMed: 29892214] 

Thair H, Holloway AL, Newport R, & Smith AD (2017). Transcranial Direct Current Stimulation 
(tDCS): A Beginner's Guide for Design and Implementation. Front Neurosci, 11, 641. 10.3389/
fnins.2017.00641 [PubMed: 29213226] 

Truong DQ, & Bikson M (2018). Physics of Transcranial Direct Current Stimulation Devices and 
Their History. J ECT, 34(3), 137–143. 10.1097/YCT.0000000000000531 [PubMed: 30095680] 

van Steenburgh JJ, Varvaris M, Schretlen DJ, Vannorsdall TD, & Gordon B (2017). Balanced bifrontal 
transcranial direct current stimulation enhances working memory in adults with high-functioning 
autism: a sham-controlled crossover study. Mol Autism, 8, 40. 10.1186/s13229-017-0152-x 
[PubMed: 28775825] 

Wang T, Huang L, Xu H, Yan L, Wu Q, Shen F, Gu P, Wan Q, & Dong X (2018). Seizure induced 
by repetitive transcranial magnetic stimulation in an adolescent with migraine with aura. Brain 
Stimul, 11(6), 1380–1381. 10.1016/j.brs.2018.07.052 [PubMed: 30078543] 

Woods AJ, Antal A, Bikson M, Boggio PS, Brunoni AR, Celnik P, Cohen LG, Fregni F, Herrmann 
CS, Kappenman ES, Knotkova H, Liebetanz D, Miniussi C, Miranda PC, Paulus W, Priori 
A, Reato D, Stagg C, Wenderoth N, & Nitsche MA (2016). A technical guide to tDCS, and 
related non-invasive brain stimulation tools. Clin Neurophysiol, 127(2), 1031–1048. 10.1016/
j.clinph.2015.11.012 [PubMed: 26652115] 

Zemestani M, Hoseinpanahi O, Salehinejad MA, & Nitsche MA (2022). The impact of prefrontal 
transcranial direct current stimulation (tDCS) on theory of mind, emotion regulation and 
emotional-behavioral functions in children with autism disorder: A randomized, sham-controlled, 
and parallel-group study. Autism Res, 15(10), 1985–2003. 10.1002/aur.2803 [PubMed: 36069668] 

Zewdie E, Ciechanski P, Kuo HC, Giuffre A, Kahl C, King R, Cole L, Godfrey H, Seeger T, 
Swansburg R, Damji O, Rajapakse T, Hodge J, Nelson S, Selby B, Gan L, Jadavji Z, Larson 
JR, MacMaster F, Yang JF, Barlow K, Gorassini M, Brunton K, & Kirton A (2020). Safety 
and tolerability of transcranial magnetic and direct current stimulation in children: Prospective 
single center evidence from 3.5 million stimulations. Brain Stimul, 13(3), 565–575. 10.1016/
j.brs.2019.12.025 [PubMed: 32289678] 

Zrenner C, Desideri D, Belardinelli P, & Ziemann U (2018). Real-time EEG-defined excitability states 
determine efficacy of TMS-induced plasticity in human motor cortex. Brain Stimul, 11(2), 374–
389. 10.1016/j.brs.2017.11.016 [PubMed: 29191438] 

Oberman et al. Page 16

Autism Res. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Lay Summary
	Introduction
	Repetitive Transcranial Magnetic Stimulation rTMS
	Safety of rTMS
	Efficacy of rTMS

	Transcranial Direct Current Stimulation tDCS
	Safety of tDCS
	Efficacy of tDCS

	Future Directions
	References

