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Purpose: Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by impairments in social communication
and stereotyped, repetitive behaviors or interests. Neuromodulation interventions have been employed in ASD, which can improve
behavioral and cognitive outcomes in ASD, especially relief of comorbidities, as shown in preliminary evidence. However, their
efficacy and safety remain unclear owing to the lack of high-quality synthetic evidence. We aim to systematically evaluate the
therapeutic potential of neurostimulation in ASD and explore its underlying mechanisms.

Patients and Methods: A narrative synthesis of peer-reviewed literature from 2000 to 2025 was conducted, sourced from the
PubMed, Web of Science, and Cochrane Library. Seventy-three relevant studies were identified in this paper.

Results: Up to date, noninvasive brain stimulation has become a potential intervention to reduce autism-related symptoms and improve
neuropsychological function in ASDs, while a marked alleviation of comorbidities including aggression, anxiety and epilepsy was observed
following invasive brain stimulation interventions. Both of the neuromodulation techniques are believed to be safe and well-tolerated.
Conclusion: Neuromodulation interventions could be a hopeful option to improve patients’ symptoms and control comorbidities of
ASD. Further high-quality trials should be conducted to optimize long-term prognosis of ASD.

Keywords: autism spectrum disorder, comorbidities, noninvasive brain stimulation, invasive brain stimulation

Introduction
As a neurodevelopmental disorder characterized by impairments in social communication and stereotyped, repetitive
behaviors or interests, autism spectrum disorder (ASD) affects approximately 1/100 children around the world.' Together
with these core symptoms, co-occurring psychiatric or neurological disorders are more common in people with ASD, of
which attention deficit hyperactivity disorder (ADHD), sleep difficulties, anxiety, depression, and epilepsy are fairly
prevalent. Almost 70% of people with ASD experience at least one comorbid psychiatric disorder, whereas nearly 40%
individuals may have two or more psychiatric disorders.” These coexisting disorders significantly contribute to reduced
quality of life and increased mortality of ASDs.

The significant economic effect of ASDs emphasizes the need to explore effective interventions. Now, the major
treatments of ASD are based on psychotherapy, such as early intensive behavioral intervention (EIBI), cognitive
behavioral therapy (CBT), etc., while only small-to-medium effects of improvement have been achieved.> However,

recent decades have witnessed a growing interest in neurostimulation techniques in the treatment of ASD. The
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stimulation techniques can be broadly divided into noninvasive brain stimulation (NIBS) and invasive brain stimulation
(IBS). The procedures of NIBS are safe and well-tolerated and can be performed in ambulatory settings without requiring
sedation. On the other hand, IBS techniques are neurosurgical procedures that implant pulse generators connected to the
vagus nerve or brain structures.

In the neurobiology of ASD, it is believed that alterations in whole-brain connectivity during early neurodevelopment
contribute to neuropsychiatric symptoms.* Some neuroimaging studies have observed abnormal growth in the cortical
surface between 6 and 12 months of age and greater brain volume between 12 and 24 months of age in children who were
later diagnosed with autism.”> Neuropathologic studies have demonstrated the presence of an excitation-inhibition (E/T)
imbalance within the cerebral cortex in ASDs.® Both NIBS and IBS could induce neural activation and modify abnormal
brain activity by the use of electricity, which aligns with the pathological neuroplasticity in children with ASD.
Additionally, as the major excitatory neurotransmitter in central nervous system, glutamate may be a key neurotrans-
mitter involved in ASD, and abnormal increased levels of the amino acid in ASD patients have been described.” Multiple
Ankyrin repeat domains 3 (SHANK3), a post-synaptic protein at excitatory glutamatergic synapses, plays a pivotal role
in ASD symptoms,® and the whole-cell voltage clamp recordings of SHANK3 mutant mice showed that the disruption of
the E/I balance may generally be attributed to an enhancement of the glutamatergic activity.” In 2021, Moxon-Emre et al
found that rTMS treatment course could modulate glutamatergic levels in adults with ASD, which aligned with the
hyperglutamate theory of ASD.'°

Due to a lack of high-quality synthetic evidence, the application of neuromodulation interventions has not been
recommended in the guidelines for ASD. Therefore, a systematic review of the up-to-date literature on the therapeutic
uses of NIBS and IBS in ASD is still warranted. The primary objective of this systematic review is to evaluate the
therapeutic efficacy of NIBS and IBS on core ASD symptoms and common comorbidities in ASDs, and the secondary
objective is to assess the safety and tolerability of the interventions.

Materials and Methods

Study Eligibility

We conducted a systematic review of peer-reviewed international literature, utilizing the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) guidelines.'" A comprehensive literature search was con-
ducted on studies published from January 2000, to December 2024 (updated May 2025), in the PubMed, Web of
Science, and Cochrane Library databases. Search terms indicated the diagnoses and interventions of interest:
[autism OR autism spectrum disorder OR ASD OR autistic disorder OR autistic spectrum disorder OR
Asperger’s syndrome] AND [Transcranial Direct Current Stimulation OR tDCS OR Transcranial Electrical
Stimulation OR Transcranial Alternating Current Stimulation OR Anodal Stimulation tDCS OR Cathodal
Stimulation tDCS OR Repetitive Transcranial Electrical Stimulation]; [autism OR autism spectrum disorder OR
ASD OR autistic disorder OR autistic spectrum disorder OR Asperger’s syndrome] AND [repetitive Transcranial
Magnetic Stimulation OR rTMS OR TMS OR Transcranial Magnetic Stimulation]; [autism OR autism spectrum
disorder OR ASD OR autistic disorder OR autistic spectrum disorder OR Asperger’s syndrome] AND [electro-
convulsive therapy OR ECT OR Electroshock Therapy OR Electric Convulsive Therapy OR Electric Shock
Therapy]; [autism OR autism spectrum disorder OR ASD OR autistic disorder OR autistic spectrum disorder OR
Asperger’s syndrome] AND [Vagus nerve stimulation OR VNS OR Vagal Nerve Stimulation]; [autism OR autism
spectrum disorder OR ASD OR autistic disorder OR autistic spectrum disorder OR Asperger’s syndrome] AND
[Deep brain stimulation OR DBS].

Inclusion Criteria
Articles were included if they met the following criteria: (1) original research in a peer-reviewed journal, (2) the
study sample included individuals with ASD, and (3) investigated noninvasive or invasive neurostimulation
interventions as a therapeutic modality in the management of ASD via open-label trials, controlled trials, or
crossover studies.
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Exclusion Criteria

Articles were excluded if they met the following exclusion criteria: (1) focused on other disorders that were not ASD, (2)
were published in a language other than English, (3) did not include interpretable data, or (4) performed a literature
review or meta-analysis.

Screening and Selection of Studies

According to PRISMA guidelines, the literature was collected, read, screened, and extracted independently by two
persons, following the principles of extraction. We assessed the reference lists of the retrieved papers to ensure that all
relevant articles were included in our review and excluded additional articles that did not meet the inclusion criteria.

Quality Assessment

The selected studies were appraised for quality using the Joanna Briggs Institute (JBI) critical appraisal checklist.'? The
quality appraisal stage was done independently by two authors. The articles were then scored based on their quality scores
and classified as having a quality score of less than 50% (low-quality studies), 50% to 75% (moderate-quality studies), or
greater than 75% (high-quality studies). Due to the limited number of relevant reports, no studies were excluded based on
their quality ratings. However, the quality ratings were used to guide the interpretation of the results.

Data Extraction and Synthesis

Two authors collaborated on each selected article. In cases of disagreement, the decision was made based on the opinion
of a third member in the research team. Extracted contents include basic characteristics of the included literature, such as
author, year, sample size, age, diagnosis, study design, intervention measures, procedure, outcome, and safety assessment
indicators. Extracted data from the studies were analyzed through a narrative synthesis to explore the neuromodulation
options for core symptoms and ASD-related comorbidities given the inclusion of a variety of study designs. We
synthesized the trials grouped by the types of intervention (NIBS including TMS, tDCS, ECT vs IBS including DBS,
VNS). Tables were constructed based on the information extracted, which include key study characteristics such as
population, diagnosis, study design, intervention parameters, sham stimulation methods and outcomes.

Results

Study Characteristics

A total of 1722 records were retrieved through electronic and manual searches. Figure 1 shows a schematic overview of
the study selection process. After removing duplicate results and excluding studies with irrelevant title and abstract, the
results were reduced to 185. The rest of the studies were assessed for eligibility, and a further 112 studies were excluded
for reasons indicated in the PRISMA flow diagram. Finally, 73 articles were included and analyzed in this study after
excluding those records that did not fulfill the inclusion criteria. Of the total 73 articles, 57 studies primarily described
NIBS interventions, and 16 studies described IBS interventions. 27/73 of the included articles were sham-controlled
trials. Others included case reports or reviews of case series. The characteristics, design, technical parameters, and
outcomes of the included studies are shown in Tables 1-4. The quality ratings of included studies are shown in
Appendix 1, Appendix 2 and Appendix 3 in the Supplementary Material. The 25 selected studies were appraised for

quality by utilizing the JBI critical appraisal checklist for randomized control trials (RCTs), 22 selected studies were
appraised for quality and by utilizing the JBI critical appraisal checklist for case reports, 22 selected studies were
appraised for quality by utilizing the JBI critical appraisal checklist for quasi-experimental studies. The majority of the
studies (81%) were of a high-quality, 13 studies (19%) were of a moderate-quality. None of the studies were eliminated
based on methodological quality evaluation outcomes as the authors wanted to compile a comprehensive list of all
potentially effective therapeutic managements.

Regarding the stimulation parameters of TMS and tDCS, there was a large variability. In the NIBS technique, most studies
(31/46) chose the left/right dorsolateral prefrontal cortex (DLPFC) as the stimulation target. Four studies employed theta burst
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Identification of studies via databases and registers
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Figure | PRISMA 2020 flow diagram for systematic reviews which included searches of databases. From: Page M), McKenzie JE, Bossuyt PM, Boutron |, Hoffmann TC,
Mulrow CD et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ 2021;372:n71. doi: 10.1136/bmj.n7IT.

stimulation (TBS) protocols, while the remaining 23 studies utilized more conventional rTMS approaches. The main
stimulation frequencies were set at 0.5—1 Hz, and the duration of the procedure lasted from 2 to 18 weeks.

On the other hand, IBS, including DBS and VNS, mainly targeted improving the therapeutic effects of comorbidities or
specific symptoms in ASD, such as drug-resistant epilepsy and self-injurious behaviors (SIB). A total of seven studies of VNS all
focused on patients with both epilepsy and ASD. In 19 cases that were reported in 9 DBS literatures reviewed, validated targets in
DBS contain the posterior hypothalamus (pHyp; 5/19),”" ventral anterior limb of the internal capsule (VALIC; 3/19),” nucleus
accumbens (NAc; 2/19),”*"* globus pallidus internus (GPi; 2/19),”%”> medial forebrain bundle (MFB; 2/19),”’ ventral capsule
and ventral striatum (VC/VS; 2/19),”® anterior limb of the internal capsule (ALIC; 1/19),”° and basolateral amygdala (1/19).%°

Efficacy

Noninvasive Neurostimulation

TMS

TMS is placed on the human scalp to activate the targeted cortex using rapidly changing extracranial magnetic fields.”®
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Table | Qualitative Summary of TMS Studies with Waitlist or Sham Controls for ASD

Research | N Age | Diagnosis Procedure Outcome
Frequency | Target and Duration | Total
(Hz) Pulses
[13] 13 17.2 | High-functioning 0.5 Left DLPFC, 900 Reduction in repetitive-ritualistic behavior as measured by the repetitive behavior scales
ASD 3IW following rTMS subjects;
higher Gamma induced by the non-target stimuli in autistic subjects compared to controls at all
sites
[14] 25 13.8 | ASD 1.0 Bilaterally DLPFC, 12 1800 Significant improvement in discriminatory gamma activity between relevant and irrelevant visual
\A% stimuli following rTMS;
significant improvement in the responses on behavioral questionnaires including irritability,
repetitive behavior as a result of rTMS
[15] 13 15.6 High-functioning 0.5 Left DLPFC, 900 Significant reduction in early cortical responses to irrelevant stimuli and increase in responses
ASD 3IW to relevant stimuli following low-frequency rTMS
[16] 20 36.6 | Asperger’s 1.0 Bilaterally pars 1800 Naming improved after rTMS of the left pars triangularis as compared with sham stimulation;
syndrome opercularis/triangularis, naming latency lengthened after rTMS of the adjacent left opercularis.
4 W
[17] 45 13 ASD; IQ > 80 1.0 Left DLPFC, 1800 Significant improvement in both N200 and P300 components as a result of rTMS as well as
12 W significant reduction in response errors;
significant reductions in both repetitive behavior and irritability according to clinical behavioral
questionnaires
[18] I 17.55 | High-functioning 1.0 Left MI,/SMA, 3 W 900 Improvement in movement-related electrophysiologic activity following rTMS
ASD/Asperger’s
disorder
[19] 20 13.5 High-functioning 1.0 Bilaterally DLPFC, 1800 Significant post-TMS differences in the response-locked ERP such as ERN and behavioral
ASD 12 W response monitoring measures indicative of improved error monitoring and correction function
[20] 18 13.1 High-functioning 0.5 Bilaterally DLPFC, 2880 Decrease in irritability, hyperactivity, stereotype behavior and compulsive behavior ratings
ASD 18 W following 18 TMS;
a significant increase in cardiac interval variability and a decrease of tonic SCL
[21] 28 18- High-functioning 5.0 Dorsomedial PFC, 2W | 1500 A near significant reduction in self-reported social relating symptoms and socially-related
59 ASD/Asperger’s anxiety for post-treatment assessments
disorder
[22] 45 NR ASD, mental 1.0/8.0 Bilaterally premotor 900 A significant increase in eye—hand performances only when HFrTMS was delivered on the left
retardation cortex, 6 W premotor cortex

(Continued)
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Table 1 (Continued).

Research | N Age | Diagnosis Procedure Outcome
Frequency | Target and Duration | Total
(Hz) Pulses
[23] 54 14.5 ASD 1.0 Bilaterally DLPFC, 3240 Significant decrease in irritability, hyperactivity on the ABC, and stereotypic behaviors on the
18 W RBS-R following rTMS;
ERP changes along with increased centro-parietal P100 and P300 (P3b) to targets are indicative
of more efficient processing of information post-TMS treatment.
[24] 42 14.6 ASD 1.0 Bilaterally DLPFC, 3240 Significant improvements in behavioral and functional outcomes in the TMS-NFB group as
18 W compared to the WTL group
[25] 44 8-19 | ASD 1.0 Bilaterally DLPFC, 3240 Excessive gamma oscillations and larger ERPs in ASD group as compared to the TDC group;
18 W decrease in irritability and hyperactivity scores and repetitive and stereotype behaviors
[26] 27 12.52 | High-functioning 0.5 Bilaterally DLPFC, 2880 Several parental behavioral rating scores improved including stereotypy, hyperactivity and
ASD 18 W inappropriate speech subscales of ABC, and in total score, ritualistic/sameness, stereotypy and
compulsive behavior subscales of RBS-R post-TMS and showed a correlation with autonomic
outcomes
[27] 10 9-17 | ASD; 50 Right DLPFC, 900 Significant improvements in RBS-R, YBOCS, WSCT and total time for completing Stroop test
Impairing restricted 3-I5W following iTBS;
and repetitive participants with lower baseline functioning experienced significant EF improvement in the
behaviors active group.
[28] 124 | 13.1 High-functioning 1.0 DLPFC, 6/12/18 W 180/ Improvement in discrimination between taskrelevant, task-irrelevant illusory figures and motor
ASD session | responses accuracy in an oddball test;
significant reductions in aberrant behavior ratings and in both repetitive and stereotypic
behaviors
[29] 40 | 22.58 | High-functioning 20.0 DLPFC, 4 W 30000 | No significant difference in CANTAB SWM total errors and BRIEF-MCI score;
ASD/Asperger’s significant improvement in EF performance following active rTMS in ASDs with more severe
disorder; adaptive functioning deficits
significant EF
impairment
[30] 4 - ASD 10.0 Left inferior parietal 9000 Trend-level improvements in measures of verbal fluency as well as in social responsiveness at
17 lobe, 3 W follow-up;
a modest improvement in social responsiveness which was sustained after 3 months of follow-
up
[31] 38 14.4 ASD 1.0 Bilaterally DLPFC, 3240 A significant reduction of gamma responses to task-irrelevant stimuli following TMS treatment

18 W

in ASD;

a decrease in irritability, hyperactivity, and repetitive behavior scores
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[32]

[33]

[34]

[35]

[36]

371

[38]

[39]

78

29

56

32

60

25.5

8-17

18-
50
6.34

7.2/
7.8

227

7-12

8-30

ASD,

major depressive
disorder

ASD

High-functioning
ASD
ASD

ASD, intellectual
disability

(IQ < 70)
ASD

ASD

ASD

10.0

50.0

20.0

50.0

5.0

50.0

Left DLPFC,
25 sessions

Bilateral posterior
superior temporal
sulcus, 8 W

Left motor cortex (MI)

Bilaterally DLPFC,
I W
Bilaterally DLPFC,
I W

Bilateral posterior
superior temporal
sulcus, 18 W

(a 16-weeks interval)
Right inferior frontal
gyrus, 10 days

Left DLPFC, 8 W

75000

38400

6000

3240

3240

1200

NR

9600

40% of participants achieved remission (HAM-D17 < 7) after rTMS treatment;

improvement in Informant clinical scales of core symptoms of ASD

Greater therapeutic efficacy following 8-week intermittent theta burst stimulation

Significant decrease in long-term depression (LTD) in the ASD group following rTMS, indicating
hyperplasticity

Significant improvement in ABC scores following rTMS;

rTMS provides changes in connectivity and behavior.

Significant differences in RR and DET between the experimental group and the control group;

discernible discrepancies in the ABC score pre- and post-rTMS for the experimental group

Baseline social-communication symptoms, concurrent psychotropic medication use and IQ
might modulate the effects of iTBS on the clinical symptoms and cognitive flexibility in ASDs.

Increase in VABS subitem scores in the experimental group, including the receptive, expressive,
domestic, and community scores;

significant improvement in both the subitems of communication and daily living skills domain
following 10 sessions of HF-rTMS combined with AOE in children aged 7-12 years with ASD
8-week inhibitory theta burst stimulation over the DLPFC is safe and feasible in ASD without
co-occurring intellectual disabilities;

no significant difference on clinical or neuropsychological measurements between active

stimulation and sham condition

Abbreviations: N, number; W, weeks; DLPFC, dorsolateral prefrontal cortex; SMA, supplementary motor area; ABC, Aberrant Behavior Checklist; ERP, event-related potential; Y-BOCS, Yale-Brown Obsessive Compulsive Scale;
CANTAB, Cambridge Neuropsychological Test Automated Battery; HAM-D, Hamilton rating scale for depression; VABS, Vineland Adaptive Behaviour Scale; NR, Not reported.
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Table 2 Qualitative Summary of tDCS Studies with Waitlist or Sham Controls for ASD

Research | N Age | Diagnosis Procedure Outcome
Anodal Location | Cathodal Intensity
Location (mA)
[40] 10 | 9.8 ASD Left DLPFC Right supraorbital 0.08 /cm* | A significant improvement of mean vocabulary and syntax scores
region
[41] 20 6.4 Mild to moderate Left DLPFC Right shoulder 1.0 Significant improvements in two domains of ATEC (social and health/behavior domains)
ASD contralateral to the following active tDCS;
(CARS-score anode significantly increase in PAF at the stimulation site
30-36.5)
[42] 24 12.2 Mild to moderate Proximal right arm | Left DLPFC 1.0 Significant reduction in the total scores on the three clinical scales including ABC, ATEC
ASD and ADI-R during the first 6 months after treatment;
significant increase in functional connectivity of the brain
[122] 12 32.1 High-functioning Bilaterally DLPFC Bilaterally DLPFC 1.5 Significant improvement in working memory performance after balanced bilateral
ASD stimulation of DLPFC compared to sham
[43] 6 28.3 ASD rTPJ The ipsilateral 2.0 A significantly higher score on the verbal fluency test after receiving verum tDCS compared
deltoid to sham tDCS
[44] 8 24.25 | High-functioning The right Left DLPFC 2.0 Significant improvement in initiation and cognitive flexibility after tDCS
ASD; supraorbital area
dysexecutive
syndrome
[45] 50 | 4-14 | ASD The left FCI and Bilaterally 1.0 Significant decreases in total ATEC scores, sociability sub-scores, behavioral, health, and
the right FC2 supraorbital areas physical condition sub-scores in the tDCS group
[46] 29 NR ASD The right NR 2.0 Anodal HD-tDCS significantly increased fixation time and fixation count in the mouth area.
temporal-parietal
junction
[47] 12 25.08 | ASD The right vIPFC NR 1.7 No improvements in cognitive flexibility following tDCS stimulation
[48] 14 10.7 | ASD vmPFC; Left shoulder 1.0 Activation of the vmPFC with anodal tDCS significantly improved ToM in children with ASD
r-TP) compared with rTP] tDCS and sham stimulation.
[49] 41 14- ASD; Right supraorbital | DLPFC 1.5 Significant improvement in the social function including enhanced emotion recognition and
21 1Q=60 region cognitive flexibility compared to sham tDCS
[50] 42 |/ ASD traits rTPJ Vertex (Cz) 2.0 Faster responses in the false belief and in the self-other judgments of mental features after
(high-AQ scores) a-tDCS in the high-AQ group
[51] 32 10.16 | ASD Left DLPFC Right DLPFC 1.5 Significant improvement of autism symptom severity (ie, communication), theory of mind
(ie, ToM 3), and emotion regulation strategies compared to the sham stimulation group
[52] 36 2.25 ASD Left DLPFC Right shoulder 1.0 Greater reductions in autism severity in the 5- tDCS and 20- tDCS groups than the control
group at days 5 and 14, and months 6 and 12
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[53]

[54]

[55]

[>6]

[571

60

36

105

26

30

14-
21

4-14

4-
2
NR

NR

ASD;
1Q=60

ASD

ASD

Low-functioning
ASD;

1IQ <70
High-functioning
ASD

Right supraorbital

Bilaterally
cerebellar
hemispheres

Right supraorbital

DLPFC

Left DLPFC

DLPFC

Bilaterally

supra-orbital area

DLPFC

Right supraorbital

Right shoulder

2.0

Significant improvement in overall social functioning and information processing efficiency
during cognitive

tasks in the active cathodal tDCS compared to sham tDCS

Significant improvement in the brain complexity in ASD children with bilateral cerebellar
anodal tDCS

A medium effect in improving the overall social functioning and a large effect in reducing
RRB compared with the sham tDCS and waitlist control groups

Significant improvement in the duration, occurrence, and coverage of microstate A and the
ABC scores after tDCS

10 sessions of anodal tDCS to the left DLPFC led to improved nonverbal intelligence
among individuals with ASD.

Abbreviations:

CARS, childhood autism rating scale; ATEC, Autism Treatment Evaluation Checklist; ADI-R, Autism Diagnostic Interview; ToM, Theory of mind.
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Table 3 Qualitative Summary of ECT Studies for ASD

Research | Age/Sex | Diagnosis No. ECT Outcome

[58] 14, M ASD, catatonia, depression 13 sessions | A full resolution of the catatonic symptoms (the return of speech,
self-care skills, and activity levels) as well as the choreoathetoid
movements and facial grimacing after 13 ECT sessions

[59] 17, M ASD, catatonia, recurrent depression, 18 ECT improved mobility and facilitated food intake.

mild ID The patient did not reach his premorbid level of functioning.

[60] 16, F ASD, mental retardation, catatonia, SIB 25 After ECT |, the patient was freely verbalizing, interacting, and
playing with staff, and self-injury also showed marked reduction.
After ECT 2, her catatonic stupor resolved, and she returned to her
baseline 3- to 4-year-old functioning level.

[61] 8 M ASD, mental retardation, prominent >15 A consistent significant reduction in SIB during the 5 weeks of ECT;

mood lability, SIB the patient was able to consistently work on daily structured
academic tasks and engage in meaningful family activities.

[62] 18, M ADHD, SIB 33 The patient attended college and was free of psychiatric symptoms.
He continued with M-ECT every 2 weeks in combination with the
aforementioned medications, for relapse prevention.

19, M High-functioning ASD 12 The patient responded gradually to a course of |8 bilateral
treatments;
Six months after discharge, he demonstrated only moderate
reduction in symptoms of depression, psychosis, catatonia, and tics.

[63] 18, M ASD, catatonia, congenital 12 sessions The boy became more independent with his ADLs and there was no

sensorineural deafness, mild mental further aggressive outbursts at the time of discharge.
retardation
16, M ASD, moderate mental retardation, 55 Behavioral problems were controlled after treatment number 6, such
physical aggression as reduced stereotyped movements, cessation of posturing, and
fewer aggressive episodes.
[64] 19, M ASD, mild mental retardation, depression, | >7 A consistent significant reduction in all problem behaviors including
catatonia, SIB self-injury, aggression, and disruption during the 2 weeks treatment
of bilateral ECT

[65] 14, M ASD, mild mental retardation, catatonia 156 The motor, verbal and behavioral symptoms of catatonia improved
throughout the treatments;

The patient is now independent for all ADLs with normal oral intake
and a 30-pound weight gain since discharge.

[66] 14, M High-functioning ASD, catatonia 23 The patient achieved significant improvement with about 80%
reduction of catatonia after the first phase of ECT, but relapsed due
to the lack of maintenance ECT.

21, F ASD, catatonia 286 A steady progress in school meeting the goals of her individualized
educational plan and a well tolerance after ECT

17, M Malignant catatonia 156 The verbal fluency improved and the patient could participate in daily
educational programming after M-ECT.

[67] 21, M ASD, catatonia, depression, SIB 220 Longitudinal cognitive and functional stability in M-ECT in ASD

[68] 16, M ASD, catatonia, common variable immune | 181 Treatment with ECT resulted in a gradual decrease in the intensity

deficiency, and von Willebrand disease and frequency of aggression, but discontinuation of ECT precipitated
relapse of symptoms.
15, F ASD, catatonia, macrocephaly, polycystic 105 Episodes of violent agitation decreased dramatically in number
ovarian syndrome, and moderate following ECT, but withdrawing ECT have resulted in return of
cognitive impairment spontaneous aggression, with notably decreased functioning.

Abbreviations: F/M, females/males; ADL, activities of daily living; ID, intellectual disability.

The size and direction of the effect can be controlled by varying the frequency and number of stimulation sessions. It is
believed that low-frequency repetitive TMS (LF-rTMS, <1 Hz) reduces cortical excitability through the activation of
inhibitory GABAergic interneurons.”” This effect was observed in a series RCT studies and also supported by some
open-label studies. In RCTs, Baruth et al assessed the effect of twelve 1 Hz rTMS, which showed significant improve-
ment in discriminatory gamma activity at the early stages of visual processing in ASD.'* Fecteau et al randomly assigned

htps: Neuropsychiatric Disease and Treatment 2025:21

2768



Wu et al

Table 4 Qualitative Summary of DBS Studies for ASD

Research | Age/Sex | Indication Diagnosis Procedure
for DBS
Targets Stimulation | Outcome
Levels
[69] 13, M Life- Severe Kanner’s autism, SIB Basolateral 2-6.5V, CGl 6—CGl 4
threatening amygdala 120 ps, 130 Improvement in symptoms of
SIB Hz irritability (aggression, self-injury);
improvement in self-regulatory skills
in response to visual and auditory
stimuli
[70] 19, F Self-injurious | ASD, aggressive behavior, GPi 33V, 120 ps, | JHMRS 46—JHMRS 4 (13 m)
stereotypies, | mental retardation, 80 Hz A remarkable improvement in
tardive progressive arthritis,multiple motor stereotypies of 91.3%;
dystonia nevi, stereotypies a progressive improvement in
stereotypies and tardive
phenomenon
18, M Stereotypies | ASD profound mental ALIC, GPi ALIC: 2.0V, JHMRS 467—JHMRS 19
retardation, anxiety, aggressive 210 ps, 100 (3 m)—JHMRS 67 (6 m)
behavior Hz; An initial improvement of 71.6% in
GPi: 2.5V, the JHMRS within 3 months after the
120 ps, 100 surgery;
Hz; stereotypies slowly returned to
baseline after 6 months.
[71] 27, M Aggressive ASD, DRE, IAB, TBI, ID pHyp 2.7V, 90 ps, OAS 9—O0AS |
behavior 185 Hz The average seizure decrease
percentage was 98.5% per month;
significant improvement in quality of
life
20, M Aggressive DRE, IAB, ID 2.7V, 90 ps, OAS 9—O0AS |
behavior 185 Hz The average seizure decrease
percentage was 99.5% per month;
significant improvement in quality of
life
22, F Aggressive DRE, IAB, ID 2.4V, 90 ps, OAS 11-0AS 0
behavior 185 Hz The average seizure decrease
percentage was 99% per month;
improvement in quality of life and
better access to special education
35 M Aggressive DRE, IAB, ID 3.0V, 90 s, OAS 9—OAS 6
behavior 185 Hz The average seizure decrease
percentage was 50.8% per month;
significant improvement in quality of
life
16,M SIB ASD, DRE, IAB, ID 2.8V, 90 ps, OAS 8—O0AS 8
185 Hz The average seizure decrease
percentage was 100% per month;
aggressive behavior was partially
controlled for a month.
[72] 24, F Disabling ASD, OCD, TS, childhood Bilateral 6.0 V, 90 ps, GAF 20—GAF 50-60
OCD, TS hypotonia, developmental VC/IVS 130 Hz Improvement in obsessive-
delay compulsive behaviors, coprolalia,
speech, and social interaction

(Continued)
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Table 4 (Continued).

Indication
for DBS

Research | Age/Sex

Diagnosis

Procedure

Targets

Stimulation
Levels

Outcome

[73] 14, M sIB

[74] 4,F oCD,

aggression

[75] 19, M Self-
mutilation,
several
lacerations
[76] 44, M Treatment-
refractory

OoCD

[77] 39, F ocD

54, F OoCD

OCD,
aggressive

intrusions

OCD

ASD, SIB

ASD, OCD, aggression

ASD, ID, epilepsy, aggressive

behavior

ASD, OCD, MDD, tics

ASD, OCD, Depressive
episodes

ASD, OCD

ASD, OCD, ADHD

ASD, OCD, Depressive
disorder;, OCPD, AN

Bilateral
NAc

Bilateral
NAc

GPi

VC/VS

VALIC

VALIC,then
MFB

VALIC

VALIC

3.0-5.0V,
90 ps, 130 Hz

2.6V, 60 ps,
130 Hz

~

CGI-S 6—CGl-S 4

ABC 106—ABC 40

CY-BOCS 22—CY-BOCS 7
Decreases in both the intensity and
frequency of the SIBs;

an improvement in expression and
comprehension language skills, and
also better eye contact

Y-BOCS 19—Y-BOCS 5

HAMD 20—HAMD |

HAS 30—HAS I8

SCQ 26—SCQ 16

Significant symptom relief in OCD
and aggressive behavior
Remarkable improvement in TD
symptoms, anxiety, restlessness,
behavioral symptoms, and self-
destructive behavior

68% decrease in Y-BOCS;

66% decrease in MADRS;

75% decrease in YGTSS;

marked reduction in OCD
symptoms and depression, receiving
positive feedback from his
supervisor and peers

Y-BOCS 33—Y-BOCS 12

HAMD 27— HAMD 7

50% reduction of OCD symptoms
following DBS, especially obsessions
Y-BOCS 38—Y-BOCS 18

HAMD 30— HAMD 4
Improvement in OCD symptoms
and more than 50% reduction of
Y-BOCS scores after repositioning
the electrodes in MFB

Y-BOCS 31—-Y-BOCS 23

HAMD 18— HAMD [2

Some improvement of OCD
symptoms following DBS

Y-BOCS 31—Y-BOCS 23

HAMD 18— HAMD I2

Reduction of the oppressive feeling
of obsessions, but improvement was
barely reflected in lower Y-BOCS

scores

(Continued)
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Table 4 (Continued).

Research | Age/Sex | Indication Diagnosis Procedure
for DBS
Targets Stimulation | Outcome
Levels
5ILM OCD ASD, OCD MFB / Y-BOCS 34—Y-BOCS 0
HAMD 5— HAMD 2
Obsessive compulsive symptoms
disappeared entirely;
improved confidence and less social
shyness
30, F OCD ASD, OCD, persistent MFB / Y-BOCS 34—Y-BOCS 22
depressive disorder, HAMD 23— HAMD 22
generalized anxiety disorder, 35% reduction of OCD symptoms
unspecified personality following DBS
disorder

Abbreviations: DRE, drug-resistant epilepsy; |AB, intractable aggressive behavior; TBI, Traumatic Brain Injury; SIB, self-injurious behavior; TS, Tourette syndrome; MDD,
major depressive disorder; ADHD, attention deficit hyperactivity disorder; ALIC, anterior limb of the internal capsule; GPi, globus pallidus interna; VC/VS, ventral capsule/
ventral striatum; NAc, nucleus accumbens; MFB, medial forebrain bundle; JHMRS, John’s Hopkins Motor stereotypy rating scale; CGl, Clinical Global Impression; CGI-S,
Clinical Global Impairment-Severity; CY-BOCS, Children’s Yale-Brown OC Scale; HAS, Hamilton Anxiety Scale; SCQ, Social Communication Questionnaire; MADRS,
Montgomery-A’ sberg Depression Rating Scale; YGTSS, Yale Global Tic Severity Scale; AN, anorexia nervosa.

twenty adults to receive four sessions of 30-min 1 Hz of both active and sham rTMS stimulation over Broca’s area, and
naming skills improved after rTMS in Asperger’s syndrome participants. Another early open-label study by Sokhadze
et al (2009) found that 0.5 Hz of rTMS could improve the inappropriate neuron activation in response to non-target items
and reduce repetitive-ritualistic behavior in ASDs."® In follow-up studies by Sokhadze et al, individuals with ASD who
received 0.5 Hz rTMS over the DLPFC showed improvements in executive functioning, error correction, and a reduction
in repetitive and stereotypical behaviors.'> In 2012, by measuring event-related potentials (ERP) indices during atten-
tional processing in 25 participants with ASD, they confirmed a significant improvement at early and later stages (eg,
N200, P300) of visual processing as a result of rTMS, making it possible to deal with visuoperceptual abnormalities in
autism.'” Regarding how to choose the appropriate treatment sessions, Sokhadze et al assigned 124 high functioning
ASD children using randomization to receive different number of weekly 1 Hz rTMS sessions (ie, 6, 12, and 18), and
argued that the behavior improvements increased with the total number of sessions to some extent, and 18 sessions best
facilitate cognitive control and attention.?®

As a patterned rTMS, intermittent theta burst stimulation (iTBS) is capable of producing a robust physiological
plasticity effect in the human cortex.*® Compared to rTMS, iTBS is shorter in duration and lower in intensity, making it
a more convenient choice for sensitive populations, such as children. Ni et al conducted a series of RCTs to evaluate the
feasibility and efficacy regarding iTBS. In 2021, they applied iTBS over the bilateral posterior superior temporal sulcus
and found that longer courses of iTBS (8 weeks in total) may produce greater efficacy on core symptoms and social
cognitive performance in children with ASD.**> However, they also demonstrated that the impacts of multi-session iTBS
on clinical symptoms may be affected by the psychotropic medication use and baseline autistic deficits.*’>° In a case-
control pilot study, Pedapati et al found a difference during the post-iTBS time course of M1 excitability between youth
with ASD and their healthy peers, and this might become a potential physiological biomarker of cortical plasticity in
ASDs.®! Another open-label study in 2018 demonstrated improvements in restricted, repetitive behaviors, compulsions,
and neurocognitive functioning following 15 sessions of iTBS targeting the right DLPFC in individuals with ASDs.?’

Behavioral deficiencies, including characteristic symptoms of ASD, motor dysfunction, abnormal reactions to the sensory
environment, and visuo-perceptual abnormalities, are common in ASD. Enticott et al conducted a double-blind RCT to
demonstrate that deep rTMS to bilateral dmPFC improves social-related impairments.”' A recent study demonstrated that
rTMS could improve movement-related cortical potentials (MRCPs) and eye-hand performance in ASDs.'®* Decreasing
sympathetic arousal indices has a positive correlation with repetitive and stereotypical behaviors of ASD, whereas rTMS
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could reverse the effect by increasing parasympathetic tone. Casanova et al found that 18 sessions of low-frequency rTMS
resulted in increased cardiac vagal control and decreased sympathetic arousal, which had positive and negative correlations
with repetitive and stereotyped behaviors, respectively.’’*® Otherwise, Wang et al proposed that 12 sessions of weekly
inhibitory low-frequency rTMS, bilaterally applied to the DLPFC, will improve autonomic balance.®

rTMS could also be a potential therapy for individuals with ASD and comorbidities, which were validated through
a series of pilot studies. Gwynette et al in 2010 concluded that 40% of participants with ASD and major depressive
disorder achieved remission after rTMS targeting the left DLPFC.>* Another Japanese research applied the iTBS
treatment targeting the left DLPFC on ASDs with depressive symptoms, and the remission rate was 67%.% In 2022,
32 autistic children with intellectual disability who participated in a pilot study to receive 1 Hz rTMS treatment reported
a positive influence on brain activity and behaviors.*

In recent years, several novel therapies have been developed. In 2023, an RCT study conducted on 15 children with
ASD, and combined high-frequency rTMS with action observation and execution (AOE) treatment, which has recently
emerged as a mechanism for promoting neuroplasticity in motor function.*® Another pilot study by Sokhadze et al
explored the effects of combining rTMS and neurofeedback in 20 children with ASD and 22 children in the waitlist
groups, aiming to upregulate gamma oscillations and operantly condition them.>* The study showed significant beha-
vioral and functional outcomes compared to the waitlist groups. The results showed improvement in both the subitems of
communication and the daily living skills domain. These findings highlight the promising therapeutic potential of TMS,
and larger randomized trials are needed to inform clinical recommendations.

tDCS

Another mode of noninvasive neurostimulation is tDCS, which is a similar approach to rTMS but involves passing weak electric
currents directly through two electrodes (in the range of 1-2 mA) instead of a coil.** It has been shown to modulate neuronal
membrane potentials, such that neurons near the anode tend to fire more frequently, while those near the cathode may be less
likely to fire.*> Researchers proposed a series of RCT studies to observe the modulating effects of tDCS through various targets.
Hadoush et al applied bilateral anodal stimulation over the left and right prefrontal and motor areas in 50 children with ASD
diagnoses, which significantly improved social responsiveness (as evaluated by ATEC scores).* Additionally, another RCT
study investigated the effects of bilateral anodal tDCS stimulation over the cerebellar hemispheres using resting-state electro-
encephalography (EEG).>* Notably, the modulation increased the brain complexity in children with ASD, suggesting alternative
neuromodulation pathways beyond traditional cortical targets. Salehinejad et al investigated the contribution of the vimPFC and
right TPJ in theory of mind (ToM) abilities of 16 ASD children, which showed the vimPFC could be a potential better target
region for the reduction of ASD symptoms.*® Han et al applied multiple sessions of prefrontal tDCS coupled with cognitive
remediation training, which resulted in a marked improvement in social functioning compared to the sham-tDCS group, as
measured by the Social Responsiveness Scale-2nd edition (SRS-2), among 105 individuals with ASD.>*° In the choice of
sessions, Auvichayapat et al compared the efficacy of 0, 5, and 20 sessions of tDCS over the DLPFC in 36 male children with
ASD, which demonstrated that both 5- and 20-tDCS significantly reduced autism severity compared to the sham group with
sustained improvements for 12 months, however, there was no significant difference between 5- and 20-tDCS groups.*

Due to higher levels of spatial focus and cortical excitability, high-definition transcranial direct current stimulation (HD-
tDCS) was applied to better elucidate the causality of the correlation between brain excitability and behavioral or cognitive
changes in individuals with autism.*® Two RCT studies examined the effect of HD-tDCS over different targets. Qiao et al
demonstrated that right TPJ anodal HD-tDCS can facilitate emotional face processing in 29 participants with high autistic traits.*®
Another RCT study compared the cognitive effects of active and sham anodal HD-tDCS over the right ventrolateral prefrontal
cortex (VIPFC), although improvements in cognitive flexibility following stimulation were not observed.*’

To assess neurophysiological correlates of ASD, some studies reported changes in EEG activity. An RCT study
conducted by Amatachaya et al revealed that a single session of anodal tDCS over F3 increased peak alpha frequency
(PAF), correlating with improved social and behavioral outcomes.*' Differences in EEG microstates before and after
tDCS were also compared in a pilot study, revealing a marked difference during the treatment period in children with
ASD.® Integration with neuroimaging, such as fNIRS, allowed researchers to explore the possible neurophysiological
mechanisms underlying the effects of tDCS.*’
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ECT

Catatonia has been increasingly recognized as a comorbid syndrome of ASD, which a meta-analysis in 2021
showed that 10.4% of individuals with ASD have catatonia.®” ECT has been included in treatment algorithms for
acute presentations of catatonia in autism, which was supported by a series of case reports.*® Zaw et al reported in
1999 on a 14-year-old boy with catatonic stupor and autism who experienced remission of such with bilateral ECT,
although the core symptoms of autism were not affected.’® Ghaziuddin et al presented a 17-year-old white male
with autistic disorder, depression, and catatonia who received a course of 18 ECTs, which proved life-saving due to
his severe weight loss and declining self-care.’® Similarly, Dhossche et al reported that two men responded to ECT
in tics along with other catatonic symptoms and SIBs.®* He further discussed 2 patients with ASD and mental
retardation who experienced persistent symptoms of motor disturbance, functional decline, and episodic
aggression.®® Since 2008, Wachtel et al have reported a series of results about applying ECT in autistic adolescents
to improve social activities and reduce SIBs.®*®!-**"67 A 10-year retrospective review of the use of ECT in ASD
and/or intellectual disability (ID) analyzed 32 patients, of which 30 (94%) experienced a positive clinical
response.® Therefore, if catatonia is present in ASDs, ECT may provide a safe alternative to pharmacotherapy
or psychosurgery.

Invasive Neurostimulation
DBS

DBS is a surgical alternative that modulates specific brain regions and neurological circuits by applying chronic electrical
impulses, which have been reported to be effective in treating hyperkinetic movement disorders. There are several studies
on the effects of DBS on the aggressive behavior of ASDs, which mainly have focused on basal ganglia circuits. Sturm
et al reported a 13-year-old boy with Kanner’s autism and serious SIB, with DBS targeting the amygdaloid complex as
well as the supra-amygdaloid projection system, and the stimulation of basolateral (BL) was proven to be beneficial to
SIB, emotional, social, and cognitive symptoms of ASD.® Two studies targeted GPi DBS to improve movement
deficits.”"> Kakko et al presented a 19-year-old male with ASD and ID, whose severe movement symptoms led to self-
mutilation and sepsis.”> After implanting electrodes in the GPi target, his anxiety, behavioral symptoms, and self-
destructive behavior ceased remarkably. The other research evaluated the effects of stereotypies in two teenagers with
autism after implanting electrodes in the GPi or anterior limb of the internal capsule (ALIC).”® Both patients experienced
an initial improvement in motor stereotypies of over 70% within the first few months after DBS surgery, but only one of
them maintained this improvement during follow-up.

In addition, the nucleus accumbens (NAc) has been demonstrated to be a key hub for the modulation of aggression
and social response in ASD, which was supported by some case reports. Park et al applied bilateral NAc DBS in a 14-
year-old boy with ASD and SIB.”® The remarkable clinical improvement in the frequency of SIBs, as well as
expression and comprehension language skills, was observed at the 2-year post-operative evaluation. The other case
also targeted NAc as the electrode implantation location for a 42-year-old woman with autism and the comorbidities of
obsessive-compulsive disorder (OCD) and aggression, which showed significant symptom relief for severe obsessive-
compulsive behaviors, social communication, and stereotyped patterns at the 1-year follow-up.’* In a middle-aged man
with multiple comorbidities (including refractory OCD, epilepsy, tic disorder, autism, and major depressive disorder
(MDD)), he received DBS targeted at the vc/vs and reported a significant reduction in OCD symptoms and
depression.’”® In 2022, a case series first examined the effectiveness of DBS on OCD symptoms and the safety of
DBS in patients with OCD and ASD specifically, which showed that 2/3 patients with OCD and comorbid ASD
responded to DBS (decrease >35% in Y-BOCS).”” A study conducted by Benedetti et al analyzed the impact of DBS
targeting the posteromedial hypothalamus (pHyp) in nine patients with DRE and intractable aggressive behavior
(IAB).”' The results showed that seizure frequency and aggressiveness were significantly controlled after a follow-up
of up to 4 years.
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VNS

VNS therapy has been proven safe and effective in reducing seizure frequency and duration in individuals with pharmacore-
sistant epilepsy. Notably, ASDs have higher rates of epilepsy compared with individuals without ASD (21% in people with
ASD and intellectual disability and 0.8% in a general population sample).”® Preliminary studies also indicated that VNS may
improve neurocognitive performance and quality of life in individuals with ASDs.**°! A cohort of 59 autistic patients was
identified to assess seizure frequency and quality of life after being implanted with a pulse generator.”* Notably, 58% of the
autism patients experienced at least a 50% reduction in seizure frequency, and 76% reported improvement in alertness at 12
months of follow-up. In the largest study to date of VNS therapy in ASDs, there was no significant difference in seizure
reduction between individuals with and without autism at 12 months post-implantation, but almost 62% of the patients in the
autism group had greatly improved mood compared with the control group (p = 0.0437).”® In addition, Wang et al conducted
an observational study of 10 children with drug-resistant epilepsy (DRE) to confirm that VNS therapy makes seizure control
stable and has a positive effect on autistic behaviors.”* However, a prospective study in 8 autistic children with DRE indicated
that seizure frequency had not decreased, and cognitive effects had not improved at the 2-year follow-up.”® There is still
limited data on VNS therapy in ASD, which emphasizes the need to evaluate the efficacy of this technique further. Figure 2
shows the indications of neuromodulation techniques and potential mechanisms that lead to the effects.
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Figure 2 A schematic representation, mechanisms and indications of NIBS and IBS techniques. In TMS, HF-rTMS (520 Hz) induces to cortical facilitation, whereas LF-rTMS (<1 Hz)
reduces cortical excitability through the activation of inhibitory GABAergic interneurons; conditions treatable with TMS including: 1) social-related impairments; 2) executive function
deficits; 3) abnormal reactions to the sensory environment; 4) combined with neurofeedback therapies; In tDCS, membrane potentials could be influenced at a cellular level under weak
currents, which may improve neural plasticity and ability of learning and performance (upward arrow); conditions treatable with tDCS including: 1) social-related impairments; 2)
cognitive flexibility deficits; 3) impairments in motor and behavioral skills; 4) combined with cognitive remediation training; in DBS, neurotransmitters are released in response to
stimulation (the white box indicates the magnified area), leading to changes in synaptic plasticity; conditions treatable with DBS including: |) Comorbidities: serious self-injurious
behaviors, seizure, obsessive-compulsive disorder; depression; 2) motor stereotypies; in VNS, stimulation of the vagus nerve could influence the activation of noradrenergic system,
which may promote enhancement of plasticity; conditions treatable with VNS including: |) Comorbidities: pharmacoresistant epilepsy; 2) abnormal behaviors and emotional areas; 3)
autistic behaviors, but the positive effect of VNS on autistic behaviors requires further evidence.
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Safety

Noninvasive Neurostimulation

TMS and tDCS are considered quite safe even in pediatric populations. However, some potential risks for adverse side
effects cannot be ruled out due to the heterogeneity of the patients. Induction of seizure represents the most serious
adverse event related to TMS, with a reported risk of less than 0.01% across all patients and all paradigms. Other mild
and transient side effects include mild headache, pain, and facial discomfort at the TMS application site.>>** Only minor
adverse effects were observed during tDCS application, including mild skin irritation, short-term itchiness, and buzzing
sensations,*>**4?

ECT is recognized to influence autonomic stability during electrical stimulation, which could bring the risk of
potential arrhythmias.’® Adequate IV hydration, commencing at least 12 hours prior to ECT treatment, likely reduced the
risk, as conducted by Wachtel et al.®> Additionally, common and self-limiting adverse effects associated with ECT
include headache, muscle soreness, and post-procedural nausea or vomiting.”” Cognitive side effects such as anterograde
and/or retrograde amnesia are also frequently observed. These cognitive impairments could resolve in the weeks

following treatment and have no significant difference compared to other groups.”®

Invasive Neurostimulation

Few studies reported complications of DBS that interrupted therapy. One patient had an infection of the DBS system that
required removal of the system.”” A mild serous drainage was observed in a 27-year-old man around the electrode
implantation site.”' Another 24-year-old female also experienced a recurrence of symptoms due to lead fracture and
dislodgement, which symptoms were alleviated with a new battery replacement.”> Many studies have demonstrated the
safety of VNS therapy, which can be delivered to adults as well as children.””'°" Some reported adverse effects, such as
intermittent coughing and hoarseness, are usually slight and transient.””

In summary, the safety of neuromodulation interventions has been demonstrated in numerous studies, with minimal
side effects. The summary of adverse events reported in various neuromodulation techniques is shown in Table 5.
However, nearly half of the existing studies have not reported adverse effects, while the remaining studies have often
failed to use valid scales to assess adverse effects. Therefore, the risk of overall adverse events associated with
neuromodulation techniques may be underestimated, especially in vulnerable populations. Future studies should utilize
standard side effect questionnaires to evaluate the tolerability of the neuromodulation technique, and further long-term
follow-up is also essential.

Table 5 Adverse Events Reported in Various Neuromodulation Techniques

Research | Neuromodulation | Adverse Events Reported

[14] TMS “itching” sensation around the nose; a mild, transient tension-type headache

[16] TMS Stiff neck; Subtle disorientation; Sleepy; Dizziness; Trouble concentrating; Headache

[29] TMS Mild-to-moderate adverse events: headache, pain, nausea, nose bleed, congestion, laceration

[47] TDCS Minor symptoms: pins/ needles, face pain, fatigue

[60] ECT Posturing resumed after ECT was postponed due to retinal detachment surgery

[68] ECT Attempts to taper off ECT coincided with return of aggression symptoms

[89] ECT Mild headache, myalgia

[72] DBS Symptoms recurred lead fracture and dislodgement

[76] DBS The patient continued to experience functional impairment during the first year after surgery, resulting in

weight gain of 34 pounds.

[77] DBS Patient |: hypomania, tics, impulsivity, agitation;

Patient 2: infection of DBS system, requiring explantation and reimplantation, suicide attempt.
[95] VNS Intermittent hoarseness;

increased physical violence toward others in a patient

[102] VNS Transient hoarseness during stimulation
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Discussion

In this review, we comprehensively and systematically evaluate the clinical efficacy and safety of neuromodulation
interventions in patients with ASD and other comorbidities. Finding innovative therapies is a fundamental aspect for
individuals with autism and comorbid conditions resistant to conventional treatments. It demonstrates that both NIBS and
IBS can help to improve neuropsychological function and reduce core symptoms of ASD as potential adjunctive
therapies. A series of RCT and pilot studies demonstrated that NIBS may improve specific core or associated symptoms
related to an alteration in the functioning of a specific cortical region or circuit, but the optimal stimulus parameters still
remain unclear. On the other side, IBS are primarily aimed at alleviating severe comorbidities associated with ASD, such
as SIBs, refractory epilepsy, major depressive disorder, etc. Due to the inherent risks of invasive interventions, current
clinical studies are mostly case reports and observational studies, indicating a lack of higher-level clinical evidence.
There remains significant heterogeneity in clinical phenotypes between studies, particularly in terms of patient profiles,
study designs, stimulation protocols, and outcome measurements. Overall, the lack of standardized protocols for the
neuromodulation techniques makes it difficult to compare different results directly. Therapeutic use of neuromodulation
interventions would likely be described as possibly effective. Researchers should corroborate their findings with larger
sample sizes and longer follow-up to recognize true benefits of neuromodulation interventions. Some potential break-
throughs such as TI should also be considered carefully in the treatments of autism, which could provide a deeper
understanding of the mechanism of ASD.'®

A major hypothesis suggests that the behavioral symptoms of ASD are explained by abnormal resting-state functional
connectivity (rsFC), especially long-range disconnection that may occur as a result of developmental events.* Growing
evidence indicates that sociability, cognitive, and sensorimotor impairments are related to abnormalities of distributed
networks, rather than of single brain loci.'® Social behavior is mediated by a distributed, large-scale network of multiple
brain structures, including areas of the prefrontal cortex, subcortex, and areas that integrate information, which is
commonly observed to be dysfunctional in individuals with ASD.'® An fMRI study showed that deficits in the
mesolimbic reward pathway (especially key subcortical nodes including VTA and NAc) contribute to impaired social
skills in childhood autism.'®® Collectively, these studies suggest the presence of disrupted neural pathways before the
emergence of behavioral symptoms in patients with ASD and might provide clues about the underlying neural mechan-
isms of autism, thus suggesting that stimulation approaches may yield promising results, as they seem to be able to
modulate the brain’s functional connectivity via normalizing the E/I balance.

TMS and tDCS can induce activity in neurons and changes in neuroplasticity via generating magnetic fields or
weak currents, which is believed to reverse underlying neuroplasticity deficits in autism.'®” To gain a deeper under-
standing of the short-term and long-term effects of tDCS and TMS on ASD, more well-designed, longitudinal,
randomized, double-blind, sham-controlled trials with an adequate follow-up period after treatment are needed. In
2017, Grossman et al developed Temporal Interference Stimulation (TI) to stimulate further specific deep brain
regions, which could produce an LF envelope and modulate the activity of neurons.'® We believe that TI is
a promising technology for treating ASD due to its superior focus and steerability. Further animal experiments and
clinical trials are required to be conducted.

There has been increasing interest in the overlap of catatonia and ASD.'%*!% Over the past decade, an increasing
number of reports have shown the swift and well-tolerated resolution of catatonia with ECT."'® Although the mechanism
by which ECT relieves catatonia remains unclear, several hypotheses have been proposed. The neuroendocrine studies of
melancholia found that repeated seizures normalize hypothalamic-pituitary-adrenal axis functions and correct neuroen-
docrine abnormalities, which may offer a standard explanation for autism.''" Another mechanism originates from a study
showing the increase in new brain cells after induced seizures.''? Future research and clinical application are needed to
expand our knowledge regarding optimal utilization of ECT in ASDs with catatonia and treatment-refractory SIB.

In IBS, with direct intervention in pathological neural circuits, DBS has changed the way that brain disorders are treated
and understood and is considered one of the most promising therapeutic applications for clinical neuroscience.''* "> In line
with our expanding understanding of pathophysiology, the DBS community has moved toward developing “connectomic”
neurosurgical targeting approaches. A connectomic analysis in 8 patients with ASD and extreme behaviors revealed
a shared functional network upon which 3 of the DBS targets converge (NAcc, VC/VS, pHyp), which provided crucial
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insight into the brain networks involved in symptom improvement with DBS.''® Of note, DBS has now been used in ASDs
only to treat comorbid conditions, which have obtained optimal results for drug-resistant OCD and SIBs.®*"%" Positive
effects on core symptoms of ASD have only occasionally been reported.”*”* Therefore, among the emerging therapeutic
approaches, DBS represents a promising intervention for alleviating comorbidities associated with autism, potentially
enhancing both clinical outcomes and quality of life for patients.

Epilepsy has been the most frequently studied topic among the physical conditions that co-occur with ASD. It is
reported that almost 60% of EEG records from children with ASD have interictal spikes, and a higher percentage of
interictal spikes in the frontal lobe.""” """ Due to the high comorbidity rate between ASD and epilepsy, both diseases
possibly share common pathophysiological properties. A hypothesis suggests that early-life seizures induce an imbalance
in the excitatory/inhibitory (E/I) ratio in specific brain regions, which may alter the dynamic flexibility of brain
connectivity in ASDs.'?*'?! The effects are putatively mediated by the vagus nerve’s numerous interconnections with
brain structures thought to be involved with mood and emotional regulation. Meanwhile, VNS could be paired with well-
established, existing rehabilitative interventions, holding potential to treat dysfunction that accompanies neurodevelop-
mental disorders.'*® Future clinical trials are crucial for evaluating the benefits of paired VNS therapies.

However, most studies were case reports and open-label trials, with low levels of evidence for clinical application.
Ethical and legal concerns persist regarding potential misuse of DBS or VNS, which reminds us to carefully assess the
risk-benefit ratio of invasive therapies.

In the future, more advanced techniques such as functional imaging and connectomics will be needed to evaluate the
impact of neurostimulation interventions for ASDs, thereby optimizing clinical responses.

Limitations

This systematic review has certain limitations. First, we drew conclusions based on a limited sample size, and most
included studies were case reports and not controlled studies. Given that we did not consider any limitations regarding
the study design or the age or sex of participants, these results must be interpreted with caution regarding the potential
effect of confounding factors. Second, many studies have not been designed using clear and objective primary clinical
endpoints. The clinical outcome measures that have been utilized are often subjective self- or observer-based reports,
which threaten to mask or undermine assessment of change. Third, ASD is often associated with co-occurring psychiatric
or neurological disorders, and this can likely generate confounding effects in clinical neuromodulation studies. Overall,
we have attempted to include all relevant research in this work to provide a comprehensive picture of the current state of
this new therapeutic field, in order to review its findings and describe its strengths and weaknesses.

Conclusion

Recent decades have witnessed a growing interest in the efficiency and safety of neurostimulation interventions for
autism, yet stronger evidence base for treating ASD in individual studies are needed. The current quality for neuromo-
dulation interventions in ASD is mixed, which requires a wider range of such a clinically heterogeneous population to
test the validity and reliability of these measures, thereby increasing the generalizability of the results. Therefore, further
studies should focus on establishing a solid consensus regarding optimal stimulation parameters, cumulative doses,
stimulation targets and longer follow-up duration for neurostimulation in ASD, which may provide patients with highly
personalized and targeted therapeutic strategies.
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