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This study examined the effects of high-definition transcranial direct current stimulation (HD-tDCS) on 
social impairment in children with autism spectrum disorder (ASD), focusing on those with and without 
sensory processing abnormalities. A randomized double-blind sham-controlled trial involved 72 
children with ASD, divided into three groups based on sensory integration status. A post-hoc analysis 
of 51 children aged 4–8 years who received true HD-tDCS was conducted, categorizing them into 
hypo-tactile, hyper-tactile, and typical tactile sensitivity groups. Therapeutic efficacy was compared 
across these groups. (1) The randomized cntrolled Trial: The typical sensory integration group showed 
significant improvements in social awareness (t = 5.032, p < 0.000) and autistic mannerisms (t = 3.085, 
p = 0.004) compared to the sensory integration dysfunction group. (2)The result of the post-hoc 
analysis: The hypo-tactile and typical tactile sensitivity groups exhibited notable improvements in 
social awareness, cognition, communication, autistic mannerisms, and total SRS scores. In contrast, 
the hyper-tactile group only had a significant reduction in social communication (t = 2.385, p = 0.022) 
post-intervention. HD-tDCS effectively improved social impairment symptoms in children with ASD, 
particularly those with typical sensory integration and either typical or hypo-tactile responsiveness.
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Surveys conducted over the past 20 years have shown an increasing prevalence of Autism spectrum disorder 
(ASD), with global percentages between 1.0% and 1.5%1. Recent analyses also indicate a rising global prevalence 
of ASD, with estimates ranging from 0.72% to 1.18% based on comprehensive data sources, including registries 
and administrative databases2,3. ASD is a neurodevelopmental disorder characterized by social impairment, and 
approximately 45% − 96% of patients exhibit abnormalities or dysregulations in sensory perception or sensory 
processing, which in turn significantly impacts their communication and social interaction abilities4,5.

The etiology of Autism Spectrum Disorder (ASD) remains unclear, with its development attributed to a 
combination of genetic and environmental factors. And there are challenges in its treatment, including costs, 
limited efficacies of single interventions, and low recoveries6. Currently, conventional rehabilitation therapies, 
such as behavioral analysis therapy and language and cognitive training, are primarily used to treat social 
impairments in children with ASD7. Additionally, Cognitive behavioural therapy is also effective in improving 
social impairment in children with autism8. However, these approaches often have limited efficacy and require 
long-term intervention. In recent years, noninvasive brain stimulation techniques, such as transcranial direct 
current stimulation (tDCS), have gained attention due to their low-intensity stimulation and minimal adverse 
effects9,10.

1Child Mental Health Research Center, The Affiliated Brain Hospital of Nanjing Medical University, Nanjing 210029, 
China. 2Wuxi Mental Health Center, Nanjing Medical University, Wuxi 214151, Jiangsu, China. 3Department 
of Child Health Care, The Affiliated Suzhou Hospital of Nanjing Medical University, Suzhou 215000, Jiangsu, 
China. 4These authors contributed equally: Yonglu Wang, Zhijia Li and Yupei Ye. email: fanghuisd@126.com;  
jiaogongkai@njmu.edu.cn; kexiaoyan@njmu.edu.cn

OPEN

Scientific Reports |         (2025) 15:9772 1| https://doi.org/10.1038/s41598-025-93631-z

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-93631-z&domain=pdf&date_stamp=2025-3-21


The tDCS involves use of weak direct current by placing electrodes on the scalp, which indirectly induces 
spontaneous brain activity11,12. The tDCS has emerged as a noninvasive neuroregulation technique that interacts 
with excitatory and inhibitory neurotransmitters, facilitating neural regulation. The tDCS can modulate cortical 
excitability, enhance synaptic plasticity, alter local cerebral blood flow, regulate cortical excitatory-inhibitory 
(E/I) balance, modulate connectivity between cortical areas, and affect neurotransmitters in the brain13,14. 
And the tDCS can regulates EEG rhythms, promotes neuroplasticity and repair, and improves cerebral blood 
flow15,16. As a result, it can improve symptoms such as communication difficulties in children with ASD. The 
use of tDCS in children with ASD has therefore shown positive results and gained positive recognition17–19. 
Moreover, tDCS has shown potential in improving social functioning and cognitive flexibility in children with 
ASD19, though further studies are needed to evaluate its long-term effects. And it has been widely used in the 
treatment of various neuropsychiatric disorders, such as depressive disorder, attention-deficit hyperactivity 
disorder, Parkinson’s disease, stroke, epilepsy, etc.20–23. The main disadvantage of tDCS is that the spatial location 
is not precise enough, the stimulation depth is limited, but it generally has no short-term and long-term effects 
on the patient’s heart rate, blood pressure, respiration, EEG, and brain tissue24–26. However, due to the patient’s 
health condition, individual differences in the human body, and some unforeseen factors, a very small number 
of patients may experience the following adverse reactions during the treatment process: slight pain or burning 
sensation on the locally stimulated skin, numbness, dizziness, fatigue, mild excitement, etc.9,27.

High definition transcranial direct current stimulation (HD-tDCS) is an improved version of tDCS. It uses 
a unipolar current to create a ring-shaped focal stimulation, to enhance penetration of the current. The peak 
intensity occurs beneath the central electrode, and the polarity within the entire ring is determined by properties 
of the central electrode. HD-tDCS not only improves the spatial resolution of stimulation but also has the 
potential to modulate and enhance functional connectivity between cortical regions. By targeting specific brain 
areas, HD-tDCS can strengthen the connectivity of neural networks involved in sensory integration and social 
functioning, thereby addressing the part core symptoms of ASD28–31. Recent studies using neurophysiological 
techniques have reported that anodal tDCS enhanced neural connectivity within the cortical networks32,33 
and increased functional connectivity between brain regions34. Central anodal HD-tDCS may activate the 
supplementary motor area, paracentral lobule and other relative brain areas, and increase functional connectivity 
within the social brain network that is anchored in this region35,36, thereby improving the accuracy of social 
awareness, social recognition, and social interaction in children with ASD. When anodal current stimulates 
neuronal cell bodies or dendrites, the resting membrane potential decreases, leading to depolarization and 
subsequent neuronal excitation. HD-tDCS facilitates the activation of neural circuits in the brain, the regulation 
of functional connectivity between brain regions, and the impact on distal cortical areas, ultimately improving 
social functioning28–31.

It is noteworthy that children with ASD often exhibit varying degrees of sensory abnormalities and sensory 
integration dysfunctions (SIDs)37. Sensory integration (SI) refers to the brain’s ability to recognize, categorize, 
interpret, and integrate sensory information from various sensory organs, including vestibular, tactile, 
proprioceptive, visual, auditory, and olfactory inputs38. Based on past experiences, the brain generates adaptive 
responses to the environment. The ability to perceive and process sensory-motor information is crucial for 
recognizing and understanding social actions and expressions39. However, when there are abnormalities in 
sensory processing or difficulties in integrating sensory information, SID can occur. This may interfere with the 
child’s perception and understanding of social stimuli, thereby impacting his/her social interaction abilities4,40,41. 
The study shows that there are significant differences in sensory processing patterns among patients with different 
psychiatric disorders, especially in those with ASD42. For example, hypersensitivity may lead to avoidance of 
touch, sound, or visual stimuli, making social interactions challenging. In addition, hypo-sensitivity or hypo-
reactivity may result in a lack of sensitivity to nonverbal and social cues from others, which also impedes social 
interactions. Results from 14 studies indicated a significant high difference between ASD and typical groups in 
the presence/frequency of sensory symptoms, with the greatest difference in under-responsivity, followed by 
over-responsivity and sensation seeking43. These issues may be associated with abnormalities in neural circuits 
and synaptic connections related to sensory processing, as well as E/I imbalances in specific brain regions44–46. 
However, there is still a lack of comprehensive knowledge regarding the relationships and mechanisms involving 
SIDs, sensory abnormalities, and social impairments.

In general, studies have shown that abnormal sensory processing can play an important role in the severity of 
ASD symptoms as well as in the rate of acquisition of communication skills. The overall sensory score of children 
with ASD was significantly and positively correlated with the communication skills (P < 0.05)47. Another study 
showed that in children with ASD, hyporesponsiveness had a significant positive relationship with the severity 
of socio-communication symptoms48. Based on previous research on the neurobiological and neurochemical 
mechanisms underlying social impairment and sensory abnormalities in ASD, we hypothesize that there are 
common pathways between sensory perception and social functioning49,50. SID and sensory abnormalities may 
therefore affect the reconstruction of social functions.

Research showed that the Cz central anode HD-tDCS may improve the accuracy of perception, recognition, 
and social interaction of ASD children by activating the paracenter lobule51 and increasing functional connectivity 
in the social brain network, with the paracenter lobule as the hub52. In our earliest work, based on the functional 
magnetic resonance data analysis of 6–12-year-old ASD children, the levels of functional connectivity between 
socially related brain regions and the bilateral precentral gyrus, postcentral gyrus, supplementary motor area, 
and paracentral lobule in ASD children were lower than those in normal controls53,54. These abnormal brain 
interregional functional connectivities were related to the severity of ASD social dysfunction. In theory, the 
decline in these link connectivities in ASD may hinder the specialization of cortical areas involved in motor 
control, language, and social interaction, and could explain the damage to these functions55,56. In the following 
study, we found that anodal HD-tDCS targeting the Cz can effectively improve social deficits in children with 
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ASD54. And during process, we found that tactile hypersensitivity may be an important factor determining the 
compliance of children with ASD with HD-tDCS treatment. Tactile sensitivity is characterized by abnormal 
perception of pain, temperature, pressure, etc., accompanied by tactile defensiveness. Although touch and pain 
are distinct sensory modalities, they share some sensory receptors and neural pathways. Abnormal processing 
of tactile information may result in tactile hypersensitivity or tactile hypo-responsiveness57. Simultaneously, 
sensory integration and tactile responsiveness are interdependent; the accuracy and efficiency of tactile responses 
depend on the quality of sensory integration, and vice versa. Sensory integration dysfunction may manifest 
as either hypersensitivity or hyposensitivity to tactile input58. Firstly, tactile sensation is a crucial component 
of sensory integration. Receptors in the skin are capable of receiving tactile information from the external 
environment and transmitting it to the brain. The brain needs to integrate this tactile information with other 
sensory information, such as visual and auditory inputs, to produce appropriate responses. Additionally, the 
sensory integration center in the brain is responsible for processing and interpreting information from different 
senses. The processing of tactile information in the brain not only affects tactile responses but may also influence 
the interpretation and reaction to other sensory information59.

Anodal HD-tDCS, which provides excitatory stimulation to the brain region, may be more suitable for chil-
dren with ASD with hypo-reactivity, especially those with tactile hypo-responsiveness. In the present study, we 
therefore used SID and tactile responsiveness as grouping criteria to determine whether there were differences 
in the effectiveness of HD-tDCS in improving social impairments in children with ASD with or without sen-
sory integration dysfunctions and sensory abnormalities. This research aimed to provide a theoretical basis for 
future individualized and precise clinical applications of HD-tDCS in the treatment of ASD patients.
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Materials and methods
Participant recruitment and informed consent
The required sample size for this study was calculated using the statistical tool G*Power, setting the significance 
level α for hypothesis testing at 0.05 and the power 1-β at 0.8. The minimum sample size for each group of 
participants was determined to be 14. A total of 82 children with ASD were enrolled, including 56 males and 
26 females. Inclusion criteria were the following: ① meeting the diagnostic criteria for ASD according to the 
Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5)60, the diagnosis was conducted 
by two associate chief psychiatrists or higher-ranked physicians specializing in child and adolescent psychiatry, 
② dual diagnosis of ASD using the Autism Diagnostic Interview-Revised (ADI-R)61 and the Autism Diagnostic 
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Observation Schedule (ADOS) 62, ③ ages between 4 and 12 years, and ④ right handedness; ⑤ Currently not 
participating in other research projects; ⑥ consent from the guardians to participate in this study. Exclusion 
criteria were the following: ① clear genetic or metabolic disorders, as well as other neurological conditions, 
history of traumatic brain injury, or severe physical illness; ② the presence of metal implants in the body, 
including non-removable dentures, and ③ skin damage at the stimulation site.

This study was approved by the Ethics Committee of Nanjing Brain Hospital, Nanjing Medical University 
(2022-KY022-01), with a clinical trial registration number: ChiCTR2200062132 (Date of Registration: 
24/07/2022), and obtained informed consent from the parents or legal guardians of the participants. Children 
were selected from the ASD specific disease cohort at the Child Mental Health Research Center, the Affiliated 
Brain Hospital of Nanjing Medical University (Study recruitment was conducted from August 2022 to December 
2023). And all methods were performed in accordance with the relevant guidelines and regulations.

Measurement tools
Comprehensive assessment and data collection of all participants were conducted by trained psychologists or 
psychiatrists at the Child Mental Health Research Center. Assessments included the following: ① a self-compiled 
“General Information Questionnaire” to gather demographic data, including the participants’ demographic 
information, developmental history, clinical information related to their condition, medical history, and family 
history; ② the Wechsler Intelligence Scale for Children, Fourth Edition, Chinese Version (WISC-IV)63 was used 
to assess the intelligence of children with ASD aged 8 − 12 years; ③ the Griffiths Developmental Scales, Chinese 
Version64 were used to evaluate the developmental level of children with ASD aged 4 − 7 years, ④ the Children 
Sensory Integration Rating Scale (CSIRS)65 was used to assess sensory integration abilities. The raw scores were 
converted into standard T-scores, and a score below 40 indicated SID. Note that for children with ASD aged 4–12 
years, certain items related to “learning ability” and “issues specific to older age” were removed from the scale, 
and the evaluation focused on vestibular balance, proprioception, and tactile defensiveness. For children with 
ASD aged 4–8 years, the Sensory Processing and Self-Regulation Checklist (SPSRC)66 was used to assess tactile 
responses. The total score of tactile items was compared to the normative values of the checklist to calculate the 
Z-score [(k − mean)/standard deviation]. A Z-score less than − 1 indicated tactile abnormalities. By reviewing 
the scale,, the child’s tactile responses were classified as hypo-tactile response, hyper-tactile response, and 
typical tactile sensitivity. ⑤ Autism Treatment Evaluation Checklist (ATEC)67,68 was used to assess the overall 
improvement of the participants before and after the intervention. The Social Responsiveness Scale (SRS)69 was 
used to evaluate the participants’ social interaction and communication abilities before and after the intervention.

Study design
This study was a randomized double-blind sham-controlled trial, where assessors, participants, and parents 
were unaware of the true or sham stimulation. Among them, 26 children with ASD were undergoing Applied 
Behaviour Analysis (ABA) and other rehabilitation training. Participants were equally randomized across all 
groups.

Grouping
To avoid confounding effects, we employed the paired randomization method. The participants were grouped 
based on matching factors such as sex, age, intellectual or developmental level, baseline scores on ADI-R and 
ADOS, and the type and duration of rehabilitation training for children with ASD. And all participants were 
randomly assigned to different groups. The personnel implementing the stimulation extracted the labels for 
true/false stimulation; they did not participate in data analysis. The evaluators, the parents of the subjects, and 
the data analysts were unaware of the true/false stimulation. Some participants were excluded from matching 
due to inability to complete the process. The final grouping results were as Table 1.

Based on the assessment results from the CSIRS, the children with ASD aged 4–12 years were divided into 
three groups: the typical sensory integration group (n = 20), the sensory integration dysfunction group (n = 42), 
and the sham stimulation group (n = 20, with an equal distribution of 10 children with sensory integration 
dysfunction and 10 with normal sensory integration.

A post-hoc analysis was conducted on the data of 4–8-year-old children with ASD after intervention with 
true HD-tDCS. Based on the assessment results from the SPSRC and comprehensive evaluation, the participants 
were further categorized into three groups: the hypo-tactile response group (n = 18), the hyper-tactile response 
group (n = 21), and the typical tactile sensitivity group (n = 17).

High definition 5-channel transcranial direct current stimulation
Instrument parameters  The HD-tDCS device (Wogao Model VTS-801D; Nanjing Baibang Medical Equip-
ment, Nanjing China) used circular electrodes with a diameter of less than 12 mm. When placing the elec-
trodes, one central electrode was positioned in the stimulation area, while the remaining electrodes were placed 

Part 1 Study group Sham group

4 − 12 years old children with ASD Typical sensory integration group Sensory integration dysfunction group Sham stimulation group

Part 2 (post-hoc analysis) Study group

4 − 8 years old children with ASD Hypo-tactile response group The hyper-tactile response group Typical tactile 
sensitivity group

Table 1.  Study design of sensory and response groups in children with ASD.
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around it. Prior to stimulation, it was necessary that each patient correctly wear a high precision electrode cap. 
Then, using a syringe, the cap was gently lifted to allow for the application of conductive gel on the scalp. The 
high precision electrodes were placed into the base and secured with a tight cap (Note: Electrode No. 5 must 
be positioned in the central location, while there were no specific requirements for the other electrodes). This 
device had the capability to set parameters for sham stimulation, thereby meeting the requirements of clinical 
double-blind studies.

Stimulation parameters  The Cz electrode (based on the 10–20 EEG system) was positioned as the central 
anode, with surrounding electrodes placed at FC1, FC2, CP1 and CP2 (based on the 10–20 EEG system). The 
current was set at 2 mA, and delivered as continuous direct current. Each stimulation session lasted for 20 min, 
and each participant received treatment for 3 consecutive weeks, with five sessions per week in the first 2 weeks 
(once a day from Monday to Friday, with weekends off), and four sessions in the third week, totaling 14 sessions. 
For the sham stimulation group, electrode placement and parameter settings were the same as for the active 
stimulation group. However, a sham stimulation mode was selected, where the current initially increased to the 
predetermined 2 mA and then quickly decreased to 0 within 30 s. This created a contrast effect to mimic the 
real stimulation process. The same procedure was followed at the end of each treatment session. Please refer to 
Fig. 1 for details.

During treatment sessions, the participants’ attention was diverted by watching the same pro-social animated 
videos “Journey to the West.” Additionally, there was no change in the ongoing rehabilitation training that the 
participants were undergoing while receiving HD-tDCS interventions.

Safety assessment
During the intervention process, we used a homemade HD-tDCS treatment log for experimental recording 
and safety assessment. This log included the participants’ basic information (name, sex, date of birth, target 
symptoms, current rehabilitation training), treatment dates, electrode polarity, efficacy, adverse reactions, and 
other items. Before each intervention, we meticulously recorded the efficacy and adverse reactions reported 
by the participants’ parents. After each intervention, we checked the targeted area of the head for any signs of 
redness, swelling, or burns. The assessment of any residual effects and safety evaluation after the final intervention 
was conducted during the follow-up period.

Follow-up period
All the parents were followed-up by telephone at 1, 2, and 3 months after treatment. The contents of the follow-ups 
included the maintenance of social improvements and adverse reactions. First, parents spontaneously reported 
the status of the subjects since the end of the treatment; second, staff asked questions about social interaction, 
linguistic communication [please refer to the first 19 items in the Social Communication Questionnaire-
lifetime70, and side effects such as physical discomfort and social regression; and third, the telephone records 
were analyzed and summarized by two child psychiatrists.

Statistical analysis
Statistical analysis was conducted using SPSS statistical software for Windows, version 22.0 (SPSS, Chicago, IL, 
USA). Continuous data are expressed as the mean ± standard deviation (X  ± SD). Independent sample t-tests 
were used for within-group comparisons, while one-way analysis of variance (ANOVA) was used for between-
group comparisons (F-test). To eliminate intergroup differences caused by heterogeneity among children with 
ASD, a normal distribution test (Kolmogorov–Smirnov test) was performed on the sex, age, intelligence or 
developmental level, ADI-R, and ADOS scores of each group. All variables showed a normal distribution. One-
way ANOVA was used to compare differences between groups in terms of age, WIS-IV and Griffith (GQ) scores, 
ADI-R and ADOS scores, CSIRS, and SPSRC scores. Factors showing significant differences were controlled as 
covariates in subsequent tests. Sex comparisons were performed using the chi-square test (X2 test). A significance 
level of P < 0.01 indicated statistical significance for differences before and after intervention. Independent 
sample t-tests were used to analyze differences in the average total score and scores of the five subscales of the 
SRS, before and after interventions, Meanwhile independent sample t-tests were used to compare the mean 
differences between different groups, and to control for the false positive rate due to multiple comparisons, we 
applied the Bonferroni correction, adjusting the significance level to 0.05 divided by the number of comparisons.

Results
Due to adverse events one participant was excluded from data analysis and another dropped out of the study, while 
the remaining participants completed all scheduled HD-tDCS sessions (i.e., 3 weeks/14 sessions; retention = 99%). 
Additionally, due to noncompliance in completing the questionnaires, such as only completing the pre-treatment 
questionnaire, inconsistency in caregivers completing the pre- and posttreatment questionnaires(father, mother, 
grandfather or grandmother), and incomplete questionnaire responses, 10 participants were excluded from all 
groups. Additionally, we conducted the experiment according to a randomized double-blind sham-controlled 
study design; however, we did not specifically check the integrity of blinding during the process, which is a 
limitation of the study.

Participants who experienced the aforementioned adverse reactions during the intervention reported no 
such discomfort in the first, second, or third month post-intervention, nor did they report any other adverse 
reactions. Participants who did not experience the aforementioned adverse reactions during the intervention 
also reported no adverse reactions in the first, second, or third month post-intervention. Those participants 
who benefited socially during the intervention continued to maintain these benefits in the first, second, and 
third months post-intervention; however, whether these benefits can be sustained in the long term requires 
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further follow-up work.Overall, HD-tDCS physical therapy was well-tolerated with no reports of severe adverse 
reactions, and it was generally accepted by the children and their parents.

The five channel HD-tDCS used a concentric ring design, where the electric current was confined within the 
ring-shaped area. This design provided good stimulation focus, with the peak intensity occurring beneath the 
central electrode. The polarity of the entire ring-shaped area was only influenced by properties of the central 
electrode. When placing the electrodes, there was no need to consider a return electrode.

Demographic data and clinical scale scores at baseline for children with ASD in different 
groups
According to the CSIRS assessment results, a total of 19 children with ASD aged 4–12 years were included in the 
typical sensory integration group, with 35 in the SID group, and 18 in the sham stimulation group (with equal 
numbers of individuals with SID and typical sensory integration, 9:9).

Based on the SPSRC assessment results, a total of 16 children with ASD aged 4–8 years were included in the 
hypo-tactile response group, 20 in the hyper-tactile response group, and 15 in the typical tactile sensitivity group.

There was no statistically significant difference among the groups in terms of age, sex, WISC-IV and Griffith 
(GQ) scores, ADI-R total scores, social and language module total scores, ADOS total scores, and communication 
and social interaction total scores (p > 0.05) (Tables 2 and 3).

Fig. 1.  Experimental scheme diagram.
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Comparison of the therapeutic effects of HD-tDCS on social impairments in children with 
ASD in different groups
ASD with or without sensory integration dysfunction
Based on the ATEC results (as shown in Fig. 2), overall, after HD-tDCS intervention, compared to the sham 
stimulation group, the Cz center anode true stimulation group showed significant improvement in social 
impairment. Compared to the SID group, the typical sensory integration group also showed significant changes 
in social awareness and autistic mannerism dimensions before and after intervention. Among them, the typical 
sensory integration group showed statistically significant reductions in SRS total score (t = 4.078, p < 0.000), social 
awareness (t = 5.032, p < 0.000), social cognition (t = 4.151, p < 0.000), social communication (t = 2.862, p = 0.007), 
social motivation (t = 2.085, p = 0.045), and autistic mannerisms (t = 3.085, p = 0.004) after interventions. The SID 
group showed statistically significant reductions only in the SRS total score (t = 4.078, p < 0.000), social cognition 
(t = 3.117, p = 0.004), and social communication (t = 2.287, p = 0.028) after interventions. The sham stimulation 
group with a Cz center anode showed no statistically significant difference in SRS total scores and individual 
subscale scores before and after intervention (t = 0.023, 0.000, 0.069, − 0.075, − 0.114, 0.073, p > 0.05) (Table 4).

We defined the changes in measurement parameters by subtracting baseline scores from scale scores 
reported after HD-tDCS interventions, with positive values indicating improvements. We compared difference 
in scores before and after treatment for each subscale of the SRS between groups, as shown in Table 5. In terms 
of improving social impairment in children with ASD, we analyzed whether clinically non-sensory integration 
dysfunction patients were more suitable for HD-tDCS. We also constructed violin plots, as shown in Fig. 3, 
to show that the typical sensory integration group had more significant improvements in social awareness 
(F = 26.328, p < 0.000), social cognition(F = 17.778, p < 0.000), social communication(F = 35.905, p < 0.000), social 
motivation(F = 18.688, p < 0.000), and autistic mannerisms(F = 15.910, p < 0.000) dimensions, when compared 
with the SID group. Additionally, there was no significant difference in scores for social awareness, social 
motivation, and autistic mannerisms dimensions before and after interventions in the SID group. Furthermore, 

Subject

Group

Hypo-tactile response (n = 16) Hyper-tactile response (n = 20) Typical tactile sensitivity (n = 15)

F/X2 test

F/X2 P value

Gender (M/F) 11/5 14/6 10/5 0.044 0.978

Age 6.56 ± 2.19 6.90 ± 2.55 5.66 ± 1.35 1.459 0.243

WIS-IV 86.00 ± 24.93(n = 6) 82.27 ± 20.23(n = 11) 83.20 ± 20.41(n = 5) 0.058 0.943

Griffith (GQ) 0.71 ± 0.09(n = 10) 0.68 ± 0.11(n = 9) 0.75 ± 0.10(n = 10) 1.133 0.337

ADI-R-Sum 44.19 ± 9.17 44.05 ± 6.79 43.47 ± 8.78 0.034 0.967

ADI-R-(A + B) 34.31 ± 6.60 33.90 ± 4.67 34.00 ± 7.24 0.021 0.979

ADOS-Sum 24.38 ± 7.61 24.45 ± 5.13 23.67 ± 4.89 0.085 0.919

ADOS-(A + B) 19.00 ± 5.59 19.05 ± 3.71 18.60 ± 3.48 0.052 0.949

SPSRC-degree of tactile defensiveness  − 2.48 ± 0.54  − 2.32 ± 0.75 0.26 ± 0.51 94.913 0.000

SPSRC-hypo-tactile response 9.81 ± 3.00 28.00 ± 1.45 27.80 ± 1.82 391.057 0.000

SPSRC-hyper-tactile response 36.81 ± 2.99 19.55 ± 3.66 37.47 ± 1.85 206.445 0.000

Table 3.  Demographic information and clinical scale scores of three groups of children with autism spectrum 
disorder.

 

Subject

Group

Typical sensory integration (n = 19) Sensory integration dysfunction (n = 35) Sham stimulation group (n = 18)

F/X2test

F/X2 P value

Gender (M/F) 13/6 25/10 13/5 0.076 0.963

Age 5.79 ± 2.12 5.11 ± 2.32 5.31 ± 2.09 0.471 0.627

WIS-IV 86.50 ± 17.38 (n = 10) 80.17 ± 20.39 (n = 12) 70.00 ± 22.71 (n = 7) 2.036 0.157

Griffith (GQ) 0.72 ± 0.10 (n = 9) 0.73 ± 0.11 (n = 23) 0.69 ± 0.10 (n = 11) 0.411 0.667

ADI-R-Sum 42.05 ± 8.61 46.22 ± 8.90 43.25 ± 5.58 1.338 0.272

ADI-R-(A + B) 31.95 ± 6.44 35.50 ± 6.46 34.50 ± 4.48 1.819 0.173

ADOS-Sum 24.16 ± 5.40 24.44 ± 7.00 24.38 ± 5.06 0.012 0.988

ADOS-(A + B) 18.95 ± 3.82 18.72 ± 5.00 19.31 ± 3.82 0.082 0.921

Vestibular balance 53.47 ± 7.68 34.11 ± 15.00 44.50 ± 11.49 12.621  < 0.000

Tactile defensiveness 54.47 ± 8.05 38.06 ± 11.36 44.06 ± 14.25 9.979  < 0.000

Proprioception 50.58 ± 5.38 29.67 ± 12.33 43.13 ± 10.34 21.893  < 0.000

Table 2.  Demographic information and clinical scale scores of three groups of children with autism spectrum 
disorder.
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we calculated the average percentage change in scores and conducted paired t-tests for HD-tDCS before and 
after interventions, when compared with baseline (Fig. 4).

Subject

Group

Typical sensory integration (n = 19) Sensory integration dysfunction (n = 35) Sham stimulation group (n = 18)

Before After t P Before After t P Before After t P

Social awareness 21.94 ± 2.51 17.33 ± 2.97 5.032  < 0.00 21.74 ± 1.88 20.68 ± 1.86 1.736 0.091 20.75 ± 2.46 20.75 ± 2.32 0.000 1.000

Social cognition 30.56 ± 3.35 25.67 ± 3.71 4.151  < 0.00 28.68 ± 3.54 25.47 ± 2.76 3.117 0.004 28.81 ± 5.09 28.69 ± 5.20 0.069 0.946

Social communication 55.44 ± 7.63 48.00 ± 7.98 2.862 0.007 54.53 ± 8.52 48.16 ± 8.64 2.287 0.028 53.25 ± 7.21 53.44 ± 6.95  − 0.075 0.941

Social motivation 27.94 ± 5.28 24.27 ± 5.27 2.085 0.045 28.58 ± 3.50 27.16 ± 3.93 1.176 0.247 27.50 ± 4.69 27.69 ± 4.61  − 0.114 0.910

Autistic mannerisms 30.67 ± 4.21 26.00 ± 4.84 3.085 0.004 29.26 ± 4.01 26.68 ± 4.16 1.944 0.060 30.00 ± 7.36 29.81 ± 7.25 0.073 0.943

SRS-SUM 164.50 ± 19.13 139.06 ± 18.30 4.078  < 0.00 162.79 ± 17.83 148.16 ± 17.45 2.557 0.015 160.31 ± 23.92 160.12 ± 22.00 0.023 0.982

Table 4.  Comparison of social functioning before and after treatment in three groups of children with autism 
spectrum disorder.

 

Fig. 2.  Comparison of ATEC score reduction before and after treatment in three groups: ASD with and 
without Sensory Dysfunction. ①the typical sensory integration group; ②the sensory integration dysfunction 
group; ③the sham stimulation group. ATEC consists of four subtest scales: Scale I (speech/language/
communication; has 14 items. Scores can range from 0 to 28), Scale II (sociability; has 20 items. Scores can 
range from 0 to 40), Scale III (sensory/cognitive awareness; has 18 items. Scores can range from 0 to 36) and 
Scale IV (Health/Physical/Behaviour; has 25 items). Each subcategory of the ATEC scale is scored using a 0–3 
point scale as follows: 0 = not a problem, 1 = minor problem, 2 = moderate problem and 3 = serious problem.
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ASD with or without tactile sensory abnormalities
In general, significant changes were observed in social awareness, social cognition, social communication, 
autistic mannerisms dimensions, and total SRS scores for both the hypo-tactile response and typical tactile 
sensitivity groups before and after HD-tDCS intervention. However, the hyper-tactile response group showed 
less satisfactory therapeutic effects. Specifically, the hypo-responsive group exhibited statistically significant 
reductions in SRS total score (t = 5.339, p < 0.000), social awareness (t = 6.890, p < 0.000), social cognition 
(t = 5.063, p < 0.000), social communication (t = 3.724, p = 0.001), and autistic mannerisms dimensions (t = 3.673, 
p = 0.001) after intervention. The hyper-tactile response group showed a statistically significant reduction only 
in social communication (t = 2.385, p = 0.022) after intervention. The typical tactile sensitivity group showed 
statistically significant reductions in SRS total score (t = 5.835, p < 0.000), social awareness (t = 5.178, p < 0.000), 
social cognition (t = 4.988, p < 0.000), social communication (t = 3.273, p = 0.003), and autistic mannerisms 
dimensions (t = 4.088, p < 0.000) after intervention (Table 6).

Similarly, we defined measurement parameter changes by subtracting the baseline scores from scale scores 
reported after HD-tDCS intervention. We then compared the score differences before and after intervention for 
each subdomain of the SRS across different groups (Table 7). In terms of improving social difficulties in children 
with ASD, we analyzed whether children with hypo-tactile and typical tactile responses were more suitable for 
HD-tDCS intervention. Violin plots were used to illustrate the results (Fig.  5). The hypo-tactile and typical 
tactile response groups showed more pronounced improvements in social awareness (F = 13.747, p < 0.000), 
social cognition (F = 12.077, p < 0.000), social communication (F = 4.020, p < 0.000), and autistic mannerisms 
(F = 12.300, p < 0.000) dimensions, when compared with the hyper-tactile response group. We also calculated the 
average percentage changes in scores before and after HD-tDCS interventions, when compared to the baseline, 
and then performed paired t-tests (Fig. 6).

Fig. 3.  Comparisons of intergroup differences in score differences of social responsiveness scale subscale items 
before and after high definition transcranial direct current stimulation intervention. The X-axis represents 
the social responsiveness scale subscale items, while the Y-axis represents the score change calculated by 
subtracting post-intervention scores from baseline scores, with positive values indicating improvements.

 

Subject

Group

①Typical sensory integration ②Sensory integration dysfunction ③Sham stimulation group

F Test

Multiple mean comparisonsF P

Social awareness 4.61 ± 3.60 1.05 ± 1.03 -0.38 ± 1.26 26.328  < 0.00 ① > ② > ③

Social cognition 5.00 ± 3.41 3.21 ± 1.84 0.25 ± 0.93 17.778  < 0.00 ① > ② > ③

Social communication 7.44 ± 4.06 6.42 ± 2.12 -0.19 ± 1.60 35.904  < 0.00 ① > ②; ② > ③

Social motivation 3.72 ± 2.76 1.42 ± 1.21 -0.187 ± 1.28 18.688  < 0.00 ① > ② > ③

Autistic mannerisms 4.67 ± 3.25 2.47 ± 1.95 0.19 ± 1.11 15.910  < 0.00 ① > ②; ② > ③

SRS-SUM 25.44 ± 14.72 15.37 ± 4.32 0.188 ± 3.60 32.284  < 0.00 ① > ② > ③

Table 5.  Comparison of reduction in social responsiveness scale scores before and after treatment in three 
groups of children with.
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Adverse events
During the intervention process, almost all children with ASD experienced scalp erythema at the site of the 
anode after HD-tDCS, which resolved within 30 min. Out of the 72 children with ASD who received HD-
tDCS for the first time, 13 children experienced discomfort at the site of the anode and could not tolerate it. 
The current was reduced to 1 mA and then gradually increased by 0.2 mA every two minutes until it reached 
2 mA within 10 min. This slow increase in current was continued for 2 consecutive days until the children 

Subject

Group

① Hypo-tactile response ② Hyper-tactile response ③ Typical tactile sensitivity

F Test

Multiple mean comparisonsF P

Social awareness 5.31 ± 2.21 0.70 ± 1.49 5.53 ± 5.05 13.747  < 0.000 ① > ②, ③ > ②

Social cognition 6.63 ± 3.40 1.80 ± 1.94 8.80 ± 6.88 12.077  < 0.000 ① > ②, ③ > ②

Social communication 9.69 ± 4.48 6.05 ± 2.93 11.67 ± 9.45 4.020  < 0.000 ③ > ②

Social motivation 2.69 ± 2.21 0.55 ± 1.36 1.93 ± 2.58 5.079 0.010 ① > ②

Autistic mannerisms 6.44 ± 3.61 1.05 ± 1.47 8.27 ± 7.30 12.300  < 0.000 ① > ②, ③ > ②

SRS-SUM 30.69 ± 10.60 7.70 ± 7.61 38.27 ± 26.27 17.512  < 0.000 ① > ②, ③ > ②

Table 7.  Comparison of reduction in social responsiveness scale scores before and after treatment in three 
groups of children with autism spectrum disorder.

 

Subject

Group

Hypo-tactile response (n = 16) Hyper-tactile response (n = 20) Typical tactile sensitivity (n = 15)

Before After t P Before After t P Before After t P

Social awareness 21.94 ± 2.24 16.63 ± 2.13 6.890  < 0.000 20.85 ± 2.41 20.15 ± 2.01 0.998 0.325 21.87 ± 2.20 16.13 ± 3.68 5.178  < 0.000

Social cognition 30.56 ± 3.10 23.94 ± 4.22 5.063  < 0.000 28.30 ± 4.16 26.60 ± 4.45 1.248 0.220 29.93 ± 4.37 21.27 ± 5.12 4.988  < 0.000

Social communication 56.88 ± 6.03 47.19 ± 8.48 3.724 0.001 52.95 ± 7.86 46.90 ± 8.18 2.385 0.022 53.87 ± 8.74 42.20 ± 10.69 3.273 0.003

Social motivation 29.06 ± 3.77 26.44 ± 4.03 1.903 0.067 27.15 ± 5.12 26.60 ± 5.19 0.337 0.738 28.00 ± 4.14 26.07 ± 4.06 1.291 0.207

Autistic mannerisms 31.13 ± 4.21 24.69 ± 5.61 3.673 0.001 29.50 ± 5.08 28.45 ± 5.23 0.644 0.523 29.93 ± 5.70 21.60 ± 5.46 4.088  < 0.000

SRS-SUM 171.13 ± 17.38 139.00 ± 16.65 5.339  < 0.000 158.45 ± 20.38 148.15 ± 20.39 1.598 0.118 164.60 ± 18.11 126.40 ± 17.74 5.835  < 0.000

Table 6.  Comparison of social functioning before and after treatment in three groups of children with autism 
spectrum disorder.

 

Fig. 4.  Comparison of reduction percentages in the total scale and subscale scores of social responsiveness 
scale in three groups of autism spectrum disorder children after high definition transcranial direct current 
stimulation interventions.
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gradually adapted to it, and subsequent sessions were conducted at the designated current of 2 mA. The specific 
information is as Table 8:

Among them, a child with ASD was unable to tolerate the pain for 5 consecutive days, which was 
accompanied by mild nausea and dizziness without vomiting. Subsequently, the researchers arranged for him to 
withdraw from the study. The review of the data shows that the subject’s tactile responses were excessively strong. 
Additionally, seven children with ASD exhibited symptoms of excitement, irritability, and night terrors during 
the first week of HD-tDCS interventions, as reported by their caregivers. The research team did not make any 
special interventions, and the symptoms resolved on their own. In the second week of treatment, these children 
did not experience any discomfort and completed the study. The review of the data indicates that among the 
participants, six had excessively strong tactile responses, while one had insufficient tactile responses. However, 
a child with ASD exhibited persistent excitatory behaviors such as screaming, running, jumping, and night 

Fig. 6.  Percentage change from baseline in total scores and average score reductions of the social 
responsiveness scale for three groups of children with autism spectrum disorder before and after treatment.

 

Fig. 5.  Comparison of intergroup score differences of social responsiveness scale subscale items before and 
after high definition transcranial direct current stimulation intervention. The X-axis represents the social 
responsiveness scale subscale items, while the Y-axis represents the score change calculated by subtracting 
post-intervention scores from baseline scores, with positive values indicating improvements.
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terrors until the seventh day of intervention. Considering the participant’s well-being, the child was withdrawn 
from the study and unblinded. The initial stimulation was anodal, but after consultation with the caregiver, it 
was switched to cathodal stimulation. The child did not report any pain or excitatory behaviors thereafter. After 
intervention, the parent reported that the child’s speech became more fluent, pronunciation was clearer, and the 
speaking volume was louder. No serious adverse event such as seizures, hearing problems, or visual impairments 
were observed in any of the children. The review of the data revealed that the subject’s tactile response was also 
overly strong.

Discussion
Current studies primarily explore the efficacy of tDCS stimulation, by targeting the positive electrode placement at 
left DLPFC, on the social and language communication functions of individuals with ASD. Possible mechanisms 
of action are investigated from the perspectives of electroencephalography (EEG) and neuroimaging71,72. The 
prefrontal cortex, particularly the left DLPFC, is the preferred target for tDCS intervention due to its crucial 
role in cognitive functions such as executive control, attention, and working memory9,73. We compared the 
therapeutic efficacy of the F3 central anode and the Cz central anode in our previous work, and the differences 
were not statistically significant54. Therefore, we are continuing with the previous research. In the present 
study, we used HD-tDCS, an emerging technique that improves upon traditional tDCS by providing focused 
stimulation centered around the vertex, without interfering with other brain regions. Compared to conventional 
tDCS, HD-tDCS offers greater precision in targeting stimulation sites and fewer adverse effects74,75. This makes 
it more tolerable for ASD individuals, especially those sensitive to pain.

All participants in the true stimulation group showed varying degrees of improvements in social impairments, 
with an average reduction of 13.78% in ATEC and 12.54% in SRS scores. Due to the small sample size and 
heterogeneity, we have spare no effort to minimize errors. In addition, since we have previously established the 
efficacy of anodal HD-tDCS at the Cz vertex, the number of participants in the placebo group for this study was 
comparatively smaller. The true stimulation group was divided into typical sensory integration and SID, however 
the sham group included both together in the analysis which may have had an impact on the findings. We will 
further improve this testing in the upcoming phases of our work.

As mentioned in the section on adverse events, a total of 13 patients were unable to tolerate the pain caused 
by a 2 mA current, resulting in suboptimal current intensity during the first 10 min of treatment. This may have 
led to a potential reduction in efficacy. However, existing tDCS studies have not reached a consensus on whether 
current intensity significantly affects treatment outcomes76. Additionally, although the dosage was reduced for 
these 13 patients, it still met the treatment duration specified in previous studies and current guidelines77. The 
need to reduce current intensity due to pain intolerance is an unavoidable issue in both research and clinical 
practice. We have encountered similar challenges in our previous studies. When using a daily stimulation with a 
current intensity of 2 mA, a single stimulation duration of 20 min, five times per week, and a total of 14 treatment 
sessions over 3 weeks, almost all participants demonstrated good tolerability. No severe adverse reactions such 
as seizures occurred in any of the three groups. The safety assessment results are consistent with previous similar 
studies10,77,78 and supported the high tolerability and low risk of central anodal HD-tDCS at Cz for the treatment 
of children with ASD. Compared to traditional 2-channel tDCS, HD-tDCS resulted in fewer reports of burning 
sensations at the stimulation sites and reduced discomforts. Moreover, the overall retention of participants in the 
study reached 99%. This indicated widespread acceptance of HD-tDCS as a treatment method, and suggested 
good compliance when recommending this treatment approach to patients and their families, in clinical 
practice. Additionally, recent studies on tDCS in children and adolescents with ASD, such as one using 2 mA79 
and another using 1.5 mA71, reported no issues with tolerability or the necessity to reduce current intensity. We 
consider that this difference may be related to the resistance at the stimulation site. Regardless of the technique 
used, proper electrode placement and preparation are crucial for preventing adverse skin reactions. Future tDCS 
technology should focus on ensuring that the resistance at the stimulation site is consistent and sufficiently low 
to enhance patient comfort.

Although pediatric-specific reviews of the safety of non-invasive brain stimulation (NIBS) technologies 
suggest that tDCS is generally safe for children with underlying neurological or psychiatric conditions80, and the 
tolerability of 1 mA HD-tDCS is comparable to that of 1 mA conventional tDCS81, evidence from computational 
current modeling indicates important differences in how stimulation affects children compared to adults82. 
Specifically, local electric field strength may be up to twice as high in children83,84, and peak electric fields in 
cortical gray matter may be as much as seven times higher85. These findings highlight the need for careful 
consideration when selecting stimulation intensities. There is a lack of research on the differences in therapeutic 
effects produced by different current intensities, and the current intensity was set to 2 mA that was less studied. 
In this study, we conducted experiments based on preliminary research and guidelines recommending current 

Adverse event Typical sensory integration group Sensory integration dysfunction group Sham stimulation group

Mild scalp erythema 84.21% (16/19) 85.71% (30/35) 11.11% (2/18)

Discomfort at anode site 21.05% (4/19) 25.71% (9/35) 16.67% (3/18)

Excitement/irritability 0% (0/19) 11.43% (4/35) 0% (0/18)

Night terrors 0% (0/19) 8.57% (3/35) 0% (0/18)

Pain accompanied by mild nausea and dizziness 0% (0/19) 1 (dropped out of the study and excluded from data analysis) 0% (0/18)

Table 8.  Adverse events reported in different research groups on sensory processing.
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intensities for tDCS application in children54,86,87. We administered a 2 mA current to modulate cortical neural 
activity. For participants who initially experienced discomfort, we implemented a gradual increase in current, 
which aimed to allow them to acclimate to the stimulation, thereby reducing discomfort and ensuring safety. 
Throughout the intervention, we closely monitored participants for any adverse reactions. While some children 
experienced mild scalp erythema, these effects were transient and resolved quickly. Importantly, no severe 
adverse events were reported, and the overall retention rate was 99%. During the three-month follow-up after 
the intervention, no serious adverse events were reported by the participants’ guardians, indicating that 2 mA is 
safe and well-tolerated. However, future research needs to continue exploring the optimal current intensity for 
pediatric populations to enhance safety and efficacy.

Sensory integration ability serves as the foundation for complex psychological and behavioral activities. 
Previous studies have shown a correlation between sensory integration dysfunction and social impairment, 
both of which were associated with neurodevelopmental abnormalities22,23,88,89. Currently, the etiology and 
mechanisms of SID in children remain unclear. Ayres suggested that it may be influenced by genetic and 
environmental factors90,91. Our study found that anodal HD-tDCS targeting social improvements in children 
with ASD with typical sensory integration abilities was more significant, when compared with those with 
SID, both in terms of breadth and depth. This finding is consistent with previous research indicating potential 
structural and functional interactions between sensory processing pathways and social cognitive networks in the 
brains of children with ASD92,93. The amygdala is a core region for emotional processing, involved in recognizing 
and responding to social signals such as subtle nuances in facial expressions and voice, as well as participating 
in the processing of sensory perceptions94. Furthermore, genetic studies have shown that deletion of genes such 
as Shank3 or Mecp2 may increase the risk of both sensory processing abnormalities and social impairments95–97. 
Family studies have revealed the clustering of social skills and perceptual traits within families, indicating that 
these characteristics may share a common genetic basis. DNA methylation and histone modification can affect 
the expression of genes related to social and perceptual abilities98. Lastly, studies related to the neurotransmitter 
system have also identified the crucial roles of certain neurotransmitters in both sensory processing and social 
behavior, such as GABA, 5-HT, oxytocinergic, and glutamate99–101. Neurotransmitter levels are closely related to 
the plasticity of neural circuits, which play a crucial role in the integration of social and sensory information. This 
plasticity, in turn, enables the brain to perceive external information, adapt to social experiences, and accordingly 
adjust neurotransmitter levels, such as the activities of the NMDA receptors and the AMPA receptors102. Even 
the process is cyclical, with neurotransmitters, perception, emotion, and social interaction forming a closed-
loop system103..

We therefore speculate that the normal execution of social and sensory integration abilities may occur 
through shared pathways. When social impairments coexist with SID, disruption of these pathways may be 
more severe or extensive. During the process of improving social abilities with HD-tDCS, it is necessary to 
reconstruct severely disrupted pathways. Social improvements may be less comprehensive and less efficient in 
these cases. However, HD-tDCS may improve social abilities through two pathways: a direct pathway and an 
indirect pathway. HD-tDCS can directly enhance social improvements by regulating neurotransmitter levels and 
influencing the strength of functional connections. It can also indirectly improve social functioning by affecting 
sensory processing pathways that interact with social cognitive networks. Therefore, for children with SID, the 
indirect pathway is disrupted, resulting in less improvement in social impairment compared to those with typical 
sensory integration. In the future, we will continue to verify these findings at genetic, neurotransmitter, and 
brain network levels.

Based on the results from Tables 4 and 5, it can be inferred that there is a statistically significant improvement 
in the social cognition and social communication domains for the group with sensory integration disorders 
(SIDs). Furthermore, more than half of the children with autism spectrum disorder (ASD) have comorbid 
sensory processing disorders. In our previous study on the effectiveness of high-definition transcranial direct 
current stimulation (HD-tDCS), we found that tactile hypersensitivity may be an important factor influencing 
the compliance of children with ASD with this therapeutic method. Additionally, sensory perception and sensory 
integration are closely related. Therefore, we conducted a post-hoc analysis based on the presence or absence 
of sensory abnormalities, aiming to identify another subgroup of children with ASD who would be suitable 
for HD-tDCS intervention. Children with ASD primarily exhibited sensory abnormalities characterized by 
hyper-reactivity, hypo-reactivity, and sensory-seeking behaviors. Tactile hypersensitivity may be associated with 
neuronal hyper-excitability, abnormal neurotransmitter functioning, enhanced neurotransmitter functions such 
as dopamine and glutamate, as well as abnormalities in neural networks, including the sensory cortex, limbic 
system, and motor system104,105,107. In such cases, the body may be in a highly alert “activated state.” Conversely, 
sensory hypo-reactivity may be related to abnormal sensory signal transmission, reduced neurotransmitter 
functioning, or weakened functional connections in brain networks106,108, resulting in the body being in an 
“inhibited state.”

This study found that anodal HD-tDCS had a more significant effect on improving social skills in children 
with ASD with hypo-reactivity and typical tactile responses, when compared to those with hyper-reactivity. This 
may be because anodal HD-tDCS induced cortical neuronal excitation, effectively counteracting the “inhibited 
state” associated with sensory hypo-reactivity. However, for the “activated state” associated with sensory 
hypersensitivity, the excitatory effect of anodal HD-tDCS may exacerbate the condition. Therefore, we believe 
that children with ASD with sensory hypersensitivity, especially those with tactile hypersensitivity, who cannot 
tolerate the burning sensation caused by HD-tDCS stimulation, may not be suitable candidates for this physical 
intervention, or at least not suitable for anodal HD-tDCS.

During the research process, we encountered a case in which a child exhibited continuous excitatory 
behaviors such as pain, screaming, running, jumping, and night terrors throughout the 7 day period of using 
anodal HD-tDCS. Upon reviewing the results of the CSIRS and SPSRC assessments, the child scored 27 on the 
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tactile defensive subscale and the degree of tactile reactivity deviation was -2.72. After switching to cathodal 
HD-tDCS, the child did not report pain, and the aforementioned excitatory behaviors did not reoccur. Following 
the completion of intervention, the parents reported that the child’s language expression became more fluent, 
pronunciation was clearer, and the speech volume was louder. Based on these observations, we speculate 
that cathodal HD-tDCS may be more suitable for children with ASD with sensory hypersensitivity. Tactile 
hypersensitivity, or sensory over-reactivity, corresponds to the aforementioned “activated state.” The cathodal 
electrical stimulation inhibits cortical neuronal excitation, moderating neuronal excitability. Thus, the two 
factors complement each other. To test this hypothesis, we invited an additional two children with ASD with 
hyper-tactile response characteristics to participate in cathodal HD-tDCS, and the results were similar to the 
previous case. Currently, there is limited research on cathodal HD-tDCS, and in the future, more mechanistic 
and clinical control studies may be necessary to confirm the compatibility of cathodal HD-tDCS with children 
with ASD who have sensory hypersensitivity.

Sensory integration training, which involves the communication and integration of information between 
touch, vestibular sense, proprioception, and motor organs, can significantly improve language, social, perceptual, 
and behavioral abilities in children with ASD, as well as enhance their physical functioning109–111. Previous 
research has also indicated that combining sensory integration training with tDCS produced better outcomes 
than single rehabilitation training or physical interventions17,112,113. Based on these results, we speculate that when 
HD-tDCS is combined with sensory integration training in children with ASD, it synergistically induces changes 
in brain neural excitability, modulates EEG rhythms, promotes neuroplasticity and repair, and improves cerebral 
blood flow, all within the framework of an excitatory-inhibitory adaptation. These changes are likely to lead to 
an expansion of the cortical areas associated with coordination and integration functions, making the children 
more receptive to HD-tDCS and enhancing the effectiveness of HD-tDCS combined with sensory integration 
training. Consequently, improvements in social impairments may occur more rapidly and significantly.

Our study revealed significant improvements in social impairment among children with ASD following 
HD-tDCS intervention. However, it is important to note the imbalance in sex/gender distribution within our 
sample, which may influence the outcomes. Previous research has indicated that sex differences can significantly 
affect social brain neural responses in autism. Study demonstrated that there are distinct temporal profiles in 
configural face-processing between sexes, suggesting that males and females may process social information 
differently114. This finding underscores the necessity of considering sex as a critical variable in autism research.
While we statistically addressed the imbalance in our analyses, the implications of these differences should be 
further explored in future studies. Understanding how sex influences social cognition and neural processing 
in children with ASD could enhance the precision of interventions like HD-tDCS and inform individualized 
treatment approaches.

In summary, we believe that for children with ASD, especially those with typical sensory integration, typical 
or hypo-tactile response, the use of anodal HD-tDCS targeting the Cz central region can be employed to improve 
their social deficits. Following expert consensus and guideline recommendations, a current of 1.5–2 mA, 
administered five times a week, with a total of 14–20 sessions per treatment course, appears suitable. Combining 
this approach with sensory integration training may lead to enhanced therapeutic effects.

Conclusion
This preliminary study suggested that HD-tDCS had greater potential in improving symptoms of social 
impairment in children with ASD who had typical sensory integration, hypo-tactile response, or typical tactile 
sensitivity. There may be a common pathway involving social impairments, sensory integration dysfunction, and 
sensory abnormalities, particularly at the level of neurotransmitters and brain networks. Combining sensory 
integration training with tDCS may yield better therapeutic effects, when compared to single rehabilitation 
training or physical interventions. However, it is not yet possible to draw definitive conclusions regarding the 
underlying mechanisms of its potential efficacy. Furthermore, further research with larger sample sizes is needed 
to determine which subgroups of children with ASD are more likely to benefit from this treatment.

Limitation
This study has several limitations that should be acknowledged. First, while the trial was designed as a double-
blind study, we did not conduct specific checks to confirm the effectiveness of blinding among participants 
and assessors. Future studies should implement blinding checks to ensure the integrity of the trial. Second, the 
sample size was relatively small, and the limited number of female participants may affect the generalizability of 
our findings. And larger-scale studies will provide more robust data. Furthermore, we recommend that future 
research be pre-registered and include well-defined outcomes to enhance the reliability and reproducibility of 
the findings. Lastly, while we reported short-term follow-up results, long-term follow-up is necessary to assess 
the sustainability of the benefits observed.

Data availability
To protect study participant privacy, we don’t share it publicly directly online. But Readers may contact the cor-
responding author for the original data after the paper is published.
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