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The Effectiveness of Transcranial Direct Current Stimulation (tDCS) in
Enhancing Social Interactions in 6- to 10-Year-Old Boys with High-Functioning
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Abstract

This study aimed to determine the effectiveness of transcranial direct current
stimulation (tDCS) in improving owverall social interaction and its components,
including social reciprocity, social participation/avoidance, and negative or
inappropriate social behaviors, in 6- to 10-year-old boys with high-functioningautism
spectrum disorder. This quasi-experimental study employed a pretest-posttest design
with a one-month follow-up and a waiting-list control group. The statistical
population consistedof 6-to 10-year-old boys with high-functioningautism spectrum
disorder attending specialized autism treatment and rehabilitation centers in Tehran
between November 2025 and January 2026. Thirty eligible children were selected
through purposive sampling and randomly assigned to an intervention group and a
control group, with 15 participants ineach. The intervention group received 10 tDCS
sessions over four weeks, with a currentintensity of 1 mA for 20 minutes per session.
The anodal electrode was placed owver the left dorsolateral prefrontal cortex at the F3
site. Social functioning was assessed using the Autism Social Skills Profile at pretest,
posttest, and one-month follow-up. Data were analyzed using mixed repeated-
measures analysis of variance and Bonferroni-adjusted pairwise comparisons inSPSS
version26. The group x time interactionwas significant for the total social interaction
score, F(2,56)=58.96, p<0.001, partial n>=0.678. Significant interaction effects were
also found for social reciprocity, F(2,56)=39.47, p<0.001, partial *>=0.585; social
participation/avoidance, F(2,56)=35.91, p<0.001, partial 1?>=0.562; and
negative/inappropriate social behaviors, F(2,56)=27.88, p<0.001, partial 1*=0.499.
Bonferroni comparisons showed significant improvements from pretest to posttest
and from pretestto follow-upin the interventiongroup for the total score and all three
components (p<0.001), whereas posttest-to-follow-up differences were not
significant. No significant changes were observed in the control group. Anodal tDCS
over the left dorsolateral prefrontal cortex produced significant and relatively stable
improvements in overall social interaction and its components in boys with high-
functioning autism spectrum disorder, suggesting that tDCS may be considered a
complementary intervention alongside educational and rehabilitation programs.

Keywords: Transcranial direct current stimulation; Autism spectrum disorder;
Social interaction; Social skills; Children; High-functioning autism
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EXTENDED ABSTRACT

Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental condition characterized by persistent difficulties in
social communication and social interaction, together with restricted or repetitive patterns of behavior and
interests. Although some children with high-functioning ASD demonstrate average or above-average
intellectual and verbal abilities, these strengths do not necessarily translate into effective social functioning.
Many such children continue to experience difficulties in initiating and maintaining conversations, responding
reciprocally to others, interpreting social cues, participating in peer activities, and adapting their behavior to
changing interpersonal contexts. Social interaction is therefore one of the most important functional domains
in children with ASD because it contributes to peer relationships, school adjustment, participation in group
activities, emotional development, and broader psychosocial adaptation. Evidence indicates that social
functioning in ASD is influenced by multiple interacting factors, including sensory characteristics, cognitive
processing, executive functions, family context, and opportunities for peer engagement (Karna & Stefaniuk,
2024; Lin et al., 2023; Zhai et al., 2023). The complexity and heterogeneity of ASD also mean that children
with relatively high cognitive functioning may continue to display substantial social difficulties despite
apparently adequate language or academic skills (Dell'Osso, 2025; Kiera, 2025). Consequently, improving
social interaction remains a central objective of psychological, educational, and neurorehabilitative
interventions for this population.

A variety of psychosocial interventions have been used to strengthen social functioning in children with ASD.
Social cognition training, theory-of-mind interventions, resilience-oriented programs, peer-mediated
approaches, and interactive activities have all demonstrated potential for improving social engagement and
reciprocal behavior (Inci & Saglam, 2025; Jafari & Yousefi, 2023; Jouy, 2025). Nevertheless, treatment
response is heterogeneous, and some children continue to exhibit persistent limitations in social participation
even after receiving conventional behavioral or rehabilitative interventions. This has encouraged researchers
to investigate complementary neurobiological approaches capable of modifying neural systems involved in
social cognition and behavioral regulation. One such approach is transcranial direct current stimulation (tDCS),
a non-invasive neuromodulation technique that delivers a weak continuous electrical current through
electrodes placed on the scalp. Rather than directly eliciting action potentials, tDCS alters cortical excitability
and may facilitate neuroplastic changes in targeted networks. Repeated stimulation sessions may produce
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cumulative effects that extend beyond the immediate stimulation period (Aparicio et al., 2019). The
dorsolateral prefrontal cortex (DLPFC) has attracted particular attention because of its role in executive
control, behavioral regulation, response selection, cognitive flexibility, and the processing of socially relevant
information.

A growing body of evidence suggests that tDCS can influence cognitive, emotional, and interpersonal
processes mediated by prefrontal networks. Stimulation of the left DLPFC has been shown to modulate
responses to social feedback and interpersonal evaluation (Allaert et al., 2020), while meta-analytic evidence
suggests that tDCS can influence prosocial behavior and social decision-making depending on stimulation
parameters and target regions (Yuan et al., 2021). Studies in different clinical populations have also
demonstrated that tDCS can modify executive and regulatory processes associated with adaptive behavior
(Garcia etal., 2020; Gibson et al., 2021; Wu et al., 2022). In neurodevelopmental populations, improvements
in executive functioning following tDCS have been reported, indicating that stimulation of cortical regulatory
systems may enhance capacities such as inhibitory control and working memory (Fattahi Andebil et al.,
2018). Evidence specific to ASD is also emerging. Prefrontal tDCS has been associated with improvements in
theory of mind, emotion regulation, and emotional-behavioral functioning in children with autism (Zemestani
et al., 2022), while another study found beneficial effects of tDCS on executive functioning in children with
ASD (Shamsi Halasu et al., 2023). Moreover, multisession stimulation of the right temporoparietal junction
has been shown to improve mentalizing processes in individuals with autistic traits, supporting the broader
proposition that neural systems underlying social cognition are responsive to non-invasive brain stimulation
(Padron et al., 2021). Despite these promising findings, relatively few controlled studies have directly
examined whether tDCS can improve observable social interactions in young children with high-functioning
ASD. Therefore, the present study aimed to determine the effectiveness of tDCS in improving overall social
interaction and its components, including social reciprocity, social participation/avoidance, and negative or
inappropriate social behaviors, in 6- to 10-year-old boys with high-functioning ASD.

Methods and Materials

The present study used a quasi-experimental pretest-posttest-follow-up design with an intervention group and
a waiting-list control group. The statistical population consisted of boys aged 6 to 10 years with high-
functioning ASD who attended comprehensive autism treatment and rehabilitation centers in Tehran between
November 2025 and January 2026. Participants were selected using purposive sampling based on predefined
eligibility criteria. A total of 30 eligible children were recruited and randomly assigned in equal numbers to
the intervention and waiting-list control groups, with 15 participants in each group. Inclusion criteria
comprised a confirmed diagnosis of ASD based on DSM-5 criteria by a qualified child psychiatrist or clinical
psychologist, age between 6 and 10 years, an intelligence quotient ofat least 85, absence of severe neurological
disorders or contraindications to brain stimulation, absence of metallic cranial implants or active skin lesions
at electrode placement sites, stable medication status, sufficient ability to cooperate with the intervention, and
written informed consent from a parent or legal guardian. Exclusion criteria included withdrawal of consent,
development of clinically significant adverse effects, major medication changes during the intervention period,
excessive absence from treatment sessions, or insufficient cooperation with assessment procedures.

Social functioning was assessed using the Autism Social Skills Profile (ASSP), which consists of 49 items and
measures three major dimensions of social functioning: social reciprocity, social participation/avoidance, and
negative orinappropriate social behaviors. Items are rated on a four-point Likert scale, with negatively oriented
items reverse-scored so that higher total and subscale scores reflect better social functioning. A researcher -
developed demographic and clinical information form was also administered to collect background
information regarding age, parental characteristics, treatment history, medication status, and previous
rehabilitation services. The intervention group received 10 individual tDCS sessions over four weeks.
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Stimulation was delivered at an intensity of 1 mA for 20 minutes per session. The anodal electrode was
positioned over the left DLPFC, corresponding to the F3 site of the international 10-20 EEG system, while the
reference electrode was placed according to the stimulation protocol. Participants were monitored throughout
each session for discomfort or adverse effects. The control group did not receive active tDCS during the main
study period and remained on the waiting list. Social functioning was assessed at pretest, immediately after the
intervention, and one month later at follow-up. Data were analyzed using descriptive statistics and mixed
repeated-measures analysis of variance. Bonferroni-adjusted pairwise comparisons were conducted when
appropriate, and partial eta squared was reported as the effect-size index. Statistical analyses were performed
using SPSS version 26 with the significance level set at 0.05.

Findings

The mean age of the children in the intervention group was 8.53 years (SD=0.51), while the corresponding
mean in the control group was 8.47 years (SD=0.51). The two groups were therefore comparable in age and
displayed broadly similar demographic characteristics. Descriptive analysis showed a clear pattern of
improvement in the intervention group across all domains of social functioning. The mean total social
interaction score in the intervention group increased from 97.54+9.71 at pretest to 117.19+8.84 at posttest and
remained elevated at 115.20+8.96 at follow-up. In contrast, the control group showed only minimal change,
with mean scores of 96.80+9.43 at pretest, 98.13+9.51 at posttest, and 97.40+9.46 at follow-up.

A similar pattern was observed for the social reciprocity component. The intervention-group mean increased
from 39.47+4.62 at pretest to 46.73+4.28 at posttest and remained at 45.80+4.36 at follow-up, whereas the
control-group means were 39.13+4.51, 39.73+4.46, and 39.40+4.42, respectively. For social
participation/avoidance, the intervention-group mean increased from 30.20+£3.62 to 36.53+3.31 and then
remained at 35.93+3.38 at follow-up. The corresponding control-group scores were 30.07+3.56, 30.47+3.60,
and 30.27+3.57. For the reverse-scored negative/inappropriate social behavior dimension, the intervention
group improved from 27.87+3.48 at pretest to 33.93+3.14 at posttest and 33.47+3.22 at follow-up, while the
control group remained comparatively stable at 27.60+3.41, 27.93+3.46, and 27.73+3.43.

Mixed repeated-measures ANOVA demonstrated a significant time effect for the total social interaction score,
F(2,56)=72.84, p<0.001, partial n?>=0.722, as well as a significant group effect, F(1,28)=16.41, p<0.001, partial
n*=0.369. Most importantly, the group x time interaction was significant, F(2,56)=58.96, p<0.001, partial
n?=0.678, indicating that the pattern of change across time differed substantially between the two groups.
Significant group x time interactions were also observed for social reciprocity, F(2,56)=39.47, p<0.001, partial
n?>=0.585;  social participation/avoidance, = F(2,56)=35.91,  p<0.001, partial 1>=0.562; and
negative/inappropriate social behaviors, F(2,56)=27.88, p<0.001, partial 1?>=0.499. Bonferroni comparisons
further showed that the intervention group demonstrated significant improvements from pretest to posttest and
from pretest to follow-up for the total score and all three components (all p<0.001). In contrast, differences
between posttest and follow-up were not statistically significant, indicating maintenance of treatment gains
over the one-month follow-up period. No significant pairwise differences were observed across the three
assessments in the control group.

Discussion and Conclusion

The findings indicate that tDCS was effective in improving overall social interaction and all measured
components of social functioning in boys with high-functioning ASD. The significant group x time effects
demonstrate that improvements were not merely attributable to the passage of time or repeated assessment, but
rather followed a pattern specific to the intervention group. The largest effect was observed for the total social
interaction score, although substantial effects were also evident for social reciprocity, social
participation/avoidance, and negative or inappropriate social behaviors. These findings suggest that the impact
of tDCS was broad rather than restricted to a single aspect of social behavior.
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One plausible explanation is that anodal stimulation of the left DLPFC enhanced cortical excitability in neural
systems involved in executive control, behavioral monitoring, response selection, and adaptation to changing
social demands. Effective social interaction requires children to attend to social cues, inhibit inappropriate
responses, flexibly adjust behavior, interpret feedback, and sustain reciprocal communication. Enhancement
of prefrontal regulatory efficiency may therefore have facilitated more adaptive social responding.
Improvement in social reciprocity may reflect greater capacity to initiate and maintain interactions and to
respond more appropriately to interpersonal cues. Similarly, improved social participation may indicate greater
behavioral readiness to engage in group or peer situations rather than withdraw from them. The improvement
in the reverse-scored negative social behavior domain may also suggest enhanced self-regulation and reduced
occurrence of behaviors that interfere with successful interaction.

The maintenance of treatment gains at the one-month follow-up is particularly important. The absence of a
significant decline from posttest to follow-up suggests that the benefits of the intervention were not limited to
the immediate period following stimulation. Repeated stimulation across multiple sessions may have produced
cumulative neuroplastic changes that remained functionally relevant after the intervention ended. It is also
possible that once children began to function more successfully in social situations, they encountered more
opportunities for positive interpersonal reinforcement, which may have helped consolidate newly emerging
behaviors. In this sense, the intervention may have initiated a reciprocal process in which neurological
facilitation supported improved social behavior, and successful social experiences subsequently strengthened
those behavioral gains.

Overall, the results support the potential use of tDCS as a complementary intervention for improving social
functioning in children with high-functioning ASD. The findings should not be interpreted as suggesting that
brain stimulation can replace established behavioral, educational, or rehabilitative interventions. Rather, tDCS
may be most useful as an adjunctive approach that enhances neural readiness for social learning and behavioral
adaptation. Within the parameters of the present protocol, repeated anodal stimulation of the left DLPFC was
associated with significant and relatively stable improvements in overall social interaction, social reciprocity,
social participation, and socially appropriate behavior. These findings provide preliminary support for the
clinical potential of tDCS in neurorehabilitative programs designed to improve social functioning among
children with high-functioning autism spectrum disorder.
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