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intervention on motor disorder

in children with autism spectrum
disorder
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Purpose In children with Autism Spectrum Disorder (ASD), motor disorders (MD) are a common
occurrence, and developing effective interventions continues to be challenging. This study aims

to investigate the effects of a 12-week ball combination training program (BCTP) combined with
continuous theta burst stimulation (cTBS) on MD in children with ASD. Methods: The study employed
a4 (cTBS, BCTP, cTBS*BCTP, control group) x 2 (pre-test, post-test) mixed design methodology. 50
participants were allocated to three experimental groups(38) and one control group(12), receiving
interventions for a period of 12 weeks. MD were measured using the Movement Assessment Battery
for Children - Second Edition (MABC-2). Results: Results indicated that the cTBS*BCTP group
significantly improved the overall MABC-2 scores (P <0.05) and Manual dexterity scores (P<0.05) in
children with ASD, and the BCTP group also significantly improved overall MABC-2 scores. Compared
to the control group, the effect size for the cTBS*BCTP group was 1.03 (95% Cl: 0.13 to 1.94), showing
the best intervention effect, outperforming the BCTP group (effect size: 0.82, 95% Cl: -0.09 to 1.72)
and the cTBS group (effect size: 0.43, 95% Cl: -0.38 to 1.23). Conclusion: Overall, the BCTP*cTBS
group showed the most significant intervention effects across various dimensions, demonstrating the
efficacy of combined interventions in improving MD in children with ASD, confirming that combined
interventions are superior to single interventions.
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Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder that typically appears in early childhood
and lasts throughout life!2. The core symptoms of ASD include difficulties in social communication, restricted
or repetitive behaviors, and a narrow range of interests or activities, which significantly limit or impair the
individual’s daily functioning®*. ASD characteristics differ among individuals, with severities ranging from mild
to severe®. Additionally, Motor Disorders (MD) are also a significant behavioral characteristic in children with
ASD. MD, a behavioral abnormality, typically involves impaired muscle control and coordination, resulting
in reduced or abnormal motor abilities. These disorders affect various movement aspects, such as Manual
dexteritys, coordination of large muscle groups, balance, and posture control®. The significance of MD in ASD
should not be overlooked. Despite not being included in the ASD diagnostic criteria, the high prevalence of MD
has attracted widespread attention’. MD were observed as a characteristic of developmental disorders as early
as ASD was first described, with cases reporting abnormal gait and motor anomalies, suggesting that MD in
children with ASD may precede the onset of atypical social behaviors and language impairments®. Researchers
speculate that MD may be both a comorbid symptom of ASD and a key factor in its pathology’s development.
Therefore, it is crucial to understand and manage MD effectively in children with ASD, this can enhances their
quality of life and daily functioning.
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Given the impact of MD, physical exercise interventions offer a cost-effective, easily implementable, and
safe non-pharmacological treatment option. Previous research demonstrates that physical exercise positively
affects MD in children with ASD*!!. In the development of movement interventions for ASD, ball sports
interventions have increasingly attracted researchers’ interest due to their many positive effects. Mini basketball,
as a flexible game with adaptable rules, has the potential to improve communication among peers and positively
impact behavior and physical health!?!3. A study on preschool children with ASD found that a 12-week mini
basketball training program (MBTP) could enhance motor skills'%. Furthermore, participating in other types
of ball sports, such as soccer, can significantly improve physical health and motor skills for individuals with
ASD, enhancing their enjoyment and engagement in sports'®. It is worth noting that focusing on a single ball
sport may differ in its impact on physical interventions for children with ASD. Basketball mainly targets upper
body training, whereas soccer focuses on the lower body. Thus, A single ball sport varies in the focus of exercise
intervention for children with ASD. Additionally, ball sports are entertaining and provide a variety of activities
and rich scenarios, offering children with autism diverse stimuli and experiences. Thus, integrating basketball
and soccer could lead to a comprehensive improvement in motor abilities for children with ASD. Other research
suggests that comprehensive and integrated intervention programs have a positive effect on children with
ASD7underlining the potential benefits of combined sports interventions. However, it remains to be determined
whether a combined basketball and soccer intervention program (BCTP) effectively improves MD in children
with ASD, necessitating further research.

In addition to physical exercise, transcranial magnetic stimulation (TMS) has become increasingly popular
for rehabilitating children with ASD, showing positive outcomes'. Continuous Theta Burst Stimulation
(cTBS) is a specific pattern that stimulates the cortex directly via magnetic and electric pulses'”. This technique
effectively modifies brain plasticity'®. As a neuromodulation method, cTBS shows potential to enhance brain
function and behavior in children with ASD'. The left dorsolateral prefrontal cortex (DLPFC), associated with
speech and cognitive control, and the right DLPFC, linked to emotional regulation and social cognition, serve
different functions in the brain. Consequently, some studies have started exploring how c¢TBS interventions in
these areas might alleviate motor impairments in children with ASD. For example, researchers stimulated the left
DLPFC of children with ASD using cTBS in one study and observed improvements in motor function?’. Another
study found that stimulating the right DLPFC enhanced both emotional and social cognition, as well as motor
skills?!. Although studies on the application of cTBS in children with ASD remain limited, broader research
on neurostimulation across various populations provides valuable insights. such as depression??Alzheimer’s
disease**and Parkinson’s disease?!. In addition, repetitive TMS (rTMS) and tDCS have been found to modulate
motor and cognitive functions in children with Attention Deficit Hyperactivity Disorder (ADHD) and
developmental coordination disorder (DCD), showing improvements in motor planning, postural control, and
executive functioning?>?. These findings support the rationale for exploring brain stimulation methods like
cTBS to enhance motor control by modulating neuroplasticity in relevant brain regions.

The rationale for combining ¢TBS and ball skill training lies in their complementary mechanisms. ¢cTBS
modulates cortical excitability and neural connectivity, potentially priming the brain for improved motor
learning. On the other hand, ball-based physical training (BCTP) provides task-specific sensorimotor input
that reinforces functional motor pathways through repetitive, structured activity. Combining neuromodulation
with behavioral training has been shown to produce synergistic effects in other populations. For example, paired
neurostimulation with physiotherapy has enhanced gait and motor recovery in children with cerebral palsy and
adults post-stroke. These findings suggest that simultaneous physiological (neural plasticity) and behavioral
(motor practice) stimulation can yield greater benefits than either approach alone. In our study, we combined
BCTP with c¢TBS interventions for the first time, utilizing the advantages of both interventions to maximize
effects and explore their impact on MD in children with ASD. Initially, cTBS, as an intervention affecting neuronal
activity in the brain, can regulate neural plasticity and improve brain functional connectivity. Meanwhile, BCTP
improves motor disorders in children with ASD through extensive ball-sport training. By combining these two
interventions, we can conduct a comprehensive and effective intervention on the motor impairments of children
with ASD at both physiological and behavioral levels. However, further research is needed to fully understand
the effects of combined BCTP and cTBS interventions on MD in children with ASD.

Children with ASD display a variety of symptoms and behaviors, and single interventions often fail to meet
their complex needs. However, combined interventions can simultaneously target different neural and behavioral
mechanisms, potentially having a more positive impact on the multifaceted issues of children with ASD. But
research on combined interventions in ASD is limited, and evidence supporting their impact on MD is scarce.
This study BCTP and ¢TBS combined program may yield synergistic effects on behavioral and physiological
aspects, more effectively addressing MD in children with ASD. Therefore, we employed three intervention
methods: BCTP intervention, cTBS intervention, and combined BCTP and ¢TBS interventions, and determine
if combined intervention effectively improves MD in children with ASD.

In summary, MD serious impairs daily life quality for children with ASD, causing substantial family stress.
This study aims to explore effective intervention strategies:

(1) Explore the effectiveness of BCTP intervention on MD in children with ASD.

(2) Explore the effectiveness of cTBS intervention on MD in children with ASD.

(3) Explore the effectiveness of combined BCTP and c¢TBS intervention on MD in children with ASD.
(4) Compare the outcomes of the three interventions on MD in children with ASD.

This study results can confirm the effects of three interventions on MD in children with ASD, and whether
combined intervention is superior to single intervention, aiming to provide more effective interventions for
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children with ASD. By gaining a deeper understanding of these intervention strategies may enable more effective
support for children with ASD.

Methods

Study design

This study is a 4*2 mixed experimental design, where the groups (cTBS, cTBS*BCTP, BCTP, CG) are between-
subject factors, and testing times (pre-test, post-test) are within-subject factors. Participants were screened
at the Yangzhou Chuying Children Development Center, with diagnoses made by professional doctors at the
Yangzhou Maternal and Child Health Hospital. Meanwhile, we detailed the study’s purpose and specifics to the
participants parents or guardians, who subsequently signed informed consent forms. Participants underwent
assessments before and after a 12-week training intervention, which included scores from the Movement
Assessment Battery for Children - Second Edition (MABC-2) and physical fitness evaluations. Ethical approval
for the study was granted by the Ethics Committee of Yangzhou University School of Medicine, approval number
YXYLL-2023-147. The trial is registered on the Chinese Clinical Trial Registry number ChiCTR2400087262
(23/07/2024). The study complies with the Helsinki Declaration’s ethical guidelines.

Participants

A priori sample size calculation was conducted to identify the recommended sample for the experiment. Given
an effect size of 0.25,set the significance level () at 0.05, and considering four groups, statistical power of 0.80, the
software G*power (version 3.1.9.6, Heinrich-Heine-Universitit Diisseldorf, Diisseldorf, Germany) determined
an advisable participant size of 48 individuals.

Eligibility criteria for participants included: (i) Chinese Han children aged 3-10 diagnosed with ASD; (ii)
those diagnosed with moderate to severe autism spectrum disorder per DSM-V criteria; (iii) candidates suitable
for transcranial magnetic stimulation and physical therapy.Exclusion criteria included: (i) individuals with
significant head trauma and metal objects in the skull; (ii) neurological and psychiatric disorders, such as epilepsy
or tics; (iii) carriers of pacemakers, implantable defibrillators, nerve stimulators, and other internal devices;
(iv) individuals taking medications affecting the central nervous system; (v) those who had briefly participated
in ball sports training in the past 12 months; (vi) those with physical disabilities preventing participation in
physical interventions; (vii) visual and auditory impairments; and (viii) those who had received transcranial
magnetic stimulation in the past 12 months. After initial screening, 75 participants were found eligible and
assigned to four groups: ¢TBS (18 participants), cTBS*BCTP (16 participants), BCTP (19 participants), and
Control Group (22 participants). All participating children received uniform standard rehabilitation treatments
at institutions, with no participation in additional physical interventions allowed during the study period. The
control group received a series of rehabilitation sessions provided by the agency based on Applied Behavior
Analysis (ABA) theory, including Early Intensive Behavioral Intervention (EIBI) and Discrete Trial Training
(DTT), among others, with each type of intervention session being 45 min long and occurring five times per
week. Meanwhile, the other groups underwent cITBS, cTBS*BCTP, and BCTP interventions over a 12-week
period. Thirteen participants withdrew from the study due to personal or injury-related reasons. Ultimately, 62
participants completed the intervention, but the data from 12 participants assessments that were not completed
were not included in the final statistical analysis. Finally, a total of 50 participants were included in the analysis
across four groups(Fig. 1): cTBS (n=15; 11 boys, 4 girls), cTBS x BCTP (n=12; 7 boys, 5 girls), BCTP (n=11;9
boys, 2 girls), and the Control Group (n=12; 11 boys, 1 girl), with a mean age of 7.02+2.07 years (range: 6-10
years).

Methodological proceduresa

Participants were measured at the Yangzhou Chuying Children Development Center before and after the
intervention, including anthropometric measurements, MABC-2 testing, and physical fitness tests, conducted
in a room maintained at 24°C and 55% relative humidity. Prior to the intervention, assessments included
the Childhood Autism Rating Scale (CARS)?”?%the Children’s Sleep Habits Questionnaire (CSHQ)?’and the
Children’s Eating Behaviour Questionnaire (CEBQ)*. A professional physician conducted the Childhood
Autism Rating Scale (CARS) assessments, and experienced researchers carried out the other tests.

Movement Assessment Battery for Children (MABC-2) Tool Test
Currently, no specific motor ability assessment tools are designed exclusively for the individuals with ASD.
However, several scales and tools have been successfully applied across typically developing and clinical
populations, including individuals with ASD, demonstrating substantial applicability. The MABC-2 is a
standardized diagnostic tool for Developmental Coordination Disorder that assesses manual dexterity, aiming
& catching, and balance. It provides strict and clear demonstrations with detailed instructional requirements.
Recognized for its broad applicability across age ranges*!it is highly regarded for its practical utility in assessments.
This tool is also effective in evaluating motor impairments in children with ASD3*%,

In this study, the MABC-2 tool was employed to assess motor skills in children with ASD. The MABC-
2 testing encompasses three areas: (1) manual dexterity, including tasks like placing coins, threading beads,
and drawing; (2) aiming & Catching, such as throwing and catching small bags; (3) balance, demonstrated
through tiptoe walking, single-leg balancing, and carpet jumping. Formal tests were conducted by MABC-2
certified personnel, who followed stringent guidelines for tool arrangement and procedures. Children with ASD
were encouraged to perform optimally throughout these tests. Examiners recorded test scores and completed
subjective evaluations based on the children’s performance. Currently, numerous scholars widely employ the
MABC tool to research motor abilities in children with autism.
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Fig. 1. Participant flow characteristics.

Training intervention
The exercise intervention spanned 12 weeks, consisting of five 45-minute sessions each week. The exercise
program progressively escalated in difficulty, beginning with simple exercises and advancing to more challenging
workouts. The program was divided into three phases: adaptation, foundational, and advanced (Phases I, II, and
III) (refer to Fig. 2). Appendix 1 offers a detailed breakdown of the training types during the intervention period.
This training frequency and intensity are consistent with the standard rehabilitation schedules currently
implemented in local Chinese institutions and hospitals for children with developmental disorders. While the
frequency may appear intensive compared to practices in some other countries, it reflects typical therapeutic
routines in our regional context. Moreover, this mode of intervention has been previously validated in children
with ASD and has demonstrated feasibility and effectiveness in real-world rehabilitation settings*.

Continuous Theta Burst Stimulation(cTBS) intervention

The therapeutic device employed was the Rapid2 Transcranial Magnetic Stimulation device from Magstim, UK,
equipped with a figure-eight coil and set to the cTBS stimulation mode.A defining feature of the TBS mode is its
delivery of three burst pulses every 200 milliseconds (5 Hz) at a 50 Hz frequency.The cTBS mode continuously
delivers a total of 600 pulses*. Appendix 2 provides detailed information on the intensity, targets, and procedures
of the ¢TBS intervention.

Individuals with autism exhibit an imbalance in the excitatory/inhibitory ratio within cortical layers, notably
in the DLPFC?. Research indicates that low-frequency rTMS effectively reduces excessive gamma oscillatory
brain activity in the frontal lobe, increases inhibitory neurotransmitters significantly, and restores cortical
excitatory/inhibitory balance”. The modality-specific regulatory effects of TBS were first demonstrated in the
motor cortex®® and later explored in the frontal cortex areas. In the motor area*’continuous TBS (¢TBS) mainly
reduces excitability in targeted cortical neurons*whereas intermittent TBS (iTBS) enhances it. Consequently,
given the functional differences in cortical responses between the left and right DLPFC, stimulation of each area
is conducted over a six-week period®”41:42,

Two professionals administered the cTBS intervention in a one-on-one format. Given the clinical symptoms
of autism that hinder children’s cooperation with c¢TBS stimulation, at least one guardian must be present
during the sessions to facilitate the smooth completion of the intervention. Should an experimental session be
paused, stimulation will resume following the conclusion of the next child session. Attendance for each session
is recorded by a professional instructor, and any absences should be reported to the instructor at least one day in
advance. Continuous absences should not exceed three days, and total absences should not surpass seven days
to maintain the stimulation progress.
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Goal: The main intervention goal is to establish physical education
classroom norms for children with ASD, guide children with ASD to
adapt to the order of the collective classroom, and reduce the
sensitivity of children with ASD to intervention equipment.
Duration: 1 week

Goal: The main intervention goal is to improve the learning ability of
complex motor skills of children with ASD by learning basic
movement techniques of basketball and football, and to improve the
generalization ability of children with ASD to new behaviors, thereby
improving behavioral problems and brain development disorders.
Duration: 9 weeks

Goal: The main intervention goal is to create rich and interesting
situational activities, promote the generalization ability of autistic
children to flexibly apply the basic basketball and soccer skills they
have mastered in created situations, improve cooperation awareness,
promote socialization, thereby improving behavioral problems and
brain development disorders.

Duration: 2 weeks

Fig. 2. Goal and duration of intervention for the three stages of BCTP.

c¢TBS*BCTP Intervention

The specific intervention parameters of the BCTP and cTBS were consistent with those described in the previous
section. To prevent the intensity of the cTBS stimulation treatment and the exercise intervention, the cTBS
stimulation was scheduled to be implemented at 9:00-11:00 a.m. every Monday through Friday; the BCTP
was scheduled to be implemented at 16:00-17:00 p.m. every Monday through Friday. The overall intervention
process is shown in Fig. 3.

Statistical procedures

Variance and normality were assessed using Levene’s test and the Shapiro-Wilk test, respectively. If the data
met the assumptions of normal distribution and variance homogeneity, One-Way ANOVA was employed for
analysis; otherwise, non-parametric tests were applied. One-way ANOVA and chi-square tests assessed the
homogeneity of demographic characteristics (age, gender, BMI), diagnostic reports (CARS, CSHQ, CEBQ),
and the MABC-2, among 50 participants. Repeated measures ANOVA determined if significant changes in
motor disorders occurred among four groups of children with ASD pre- and post-intervention, significant time-
group interactions prompted further simple effects analysis. Data were presented as mean + standard deviation
(M £SD). This study evaluated the importance of intervention outcomes by calculating effect sizes, defined as
the difference between post-test and pre-test scores. Effect sizes were compared with the control group using
Cohen’s d, calculated as the ratio of the mean difference to the pooled standard deviation, and categorized
as small (0.2), medium (0.5), or large (0.8). Data analysis was conducted with SPSS version 27.0.1. Statistical
analyses were two-tailed, with a significance threshold of 0.05.

Results

Baseline

To maintain the integrity of the research, we testing potential influencers of MD in children with ASD:
demographic characteristics (age, gender, BMI), diagnostic reports (CARS, CSHQ, CEBQ), and the MABC-2,
prior to starting the experiment. Consequently, controlling these factors and conducting differential testing on
all participants were deemed essential throughout the study to safeguard the experimental results.
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cTBS cTBS*BCTP | BCTP CG X F P
Variable (n=15) (n=12) (n=11) (n=12) Value | Value | Value
Age (years) 6.87(1.96) 6.83(2.04) 5.82(2.23) | 8.08(2.07) - 2.326 | 0.087
Gender (boys/girls) (11/4) (7/5) 9/2) (11/1) 3931 |- 0.269
BMI (height/weight2) | 16.75(1.83) | 19.87(3.30) | 16.76(2.35) | 19.85(6.68) | - 2591 | 0.064
CARS 38.93(5.73) | 37.25(4.47) 37.18(7.64) | 38.55(6.25) | - 0.266 | 0.849
CSHQ 59.60(6.51) | 58.92(8.80) 54.36(5.05) | 55.00(6.58) | - 1.892 | 0.144
CEBQ 59.07(13.39) | 63.58(9.91) | 56.00(9.94) | 56.92(12.61) | - 0.956 | 0.422
Manual dexterity 4.47(2.45) 7.25(4.92) 5.82(4.96) | 5.08(4.29) - 1.068 | 0.372
Aiming & Catching 7.33(3.48) 6.33(3.28) 8.00(4.75) | 8.67(2.93) 0.898 | 0.449
Balance 453(2.97) |842(582) |6.36(4.43) |5333.17) |- 2,078 |0.116
MABC-2 Total points | 16.33(6.28) | 22.00(10.14) |20.18(9.92) | 19.08(8.25) |- 1.024 |0.391

Table 1. Participant demographic characteristics. diagnosis report and MABC-2 test Mean(SD). CARS:
Childhood Autism Rating Scale; CSHQ: Children’s Sleep Habits Questionnaire; CEBQ: Child Eating Behavior
Questionnaire; BCTP: the ball combination training program group; MABC-2: Movement Assessment Battery
for Children Second edition.

The chi-square test results show no significant differences in gender among the four groups of participants
(x*=3.931, p>0.05). Similarly, the ANOVA for age [F(3,46)=2.326, p>0.05], BMI [F(3,46)=2.591, p>0.05],
CARS [F(3,46)=0.266, p>0.05], CSHQ [F(3,46)=1.892, p>0.05], CEBQ [F(3,46)=0.956, p>0.05], manual
dexterity [F(3,46)=1.068, p>0.05], aiming & catching [F(3,46)=0.898, p>0.05], balance [F(3,46)=2.078,
p>0.05], and MABC-2 total points [F(3,46)=1.024, p>0.05] also showed no significant differences. These
findings demonstrate the homogeneity in demographic characteristics, diagnostic reports, and MABC-2 scores
across the four groups. Descriptive statistics can be found in Table 1.

Between and within-group analysis

We performed a repeated measures ANOVA to assess motor function across four participant groups. The results
indicated that the differences in Aiming & Catching scores [F(3,46) =12.607, p>0.05, # 2=0.090] and Balance
scores [F(3,46)=13.039, p>0.05, 1,2=0.036] assessed by the MABC-2 tool were not statistically significant in
the timexgroup interaction. The differences in Manual dexterity scores [F(3,46) =2.935, p<0.05, % pZ =0.176] and
Total scores [F(3,46) =1.024, p<0.05, 1 pZ =0.207] were statistically significant in the time-by-group interaction.
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Manual dexterity 447(245) | 5.13(431) | 7.25(4.92) |1225(11.30) | 5.82(4.96) | 6.72(4.13) | 5.08(4.29) | 3.58(2.07) |0.029
Aiming & Catching | 7.33(3.48) | 7.60(3.68) | 6.33(3.28) | 9.08(4.48) | 8.00(4.75) | 10.82(5.51) | 8.67(2.93) | 10.08(2.97) | 0.221
Balance 453(2.97) | 7.00(5.06) | 8.42(5.82) |10.67(6.23) | 6.36(4.43) | 9.27(6.97) | 5.33(3.17) | 6.17(5.31) | 0.640
MABC-2 Total points | 16.33(6.28) | 19.73(8.01) | 22.00(10.14) | 32.00(16.60) | 20.18(9.92) | 26.82(11.37) | 19.08(8.25) | 19.83(9.15) | 0.013

Table 2. Motor function performance scores of four groups of children with ASD before and after
experimental intervention M(SD).
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Fig. 4. Changes in MD in children with ASD before and after intervention. Notes: Alterations in the total score
of the MABC-2 and its three subdimensions in children with ASD before and after intervention. Error bars
represent standard deviation. ** p <0.01; *** p<0.001.

Subsequent simple effects analysis indicated a significant uptrend in Manual dexterity scores for the cTBS*BCTP
group (p <0.05), with no significant changes observed in the cTBS, BCTP, and control groups (p > 0.05). Regarding
Total scores, significant increases were noted in the cTBS*BCTP and BCTP groups (p <0.05), however, the cTBS
and control groups showed no significant changes(p>0.05). Descriptive statistics of the participants motor
disorder performance scores before and after the experiment are shown in Table 2, and Fig. 4 illustrates the
differences between pre- and post-tests across the groups.

MABC-2: Movement Assessment Battery for Children Second edition.
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Variable Group Effect Size | 95% CI
cTBS 0.64 (95% CI: —0.18 to 1.46)
Manual dexterity cTBS*BCTP | 0.97 (95% CI: 0.07 to 1.86)
BCTP 0.66 (95% CIL: —0.24 to 1.55)
cTBS -0.32 (95% CI: —1.12 to 0.48)
Aiming & Catching cTBS*BCTP | 0.38 (95% CI: —0.47 to 1.24)
BCTP 0.48 (95% CI: —0.40 to 1.37)
cTBS 0.41 (95% CI: —-0.39 to 1.22)
Balance cTBS*BCTP | 0.31 (95% CI: —=0.54 to 1.17)
BCTP 0.51 (95% CI: —0.37 to 1.39)
cTBS 0.43 (95% CI: -0.38 to 1.23)
Total score of the MABC-2 | cTBS*BCTP 1.03 (95% CI: 0.13 to 1.94)
BCTP 0.82 (95% CI: —0.09 to 1.72)

Table 3. Effect sizes in the three experimental groups as compared to the control groups. CI: Confidence
Interval.

Effect sizes compared between the three experimental groups and the control group

Relative to the control group, the effect sizes were 0.43 (95% CI: —0.38 to 1.23) for the cTBS group, 1.03 (95% CI:
0.13 to 1.94) for the cTBS*BCTP group, and 0.82 (95% CI: —0.09 to 1.72) for the BCTP group on the MABC-
2 total score.This indicates that the intervention effectiveness relative to the control group is greatest in the
cTBS*BCTP group, followed by the BCTP group, and then the cTBS group.

In the MABC-2 sub-dimension for Manual dexterity, effect sizes were as follows: 0.64 (95% CI: —0.18 to 1.46)
for the cTBS group, 0.97 (95% CI: 0.07 to 1.86) for the cTBS*BCTP group, and 0.66 (95% CI: —0.24 to 1.55) for
the BCTP group.This suggests that the intervention effects were most pronounced in the cTBS*BCTP group,
relative to the control group, with both the cTBS and BCTP groups demonstrating a improvement trend.

For Aiming & Catching scores, the effect size was —0.32 (95% CI: —1.12 to 0.48) for the cTBS group, 0.38 (95%
CI: —0.47 to 1.24) for the cTBS*BCTP group, and 0.48 (95% CI: —0.40 to 1.37) for the BCTP group. This indicates
that the cTBS group scored lower than the control group in Aiming & Catching, cTBS might have influenced
neural circuits in a way that temporarily disrupted Aiming & Catching, particularly if the stimulation was not
precisely aligned with the neural pathways that directly support Aiming & Catching. while the cTBS*BCTP and
BCTP groups showed trends of improvement.

For Balance scores, effect sizes were 0.41 (95% CI: —0.39 to 1.22) for the cTBS group, 0.31 (95% CI: —0.54 to
1.17) for the cTBS*BCTP group, Both cTBS and BCTP may enhance balance through similar neural pathways,
leading to overlapping benefits rather than additive effects, 0.51 (95% CI: —0.37 to 1.39) for the BCTP group. This
indicates an improvement trend in the intervention outcomes across all three groups.

Overall, the intervention effects of the ¢cTBS*BCTP group were the most significant across multiple
dimensions, while the cTBS and BCTP groups also showed trends of improvement, albeit with some uncertainty.
In general, while observing the effect sizes, we noted that some results had confidence intervals that crossed zero,
suggesting these effects might not be statistically significant. This likely reflects the small sample size of the study
and the uncertainty inherent in studying children with ASD, particularly those with high-functioning disorders,
who may exhibit significant pre- and post-intervention differences. In this study, even though some effect sizes
were not statistically significant, this does not affect the overall trend of the results. These findings still hold
important implications for improving motor disorder in children with ASD in practical applications. The effect
sizes for the three experimental groups compared to the control group are shown in Table 3.

Discussion

This study investigated the effects of BCTP combined with ¢TBS intervention on MD in children with ASD,
identifying four key findings. Initially, after 12 weeks of combined BCTP and cTBS intervention, children with
ASD demonstrated significant improvements in total MABC-2 scores and the manual dexterity subdimension.
While improvements in other subdimensions were not statistically significant, a trend towards improvement was
evident. Subsequently, with 12 weeks of BCTP intervention alone, children with ASD also showed significant
improvements in total MABC-2 scores, and while other subdimensions did not show statistical significance,
improvements were consistently observed. Following the 12-week cTBS intervention, there were no significant
improvements in the total MABC-2 scores or subdimensions for children with ASD. In a comparison of three
intervention schemes and a control group, the BCTP*cTBS group demonstrated the most significant effects
across multiple dimensions, achieving the best overall outcomes.

Effectiveness of BCTP on MD (Objective 1)

In our study, BCTP intervention alone for 12 weeks significantly improved total MABC-2 scores, with visible,
though statistically non-significant, trends in other subdimensions. These findings suggest that BCTP alone can
effectively enhance motor skills in children with ASD. The structure and progression of the BCTP program,
including its focus on foundational ball skills, likely contributed to neuromuscular improvements and motor
planning. Substantial evidence from previous research aligns with our findings that physical interventions
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positively affect motor functions in children with ASD*. For instance, an 8-week study involving daily four-
hour sessions of exercises intervention, while this intervention targeted larger muscle groups than ours, it
included similar activities such as balance beams and one-foot stands, the motor functions of these children
improved significantly, with notable gains in fine object control and gross motor skills*. Research shows that
various physical interventions impact motor function improvements in children with ASD differently. Unlike
previous findings, in one study, 18 children with ASD were divided into experimental and control groups. The
experimental group engaged in a 6-week Tai Chi program, meeting three times weekly for 60 min. This regimen
led to significant improvements in balance and motor coordination in these children*®. Another study involved
10 children with ASD in an 8-week structured exercise program, with three 60-minute sessions weekly, resulting
in significant enhancements in their gross motor skills*®. This study did not find significant improvements in
Manual dexterity, Aiming & Catching, or Balance in children with ASD, although improvements were apparent.
Our intervention sessions lasted 45 min, shorter than the 60 min or more common in other studies, potentially
influencing our results. Moreover, our sample primarily included children with moderate to severe ASD, who
often exhibited lower motor coordination and required assistance during physical interventions. To ensure
successful participation, trained therapists and caregivers provided step-by-step guidance, verbal prompts, and
hands-on assistance when needed. Additionally, the ball-training program was adapted to match the children’s
abilities, using smaller groups and modified tasks to reduce coordination demands. This ensured that even
children with severe ASD could engage in the intervention while gradually improving their motor skills. Overall,
this study affirms the positive impact of physical intervention on motor functions in children with ASD and
underscores the need for more targeted intervention strategies.

Effectiveness of cTBS on MD (Objective 2)

In the realm of neuromodulation, cTBS may modulate neuronal activity by regulating levels of neurotransmitters
such as glutamate and y-aminobutyric acid (GABA)*. This modulation of neuroplasticity in the brains of
patients with ASD could enhance motor skills by normalizing brain connectivity and neuronal activity*®. This
study focused on the dorsolateral prefrontal cortex, a key brain region involved in motor execution*. However,
this study revealed that a 12-week c¢TBS intervention did not significantly enhance overall motor functions or
specific subdimensions in children with ASD. Although no significant improvements were found in Aiming
& Catching and Balance dimensions, a trend toward improvement was observed. The effect size showed lower
scores in Aiming & Catching compared to the control group, which might be due to the large individual
variability in children with moderate to severe ASD’. Differences in ASD severity, cognitive abilities, language
proficiency, and motor skills may have influenced their responses to the intervention, leading to variability in
outcomes. Given the broad age range of 3-10 years, developmental differences across cognitive, language, and
motor domains could further affect intervention effectiveness. While the sample size was sufficient, the inherent
heterogeneity of ASD symptoms and responses to intervention may have played a role in these findings. Extending
the intervention duration may be necessary to achieve significant effects across different developmental stages*’.

Effectiveness of combined BCTP and cTBS intervention(Objective 3)

This study revealed that a 12-week combined intervention significantly improved overall motor disorder and
manual dexterity scores in children with ASD. While the other two subdimensions did not show significant
improvements, improvement trends were noted. The combined intervention demonstrated a greater efficacy
than single interventions in improving motor disorders in children with ASD, providing partial support for our
fourth hypothesis. The combined intervention may have synergistic effects, maximizing the therapeutic benefits
of each component. The enhanced effects observed in the combined intervention group may be attributed to
the complementary mechanisms of BCTP and c¢TBS. ¢TBS has been shown to regulate synaptic plasticity by
modulating the balance between excitatory (glutamatergic) and inhibitory (GABAergic) neurotransmission,
potentially normalizing aberrant neural connectivity in ASD*. This neurophysiological modulation may create
a more receptive neural environment for motor learning. Meanwhile, BCTP directly engages motor pathways
through structured and repetitive physical training, reinforcing neuromuscular control and motor coordination.
The integration of neuromodulation and task-specific motor practice likely amplifies intervention efficacy,
aligning with previous findings in neurorehabilitation.

While our findings suggest a synergistic effect of combining BCTP and cTBS, it is important to interpret these
results with caution. The absence of a sham combined intervention group (i.e., sham neurostimulation + BCTP)
limits our ability to fully isolate the specific contribution of ¢cTBS beyond the psychological or motivational
effects of receiving two concurrent interventions. Although we have acknowledged this as a limitation, future
studies should incorporate a placebo-controlled combined group to better distinguish between the specific and
additive effects of each component. Such a design would strengthen the causal inference regarding the efficacy of
combined interventions and avoid potential overestimation of treatment benefits due to expectancy or increased
attention effects.

Comparison of the three intervention outcomes (Objective 4)

Research supports this hypothesis, demonstrating that combining high-frequency repetitive transcranial
magnetic stimulation with task-oriented mirror therapy significantly enhances hand function in acute stroke
patients®’. Similarly, transcranial magnetic stimulation combined with Action Observation (AO) has been
shown to improve hand motor and upper limb functions®'. Increasingly, studies highlight the effectiveness of
multimodal interventions in ASD, with evidence that integrating exercise training and cognitive-behavioral
therapy improves both motor and cognitive functions®2. Furthermore, neuromodulatory approaches, such as
transcranial direct current stimulation coupled with treadmill training, have been found to enhance balance
and motor performance in children with cerebral palsy®>. These findings underscore the potential of combining
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neuromodulation and physical training to optimize motor function improvements in children with ASD. This
study found that combining BCTP with c¢TBS yielded the most significant improvements in motor development
in children with ASD, surpassing the effects of either intervention alone. The cTBS intervention may help mitigate
the limitations of BCTP by enhancing cortical excitability, while BCTP may compensate for the limited direct
motor effects of ¢TBS by reinforcing motor pathway activation. Together, these internal (neuromodulatory)
and external (task-based) stimulations may enhance the therapeutic impact on motor function development
in children with ASD. These results support our hypothesis that combining BCTP and cTBS produces greater
improvements in motor development than either intervention alone.

This study highlights the need for further exploration of personalized intervention strategies tailored to
autism severity, optimization of target selection, and timing. Given the complexity of ASD, future research should
investigate extended intervention durations and conduct long-term follow-up studies to assess the persistence
and potential delayed effects of interventions®*. Additionally, integrating functional neuroimaging tools such
as fMRI or fNIRS could provide deeper insights into cTBS mechanisms. Moreover, employing biomarkers like
BDNF level changes, along with robust methodologies such as randomization, double-blinding, and placebo
controls, could enhance the reliability of findings. These aspects should be explored in future research and are
not within the scope of the present study.

Conclusions

This study revealed the impact of cTBS*BCTP interventions on motor disorders in children with ASD. Practically,
this research offers valuable insights for designing more effective intervention programs. We observed that
combined interventions could produce synergistic effects, suggesting that integrating different intervention
methods may maximize therapeutic outcomes. Additionally, our study underscores the need for personalized
intervention plans due to varying motor disorders and individual differences in children with ASD. Future
studies should extend intervention durations and conduct long-term follow-ups to assess the persistence of
effects, explore synergies between methods, and identify optimal intervention combinations to improve motor
disorder and quality of life in children with ASD.

Data availability
“The anonymized dataset used for analysis will be made available from the corresponding author upon reason-
able request”.
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