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Neuroimaging has revealed numerous atypical functional connectivity of default mode
network (DMN) dedicated to social communications (SC) in autism spectrum disorder
(ASD), yet their nature and directionality remain unclear. Here, preschoolers with autism
received physical intervention from a 12-week mini-basketball training program (12W-
MBTP). Therefore, the directionality and nature of regional interactions within the DMN
after the intervention are evaluated while assessing the impact of an intervention on
SC. Based on the results of independent component analysis (ICA), we applied spectral
dynamic causal modeling (DCM) for participants aged 3-6 years (experimental group,
N = 17, control group, N = 14) to characterize the longitudinal changes following
intervention in intrinsic and extrinsic effective connectivity (EC) between core regions
of the DMN. Then, we analyzed the correlation between the changes in EC and SRS-
2 scores to establish symptom-based validation. We found that after the 12W-MBTP
intervention, the SRS-2 score of preschoolers with ASD in the experimental group
was decreased. Concurrently, the inhibitory directional connections were observed
between the core regions of the DMN, including increased self-inhibition in the medial
prefrontal cortex (MPFC), and the changes of EC in mPFC were significantly correlated
with change in the social responsiveness scale-2 (SRS-2) score. These new findings
shed light on DMN as a potential intervention target, as the inhibitory information
transmission between its core regions may play a positive role in improving SC
behavior in preschoolers with ASD, which may be a reliable neuroimaging biomarker
for future studies.

Clinical Trial Registration: This study registered with the Chinese Clinical Trial Registry
(ChiCTR1900024973) on August 05, 2019.

Keywords: default mode network, social communication, dynamic causal modeling (DCM), effective connectivity,
exercise intervention

INTRODUCTION

Autism spectrum disorder (ASD) is a complex neurodevelopmental disability (Lord and Bishop,
2015) that emerges in the early stages of life, often severely impairs daily life functions, and is
generally associated with life-long disability (Howlin et al., 2004). The prevalence of ASD has
currently risen to one in 54 children and ASD was 4.3 times as prevalent among boys as among
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girls (Maenner et al,, 2020). ASD is primarily manifested as
persistent impairments in social communications (SC) and the
presence of restricted, repetitive patterns of behaviors, interests,
or activities. Despite heterogeneity in behavioral manifestations
across sensory and other domains, impaired SC is a core feature
of autism (Pelphrey et al., 2011; Xiao et al., 2021).

In general, SC deficits in individuals with ASD often result
in exclusion from social interactions (Bolling et al, 2011),
contributing to a perception of being “lost in one’s narrow world”
due to the lack of initial motivation for social communications
and interactions and initiating a vicious cycle. Furthermore, the
terrible suffering of individuals and families also contributes to
ASD being a major public health concern (Maenner et al., 2020).
Therefore, timely intervention is particularly important for the
healthy development of preschoolers with ASD who are in a
critical period of brain development.

Various evidence-based ASD interventions aimed at
improving SC ability (Roane et al., 2016), have been applied
successfully. Physical exercise interventions (being low-cost,
easy-to-implement, and acceptable multimodal intervention
methods) may be more suitable for children and are extensively
used in the improvement of brain cognitive function (Ketcheson
et al., 2018; Reinders et al., 2019). Previous studies (Tse, 2020)
together with our colleagues study (Cai et al., 2020) have
indicated that autism receiving various exercise interventions
have different degrees of improvement in SC-related outcomes.
Furthermore, for preschool children with a critical brain
development period, early intervention may play a particular role
in facilitating the development of the nervous system, including
the formation of synapses and myelination (Khundrakpam et al.,
2016). In addition, a select study suggested that the earlier age
of starting intervention was a statistically significant predictor
of better developmental functioning and/or diagnostic status
outcome in children with ASD (Towle et al., 2020). Hence, in
the current context, we have implemented the 12W-MBTP, a
multipath and multimodal theoretical exercise program specially
designed for children with ASD, to improve the SC deficits via
improving the neurophysiological state and elevating the ability
of scenarios interactions.

Of note, although a deficit called “social communication” is
considered one of the most universal and specific characteristics
of autism in the DSM-5 diagnostic criteria (Tager-Flusberg,
2010), there is a lack of universal consensus about the
underlying neural mechanism of social disorders in ASD
(Venkataraman et al, 2015). This uncertainty is due to the
etiological complexity and phenotypic heterogeneity as well
as environmental assimilation effects of ASD. One theory
(Gallagher and Frith, 2003) attempts to explain the social disorder
of ASD, that is, theory of Mind (ToM) that relates to the ability of
individuals to predict the behavior of others on the basis of their
own mental states (goals, feelings and beliefs) and enables the
identification of others’ intentions, emotions, and self-awareness.
Perhaps it is not surprising that the DMN, a core brain system
for processing information about the “self” and “other” (Mars
et al., 2012; Molnar-Szakacs and Uddin, 2013), has been linked
to both social cognition and the mentalizing process. Analysis
of the extant literature in neurotypical individuals reveals that

the core nodes in DMN involved in the ToM process [e.g.,
medial prefrontal cortex (mPFC), posterior cingulate cortex
(PCC), bilateral temporoparietal junction (TPJ)] (Hyatt et al.,
2015) play distinct and interacting roles in both the monitoring
of the psychological state of self and the evaluation of others
(Padmanabhan et al., 2017).

Synthesizing the previous literature, a universal consensus has
recently been reached that the abnormal functional connectivity
between the core regions of the DMN contribute to the SC
impairments in ASD (Yerys et al,, 2015; Padmanabhan et al,,
2017). Furthermore, there is convergent evidence that SC
impairments of ASD reflect a pattern of dual impairment, that is
hyper/hypo-connectivity, which results in reduced specialization,
flexibility, and processing efficiency of social network (e.g., DMN)
(Uddin et al., 2013).

Overall, research increasingly indicates that, as a core network
for mentalizing process (Buckner et al, 2008), the atypical
connectivity between key regions of the DMN (Molnar-Szakacs
and Uddin, 2013) affects both social network integration and
differentiation (Yerys et al.,, 2015), resulting in deficits in SC
of ASD (Molnar-Szakacs and Uddin, 2013). Unfortunately,
the nature, directional and extent of this atypical functional
connectivity remain sharply debated (Uddin et al, 2015),
leading to difficulties in accurately understanding the potential
mechanisms and intervention targets of ASD social disorders.
Moreover, to the best of our knowledge, research has rarely
explored the underlying neurophysiological mechanism in ASD
after an intervention. Therefore, to examine the directionality
and nature of the specific influence of one region on another
region, we established a DCM (Friston et al., 2003) for resting-
state functional magnetic resonance imaging (fMRI) cross-
spectral densities (Friston et al., 2014) among different brain
regions of preschoolers with ASD based on the results of ICA.
Finally, applying Pearson correlation analysis to ask whether
any directed connections are related to symptom severity to
establish the symptom-based validation. Compared with other
methods of causality analysis, the DCM not only is more suited to
disclose the causality and directed nature of the coupling between
intrinsic modes of brain activity but also can effectively avoid
the suspicious error caused by “lag-based” causality in Granger
causality analysis (Webb et al., 2013; Zhou et al., 2018).

This original research aims to investigate the underlying
neural mechanisms of exercise interventions in enhancing
social communication (SC) skills for preschoolers with autism
by using the spectra DCM. Therefore, we hypothesized the
exercise-induced effects may alter the imbalance of local
excitatory/inhibitory in the DMN feedback loop, improving
the influence of secondary pathological processes caused by
chronically elevated metabolic stress and relieving the symptoms
of social deficits in preschoolers with ASD.

MATERIALS AND METHODS
Study Design

This research design with a two-factor (time and group)
repeated measurements was conducted between October and
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December 2018 in Yangzhou, China. The current research
is mainly aimed at preschool (3-6 years old) with ASD to
reduce the deviation caused by age development (Vander Wyk
et al., 2014). Research of young children is also particularly
critical for developing neuroimaging biomarkers of the disorder
(Padmanabhan et al., 2017).

Participants Selection

All participants were outpatients diagnosed by pediatricians
in a tertiary hospital based on the Diagnostic and Statistical
Manual of Mental Disorders 5th-edition (DSM-5) and assisted
by Childhood Autism Rating Scale (CARS) (Schopler et al,
1980). Potential participants were excluded if they met any of
the following criteria: (1) involvement in a structured exercise
program in the past 6 months; (2) a history of substance abuse
or dependence in the last 6 months; (3) co-morbid psychiatric
or neurological disorders; (4) visual or auditory impairments;
(5) intracranial lesions that affect image analysis; (6) exercise
contraindications in medical rehabilitation; (7) contraindications
for magnetic resonance imaging (MRI) scanning.

Ninety-four participants were recruited from Chuying Child
Development Center and Starssailor Education Institution
(Yangzhou, China). Of the initially diagnosed ASD preschoolers,
participants who did not meet study criteria (n = 36) or
declined to participate in this study (n = 18) were excluded so
that 40 participants were finally eligible and randomly equally
distributed into two groups by using simple randomization with
a random number table: the experimental group (n = 20) and
the control group (n = 20). Of note, participants from the two
different places and their parents had no prior social interactions
with one another to minimize differential expectancies. Because
some subjects were unable to complete the MRI scans post-
intervention (n = 6), and inferior images were not allowed for
subsequent analysis (n = 3). The final data analysis: a total of 31
participants between the experimental group (n = 17) and the
control group (n = 14). Before the research, explain the research
including contents and precautions in detail to the parents or
guardians of the participants and obtain written authorization.
The study was approved by the Ethics and Human Protection
Committee of the Affiliated Hospital of Yangzhou University, and
complied with the ethical standards of the Helsinki declaration.
Meanwhile, this study retrospectively registered with the Chinese
Clinical Trial Registry (ChiCTR1900024973) on August 05, 2019.

Behavioral Measurements

Apart from gathering information about demographics (age,
sex, and body mass index) at baseline, the CARS and clinical
assessment report were used to evaluate the symptom severity of
ASD. The CARS is a behavior rating scale consisting of 15 items
for assisting in ASD diagnosis and determine the severity. The
SRS-2 (Constantino et al., 2003) is a reliable and valid 65-item
teacher or parent questionnaire used to measure social disorder
symptoms as they occur in natural social settings for ASD. In this
work, the SRS-2 scale was filled out by parents according to the
specific performance of the participants in daily life. Of note, the
questionnaire must be filled in by the same person before and
after intervention.

Mini-Basketball Training Program

Besides routine behavior rehabilitation training according to
the standard rehabilitation program set by the institutions, the
experimental groups also received an additional 12W-MBTP,
while controls maintained a consistent lifestyle and did not
participate in other sports-related activities.

The MBTP was conducted by two certified physical educators,
adopting the mode of combining the basic movements of a mini-
basketball with sports games to design projects of varying degrees
of difficulty and a collective teaching model to facilitate social
interactions and communications among participants while
parents were strongly inspired to accompany them throughout
the curriculum. The 12W-MBTP contents (40 min x 5 sessions
per week x 12 weeks, fixed time, location, and physical educators)
can be simply summarized as a three-phase stage, with four small
parts for each course including first 2 min classroom routine
preparation, then 8 min warm-up activities, followed by a 25 min
mini-basketball training program, and finally 5 min cool-down
activities. More details of the intervention program, please refer
to the articles published by our colleagues (Cai et al., 2020)
and Supplementary Tables 1, 2. After the first phase of 12W-
MBTP, participants established interest in training through some
simple mini-basketball games. Although some ASD individuals
lacked sufficient interest or motivation for further training, they
could still complete the entire training process with the help of
parents and physical educators. The average heart rate during the
intervention was monitored (MD = 136.97, SD = 7.45) using a
heart rate meter (POLAR M430) to keep the activity at a moderate
intensity. Most importantly, assessments were performed after
each course, and participants were removed from the study if they
asked for leave for more than 2 days consecutively or more than
7 days cumulatively.

Magnetic Resonance Imaging

Acquisition Protocol

The participants were deprived of sleep with the consent of the
family members or guardians and sedation with 10% chloral
hydrate, a safe way for children was administered before the
scan to avoid excessive head motion (Doria et al., 2010; Nordahl
et al, 2016). Two groups were both scanned within 3 days
before and after the intervention and were completed with the
company of a guardian. If the participants began to wake up, MRI
acquisition was paused.

Neuroimaging data were acquired using a 3.0 T GE
scanner (GE Discovery MR750w 3.0 T, Chicago, United States)
located in the Affiliated Hospital of Yangzhou University.
Functional images were collected in 28 axial slices using echo-
planar imaging (EPI) with T2* weighted contrast sequence
sensitive to blood-oxygen-level-dependent (BOLD) contrast
[voxel size: 3.5 mm x 3.5 mm x 4 mm; repetition time
(TR) = 2000 ms, echo time (TE) = 30 ms; flip angle (FA) = 90°,
matrix = 64 x 64, field of view (FoV) = 256 mm x 256 mm;
slice thickness = 4 mm; slice gap = 1 mm]. Each fMRI session
lasted 8 min and thus contained 240 volumes. High-resolution
T1-weighted structural images were acquired in a sagittal
orientation using a three-dimensional magnetization-prepared
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rapid acquisition with gradient-echo (MPRAGE) sequence (voxel
size: 1 mm x 1 mm x 1 mm, no gap, TR/TE = 7.2/3.1 ms;
FA = 12°; FoV = 256 mm x 256 mm; 166 slices).

Functional Magnetic Resonance Imaging

Data Processing

Conventional functional imaging preprocessing was performed
using Statistical Parametric Mapping software (SPM12 version
7771) implemented in MATLAB 2013b (MathWorks, Inc.,
Natick, MA, United States). The initial ten volumes of each
dataset were discarded, then the remaining images were corrected
for differences in slice time. Motion correction was performed
by aligning each participant’s time-series to the mean image,
and 6 motion parameters were calculated during realignment.
Participants’ data were excluded if movement in the translational
or rotational planes exceeded 2.5 mm or 2.5°, respectively.
Functional images were registered to the standard MRI template,
unbiased age-specific structural brain atlases specially provided
for the Chinese pediatric population (Zhao et al.,, 2019), with
specific operations to be processed using advanced normalization
tools (ANTs) in individual subject space and then resampled to
3 mm x 3 mm x 3 mm. Resultant images were smoothed with
a Gaussian kernel full width at a half-maximum of 6 mm and
high-pass filtered (128 s, ~0.008 Hz) to remove low-frequency
drifts and Higher frequencies (>0.1 Hz) were not removed, since
they are known to contain meaningful information in resting-
state studies (Csukly et al., 2020). These images were then used
as an input for group ICA.

Selection of Regions of Interest:

Independent Component Analysis

To identify regions for subsequent DCM, ICA was performed
by the Group ICA of fMRI Toolbox (GIFT). First, the
optimal number of components was estimated to generate 33
independent spatial maps by using a minimum description
length approach. Meanwhile, the corresponding components
for each subject were calculated via a back-reconstruction step.
After visually inspecting all highly relevant components, we
determined the peak coordinates of each region of interest in
the group level while excluding all components related to head
motion, physiological noise, or cerebrospinal fluid fluctuations.
Finally, subject-specific coordinates were identified as the peaks
in subject-specific ICA maps within 8 mm of the group-level
coordinates (Zhou et al., 2018).

General Linear Model for Time-Series

Extraction

To control motion and physiologic noise effects and correct for
the influence of interindividual differences, a general linear model
(GLM) containing a discrete cosine basis set and the nuisance
regressors that included 6 head motion parameters and WM
and CSF signals (Almgren et al., 2020), age, sex and handedness
was used to model the resting-state data. The mean time series
over the regions identified in ICA were extracted with the use
of the principal eigenvariates (principal components) of voxels

within 8 mm of the subject-specific coordinates adjusted for the
confounding regressors.

Effective Connectivity: Spectral Dynamic
Causal Modeling With Parametric
Empirical Bayesian

Generally, DCM analysis requires the specification of a model
space (Friston et al., 2014). Due to the rarity of research on resting
state in autism under intervention, we adopted an approach
starting with a fully connected model. This means that all 4
identified ROIs based on ICA were connected, generating a
total of 16 connectivity parameters, including inhibition of self-
connections. We take advantage of the latest developments in
the use of spectral DCM to model endogenous activities in
the framework of parametric empirical Bayesian (PEB) (Friston
et al., 2016) analysis to inform whether increases or decreases
in extrinsic and intrinsic connections were present within each
region at the group level. After the model specification, the
full model was estimated and inverted for each subject with
a hierarchical empirical Bayesian inversion, which allowed the
variability in an individual subjects connection strengths to
influence the second-level analysis, thereby eliminating the
between-subject degree of variability. As opposed to classical
inference such as ANOVA, PEB analysis takes not only the means
but also the uncertainty of individual connection strengths into
account, which means that participants with more uncertain
parameter estimates will be down-weighted, while participants
with more precise estimates receive greater influence.

After performing the first-level analysis, we created a second-
level analysis by specifying a design matrix with four regressors,
including the effect of time interacting with the group that best
described the effects of the intervention of the 12W-MBTP.

To finally utilize the model, we used Bayesian model reduction
(BMR) (Friston et al., 2016), an automatic search method to
quickly prune parameters from the second-level PEB model that
do not contribute to the model evidence, to infer connections
best describing the interaction effect (group x time). Bayesian
model averaging (BMA) was performed for the PEB models after
obtaining the probability for all possible PEB models (nested
and full) separately from BMR and weighted by their model
evidence rather than choosing one final model. The parameters
best describing interaction effects are reported not as p-values
but instead in terms of posterior probability values (PPs), so
connections that survived a non-zero criterion with posterior
probability PPs > 0.95 are considered significant.

Correlation Analysis

Finally, we asked whether any directed connections are related
to symptom severity to establish the symptom-based validation.
Following our hypothesis, we then analyzed the correlation
between the changes in EC and SRS-2 scores. The alterations
here refer to post-intervention minus the baseline level unless
otherwise specified. The analysis of the correlation was limited
to the final model following second-level analysis by PEB. If
a correlation was found between them, then the correlations
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TABLE 1 | Demographic and clinical characteristics of the participants.

Characteristics Control group Experimental group  p-value
Number 14 17 NaN
Sex (M/F) 13/2 15/2 1.000
Age (years) 4,75 £ 0.62 4.89 +0.80 0.520
BMI (height/weight?) 15.96 + 1.85 15.68 £1.10 0.609
CARS (baseline) 40.50 + 4.65 39.76 + 6.38 0.722
SRS-2 T-score (baselineg)  86.07 + 20.55 93.94 + 28.56 0.396

BMI, body mass index; CARS, Childhood Autism Rating Scale; M/F, male/female;
SRS-2, Social Responsiveness Scale — Second Edition.

between the connectivity strength and the items of the given
SRS-2 sub-score were also analyzed.

Statistical Analysis

The demographic analysis were performed using SPSS Version
21.0 (IBM, Armonk, NY, United States), with two-tailed
independent sample ¢-tests for continuous variables and y? tests
for categorical variables. We conducted two-factor (time and
group) repeated measurements ANOVA analysis to evaluate the
positive role of the 12W-MBTP in SC on preschoolers with
ASD. Once we found significant group x time interaction effects,
post hoc tests were performed. We calculated the mean and
standard deviations of all variables and adopted the traditional
cutoff of p < 0.05 to determine significance. The Bonferroni
correction for multiple testing was applied in Pearson correlation
analysis, resulting in a corrected a-value of (0.05/5 = 0.01).

RESULTS

Demographic Analysis
Demographic characteristics including sex, age, and body mass
index do not differ significantly between the two groups. CARS

and SRS-2 scores at baseline revealed no significant differences
across groups, with p = 0.722 and p = 0.396, respectively (see
Table 1 for more details).

Social Communication Performance

For the SRS-2 total score (as shown in Figure 1 and Table 2),
not surprisingly, a group x time interaction effect was observed
[F(1,29) = 8.785, p = 0.006]. Follow-up simple effect analysis
indicated that the SRS-2 total score of the experimental
group at the post-test were significantly lower relative to
baseline [F(1,29) = 4.586, p = 0.041], whereas such a positive
effect was not found in the control group [F(i,29) = 4.240,
p = 0.049]. Notably, a greater SRS-2 total score indicates
worse SC performance.

Group x time interaction effect was only observed in the
three subscales (social cognition, social communication, and
autistic mannerisms: F(1,29) = 8.258, 9.537, 4.993, p = 0.008,
0.004, 0.033, respectively]. Follow-up simple effect analysis results
for the subscales of SRS-2 as follows: (1) the pre-test social
cognition score was significantly higher than that at post-test
in the experimental group [F(1,29) = 7.206, p = 0.012], where
no significant change from the post to pre-test was observed in
the control group; (2) the post-test social communication score
was significantly lower than that at baseline in the experimental
group [F(1,29) = 4.715, p = 0.038], whereas a higher score
was observed in the control group from the post-test to pre-
test [F(1,29) = 4.839, p = 0.036; higher scores indicate severe
symptoms]; (3) there was no significant difference between
baseline and post-test in the experimental group [F(1,29) = 0.659,
p > 0.05] in terms of autistic mannerisms, whereas the post-
test score was significantly higher than that at baseline in
the control group [F(1,29) = 5.202, p = 0.03]. All the above
simple effect analysis uses Bonferroni correction to correct
multiple comparisons.

Experimental group-baseline
F=8.785 %%
150 —' F=9.53T %% r60 «  Experimental group-post test
.
b L v +  Control group-baseline
-
D Ad, v " A
= - A = - v Control group-post test
S 10 — i '_5‘: F=8.258%% _ u is v F=4.993% 40 groupp
»n L. LAY
i . vy
;'; w4 : A [ v .:_ i [] L Y )
HEEEN & w A4 v
50— “at -,y =4 %47 20
7 " s, A me [ikg vy
| . St e ARE A $Ty FELY
v . 14, «+%7
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FIGURE 1 | Social communication performance of the two groups. The performance for social communication symptoms of the participants in two groups before
and after the intervention. The higher the score, the more severe the deficits in social communication. Numbers presented are F statistics representing interaction
effects of groups over time. * and ** means p < 0.05 and p < 0.01, respectively.
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TABLE 2 | Analysis of two groups for social communication variables (mean =+ standard deviation).

Characteristics Control group (n = 15)

Baseline Post-test

SRS-2 T score 86.07 + 20.548

Social awareness 10.50 + 2.534 11.14 + 2.476
Social cognition 17.29 + 3.688 18.79 + 3.378
Social communication 31.43 + 8.055 35.50 + 8.364
Social motivation 14.36 + 4.551 14.29 + 4.232
Autistic mannerisms 12.50 + 5.488 16.14 + 6.298

95.86 + 21.343

Experimental group (n = 17) F
Baseline Post-test
93.94 + 28.575 84.71 £ 29.146 8.785™*
12.00 + 3.240 11.65 + 3.904 1.461
19.71 £ 5.520 17.18 £ 5.670 8.258™
33.06 + 11.798 29.41 £ 10.932 9.537**
14.94 + 4.723 13.41 £ 5.363 0.972
14.24 + 6.524 13.06 £ 5.910 4.993*

F statistics representing tests of interaction effect of group by time. ** and * means p < 0.01, p < 0.05, respectively.

The Dynamic Causal Modeling Analysis
and Effective Connectivity of Default

Mode Network

The ICA was successfully selected four ROIs: mPFC (3,49,0),
PCC (0,—52,23), LTPJ (—48,—63,10), and RTPJ (50,—55,11) in
the DMN that specifically engaged by in the ToM process, which
were selected as nodes for subsequent DCM.

The EC parameters of each specific effect obtained following
group-level analysis were listed in Table 3. Please refer to
Supplementary Table 3 for the specific connection strength of
each connection of participants before and after the exercise
intervention. Note that self-connection is the log of scaling
parameters that multiply up or down the default value —0.5 Hz

TABLE 3 | Strength of effective connectivity in each specific effect.

Source Target Strength PPs
Effect of the interacions

mPFC mPFC 0.138 1
mPFC RTPJ 0.042 0.6406
PCC RTPJ —0.051 1
LTPJ PCC —0.066 1
Effect of the group

mPFC mPFC 0.212 1
mPFC PCC —-0.177 1
mPFC RTPJ 0.036 0.5782
PCC LTPJ —0.077 1
RTPJ mPFC —0.149 1
RTPJ LTPJ —0.034 0.5438
RTPJ RTPJ 0.067 0.6775
Effect of the time

mPFC PCC —-0.141 1
mPFC LTPJ —0.11 1
mPFC RTPJ —0.069 1
PCC RTPJ —0.028 0.616
LTPJ PCC —0.073 1
RTPJ mPFC 0.05 0.6658
RTPJ PCC 0.14 1
RTPJ LTPJ —0.048 0.6734

The self-connection with the same source and target is the log of scaling
parameters that multiply up or down the default value —0.5Hz. PPs, posterior
probability values.

such that the positive self-connection values represent increased
self-inhibition relative to the prior (Zeidman et al., 2019).

For the effect of group x time interaction, parameters
best describing the effect included the inhibitory directional
connections mediated by PCC between bilateral TP] (from left
to right). Besides, the positive self-connection values observed
in mPFC that showed no overall mean effect (PPs = 0) were
instead the best discriminative parameters of an interaction effect,
which can be explained as the size of the positive effect means an
increase in self-inhibition (all PPs > 0.95, Figure 2).

Correlations Between Effective
Connectivity and SRS-2 Scores

As illustrated in Figure 3, for the experimental group, the
changes in the strength of the self-connection in mPFC correlated
significantly with a change in the SRS-2 total score (Pearson
—0.6549, n = 17, p = 0.0043). To further explore these
results, the correlation between each of the five sub-items of the
SRS-2 and self-connectivity in the mPFC was analyzed. Changes
in EC of mPFC correlated significantly with the changes in
social cognition and social communication sub-scores (Pearson
r = —0.7418 and —0.7250, respectively; n = 17; p = 0.0007
and 0.0010, respectively), while the correlation with autistic
mannerisms (Pearson r = —0.5750, n = 17, p = 0.0158) sub-score
did not survive the correction for multiple tests. Unquestionably,
there was no significant correlation between changes of EC
strength (in the final model) and SRS-2 total scores in the control
group, p value was 0.3011, 0.6348, and 0.5344, respectively.

r =

DISCUSSION

Since the absence of assessment about the influence of one
region to another region in functional connectivity analysis, it
is impossible to reasonably explain the information exchange
between brain regions in the context of physical exercise
intervention. Therefore, this research aims to investigate the
underlying neural mechanisms of exercise interventions in
enhancing social communication (SC) skills for preschoolers
with autism by using the spectra DCM in the framework of
Parametric Empirical Bayesian to characterize the longitudinal
changes in intrinsic and extrinsic effective connectivity in DMN
core regions. Following the exercise intervention, we discovered
noteworthy inhibitory directed connections in the default
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FIGURE 2 | Results of the dynamic causal modeling in the group x time interaction. Panels (A,B) shows the effect size of each parameter in the final model that
represents the interaction effect, after Bayesian model averaging, the corresponding DCM parameters with no threshold (PPs > 0, graph A), and parameters that
survived a non-zero criterion with a PPs > 0.95 (graph B). The black error bars are 90% credible intervals derived from the posterior variance of each parameter.

Panel (C) depicts a schematic diagram representing the final model that includes significant negative (inhibitory) extrinsic between-regions connections in bold black
line and positive intrinsic self-connections in thin black line, while non-significant connections in gray dotted line. Note that the self-connection parameter is the log of
scaling parameters with no units that scale up or down the default value 0.5 Hz. So, such the positive self-connectivity values indicate increased self-inhibition than

the default. PCC, posterior cingulate cortex; mPFC, medial prefrontal cortex; TPJ, temporoparietal junction.

mode network in the experimental group, which predicted an
improvement in SC skills.

Differently, previous research focused more on assessing the
changes in the effective connectivity of ASD during various
task states about psychology, but rarely assessed the impact
of endogenous neuron fluctuations under the resting state.
However, earlier effective connectivity study by multivariate
Granger causality analysis with blind deconvolution have also
indicated the impaired mPFC pathway and its association with
SC deficits in children with ASD, which is consistent with our
findings using resting state data (Li et al., 2021).

The mPFC, as the core region of the social brain network
(Bzdok et al, 2013), is engaged in inferring others’ mental
states, and has consistently been shown to have an abnormal
overgrowth in young children with ASD from about the age of
2-5 years (Carper and Courchesne, 2005; Libero et al., 2019),
with its dysfunction being closely related to the SC deficits in
autism (Padmanabhan et al., 2017). Interestingly, concerning
the abnormal activation of mPFC and hyper-connectivity of
the intrinsic or task-related between mPFC and other regions,

previous reports (Smith et al., 2013; White et al., 2014) assumed
that such aberrant results may reflect a compensatory response
(thus not necessarily representing an improvement of the
performance of ToM) or misuse of cognitive reserve. This
abnormal activation or hyper-connectivity may even be a state of
underlying neuropathology or overload, which may be indicative
of impending cognitive decline.

Therefore, the final model of interaction effect found strong
evidence of greater self-inhibition in mPFC, indicating a decrease
in the gain or excitability of this structure (Zeidman et al., 2019).
Similarly, in the final model of group and time effect, mPFC also
exhibited an inhibitory effect on other ROIs. To our knowledge,
the DCM parameters about intrinsic self-connections lend self-
inhibitory properties to regions to preclude any run-away
excitation (Csukly et al., 2020), as possibly mediated by increase
in postsynaptic inhibition. Specifically, it may cause mPFC to
enhance the inhibition of output activity transmitted to others,
which leads to changes in the connectivity of the brain circuits.

Interestingly, Prat et al. (2016) found that the non-selective
replication of signals in the basal ganglia of individuals with ASD
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resulting in the information (including some that is irrelevant
to the task at hand) overload of the prefrontal cortex. So, such
an increase in mPFC self-connection inhibition as mediated by
increasing postsynaptic inhibition in our results predicates the
improvement of SC.

Furthermore, our findings are also consistent with a
prominent neurobiological theory that an excitatory/inhibitory
(E/I) imbalance (Rubenstein and Merzenich, 2003; Vattikuti and
Chow, 2010; Yizhar et al., 2011) in local neural circuits alters local
and global brain signals. These abnormal patterns are critically
likely to affect brain function, especially if they occur in highly
interconnected hubs, such as mPFC (Padmanabhan et al., 2017),
leading to an obstacle in social cognition. A rodent study showed
that the elevated E/I ratio in mPFC is related to an SC impaired,
and this effect can be improved by increasing the inhibitory
function (Yizhar et al., 2011; Zhang et al., 2020). Taken together,
similar to our results, enhancing the self-inhibition of mPFC after

the 12W-MBTP intervention exerts a positive effect on the SC of
preschoolers with ASD.

From the significant negative correlations between changes
in EC and SRS-2 score (as illustrated in Figure 3), greater
mPFC self-inhibition changes (including the conversion from
disinhibition to inhibition, the decrease of disinhibition and
the increase of inhibition) indicated more extreme significant
improvement in SC. This exciting result also confirms our
previous conjectures and provides preliminary evidence for
possible neural correlates of SC. That is, as a potential target
for physical exercise intervention, the increased mPFC self-
connection inhibition can predict better improvement of SC.

Another finding supporting the theory is that in the final
model of interaction effect, the inhibitory directional connection
from left TPJ to right TP] was mediated by PCC. This result
may seem a counterintuitive finding at first, and it does reflect
profound and complex changes in these brain regions and
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underscores their importance for restoring and maintaining
SC among preschoolers with ASD. Recently a new perspective
proposes that there may be atypical maturational trajectories
in ASD (Nomi and Uddin, 2015; Uddin et al., 2015; Muller
and Fishman, 2018), that is, early hyperconnectivity followed
by decreased connectivity in adulthood (Assaf et al, 2010),
which may be caused by the imbalance of E/I ratio during
the development of neural systems. One likely reason is
the gene-, receptor-, and enzyme-level deficits in inhibitory
signaling pathways involving gamma-aminobutyric acid (GABA)
(Baroncelli et al., 2011; Pizzarelli and Cherubini, 2011). Not
surprisingly, enhance GABAergic signaling can bridge the
gaps and obtain better social cognition (Han et al., 2014;
Zhang et al., 2020).

Taken together, we speculate that the inhibitory information
transmission between bilateral TPJ caused by exercise
intervention altered the imbalance of local E/I, improving
the influence of secondary pathological processes caused by
chronically elevated metabolic stress (Hillary and Grafman,
2017). Such a shocking effect can rehabilitate the homeostatic
aspects of the DMN on the nervous system through increasing
postsynaptic inhibition (Laughlin and Sejnowski, 2003),
predicting the improvement in SC skills for autism.

Concerning the high-level cluster in the social brain, most
core regions (left TPJ instead of right) exhibited a left-favored
lateralization pattern of functional connectivity (Tomasi and
Volkow, 2012; Alcala-Lopez et al., 2018). Unsurprisingly, autism
exhibits remarkably reduced left lateralization in connections
involving regions from the DMN essential for SC and maybe
predicting more severe SC deficits (Nielsen et al., 2014).
Combined with results of the overall mean effect, the left-sided
brain function of preschoolers with ASD regained the dominant
position in the process of social cognition and undoubtedly
showed better SC symptoms after the 12W-MBTP intervention.

Behaviorally, the classical role of PCC is to quickly switch
between different cognitive processes to coordinating external
and internal-oriented cognition (Leech et al, 2012). After
the 12W-MBTP, the similar regulatory effect of PCC, namely
mediates the inhibitory information transmission, changed the
status of so-called network isolation (Uddin et al., 2015), which
is also reflected in the drops in SRS-2 scores of experimental
group participants.

We presume the impact of intervention is primarily
because of the exercise-induced neuroplasticity caused by
the multipath effect. Evidence-based investigations have
confirmed continuous moderate-intensity aerobic exercise
will increase basal peripheral brain-derived neurotrophic
factor (BDNF) concentrations (Knaepen et al., 2010). BDNF
is generally thought to be a key neurotrophin in supporting
neuroplasticity. Not only was neuromotor activity significantly
improved, but the release of endogenous neurotrophins was
also related to the improvement of social cognition (Baker
et al., 2010). Apart from that, the exercise-induced cholinergic
effects may increase cerebral perfusion, possibly affecting
the neurodynamics of the BOLD fMRI signal (Smith et al,
2010) that may reflect altered brain connections and improved
network efficiency.

Limitations

There are a few limitations of our work must be taken into
consideration and addressed by future studies. The lack of ADOS
or ADI-R assessment might also be a potential limitation of the
study. For preschoolers with autism, it is difficult to successfully
recruit more participants on the premise of successful completion
of the entire intervention process and two MRI scans. On the
other hand, given the male preponderance in the prevalence of
autism (Maenner et al., 2020), the profiles of SC impairments
in ASD likely differ between sex (Muller and Fishman, 2018).
Although there is a good sex matching between groups in our
research, the existence of a high male/female ratio limits the
applicability of our results to all populations. Larger scale studies,
especially with the same proportion of males to females, are
required to replicate and validate these findings. Furthermore,
analyzing the EC of complex network model (the triple network
model) (Menon, 2011) interaction not only is a top priority but
may also provide a brand-new perspective for understanding
the potential neuropathological mechanism of patients with
ASD in SC deficits.

CONCLUSION

Taken together, this study provides sufficient evidence that
exercise intervention can improve SC skills for preschoolers with
ASD. Such inspiring results also emphasize the importance of
early and timely intervention for the neurodevelopmental of
ASD and improvement of core symptoms and quality of life.
By applying spDCM in the framework of PEB to characterize
the longitudinal changes in intrinsic and extrinsic effective
connections between the DMN, we conclude that the inhibitory
information transmission in DMN may be an underlying
neurophysiological mechanism for improving SC behaviors
among preschoolers with ASD who delay or stunt maturational
processes. Finally, these findings provide further factual evidence
that the directional effectivity connection between key regions
of the DMN has become one of the well-validated targets
for exercise intervention to improve SC behaviors, which may
be a reliable neuroimaging biomarker or endophenotype in
subsequent studies.
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