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Abstract
As indicated by longitudinal observation, autism has difficulty controlling emotions to a certain extent in early childhood, 
and most children's emotional and behavioral problems are further aggravated with the growth of age. This study aimed at 
exploring the correlation between white matter and white matter fiber bundle connectivity characteristics and their emotional 
regulation ability in children with autism using machine learning methods, which can lay an empirical basis for early clinical 
intervention of autism. Fifty-five high risk of autism spectrum disorder (HR-ASD) children and 52 typical development (TD) 
children were selected to complete the skull 3D-T1 structure and diffusion tensor imaging (DTI). The emotional regulation 
ability of the two groups was compared using the still-face paradigm (SFP). The classification and regression models of 
white matter characteristics and white matter fiber bundle connections of emotion regulation ability in the HR-ASD group 
were built based on the machine learning method. The volume of the right amygdala (R2 = 0.245) and the volume of the 
right hippocampus (R2 = 0.197) affected constructive emotion regulation strategies. FA (R2 = 0.32) and MD (R2 = 0.34) had 
the predictive effect on self-stimulating behaviour. White matter fiber bundle connection predicted constructive regulation 
strategies (positive edging R2 = 0.333, negative edging R2 = 0.334) and mother-seeking behaviors (positive edging R2 = 0.667, 
negative edging R2 = 0.363). The emotional regulation ability of HR-ASD children is significantly correlated with the con-
nections of multiple white matter fiber bundles, which is a potential neuro-biomarker of emotional regulation ability.

Keywords Autism spectrum disorder · Emotion regulation · Magnetic resonance imaging · Diffusion tensor imaging · 
Amygdala

Background

Autism spectrum disorder (ASD) refers to a group of severe 
neurodevelopmental disorders starting in early childhood, 
mainly manifested by social interaction, communication dis-
orders and stereotypical repetitive interest behaviors [24, 48, 
50]. Functional communication disorders associated with 
the core symptoms of ASD and associated mental deficits 
and nearly 71–80% of autism patients may be associated 
with emotional behavior problems are the major causes of 
severely impaired social functioning of autism [80]. The 
children of autism has been difficult to regulate emotions 
to a certain extent in early childhood, and most children's 
emotional behavior problems are further aggravated or even 
worsened with the growth of age [56, 79]. Mazefsky et al. 
believe that impaired emotion regulation may be inherent in 
autism themselves, and abnormal or impaired emotion regu-
lation may be the more direct cause of behavioral disorders 
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in autism (such as introverted behaviors like anxiety and 
extroverted behaviors like aggression and irritability) [59].

Notably, for emotion regulation (ER), studies have shown 
that children with autism have difficulties using goal-ori-
ented and behavior-related strategies. They employ more 
emotion regulation strategies (e.g., avoidance and venting) 
and show a higher percentage of giving up and a longer 
duration of emotional arousal, which are also manifested as 
anger, aggression, self-injury, and other stimuli produced 
strong [72]. Emotional regulation is often defined in psy-
chology as the process by which individuals influence, which 
emotions they have, when they have them, and how they 
experience and express those emotions [31]. The process of 
emotional response can be described as perception–valua-
tion–action (PVA) [18, 81]. Emotional problems with autism 
can begin early in life [32]. An analysis of parents' memories 
and home videos of children with autism showed that early 
abnormal development usually appeared in the first year of 
life, including more negative emotions, irritability, poor eye 
contact, lack of interaction, and responses to parents' voices 
[37, 87]. The above-mentioned abnormalities may arise 
from deficits in emotion recognition, expression, and regu-
lation in children with autism. Emotional regulation may 
serve as a potential mechanism to explain internalizing and 
externalizing behaviors in children with autism [55]. White 
et al. found that 11–84% of children with autism had vary-
ing levels of impaired anxiety, such as generalized anxiety 
disorder, dissociative anxiety disorder, and obsessive–com-
pulsive disorder [84]. Carter et al. found that social anxiety 
symptoms increased with age in children with autism, while 
they decreased with age in children without autism [40]. 
Multiple studies of adolescents with autism have found that 
more than 25% have serious mood disorders [58, 74].

Children with autism may behave destructively during 
negative emotions or cope with emotional problems in 
ways that disturb others (being overexcited or depressed) 
[82]. However, Macari et al. did not support the negative 
emotion bias in children with autism. Their results sug-
gested that children with autism had a weaker response to 
threat and a heavier response to target blocking, whereas 
the ability to express positive emotions was intact, sug-
gesting the complexity of emotional expressions in autism 
[54]. The general recommendation is to use a combina-
tion of multi-source assessment methods, including mainly 
behavioral observations of children and parental question-
naires [1, 5]. Common observation methods comprise ask-
ing children to wait for surprises, free play in unstructured 
environments, as well as the disappointment paradigm 
[13]. In the task of emotional regulation paradigm, the 
emotional regulation strategies employed by children com-
prise constructive strategies and non-constructive strate-
gies, and constructive strategies cover seeking help, reas-
sessment, self-consolation, and so forth. Non-constructive 

regulation strategies involve distraction, self-talk, voice 
venting, body venting, and avoidance. Children with 
autism already have abnormalities in their ability to regu-
late emotions, either since they do not gain fully insights 
into the emotional expressions, or because they ignore 
the expression of emotions in others [67]. As depicted in 
the research tables, compared with TD children, besides 
experiencing more anger and anxiety, children with autism 
adopt more negative adaptive strategies such as repeti-
tive behaviors and less constructive emotion regulation 
strategies (e.g., problem-solving) [39]. Konstantareas et al. 
coded children with autism using the low-stress paradigm 
and found that children with autism used less self-comfort-
ing strategies and more crying strategies [42]. Adolescents 
with autism are more likely to rely on obvious cues to 
describe emotional responses (e.g., “I’m upset because 
I'm crying”), providing them with non-specific emotional 
experiences [46]. Adults with autism describe using self-
stimulating behaviors (e.g., rocking) or diverting attention 
to regulate their mood [47]. Overall, children with autism 
may face challenges in emotional regulation throughout 
the life cycle, causing distress to families, suggesting the 
need for early identification and intervention to provide 
direction for later emotional behavior problems and reduce 
the use of undesirable strategies. Accordingly, the explora-
tion of emotional regulation in early childhood of autism 
becomes an important goal.

Few insights have been gained into the etiology of socio-
emotional problems associated with autism, suggesting that 
underlying mechanisms include alterations in neurodevelop-
ment and alterations in brain structure and functional con-
nectivity [17, 44]. The emotional regulation mechanisms in 
people with autism are complex and may be partly simi-
lar to those in the normal population (e.g., physiological 
arousal, levels of negative and positive influence, changes 
in the amygdala and prefrontal cortex) and partly inconsist-
ent with those in the normal population (e.g., information 
processing, differences in perception, and cognitive aspects) 
[55]. FMRI studies suggested that increasing indicators of 
positive and negative emotional responses in autism led to 
abnormal activation of the nucleus accumbens, amygdala, 
and dorsolateral prefrontal cortex [68], as well as abnor-
mal frontal and amygdala responses during facial emotional 
processing [53, 85]. Clinical features of autism with special 
educational needs are associated with changes in fear facial 
emotional processing [57]. At present, most studies focus 
on differences in brain function, but there are few structural 
studies on emotional regulation in children, especially white 
matter and white matter fiber bundle connections. This is 
despite research suggesting that the structure of the amyg-
dala in children with autism may be an important factor 
in later emotional and social problems [64]. For instance, 
amygdala enlargement is one of the first brain abnormalities 
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identified in people with autism. Greater amygdala inhibition 
in emotional regulation may have a better ability to reduce 
pain [73], whereas more specific studies are lacking.

The neural hypothesis for specific imbalances in cogni-
tive, emotional, and motor processes in children with autism 
refers to interactions between brain structures such as the 
prefrontal lobe, amygdala, and hippocampus, suggesting that 
such imbalances underlie the neural basis of many autism 
symptoms [25]. Studies have reported that the total brain 
volume and subcortical brain area volume increase in chil-
dren with autism between 1 and 2 years of age [66, 75]. 
Circumstantial evidence from head circumference measure-
ments at birth and MRI in infancy suggests that brain over-
growth does not occur at birth, but occurs later in the first 
year of life [33]. The above finding was later confirmed in a 
longitudinal MRI cohort of 55 infants aged 6 to 24 months 
[73]. At present, multiple studies have supported that autism 
has shown an increase in the volume of amygdala and hip-
pocampus in early childhood, with the earliest finding at 
6 months [61]. Other studies have found that the size of the 
amygdala increases from 2 to 4 years of age and is associ-
ated with the severity of symptoms in infants [81]. But from 
ages 8 to 14, this growth slowed down or even reversed, 
showing no significant difference from the control group 
[2, 3]. As revealed by some research, the amygdala is the 
core region of the social brain, and the amygdala and the 
prefrontal cortex play an important role in emotion regula-
tion mechanisms. However, there are relatively few studies 
on the development of emotion-related amygdala and other 
subcortical brain regions in early childhood with autism [4]. 
The medial prefrontal cortex refers to a central region of 
inhibition control mechanisms while taking on critical sig-
nificance in facial emotion recognition and emotion regula-
tion [36]. A DTI study found an association between the 
projected microscopic properties of the prefrontal and tem-
poral thalamus and social symptoms of children with autism 
[63]. The above-mentioned areas project into the anterior 
cingulate gyrus, orbitofrontal cortex, and amygdala, are 
involved in the regulation of memory, emotion, and drive in 
children with autism [14]. In general, the above-mentioned 
results help identify the underlying processes in the brains 
of children with autism that are associated with mood dis-
orders. Thus, the neural mechanism of emotional regulation 
and related characteristics of children with autism should 
be investigated. The research based on neural mechanism 
is helpful to improve the emotional behavior problems of 
children with autism in terms of intervention and treatment, 
and improve the function of children with autism.

This study predicted children's emotional regulation abil-
ity based on the characteristics of subcortical nuclear mass 
volume, white matter and white matter network connectiv-
ity of children with autism. To screen out important white 
matter and white matter network characteristics related to 

emotional and behavioral problems with autism, which 
may further deepen our understanding of how brain struc-
ture affects the emotions of children with autism, to lay an 
empirical basis for early clinical intervention of autism.

Materials and methods

Subjects

The participants were members of the Children’s Mental 
Health Research Center of the Nanjing Brain Hospital affili-
ated with Nanjing Medical University from October 2017 to 
February 2020 who were invited to participate in a cohort 
study. A total of 107 children participated in this study. 
The sample included 55 infants at high risk for autism (45 
boys; age range, 18–30 months) and 52 TD infants (35 boys; 
age range, 18–30 months). Magnetic resonance imaging 
(MRI) scans were performed on the enrolled children, and 
sequences due to incomplete sequences or head movements 
during MRI scanning were excluded.

Enrolment criteria

The ASD at-risk group were selected on a clinical assess-
ment by two child psychiatrists based on of the following: 
(i) positive M-CHAT (modified checklist for autism in tod-
dles) assessment results [43], (ii) scores above 30 on the 
Childhood Autism Rating Scale (CARS) [76], (iii) all cases 
satisfied either risk criteria for ASD (if under 24 months of 
age at intake, the diagnosis was repeated 24 months later, 
meeting the diagnostic criteria for ASD) or DSM-5 criteria 
for ASD diagnosis [49] if over 24 months of age at intake, 
and received both (iv) the Autism Diagnostic Observational 
Schedule (ADOS) [49] and (v) the Autism Diagnostic Inter-
view-Revised (ADI-R) [51]. The exclusion criteria were as 
follows: (1) definite history of craniocerebral trauma; (2) 
history of visual or hearing impairment, severe neurological 
problems, or other somatic disorders; (3) genetic or meta-
bolic diseases with clear etiology (e.g., Rett's syndrome and 
Fragile X syndrome).

The TD group included 52 infants (35 boys; age range, 
18–30 months). The TD infants had no neuropsychiatric 
disorders and were matched with the HR-ASD group on 
mental age and the ratio of boys to girls. TD participants 
were screened for ASD using the M-CHAT and CARS. The 
groups were matched on the raw scores of the Gesell Devel-
opmental Assessment (DQ), a standardized test assessing IQ 
in children aged 6 months and older. The DQ scores in the 
TD group were higher than 80. The exclusion criteria were 
as follows: (1) presence of any kind of neurodevelopmen-
tal disorder or delay; (2) definite history of craniocerebral 
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trauma; (3) history of visual or hearing impairment, severe 
neurological, or other physical disorders.

This study gained approval from the Medical Ethics Com-
mittee of Nanjing Medical University (Approval number: 
2017-KY098-01), and all the participants’ legal guardians 
signed informed consent.

Clinical psychological assessment

Diagnosis and cognitive assessment

General demographic data, personal history, parenting his-
tory, past history and family history of the subjects were 
investigated using a self-compiled General Situation Ques-
tionnaire. The Gesell scale was used to evaluate the develop-
mental level of all subjects [7]. The childhood autism rating 
scale (CARS) [76], autism diagnostic observation schedule-
2nd edition, ADOS-2) and the autism diagnostic interview-
revised (ADI-R) [51] were used to assess the severity of 
symptoms in the HR-ASD group.

Videos of still face (SFP) behavior paradigm in HR‑ASD 
and TD groups

Still‑face experimental paradigm diagram A structured 
experiment was conducted in the behavioral observation 
room of the research base, and all subjects were required 
to complete a video recording the still-face paradigm (SFP) 
experiment when they were enrolled. Baseline period: 
Mother and child sat face to face, requiring mother and child 
to interact normally for 2 min; Still face phase: Then stop 
the interaction and keep the neutral face for 1 min (complete 
with fixed instructions) (Fig. 1).

Based on the interaction between children and caregiv-
ers, the code index rules [16, 29] are as follows: (1) Emo-
tion response of children (interaction period): ① Negative 
emotion of children: Closing lips, whine, complain, frown, 
grimace, refusal to interact with the mother. ② Positive emo-
tion of children: Showing positive emotion or vocalization, 
continuing to pay attention to the mother, and beginning or 

maintaining social interaction with the mother. clear and 
emotional tone of voice, or a happy laugh. ③ Neutral emo-
tion of children: Neutral emotion, voice. (2) The emotion 
regulation ability of the children (Still-face period): Con-
structive adjustment strategies include: ① Help Seeking: 
Smiling or vocalizing toward the mother, with eyes and body 
movements toward the mother. Having body contact with 
the mother, enjoying the physical comfort of hugging, and 
moving into the lap of the mother. ② Self-soothing: Sucking 
the thumb, rubbing the arm, stroking the desk, appearing to 
be in a calm or low arousal state. ③ Deep expiratory relief: 
Making a deep breathing sound. Non-constructive adjust-
ment strategies: ④ Self-stimulating: Repetitive or jerky body 
movements, hand flapping that seems to provide stimulation 
or sustain arousal, body swaying, tapping on the desk. ⑤ 
Distraction: Drawing attention to a task without using a toy, 
object, or person, or drawing attention away from the task 
(quickly). ⑥ Crying: The sound of pain, crying.

Behavioral coding was performed using Noldus Observer 
12.0XT behavioral observation record analysis [61]. The 
video was independently coded by two trained research 
assistants with a confidence of 93%, and any differences in 
coding metrics were resolved through discussion.

Imaging data acquisition

The subjects in this study used GE 3.0 discovery MR750 
and 32 channel coils for MRI image acquisition. Scanning 
parameters of 3D-T1 structural image: echo time 3.24 ms, 
scanning field 256 × 256, layer thickness 1 mm, layer number 
156, scanning time 4 min. The parameters of diffusion tensor 
imaging (DTI) are: echo time 102 ms, repeat time 8000 ms, 
B value 1000 s/mm, gradient direction 25, scanning field 
220 × 220, thickness 2 mm, number of layers 75 and scan-
ning time 7 min. All subjects were given 10% chloral hydrate 
(0.5 ml/kg) orally and scanned during sleep.

Preconditioning and analysis of brain structure

Preprocessing of brain structural magnetic resonance data

First, the MRIcron tool kit (https:// people. cas. sc. edu/ rorden/ 
mricr on) was used for preprocessing and format conversion 
of original DICOM images, and Freesurfer6.0 (FreeSurfer-
Wiki-Free Surfer Wiki harvard.edu) software was adopted 
for subcortical segmentation and data extraction. Freesurfer 
cortex reconstruction and segmentation comprised skull 
removal, image segmentation, and cortical reconstruction 
in 30 steps. The main brain structural parameters analyzed 
included subcutaneous nuclear volume. For cortex segmen-
tation, the left and right hemispheres of the brain fall into 
34 brain regions using the Desikan–Killiany atlas. Cortical 
thickness refers to the average distance between the inner Fig. 1  SFP experimental paradigm diagram

https://people.cas.sc.edu/rorden/mricron
https://people.cas.sc.edu/rorden/mricron
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and outer surfaces of the cerebral cortex. For data processing 
quality control, the Freesurfer user manual and pipe network 
tutorial were used, involving the use of tkregister2, tkmedit, 
and tksurfer to conduct layer-by-layer quality checks and 
manual correction for the data of the respective subject 
(http:// surfer. nmr. mgh. harva rd. edu/ fswiki/ Recom mende 
dReco nstru ction).

Analysis of  brain structural MRI data First, the support 
vector machine (support vector those, SVM) method was 
adopted based on Matlab to classify research including Lib-
svm software package (http:// www. csie. ntu. edu. tw/ ~cjlin/ 
libsvm). The classification process was performed using a 
linear kernel support vector machine combined with leave-
one-out cross validation (LOOCV). The specific steps were 
as follows: (1) Read data: set as label information (sample 
is row, feature is column). (2) Use the leave-one method for 
cross-verification and leave the subject as the test set and the 
rest as the training set. (3) Data normalization as follows: all 
Eigenvalues/Euclidean norm (mapping eigenvalues from a 
large range to [0, 1] or [–1, 1]):

Use linear kernel function (no distortion occurs in space, 
hyperplanes obtained in the new space are oblique lines, will 
not change) calculation formula:

(5) Parameter adjustment: Parameters C and gamma of 
the SVM model, C is the penalty coefficient, namely the 
tolerance for error. The higher the C, the more errors can-
not be tolerated, and it is easy to overfit. The smaller the C, 
the easier it is to underfit. If C is too large or too small, the 
generalization ability is poor. (6) Use the optimized hyper-
parameters to train the whole training set. (7) Classification 
accuracy test replacement times: 1000 times. (8) Prediction 
of test sets and accuracy of the current fold; Summary deci-
sion value and average the weights of all the folds; Receiver 
operating characteristic (ROC) curves were generated to cal-
culate specificity, sensitivity, and accuracy (ACC).

Feature screening methods: (1) Using the dimensionality 
reduction method of principal component analysis (PCA), 
linear dimensionality reduction, the use of orthogonal trans-
formation to convert the observation data represented by 
linearly correlated variables into several data represented 
by linearly independent variables, linearly independent vari-
ables into the principal component. PCA selects the vari-
able with the most significant difference in the orthogonal 
transformation as the first PC, which is the axis with the 
largest sum of the squares of the coordinate values in the 
rotation transformation. k principal components y1, y2, … 

x� = (x −mi)∕(Mi −mi)

x�� = 2(x −mi)∕(Mi −mi) − 1.

K(xi, xj) = xT
i
xj.

The cumulative variance contribution rate of yk is defined 
as the ratio of the sum of k variances to the sum of all vari-
ances. The formula is expressed as follows:

The feature selection method extracts the features that 
contribute significantly to classification while removing the 
redundant features to enhance the classification performance.

Preprocessing of brain diffusion magnetic resonance data

In Linus system, Matlab and PANDA software were 
adopted to preprocess DTI data (http:// www. nitrc. org/ proje 
cts/ panda/). The fully automatic processing of MRI data 
is realized through interface operation. The main steps 
comprise data format conversion: ① The dcm2nii software 
tool in MRIcron software is used to convert the original 
data in DICOM format into NIFTI format. ② Resampling 
(2 × 2 × 3  mm3) was performed to remove the brain tissue to 
obtain the whole brain mask, eddy current, and head motion 
correction. ③ Calculation of dispersion index: Calculate the 
dispersion index on the Full Pipeline interface, use affine 
transformation to register the FA image and TIWI image in 
the native space, and then nonlinear transform the structural 
image of a single research object to customized anti-warping 
transform based on the average value of all research objects. 
The generated dispersion indicators comprise anisotropy 
fraction (fractional anisotropy, FA), mean diffusivity (mean 
diffusivity, MD).

Analysis of brain diffusion magnetic resonance data

In the environment of Linus system, DTI data preprocessing 
uses Matlab2017b and PANDA1.3.1 software (http:// www. 
nitrc. org/ proje cts/ panda/), the fully automatic processing of 
MRI data is realized through the interface operation。The 
construction of the white matter network first needs to define 
the nodes and edges of the network. According to the stand-
ard brain map, the subjects' brains were divided into differ-
ent brain regions and defined as nodes of the brain network. 
In this study, the infant brain structure map AAL90 brain 
template was used (http:// bric. unc. edu/ ideag roup/ free- softw 
ares/ unc- infant- 0-1- 2- atlas es/) Perform registration and net-
work node definition. Network nodes are defined as nodes 
based on the AAL map, and the brain is divided into 90 
brain regions according to the self-made group-level AAL 
partitioning template, representing 45 nodes on the left and 
right sides of the brain network. Network edge is defined as 
the edge of the network defined by (fiber number, FN) or FA 
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http://surfer.nmr.mgh.harvard.edu/fswiki/RecommendedReconstruction
http://surfer.nmr.mgh.harvard.edu/fswiki/RecommendedReconstruction
http://www.csie.ntu.edu.tw/~cjlin/libsvm
http://www.csie.ntu.edu.tw/~cjlin/libsvm
http://www.nitrc.org/projects/panda/
http://www.nitrc.org/projects/panda/
http://www.nitrc.org/projects/panda/
http://www.nitrc.org/projects/panda/
http://bric.unc.edu/ideagroup/free-softwares/unc-infant-0-1-2-atlases/
http://bric.unc.edu/ideagroup/free-softwares/unc-infant-0-1-2-atlases/
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threshold in most previous studies before the construction of 
brain network. Based on the weight calculation of the atlas, 
the average weight of each region was calculated. The white 
matter atlas divided the white matter region into 50 brain 
regions to obtain one weight for each brain region, and the 
corresponding position was sorted.

Based on Matlab, PRONTO (http:// www. mlnl. cs. ucl. ac. 
uk/ pronto/ prtso ftware. html) and SPM (https:// www. fil. ion. 
ucl. ac. uk/ spm/ softw are/ downl oad/) software were used for 
analysis. Multi-voxel pattern analysis (MVPA) was used to 
estimate the voxel array based on brain images. When SVM 
was applied through MVPA, the signal intensity represent-
ing the voxel in the array formed the corresponding feature 
vector, with the associated weight (w), describing the contri-
bution of the respective voxel to the linear decision function 
defining the hyperplane. Detailed process: feature extraction; 
model training and testing; model evaluation; pattern posi-
tioning. The results showed how much of a brain region’s 
voxel contributed to the classification. The construction of 
the white matter network requires the definition of nodes 
and edges. In accordance with the standard brain atlas, the 
subjects’ brains were divided into different brain regions 
and defined as nodes of the brain network. In this study, 
the AAL90 brain template of the infant brain structure atlas 
was employed for registration and the definition of network 
nodes. The network node was defined as the node defined 
based on the AAL map, and the brain was divided into 90 
brain regions according to the self-made group-level AAL 
partition template, representing 45 nodes on the left and 
right sides of the brain network. Network edge is defined as 
the edge of the network defined by FA threshold in most pre-
vious studies before the construction of the brain network. 
The average weight of each region was calculated based on 
the weight calculation of the atlas. The white matter atlas 
divided the white matter region into 50 brain regions to 
obtain one weight for the respective brain region, and the 
corresponding position was sorted.

Analysis of white matter fiber bundle junction based on DTI

Matlab and libsvm (Libsvm—A Library for Support Vec-
tor Machines ntu.edu.tw) were adopted. The white matter 
fiber bundle connections in all children were predicted 
using the SVM method. Procedure: ① Read the structural 
connection data based on DTI; The two groups of features 
are combined and sorted into a function whose samples 
are rows and features are columns. ② Using SVM classi-
fication, the outer layer leaves a cross-validation process. 
Subsequently, feature filtering; Start with 25 features and 
keep 25 more at a time. Next, the for loop is carried out to 
retain the feature and predict the result of the total preci-
sion. ③ The overall result is the curve of the total precision 

changing with the number of edges. Use linear tuning to 
record prediction accuracy and decision value; Support 
vector weight and AUC; Seeking interpretability: selecting 
consistency features and calculating the weight of survival 
features. The weight of each surviving edge; 1 is negative 
weight, 3 is positive weight; Perform 1000 substitution 
tests. The ability of white matter fiber bundle connections 
to predict emotional regulation was constructed by con-
nectome-based predictive modeling (CPM).

The CPM process function is called by Matlab, and the 
whole white matter fiber bundle connection matrix is built 
based on the white matter fiber bundle connection, and 
whether there is fiber bundle connection. Detailed proce-
dures: ① Prepare characteristics and scales for the respec-
tive subject. ② The respective link is correlated with the 
behavioral scale: CPM takes the connection matrix and 
data from the individual as input, and generates a predic-
tive model of behavioral data from the connection matrix. 
Pick a significant correlation to stay. Input: subject con-
nection matrix and predicted behavior score, set P value 
threshold. The data from the training data set were corre-
lated by regression analysis and Pearson correlation was 
used to identify the positive and negative prediction net-
work. According to the number of fibers, if there were no 
fibers, the connection would be 0. The more the number 
of connections, the more fiber pathways, and the tighter 
the structure. Output: positive/negative correlation edge 
prediction accuracy, significantly correlated edge; true 
prediction r (coefficient); get the relationship between 
the true value of r and the predicted value of R. ③ When 
the leave-one method is used for cross-verification, the 
output is formatted, the training set dimension becomes 
90*90* (n−1), the training set scale is created, the output 
correlation coefficient and correlation coefficient P value, 
and an empty array is created to store significant positive 
and negative correlation edges mask. ④ Leave a signifi-
cant edge, select features; sifting through 4050, select the 
most significant correlation remaining. Store the sum of 
positive and negative significant edges of each subject in 
the training set; extract the training set and correlate the 
mask with the remaining positive correlation. All subjects 
were significantly edge-to-edge extraction. ⑤ Simple linear 
regression model: y = mx + b , Each feature and a behav-
ior value is regression, that is, the CPM model is gener-
ated. The sum of connections extracted by positive and 
negative significant correlated edges predicts the scale. 
Replacement test: 2000 times, CPM function was called 
to establish a network connection, and significant correla-
tion connection was displayed. Pearson correlation (ρ) and 
mean square error formula were used for the correspond-
ing relationship between the predicted value and the actual 
value or model performance:

http://www.mlnl.cs.ucl.ac.uk/pronto/prtsoftware.html
http://www.mlnl.cs.ucl.ac.uk/pronto/prtsoftware.html
https://www.fil.ion.ucl.ac.uk/spm/software/download/
https://www.fil.ion.ucl.ac.uk/spm/software/download/
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Cross-verify interpretation variance formula:

Statistical analysis

① SPSS 23.0 software was used to analyze the children in 
the HR-ASD group and the TD group, and �2 test was per-
formed for gender comparison. Independent sample T test 
was used to compare the age, developmental quotient, and 
emotion regulation characteristics of the two groups, as well 
as the mean and standard deviation. The demographic char-
acteristics and emotional characteristics of the two groups 
of children were compared. Independent sample T test was 
used for variables that met the normal distribution, and z 
score standardization was performed for data that did not 
meet the normal distribution, and the mean and standard 
deviation were expressed. ② Subcutaneous nuclear group 
product was classified by SVM, and structural features were 
extracted by PCA and Filter. Linear regression was used to 
analyze the relationship between emotion regulation ability 
and screening characteristics, relationship between ability to 
regulate emotions and ADOS severity. Freeview was used 
to visualize brain regions. ③ The SVC classification model 
and SVR regression model of white matter characteristics 
(FA and MD values) of emotion regulation ability in the 
HR-ASD group were built based on the MVPA method, and 
the weight brain regions with significant contributions were 
obtained, ADOS severity was incorporated into the model as 
a covariate. ④ The CPM method was employed to predict the 
emotional regulation ability based on the white matter fiber 
bundle connection, showing significant correlation connec-
tions. The corresponding correlation between the predicted 

MSE(predicted, actual) =
1

n

n
∑

{i=1}

(

actuali − predictedi
)2
.

q2 = 1 −
MSE(predicted, actual)

MSE(actual, mean(actual))
.

value and the actual value or the model performance was 
examined using the Pearson correlation method. Using one 
method of cross-validation will disturb the rerun of the CPM 
of data analysis, such that BrainNetViewer (http:// www. 
nitrc. org/ proje cts/ bnv/) and Circos (http:// www. circos. ca/) 
software visualization results were employed.

Results

General demographic data and clinical information

The HR-ASD group comprised 45 males (45/55, 81.81%) 
and 10 females (10/55, 18.18%). The mean age reached 
23.12 ± 3.44  months. The TD group covered 52 males 
(35/52, 67.31%) and 10 females (17/52, 32.69%). The mean 
age was 17.12 ± 5.231 months. Further comparative analysis 
indicated the developmental quotient (t = 1.297, P = 0.279) 
and sex (t = 2.983, P = 0.084) of the two groups (Table 1).

Characteristics of and differences in emotion 
regulation abilities between the HR‑ASD and TD 
groups

Behavioral data analysis showed that, compared with the TD 
group, positive emotions in the HR-ASD group decreased 
(t = − 2.821, P = 0.009) and negative emotions increased 
(t = 2.809, P = 0.009), and the differences were significant. 
Among the behaviors related to emotion regulation, the 
self-comforting behavior (t = 2.290, P = 0.027) in the HR-
ASD group was less than that in the TD group, the self-
stimulating behavior (t = 2.629, P = 0.012), avoidance behav-
ior (t = 2.398, P = 0.021) and crying behavior (t = 3.156, 
P = 0.003) were higher than those in the TD group, and the 
differences were significant (Table 2).

Table 1  Comparison of general 
situation of children in the 
HR-ASD group and the TD 
group

*P < 0.05; **P < 0.01

HR-ASD group TD group

M SD M SD t/x2 P

Age (months/years) 23.12 3.44 17.12 5.23 40.137  < 0.001**
Sex (female/male) 45/10 35/17 2.983 0.084
Gesell (DQ)
Language behaviour 52.88 20.04 93.04 10.63 − 15.697  < 0.001**
Personal–social behaviour 70.64 18.423 96.60 9.025 − 11.218  < 0.001**
ADOS
ADOS-social communication 9.41 4.03 5.55 2.37 12.078  < 0.001**

ADOS-repetitive stereotyped behavior 1.65 1.11 0.05 0.22 11.029  < 0.001**

ADOS-total points 11.00 4.77 5.60 2.30 16.963  < 0.001**

http://www.nitrc.org/projects/bnv/
http://www.nitrc.org/projects/bnv/
http://www.circos.ca/
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Impact of ADOS severity on emotional regulation 
ability of children in the HR‑ASD group

The impact of ADOS severity on constructive emotion 
regulation strategies and help seeking represented 4.3% 
and 3.3%. The impact of ADOS severity on self-soothing 
and self-stimulating of children represented 0.1% and 3.6% 
(Table 3).

Effect of subcutaneous nuclear volume 
on emotional regulation in the HR‑ASD group 
of children

MRI scans were performed on children in both HR-ASD 
group and TD group. SVM method was used to establish 
the classification model of brain structure features (subcu-
taneous nuclei) in HR-ASD and TD groups. PCA and Fil-
ter methods are used as preliminary steps for classification 
models and linear regression that rely on MRI structural 
features. After feature screening, for the classification per-
formance of a single parameter, an accuracy of 55.3%, speci-
ficity of 71.0% and an AUC of 0.622 were obtained based 

on subcutaneous nuclear population volume. Screening 
features include: left pallidum volume, left hippocampus.L 
volume, left amygdala volume, right hippocampus volume, 
right amygdala.R volume, right thalamus volume (Fig. 2, 
Table 4).

Linear regression analysis results showed that the volume 
of the right amygdala (R2 = 0.245) and the volume of the 
right hippocampus (R2 = 0.197) affected constructive emo-
tion regulation strategies, and the volume of the right amyg-
dala (R2 = 0.118) had an impact on mother-seeking, both of 
which were significant (Table 5).

To establish the classification and regression model 
of white matter characteristics in the HR‑ASD group

Multi-voxel pattern analysis (MVPA) was used to esti-
mate the voxel array based on brain images. We used SVM 
method to classify the white matter structure of children 
in high-risk ASD and TD groups. The total accuracy of 
FA value was 86.67%, and the prediction accuracy was 
86.96%. The total precision of MD value was 88.89%, and 
the prediction accuracy was 91.30% (Table 6, Fig. 3). By 

Table 2  Comparison of the 
characteristics of children's 
emotional regulation ability 
between HR-ASD group and 
TD group

ES effect size
*P < 0.05; **P < 0.01

HR-ASD group TD group

M SD M SD t P ES

Emotional response of the children
 Negative emotion 1.54 0.93 3.05 1.61 − 2.821 0.009** 1.141
 Positive emotion 4.00 1.67 2.31 1.52 2.809 0.009** 1.191
 Neutral emotion 3.54 2.16 2.21 1.47 2.012 0.054 0.732

Emotion regulation ability of the children
 Constructive emotion 

regulation strategies
21.42 17.57 30.51 20.98 − 1.303 0.176 0.469

 Help seeking 19.38 17.08 25.89 17.03 − 1.333 0.189 0.381
 Self-soothing 3.32 8.49 11.10 14.94 2.290 0.027* 0.641
 Self-stimulating 9.66 11.32 3.57 4.16 2.629 0.012* 0.714
 Deep expiratory relief 2.60 4.95 5.67 7.99 − 1.523 0.135 0.461
 Distraction 1.05 0.22 1.17 0.66 − 0.824 0.414 0.243
 Avoidance behavior 13.15 11.62 5.21 11.07 2.398 0.021* 0.699
 Crying 31.04 14.02 19.31 12.17 3.156 0.003** 0.893

Table 3  Impact of ADOS 
severity on children's emotional 
regulation ability

*P < 0.05; **P < 0.01

R R2 B SE F P

Constructive emotion 
regulation strategies

0.208 0.043 − 0.887 0.365 5.896 0.017*

Help seeking 0.181 0.033 − 0.696 0.330 4.447 0.037*
Self-soothing 0.019 0.001 − 0.077 0.362 0.045 0.833
Self-stimulating 0.189 0.036 0.751 0.341 4.838 0.030*
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evaluating the influence of features (FA and MD values) 
on classification, the ranking of contribution weight of 
FA values to classification was obtained. The Inferior.cer-
ebellar.peduncle. R and Medial. lemniscus. L contributed 
more to classification, with weights of 7.587% and 6.907% 
(Supplement Table S1), respectively. According to the 
ranking of the MD value to the classification contribution 
weight, the Superior.cerebellar.peduncle.L and Cerebral.
peduncle.R made a high contribution to the classification, 

with the weight of 9.585% and 7.136%, respectively (Sup-
plement Table S2).

ADOS severity was incorporated into the model 
as a covariate. The results are presented as follows: 
FA (R2 = 0.10, P < 0.01) and MD (R2 = 0.12, P < 0.01) 
had a certain ability to predict self-stimulating behav-
ior (Table 7, Fig. 3). FA (R2 = 0.04, P < 0.01) and MD 
(R2 = 0.03, P < 0.01) showed a low predictive ability of 
constructive adjustment ability. FA (R2 < 0.01, P < 0.01) 
and MD (R2 < 0.01, P < 0.01) had higher predictive power 
for seeking a mother. By evaluating the influence of fea-
tures (FA, MD value) on the predictive output, the ranking 
of MD value on the predictive feature weight of self-stimu-
lating behavior was obtained. The brain regions with large 
contributions were as follows: right cerebral peduncle, left 
superior cerebellar peduncle, right tapetum, left inferior 
cerebellar peduncle, right superior cerebellar peduncle, 
and so forth (Supplement Table S3/S4, Fig. 3).

Fig. 2  Feature screening of 
subcortical nuclei. 1. Caudate 
nucleus; 2. lenticular nucleus; 
3. thalamus; 4. amygdala; 5. 
hippocampus

Table 4  Classification prediction and PCA/Filter feature screening were performed based on brain structure in the HR-ASD group and the TD 
group

Spe specificity, Sen sensitivity, ACC  accuracy, AUC  area under the curve, SV subcortical nuclei volume

Spe Sen ACC Deci AUC SV

PCA 0.710 0.553 56.579 − 0.226 0.622 8–13
Filter 0.553 0.895 64.474 − 0.340 0.691 112,227

Table 5  Effects of brain 
structure on constructive 
regulation strategies in the 
HR-ASD group

L left, R right
*P < 0.05; **P < 0.01

R2 95% CI β F P

Lower Upper

Pallidum. L. Volume 0.054 − 0.012 0.003 − 0.233 1.77 0.193
Amygdala. L. Volume 0.117 − 0.048 − 1.92e− 4 − 0.342 4.09 0.052
Hippocampus. R. Volume 0.197 − 0.023 − 0.003 − 0.444 7.62 0.010*
Amygdala. R. Volume 0.245 − 0.048 − 0.011 − 0.495 10.1 0.003**
Thalamus. R. Volume 0.126 − 0.020 − 3.37e−4 − 0.354 4.45 0.043*

Table 6  To establish SVC classification model of FA/MD in HR-
ASD and TD groups

BA balance accuracy, CA class accuracy

Total accu-
racy (%)

BA (%) CA (%) Prediction (%)

FA 86.67 86.66 86.36 86.96
MD 88.89 87.96 84.62 91.30
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The classification and regression models of white 
matter fiber bundle connection in the HR‑ASD group 
were built

The total accuracy of the HR-ASD group was 77.5%in the 
106th link, with the highest level of 75.51%, with the upper 

edge of 77.5%, and the edge was 106–255 (from the 25 fea-
tures, each more than 25 features, the training retained 2650 
continuous), and the results were obtained by all the survival 
edges, the size and the important ranking of the weight, and 
the results of the results of the results of all the remaining 
sides, and the results of the results of the results of all the 
survival links, and eventually have 45 positive edges.

Using CPM method, the prediction model of the emo-
tional adjustment ability of HR-ASD group based on white 
fiber beam connection was constructed, and the replacement 
test was the optimal result of 2000 iteration. Constructive 
strategy 20 is connected to 8 negative edges; The search 
for a mother is 10–24 (Table 8, Supplement Tables S5, S6, 
Fig. 4).

Discussion

In this study, the mean square error model was adopted to 
encode the emotional regulation (help seeking, self-conso-
lation and crying, etc.) of children in the HR-ASD group 

Fig. 3  a, b To establish a SVM model of white matter characteris-
tics (FA/MD) in HR-ASD group and TD group; c, d to establish a 
SVR model in of white matter characteristics (MD) and self-stimu-
lating behavior in HR-ASD group. a Establishment of classification 
model in the HR-ASD group and TD group (a1/a2): probability 
distribution graph (FA/MD). (b1/b2): confusion matrix graph (FA/
MD): confusion matrix of true and predicted values. (c1/c2): x and o 
represent HR-ASD group and TD group (FA/MD), respectively. (d1/
d2): receiver characteristic curve (ROC). (b)The classification contri-
bution weight (MD), A1/A2: Superior.cerebellar.peduncle.L; A3/A4: 

cerebral.peduncle.R; A5/A6: corticospinal.tract.L; A7/A8: superior.
cerebellar.peduncle.R; A9/A10:medial.lemniscus.R; A11/A12: pon-
tine.crossing.tract. c White matter characteristics (MD) and self-stim-
ulating behavior: A1/A4: scatter diagram. A2/A5: prediction graph 
(red predicted value, black true value). A3/A6: prediction chart (red 
predicted value, blue target value). d Predictive feature weight: A1/
A2: cerebral.peduncle.R; A3/A4: superior.cerebellar.peduncle.L; A5/
A6: tapetum.R; A7/A8: inferior.cerebellar.peduncle.L; A9/A10: Supe-
rior.cerebellar.peduncle.R; A11/A12: Pontine.crossing.tract. L: left. R: 
right

Table 7  To establish SVR regression model of white matter charac-
teristics (FA/MD) of emotion regulation ability in the HR-ASD group

Correlation correlation coefficient, R2 determination coefficient; MSE 
mean square error; P < 0.01

Correlation R2 MSE Permuta-
tion test

Constructive 
regulation 
strategy

FA 0.21 0.04 248.35 100
MD 0.18 0.03 237.86 100

Help Seeking FA 0.01  < 0.01 208.82 100
MD 0.03  < 0.01 194.23 100

Self-stimulating FA 0.32 0.10 221.81 100
MD 0.34 0.12 233.04 100
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and the TD group by the behavioral paradigm of still face, 
and the emotional regulation levels of the two groups were 
explored. Then, we used machine learning methods to screen 
out important features of subcutaneous nuclear mass vol-
ume, white matter structure and white matter fiber bundle 
connections related to emotional regulation in HR-ASD 
infants.

Comparison of the characteristics of children’s 
emotional regulation ability between HR‑ASD group 
and TD group

Our study found that compared with TD group, HR-ASD 
group children used less emotional regulation strategies, 
such as help-seeking and self-comforting behaviors; More 
self-stimulating behavior, such as repeatedly shaking the 
body, beating the table, and shaking the seat. Sequential 
analysis showed that children with autism used less social 

support strategies (toward the experimenter and verbally), 
and that the above-mentioned behavioral, vocal, and distrac-
tion strategies were all effective for TD children. In this para-
digm, the children in the HR-ASD group showed less self-
comforting behaviors and showed higher intensity of giving 
up or direct avoidance, while the children in the TD group 
could regulate their possible emotional responses through 
physical movements such as sucking the thumb, rubbing the 
arm, and touching the table. At the same time, children with 
better language development will carry out self-comforting 
speech behaviors through spontaneous vocal communica-
tion or deep breathing sound. Our study found that HR-ASD 
infants had less need to seek support from their mothers, and 
TD infants preferred to rely on caregivers for physical and 
verbal comfort. There is good evidence that children with 
ASD often exhibit negative emotions, including irritabil-
ity and aggressive behavior, decreased positive emotions, 
less displays of joy, and more temper tantrums [61, 74]. 
Prospective and retrospective studies have shown that high-
risk children who later develop autism exhibit more negative 
emotions than their peers, and parents observe that they are 
more likely to exhibit more distress and increase negative 
emotions [28, 30]. Our study found that children in the HR-
ASD group used more distraction strategies, while children 
in the TD group were relatively focused. It has been found 
that the ability to maintain attention helps children deal with 
emotional distress, and the emergence of emotional recogni-
tion promotes concentration in children [20, 21].

The cognitive and behavioral capacity of young children 
to regulate their own arousal states are inherently limited, 
relying heavily on external regulation from caregivers. In 
instances where caregivers sensitively recognize increases in 
children's negative emotions, decreases in positive emotions, 

Table 8  Prediction of mood adjustment strategy based on white fiber 
beam connection

Edge R2 P

Constructive adjust-
ment strategy

Positive edge 0.333 0.01

Negative edge 0.334 0.01
Seeking mother Positive edge 0.667 0.01

Negative edge 0.363 0.01
Self-stimulation Positive edge 0.334 0.01

Negative edge 0.404 0.01
Distraction Positive edge 0.299 0.01

Negative edge 0.363 0.01

Fig. 4  Visual diagram of fiber bundle connections associated with 
emotional regulation strategies in the HR-ASD group of young chil-
dren. a, c, e, g Brain Graph: Built using BrainNetViewer, each node is 
represented as a sphere, where the sphere size represents the number 
of edges emanating from that node. Use CPM to build the eigenval-
ues and generate the edges. b, d, f, h Circular graph: Built using Cir-

cos. All brain regions are arranged in a circle, which roughly reflects 
the connection of two brain regions. The white matter brain network 
is constructed with brain regions as nodes and the number of fibers 
as edges. Positive and negative boundary values are shown in red and 
blue
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and the adoption of behaviors like crying and self-stimu-
lation, those with higher sensitivity and responsiveness 
can significantly contribute to enhancing their young chil-
dren's emotional and self-regulatory development [35]. For 
instance, when children employ more constructive adjust-
ment strategies, such as seeking mothers, synchronous inter-
actions can mitigate the impact of adverse environments on 
children. Early intervention and teaching children how to 
manage emotional impulses in their formative years are cru-
cial. By instilling socially acceptable ways to navigate and 
transform emotions, children can develop the skills to bal-
ance their desires and needs with societal goals and demands 
[67].

Association between emotional regulation 
and subcutaneous nuclear mass volume in HR‑ASD 
infants

Our research shows that SVM method was used to establish 
the classification model of brain structure features (subcu-
taneous nuclei) in the HR-ASD and TD groups. The left 
pallidum volume, left hippocampus volume, left amygdala 
volume and right hippocampus volume have great influence 
on the classification result. Regression model shows that 
the surface area of the left prefrontal cortex, the thickness 
of the right prefrontal cortex and the thickness of the right 
prefrontal basal medial cortex have effects on constructive 
emotion regulation in the HR-ASD group. The surface area 
of the prefrontal cortex and the thickness of the right medial 
temporal gyrus have influence on the regulatory strategies 
of seeking mothers.

The emotional regulation mechanisms in people with 
autism are complex and may be partly similar to those in 
the normal population (e.g., physiological arousal, levels of 
negative and positive influence, changes in the amygdala 
and prefrontal cortex) and partly inconsistent with those in 
the normal population (e.g., information processing, dif-
ferences in perception, and cognitive aspects) [61]. Studies 
have reported abnormalities in the cortical limbic circuits of 
cognitive control (i.e., the prefrontal cortex) and emotional 
processing areas (i.e., limbic structures) in individuals with 
mood disorders [12, 22].

Neuroimaging studies have suggested changes in the 
function of the amygdala–prefrontal cortex circuits, but 
the results of studies on the above-mentioned changes are 
mixed [86]. Linear regression analysis showed that the 
volume of the left amygdala and the volume of the right 
hippocampus were negatively correlated with the influence 
of constructive emotion regulation strategies, and the vol-
ume of the amygdala was negatively correlated with the 
mother-seeking behavior of HR-ASD infants, which may 
indicate that the increase of amygdala volume decreases 
the ability of constructive regulation strategies of infants. 

For constructive regulation strategies, existing research has 
confirmed that constructive regulation strategies (e.g., "reap-
praisal") can regulate bilateral amygdala. When cognitive 
control is adopted to regulate emotional stimuli, amygdala 
activation will be weakened [8]. Although many studies have 
found an enlarged amygdala in children with autism, others 
have found no change or decrease in volume [38, 79]. The 
enlarged amygdala may be related not only to symptoms but 
also to emotional regulation in children with autism. Hazlett 
et al. supported the pathological overexpansion of cortical 
surface areas in autism dating back to the first year of life 
[34]. Previous research has suggested that children who 
develop autism have accelerated expansion of total cortical 
surface area, regional expansion in the occipital, temporal 
and frontal regions, and strong expansion in the visual cortex 
[34]. Studies of boys with ASD aged 2–5 years showed no 
difference in gray matter surface area, but increased thick-
ness in some local cortical regions [71]. Previous studies 
reported that the prefrontal cortex is activated when pro-
cessing vaguely expressed facial emotions [41], associated 
with the production of functional neurological symptoms 
[83]. There was a strong correlation between the volume of 
the amygdala and the volume of the neocortex, with input 
from the amygdala reaching 90% of the prefrontal area [19].  
Accordingly, the surface area and thickness of the prefrontal 
cortex, the volume of the middle temporal gyrus, amygdala 
and hippocampus are clearly correlated with the emotional 
regulation ability of HR-ASD children.

Association of emotional regulation with white 
matter and white matter fiber bundle junction 
in HR‑ASD infants

For white matter characteristics and white matter fiber bun-
dle connections, the results of this study showed that FA and 
MD values were associated with self-stimulating behaviors, 
and the corpus callosum and cingulate gyrus had greater 
weight. One DTI study identified reduced FA values in spe-
cific fiber tracts, including the connections of the amygdala, 
fusiform area (FFA), and superior temporal sulcus, as well as 
the connections of the medial and lateral orbitofrontal cortex 
(OFC) to the uncinate tract of the anterior temporal lobe 
(e.g., the amygdala) [69]. One study showed that various 
regions of the anterior cingulate cortex are involved in cog-
nition, emotion, and motivation [9]. The anterior cingulate 
cortex interacts with other cortical structures while taking 
on critical significance in the regulation of emotional experi-
ence [61]. The results of this study of white matter fiber tract 
junction showed that the connection between dorsolateral 
superior frontal gyrus and medial cingulate gyrus, middle 
frontal gyrus and medial paracingulate gyrus could predict 
constructive emotion regulation, the connection between 
dorsolateral superior frontal gyrus and supplementary motor 
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area, and the connection between hippocampus and lingual 
gyrus could predict maternal seeking behavior, and also 
confirmed the close connection between white matter fiber 
tract junction and emotional regulation. Emotional experi-
ence involves associations between the ventral prefrontal 
cortex and the amygdala, and mood and anxiety disorders 
are associated with abnormalities in ventral prefrontal cor-
tex/amygdala connectivity [27]. Neuromechanism-related 
studies suggest that social emotional dysfunction in autism 
patients is related to impaired white matter connectivity [6]. 
White matter FA in anterior cingulate gyrus and superior 
temporal gyrus was associated with repetitive restrictive 
behavior and adaptive function of autism, respectively [52]. 
One study suggesting that white matter pathology of autism 
may extend to near-range white matter junctions proposes 
that adolescents with autism exhibit lower FA values in the 
mid-frontal, temporal, and parietal lobes of long-range white 
matter throughout the brain compared to controls [77].

Studies have found differences in the temporal lobe, unci-
nate fiber tracts and white matter fiber tracts in the frontal 
area in children with autism [23], FA values in the amygdala 
were also significantly reduced, and the above-mentioned 
changes were largely associated with altered ventromedial 
prefrontal cortex connections [26, 62]. Conturo et al. found 
abnormalities in the white matter fiber tracts of the amyg-
dala–fusiform cortex and the white matter tracts of the hip-
pocampus—fusiform cortex in the autism group [15]. In 
DTI studies, the uncinate tract of autism was associated with 
impaired social function. The unhooked tract regulates the 
ventral limbic connections and is responsible for integrat-
ing complex social emotional structures, such as emotional 
recognition [45, 65]. Therefore, white matter fiber bundle 
connectivity is valuable for predicting emotional regulation 
and other aspects of HR-ASD children. Brothers proposed 
that a brain network consisting of three regions, the amyg-
dala, orbitofrontal cortex (OFC) and superior temporal gyrus 
(STG), constitutes the neural basis of social intelligence, the 
so-called social brain [10]. Bickart et al. have shown that 
amygdala volume is positively correlated with the increase 
of network size and complexity, and that the amygdala is 
somewhat correlated with other social brain regions [11]. 
Therefore, neural mechanisms related to emotional regula-
tion characteristics of patients with autism are necessary, 
especially in early childhood, to provide an empirical basis 
for early clinical intervention of autism.

Limitations of the study

This study had several limitations. First, due to the limita-
tions of age, it was difficult to collect behavioral and imag-
ing data for the subjects, and the sample size was relatively 
small. Follow-up of this study group is ongoing and will 
continue to school age to observe long-term outcomes and 

social development of the participants. Second, considering 
individual differences, we hope to increase the experimental 
paradigms in the future. Future studies should include data on 
daily parent–child interaction, emotion regulation strategies 
of children expressed under low-pressure conditions, and the 
emotion response of the parents. Focusing on multiple dimen-
sions and utilizing multiple methods will improve our under-
standing of emotion regulation and improve the ecological 
validity of the experimental paradigm. Future studies should 
also focus on individual differences in children with autism to 
explore the characteristics of externalizing behaviors.

Conclusions

In brief, there is a significant correlation between the emo-
tional regulation ability of HR-ASD children and multiple 
white matter fiber bundle connections (e.g., amygdala, hip-
pocampal volume, and corpus callosum), which is conducive 
to identifying the potential processes related to abnormal 
emotional regulation in the brain of children with autism. By 
enhancing the emotional regulation ability, from the perspec-
tive of intervention and treatment, this study can lay a founda-
tion for the follow-up study of the pathological mechanism of 
autism and prevent the possible accompanying emotional and 
behavioral problems.
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