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Abstract 

Objective  There has been increasing evidence for atypical white matter (WM) microstructure in autistic people, 
but findings have been divergent. The development of autistic people in early childhood is clouded by the concur-
rently rapid brain growth, which might lead to the inconsistent findings of atypical WM microstructure in autism. 
Here, we aimed to reveal the developmental nature of autistic children and delineate atypical WM microstructure 
throughout early childhood while taking developmental considerations into account.

Method  In this study, diffusion tensor imaging was acquired from two independent cohorts, containing 91 autistic 
children and 100 typically developing children (TDC), aged 4–7 years. Developmental prediction modeling using 
support vector regression based on TDC participants was conducted to estimate the WM atypical development index 
of autistic children. Then, subgroups of autistic children were identified by using the k-means clustering method 
and were compared to each other on the basis of demographic information, WM atypical development index, 
and autistic trait by using two-sample t-test. Relationship of the WM atypical development index with age was esti-
mated by using partial correlation. Furthermore, we performed threshold-free cluster enhancement-based two-sam-
ple t-test for the group comparison in WM microstructures of each subgroup of autistic children with the rematched 
subsets of TDC.

Results  We clustered autistic children into two subgroups according to WM atypical development index. The two 
subgroups exhibited distinct developmental stages and age-dependent diversity. WM atypical development index 
was found negatively associated with age. Moreover, an inverse pattern of atypical WM microstructures and differ-
ent clinical manifestations in the two stages, with subgroup 1 showing overgrowth with low level of autistic traits 
and subgroup 2 exhibiting delayed maturation with high level of autistic traits, were revealed.

Conclusion  This study illustrated age-dependent heterogeneity in early childhood autistic children and delineated 
developmental stage-specific difference that ranged from an overgrowth pattern to a delayed pattern.
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Introduction
Autism is an early-onset neurodevelopmental condition 
that is diagnosed on the basis of the following essential 
features: persistent challenges in social communication 
and social interaction and the presence of restricted, 
repetitive behaviors, interests, or activities. Autistic chil-
dren exhibit the most evident characteristic usually in 
early childhood and early school years, with some char-
acteristics in some areas being promoted in later child-
hood due to learning and compensation [1]. The human 
brain undergoes rapid growth during pre-school years 
and reaches approximately 90% of its adult volume by the 
age of 6 years [2]. Thus, this period of time appears to be 
crucial for the precise understanding of the pathogenesis 
of autistic people before latter life events confound the 
interpretation of autistic characteristics.

In the developing brain, axonal development and myeli-
nation are key processes promoting the speed and energy 
efficiency of nerve conduction [3]. Deviation in these 
processes may cause challenges in information process-
ing [4, 5], which have been frequently reported in autistic 
people [6–9]. Atypical axon and myelin properties have 
been reported in mouse models of autism and postmor-
tem autistic brain [10–16]. In parallel, in  vivo evidence 
using diffusion tensor imaging (DTI) suggested atypical 
microstructure in a number of white matter (WM) tracts 
and its  association with core characteristic in autistic 
people [17, 18]. The individual variation in WM micro-
structure was inferred to be associated with changes in 
myelination and axon number and size [19]. Thus, the 
elaboration of axon and myelin growth could be essential 
for understanding the  neurodevelopment of autistic peo-
ple. Previous studies reported that preadolescent autistic 
children exhibited atypical overgrowth of brain struc-
ture and function, whereas older autistic people showed 
an inverse developmental pattern [20–23]. However, the 
age-dependent heterogeneity of atypical WM  micro-
structure during the early progression of autistic people 
is unclear.

Diffusion properties have been widely used to track 
human brain development in vivo. A longitudinal study 
of typically developing children (TDC) aged 4–11 years 
reported significant linear increase in global fractional 
anisotropy (FA) as well as decrease in mean diffusivity 
(MD) and radial diffusivity (RD) over time, suggesting 
a linear developmental pattern of WM microstructures 
[24]. In early childhood, myelin rapidly develops, with 
cognitive abilities dramatically increasing at the same 

time [25]. This is concordant with the results of stud-
ies on WM development using DTI, which delineated a 
rapid change in diffusion properties during early devel-
opment [26, 27] and reported a tract-specific associa-
tion between expressive language and cognitive abilities 
[28]. In this regard, the age-dependent nature of brain 
development should be carefully considered while 
attempting to reveal atypical WM microstructures of 
autistic children underlying the developing brain.

One of the most commonly used methods for inves-
tigating atypical WM microstructures in autistic peo-
ple is the case–control method [29–31], which could 
enable efficient and direct observation between groups. 
However, it might introduce potential confounding 
bias and thus may not be suitable for investigating dif-
ferences that are inconstant during the time course 
of brain development [32]. Another commonly used 
method is the linear mixed effects model [6, 23, 33, 34], 
which can explore group interaction across develop-
ment. However, the dependent variable of this model 
requires information about the certain varied brain 
regions of the condition. Such a requirement might 
result in an incomplete understanding of the condition 
because it heavily depends on the prior knowledge. In 
this regard, exploring the extent of atypical neurode-
velopment in autistic children warrants the elaboration 
of typical brain development, such as brain age models 
which can generate an interpretable score from com-
plex multivariate pattern, and normative models which 
can estimate the individual difference with respect 
to an expected pattern [35–41]. Focusing on the mis-
matches between the brain-derived predicted age and 
true chronological age, brain age models proposed 
approach using multivariate regression to predict age 
from a pattern of brain-derived measures [38–41]. In 
the developing population, estimating the individual 
deviation from a time-varying perspective may poten-
tially demonstrate the age-dependent heterogeneity 
that exists in development.

In this study, we aimed to quantify the atypical devel-
opment of WM microstructures in autistic children on 
the basis of developmental prediction modeling. We 
hypothesized that the autistic children might exhibit 
heterogeneity in atypical WM during development. 
For this purpose, we utilized two independent cohorts, 
with 68 autistic children and 54 TDC in the discovery 
cohort, and 23 autistic children and 46 TDC in the rep-
lication cohort, ranging from 4 to 7  years of age. We 

Trial registration This study has been registered at ClinicalTrials.gov (Identifier: NCT02807766) on June 21, 2016 (https://​
clini​caltr​ials.​gov/​ct2/​show/​NCT02​807766).

https://clinicaltrials.gov/ct2/show/NCT02807766
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constructed a developmental prediction modeling by 
using support vector regression (SVR) based on the 
typical development of WM microstructural properties 
of TDC to estimate the extent of WM atypical devel-
opment in autistic children. Then, k-means cluster-
ing method was used to test whether subgroups that 
can represent different stages of atypical development 
existed. Finally, between-group differences in atypical 
WM microstructure and clinical manifestations were 
estimated in different subgroups of autistic children.

Methods
Participants
The discovery cohort included 77 autistic children and 
63 TDC, and the replication cohort included 25 autistic 
children and 46 TDC. Autistic children were recruited 
from hospitals and rehabilitation institutions. TDC 
were recruited from local kindergartens. All the autis-
tic children were diagnosed based on the fifth edition 
of the Diagnostic and Statistical Manual of Mental Dis-
orders. Autistic trait was assessed by Autism Diagnos-
tic Observation Schedule (ADOS) assessment. Autistic 
children were excluded if they (i) had psychiatric, neu-
rological (e.g., epilepsy) or genetic (e.g., fragile X) dis-
orders; (ii) had a history of loss of consciousness for 
more than 5 min; (iii) had a history of brain injury; and 

(iv) were under current medication with psychoactive 
drugs. TDC were recruited with the following criteria: 
(i) no neurological or psychiatric disorders; (ii) no his-
tory of severe medical problems; and (iii) not under 
psychotropic medications. After visual quality assur-
ance, 3 TDC and 1 autistic child in the discovery cohort 
were excluded for low-quality DTI. Before applying 
matching algorithm, the handedness and sex were 
matched in the two groups. Then, we applied the greedy 
algorithm to create datasets that were not significantly 
different in age [42], yielding a discovery cohort of 68 
autistic children and 54 age-, gender- and handedness-
matched TDC, and a replication cohort of 23 ASD and 
46 matched TDC (Table 1). Specifically, we deleted one 
participant at a time in the datasets that leave the rest 
data with the highest p value of the group difference of 
age, until the p value was higher than 0.1 (using Wil-
coxon rank sum test).

The study of discovery cohort was approved by the 
research ethical committee of the University of Elec-
tronic Science and Technology of China (UESTC). The 
study of replication cohort was approved by the ethics 
review committee of Harbin Medical University (HMU). 
The guardians of each participant provided signed writ-
ten informed consent after fully understanding the pur-
pose of the study.

Table 1  Demographics and clinical characteristics of the participants

aWilcoxon rank sum test (two-sided). bχ2 test. cTwo-sample t-test

TDC, typically developing children

Discovery cohort

Autism TDC

N Mean ± SD Range N Mean ± SD Range p value

Age (year) 68 5.46 ± 0.71 4.15–6.75 54 5.65 ± 0.67 4.25–6.70 0.13a

Sex 47 M/21F – – 33 M/21F – – 0.36b

Handedness 59R/3L/6 M – – 48R/1L/6 M – – 0.68b

Weight (kg) 68 19.90 ± 4.00 14–36 54 20.10 ± 3.50 14–31 0.51a

Height (cm) 68 111.95 ± 7.38 98–130 54 116.31 ± 7.57 95–131 0.0025a

Head motion (mm) 68 0.24 ± 0.05 0.16–0.40 54 0.35 ± 0.12 0.19–0.69  < 0.001a

Age of mother (year) 47 34.49 ± 5.84 25.70–53.06 36 35.28 ± 4.97 24.67–48.19 0.22a

ADOS total 60 18.40 ± 4.0 9–28 – – – –

Replication cohort

Autism TDC

N Mean ± SD Range N Mean ± SD Range p value

Age (year) 23 5.13 ± 0.70 4.01–6.62 46 5.46 ± 0.80 4.04–6.88 0.13c

Sex 20 M/3F – – 39 M/7F – – 0.81b

Handedness 19R/4L – – 38R/8L – – 1 b

Head motion (mm) 23 0.10 ± 0.03 0.06–0.16 46 0.12 ± 0.09 0.06–0.54 0.30a

ADOS total 20 16.25 ± 5.4 7–26 – – –
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Data acquisition
Discovery cohort. Whole-brain DTI was acquired at 
UESTC using a 3  T Discovery MR 750 scanner (GE 
Healthcare, Milwaukee, WI, USA) equipped with 
an eight-channel prototype quadrature birdcage 
head coil and echo planar imaging technique (rep-
etition time = 8500  ms, echo time = 66.8  ms, field of 
view = 256 × 256 mm2 , matrix size = 128 × 128, slice thick-
ness = 2 mm, number of slices = 78, 60 diffusion-weighted 
volumes (b = 1000 s/mm2 ) with four corresponding non-
diffusion-weighted volumes (b value = 0 s/mm2)). During 
the scan, autistic children were sedated by using 50 mg/
kg chloral hydrate, which was administered by a trained 
and certified doctor, whereas TDC were instructed to 
watch cartoons while keeping their head still. For each 
participant, a caregiver was present during scanning.

Replication cohort. DTI was acquired at the Depart-
ment of MR Diagnosis of the Second Hospital affiliated 
of Harbin Medical University using a 3 T Achieva scan-
ner (Philips, Amsterdam, the Netherlands). The param-
eters of the spin echo (SE) based DTI sequence are: 
repetition time = 6100  ms, echo time = 93  ms, field of 
view = 256 × 256 mm2 , matrix size = 128 × 128, slice thick-
ness = 2 mm, number of slices = 78, 32 diffusion-weighted 
volumes (b = 1000 s/mm2 ) with one corresponding non-
diffusion-weighted volumes (b value = 0  s/mm2 ). All of 
the participants were sedated using 50  mg/kg chloral 
hydrate which was administered by a trained and certi-
fied doctor during the scan, with a caregiver presented.

Data processing
For each participant, images were pre-processed using 
FMRIB Software Library (FSL, https://​fsl.​fmrib.​ox.​ac.​
uk/​fsl/​fslwi​ki) by following the common pre-processing 
pipeline. First, a brain extraction tool [43] was applied 
to the first non-diffusion-weighted volume to generate a 
binary brain mask. Second, eddy current distortion and 
motion artifacts were corrected on the basis of the mask 
by using a FSL eddy tool [44]. Third, the diffusion ten-
sor model was fitted at each voxel using ordinary linear 
least squares, by applying DTIFIT implemented within 
the FMRIB’s Diffusion Toolbox [45], creating each par-
ticipant’s FA, MD, RD and axial diffusivity (AD) images 
(Fig.  1). Relative head motion was estimated using the 
FSL eddy quality control framework [46].

Voxel-wise statistical analysis was performed by using 
Tract-Based Spatial Statistics (TBSS), and all the analy-
ses were performed in adult MNI-152 space [47]. First, 
the FA images of all participants were nonlinearly regis-
tered to the mean FA template of the IIT Human Brain 
Atlas (www.​nitrc.​org/​proje​cts/​iit) [48] by employing 
FNIRT [49], which applies a b-spline representation of 

the registration warp field [50]. Second, a mean FA image 
was created and skeletonized. Third, each participant’s 
FA image was projected onto the FA skeleton image 
and merged into a 4D image for follow-up cross-subject 
statistics. Furthermore, each bundle’s mean FA value 
was extracted for each participant. These stages were 
repeated for MD, RD, and AD images. Here, bundles 
refer to the myelinated fiber tracts in WM [51].

Exploration of the difference in WM diffusivity of autistic 
children compared to TDC using case–control analysis
To test whether any significant between-group difference 
in WM diffusivity existed, a case–control analysis was 
conducted by using two-sample t-test to explore the dif-
ference between the mean values of the four diffusivity 
characteristics between autistic children and TDC. Then, 
to test whether the relationship of age and WM diffusiv-
ity in autistic children was distinct from TDC, we calcu-
lated the Pearson correlation between the mean value of 
the diffusivity characteristic with age in TDC and autistic 
children, respectively.

Developmental prediction modeling construction and WM 
atypical development index estimation
The SVR method is an ensemble learning method for 
regression which yields the output of an average pre-
diction from multiple decision trees. First, the 54 TDC 
were randomly allotted into a training set and a testing 
set, with matched age, by using the scikit-learn package 
(Additional file 1: Supplemental Methods). Then, the SVR 
was utilized to train the development predictive model 
by using the training set, which predicted age using each 
diffusivity properties (i.e., FA, MD, RD, and AD) [52]. 
Furthermore, to adjust the age-related bias introduced by 
the model [53], the relationship between the true value 
and the difference value between the predicted and true 
values of each subject in the testing set was calculated as 
follows:

where � is the true age, the deviation represents the dif-
ference between the predicted and true values, and α 
and β stand, respectively, for the slope and intercept of 
the linear regression model. Finally, the model was tested 
on 68 autistic children. Each participant’s age-related 
deviation in the four diffusivity properties was calculated 
separately. Then, the difference between the age-related 
deviation and the bias of each subject was calculated 
to acquire the bias-free age-related deviation, which is 
regarded as the WM atypical development index (Fig. 1). 
This index can be described as follows:

deviation = −(α ×�+ β),

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki
http://www.nitrc.org/projects/iit
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Model performance was evaluated by using the five-
fold cross-validation procedure. At each time, we 
used 4 of the 5 folds to train the model, and the mean 
squared error (MSE) and the mean absolute percent 
error (MAPE) were estimated on the remaining por-
tion of the data. This process would be repeated 5 times 
until all data have been tested once. MSE measures the 
average of the squares of the absolute error between the 
predicted and true values, whereas MAPE is the aver-
age of relative error in terms of percentages.

deviationbias free = deviation− (α ×�+ β). Age‑dependent heterogeneity of autistic children
The matrix of the WM atypical development index (68 
subjects, 4 features) measured on the basis of four diffu-
sivity properties was used to explore age-dependent het-
erogeneity across autistic children by applying k-means 
clustering analysis. The silhouette coefficient was calcu-
lated to determine the optimal number of clusters, which 
varied from 2 to 10. According to the silhouette criteria, 
the optimal number of clusters was 2 [54]. Therefore, two 
subgroups of autistic children were found (Fig. 1).

We firstly applied two-sample t-test to estimate the dif-
ference between the two subgroups of autistic children 

Fig. 1  Data analysis flowchart. 1 DTI was pre-processed following the common FSL pipeline, creating FA, MD, AD and RD map of each 
participant. 2 Developmental prediction modeling was established by SVR using TDC dataset. For each autistic child, WM atypical development 
index was calculated. 3 The WM atypical development index matrix of autistic dataset was used as features in cluster analysis to investigate 
the age-dependent heterogeneity. 4 Subsequent analyses investigated the difference in WM atypical development index and autistic trait 
between developmental stages, and compared the difference of each developmental stage compared to TDC. SVR, support vector regression; TDC, 
typically developing children; WM, white matter
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on the basis of demographic information (i.e., age, sex, 
and handedness), WM atypical development index, and 
ADOS scores. Eight subjects were excluded from the 
autistic trait estimation due to the loss of ADOS scores. 
Then, the relationship of the WM atypical development 
index with age was estimated by using partial correlation, 
and the significance level was set to p < 0.05 after false 
discovery rate (FDR) correction.

Developmental stage‑specific difference of WM 
microstructure in autistic children
The randomize tool [55] implemented in FSL was used 
for the group comparison of each subgroup of autistic 
children with the rematched subsets of TDC to deline-
ate the developmental stage-specific difference in WM 
microstructures. Analysis was performed by using the 
threshold-free cluster enhancement-based two-sample 
t-test with 5000 permutations in the presence of nuisance 
variables (i.e., age, gender, handedness and relative head 
motion), wherein the significance level was set to p < 0.05 
(family-wise error corrected).

Reproducibility analysis
Because there was a between-group difference in head 
motion in the discovery cohort, we conducted repro-
ducibility analyses to verify the robustness of our find-
ings: (1) using features that regressed out head motion; 
(2) using the replication cohort, in which there were no 
group differences in head motion. First, the develop-
mental prediction modeling was constructed using the 
features controlling for nuisance variance, including 
gender, handedness and particularly the head motion. 
Subgroups of the autistic children were identified using 
k-means clustering method. Age, WM atypical index and 
ADOS scores were compared between the two subgroups 
using two-sample t-test, and the correlation of the WM 
atypical development index with age was calculated using 
Pearson correlation. Second, to exclude the effect of head 
motion on the results of age-dependent heterogeneity in 
autistic children, we conducted a reproducibility analysis 
using a replicated cohort with no between-group differ-
ences in head motion. Besides, we utilized random forest 
regression (RFR) rather than SVR to construct the devel-
opmental prediction modeling, to validate the finding 
that the age-dependent heterogeneity of autistic children 
is not model-dependent.

Results
WM atypical development index revealed age‑dependent 
heterogeneity in autistic children
We first applied the two-sample t-test to test whether any 
between-group difference existed between autistic chil-
dren and TDC in terms of the mean values of the four 

WM diffusivity characteristics. No significant between-
group difference was found on the four WM diffusivity 
characteristics. Correlation analysis revealed significant 
correlations between age and the mean AD, RD, and MD 
values ( rAD = − 0.31, p = 0.02; rRD =  − 0.30, p = 0.03; rMD 
= − 0.32, p = 0.02) and a marginally significant correlation 
between age and mean FA value ( rFA = 0.23, p = 0.09) 
in TDC. Furthermore, we found that autistic children 
presented a flat development trajectory of WM diffu-
sivity. However, we did not find any significant associa-
tions between WM diffusivity and age in autistic children 
(Fig. 2).

The SVR model performances (i.e., MSE and MAPE) 
of the four diffusion properties FA, MD, RD, and AD 
were 0.68 and 11.89%, 0.61 and 11.29%, 0.58 and 11.01%, 
and 0.69 and 11.99%, respectively. By using the k-means 
clustering method, we clustered the subjects into two 
subgroups (Fig. 3A) exhibiting significant distinct devel-
opment stages ( tAge = − 2.95, p = 0.0044) (Fig.  3B). We 
did not find significant differences in sex and handedness 
between the two stages. Moreover, we found significant 
differences in the WM atypical development index ( tFA = 
7.50, p < 0.001; tAD = 8.20, p < 0.001; tRD = 11.71, p < 0.001; 
tMD = 11.80, p < 0.001; FDR corrected, number of 
tests = 4) between the two stages (Fig. 3C). We also found 
significant difference in ADOS social score (t =  − 2.92, 
p = 0.005) between the two stages, where the autistic chil-
dren in subgroup 2 showed slightly higher level of autistic 
trait than those in subgroup 1 (Fig. 3D). In addition, we 
found that age was negatively associated with the WM 
atypical development index in FA (r =  − 0.30, p = 0.0132), 
AD (r =  − 0.38, p = 0.0014), MD (r =  − 0.39, p < 0.001), 
and RD (r =  − 0.42, p < 0.001) (FDR corrected, number 
of tests = 4). Besides, we found a period of high devel-
opmental diversity between the ages of 5 and 6  years, 
because almost all of the autistic children younger than 
5 years of age were in subgroup 1, and almost all of those 
older than 6 years of age were in subgroup 2 (Fig. 3E).

Developmental stage‑specific difference of WM 
microstructure in autistic children
By using TBSS and after controlling for age, gender, 
handedness, and relative head motion, we found autis-
tic children in the two subgroups showed a reverse pat-
tern of atypical WM diffusivity. Subgroup 1 displayed 
significantly increasing FA and decreasing MD, RD and 
AD in the bilateral arcuate fasciculus (AF), bilateral fron-
topontine (FPT), bilateral occipitopontine (OPT), and 
middle of the corpus callosum (CC), whereas subgroup 
2 presented significantly increasing MD, RD, and AD 
and decreasing FA in these bundles (p < 0.05, family-wise 
error corrected) (Fig.  4). We also extracted the value of 
significantly atypical bundles and drew the relationship 
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of age and WM diffusivity in autistic children and TDC, 
all of which exhibited an atypical relationship with age in 
autistic children (Additional file 1: Figure S1).

Reproducibility of findings
The developmental prediction modeling was constructed 
by using features controlling for head motion, yield-
ing similar results of significant group differences in 
age and WM atypical development index, and associa-
tion between age and WM atypical development index. 
According to the silhouette criteria, the optimal number 
of clusters in k-means clustering analysis was also 2. We 
still clustered subjects into two subgroups, which showed 
significantly distinct development stages ( tAge = − 3.62, 
p < 0.001) (Additional file  1: Figures  S2A and S2B). We 
also found a significant difference in the WM atypical 
development index ( tFA = 5.03, p = 0.017; tAD = 4.74, 
p < 0.001; tRD = 10.46, p < 0.001; tMD = 12.22, p < 0.001; 
FDR corrected, number of tests = 4) between two sub-
groups (Additional file  1: Figure S2C). In addition, we 

found a significant difference in ADOS social score 
(p = 0.05) between the two subgroups (Additional 
file 1: Figure S2D). Furthermore, we found that age was 
negatively associated with the WM atypical develop-
ment index in FA (r =  − 0.27, p = 0.036), AD (r =  − 0.26, 
p = 0.036), MD (r =  − 0.44, p < 0.001), and RD (r =  − 0.50, 
p < 0.001) (Additional file  1: Figure S2E, FDR corrected, 
number of tests = 4).

Second, the development predictive modeling was 
reproduced using the replication cohort, in which there 
were no group differences in head motion, and similar 
results of age-dependent heterogeneity in autistic chil-
dren were found. In the k-means clustering analysis, the 
optimal number of clusters also resulted to be 2, so we 
still clustered subjects into two subgroups, which showed 
significantly distinct development stages ( tAge = − 2.40, 
p = 0.0256) (Additional file  1: Figures  S3A and S3B). 
We still found a significant difference in the WM atypi-
cal development index ( tFA = 1.44, p = 0.07; tAD = 7.37, 
p < 0.001; tRD = 6.99, p < 0.001; tMD = 6.25, p < 0.001; FDR 

Fig. 2  Relationship of age and WM diffusivity in autistic children and TDC. Mean values of the four diffusivity characteristic were not significantly 
different between autistic children and TDC. Orange lines represent the linear fitting straight line of autistic children, while the purple lines represent 
the TDC. Orange nodes represent autistic children, while purple nodes represent the TDC. TDC, typically developing children; NS, not significant
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Fig. 3  Age-dependent heterogeneity and its relationship and distinct distribution in clinical autistic trait. A Visualization of the two subgroups. B 
Group difference in age. C Group difference in age WM atypical development index. D Group difference in ADOS social score. E Age was associated 
with WM atypical development index. Blue lines represent the linear fitting of autistic children, while the green nodes represent subgroup 1 
of autistic children, and yellow nodes belongings to subgroup 2 of autistic children. TDC, typically developing children; WM, white matter
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corrected, number of tests = 4) between two subgroups 
(Additional file 1: Figure S3C).

Moreover, we applied RFR to rebuild the model to vali-
date that the findings are not model-dependent. Consid-
ering that the optimal number of clusters was also 2, we 
divided the subjects into two developmental subgroups 
( tAge = − 3.15, p = 0.0025) (Additional file 1: Figures S4A 
and S4B). We still found a significant difference in the 
WM atypical development index ( tFA = 8.94, p < 0.001; 
tAD = 6.57, p < 0.001; tRD = 13.78, p < 0.001; tMD = 10.76, 
p < 0.001; FDR corrected, number of tests = 4) between 
two subgroups (Additional file  1: Figure S4C). In addi-
tion, we found a significant difference in ADOS social 
score (t =  − 2.28, p = 0.026) between the two subgroups 
(Additional file 1: Figure S4D). Moreover, we discovered 
that age was negatively associated with the WM atypi-
cal development index in FA (r =  − 0.34, p = 0.005), AD 
(r =  − 0.40, p < 0.001), MD (r =  − 0.43, p < 0.001), and RD 
(r =  − 0.52, p < 0.001) (Additional file  1: Figure S4E). In 
general, these findings, which were estimated in different 
conditions, were robust and constantly showed the devel-
opmental deviation in autistic children while comparing 
with TDC.

Discussion
In this study, we constructed a developmental predic-
tion modeling to estimate the WM atypical development 
index of autistic children and clustered autistic children 
into two subgroups representing different developmen-
tal stages. We found differences in clinical manifesta-
tions between subgroups and revealed developmental 
stage-specific difference in autistic children. Our results 
enhanced our understanding of the age-dependent het-
erogeneity of autistic children from a neuroimaging 
perspective and delineated the atypical pattern of WM 
microstructures in different developmental stages of 
autistic children. Moreover, the current study pointed 
out the importance of disentangling the age-dependent 
heterogeneity in autistic children across early childhood.

Age‑dependent heterogeneity in autistic children 
and distinct clinical manifestation
Previous studies have suggested that WM volume and 
diffusion properties exhibited a highly relevant pattern 
of developmental change, showing a rapid increase in FA 

and decrease in MD, RD, and AD in early childhood [56, 
57]. In line with the relationship of age and WM diffu-
sivity we depicted in the current study, autistic children 
have been found to present an early overgrowth pattern 
followed by slower development compared with TDC 
[22, 23, 58]. In addition, the non-significant difference 
in WM diffusivity between autistic children and TDC 
further verified our hypothesis that the atypical WM 
diffusivity in autistic children might be clouded by age-
dependent heterogeneity within groups, which cannot be 
revealed by simply conducting a case–control analysis.

Furthermore, we found a significantly negative asso-
ciation between age and the WM atypical development 
index, with the lager positive index referred to more 
accelerated growth, and the lager negative one referred 
to more delayed growth. We divided autistic children 
into two subgroups in terms of WM atypical develop-
ment index, which showed distinct developmental stages. 
We found different clinical manifestation between the 
two subgroups, wherein subgroup 2 exhibited higher 
ADOS social score. A previous study on autistic children 
reported that behavioral intervention, per unit time, is 
more efficient for younger children (aged 2–5.15  years) 
than for older children (aged 5.15–7.14  years) [59]. The 
higher level of autistic trait observed in subgroup 2 might 
be attributable to the weakening effect of interventions. 
In line with a review of evidence base for “earlier is bet-
ter” with regard to interventions for young children with 
ASD [60], a study reported that the positive effects of 
treatment diminished after age of 3.81  years in autism 
[61]. This observation needs further validation using lon-
gitudinal data. Our results further proved the assump-
tion that during childhood, autistic children exhibit 
accelerated growth followed by a period of delay [62, 63] 
and provided a complete picture of WM microstructure 
development.

Moreover, we estimated the individual deviation in 
autistic children and clustered them into two subgroups 
that revealed a period of high developmental diversity 
between the ages of 5 and 6  years. Myelination in typi-
cal brain undergoes a rapidly advance till the age of 5 and 
continues with a slower process till the third decade of 
life [64]. A neuroimaging study provided in vivo evidence 
showing age-related effects between TDC and autis-
tic children at approximately 5 years of age and found a 

Fig. 4  Developmental stage-specific difference in WM microstructure. A Visualization of significantly different bundles between autistic children 
and TDC. B Significantly increased FA and decreased MD, RD and AD in CC_Mid, bilateral AF, OPT and FPT were found in subgroup 1 compared 
to TDC (p < 0.05, family-wise error corrected). C Significantly decreased FA and increased MD, RD and AD in those bundles were found in subgroup 
2 compared to TDC (p < 0.05, family-wise error corrected). WM, white matter; CC_Mid, middle of corpus callosum; AF, arcuate fasciculus; OPT, 
occipitopontine; FPT, frontopontine; TDC, typically developing children

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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significant age-related increase in myelin content in TDC 
but not in autistic children [65]. Likewise, another study 
found a significant age-related interaction in WM volume 
in TDC, but not in autistic children, delineating an age-
related increase in WM volume and age-related effects at 
approximately 6 years of age [62]. Overall, in autistic chil-
dren, the age range of 5–6 years is a developmental and 
varied period before which premature brain development 
is reported and after which brain development presents 
an atypically slowed pattern. Our results enhanced our 
understanding of the protracted growth of WM in autis-
tic children, and provided a neuroimaging footing from 
which to gain insights into the age-dependent heteroge-
neity of autistic children.

Because of the between-group difference in head 
motion in the discovery cohort, we conducted repro-
ducibility analyses to verify the results we found were 
independent from head motion. Compared to the origi-
nal findings, the reproducibility analyses yielded similar 
results of significant group differences in age and WM 
atypical development index, both of which delineated 
age-dependent heterogeneity in autistic children. This 
might be explained by, after establishing the developmen-
tal prediction modeling, the analyses of age-dependent 
heterogeneity in autistic children were conducted within 
the autistic group, and we did not find any differences in 
head motion between subgroup 1 and subgroup 2 in the 
original findings (t =  − 0.84, p = 0.40). Besides, we per-
formed the group comparison of each subgroup of autis-
tic children with the rematched subsets of TDC while 
controlling for head motion. Overall, the reproducibility 
analyses further validated our findings of age-dependent 
heterogeneity in autistic children.

Difference in WM microstructure between two subgroups
We delineated the developmental stage-specific differ-
ence of WM microstructures in autistic children, reveal-
ing an atypical overgrowth pattern in subgroup 1 and 
delayed development in subgroup 2, with subgroup 1 
comprising autistic children aged under 6.5  years and 
subgroup 2 comprising those aged more than 5.5 years. 
Previous studies have reported significantly increased FA 
and decreased AD, MD, and RD in young autistic chil-
dren (< 5 years old) [66–69] and reverse patterns in older 
autistic children (> 6  years old) [70–73]. Here, our find-
ings further delineated the flatter development of WM 
diffusivity in autistic children than in TDC, leading to 
this reverse phenomenon. The precocious maturation of 
WM might reflect fetal axon excess in autistic children 
[74]. It might suggest the weakened regulation of neu-
rogenesis in younger autistic brain, in line with a recent 
study of autism genes reporting vulnerability in neuro-
genesis [75]. Whereas, the delayed maturation might be 

driven by delayed myelination [65]. It is accordant to a 
previous study, in which combined fetal inflammation 
and postnatal hypoxia resulted in delayed cortical myeli-
nation and autism-like behavior in rat model [76]. Our 
findings bore upon the inconsistent reports surrounding 
WM microstructures in autistic children and stressed the 
importance of the developmental period as a crucial fac-
tor for the heterogeneity of WM maturation.

Our study validated the reverse patterns observed 
across two developmental stages by clustering the WM 
atypical development index in autistic children. We found 
significant difference in AF in both developmental stages. 
AF is critically involved in human language processing 
[77, 78]. Atypical diffusion property in AF and language 
challenges have been frequently reported in autistic peo-
ple [79–84]. However, neuroimaging studies on atypical 
diffusion property in AF in autistic people have reported 
inconsistent results, including left-only, right-only, and 
bilateral difference in AF [18]. Our findings provided a 
developmental perspective of the atypical diffusion prop-
erty in AF in autistic people. CC was another atypical 
fiber we found throughout the two stages. Atypical CC in 
autistic people, including atypical morphometry and dif-
fusion properties, has been studied for decades [85–89]. 
CC is the main fiber conducting interhemispheric signals 
[90]. The atypical diffusion property in CC would cause 
disrupted connectivity between the two hemispheres. 
Atypical interhemispheric connectivity and its associa-
tion with social challenges in autistic people have been 
reported in former studies [91, 92]. Our findings added 
evidence of the atypical diffusion property in CC and 
delineated the change of MD, RD and AD in CC from 
atypically reduced to increase during development.

Furthermore, we found inversely atypical diffusion 
properties between the two stages in bilateral FPT and 
bilateral OPT, both of which are parts of the corticopon-
tine fibers. The corticopontine fibers are crucial pathways 
mediating information transmission from the cerebral 
cortex to the cerebellum, and conducting impulses from 
the cerebral cortex to pontine nuclei then to the cer-
ebellum through pontocerebellar projection [93, 94]. 
Neuroimaging studies have implicated atypical cortico-
cerebellar system in autistic people [95, 96]. Specifically, 
the disruption of the fronto-cerebellar circuit might 
induce the disturbance of eye movement and motor 
operation [97, 98], which are characteristics in autistic 
people, especially in younger autistic children [99–101].

Methodological considerations
In the present study, we constructed the developmen-
tal prediction modeling using four widely used diffusion 
tensor-based parameters. Among these parameters, FA 
measures the degree of diffusion anisotropy [102]; MD 
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measures the overall magnitude of diffusion irrespec-
tive of the direction [103]; and AD and RD represent the 
water diffusivities parallel and perpendicular to axonal 
fibers, respectively [104]. These four parameters repre-
sent diverse information while reserving the consistency 
of diffusivity, making evaluating the WM microstructure 
from different aspects feasible. Moreover, WM micro-
structures have been reported to be widely atypical in 
autistic children [18, 105] and have demonstrated a sig-
nificant relationship with age in TDC [106]. Thus, these 
parameters could capture the age-dependent information 
of typical development in TDC and the neurodiversity-
sensitive information of atypical WM microstructure in 
autistic children at the same time. In the present study, 
by combining these diffusion properties, we were able to 
reveal the age-dependent heterogeneity of autistic chil-
dren through a data-driven way.

In addition, we selected SVR because it is suitable for 
small sample size problem [107–109]. Furthermore, the 
bias introduced by predictive modeling has been found 
to be age-dependent, and the predicted value is overes-
timated in younger subjects and underestimated in older 
ones [110]. We selected the age-adjusted method pro-
posed by Beheshti et al. because it reduces the variance 
of the deviation and results in a low mean absolute error 
after bias adjustment [111].

Limitation
In the present study, we delineated the age-dependent 
heterogeneity by using developmental prediction mod-
eling. However, several limitations should be noted. 
First, due to the relatively small amounts of autis-
tic females, we did not separate the participants into 
female and male groups to construct the developmental 
prediction modeling. Future studies with a large sample 
size should take the gender difference into considera-
tion. Second, the observation in this study focused only 
on the pre-school autistic children. Further studies on 
the biological mechanism of autistic people from later 
childhood to early adolescence are necessary. Third, 
given that we used the datasets limited to the Chi-
nese population, the generalizability of our results to 
other ethnic populations remains unclear. Thus, future 
work on different ethnic populations is needed to vali-
date our findings. Fourth, sampling bias might present 
because an association between age and ADOS score 
was found in the discovery cohort. Future study with a 
large sample size is needed to confirm the results of the 
present study. Fifth, given that the ethnicity, socioeco-
nomic status of family and siblings might influence the 
early development of children, future study is needed to 
collect those data and investigate their association with 

atypical WM in autism. Furthermore, given that we 
used the cross-sectional datasets, future study of lon-
gitudinal data is needed to confirm the age-dependent 
heterogeneity of autistic children.

Conclusion
In the present study, we proposed neurobiologically 
interpretable indexes by constructing a developmen-
tal prediction modeling and confirmed the contrasting 
nature of two developmental stages by using a data-
driven method. Furthermore, our findings demon-
strated that individual deviation of pre-school autistic 
children reduced with age and contributed to the neu-
rodiversity of autistic people. We elucidated the pro-
gressive change in WM in autistic children and drew 
attention to the elucidation of the age-dependent heter-
ogeneity of autistic children before follow-up analyses.

Abbreviations
TDC	� Typically developing children
DTI	� Diffusion tensor imaging
ADOS	� Autism Diagnostic Observation Schedule
WM	� White matter
FSL	� FMRIB Software Library
FA	� Fractional anisotropy
MD	� Mean diffusivity
RD	� Radial diffusivity
AD	� Axial diffusivity
SVR	� Support vector regression
MSE	� Mean squared error
MAPE	� Mean absolute percentage error

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13229-​023-​00573-2.

Additional file 1: Supplementary Methods.

Acknowledgements
We gratefully acknowledge the children and their families that participated in 
the research.

Author contributions
XH and XD designed the analysis pipeline, conducted literature searches, 
analyzed and interpreted the data. XH, YM and WZ wrote the first draft. RF, YZ, 
LW, JW, JC and XK participated in data collection. JX, LL and XS participated in 
data processing and analysis. HC and XJ were involved in funding acquisition 
and supervision and revised the manuscript. All authors read and approved 
the final manuscript.

Funding
This study was supported by the National Natural Science Foundation of 
China (62273076, 82121003, and 62036003), Fundamental Research Funds for 
Central Universities (ZYGX2019Z017), Innovation Team and Talents Cultiva-
tion Program of National Administration of Traditional Chinese Medicine 
(ZYYCXTD-D-202003), and National Social Science Foundation of China 
(20&ZD296).

https://doi.org/10.1186/s13229-023-00573-2
https://doi.org/10.1186/s13229-023-00573-2


Page 13 of 15Huang et al. Molecular Autism           (2023) 14:41 	

Availability of data and materials
The datasets generated and/or analyzed during the current study are not 
publicly available due to privacy concerns for minors.

Declarations

Ethics approval and consent to participate
The research described in this paper was reviewed and approved by the local 
Institutional Review Boards. Parents provided written informed consent for 
their children to participate in the study.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 The Clinical Hospital of Chengdu Brain Science Institute, School of Life 
Science and Technology, University of Electronic Science and Technol-
ogy of China, Chengdu 610054, People’s Republic of China. 2 MOE Key Lab 
for Neuro Information, High‑Field Magnetic Resonance Brain Imaging Key 
Laboratory of Sichuan Province, University of Electronic Science and Technol-
ogy of China, Chengdu 610054, People’s Republic of China. 3 Department 
of Medical Psychology, The First Affiliated Hospital, Hainan Medical University, 
Haikou 571199, Hainan, People’s Republic of China. 4 Department of Children’s 
and Adolescent Health, Public Health College of Harbin Medical University, 
Harbin 150086, People’s Republic of China. 5 Child Rehabilitation Unit, Affiliated 
Sichuan Provincial Rehabilitation Hospital of Chengdu University of TCM, 
Sichuan Bayi Rehabilitation Center, Chengdu 611135, People’s Republic 
of China. 

Received: 24 May 2023   Accepted: 22 October 2023

References
	 1.	 American Psychiatric Association D, American Psychiatric Association, 

Diagnostic and statistical manual of mental disorders: DSM-5. Vol. 5. 
2013: American psychiatric association Washington, DC.

	 2.	 Giedd J. Structural magnetic resonance imaging of the adolescent 
brain. Ann N Y Acad Sci. 2004;1021(1):77–85.

	 3.	 Salzer JL, Zalc B. Myelination. Curr Biol. 2016;26(20):R971–5.
	 4.	 Debanne D. Information processing in the axon. Nat Rev Neurosci. 

2004;5(4):304–16.
	 5.	 Moore S, et al. A role of oligodendrocytes in information processing. 

Nat Commun. 2020;11(1):1–15.
	 6.	 Travers BG, et al. Longitudinal processing speed impairments in males 

with autism and the effects of white matter microstructure. Neuropsy-
chologia. 2014;53:137–45.

	 7.	 Belmonte MK, et al. Autism as a disorder of neural information process-
ing: directions for research and targets for therapy. Mol Psychiatry. 
2004;9(7):646–63.

	 8.	 Bertone A, et al. Enhanced and diminished visuo-spatial informa-
tion processing in autism depends on stimulus complexity. Brain. 
2005;128(10):2430–41.

	 9.	 De Jonge M, et al. Visual information processing in high-functioning 
individuals with autism spectrum disorders and their parents. Neu-
ropsychology. 2007;21(1):65.

	 10.	 Graciarena M, et al. Hypomyelination and oligodendroglial alterations 
in a mouse model of autism spectrum disorder. Front Cell Neurosci. 
2019;12:517.

	 11.	 Khanbabaei M, et al. Precocious myelination in a mouse model of 
autism. Transl Psychiatry. 2019;9(1):1–14.

	 12.	 Usui N, et al. Length impairments of the axon initial segment in rodent 
models of attention-deficit hyperactivity disorder and autism spectrum 
disorder. Neurochem Int. 2022;153: 105273.

	 13.	 Xu Q, et al. Autism-associated CHD8 deficiency impairs axon develop-
ment and migration of cortical neurons. Mol Autism. 2018;9(1):65.

	 14.	 Phan BN, et al. A myelin-related transcriptomic profile is shared by Pitt-
Hopkins syndrome models and human autism spectrum disorder. Nat 
Neurosci. 2020;23(3):375–85.

	 15.	 Liu X, et al. Imbalance of laminar-specific excitatory and inhibi-
tory circuits of the orbitofrontal cortex in autism. Mol Autism. 
2020;11(1):1–19.

	 16.	 Trutzer IM, García-Cabezas MÁ, Zikopoulos B. Postnatal develop-
ment and maturation of layer 1 in the lateral prefrontal cortex and its 
disruption in autism. Acta Neuropathol Commun. 2019;7(1):1–23.

	 17.	 Ameis SH, Catani M. Altered white matter connectivity as a neural 
substrate for social impairment in autism spectrum disorder. Cortex. 
2015;62:158–81.

	 18.	 Travers BG, et al. Diffusion tensor imaging in autism spectrum disor-
der: a review. Autism Res. 2012;5(5):289–313.

	 19.	 Roberts RE, Anderson EJ, Husain M. White matter microstructure and 
cognitive function. Neuroscientist. 2013;19(1):8–15.

	 20.	 Courchesne E. Brain development in autism: early overgrowth fol-
lowed by premature arrest of growth. Ment Retard Dev Disabil Res 
Rev. 2004;10(2):106–11.

	 21.	 Uddin LQ, Supekar K, Menon V. Reconceptualizing functional brain 
connectivity in autism from a developmental perspective. Front Hum 
Neurosci. 2013;7:458.

	 22.	 Lange N, et al. Longitudinal volumetric brain changes in autism 
spectrum disorder ages 6–35 years. Autism Res. 2015;8(1):82–93.

	 23.	 Andrews DS, et al. A longitudinal study of white matter development 
in relation to changes in autism severity across early childhood. Biol 
Psychiat. 2021;89(5):424–32.

	 24.	 Krogsrud SK, et al. Changes in white matter microstructure in the 
developing brain—a longitudinal diffusion tensor imaging study of 
children from 4 to 11years of age. Neuroimage. 2016;124:473–86.

	 25.	 O’Muircheartaigh J, et al. White matter development and early cogni-
tion in babies and toddlers. Hum Brain Mapp. 2014;35(9):4475–87.

	 26.	 Lebel C, et al. Microstructural maturation of the human brain from 
childhood to adulthood. Neuroimage. 2008;40(3):1044–55.

	 27.	 Lebel C, Beaulieu C. Longitudinal development of human brain 
wiring continues from childhood into adulthood. J Neurosci. 
2011;31(30):10937–47.

	 28.	 Farah R, Tzafrir H, Horowitz-Kraus T. Association between diffusivity 
measures and language and cognitive-control abilities from early 
toddler’s age to childhood. Brain Struct Funct. 2020;225(3):1103–22.

	 29.	 Barnea-Goraly N, et al. White matter structure in autism: pre-
liminary evidence from diffusion tensor imaging. Biol Psychiatry. 
2004;55(3):323–6.

	 30.	 Waiter GD, et al. Structural white matter deficits in high-functioning 
individuals with autistic spectrum disorder: a voxel-based investigation. 
Neuroimage. 2005;24(2):455–61.

	 31.	 Noriuchi M, et al. Altered white matter fractional anisotropy and social 
impairment in children with autism spectrum disorder. Brain Res. 
2010;1362:141–9.

	 32.	 Tenny S, Kerndt CC, Hoffman MR. Case control studies. StatPearls Pub-
lishing; 2022.

	 33.	 Wolff JJ, et al. Differences in white matter fiber tract development 
present from 6 to 24 months in infants with autism. Am J Psychiatry. 
2012;169(6):589–600.

	 34.	 Ouyang M, et al. Atypical age-dependent effects of autism on white 
matter microstructure in children of 2–7 years. Hum Brain Mapp. 
2016;37(2):819–32.

	 35.	 Marquand AF, et al. Conceptualizing mental disorders as deviations 
from normative functioning. Mol Psychiatry. 2019;24(10):1415–24.

	 36.	 Shan X, et al. Mapping the heterogeneous brain structural phenotype 
of autism spectrum disorder using the normative model. Biol Psychia-
try. 2022;91(11):967–76.

	 37.	 Rutherford S, et al. The normative modeling framework for computa-
tional psychiatry. Nat Protoc. 2022;17(7):1711–34.

	 38.	 Cole JH, et al. Brain age and other bodily ‘ages’: implications for neu-
ropsychiatry. Mol Psychiatry. 2019;24(2):266–81.

	 39.	 Wagen AZ, et al. Life course, genetic, and neuropathological associa-
tions with brain age in the 1946 British Birth Cohort: a population-
based study. Lancet Healthy Longev. 2022;3(9):e607–16.



Page 14 of 15Huang et al. Molecular Autism           (2023) 14:41 

	 40.	 Lee J, et al. Deep learning-based brain age prediction in normal aging 
and dementia. Nat Aging. 2022;2(5):412–24.

	 41.	 He C, et al. Structure–function connectomics reveals aberrant devel-
opmental trajectory occurring at preadolescence in the autistic brain. 
Cereb Cortex. 2020;30(9):5028–37.

	 42.	 Chen H, et al. Intrinsic functional connectivity variance and 
state-specific under-connectivity in autism. Hum Brain Mapp. 
2017;38(11):5740–55.

	 43.	 Smith SM. Fast robust automated brain extraction. Hum Brain Mapp. 
2002;17(3):143–55.

	 44.	 Andersson JL, Sotiropoulos SNJN. An integrated approach to correction 
for off-resonance effects and subject movement in diffusion MR imag-
ing. Neuroimage. 2016;125:1063–78.

	 45.	 Behrens TE, et al. Characterization and propagation of uncertainty in 
diffusion-weighted MR imaging. Magn Reson Med Off J Int Soc Magn 
Res Med. 2003;50(5):1077–88.

	 46.	 Bastiani M, et al. Automated quality control for within and between 
studies diffusion MRI data using a non-parametric framework for move-
ment and distortion correction. Neuroimage. 2019;184:184.

	 47.	 Smith SM, et al. Tract-based spatial statistics: voxelwise analysis of multi-
subject diffusion data. Neuroimage. 2006;31(4):1487–505.

	 48.	 Qi X, Arfanakis KJN. Regionconnect: rapidly extracting standardized 
brain connectivity information in voxel-wise neuroimaging studies. 
Neuroimage. 2021;225:117462.

	 49.	 Andersson JL, Jenkinson M, Smith S. Non-linear registration, aka Spatial 
normalisation FMRIB technical report TR07JA2. FMRIB Anal Group Univ 
Oxf. 2007;2(1):e21.

	 50.	 Rueckert D, et al. Nonrigid registration using free-form deforma-
tions: application to breast MR images. IEEE Trans Med ImagING. 
1999;18(8):712–21.

	 51.	 Bullock DN, et al. A taxonomy of the brain’s white matter: twenty-one 
major tracts for the 21st century. Cereb Cortex. 2022;32(20):4524–48.

	 52.	 Pedregosa F, et al. Scikit-learn: machine learning in Python. J Mach 
Learn Res. 2011;12:2825–30.

	 53.	 Beheshti I, et al. Bias-adjustment in neuroimaging-based brain age 
frameworks: a robust scheme. NeuroImage Clin. 2019;24:102063.

	 54.	 Rousseeuw PJ. Silhouettes: a graphical aid to the interpretation and 
validation of cluster analysis. J Comput Appl Math. 1987;20:53–65.

	 55.	 Winkler AM, et al. Permutation inference for the general linear model. 
Neuroimage. 2014;92:381–97.

	 56.	 Bethlehem RAI, et al. Brain charts for the human lifespan. Nature. 
2022;604(7906):525–33.

	 57.	 Reynolds JE, et al. Global and regional white matter development in 
early childhood. Neuroimage. 2019;196:49–58.

	 58.	 Travers BG, et al. Atypical development of white matter microstructure 
of the corpus callosum in males with autism: a longitudinal investiga-
tion. Mol Autism. 2015;6(1):1–15.

	 59.	 Granpeesheh D, et al. The effects of age and treatment intensity on 
behavioral intervention outcomes for children with autism spectrum 
disorders. Res Autism Spectr Disord. 2009;3(4):1014–22.

	 60.	 Towle PO, et al. Is earlier better? The relationship between age when 
starting early intervention and outcomes for children with autism 
spectrum disorder: a selective review. Autism Res Treat. 2020;2020:1–17.

	 61.	 Fuller EA, Kaiser AP. The effects of early intervention on social com-
munication outcomes for children with autism spectrum disorder: a 
meta-analysis. J Autism Dev Disord. 2020;50:1683–700.

	 62.	 Courchesne E, et al. Unusual brain growth patterns in early 
life in patients with autistic disorder: an MRI study. Neurology. 
2001;57(2):245–54.

	 63.	 Courchesne E, et al. Mapping early brain development in autism. Neu-
ron. 2007;56(2):399–413.

	 64.	 Lebel C, Deoni S. The development of brain white matter microstruc-
ture. Neuroimage. 2018;182:207–18.

	 65.	 Chen B, et al. Cortical myelination in toddlers and preschoolers with 
autism spectrum disorder. Dev Neurobiol. 2022;82(3):261–74.

	 66.	 Bashat DB, et al. Accelerated maturation of white matter in young 
children with autism: a high b value DWI study. Neuroimage. 
2007;37(1):40–7.

	 67.	 Andrews DS, et al. A diffusion-weighted imaging tract-based spatial 
statistics study of autism spectrum disorder in preschool-aged children. 
J Neurodev Disord. 2019;11(1):32.

	 68.	 Xiao Z, et al. Autism spectrum disorder as early neurodevelopmental 
disorder: evidence from the brain imaging abnormalities in 2–3 years 
old toddlers. J Autism Dev Disord. 2014;44(7):1633–40.

	 69.	 Weinstein M, et al. Abnormal white matter integrity in young children 
with autism. Hum Brain Mapp. 2011;32(4):534–43.

	 70.	 Vogan VM, et al. Widespread White Matter Differences in Children and 
Adolescents with Autism Spectrum Disorder. J Autism Dev Disord. 
2016;46(6):2138–47.

	 71.	 Cheon K-A, et al. Involvement of the anterior thalamic radiation in boys 
with high functioning autism spectrum disorders: a diffusion tensor 
imaging study. Brain Res. 2011;1417:77–86.

	 72.	 Ameis SH, et al. Altered cingulum bundle microstructure in autism 
spectrum disorder. Acta Neuropsychiatr. 2013;25(5):275–82.

	 73.	 Aoki Y, et al. Association of white matter structure with autism spectrum 
disorder and attention-deficit/hyperactivity disorder. JAMA Psychiat. 
2017;74(11):1120–8.

	 74.	 Solso S, et al. Diffusion tensor imaging provides evidence of possible 
axonal overconnectivity in frontal lobes in autism spectrum disorder 
toddlers. Biol Psychiatry. 2016;79(8):676–84.

	 75.	 Willsey HR, et al. Parallel in vivo analysis of large-effect autism genes 
implicates cortical neurogenesis and estrogen in risk and resilience. 
Neuron. 2021;109(5):788-804. e8.

	 76.	 van Tilborg E, et al. Combined fetal inflammation and postnatal hypoxia 
causes myelin deficits and autism-like behavior in a rat model of diffuse 
white matter injury. Glia. 2018;66(1):78–93.

	 77.	 Geschwind N. The organization of language and the brain: language 
disorders after brain damage help in elucidating the neural basis of 
verbal behavior. Science. 1970;170(3961):940–4.

	 78.	 Giampiccolo D, Duffau H. Controversy over the temporal corti-
cal terminations of the left arcuate fasciculus: a reappraisal. Brain. 
2022;145(4):1242–56.

	 79.	 Lai G, et al. Neural systems for speech and song in autism. Brain. 
2012;135(3):961–75.

	 80.	 Moseley RL, et al. Reduced volume of the arcuate fasciculus in adults 
with high-functioning autism spectrum conditions. Front Hum Neuro-
sci. 2016;10:214.

	 81.	 Rapin I, Dunn M. Language disorders in children with autism. In: Semi-
nars in pediatric neurology. Elsevier; 1997.

	 82.	 Pickles A, et al. Loss of language in early development of autism 
and specific language impairment. J Child Psychol Psychiatry. 
2009;50(7):843–52.

	 83.	 Rapin I, Dunn M. Update on the language disorders of individuals on 
the autistic spectrum. Brain Dev. 2003;25(3):166–72.

	 84.	 Eigsti I-M, et al. Language acquisition in autism spectrum disorders: a 
developmental review. Res Autism Spectr Disord. 2011;5(2):681–91.

	 85.	 Hardan AY, Minshew NJ, Keshavan MS. Corpus callosum size in autism. 
Neurology. 2000;55(7):1033–6.

	 86.	 Alexander AL, et al. Diffusion tensor imaging of the corpus callosum in 
autism. Neuroimage. 2007;34(1):61–73.

	 87.	 Egaas B, Courchesne E, Saitoh O. Reduced size of corpus callosum in 
autism. Arch Neurol. 1995;52(8):794–801.

	 88.	 Vidal CN, et al. Mapping corpus callosum deficits in autism: an index of 
aberrant cortical connectivity. Biol Psychiat. 2006;60(3):218–25.

	 89.	 Boger-Megiddo I, et al. Corpus callosum morphometrics in young 
children with autism spectrum disorder. J Autism Dev Disord. 
2006;36(6):733–9.

	 90.	 Witelson SF. The brain connection: the corpus callosum is larger in left-
handers. Science. 1985;229(4714):665–8.

	 91.	 Anderson JS, et al. Decreased Interhemispheric functional connectivity 
in autism. Cereb Cortex. 2010;21(5):1134–46.

	 92.	 Yao S, Becker B, Kendrick KM. Reduced inter-hemispheric resting state 
functional connectivity and its association with social deficits in autism. 
Front Psych. 2021;12: 629870.

	 93.	 Habas C, Cabanis EA. Anatomical parcellation of the brainstem and 
cerebellar white matter: a preliminary probabilistic tractography study 
at 3 T. Neuroradiology. 2007;49(10):849–63.

	 94.	 Brodal P. The corticopontine projection in the rhesus monkey origin 
and principles of organization. Brain. 1978;101(2):251–83.

	 95.	 Khan AJ, et al. Cerebro-cerebellar resting-state functional connectiv-
ity in children and adolescents with autism spectrum disorder. Biol 
Psychiatry. 2015;78(9):625–34.



Page 15 of 15Huang et al. Molecular Autism           (2023) 14:41 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	 96.	 Crippa A, et al. Cortico-cerebellar connectivity in autism spectrum 
disorder: what do we know so far? Front Psych. 2016;7:20.

	 97.	 Gaymard B, et al. Smooth pursuit eye movement deficits after 
pontine nuclei lesions in humans. J Neurol Neurosurg Psychiatry. 
1993;56(7):799–807.

	 98.	 Doron KW, Funk CM, Glickstein M. Fronto-cerebellar circuits and eye 
movement control: a diffusion imaging tractography study of human 
cortico-pontine projections. Brain Res. 2010;1307:63–71.

	 99.	 Takarae Y, et al. Pursuit eye movement deficits in autism. Brain. 
2004;127(12):2584–94.

	100.	 Ming X, Brimacombe M, Wagner GC. Prevalence of motor impairment 
in autism spectrum disorders. Brain Dev. 2007;29(9):565–70.

	101.	 Schmitt LM, et al. Saccadic eye movement abnormalities in autism 
spectrum disorder indicate dysfunctions in cerebellum and brainstem. 
Mol Autism. 2014;5(1):47.

	102.	 Basser PJ, Pierpaoli C. Microstructural and physiological features of tis-
sues elucidated by quantitative-diffusion-tensor MRI. J Magn Reson B. 
1996;111(3):209–19.

	103.	 Pierpaoli C, et al. Diffusion tensor MR imaging of the human brain. 
Radiology. 1996;201(3):637–48.

	104.	 Song S-K, et al. Dysmyelination revealed through MRI as increased 
radial (but unchanged axial) diffusion of water. Neuroimage. 
2002;17(3):1429–36.

	105.	 Andrews DS, et al. A diffusion-weighted imaging tract-based spatial 
statistics study of autism spectrum disorder in preschool-aged children. 
J Neurodev Disord. 2019;11(1):1–12.

	106.	 Krogsrud SK, et al. Changes in white matter microstructure in the devel-
oping brain—A longitudinal diffusion tensor imaging study of children 
from 4 to 11 years of age. Neuroimage. 2016;124:473–86.

	107.	 Bonneville M et al. Support vector machines for improving the clas-
sification of brain PET images. In: Medical imaging 1998: image process-
ing. 1998. SPIE.

	108.	 Al-Anazi AF, Gates ID. Support vector regression to predict porosity and 
permeability: Effect of sample size. Comput Geosci. 2012;39:64–76.

	109.	 Sperber C, Wiesen D, Karnath HO. An empirical evaluation of multivari-
ate lesion behaviour mapping using support vector regression. Wiley 
Online Library; 2019.

	110.	 Liang H, Zhang F, Niu X. Investigating systematic bias in brain age esti-
mation with application to post-traumatic stress disorders. Wiley Online 
Library; 2019.

	111.	 de Lange AMG, Cole JH. Commentary: correction procedures in brain-
age prediction. NeuroImage Clin. 2020. https://​doi.​org/​10.​1016/j.​nicl.​
2020.​102229.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.nicl.2020.102229
https://doi.org/10.1016/j.nicl.2020.102229

	Developmental prediction modeling based on diffusion tensor imaging uncovering age-dependent heterogeneity in early childhood autistic brain
	Abstract 
	Objective 
	Method 
	Results 
	Conclusion 

	Introduction
	Methods
	Participants
	Data acquisition
	Data processing
	Exploration of the difference in WM diffusivity of autistic children compared to TDC using case–control analysis
	Developmental prediction modeling construction and WM atypical development index estimation
	Age-dependent heterogeneity of autistic children
	Developmental stage-specific difference of WM microstructure in autistic children
	Reproducibility analysis

	Results
	WM atypical development index revealed age-dependent heterogeneity in autistic children
	Developmental stage-specific difference of WM microstructure in autistic children
	Reproducibility of findings

	Discussion
	Age-dependent heterogeneity in autistic children and distinct clinical manifestation
	Difference in WM microstructure between two subgroups
	Methodological considerations

	Limitation
	Conclusion
	Anchor 27
	Acknowledgements
	References


