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Purpose: To analyze the changes in white matter tracts in preschool children with autism 
spectrum disorder (ASD), and the correlation between these changes and social communica-
tion deficits.
Methods: Diffuse tensor imaging was used to assess white matter integrity using tract-based 
spatial statistics in a sample of 50 right-handed children with ASD aged 2–6 years vis 
a reference sample of 46 typically developing children aged 2–6 years. We then correlated 
these significant different fiber tracts between groups with communication and social inter-
action scores using the Autism Diagnostic Interview-Revised Assessment (ADI-R) Scale.
Results: We observed decreased fractional anisotropy (FA) in tracts including the left 
superior longitudinal fasciculus (SLF), the splenium of the corpus callosum (splCC), the 
left corticospinal tracts, and the left inferior longitudinal fasciculus (ILF) in children with 
ASD. Specifically, there was reduced white matter integrity of these tracts in the left cerebral 
hemisphere. In addition, we found that the decreased FA of left SLF and ILF was negatively 
associated with the ADI-R scores in children with ASD.
Conclusion: The structural integrity of some white matter tracts in the five-level anatomical 
model for the social communication was reduced. The reduced integrity white matter that we 
observed primarily in the left cerebral hemisphere may be a neural substrate of social 
communication deficits in preschool children with ASD, and we speculate that the reduction 
is associated with the severity of social interaction. The reduced FA of the splCC might be 
a substantial biomarker for children with ASD.
Keywords: autism spectrum disorder, child & adolescent psychiatry, diffuse tensor image, 
neuroimaging in psychiatry, tract-based spatial statistics

Introduction
Autism spectrum disorder (ASD) is a neurodevelopmental disorder that begins in 
infants and young children.1 Its core symptoms include social interaction and 
communication deficits, limited interests, and repetitive stereotyped behaviors.2

It was reported that ASD affects as many as 1 in 54 children in the USA in 
2016.3 There is also a high prevalence rate in China; the number of children with 
ASD in China may reach more than 3 million,4 which results in a significant burden 
to family and society.

The neural substrates of ASD remain unclear, and some evidence suggests that 
ASD is a neurodevelopmental disorder caused by the interaction of various biological 
and environmental factors.5 In recent years, more and more ASD research has focused 
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on neuroimaging, especially in diffuse tensor imaging (DTI). 
This technique provides a powerful means to facilitate non- 
invasive clinical diagnostics of various neural system dis-
eases and abnormalities. Tract-based spatial statistics 
(TBSS) is considered an effective method used in DTI to 
assess white matter in a voxel-wise approach without the 
necessity of a priori hypotheses (Smith, 2006).6,7 Thus, it 
may be particularly useful for identifying WM (white mat-
ter) neurodevelopmental alterations in ASD. Direction- 
dependent diffusivity of water molecules is reflected in 
fractional anisotropy (FA), a quantitative index which is 
sensitive to WM integrity. The development of WM in 
typically developed children will undergo a process of 
myelination,8 while some studies show that ASD children 
suffer from abnormal white matter development; indeed, 
a previous study found reduced integrity of posterior fiber 
tracts in children with ASD aged 8–12 years.9 Researchers 
have proposed tract-specific patterns of WM abnormalities 
associated with ASD in children and adolescents aged 
9–20.10 In addition, one study using DTI in an ASD model 
of monkeys suggested that the decreased size of anterior 
commissure in neonatal monkeys may be linked to social 
dysfunction during adulthood,11 suggesting that the reduced 
integrity of specific tracts may lead to social communication 
deficits.

Catani and Bambini (2014) proposed a hypothesis of 
the five-level anatomical model for the social 
communication.12 This hierarchical model in relation to 
developmental and evolutionary trajectories includes the 
superior longitudinal fasciculus (SLF) for informative 
actions (level 1), the frontal aslant tracts (FAT) for com-
municative intentions (level 2), the uncinate fasciculus 
(UF), inferior longitudinal fasciculus (ILF), and inferior 
frontal–occipital fasciculus (IFOF) for lexical and seman-
tic processing (level 3), the arcuate fasciculus (AF) for 
syntactic analysis (level 4), and the temporal–parietal 
tracts (TPT) for pragmatic integration (level 5). This 
model provides a better understanding of the structural 
correlates of the model for social communication. Some 
research suggests the social communication deficits in 
ASD may be caused by reduced integrity of WM;13–15 

however, most studies focused on adolescents or adults 
with ASD. The early years of life mark an important 
period for the development of WM, and this period is 
critical for brain development and present a target for 
early intervention.16 However, the relationship between 
WM integrity and social communication deficits in pre-
school ASD children aged 2–6 years remains unclear.

Our study aims to clarify the relationship between WM 
integrity and social communication deficit in children with 
ASD aged 2–6 years. In assessing WM integrity in chil-
dren aged 2–6 years with ASD compared to typically 
developing (TD) children, we sought to identify whether 
WM integrity in ASD children is compromised. Finally, 
we investigated the relationship between social communi-
cation deficits and WM integrity.

Materials and Methods
Participants
Participants were recruited from the Shenzhen Children’s 
Hospital. Inclusion criteria for ASD group were (1) two 
psychiatrists with associate director and above jointly 
diagnosed the child according to the DSM-V ASD diag-
nostic criteria; (2) 2–6 years old; (3) right-handed male or 
female, and inclusion criteria for control group (1) 2 to 6 
years old; (2) right-handed male or female; (3) typical 
development; (4) diagnostic criteria for exclusion of 
ASD by scale evaluation. Common exclusion criteria 
were (1) a history of serious mental illnesses, trauma or 
epilepsy, neurological diseases, and major physical dis-
eases; a history of taken antipsychotic drugs; (2) those 
who did not cooperate or could not effectively complete 
the MRI examination during the test. We use foam cush-
ions between the headphones and the head coil to mini-
mize motion artifacts. We excluded eight subjects due to 
head motion as well as low image quality. In total, 50 ASD 
children and 46 age- and sex-matched TD children took 
part in the study.

The Committee on Medical Ethics of Southern Medical 
University, The Second School of Clinical Medicine 
Institutional Review Board approved this study, which 
was carried out in accordance with the Declaration of 
Helsinki. Written informed consent was obtained after 
the parents of participants were given a complete descrip-
tion of the study.

MRI Acquisition and Pre-Processing
Participants were scanned using a 3.0T Siemens Skyra 
scanner in the Department of Radiology, Shenzhen 
Children’s Hospital. All subjects were sedated with 10% 
chloral hydrate. The participants’ heads were fixed with 
a sponge pad, wore earplugs to attenuate noise. 
Anatomical high-resolution structural MR images were 
obtained using a T1-weighted three-dimensional spoiled 
gradient recalled pulse sequence. T1 acquisition 
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parameters: TR = 2300 ms, TE = 2.26 ms, flip angle = 8º, 
acquisition matrix = 256 × 256, FOV = 256 mm × 
256 mm, and 1.00-mm slice thickness with a 0.5-mm 
inter-slice gap; DTI acquisition parameters: TR/TE = 
11,400/85 ms, b = 700 s/mm,2 voxel size = 2 × 2×2 mm, 
FOV = 256×256 mm, acquisition matrix = 128 × 128, 
slices = 75.

DTI data analysis was carried out using the toolkit in 
FSL (FMRIB Software Library, http://www.finrib.OX.ae. 
uk/fsl). We took the following steps in processing the 
data: (1) converted all the original dicom data of the DTI 
into nifti format; (2) performed motion and eddy current 
correction; used the DTIFIT tool to calculate the frac-
tional anisotropy (FA) map, and used FSL Brain 
Extraction Tool (BET) to extract brain tissue; (3) aligned 
participants’ FA images into a target image using the 
nonlinear tool FNIRT; the target image was generated 
by aligning every FA image to one another to identify 
the most representative image; (4) affine-aligned this 
image into the JHU ICBM-DTI-81 atlas space; (5) cal-
culated the mean of all FA images and thinned to create 
a mean FA skeleton; to exclude gray matter or CSF, we 
used a threshold of 0.2 for the creation of the mean FA 
skeleton, and each participant’s aligned FA image was 
then projected onto this skeleton; (6) performed a non- 
parametric two-sample permutation test (5000 permuta-
tions) to assess the group-related differences using 
threshold-free cluster enhancement (TFCE); for statisti-
cal inference, family-wise error (FWE) correction was 
performed and the significance threshold was set to p < 
0.05 for multiple comparisons; (7) the filled result data 
were generated using the script “tbss_fill” provided 
in FSL.

Assessment for Neurocognition and 
Social Function
The participants underwent neuropsychological test for 
autism traits as well as social/communication perfor-
mance,the neuropsychological test include the Autism 
Behavior Checklist (ABC),17 the Childhood Autism 
Rating Scale (CARS),18 and the Autism Diagnostic 
Interview-Revised Assessment Scale (ADI-R),19 the 
Pediatric Examination Table of Neuropsychological 
Development (Institute of Pediatrics of Capital Medical 
University, CNBSR 2016) was used to assess the 
Development Quotient (DQ).

Statistical Analyses
We used SPSS21.0 to analyze the data. The sex of the two 
groups was compared using the chi-square test, and age 
was compared using an independent sample t-test. We 
used Pearson correlation analyses to compare FA values 
with the scores of the behavioral measures in order to 
explore the relationship between the abnormal WM integ-
rity in children with ASD and the associated clinical 
manifestation behaviors. Age and sex were taken as cov-
ariates, and the significance level was set to p < 0.05 with 
applied FDR corrections for multiple comparisons.

Results
Demographic Characteristics
The 50 participants in the ASD group had an average age 
of 3.26 ± 1.2 years, and the 46 TD participants in the 
control group had an average age of 3.47 ± 1.5 years. The 
ABC, CARS, and ADI-R scores in the ASD group were 
significantly higher than those in the TD group (p < 0.05), 
while the DQ scores were significantly lower (p < 0.05). 
There were no significant differences between the ASD 
and TD groups in age, gender (Table 1).

Comparison of FA Values of White 
Matter Tract Between the ASD Group 
and the TD Group
Compared to the TD group, the left superior longitudinal 
fasciculus (SLF), the left corticospinal tract (CT), the left 
Inferior longitudinal fasciculus (ILF), and the splenium of 
the corpus callosum (splCC) were significantly reduced in 

Table 1 Demographic and Clinical Characteristics of Participants

ASD (n = 50) TD (n = 46) p-value

Age (years) 3.26 ± 1.58 3.47 ± 1.65 0.459

Sex (M/F) 43/7 38/8 0.076

CARS 35.16 ± 3.82 18.46 ± 3.26 < 0.05*

ABC 68.04 ± 9.43 37.74 ± 8.63 < 0.05*

ADI-R (COM) 13.31 ± 3.93 10.23 ± 3.42 < 0.05*

ADI-R (SOC) 20.92 ± 2.20 14.31 ± 2.32 < 0.05*

DQ 69.75 ± 5.66 105.72 ± 6.76 < 0.05*

Note: Results are expressed as the mean ± SD, *p < 0.05. 
Abbreviations: CARS, the Childhood Autism Rating Scale; ABC, the Autism 
Behavior Checklist; ADI-R (SOC), the Autism Diagnostic Interview—Revised 
Social Scores; ADI-R (COM) the Autism Diagnostic Interview—Revised 
Communication Scores; DQ, Development Quotient.
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ASD children (TFCE FWE corrected, p < 0.05), and no 
FA value increase was found in the ASD group (Table 2) 
(Figure 1).

Correlation Analysis Between FA Value of 
White Matter Tract and CARS Scores 
with the Two Groups
Decreased FA was found in children with ASD in several 
tracts including the splCC, left CT, left ILF, and left SLF. 
A negative correlation between FA values and CARS 
scores was observed in children with ASD in the splCC 
(r = −0.897, p < 0.001, FDR corrected) (Figure 2). The 
ADI-R scores in the communicative and social domains 
were also negatively correlated with the FA values in the 
left ILF and left SLF (Table 3) (Figures 3 and 4).

Discussion
In this study, we investigated the WM integrity and its 
association with social communication and social interac-
tion functions in children with ASD. The decreased FA 
was found mainly in several tracts including the splCC, 
left CT, left ILF, and left SLF in children with ASD. These 
findings suggest WM microstructural damage in ASD 
children. Furthermore, the negative correlation between 
FA values and CARS scores was observed in children 
with ASD in the splCC. Finally, we found that decreased 
FA of left SLF and ILF were negatively associated with 
ADI-R scores.

According to the five-level anatomical model for the 
social communication proposed by Catani and Bambini,12 

the SLF is relevant for informative actions (level 1) as the 
first step of social interaction, while the ILF relates to 
lexical and semantic processing (level 3). Our study 

suggests that the reduced integrity of the left SLF and 
ILF may affect the first and third level of the five-level 
anatomical model for the social communication, leading to 
social communication deficits in children with ASD.

We further observed that the FA values in the left ILF 
were negatively correlated with ADI-R communicative 
domains. According to the five-level anatomical model 
for the social communication hypothesis, the ILF is rele-
vant for for lexical and semantic processing (level 3). The 
ILF is a major occipitotemporal association tract that con-
nects the ventral surface of the anterior temporal lobe and 
the extrastriate cortex of the occipital lobe,20 and research 
has shown the left ILF plays an important role in language 
and semantic processing.21 In children with ASD, reduced 
integrity of the left ILF may lead to a failed understanding 
of other’s verbal expressions resulting in poor communi-
cation with others. Research has also identified the ILF as 
being relevant to emotion management,22 in which the 
decreased FA of the left ILF may affect facial expression 
recognition and emotion perception, subsequently affect-
ing social communication abilities.

In addition, we found that the FA values in the left SLF 
were correlated with the ADI-R (SOC). The SLF is an 
important and one of the longest association tracts con-
nects the temporal, frontal, and parietal lobe, which are 
responsible for advanced cognitive functions. The SLF 
transfers somatosensory information between the ventral 
prefrontal cortex, the supramarginal gyrus, and the lateral 
inferior prefrontal cortex,23 and its location in the frontal- 
parietal network mirror neuron system provides support 
for sensorimotor integration.24 This area may also convey 
relevant information from others and elicit actions from 
others, which is a key aspect of social interaction.25 Our 
study suggests that compromised integrity of the left SLF 
may lead to social communication deficits in children 
with ASD.

However, according to the five-level model hypothesis, 
we did not find a significant difference in the FA values of 
the tracts at the frontal aslant tracts (FAT) (level 2), arcuate 
fascicle (level 4) and temporoparietal tract (level 5) 
between ASD and TD groups. The arcuate fascicle (AF) 
connects the frontal, temporal, and parietal cortex areas. 
Its direct pathway, called the classical pathway as it con-
nects the temporal cortex and the prefrontal cortex, is 
related to speech production. The indirect pathway travels 
between the inferior parietal, Broca’s area, and the poster-
ior part of the temporal parietal lobe, which are associated 
with language comprehension. We found no significant 

Table 2 Regions with Significant (p < 0.05, Corrected for 
Multiple Comparisons) Reduced Fractional Anisotropy (FA) in 
Children with ASD vs TD

MNI Coordinates

x y z

Inferior longitudinal fasciculus (L) −41 −25 −4

Superior longitudinal fasciculus (L) −36 −19 29

Corticospinal tract (L) −26 −20 −14

Splenium of corpus callosum (L) −19 −37 30

Splenium of corpus callosum (R) 16 −35 30
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difference between the two fiber tracts between ASD and 
TD children. One possible explanation for this finding is 
that the arcuate and temporoparietal tracts mature in later 
childhood, and the younger age of our participants may 
have not allowed us to observe this maturation yet.

Furthermore, the corpus callosum (CC) plays an impor-
tant role in the lateral asymmetry of brain function26–29 as 
the main transverse fibers between bilateral cerebral hemi-
spheres. Abnormal development of the CC may affect the 
integration and communication of information between the 
hemispheres, affecting cognitive function in ASD. 
Specifically, this damage may be related to the decrease 
in CC axons in children with ASD.30 In this study, we 
observed reduced FA values in the splCC in children with 
ASD, which communicates somatosensory information 
between the bilateral parietal lobe and the occipital 
lobe.31 The parietal cortex, which is closely related to 
various deep and shallow sensations, has fiber tracts pro-
jected to the splCC, which may explain why some children 
with ASD often have the symptom of paresthesia; here, we 
also found a negative correlation between the splCC and 
CARS scores. Abnormalities in the CC in ASD have also 

been observed in other studies. One such study suggested 
that the reduced CC integrity may be related to nonverbal 

Figure 1 Sagittal (panels A, B), coronal (panels C, D), and horizontal (panels E, F) sections showing areas of significantly decreased FA (p < 0.05, corrected) in ASD 
compared to age-matched controls, displayed on the MNI template brain. Regions of decreased FA in ASD are highlighted on the mean FA skeleton (green) in colored voxels 
(scale ranging from red to yellow). For better visualization, the stats images are “thickened” with tbss_fill. 
Abbreviations: CT, corticospinal tract; ILF, inferior longitudinal fasciculus; SLF, superior longitudinal fasciculus; splCC, splenium of corpus callosum.

Figure 2 Correlations between the FA of splenium of the corpus callosum and 
CARS scores in ASD children aged 2–6 years (r = −0.89, p < 0.001).
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cognitive performance,32 and that these reductions 
observed in ASD persists into adulthood.33 We also 
observed a negative correlation between FA values and 
CARS scores in the splCC of children with ASD, suggest-
ing that reduced FA in this region might be a substantial 
biomarker early detection of ASD.

In addition, we found reduced FA value in the left 
CT, which is a tract for voluntary motor control of the 
body and limbs. The participants in our study also 

showed many repetitive stereotyped behaviors, often 
referred to as “being clumsy”.34 However, our study 
indicates that reduced WM integrity in left CT may be 
related to these behaviors in preschool children 
with ASD.

We found almost all the reduced FA tracts were in the 
left, rather than the right, hemisphere among ASD children. 
This may suggest that tract development in ASD children 
has rightward asymmetry. A previous study also found both 
ASD toddlers and adults had widespread rightward asym-
metry, in both gray and white matter.35 As the left hemi-
sphere of most TD right-handed individuals is specialized 
for language and motor control,36 our findings suggest that 
atypical lateralization in children with ASD may also lead to 
their observed social communication deficits.

Limitations
Our study has several limitations. First, our study was 
cross-sectional and all participants were preschool children 
aged 2–6 years. Therefore, the conclusions cannot be uni-
versally extended to other types of ASD patients, necessi-
tating future longitudinal datasets. Moreover, although 
almost all reduced FA of WM was observed in the left 
hemisphere, we observed instances in the right hemisphere 
across groups. The significance of these findings should be 
explored in a future study.

Table 3 Partial Correlation Analysis Controlling for Age to 
Assess the Relationships Between the Reduced FA of WM and 
the ADI-R (COM), and ADI-R (SOC) Within the ASD Group

ADI-R (COM) ADI-R (SOC)

Inferior longitudinal 

fasciculus (L)

r=−0.789, p < 

0.001*

r = −0.111, p = 

0.528

Superior longitudinal 

fasciculus (L)

r = −0.206, p = 

0.245

r=−0.730, p < 

0.001*

Corticospinal tract (L) r = −0.068, p = 
0.712

r = −0.007, p = 
0.934

Splenium of corpus 
callosum

r = −0.053, p = 
0.734

r = −0.047, p = 
0.732

Note: *Significant difference after FDR correction, p < 0.001. 
Abbreviations: ADI-R (SOC), the Autism Diagnostic Interview—Revised Social 
Scores; ADI-R (COM), the Autism Diagnostic Interview—Revised Communication 
Scores.

Figure 3 Correlations between the FA of ILF (L) and ADI-R communication scores 
in ASD children aged 2–6 years (r = −0.78, p < 0.001).

Figure 4 Correlations between the FA of SLF (L) and ADI-R social scores in ASD 
children aged 2–6 years (r = −0.73, p < 0.001).
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In conclusion, our study identified the integrity of the 
left tracts is damaged in preschool children. The integrity 
of the splCC might be a potential biomarker for identify-
ing ASD children aged 2–6 years. The WM integrity of the 
five-level anatomical model for the social communication 
(level 1–3) in preschool ASD children is damaged, the 
reduced integrity in these tracts (level 1–3) is associated 
with the severity of social interaction.
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