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INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental 
disorder characterized by impairments in social interaction, 
repetitive behavior, and communication difficulties.1 World-
wide, the prevalence of ASD is approximately 1.0%.2 Several 
studies have identified impairments in various cognitive func-
tions in individuals with ASD, including language compre-
hension,3 planning,4-6 and working memory.7 These cognitive 
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difficulties have been reported in individuals with high-func-
tioning ASD as well as in those with low-functioning ASD.

Children with high-functioning ASD exhibit specific pro-
files when assessed using the Wechsler Intelligence Scale for 
Children (WISC)—the most commonly used battery for the 
assessment of intelligence.8 Many children with high-func-
tioning ASD exhibit strength on the Perceptual Reasoning In-
dex (PRI), attaining relatively higher scores on Matrix Reason-
ing than on other components, and weakness on the Working 
Memory Index (WMI) and Processing Speed Index (PSI), at-
taining relatively lower scores on Coding. Although their scores 
on the Verbal Comprehension Index (VCI) usually match those 
of typically developing (TD) children, children with high-func-
tioning ASD tend to exhibit high Similarities sub-scores and 
low Comprehension sub-scores.9-11 In a previous study, corre-
lation analyses revealed that low scores on Coding and Com-
prehension were correlated with poor communication ability 
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and reciprocal social interaction, as assessed using the Autism 
Diagnostic Observation Schedule (ADOS).10 In contrast, high-
er scores on the VCI and WMI were correlated with higher 
scores on the Adaptive Communication Abilities portion of 
the Vineland Adaptive Behavior Scales.10 These findings sug-
gest that the cognitive impairments identified using the WISC 
are associated with behavior and influence the daily life among 
individuals with ASD. 

The Das-Naglieri Cognitive Assessment System (DN-CAS) 
is designed to assess four cognitive processes, namely Plan-
ning, Attention, Simultaneous, and Successive (PASS).12,13 This 
battery is used to support the diagnosis and classification of 
various neurological conditions (i.e., learning disabilities, at-
tention-deficit/hyperactivity disorder, cognitive disabilities, 
giftedness, traumatic brain injury, serious emotional distur-
bance). The DN-CAS tests for personal strengths and weak-
nesses, evaluates the age-appropriateness of cognitive abilities, 
and predicts achievement.14 In particular, the Planning score 
is useful for assessing executive function, which cannot ade-
quately be assessed using the WISC alone.15 According to one 
previous study that utilized the DN-CAS, individuals with ASD 
tend to score low on the Planning portion of the test.16

Recent advancements in neuroimaging techniques have 
enabled the assessment of fine brain structures using magnet-
ic resonance imaging (MRI). Diffusion tensor imaging (DTI) 
is among the most useful techniques, as this method can be 
used to visualize anatomical connections between different 
brain regions and to quantify the microstructural integrity of 
specific white matter tracts.17-19 The four main parameters for 
DTI are fractional anisotropy (FA), mean diffusivity (MD), ax-
ial diffusivity (AD), and radial diffusivity (RD). FA represents 
an overall measure of white matter microstructural integrity 
and is sensitive to myelination, axon diameter, fiber density, 
and fiber coherence.20-23 MD measures overall randomized 
water motion and is sensitive to alteration of brain tissues.24,25 
AD measures axonal integrity and is sensitive to axonal dam-
age.26 RD measures myelin integrity, is susceptible to de- or 
dysmyelination, and is also affected by changes in axonal diam-
eter or density.22,26-28

The two most frequently used methods for analyzing DTI 
data include the region-of-interest (ROI) method29,30 and Tract-
Based Spatial Statistics.31 However, previous DTI studies uti-
lizing these methods have yielded incongruent results. Such 
studies have reported that FA values for individuals with ASD 
were both lower and higher than those of controls—and that 
RD values were higher than those of controls—in the follow-
ing white matter tracts: superior longitudinal fasciculus (SLF), 
inferior longitudinal fasciculus (ILF), inferior fronto-occipi-
tal fasciculus (IFO), uncinate fasciculus (UNC), anterior tha-
lamic radiation (ATR), corpus callosum (CC), forceps minor 

(F minor), and forceps major (F major).32-37 These tracts are 
significantly associated with various aspects of cognition in 
healthy individuals; for example, SLF is associated with lan-
guage and processing speed,38,39 ILF with auditory comprehen-
sion,40 IFO with semantic memory and processing speed,38,41 
UNC with auditory-verbal memory,42 ATR with executive 
function and working memory,38,43 F minor with working 
memory and executive function,43,44 and F major with visuo-
spatial cognition.45

In addition, several studies have investigated the correlation 
between white matter abnormalities and the severity of ASD. 
Alexander et al.46 reported that FA in the CC exhibited a posi-
tive correlation with Processing Speed on the WISC in indi-
viduals with ASD. Subsequent studies revealed that FA in the 
right ATR and right UNC exhibited a negative correlation with 
the total score on the Social Responsiveness Scale.32 FA in the 
bilateral ILF, right IFO, and F major exhibited a negative corre-
lation with the social score on the ADOS, while FA in the right 
ILF and right IFO exhibited a negative correlation with the so-
cial score on the Autism Diagnostic Interview, Revised (ADI-
R).34 FA in the bilateral IFO and F major exhibited a negative 
correlation with the communication score on the ADOS,34,47 
while FA in the left SLF and left IFO exhibited a negative cor-
relation with the communication score on the ADI-R.34

Collectively, these findings suggest that individuals with 
ASD exhibit structural abnormalities in the white matter tracts 
of the brain and that these abnormalities are associated with 
the severity of autism and cognitive deficits. However, in these 
previous studies, the age of included individuals varied wide-
ly, ranging from childhood to adulthood. Especially during 
childhood, myelination of axons in the human brain plays an 
important role in the maturation of cognitive functions.48 Ac-
cording to the developmental trajectory, the time sequence of 
myelin maturation differs from area to area, and slow-matur-
ing frontal tracts such as the IFO, orbitofrontal callosum, and 
cingulum exhibit peak levels of myelination during the thir-
ties.49 However, only one previous study focused on school-
aged children with ASD when examining the correlation be-
tween microstructural abnormalities and behaviors, as assessed 
using the WISC, Social Communication Questionnaire, and 
Sensory Profile.35 Furthermore, few research groups have in-
vestigated and compared the detailed correlations between 
subtest scores on the WISC or DN-CAS and white matter tracts 
in children with ASD and their TD counterparts. 

Therefore, in the present study, we focused on children in 
late childhood and early adolescence, who were still in the im-
mature stages of myelin development. Our aim was to investi-
gate the relationship between cognitive functions and the mi-
crostructural integrity of white matter tracts in children with 
ASD. We hypothesized that white matter characteristics would 
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be related to cognitive impairments in children with ASD.
To achieve our aim, we first examined differences in cogni-

tive functions between children with ASD and age-, sex-, hand-
edness-, and IQ-matched TD controls using the WISC-IV and 
DN-CAS. Second, using the ROI method, we performed DTI 
tractography to extract key white matter tracts for cognition 
and compared their parameters between the groups. Third, 
we investigated the correlations between cognitive functions 
and DTI parameters within each group. 

METHODS

Participants
Seventeen boys with ASD (mean age: 12.0±1.5 years; range: 

9–14 years) and 18 TD boys (mean age: 11.9±1.6 years; range: 
9–14 years) participated in the present study. Participants 
with ASD and TD controls were matched according to age 
and Full-Scale Intelligence Quotient (FSIQ: Table 1). All were 
confirmed to be right-handed using the Edinburgh Hand-
edness Inventory.50 Written informed consent was obtained 
from all participants and their parents. The present study was 
conducted in accordance with the Declaration of Helsinki 
and was approved by the Institutional Review Board of our 
hospital (12168-9).

Children with ASD
Children with ASD were recruited from the Pediatric De-

partment of our hospital and diagnosed by expert pediatric 
neurologists based on criteria detailed in the Diagnostic and 
Statistical Manual of Mental Disorders, Fifth Edition.1 Diagno-
ses were further confirmed using the Autism Diagnostic Ob-
servation Schedule-Generic (ADOS-G).51 Children with ASD 
who had a history of seizures, head injury, and those with ge-
netic disorders were excluded. Two children with ASD were 
undergoing treatment with methylphenidate at the time of the 
study.

TD children
TD children were recruited as volunteers through adver-

tisements in neighboring cities. TD children had no history 
of neurological, psychiatric, or developmental disorders and 
had not received special education support. They were also 
confirmed to have no ASD traits using the Japanese version of 
the Autistic Screening Questionnaire.52,53

Intelligence quotient and cognitive abilities 
assessment

Intelligence Quotient (IQ) was assessed using the WISC-
Fourth Edition (WISC-IV). In the present study, to ensure av-
erage intelligence and minimize the effects of IQ on cognitive 
assessment, we selected participants with an FSIQ >85.

The WISC-IV comprises 10 core and five supplemental sub-
tests designed to assess intellectual abilities based on the fol-
lowing four main cognitive indices: VCI, PRI, WMI, and PSI. 
The VCI includes the following five subsets: Similarities, Vo-
cabulary, Comprehension, Information, and Word Reasoning. 
The PRI includes Block Design, Picture Concepts, Matrix Rea-
soning, and Picture Completion. The WMI includes Digit Span, 
Letter-Number Sequencing, and Arithmetic. The PSI includes 
Coding, Symbol Search, and Cancellation. All index scores 
have an average of 100 and a standard deviation of 15. All sub-
test scores have an average of 10 and a standard deviation of 3. 
Higher scores on this assessment battery are associated with 
better cognitive functioning.54,55

The DN-CAS comprises 12 subtests designed to assess cogni-
tive processes including PASS.13,56 Planning includes Matching 
Numbers, Planned Code, and Planned Connections. Attention 
includes Expressive Attention, Number Detection, and Receptive 
Attention. Simultaneous includes Nonverbal Matrices, Verbal-
Spatial Relations, and Figure Memory. Successive includes 
Word Series, Sentence Repetition, and Sentence Questions. All 
PASS scale scores have an average of 100 and a standard devia-
tion of 15. All subtest scores have an average of 10 and a stan-
dard deviation of 3.13,56 Higher scores on this assessment battery 
are associated with better cognitive processing skills.

MRI data acquisition
All images were acquired using a 3.0-Tesla MR system (Dis-

covery MR750w; GE Healthcare, Milwaukee, WI, USA). DTI 
data were acquired using a single-shot spin-echo echo-planar 
imaging sequence with sensitivity-encoding parallel imaging 
(factor of two). Diffusion-weighted images were acquired in 
the axial plane with 25 non-collinear directions. The imaging 
parameters were as follows: repetition time (TR)=12,000 ms; 
echo time (TE)=74.3 ms; field-of-view=260×260 mm2; matrix 
size=128×128; slice thickness=3 mm; slice gap=0; number of 
slices=50; number of excitations=1; and diffusion-weight fac-
tor b=1000 and 0 s/mm2. Foam pillows and cushions were used 
to minimize the head motion of participants.

Table 1. Participant characteristics

ASD (N=17) TD (N=18)
p-value

Mean SD Mean SD
Age (years) 12.0 1.5 11.9 1.6 0.915 
FSIQ 105.12 13.24 109.94 12.77 0.280 
Gender (male) 17 (100%) 18 (100%) 1.000 
Handedness (right) 17 (100%) 18 (100%) 1.000 
ASD: autism spectrum disorder, TD: typically developing, SD: 
standard deviation, FSIQ: Full-Scale Intelligence Quotient
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DTI data analysis

Preprocessing
Preprocessing of the DTI data was performed using Ex-

ploreDTI (www.exploredti.com). The motion artifacts and 
eddy current-induced geometric distortions were corrected, 
and the B-matrix was reoriented to provide the appropriate 
orientational information.57 To detect group differences in head 
movement, the three translation and rotation parameters for 
each participant were extracted using ExploreDTI, and statis-
tical analysis was performed. There were no significant differ-
ences in head motion between the two groups (translation X: 
p=0.84, translation Y: p=0.96, translation Z: p=0.55, rotation 
X: p=0.72, rotation Y: p=0.58, rotation Z: p=0.88).

Tractography approach 
Tensor calculations and tractography were performed us-

ing ExploreDTI. The built-in whole-brain tractography tool 
of ExploreDTI was employed for all data using a determinis-
tic streamline approach, which was based on previously devel-
oped tractography algorithms.57-59 The deterministic streamline 
tractography parameters were as follows: seed point resolu-
tion=2.0 mm, 2.0 mm, 3.0 mm; seed FA threshold=0.2; and 
angle threshold=30°. A multi-ROI approach29 was used to re-
construct all tracts of interest. For this multi-ROI approach, we 
used the “OR/SEED,” “AND,” and “NOT” operations to select 
the fiber tracts of interest.60

Reconstructed tracts and DTI outcome measurements
Seven white matter tracts were selected for tractography, 

including the SLF, ILF, IFO, UNC, ATR, F minor, and F major. 
These tracts were reconstructed in accordance with protocols 
described in previous publications.60,61 We then analyzed the 
FA, MD, AD, and RD value of each tract. Figure 1 depicts a rep-
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Figure 1. Reconstruction of selected tracts. A: Superior longitudinal fasciculus (SLF). B: Infe-
rior longitudinal fasciculus (ILF). C: Inferior fronto-occipital fasciculus (IFO). D: Uncinate fas-
ciculus (UNC). E: Anterior thalamic radiation (ATR). F: Forceps minor (F minor). G: Forceps 
major (F major).
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resentation of the reconstructed tracts. 

Statistical analysis
Statistical analyses were performed using STATA version 

14.0.62 Independent-samples t-tests were used to compare the 
mean values for age, WISC-IV scores, and DN-CAS scores be-
tween the two groups. The tractography results were also com-
pared using independent-samples t-tests with group (ASD/
TD) as the between-subjects factor. Within each group, Pear-
son’s correlation coefficients were calculated between the DTI 
outcome measurements and the WISC-IV or DN-CAS sub-
test scores for which significant differences were observed to 
evaluate the association between microstructural integrity and 
cognitive function. When determining statistical significance, 

Bonferroni correction was performed for multiple compari-
sons (p=0.004).

RESULTS

Between-group differences in WISC-IV and DN-CAS
scores

There were no significant differences in the WISC-IV index 
values between the two groups. However, the ASD group ex-
hibited significantly lower scores than did TD controls on the 
following WISC-IV subscales: Comprehension (p=0.048), 
Coding (p=0.041), and Cancellation (p=0.003) (Table 2). Al-
though there were no significant differences in the total DN-
CAS scores, the ASD group exhibited significantly poorer per-
formance than did the TD group on the Planning (p=0.011) 
portion of the DN-CAS and on the Matching Numbers (p= 
0.027) and Sentence Questions (p=0.003) subtests (Table 3). 

Between-group differences in DTI measurements
In the ASD group, the FA value of F major was lower (p= 

Table 2. Scores on the WISC-IV

ASD (N=17) TD (N=18)
p-value

Mean SD Mean SD
FSIQ 105.12 13.24 109.94 12.77 0.280
VCI 103.12 16.44 109.56 12.48 0.199
PRI 109.35 11.20 108.39 12.45 0.812
WMI 106.71 14.86 103.72 12.23 0.520
PSI 94.18 17.44 105.94 17.23 0.053
VCI

Similarities 11.65 2.78 11.56 2.64 0.921
Vocabulary 10.24 3.31 11.56 2.94 0.220
Comprehension 10.00 3.55 12.17 2.66 0.048*
Information 11.24 3.21 10.50 2.23 0.435
Word reasoning 10.82 2.07 11.83 2.48 0.201

PRI
Block design 11.71 2.28 12.17 2.85 0.603
Picture concepts 10.76 2.36 10.67 2.61 0.908
Matrix reasoning 11.82 3.19 11.00 2.93 0.432
Picture completion 11.65 2.80 10.50 2.71 0.227

WMI
Digit span 10.59 2.98 11.17 2.18 0.515
Letter-number 11.71 3.02 10.11 3.66 0.170

Sequencing
Arithmetic 10.12 2.85 11.61 2.81 0.128

PSI
Coding 8.59 4.32 11.39 3.43 0.041*
Symbol search 9.53 2.76 11.11 3.34 0.138
Cancellation 7.71 3.41 11.39 3.36 0.003**

*p<0.05, **p<0.01, significance level. WISC-IV: Wechsler Intelli-
gence Scale for Children-Fourth Edition, ASD: autism spectrum 
disorder, TD: typically developing, SD: standard deviation, FSIQ: 
Full-Scale Intelligence Quotient, VCI: Verbal Comprehension In-
dex, PRI: Perceptual Reasoning Index, WMI: Working Memory In-
dex, PSI: Processing Speed Index

Table 3. Scores on the DN-CAS

ASD (N=17) TD (N=18)
p-value

Mean SD Mean SD
Total score 103.65 14.71 111.72 10.06 0.066
Planning 102.82 15.63 115.39 11.66 0.011*
Simultaneous 110.59 15.23 106.28 16.36 0.426
Attention 97.65 11.94 103.61 13.56 0.178
Successive 99.94 17.30 109.44 10.80 0.058
Planning

Matching numbers 10.59 3.24 12.94 2.75 0.027*
Planned codes 10.18 3.50 12.17 3.47 0.101
Planned connections 10.59 3.04 12.17 1.87 0.071

Simultaneous
Nonverbal matrices 12.76 2.91 11.61 3.53 0.301
Verbal-spatial relations 11.76 3.17 11.06 3.44 0.531
Figure memory 10.18 2.56 10.11 2.59 0.941

Attention
Expressive attention 9.88 2.67 10.39 2.30 0.551
Number detection 10.12 2.62 11.28 2.82 0.217
Receptive attention 9.06 2.70 10.17 3.17 0.275

Successive
Word series 11.50 3.69 12.11 2.83 0.678
Sentence repetition 10.41 3.39 11.11 2.72 0.505
Sentence questions 7.94 3.47 11.39 2.77 0.003**

*p<0.05, **p<0.01, significance level. DN-CAS: Das-Naglieri Cog-
nitive Assessment System, ASD: autism spectrum disorder, TD: 
typically developing, SD: standard deviation
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0.049) than that in the TD group. However, there were no sig-
nificant differences in the MD, AD, or RD values of any white 
matter tracts examined (Table 4).

Correlations between the DTI measurements and 
WISC-IV and DN-CAS subtests

We investigated the correlations between the DTI measure-
ments and the subtest scores on the WISC-IV and DN-CAS. 
Within the TD group, the Comprehension scores on the WISC- 
IV were positively correlated with FA in the right IFO (r=0.71, 
p=0.0009) and left ATR (r=0.67, p=0.002), and negatively cor-
related with MD in the left ATR (r=-0.75, p=0.0003), RD in 
the right IFO (r=-0.66, p=0.003), and RD in the left ATR (r= 
-0.80, p=0.0001) (Table 5, Figure 2A-C, E, and F). In addition, 
participants’ scores on the Matching Numbers subsection of 
the DN-CAS exhibited a significant positive correlation with 
MD in the left UNC (r=0.65, p=0.004) and F minor (r=0.67, 
r=0.003), and with RD in the F minor (r=0.74, p=0.0004). Fur-
thermore, a positive correlation was observed between the 
scores on the Sentence Questions subsection of the DN-CAS 
and RD in the right ILF (r=0.65, p=0.004). These results re-
mained significant after applying Bonferroni correction (Ta-
ble 6, Figure 2G-J). 

Within the ASD group, only a positive correlation between 
the Comprehension scores on the WISC-IV and MD in F mi-
nor remained significant after Bonferroni correction (r=0.68, 
p=0.003) (Table 5, Figure 2D). No other significant correla-
tions between the DTI measurements and participants’ scores 
on any subtests were observed. In the ASD group, non-sig-

Table 4. Fractional anisotropy, mean diffusivity, axial diffusivity, 
and radial diffusivity values in seven white matter pathways

ASD (N=17) TD (N=18)
p-value

Mean SD Mean SD

SLF left FA 0.46 0.02 0.46 0.02 0.759

MD 0.79 0.02 0.78 0.03 0.566

AD 1.21 0.04 1.21 0.04 0.542

RD 0.58 0.02 0.57 0.03 0.730

SLF right FA 0.47 0.02 0.47 0.03 0.209

MD 0.74 0.06 0.73 0.03 0.156

AD 1.15 0.04 1.14 0.04 0.449

RD 0.54 0.02 0.52 0.03 0.135

ILF left FA 0.44 0.02 0.44 0.02 0.739

MD 0.86 0.06 0.85 0.06 0.209

AD 1.31 0.04 1.29 0.03 0.184

RD 0.63 0.02 0.62 0.03 0.417

ILF right FA 0.46 0.03 0.48 0.02 0.218

MD 0.81 0.02 0.80 0.03 0.137

AD 1.26 0.04 1.25 0.03 0.457

RD 0.58 0.03 0.57 0.03 0.177

IFO left FA 0.46 0.02 0.47 0.02 0.208

MD 0.83 0.02 0.82 0.02 0.215

AD 1.30 0.04 1.30 0.03 0.807

RD 0.60 0.20 0.59 0.02 0.126

IFO right FA 0.48 0.02 0.48 0.02 0.819

MD 0.81 0.02 0.79 0.02 0.080

AD 1.28 0.04 1.26 0.03 0.086

RD 0.57 0.02 0.56 0.02 0.167

UNC left FA 0.41 0.02 0.41 0.02 0.508

MD 0.81 0.02 0.81 0.02 0.892

AD 1.20 0.02 1.20 0.02 0.624

RD 0.60 0.02 0.59 0.02 0.681

UNC right FA 0.41 0.03 0.42 0.02 0.531

MD 0.80 0.02 0.80 0.02 0.546

AD 1.19 0.03 1.19 0.02 0.751

RD 0.60 0.02 0.60 0.02 0.520

ATR left FA 0.39 0.02 0.39 0.03 0.819

MD 0.79 0.02 0.79 0.02 0.885

AD 1.14 0.03 1.14 0.03 0.669

RD 0.61 0.02 0.61 0.03 0.952

ATR right FA 0.40 0.02 0.40 0.02 0.925

MD 0.79 0.02 0.78 0.03 0.267

AD 1.15 0.03 1.14 0.04 0.235

RD 0.60 0.02 0.59 0.03 0.428

Table 4. Fractional anisotropy, mean diffusivity, axial diffusivity, 
and radial diffusivity values in seven white matter pathways (con-
tiued)

ASD (n=17) TD (n=18)
p-value

Mean SD Mean SD

F minor FA 0.53 0.02 0.54 0.02 0.344

MD 0.81 0.02 0.81 0.02 0.827

AD 1.37 0.02 1.38 0.03 0.427

RD 0.53 0.03 0.52 0.03 0.507

F major FA 0.61 0.02 0.63 0.02 0.049*
MD 0.84 0.04 0.82 0.04 0.237

AD 1.54 0.06 1.54 0.06 0.996

RD 0.49 0.04 0.47 0.03 0.065
Units of axial diffusivity and radial diffusivity are 10-3 mm2/s for the 
mean and standard deviation. *p<0.05, significance level. ASD: au-
tism spectrum disorder, TD: typically developing, SD: standard de-
viation, FA: fractional anisotropy, MD: mean diffusivity, AD: axial 
diffusivity, RD: radial diffusivity, SLF: superior longitudinal fascicu-
lus, ILF: inferior longitudinal fasciculus, IFO: inferior fronto-occip-
ital fasciculus, UNC: uncinate fasciculus, ATR: anterior thalamic ra-
diation, F minor: forceps minor, F major: forceps major
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Table 5. Correlations between the comprehension, coding, and cancellation scores on the WISC-IV and the FA, MD, AD, and RD of white 
matter tracts

Comprehension Coding Cancellation
ASD (N=17) TD (N=18) ASD (N=17) TD (N=18) ASD (N=17) TD (N=18)

r value p value r value p value r value p value r value p value r value p value r value p value

SLF left FA -0.17 0.526 0.47 0.047* 0.25 0.334 0.11 0.670 0.08 0.747 -0.13 0.616
MD 0.28 0.273 -0.62 0.006* 0.15 0.555 -0.31 0.214 0.25 0.331 -0.08 0.763
AD 0.14 0.604 -0.36 0.138 0.25 0.328 -0.29 0.249 0.26 0.316 -0.20 0.422
RD 0.30 0.246 -0.62 0.006* 0.00 0.994 -0.23 0.355 0.14 0.589 0.04 0.879

SLF right FA -0.02 0.933 0.53 0.023* 0.06 0.819 0.07 0.796 0.10 0.696 -0.00 0.991
MD 0.28 0.270 -0.52 0.026* -0.07 0.794 -0.17 0.504 0.06 0.813 0.07 0.787
AD 0.25 0.331 -0.20 0.424 -0.08 0.751 -0.19 0.460 0.08 0.754 -0.00 0.991
RD 0.23 0.368 -0.59 0.009* -0.04 0.887 -0.10 0.701 0.03 0.914 0.10 0.694

ILF left FA -0.31 0.220 0.31 0.213 -0.05 0.841 0.23 0.360 -0.29 0.253 0.15 0.559
MD 0.14 0.587 -0.45 0.058 -0.43 0.084 0.02 0.950 -0.39 0.117 0.13 0.628
AD -0.04 0.871 -0.26 0.294 -0.37 0.142 0.28 0.253 -0.51 0.035* 0.37 0.132
RD 0.25 0.324 -0.43 0.072 -0.32 0.211 -0.12 0.632 -0.13 0.610 -0.03 0.903

ILF right FA -0.08 0.751 0.56 0.015* 0.06 0.822 0.24 0.338 -0.25 0.341 0.04 0.883
MD 0.37 0.143 -0.47 0.049* -0.17 0.502 0.00 0.996 0.13 0.612 0.10 0.682
AD 0.29 0.270 0.00 0.996 -0.06 0.830 0.33 0.186 -0.12 0.658 0.26 0.303
RD 0.24 0.349 -0.55 0.017* -0.17 0.526 -0.14 0.580 0.23 0.379 0.01 0.965

IFO left FA -0.06 0.811 0.55 0.018* -0.05 0.856 0.21 0.393 -0.00 0.987 0.31 0.217
MD 0.25 0.330 -0.44 0.065 -0.35 0.164 -0.01 0.960 0.29 0.256 0.25 0.327
AD 0.24 0.360 -0.01 0.969 -0.35 0.174 0.13 0.615 -0.23 0.380 0.52 0.028*
RD 0.17 0.503 -0.56 0.015* -0.24 0.362 -0.10 0.683 -0.24 0.346 -0.04 0.878

IFO right FA -0.37 0.141 0.71 0.0009** -0.27 0.290 0.53 0.023* -0.35 0.170 0.44 0.071
MD 0.00 0.995 -0.51 0.032* -0.44 0.080 0.11 0.678 -0.19 0.474 0.16 0.524
AD -0.15 0.560 -0.01 0.969 -0.51 0.037* 0.62 0.006* -0.33 0.189 0.63 0.005*
RD 0.17 0.530 -0.66 0.003** -0.27 0.290 -0.20 0.426 0.01 0.976 -0.13 0.601

UNC left FA -0.01 0.978 0.43 0.072 -0.12 0.641 0.05 0.838 -0.14 0.587 0.14 0.579
MD 0.32 0.215 -0.20 0.423 -0.35 0.166 0.21 0.399 -0.10 0.693 0.17 0.493
AD 0.35 0.172 0.18 0.483 -0.52 0.032* 0.36 0.139 -0.24 0.343 0.43 0.073
RD 0.22 0.386 -0.31 0.218 -0.16 0.528 0.12 0.650 0.01 0.971 0.04 0.866

UNC  right FA -0.02 0.950 0.41 0.088 0.08 0.774 0.07 0.779 -0.08 0.768 -0.13 0.599
MD 0.14 0.598 -0.42 0.086 -0.38 0.134 0.06 0.800 0.84 0.748 0.15 0.561
AD 0.14 0.592 -0.23 0.348 -0.40 0.113 0.15 0.545 0.03 0.909 0.11 0.665
RD 0.11 0.671 -0.43 0.073 -0.30 0.246 0.02 0.942 0.10 0.840 0.14 0.575

ATR left FA -0.51 0.037* 0.67 0.002** -0.48 0.053 0.53 0.024* -0.13 0.627 0.54 0.021*
MD 0.41 0.106 -0.75 0.0003** -0.11 0.670 -0.39 0.107 -0.19 0.470 -0.14 0.582
AD 0.07 0.781 -0.17 0.507 -0.41 0.098 0.09 0.720 -0.23 0.383 0.42 0.086
RD 0.52 0.033* -0.80 0.0001** 0.13 0.630 -0.50 0.033* -0.11 0.676 -0.36 0.140

ATR right FA -0.34 0.181 0.40 0.099 0.24 0.351 0.49 0.040* -0.11 0.681 0.61 0.008*
MD 0.52 0.034* -0.56 0.015* -0.07 0.797 -0.29 0.237 0.14 0.588 -0.02 0.926
AD 0.26 0.314 -0.40 0.101 0.11 0.671 -0.08 0.752 0.05 0.836 0.40 0.101
RD 0.52 0.033* -0.56 0.015* -0.17 0.514 -0.38 0.125 0.15 0.555 0.29 0.243
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nificant correlations were observed between the Compre-
hension scores on the WISC-IV and FA in the right IFO and 
left ATR, between the Comprehension scores and MD in the 
left ATR, and between the Comprehension scores and RD 
in the right IFO and left ATR. Non-significant correlations 
were also observed between the Matching Numbers scores on 
the DN-CAS and MD in the left UNC and F minor, between 
the Matching Numbers scores and RD in the F minor, and be-
tween the Sentence Questions scores on the DN-CAS and 
RD in the right ILF in the ASD group. In the TD group, the 
Comprehension scores on the WISC-IV were non-signifi-
cantly correlated with MD in the F minor (Table 5 and 6).

DISCUSSION

In this study, we found 1) characteristic cognitive weakness, 
2) reduced FA value in the F major, and 3) no specific differ-
entiation for cognitive function associated with the specific 
tract in children with ASD. To our knowledge, the present study 
is the first to investigate the relationships between cognition-
related white matter tracts and cognitive function in children 
with ASD using the DN-CAS and DTI tractography. 

Participants in the ASD group scored poorly on the Com-
prehension, Coding, and Cancellation subtests of the WISC-
IV when compared with TD controls, consistent with the find-
ings of previous studies.9,10 Furthermore, on the DN-CAS, the 
ASD group exhibited significant weakness on the Matching 
Numbers and Sentence Questions subtests when compared 
with the TD group. The Matching Numbers section assesses 
planning, processing speed, and working memory, while the 
Sentence Questions section assesses verbal comprehension 

and syntax.13,15 Many children with ASD exhibit impairments in 
language comprehension, planning, and processing speed.6,10,63 
Therefore, these findings indicate that the DN-CAS appropri-
ately reveals the cognitive impairments of children with high-
functioning ASD.

Differences in DTI measurements between the ASD 
and TD groups

In the present study, the FA values in the F major were sig-
nificantly lower in the ASD group than in the TD group, con-
sistent with the findings of a previous study.33 The F major is 
a commissural fiber tract that consists of the splenium of the 
corpus callosum and connects the occipital lobes.61,64 The F 
major plays roles in visuospatial cognition,45 processing speed,65 
memory and executive function,66 and vocabulary and seman-
tic processing.45,67 Previous studies have indicated that children 
with ASD exhibit impairments in processing speed, planning, 
and language comprehension,6,10,63 suggesting that alterations 
to the F major may play a role in these ASD-related impairments.

Correlations between DTI measurements and 
cognitive function

Our findings indicated that, in the ASD group, the Com-
prehension scores on the WISC-IV exhibited a positive corre-
lation with MD in the F minor. Previous studies have revealed 
that the F minor plays a role in syntactic performance.68 In one 
functional MRI study, activation of the left inferior frontal gy-
rus, including the pars orbitofrontal area, was lower in the ASD 
group than in the TD group during a sentence comprehension 
task.69 Thus, our findings support the notion that the F minor 
plays a key role in comprehension, as assessed using the WISC-

Table 5. Correlations between the comprehension, coding, and cancellation scores on the WISC-IV and the FA, MD, AD, and RD of white 
matter tracts (contiued)

Comprehension Coding Cancellation
ASD (N=17) TD (N=18) ASD (N=17) TD (N=18) ASD (N=17) TD (N=18)

r value p value r value p value r value p value r value p value r value p value r value p value
F minor FA -0.34 0.186 0.50 0.034* 0.15 0.561 0.21 0.410 0.05 0.840 0.22 0.375

MD 0.68 0.003** -0.43 0.079 -0.15 0.574 0.01 0.972 0.15 0.555 0.17 0.495
AD 0.55 0.022* 0.07 0.772 -0.01 0.985 0.26 0.301 0.28 0.270 0.52 0.028*
RD 0.56 0.019* -0.53 0.024* -0.18 0.496 -0.13 0.617 0.05 0.844 -0.08 0.767

F major FA 0.31 0.221 0.52 0.027* 0.05 0.859 0.28 0.268 0.05 0.852 0.17 0.499
MD 0.17 0.527 -0.35 0.154 -0.03 0.917 -0.09 0.716 0.19 0.469 0.11 0.675
AD 0.44 0.075 -0.10 0.703 0.03 0.895 0.01 0.982 0.30 0.235 0.19 0.460
RD -0.04 0.886 -0.48 0.045* -0.07 0.801 -0.16 0.539 0.09 0.730 0.00 0.998

Units of axial diffusivity and radial diffusivity are 10-3 mm2/s for the mean and standard deviation. *p<0.05 (significance level), **p<0.004 
(significance level after Bonferroni correction). WISC-IV: Wechsler Intelligence Scale for Children-Fourth Edition, FA: fractional anisotropy, 
MD: mean diffusivity, AD: axial diffusivity, RD: radial diffusivity, ASD: autism spectrum disorder, TD: typically developing, SLF: superior 
longitudinal fasciculus, ILF: inferior longitudinal fasciculus, IFO: inferior fronto-occipital fasciculus, UNC: uncinate fasciculus, ATR: anterior 
thalamic radiation, F minor: forceps minor, F major: forceps major
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IV, among individuals with ASD.
Other than the aforementioned correlation, no correlations 

were observed between the subtest scores and DTI outcome 
measurements in the ASD group. In contrast, nine correlations 
between DTI measurements and the subtest scores on the 
WISC-IV and DN-CAS were observed in the TD group. It is 

known that the maturation of white matter tracts that connect 
restricted regions is closely associated with cognitive develop-
ment in those particular regions.48 Therefore, our findings sug-
gest that, in children with ASD, specific brain areas exhibit a 
weaker relationship with specific cognitive functions than they 
do in TD controls, resulting in less efficient cognitive pathways. 
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Figure 2. Scatter plots of the correlation analyses in the autism spectrum disorder (ASD) and typically developing (TD) groups. Scores on 
the Comprehension section of the Wechsler Intelligence Scale for Children-Fourth Edition (WISC-IV) are (A) positively correlated with frac-
tional anisotropy (FA) values in the right inferior fronto-occipital fasciculus (IFO) in the TD group (r=0.71, p=0.0009), but not in the ASD group 
(r=-0.37, p=0.141); (B) positively correlated with FA values in the left anterior thalamic radiation (ATR) in the TD group (r=0.67, p=0.002), but 
not in the ASD group (r=-0.51, p=0.037); (C) negatively correlated with mean diffusivity (MD) values in the left ATR in the TD group (r=-0.75, 
p=0.0003), but not in the ASD group (r=0.41, p=0.106); (D) positively correlated with MD values in the forceps minor (F minor) in the ASD 
group (r=0.68, p=0.003), but not in the TD group (r=0.43, p=0.079); (E) negatively correlated with radial diffusivity (RD) values in the right IFO 
in the TD group (r=-0.66, p=0.003), but not in the ASD group (r=0.17, p=0.530); and (F) negatively correlated with RD values in the left ATR 
in the TD group (r=-0.80, p=0.0001), but not in the ASD group (r=0.52, p=0.033). Scores on the Matching Numbers portion of the Das-Nagl-
ieri Cognitive Assessment System (DN-CAS) are (G) positively correlated with MD values in the left uncinate fasciculus (UNC) in the TD 
group (r=0.65, p=0.004), but not in the ASD group (r=0.15, p=0.572); (H) positively correlated with MD values in the F minor in the TD group 
(r=0.67, p=0.003), but not in the ASD group (r=-0.03, p=0.923); and (I) positively correlated with RD values in the F minor in the TD group 
(r=0.74, p=0.0004), but not in the ASD group (r=0.01, p=0.973). Scores on the Sentence Questions portion of the DN-CAS are (J) positively 
correlated with RD in the right inferior longitudinal fasciculus (ILF) in the TD group (r=0.65, p=0.004), but not in the ASD group (r=0.02, 
p=0.934). *p<0.05 (significance level), **p<0.004 (significance level following Bonferroni correction).
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Indeed, several functional MRI studies have demonstrated 
that the brains of individuals with ASD exhibit broader acti-
vation during various tasks.70,71 Although white matter matu-
ration supports the development of cognitive function in TD 
children,48 this effect is delayed in children with ASD.72 How-
ever, recent studies have revealed that adaptive myelination 
may occur, depending on the neuronal activity. Eigsti et al.73 
reported that early intervention and experience may normal-
ize behavioral language performance and that individuals with 
an optimal ASD outcome exhibit plasticity within the neural 
circuits associated with language. 

More precisely, structural changes to white matter during 
childhood reflect the interplay among cell proliferation and 
apoptosis, dendritic branching and pruning, and synaptic for-
mation and elimination. Therefore, such changes are influ-
enced by the strength of proper neural connections and the 

pruning of inefficient pathways.74 However, further studies are 
required to determine whether early intervention during the 
critical period can alter the myelination trajectory of young 
children with ASD and whether such alterations can influence 
the acquisition of cognitive skills in the future.

The present study possesses several limitations of note. First, 
the sample was small and included only boys. Howe et al.75 re-
ported that boys and girls with ASD exhibit differences in their 
cognitive abilities. Although the present study focused on boys 
alone, further studies focusing on the association between 
white matter tracts and cognition in girls with ASD are re-
quired. Second, to exclude the effects of age, sex, and IQ, we 
focused on children with high-functioning ASD. Therefore, 
our findings may not be applicable to children with low-func-
tioning ASD. To determine whether our findings can be gen-
eralized to all individuals with ASD, a larger sample size in-
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Figure 2. Scatter plots of the correlation analyses in the autism spectrum disorder (ASD) and typically developing (TD) groups. Scores on 
the Comprehension section of the Wechsler Intelligence Scale for Children-Fourth Edition (WISC-IV) are (A) positively correlated with frac-
tional anisotropy (FA) values in the right inferior fronto-occipital fasciculus (IFO) in the TD group (r=0.71, p=0.0009), but not in the ASD group 
(r=-0.37, p=0.141); (B) positively correlated with FA values in the left anterior thalamic radiation (ATR) in the TD group (r=0.67, p=0.002), but 
not in the ASD group (r=-0.51, p=0.037); (C) negatively correlated with mean diffusivity (MD) values in the left ATR in the TD group (r=-0.75, 
p=0.0003), but not in the ASD group (r=0.41, p=0.106); (D) positively correlated with MD values in the forceps minor (F minor) in the ASD 
group (r=0.68, p=0.003), but not in the TD group (r=0.43, p=0.079); (E) negatively correlated with radial diffusivity (RD) values in the right IFO 
in the TD group (r=-0.66, p=0.003), but not in the ASD group (r=0.17, p=0.530); and (F) negatively correlated with RD values in the left ATR 
in the TD group (r=-0.80, p=0.0001), but not in the ASD group (r=0.52, p=0.033). Scores on the Matching Numbers portion of the Das-Nagl-
ieri Cognitive Assessment System (DN-CAS) are (G) positively correlated with MD values in the left uncinate fasciculus (UNC) in the TD 
group (r=0.65, p=0.004), but not in the ASD group (r=0.15, p=0.572); (H) positively correlated with MD values in the F minor in the TD group 
(r=0.67, p=0.003), but not in the ASD group (r=-0.03, p=0.923); and (I) positively correlated with RD values in the F minor in the TD group 
(r=0.74, p=0.0004), but not in the ASD group (r=0.01, p=0.973). Scores on the Sentence Questions portion of the DN-CAS are (J) positively 
correlated with RD in the right inferior longitudinal fasciculus (ILF) in the TD group (r=0.65, p=0.004), but not in the ASD group (r=0.02, 
p=0.934). *p<0.05 (significance level), **p<0.004 (significance level following Bonferroni correction).
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Table 6. Correlations between the matching numbers and sentence questions scores on the DN-CAS and the FA, MD, AD, and RD values 
of white matter tracts

Matching numbers Sentence questions
ASD (N=17) TD (N=18) ASD (N=17) TD (N=18)

r value p value r value p value r value p value r value p value

SLF left FA 0.12 0.639 -0.35 0.158 -0.36 0.159 -0.15 0.551 
MD -0.29 0.263 0.50 0.033* -0.01 0.801 0.49 0.041*
AD -0.18 0.498 0.32 0.191 -0.31 0.231 0.42 0.079 
RD -0.27 0.296 0.49 0.040* 0.18 0.495 0.39 0.113 

SLF right FA -0.20 0.446 -0.41 0.092 -0.01 0.975 -0.15 0.561 
MD -0.03 0.915 0.37 0.131 -0.01 0.980 0.48 0.043*
AD -0.14 0.596 0.14 0.586 0.00 0.989 0.43 0.073 
RD 0.07 0.783 0.42 0.082 -0.01 0.961 0.35 0.149 

ILF left FA 0.43 0.084 -0.57 0.014* -0.21 0.422 -0.31 0.206 
MD -0.03 0.924 0.52 0.027* 0.09 0.744 0.58 0.011*
AD 0.26 0.308 0.12 0.628 -0.02 0.948 0.47 0.049*
RD -0.28 0.282 0.58 0.011* 0.15 0.575 0.49 0.039*

ILF right FA 0.15 0.572 -0.50 0.033* 0.07 0.799 -0.60 0.008*
MD -0.28 0.282 0.56 0.017* 0.14 0.589 0.62 0.006*
AD -0.15 0.561 0.20 0.437 0.22 0.403 0.18 0.465 
RD -0.22 0.394 0.57 0.013* 0.02 0.934 0.65 0.004**

IFO left FA 0.44 0.075 -0.62 0.006* -0.05 0.859 -0.24 0.346 
MD -0.12 0.633 0.34 0.189 0.21 0.412 0.58 0.011*
AD 0.20 0.443 -0.20 0.419 0.17 0.524 0.38 0.117 
RD -0.36 0.160 0.55 0.017* 0.18 0.495 0.48 0.042*

IFO right FA 0.24 0.360 -0.22 0.373 -0.23 0.370 -0.25 0.315 
MD -0.28 0.270 0.52 0.026* -0.05 0.837 0.62 0.006*
AD -0.18 0.500 0.45 0.062 -0.16 0.537 0.56 0.015*
RD -0.34 0.177 0.44 0.069 0.07 0.789 0.50 0.034*

UNC left FA -0.09 0.726 -0.44 0.071 -0.27 0.291 -0.42 0.082 
MD 0.15 0.572 0.65 0.004** -0.04 0.889 0.60 0.009*
AD 0.06 0.816 0.47 0.047* -0.22 0.389 0.47 0.047*
RD 0.17 0.520 0.59 0.009* 0.09 0.733 0.53 0.023*

UNC right FA -0.08 0.772 -0.37 0.130 -0.02 0.943 -0.44 0.071 
MD -0.10 0.705 0.50 0.034* -0.18 0.484 0.56 0.017*
AD -0.14 0.583 0.38 0.124 -0.24 0.358 0.43 0.072 
RD -0.05 0.840 0.48 0.043* -0.11 0.663 0.53 0.024*

ATR left FA -0.34 0.181 -0.49 0.041* -0.65 0.005* -0.37 0.127 
MD 0.15 0.569 0.40 0.096 0.06 0.817 0.50 0.036*
AD -0.15 0.577 -0.06 0.799 -0.39 0.121 0.20 0.423 
RD 0.31 0.228 0.50 0.033* 0.35 0.165 0.48 0.042*

ATR right FA 0.01 0.962 -0.03 0.901 -0.27 0.302 -0.20 0.427 
MD 0.04 0.883 0.00 0.990 0.33 0.200 0.40 0.099 
AD 0.04 0.870 -0.08 0.765 0.09 0.726 0.31 0.208 
RD 0.02 0.933 0.05 0.833 0.38 0.132 0.38 0.117 
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cluding individuals with a broader range of IQs is required. 
Third, in the correlation analysis, our results for MD and RD 
were inconsistent. Although MD and RD decrease with devel-
opment, we could not analyze longitudinal changes in cogni-
tive functions and white matter microstructure due to the nar-
row age range of the participants. 

In conclusion, the results of the present study demonstrate 
that children with ASD and TD controls exhibit significant dif-
ferences in cognitive functions such as language comprehen-
sion, processing speed, and planning, and in the white matter 
microstructure of the F major. Moreover, although many cor-
relations were observed between DTI measurements and sub-
scale scores in the TD group, only one correlation was ob-
served in the ASD group. Thus, our findings suggest that, in 
individuals with ASD, processing skills depend on a wide-
spread neural network that is less directly associated with spe-
cific tract measurements, and that the specific brain areas af-
fected are less efficiently engaged in their respective cognitive 
pathways. In addition, our findings may aid in clarifying the 
mechanisms underlying cognitive dysfunction in children with 
ASD and provide evidence in support of early intervention for 
their cognitive and social development.
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