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Background: Autism has been hypothesized to reflect neuronal disconnection. Several recent
reports implicate the key thalamic relay nuclei and cortico-thalamic connectivity in the
pathophysiology of autism. Accordingly, we aimed to focus on evaluating the integrity of the
thalamic radiation and sought to replicate prior white matter findings in Korean boys with
high-functioning autism spectrum disorders (ASD) using Diffusion Tensor Imaging (DTI).
Methods: We compared fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity
(AD) and radial diffusivity (RD) in 17 boys with ASD and 17 typically developing controls in
the anterior thalamic radiation (ATR), superior thalamic radiation (STR), posterior thalamic
radiation (PTR), corpus callosum (CC), uncinate fasciculus (UF) and inferior longitudinal
fasciculus (ILF). Results: The two groups were group-matched on age, IQ, handedness and
head circumference. In whole-brain voxel-wise analyses, FA was significantly reduced and
MD was significantly increased in the right ATR, CC, and left UF in subjects with ASD
(p<0.05, corrected). We found significantly lower FA in right and left ATR, CC, left UF and
right and left ILF and significantly higher MD values of the CC in the ASD group in region of
interest-based analyses. We also observed significantly higher RD values of right and left
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ATR, CC, left UF, left ILF in subjects with ASD compared to typically developing boys and
significantly lower AD values of both ILF. Right ATR and right UF FA was significantly
negatively correlated with total SRS score within the ASD group (r=−.56, p=.02). Conclusions:
Our preliminary findings support evidence implicating disturbances in the thalamo-frontal
connections in autism. These findings highlight the role of hypoconnectivity between the
frontal cortex and thalamus in ASD.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Autism spectrum disorders (ASD), which include autism, perva-
sive developmental disorder not otherwise specified (PDD-NOS)
and Asperger's disorder, are characterized by qualitative impair-
ments of reciprocal social interaction and deficits in communi-
cation, and stereotyped or repetitive patterns of behavior (APA,
2000). The pathophysiology of ASD remains unclear, but the
hypothesis that ASD represents a disorder of neuronal connec-
tivity (Brun et al., 2009; Gepner and Feron, 2009; Jones et al., 2010;
Minshew and Williams, 2007) is supported by converging data
using the Diffusion Tensor Imaging (DTI), a non-invasive MRI
technique for in vivo mapping of white matter structures
(Alexander et al., 2007; Barnea-Goraly et al., 2004; Ben Bashat
et al., 2007; Brito et al., 2009; Keller et al., 2007; Kumar et al., 2010;
Lee et al., 2007; Pugliese et al., 2009; Sundaram et al., 2008).
Reductions inDTI fractional anisotropy (FA) are believed to reflect
less myelinated and less mature white matter tracts (Mori et al.,
2005; Vangberg et al., 2006). Most studies in ASD have confirmed
decreased FA, particularly in the corpus callosum (CC) (Alexander
et al., 2007; Barnea-Goraly et al., 2004; Brito et al., 2009; Keller et al.,
2007; Kumar et al., 2010), although decreased FA has also been
found in corticospinal tracts and cerebellar peduncles (Brito et al.,
2009), the superior temporal gyrus and the temporal stem (Lee
et al., 2007), the arcuate fasciculus (Kumar et al., 2010), and in
frontal lobe fibers (Sundaram et al., 2008).

In ASD, preliminary lines of evidence support a role for the
thalamus in the pathophysiology of autism (Hardan et al., 2006,
2008a,b; Haznedar et al., 2006; Takarae et al., 2007; Tsatsanis
et al., 2003; Waiter et al., 2005). Several groups have reported
reduced or abnormal size of the thalamus in autism (Hardan
etal., 2006, 2008a;Tsatsanis et al., 2003;Waiter et al., 2005), anda
proton magnetic resonance spectroscopy study found de-
creased neuronal and glial metabolites in the thalamus of
patients with autism (Hardan et al., 2008b). Early functional
neuroimaging studies (Buchsbaum et al., 1992; Minshew et al.,
1997; Rumsey et al., 1985) observed cortical and subcortical
abnormalities in the thalamus and the basal ganglia. One
previous study (Chugani et al., 1997) reported that decreased
serotonin synthesis was found in the dentatothalamocortical
pathway including the frontal cortex and the thalamus in boys
with autism. In a functional imaging study (Muller et al., 1999),
decreased functional activity in the dentatothalamocortical
pathway was reported in high-functioning autistic adults
while performing a verbal task.

Several studies have reported abnormalities in the cortico-
striato-thalamic loops, which are implicated in sensory
regulation (Carlsson, 2001), in ASD. This circuit, involving the
frontal lobe, the cingulate, the striatum, and the thalamus, can
be distinguished between dorsal and ventral components
(Alexander et al., 1986). Specifically, loops from the anterior
cingulate pass via the ventral striatum to the anterior
thalamus (Gemmell and O'Mara, 2002; Vertes, 2002). Using
positron emission tomography, ASD patients were found to
have lower glucose metabolic activity in the thalamus and
ventral basal ganglia than healthy comparisons; additionally,
autistic patients had lower metabolic activity in the anterior
thalamus than patients with Asperger's disorder (Haznedar
et al., 2006). Despite these various observations regarding
thalamic circuitry, there have been only a few reports
regarding the integrity of the thalamic radiation using DTI
methods in ASD (Cheung et al., 2009; Tan et al., 2010). There
are several thalamocortical fibers which can be visualized in
the DTI study. The anterior thalamic radiation (ATR) is amajor
projection from the thalamus which penetrates the anterior
limb of the internal capsule, carrying reciprocal connections
from the hypothalamus and limbic structures to the frontal
cortex (Mori et al., 2005). The superior thalamic radiation (STR)
consists of fibers traveling from the ventral posterior nuclei of
the thalamus to the somatosensory area in the post central
gyrus of the parietal cortex. The posterior thalamic radiation
(PTR) is a projection fiber from the posterior part of the
thalamus to the occipital cortex, which also includes the optic
radiation (Wakana et al., 2004).

In this study,weaimed toexamine thewhitematter integrity
of the thalamic radiations using the DTI in a sample of Korean
boys with high functioning ASD and age and sex matched
healthy controls and to add an evidence of involvement of ATR,
which has been much less interesting for DTI researchers in
ASD, because disturbances in the thalamo-frontal connections
in ASD have rarely been focused so far. We hypothesized that
the integrity of the ATR, which refers to the thalamo-frontal
connections, would be particularly abnormal in ASD subjects
compared to the healthy control subjects. We also examined
several white matter structures that underlie social processing
and the principal cerebral commissure, the CC, to confirm
previous reports of abnormality in these tracts (Alexander et al.,
2007; Barnea-Goraly et al., 2004; Brito et al., 2009; Keller et al.,
2007; Kumar et al., 2010; Sundaram et al., 2008).
2. Results

As shown in Table 1, the groups did not differ significantly on
age, IQ, handedness, or head circumference. The CPT RT SD
was significantly higher in the ASD group than in the control
group (t=2.05, df=32, p= .049). The nine clinically referred boys
with ASD did not differ significantly from the eight boys
ascertained from the epidemiological study on any of the
demographic, clinical, or IQ measures (data not shown).



Table 1 – Demographic and neuropsychological data*.

ASD (n=17)
Mean±SD

Control (n=17)
Mean±SD

p-value

Age (range) 11.0±2.1 (8–14 yrs) 10.2±2.0 (8–14 yrs) .25
IQ (range) Verbal IQ 114.5±9.7 (95–132) 111.2±10.6 (94–130) .36

Performance IQ 106.6 ±15.2 (81–131) 109.6±13.0 (87–135) .53
Total IQ 112.1 ±12.0 (89–129) 113.8 ±11.0 (91–136) .67

Head
circumference (cm)

55.3±1.1 55.2±1.5 .82

Handedness Left/Right 1/17 (5.9%) 1/17 (5.9%) 1.0
Continuous
Performance Test
(visual) T-scores

Omission errors 53.6±15.9 47.1±6.0 .12
Commission errors 58.2±20.6 49.5±7.6 .11
Response time 54.6±20.5 53.9±9.9 .91
Response time SD 64.9±23.0 52.5±9.6 .049⁎⁎

Total SRS score 78.9±41.4 25.8±16.8 .000⁎⁎

ADI-R-K Social 16.5±6.5 – –
Communication 12.5±4.2 – –
Repetitive behaviors 4.5±2.4 – –
Birth threshold 2.3±1.4 – –

ADOS-K Communication 3.1±1.1 – –
Social 8.8±2.1 – –
Creativity 1.0±0.6 – –
Restrictive behaviors 2.1±1.1 – –

⁎By independent t-test, ⁎⁎p<0.05; SD: Standard Deviation; ASD: Autism Spectrum Disorders; SRS: Social Responsiveness Scale; ADI-R-K: Autism
Diagnosis Interview-Revised-Korean version; ADOS-K: Autism Diagnostic Observation Schedule-Korean version.
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Accordingly, all subsequent analyses combined all boys with
ASD, regardless of ascertainment source.

In whole-brain voxel-wise analyses, FA was significantly
reduced and MD was significantly increased in the right ATR,
CC, and left UF in subjects with ASD compared to typically
developing boys (Figs. 1 and 2; p<0.05, corrected).

As shown inTable 2, ROI-basedanalyses revealedsignificantly
lower FA in right and left ATR, CC, left UF, and right and left ILF,
and significantly higher MD values of the CC in the ASD group
Fig. 1 – Anterior thalamic radiation (ATR) showing reduced fractio
blue) in ASD group compared to control boys. Between-group an
p<.05. MNI: Montreal Neurological Institute coordinates. Right A
compared to the healthy control group. We also observed
significantly higher RD values of right and left ATR, CC, left UF,
and left ILF in subjectswithASDcompared to typicallydeveloping
boys and significantly lower AD values of both ILF (Table 3). We
found no significant difference of any DTI value in the STR and
PTR between the ASD and healthy control group (Table 3).

In subjects with ASD, the total SRS score was significantly
negatively correlated with FA in right ATR and right UF (r=−.56,
n=17, p=.02 for both). We obtained voxel-wise correlations
nal anisotropy (FA, red) and increased mean diffusivity (MD,
alysis using FSL after correction for multiple comparisons at
TR cluster size: 477 1 mm3 voxels.



Fig. 2 – Corpus callosum (CC) and uncinate fasciculus (UF)
showing reduced significantly reduced fractional anisotropy
in ASD group compared to control boys. Between-group
analysis using FSL after correction for multiple comparisons
at p<.05. MNI: Montreal Neurological Institute coordinates.
CC cluster size: 592 1 mm3; left UF cluster size: 190 1 mm3.
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between FA (and MD) and the SRS score to confirm correlation
betweenDTI values in any other brain regions and the total SRS
score. In results, no correlation was found between these
extracted indices and the SRS scores, except right ATR
Table 2 – Fractional anisotropy and mean diffusivity in individu

FA

ASD (n=17)
Mean±SD

Control (n=17)
Mean±SD

Left Anterior
thalamic radiation

0.533±0.027 0.580±0.026

Right anterior
thalamic radiation

0.547±0.030 0.587±0.030

Left superior
thalamic radiation

0.266±0.016 0.255±0.017

Right superior
thalamic radiation

0.317±0.019 0.309±0.017

Left posterior
thalamic radiation

0.243±0.031 0.241±0.023

Right posterior
thalamic radiation

0.297±0.030 0.296±0.028

Corpus callosum 0.589±0.064 0.664±0.041
Left uncinate fasciculus 0.495±0.084 0.582±0.034
Right uncinate fasciculus 0.534±0.062 0.553±0.050
Left inferior
longitudinal fasciculus

0.438±0.051 0.543±0.049

Right inferior
longitudinal fasciculus

0.466±0.046 0.498±0.037

⁎By random effects ANOVA. ⁎⁎p<0.05, FA: Fractional Anisotropy; MD:Mean
(Pcorr<0.05, corrected for multiple comparisons and cluster>50
voxels).

Fractional anisotropy in the ROIs was not significantly
correlated with any of the other diagnostic measures except
for left ILF FA and ADOS-K Social score (r=0.59, n=16, p=0.016).

In subjects with ASD (n=17), FA was significantly, albeit
positively, correlated with commission errors in the CC (r=0.57,
p=.016) and in left UF (r=.55, p=.023), and MD was significantly
negatively correlated with commission errors in left ATR (r=−.53,
p=.03). In the entire sample (N=34), FA in left UFwas significantly
negatively correlatedwithCPTRT (r=−0.35, p=.04), andMD in left
ATR was significantly negatively correlated with commission
errors (r=−.38, p=.03).

Secondary analyses contrasting ROI FA of the nine
medication naïve boys from the epidemiological study to
values for the eight clinically referred boys showed no
significant differences for any of the seven measures (data
not shown). Interestingly, FA valueswere always lowest, albeit
non-significantly, for the medication-naïve boys who had not
been previously referred for clinical treatment compared to
the clinically referred subgroup.
3. Discussion

In the present study, we found that FA in the right anterior
thalamic radiation (ATR) was significantly lower and MD in
the right ATR was significantly higher in subjects with ASD
than healthy control subjects in both whole-brain voxel-wise
analyses and ROI-based analyses. In addition, RD in both ATR
was significantly higher in subjects with ASD than in healthy
control subjects in ROI-based analyses. In contrast to the
findings regarding the ATR, we did not find a significant
al regions of interest*.

MD (×10−3 mm2/s)

p ASD (n=17)
Mean±SD

Control (n=17)
Mean±SD

p

.000⁎⁎ 1.957±0.104 1.931±0.058 .386

.000⁎⁎ 1.962±0.085 1.936±0.087 .383

.057 0.852±0.114 0.865±0.077 .691

.212 0.766±0.039 0.766±0.019 .965

.844 0.822±0.124 0.863±0.112 .327

.883 0.771±0.049 0.809±0.086 .121

.000⁎⁎ 2.631±0.274 2.39±0.142 .002⁎⁎

.000⁎⁎ 2.124±0.178 2.021±0.110 .051

.329 2.056±0.137 2.065±0.140 .853

.000⁎⁎ 2.219±0.187 2.196±0.151 .693

.037⁎⁎ 2.148±0.142 2.230±0.206 .187

Diffusivity; SD: Standard Deviation, ASD: Autism SpectrumDisorders.

image of Fig.�2


Table 3 – Axial Diffusivity and radial diffusivity in individual regions of interest*.

AD (×10−3 mm2/s) RD (×10−3 mm2/s)

ASD (n=17)
Mean±SD

Control (n=17)
Mean±SD

p ASD (n=17)
Mean±SD

Control (n=17)
Mean±SD

p

Left anterior
thalamic radiation

1.100±0.052 1.123±0.033 .139 0.428±0.033 0.404±0.025 .024⁎⁎

Right anterior
thalamic radiation

1.090±0.049 1.112±0.046 .084 0.436±0.027 0.409±0.028 .006⁎⁎

Left superior
thalamic radiation

1.073±0.120 1.079±0.081 .871 0.741±0.112 0.758±0.076 .601

Right superior
thalamic radiation

1.028±0.046 1.025±0.025 .798 0.636±0.039 0.637±0.020 .927

Left posterior
thalamic radiation

1.022±0.117 1.071±0.125 .240 0.721±0.129 0.759±0.116 .381

Right posterior
thalamic radiation

1.539±2.141 1.063±0.090 .367 0.648±0.054 0.683±0.086 .169

Corpus callosum 1.525±0.070 1.501±0.075 .363 0.557±0.117 0.446±0.051 .001⁎⁎

Left uncinate fasciculus 1.139±0.088 1.183±0.063 .108 0.496±0.079 0.419±0.034 .001⁎⁎

Right uncinate fasciculus 1.141±0.055 1.168±0.071 .218 0.454±0.062 0.449±0.055 .785
Left inferior
longitudinal fasciculus

1.106±0.074 1.228±0.109 .001⁎⁎ 0.560±0.067 0.484±0.048 .001⁎⁎

Right inferior
longitudinal fasciculus

1.109±0.062 1.118±0.124 .013⁎⁎ 0.528±0.059 0.526±0.054 .912

⁎By random effects ANOVA. ⁎⁎p<0.05, AD: Axial Diffusivity; RD: Radial Diffusivity; SD: Standard Deviation, ASD: Autism Spectrum Disorders.
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difference in any DTI value in the STR and PTR between
subjects with ASD and healthy control subjects. In correlation
analyses with the psychosocial scales, FA in right ATR was
significantly negatively correlated with total SRS score in
subjects with ASD. Specifically, these results that show
abnormal integrity in only the ATR, not STR and PTR suggest
disturbances in thalamo-frontal connection in autism spec-
trum disorder and are consistent with a few previous findings
that show abnormal white matter integrity in the ATR in
autism (Cheung et al., 2009; Tan et al.). In addition, our results
are indirectly supported by previous reports of reduced
thalamic volume (Tsatsanis et al., 2003; Waiter et al., 2005),
loss of a linear relationship between thalamic volume and
total brain volume (Hardan et al., 2006), abnormal glucose
metabolic rate (Haznedar et al., 2006) and lower proton
magnetic resonance spectroscopy metabolite levels (Hardan
et al., 2008b) in the thalamus in subjects with autism.

The cortico-thalamo-cortical pathway is considered to play
a key role in central information processing (Herrero et al.,
2002; Sherman and Guillery, 2002). Minshew et al. (1997)
suggested that the multiple neuropsychological deficits ob-
served in autism imply abnormal generalized information
processing. For example, an fMRI study of a sentence
comprehension task in high functioning autism concluded
that the thalamus is an important structure for the distributed
network involved in such information processing (Just et al.,
2004). Furthermore, we also found a significant negative
relationship between FA in right ATR and social responsive-
ness as assessed by the SRS in the ASD subjects. In a recent
DTI study, Karlsgodt et al. (2009) reported a trend relationship
between low social functioning and lower FA in the right ATR
in subjects at ultra-high risk for psychosis. On the contrary, a
previous study did not find a significant relationship between
thalamic volume and clinical features including social func-
tioning scores in autism (Hardan et al., 2006). However, the
correlation between thalamic volume and total brain volume
has been found to be abnormal in autism, despite the lack of
between-group differences in thalamic volume (Hardan et al.,
2006, 2008a; Haznedar et al., 2006; Tsatsanis et al., 2003). We
interpret this evidence of lack of correspondence between
thalamic and brain volumes as consistent with our observa-
tion of deficient white matter structural connectivity in
relation to social deficits.

Beyond the ATR, we examined the CC, UF and ILF because
of prior reports of abnormalities in ASD, and we largely
confirmed those findings (Alexander et al., 2007; Barnea-
Goraly et al., 2004; Brito et al., 2009; Cheung et al., 2009; Lee
et al., 2007; Pugliese et al., 2009). Reductions of FA and
increases of MD and RD in CC in the current study and other
studies, support the overarching hypothesis that ASD is a
disorder of connectivity involving both interhemispheric and
intrahemispheric communication (Minshew and Williams,
2007). Most of the fibers in the CC assist in homotopic
interactions between the hemispheres, but numerous hetero-
topic fibers asymmetrically link functionally different cortical
areas as well (Clarke and Zaidel, 1994; de Lacoste et al., 1985;
Witelson, 1989). Thus, abnormalities of the CC integrity in ASD
lend additional support to the hypothesis that aberrant
cortical connectivity underlies the basic pathophysiology of
ASD. In the current study, we did not specifically measure FA
and MD in each CC subdivision. However, post-hoc examina-
tion of our findings reveals that the FA reduction and MD
increase in CC was located in the rostral body and the anterior
body in terms of Witelson's subdivisions (Witelson, 1989).

In addition, we found a significant FA reduction and RD
increase of left UC in ASD. The UC is a component of the limbic
system and supports emotional processing, memory (Gaffan
and Wilson, 2008; Ross, 2008) and language function (Catani
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and Mesulam, 2008). Recently, a voxel-based morphometric
study in ASD found significant reduction in whitematter FA in
regions adjacent to several limbic regions (Barnea-Goraly
et al., 2004). In contrast to our findings in the UC and ILF,
Pugliese et al. (Pugliese et al., 2009) did not detect significant
between-group differences in FA and MD in adults with
Asperger's syndrome. We speculate that our different results
may relate to the different ages in our samples.

We examined a substantial number of correlations be-
tween the DTI values and the psychosocial subscales. In the
ASD group, we found some significant association of com-
mission errors with the FA andMD in the CC, left UF, and right
ATR, which were the reverse of what we predicted. Examina-
tion of the data suggests that the results reflected two
subgroups in terms of frequency of errors, with three of the
five children who exceeded two SD above the normative
values in number of errors exhibiting the highest FA values in
the CC and left UF. We regard these results as potential type I
errors or as evidence of cognitive heterogeneity that will need
to be examined in larger samples. Similarly, we interpret the
significant negative association between left UF FA and CPT
RT tentatively, pending replication in an independent sample.

WeobservedRDandAD inaddition to FAvalues. The FAvalue
decreases, when AD is decreasing or RD is increasing. We found
that FA andADvalues in the right ILF inASDgroupwere reduced.
It is speculated that a decrease of AD caused reduction of the FA
value and reduction of FA value in the other regions besides the
ILF in ASD group was mainly affected by an increase of the RD.

This study has several limitations. First, our sample was
restricted to high-functioning boys with ASD to ensure
cooperation with scanner protocols, so these results may not
generalize to the broader spectrum of ASD or to girls with ASD.
Second, the sample size in our study was moderate which
likely increased our type II error rate. Larger samples and
higher field strength will be helpful in providing more fine
grained coverage of structural connectivity in ASD in the
future. Lastly, we tried to obtain a fairly homogenous sample
of high-functioning boys, which included more than half who
weremedication naïve andwho had not been referred by their
clinicians, but any conclusions remain tentative because of
modest subsample sizes. Nevertheless it does not appear that
our results reflect the effects of prior or current medication
treatment.

This study is the first study to show an involvement of the
ATR which has been much less interesting for autism
neuroimaging researchers, because disturbances in the tha-
lamo-frontal connections in autism have rarely been focused
compared to those in schizophrenia or early psychosis.
Additionally, the sample of our study is notable because of
the carefully selected samples, including a substantial pro-
portion of never-medicated boys who were ascertained from
an ongoing epidemiological project.
4. Conclusion

In conclusion, our observation of abnormal values in the ATR
in ASD and our confirmation of abnormalities in white matter
tracts that subserve social processing provide additional
support for the centrality of dysconnection in the pathophys-
iology of autism. Furthermore, our results highlight the
importance of thalamo-cortical circuitry in ASD which should
be confirmed independently.
5. Experimental procedure and materials

5.1. Subjects

ASD and healthy normal subjects were recruited from a child
and adolescent psychiatric clinical group and from an ongoing
community epidemiological study in the city of Koyang in
South Korea. We initially enrolled and scanned 51 children (39
boys, 12 girls), but 5 boys and 2 girls met at least one exclusion
criterion. Because only two girls with ASD remained, we
limited analyses to male subjects. Accordingly, we analyzed
the data of 34 boys (17 ASD patients and 17 typically
developing controls (mean ages 11.0±2.1 and 10.2±2.0,
respectively; see Table 1). Nine of the boys with ASD were
recruited from a clinical setting, and eight were ascertained
from an ongoing epidemiological study. Eight of the boys from
the clinic were being treated with methylphenidate for 27 to
170 days, and one was treated with atomoxetine for 27 days.
One boy taking methylphenidate was also treated with
valproic acid for 68 days prior to scanning. All children from
the epidemiological sample were medication-naïve.

For all children with ASD, the ASD diagnosis was obtained
independently by two child and adolescent psychiatrists
based on Diagnostic and Statistical Manual of Mental Disor-
ders-4th Edition-Text Revision (DSM-IV-TR) criteria (APA,
2000). Twelve ASD participants were diagnosed with Asper-
ger's syndrome and five were PDD-NOS. All relevant clinical
data including birth, medical and developmental histories,
cognitive test scores, Autism Diagnostic Interview-Revised-
Korean version (ADI-R-K) (Lord et al., 1994) and Autism
Diagnostic Observation Schedule-Korean version (ADOS-K)
(Lord et al., 2000), were reviewed by each team. Each team
included at least one board certified Korean child psychiatrist
and either a second board certified psychiatrist or a child
psychologist. Discrepancies were resolved by reaching a
consensus between diagnosing clinicians. The following
characteristics were exclusionary for ASD participants: 1) a
past or present history of brain damage or convulsive disorder;
2) intellectual disability or specific language impairment; and
3) comorbid child and adolescent psychiatric disorders based
onDSM-IV-TR. All typically developing subjects were screened
by two child and adolescent psychiatrists with assessments
including a neurological examination and a psychological
assessment. None had a past or current developmental,
medical or psychiatric diagnosis. Participants were not
sedated for the MRI scanning; none were taking any psycho-
active medications on the day of the scanning.

This study was approved by the institutional review boards
for research with human subjects at the University Hospital
where this study was performed and at the Gachon Neurosci-
ence Research Institute in Incheon, South Korea, where all
subjects were scanned. All subjects and their parents were
given a full description of the study and provided prior written
informed assent and consent, respectively.
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5.2. Screening and diagnostic tools

5.2.1. Social Responsiveness Scale (SRS)-Korean version
The SRS is a 65-item rating scale that quantifies the presence
and severity of autism symptoms. It can be used in both
clinical and general populations. It is a parent and/or teacher
report measure of children's social impairments in naturalis-
tic social settings. Each item of the scale inquires about an
observed aspect of the reciprocal social behavior with a rating
between 0 and 3. The SRS includes items that ascertain social
awareness, social information processing, capacity for recip-
rocal social responses, social anxiety/avoidance and charac-
teristic autistic preoccupations/traits. The SRS generates a
singular scale score that serves as an index of severity of social
deficits in the autism spectrum (Constantino et al., 2003). The
English language version of the SRS has high test–retest
reliability, strong correlations with DSM-IV criterion scores
generated from the ADI-R and distinguishes children with
pervasive developmental disorders from children with other
child psychiatric conditions (Constantino and Todd, 2000). Our
research team completed the translation and back-translation
of the SRS and has accumulated screening data for approxi-
mately 1,280 school-aged children. SRS raw score ≥70 in boys,
the recommended cut-off score in American children, corre-
sponded to 97th percentile scores in the Korean normative
sample, resulting in 83% positive predictive value for ASD
diagnoses (personal communication, Dr. Y.S. Kim, December
2009).

5.2.2. Autism Diagnosis Interview-Revised-Korean version
(ADI-R-K) and Autism Diagnostic Observation Schedule-
Korean version (ADOS-K)
We used the ADI-R-K and ADOS-K to diagnose all subjects with
ASD. The ADI-R (Lord et al., 1994) is a standardized, semi-
structured clinician-administered interview of caregivers for
individuals with autism. It provides diagnostic algorithms for
ICD-10 and DSM-IV-TR definitions of autism. The interview
contains over 100 items that solicit information about a child's
language, communication, social development, play, unusual
behaviors and interests, and developmental milestones. In
order to meet ADI-R diagnostic criteria, it is necessary to score
above a specified threshold on each of the four algorithm
domains: Communication, Social Interaction, Repetitive Behav-
iors, andAge atOnset of some symptoms. TheADOS (Lord et al.,
2000) is a semi-structured assessment of social interaction,
communication, play and imaginative use of materials, in
standardized contexts, for individuals who may have autism
orASD. Unlike theADI-Rwhich inquires into current and earlier
development, the ADOS is a synchronic assessment of the
current status. As part of the ADOS, planned social activities,
referred to as “presses”, are created in which a range of social
initiations and responses are likely to appear. In the same way,
communication opportunities are designed to elicit a range of
interchanges. Play situations are included to allow observations
of a range of imaginative activities and social role-play.
Structured activities and materials and less structured in-
teractions provide standard contexts within the ADOS in
which social, communicative and other behaviors relevant to
the understanding of ASD can be observed. The ADOS consists
of fourmodules. Each one is appropriate for children and adults
at differentdevelopmental and language levels, ranging fromno
expressive or receptive use of words, to fluent complex
language. Reliability and validity of the ADI-R and ADOS have
been shown to be adequate, and together they form the
“gold standard” for autism diagnosis (Lord et al., 1994, 2000).
The ADI-R andADOShave been translated and back-translated,
and their validity in Korean children has been established
(personal communication, Drs. Y.S. KimandH.J. Yoo, December
2009).

5.2.3. Korean Educational Development Institute-Wechsler
Intelligence Scale for Children-revised-III (KEDI-WISC)
Full scale, verbal and performance IQs weremeasured for both
ASD and control subjects.

5.2.4. Schedule for Affective Disorders and Schizophrenia for
Children-Present and Lifetime Version-Korean Version (K-SADS-
PL-K)
This semi-structured interview schedule was used to exclude
comorbid child and adolescent psychiatric disorders in study
participants. The Korean version of the K-SADS-PL was
translated and back-translated, and its validity and reliability
on ADHD, tic disorder, and oppositional defiant disorder have
been reported (Kim et al., 2004).

5.2.5. Continuous Performance Test (CPT)
The CPT was used to quantitatively assess inattention
(omission errors) and impulsivity (commission errors) in all
subjects. We used a Korean language version that we
developed and standardized (Shin et al., 2000), which presents
letters, shapes, and numbers as target and non-target stimuli,
in a random order at regular intervals. All results are
automatically scored. Mean accuracy and mean response
time (RT) to correct responses were also recorded.

5.3. MRI data acquisition and analysis

5.3.1. Scanning procedures
We used a 1.5 T clinical scanner (Avanto, Siemens, Erlangen,
Germany) with a gradient strength of 40 mT/m and a 12-
channel head matrix coil. Diffusion weighted images were
acquired using a spin-echo based single-shot echo-planar
diffusion sequence. The DTI pulse sequence used dual bipolar
diffusion gradient pulses and a double spin echo to suppress
eddy current induced artifacts (i.e., ghosting artifact and
geometric distortion artifact). The specific MR imaging pa-
rameters used were: repetition time (TR)=6500 ms; echo time
(TE)=86 ms; number of diffusion gradient directions=30; b
value=900 s/mm2; number of excitations=2; GRAPPA reduc-
tion factor=2. The field of view (FOV) was 230×230 mm,
matrix size was 128×128 mm, in-plane resolution was
1.8×1.8 mm, and slice thickness was 3 mm without gap.

5.3.2. Image processing
Acquired diffusion data were preprocessed using FMRIB Soft-
ware Library (FSL, Oxford, United Kingdom) (Smith et al., 2004).
Brain images obtainedwith amatrix coil (multi-channel phased
array coil) are brighter near the coil than in central regions. To
address this heterogeneity, we performed the bias correction.
Then, to remove eddy-current distortions and minor head
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motions, we performed affine registration to non diffusion
weighted (b=0) images. All subject registrations had rotations
less than 5° and translations less than 2 mm. FA and MDmaps
aswell as the eigen-valuemaps (λ1,λ2,λ3)were calculatedusing
DTIFitwithin theFSLFDT toolbox.Values for axial (λ1) and radial
([λ2+λ3]/2) diffusivity were calculated using MATLAB (Math-
Works, Natick, MA).

Voxel-based group differences were performed separately
on the FA, MD, axial diffusivity (AD) and radial diffusivity (RD)
images of all subjects using Tract-Based Spatial Statistics
(TBSS) (Smith et al., 2006). We performed spatial normaliza-
tion for group analyses. To normalize FA (or MD, AD and RD)
images, we aligned each FA (or MD, AD and RD) image to every
other one, identified the most representative one, and used
this as the target image. This target image was then affine-
aligned into MNI152 standard space, and every image was
transformed into MNI152 space by combining the nonlinear
transform to the target FA (or MD, AD and RD) image with the
same affine transform used for the target image.

5.3.3. Definition of regions of interest
Regions of interest (ROIs) were defined in the anterior
thalamic radiation (ATR), the superior thalamic radiation
(STR) and the posterior thalamic radiation (PTR), as suggested
in the previous report (Wakana et al., 2004), along with the
corpus callosum (CC), inferior longitudinal fasciculus (ILF), and
uncinate fasciculus (UF). Regions were created by overlying
the TBSS-generated skeleton from the Johns Hopkins Univer-
sity DTI-based probabilistic tractography atlas for the tracts of
interest (Mori et al., 2005).

5.4. Statistical analysis

Given the two distinct sources of patient ascertainment, we
first contrasted the clinical measures of the boys referred from
the clinical setting to those who had been ascertained from
the epidemiological study. We performed whole-brain voxel-
wise analyses for FA or MD.

For statistical inference, including correction for multiple
comparisons across space, we used permutation testing
(Nichols and Holmes, 2002) on our data implemented in
RANDOMISE, a part of the FSL software package. The number
of permutations to be performed was set at 5,000 for
significant group differences (or correlations, respectively)
at a level of p<0.05. Correction for multiple comparisons and
cluster formation preceded with threshold-free cluster en-
hancement (TFCE) (Smith and Nichols, 2009), which avoids
using an arbitrary threshold for the initial cluster-formation.

Wealso examined group-differences in FAorMD, ADandRD
for regions-of-interest (ROI) in theATR, STR, PTR,CC, ILF, andUF
with random effects analysis of variance (ANOVA). Finally, we
calculated Pearson correlations between FA values or MD for
each ROI and the SRS total score, the four domains of theADI-R-
K and ADOS-K and the four T-scores (mean=50, SD=10) for CPT
measures (omission errors, commission errors, response time
(RT), andRTstandarddeviation (SD) (Shin etal., 2000) usingSPSS
version 11.5.Wealso conducted secondary analyses of FAorMD
in the ROIs to confirm that our results were not driven by
outliers in the clinically referred subgroup. Statistical signifi-
cance thresholds were set at p<0.05.
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