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Abstract: Autism spectrum disorder is a complex neurodevelopmental variant thought to affect 1 in 166
[Fombonne (2003): ] Autism Dev Disord 33:365-382]. Individuals with autism demonstrate atypical social
interaction, communication, and repetitive behaviors, but can also present enhanced abilities, particularly
in auditory and visual perception and nonverbal reasoning. Structural brain differences have been
reported in autism, in terms of increased total brain volume (particularly in young children with autism),
and regional gray/white matter differences in both adults and children with autism, but the reports are
inconsistent [Amaral et al. (2008): Trends Neurosci 31:137-145]. These inconsistencies may be due to dif-
ferences in diagnostic/inclusion criteria, and age and Intelligence Quotient of participants. Here, for the
first time, we used two complementary magnetic resonance imaging techniques, cortical thickness analy-
ses, and voxel-based morphometry (VBM), to investigate the neuroanatomical differences between a
homogenous group of young adults with autism of average intelligence but delayed or atypical language
development (often referred to as “high-functioning autism”), relative to a closely matched group of typi-
cally developing controls. The cortical thickness and VBM techniques both revealed regional structural
brain differences (mostly in terms of gray matter increases) in brain areas implicated in social cognition,
communication, and repetitive behaviors, and thus in each of the core atypical features of autism. Gray
matter increases were also found in auditory and visual primary and associative perceptual areas. We
interpret these results as the first structural brain correlates of atypical auditory and visual perception in
autism, in support of the enhanced perceptual functioning model [Mottron et al. (2006): ] Autism Dev
Disord 36:27—-43]. Hum Brain Mapp 31:556-566, 2010.  © 2009 Wiley-Liss, Inc.
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INTRODUCTION

Despite extensive neurobiological research, the structural
brain bases of autism remain elusive. An increase in total
brain volume has been consistently reported in young chil-
dren with autism [Courchesne et al.,, 2001, Hazlett et al.,
2005; Sparks et al., 2002; Stanfield et al., 2008]. However,
while some studies have found that this increased total
brain volume persists in adolescents and adults with au-
tism [Freitag et al., 2009; Hazlett et al., 2006], others have
reported a normalization of total brain size [Aylward
et al.,, 2002; Redcay and Courchesne, 2005] at these later
stages of development. It is also unclear whether the
reported increase in total brain volume might be due to
gray matter (GM) volume [Hazlett et al., 2006], white mat-
ter (WM) volume [Herbert et al., 2004], or some combina-
tion of both.

Findings of regional structural brain differences in autism
are also inconsistent, particularly with regard to the local-
ization and direction (increases or decreases) of the findings
[Amaral et al., 2008; Stanfield et al., 2008]. The inconsistent
findings on regional structural brain differences in autism
may be due to the heterogeneity within the syndrome, vari-
able inclusion/diagnostic criteria (e.g., individuals with au-
tism of average intelligence but a history of delayed or
atypical language development—often referred to as “high-
functioning autism”—versus individuals with “Asperger’s
syndrome,” who have average intelligence but no language
delay) [Kwon et al., 2004; McAlonan et al., 2008], differen-
ces in age, gender, intelligence quotient (IQ), matching cri-
teria, with control groups [Craig et al., 2007; Salmond et al.,
2007; Spencer et al., 2006], or in the methods used [Amaral
et al., 2008; Stanfield et al., 2008].

Many magnetic resonance imaging (MRI) studies on au-
tism have used voxel-based morphometry (VBM), a tech-
nique that gives a probabilistic measure of local GM and
WM concentration [Ashburner and Friston, 2000]. VBM
studies have found both increased and decreased regional
GM and WM differences in individuals across the autism
spectrum relative to typically developing controls [Abell
et al., 1999; Boddaert et al., 2004; Bonilha et al., 2008;
McAlonan et al., 2002, 2005, 2008; Rojas et al., 2006; Waiter
et al.,, 2004]. In the present study, our goal was to investi-
gate the structural brain differences in a homogeneous
group of individuals with autism of average intelligence.
In reviewing the studies that investigated autistics with
average intelligence, the results converge somewhat, but
are still not very consistent. For example, in the first VBM
study of 15 autistics adults, Abell et al. [1999] found GM
decreases in anterior parts of an amygdala-based system
(right paracingulate sulcus, left inferior frontal gyrus) and
increased GM in posterior parts (amygdala/peri-amygda-
loid cortex, middle temporal gyrus, inferior temporal
gyrus), and in regions of the cerebellum [Abell et al.,
1999]. A later VBM study in young adult males with au-
tism revealed similar findings, but in the opposite direc-
tion (increase or decrease) for some structures (e.g., left

inferior frontal gyrus) [Waiter et al., 2004]. In a study of
autistic adults, McAlonan et al. [2002] reported some simi-
lar findings to Abell et al. [1999] and Waiter et al. [2004] in
terms of GM decreases in frontal, limbic, basal ganglia, pa-
rietal, and cerebellar regions, but they also reported some
WM changes [McAlonan et al., 2002]. In a later study,
McAlonan et al. [2005] obtained consistent findings in a
group of children with autism [McAlonan et al., 2005].
Most recently, McAlonan et al. [2008] demonstrated re-
gional GM differences between children with autism of av-
erage intelligence but with a history of atypical language
development and children with Asperger’s, which sug-
gests that the underlying neurobiology across these autism
subtypes is at least partly discrete [McAlonan et al., 2008].
These findings stress the importance of considering the
history of language acquisition as a valuable tool to refine
the study of autism.

While the above VBM studies have successfully demon-
strated structural brain differences in autism, the VBM
technique is limited by the fact it conflates information
about morphology, size, and position [Ashburner and Fris-
ton, 2001]. In contrast, the measurement of cortical thick-
ness (CT) provides a more direct index of cortical
morphology that is less susceptible to positional variance
given that the extraction of the cortex follows the GM sur-
face despite local variations in its position [Kim et al.,
2005; MacDonald et al., 2000]. Cortical thinning has been
demonstrated in adults with autism of average intelligence
in frontal, temporal, and parietal areas [Chung et al., 2005;
Hadjikhani et al., 2006] that are implicated in social cogni-
tion, a core atypical feature in autism. However, another
study reported increased CT over the entire cerebral cortex
in children with autism, primarily driven by increases in
parietal and temporal cortices [Hardan et al., 2006].

The objective of the present study was to investigate
structural brain differences in autism by way of a dual-
analytic approach, combining cortical thickness analysis
and VBM together for the first time in the same partici-
pants. The advantage of combining these two techniques
lies in the complementary nature of the two methods,
where CT analysis provides a direct and specific measure
of cortical GM, and VBM provides an additional (but less
specific) measure of cortical GM, but also WM and sub-
cortical structures. In addition, when the CT analysis and
VBM results converge, we may have a greater confidence
in the results. Special attention was made to study a ho-
mogeneous group of participants with autism of average
intelligence, who currently has an average verbal ability
despite a history of delayed or atypical language develop-
ment, relative to typically developing young adults closely
matched in terms of gender, age, IQ, and handedness. We
expected to find region-specific structural brain differences
particularly in frontal, but also in temporal and parietal
brain areas that have been implicated in the core features
of autism, as well as subcortical differences, potentially in
cerebellum, brainstem, amygdala, caudate nucleus, and
hippocampus [Amaral et al., 2008; Stanfield et al., 2008].
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TABLE |. Subject characteristics

AUT CTR

Group (n =15) (n =13)
Age in years (SD/range) 22.7 (6.4/14-33) 19.2 (5.0/14-34)
Global 1IQ (SD) 100.4 (12.6) 106.6 (12.1)
Peformance IQ (SD) 102.9 (14.2) 101.7 (14.4)
Verbal IQ (SD) 104.3 (11.4) 110.0 (8.5)
ADI-R mean cut-off score (SD)

Social 239 (4.4)

Communication 18.1 (4.3)

Behavior 7.0 (2.3)

ADI-R = Autism Diagnostic Interview-Revised scores for n = 13
AUT.

METHODS
Participants

Two groups of subjects participated in the present
study: 15 young adult males with autism (AUT) with aver-
age intelligence, and 15 typically developing controls
(CTR). Groups were matched on gender, age, full-scale IQ,
and handedness (all participants were right-handed).
There were no significant differences between groups in
age (P > 0.1), or IQ (P > 0.1), which was measured by the
Wechsler intelligence scales scored with Canadian norms
[Wechsler, 1991, 1997]. The characteristics for the partici-
pants are presented in Table I.

All participants (AUT and CTR) were recruited from the
research database of the Pervasive Developmental Disor-
ders specialized clinic of the Riviere-des-Prairies Hospital
(Montreal, Canada). The AUT participants were diagnosed
using a combination of standard instruments including the
Autism Diagnostic Interview-Revised (ADI-R) [Lord et al.,
1994] the Autism Diagnosis Observation Schedule module
3 or 4 (ADOS-G) [Lord et al., 2000] combined with clinical
evaluation. Thirteen of the 15 AUT participants were
assessed with both the ADI-R and the ADOS-G. Two AUT
participants were assessed with the ADI-R only, combined
with a nonstandardized assessment based on the ADOS,
and scored above cut-off in the three areas of the ADI-R
algorithm. All AUT participants had average intelligence
and verbal ability at the time of testing, but had presented
one or more of the following atypical language features,
including late speech onset, echolalia, pronoun reversal or
unambiguous stereotyped sentences. Two of the 15 autistic
participants were on medication (i.e., concerta, effexor),
but did not take their medication on the day of the
experiment.

The CTR participants were screened by way of a ques-
tionnaire created in our laboratory to document their med-
ical health background. The CTR participants had no
personal or familial history of any autistic traits or any
other neurological or psychiatric disorder, and were not
using any psychoactive or vasoactive medications.

The present research was conducted according to the
Code of Ethics of the World Medical Association (Declara-
tion of Helsinki) and approved by the ethics committee of
the Quebec Bioimaging Network. Written informed con-
sent was obtained from all participants, and they were
compensated for their time.

Image Acquisition

Anatomical MRI scans were obtained for all participants
on the same 3 Tesla Siemens MRI scanner at the “Unité de
Neuroimagerie Fonctionnelle” of the “Centre de recherche
de I'Institut universitaire de gériatrie de Montréal” using a
Tl-weighted, magnetization prepared gradient-echo
(MPRAGE) volume acquisition with a voxel resolution of

1x1x1mm’

Brain Structural Analyses

The T1 anatomical MRIs for all subjects were submitted
to “CIVET” (http://wiki.bic.mni.mcgill.ca/index.php/
CIVET) [Ad-Dab’bagh et al., 2006; Zijdenbos et al., 2002]
for CT and VBM analyses. First, the T1 images were regis-
tered to standard MNI-space (ICBM152 template) with a
12-parameter linear transformation [Collins et al., 1994],
corrected for signal intensity nonuniformity [Sled et al.,
1998], and classified into gray matter (GM), white matter
(WM), and cerebrospinal fluid using an automatic tissue
classification algorithm [Zijdenbos, 1998] that accounted
for partial volume effects [Tohka et al., 2004]. The gray
and white tissue class maps were then processed inde-
pendently with the CT and VBM techniques.

Cortical Thickness Analysis

Deformable models were applied to the GM and WM
tissue classified maps to create GM and WM surfaces, for
each hemisphere separately [Kim et al., 2005; MacDonald
et al., 2000], resulting in four surfaces of 41,962 vertices
each. The surface deformation algorithm works by first fit-
ting the white matter surface, then expanding outward to
find the gray matter and cerebral spinal fluid intersection.
Each vertex on the white matter surface is closely related
to its gray matter surface counterpart, and CT can thus be
defined as the distance between linked vertices or “t-link”
metric [Lerch and Evans, 2005]. A CT map was calculated
for each subject, where CT was measured at every vertex
on the cortical mantle. The CT data were then blurred
using a 20-mm surface-based diffusion blurring kernel in
preparation for statistical analyses [Chung and Taylor,
2004].

Voxel-Based Morphometry

The tissue classified GM and WM maps were smoothed
using a Gaussian smoothing kernel of 12-mm full width at
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AUT > CTR

LEFT

RIGHT

Figure I.

Group cortical thickness differences. Results from the statistical
analysis of cortical thickness data from 15 autistic (AUT) versus
I5 typically developing controls (CTR) participants are displayed
at each vertex of the surface of a standardized brain (averaged
over all participants) in terms of t statistical color maps. Top
panel: areas of significant cortical thickness increases (AUT >
CTR). Bottom panel: areas of significant cortical thickness
decreases (CTR > AUT). aCG = anterior cingulate gyrus, FG =
frontal gyri, FusG = fusiform gyrus, HG = Heschl’s gyrus, IPL =
inferior parietal lobule, LG = lingual gyrus, MedFG = medial
frontal gyrus, MOG = middle occipital gyrus, ParaCG = para-
central gyrus, pCG = posterior cingulate gyrus, PostCG = post-
central gyrus, PreCG = pre-central gyrus, STS = superior tem-
poral sulcus. See Table Il for corresponding t values.

half-maximum, resulting in three-dimensional maps of
GM and WM concentration. A 12-mm smoothing kernel
was used here, as commonly used in similar VBM experi-
ments, as an ideal compromise to improve the validity of
statistical inferences, reduce inter-individual variation, and
to obtain good spatial resolution [Salmond et al., 2002]

Statistical Analyses

Statistical analyses were performed on the CT and VBM
data according to the general linear model using age as a

covariate. Between-group comparisons (AUT vs. CTR)
were conducted to test for a difference in whole-brain CT
(averaged across all cortical vertices), or total brain GM
and WM volume (averaged across all GM or WM voxels),
as well as the corresponding regional measures (at each
vertex for cortical thickness, or at each voxel for VBM),
defined according to the atlas of Duvernoy [1999]. To visu-
alize the results, the CT and VBM results were then pro-
jected onto a study-specific template: either an average
cortical surface (for CT), or brain volume (for VBM), which
were created by averaging the MRIs across all participants
(see Figs. 1 and 2). The CT and VBM results were

AUT > CTR

Figure 2.

Group VBM differences. Results from the statistical analysis of
VBM from |5 autistic (AUT) versus |5 typically developing con-
trols (CTR) participants are displayed in the form of t statistical
color maps superimposed on either the surface of a standar-
dized brain (e.g., top left brain image) to facilitate the compari-
son with the cortical thickness results, or on a standardized
brain anatomical MRI volume (e.g. top right brain image) (aver-
aged over all participants). Top panel: areas of significant GM
increases (AUT > CTR). Bottom panel: areas of significant GM
and WM decreases (CTR > AUT). MFG = middle frontal gyrus,
PreCG = pre-central gyri, PostCG = post-central gyrus, BS =
brainstem, CB = cerebellum. See Table Ill for corresponding t
values.
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TABLE Il. Group cortical thickness differences

Sterotaxic coordi-

AUT: cortical CTR: cortical

nates (MNI-space) t-value thickness thickness

Brodmann at peak value in value in

Area (BA) Hemisphere X y z vertex” mm (SD) mm (SD)

Cortical thickness increases (AUT > CTR)
Anterior fusiform gyrus 20 Left —40 —26 -22 2.80 3.81 (0.19) 3.62 (0.20)
Anterior superior temporal sulcus 22 Left —54 -16 -5 3.70 3.74 (0.23) 3.54 (0.10)
Dorsal posterior cingulate gyrus 31 Left -2 —65 24 2.60 3.68 (0.30) 3.55 (0.20)
Heschl’s Gyrus 41 Left 31 -24 14 3.00 3.85 (0.26) 3.69 (0.21)
Lingual gyrus 17 Left -8 -89 3 2.50 3.06 (0.22) 2.91 (0.16)
Medial frontal gyrus 10 Left -8 64 -1 3.80 3.13 (0.37) 2.85 (0.27)
Medial oribital frontal gyrus 11 Left -5 52 —16 3.70 2.90 (0.26) 2.70 (0.19)
Middle frontal gyrus 9 Left -27 34 41 3.30 3.50 (0.25) 3.30 (0.16)
Middle frontal gyrus 10 Left —40 55 8 3.50 3.34 (0.18) 3.13 (0.24)
Posterior fusiform gyrus 19 Left -21 —62 -8 3.10 3.32(0.13) 3.21 (0.12)
Posterior superior temporal sulcus 22 Left —48 —46 8 2.70 3.40 (0.23) 3.37 (0.18)
Ventral posterior cingulate gyrus 24 Left -2 11 37 2.80 3.61 (0.28) 3.48 (0.25)
Anterior fusiform gyrus 20 Right 41 -35 -20 2.50 3.70 (0.40) 3.56 (0.26)
Dorsal anterior cingulate gyrus 32 Right 7 20 32 5.00 3.72 (0.42) 3.53 (0.22)
Dorsal posterior cingulate gyrus 31 Right 3 —57 20 3.20 3.79 (0.26) 3.67 (0.19)
Heschl’s Gyrus 41 Right 46 -20 12 3.00 3.63 (0.29) 3.46 (0.22)
Inferior frontal gyrus 44/45 Right 48 14 24 2.70 3.41 (0.23) 3.34 (0.18)
Inferior parietal lobule 39 Right 53 57 35 2.80 3.44 (0.31) 3.24 (0.19)
Medial frontal gyrus 10 Right 5 56 -3 2.50 3.42 (0.43) 3.20 (0.31)
Middle frontal gyrus 10 Right 31 48 24 4.00 3..30 (0.26) 3.10 (0.19)
Middle occipital gyrus 18/19 Right 45 -84 2 2.30 3.12 (0.18) 3.10 (0.23)
Superior frontal gyrus 10 Right 13 66 12 3.20 2.90 (0.33) 2.61 (0.31)
Superior temporal sulcus 22 Right 45 -29 -1 3.60 3.71 (0.28) 3.62 (0.16)
Cortical thickness decreases (CTR > AUT)

Paracentral gyrus 4/5 Right 3 —-37 72 -3.70 2.78 (0.31) 2.92 (0.20)
Postcentral gyrus 3 Right 50 -16 58 —-2.70 2.41 (0.18) 2.56 (0.15)
Precentral gyrus 4 Right 33 —-14 68 —2.50 2.74 (0.25) 2.82 (0.18)

*Results significant at false discovery rate threshold g = 0.05.

thresholded at a whole-brain level using the false discov-
ery rate theory [Genovese et al., 2002] at P < 0.05 level,
with corresponding t-thresholds of 2.3 for the CT data,
and 3.7 for the VBM data.

RESULTS

No Whole-Brain Cortical Thickness/Volume
Differences

There were no significant between-group differences in
terms of whole-brain (mean) cortical thickness (AUT =
3.35 £ 0.06 mm; CTR = 3.37 £ 0.05 mm, P = 0.94) or the
volumes of total GM (AUT = 597 + 59 cm® CTR = 597 +
62 cm®; P = 0.98) or total WM (AUT = 533 + 47 cm®; CTR
=519 4 54 cm®; P = 0.47).

Regional Cortical Thickness Differences

The AUT group exhibited significantly thicker cortex rel-
ative to CTR (Table II and Fig. 1) in frontal (Brodmann
area [BA] 9, 10, 11, and 44/45), temporal (BA 41 and supe-

rior temporal sulcus), parietal (BA 39), occipital (BA 17
and 18/19), cingulate gyrus (BA 24, 31, and 32), and fusi-
form gyri (BA 19/20). The AUT group demonstrated only
three areas of significantly thinner cortex GM concentra-
tion relative to CTR, specifically the right pre- (BA 4) and
postcentral gyri (BA 3) and paracentral gyrus (BA 4/5).

Regional VBM Differences

For the VBM analysis, (Table III and Fig. 2) the AUT
group had significantly increased GM concentration rela-
tive to CTR in frontal brain areas (BA 10 and 11) and in
the brainstem, and had decreased GM in the pre- (4 and 6)
and postcentral (BA 3) gyri. The AUT group had
decreased WM in the anterior cerebellum, and brainstem,
but no significant WM increases were found.

DISCUSSION

In the present study we used a dual-analytic approach
to demonstrate converging and complementary region-
specific CT and VBM differences in a homogeneous group
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TABLE Ill. Group VBM differences

Sterotaxic coordinates
(MNI-space)

Brodmann t-value at
Area (BA) Hemisphere X y z peak voxel®
VBM GM increases (AUT > CTR)
Brainstem /midbrain — Right 14 -11 —4 4.243
Brainstem /midbrain — Left -10 -12 -7 3.76
Brainstem/reticular formation — Left -7 —41 -32 4.251
Medial frontal gyrus 10 Right 6 69 -12 3.911
Medial oribital frontal gyrus 11 Left -9 44 -11 3.716
Middle frontal gyrus 10 Right 28 50 16 5.566
Middle frontal gyrus 10 Right 26 42 12 3.967
Middle frontal gyrus 10 Left —34 43 13 3.958
VBM GM decreases (CTR > AUT)
Postcentral gyrus 3 Right 40 -33 57 —4.264
Precentral gyrus 4 Right 30 —23 65 —3.956
Precentral gyrus 6 Left -19 —21 69 -3.94
VBM WM decreases (CTR > AUT)
Anterior cerebellum — Left -2 —60 -6 -5.713
Brainstem/midbrain — Right 14 -12 —4 —4.22
Brainstem /midbrain — Right 1 -20 -13 —4.062

“Results significant at false discovery rate threshold g = 0.05

of young adults with autism and average intelligence rela-
tive to closely matched typically developing controls. In
light of recent structural brain differences found between
individuals diagnosed with different subtypes of autism
(autism versus Asperger’s syndrome) [Kwon et al., 2004;
McAlonan et al, 2008], the homogeneity of the present
sample (inclusion of only autistic participants of average
intelligence who had a delayed language acquisition but
now have average verbal ability) is an important improve-
ment over previous structural imaging studies that did not
distinguish in terms of autism spectrum subtypes. More-
over, the close matching of our groups in terms of age, 1Q,
gender, and handedness, reduces potential confounds due
to these factors. The combined approach of using both CT
and VBM provided the means to directly investigate corti-
cal GM (by CT), and also to investigate subcortical GM
and WM (by VBM) in the same group of autistic partici-
pants. The converging results found here from the CT and
VBM analysis, allows us to make more confident interpre-
tations about the structural brain differences found in
autism.

A Dual-Analytic Approach to Investigating
Structural Brain Differences in Autism: Evidence
From Cortical Thickness Analysis and
Voxel-Based Morphometry

The autism and control groups did not differ in terms of
mean CT or total GM/WM volume over the entire brain.
This lack of whole-brain difference is probably due to the
fact that our participants were young adults, and brain
volume increases in autism have typically been reported

during very young childhood [Courchesne et al., 2001;
Hazlett et al., 2005; Sparks et al., 2002], and whether or not
this increased brain volume persists into adulthood is con-
troversial [Aylward et al.,, 2002; Herbert, 2005; Palmen
et al., 2005; Piven et al., 1996, Redcay and Courchesne,
2005]. However, both CT and VBM analyses demonstrated
persistent regional structural differences in the autistic
group.

As expected, the CT analysis demonstrated regional GM
differences in autistic participants particularly in frontal
cortex, which is consistent with the location of previous
GM differences found in autism, including the middle
frontal gyrus [Bonilha et al., 2008; Hadjikhani et al., 2006;
McAlonan et al., 2005; Waiter et al., 2004], superior frontal
gyrus [Bonilha et al., 2008; Hadjikhani et al., 2006, Waiter
et al, 2004], inferior frontal gyrus [Abell et al., 1999;
Bonilha et al., 2008; Hadjikhani et al., 2006; McAlonan
et al, 2005], and medial orbital frontal cortex [Bonilha
et al., 2008; Hadjikhani et al., 2006; McAlonan et al., 2005;
Waiter et al.,, 2004]. The VBM cortical GM results con-
verged with the CT findings in terms of GM increases in
middle and medial orbital frontal gyrus. The CT and VBM
analyses also converged in terms of finding GM decreases
in pre- and postcentral gyri, which is consistent with pre-
vious findings of GM differences in similar brain areas
[Bonilha et al., 2008; Hadjikhani et al., 2006; Rojas et al.,
2006]. These converging results from the CT and VBM
analyses, point to these frontal and pre-and postcentral
regions as key areas in which brain structure differs in
autism.

The CT analysis also demonstrated GM differences in
various other cortical areas which are consistent with pre-
vious findings in autistic individuals with average
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intelligence, including the superior temporal sulcus [Bod-
daert et al., 2004; Hadjikhani et al., 2006], inferior parietal
lobule [Bonilha et al., 2008; Hadjikhani et al., 2006], cingu-
late [Bonilha et al., 2008; Hadjikhani et al., 2006; McAlonan
et al, 2005; Waiter et al., 2004], lingual gyrus [Bonilha
et al., 2008; Hadjikhani et al., 2006; Waiter et al., 2004],
fusiform gyrus [Bonilha et al., 2008; Hadjikhani et al.,
2006; McAlonan et al., 2005, Rojas et al.,, 2006; Waiter
et al., 2004], and middle occipital gyrus [Bonilha et al.,
2008; Hadjikhani et al., 2006]. In addition, for the first
time, the CT analysis revealed thicker GM in primary au-
ditory cortex. These latter results are in contrast to a set of
studies by Rojas et al. that failed to find differences in the
volume of the primary auditory cortex between adults
[Rojas et al., 2002] or children [Rojas et al., 2005] with au-
tism relative to typically developing controls. The fact that
Rojas et al. [2002, 2005] did not find primary auditory cort-
ical volume differences in autism, or that the present VBM
analyses did not completely overlap with the CT findings
reported above, may be due to the fact that the CT tech-
nique was more sensitive to detect subtle cortical differen-
ces in these regions. Support for this claim comes from a
recent CT study [Hyde et al., 2007] that demonstrated au-
ditory cortical differences in individuals with a congenital
musical disorder (congenital amusia), that were not previ-
ously found with the VBM technique in the same individ-
uals [Hyde et al., 2006].

However, unlike the CT technique, VBM provides a
way to investigate subcortical GM as well as WM differen-
ces. Consistent with previous reports, the VBM analysis
revealed subcortical GM differences in the brainstem [Elia
et al., 2000; Jou et al., 2008; Stanfield et al., 2008] and WM
differences in the cerebellum [Amaral et al., 2008; McA-
lonan et al., 2005; Stanfield et al., 2008]. Because of the in-
herent uncertainty of the tissue classification in the
brainstem and cerebellum, caution must be used when
interpreting differences in these regions as truly corre-
sponding to GM or WM. Nonetheless, the VBM results
complement the CT findings by demonstrating GM/WM
differences in the brainstem and cerebellum.

Structural Brain Differences Found in Brain
Areas That are Functionally Atypical in the Core
Features of Autism

The present results are important from a functional per-
spective since the region-specific CT and VBM differences
were found in brain areas that play a functional role in the
core features of autism (social, communication, repetitive
behaviors). Regional GM differences were found in
socially-relevant brain areas (inferior frontal cortex, supe-
rior temporal sulcus, cingulate gyrus, middle occipital
gyrus, fusiform gyrus, and inferior parietal lobule) [for a
review of the role of these regions in social cognition in
typical development see Adolphs, 2001; Redcay, 2008] that
have been shown to be atypical in autism [Hadjikhani
et al., 2006; Redcay, 2008], in communication-related brain

areas (superior temporal sulcus and inferior frontal gyrus)
that have been shown to be atypical in autism [for a
review of the role of these regions in communication in
typical development and in autism see Redcay, 2008], and
in brain areas implicated in repetitive behaviors (orbital
frontal gyrus, and anterior cingulate gyrus) [Atmaca et al.,
2007; Whiteside et al. 2004] that have been shown to be
atypical in autism [Rojas et al., 2006]. GM differences were
also found in brain areas that play a role in empathic
behavior (inferior frontal gyrus, superior temporal sulcus,
inferior parietal lobule) [for a review see Hadjikhani et al.,
2006], and face-related areas (pre- and postcentral gyri)
[Adolphs et al., 1996] that have been shown to be atypical
in autism [Hadjikhani et al., 2006].

Neuroanatomical Evidence in Support of the
Enhanced Perceptual Functioning Model of
Autism

In addition to the brain structural differences found in
brain regions that are implicated in the core features of au-
tism, we demonstrate CT increases in autism in visual cor-
tex (middle occipital gyrus), and for the first time, in
primary auditory cortex (Heschl’s gyrus). While structural
differences in the middle occipital gyrus in autism have
previously been reported and linked in a general way to
social cognition [Hadjikhani et al., 2006], here we propose
the novel interpretation that these visual and auditory
cortical thickness increases may be related to enhanced
low-level and locally-oriented visual [Bertone et al., 2005;
Dakin and Frith, 2005], and auditory [Jarvinen-Pasley and
Heaton, 2007; Samson et al., 2006] perception in autism
[for a review of the enhanced role and function of percep-
tion in autism, see the enhanced perceptual functioning
model in Mottron et al., 2006]. An increased role of visual
associative areas in autistic participants has been demon-
strated in a variety of tasks involving the manipulation of
visual stimuli, including problem-solving tasks [for rele-
vant findings and a review, see Soulieres et al., 2009].
Atypical visual perception in autism, in particular in the
form of more local visual analysis, is also related to atypi-
cal face perception [Lahaie et al., 2006].

The CT increase found in primary auditory cortex of the
autistic group is particularly interesting given that this
region is known to play a key role in low-level pitch per-
ception in typically developing individuals [McDermott
and Oxenham, 2008; Zatorre, 2001], and individuals with
autism have enhanced low-level pitch perception [Bonnel
et al., 2003; Heaton, 2005; Heaton et al., 2008; Samson
et al.,, 2006]. Moreover, recent functional MRI findings
from our laboratory (in the same participants tested here)
revealed atypical brain activation in the autistic group in a
proximal primary auditory cortical region in response to
sounds that varied spectro-temporally [Samson et al.,
2008]. These results motivate future studies to more closely
examine the relationship between visual and auditory cort-
ical structure, function, and behavior in autism.
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Interpreting the Directionality of Brain
Structural Differences in Autism

The present findings of mostly regional increases in cort-
ical GM in the autistic group (versus only three areas of
decreased cortical GM) are consistent with regional GM
increases found in several other similar structural MRI
studies [Bonilha et al., 2008; Hardan et al., 2006; Rojas
et al.,, 2006; Waiter et al., 2004]. Overall, the present study
is similar to these studies in the age ranges studied [Rojas
et al., 2006; Waiter et al., 2004], the homogeneity of the
samples, matched control groups, and structural MRI tech-
niques used. However, the present findings are in contrast
to other MRI studies that have principally shown GM
decreases [Boddaert et al.,, 2004; Hadjikhani et al., 2006;
McAlonan et al., 2005]. The differences in the direction of
results (increases versus decreases) between the present
study and the studies by Boddaert et al. [2004] and
McAlonan et al. [2005] may be in part due to age-related
differences since these authors studied children with au-
tism, and we studied young adults. Moreover, in the pres-
ent study, only individuals with autism and average
intelligence were included, whereas the Boddaert et al.
[2004] study included participants with low-functioning
autism, some of who had severe mental retardation. In
contrast to a study by Hadjikhani et al. [2006], here we
included a homogeneous sample of young adults with au-
tism (excluding Asperger’s syndrome), whereas Hadjikhani
et al., [2006] included participants diagnosed with autism,
Asperger’s syndrome, or a pervasive developmental disor-
der not otherwise specified. Based on findings of structural
brain differences found between subtypes within the autism
spectrum (autism vs. Asperger’s syndrome) [Kwon et al,
2004; McAlonan et al., 2008], it is plausible that the hetero-
geneity of the Hadjikhani et al., [2006] sample contributes
to the different direction in the GM findings (i.e., regional
cortical thinning versus cortical thickening found in our
homogeneous sample of only autistic individuals).

A challenging issue in this type of MRI structural brain
imaging research is how to interpret the direction of the
results (increased versus decreased GM), particularly in
the absence of behavioral measures as in the case of the
present study. Depending on the function of interest and
the interpretation, a regional increase or decrease in GM
may reflect a positive or negative symptom of a given dis-
order [Gernsbacher, 2007]. The important point here is
that we have found region-specific brain structural differ-
ences in autism in functionally relevant areas that are dif-
ferent from typically developing matched controls.

Microstructural Nature of Brain Structural
Differences in Autism

While we have discussed the functional significance of
the brain structural differences found here, the underlying
structural properties of these results are not trivial to
explain. CT and VBM techniques provide a viable index of

brain structure differences in autism, but these techniques
are not designed to measure microstructural changes. The
brain structural differences in autism found here might be
the product of atypical neurogenesis, neuronal cell death,
production of nonneuronal brain tissues (i.e., glial cells),
synaptic pruning, or abnormalities of myelin [Bauman and
Kemper, 2005]. Consistent with the present findings of
increased CT and GM concentration in the prefrontal cor-
tex in the autism group, Casanova et al. [Buxhoeveden
et al., 2006; Casanova et al., 2002, 2006] have demonstrated
that there are an atypical number and width of the small-
est cortical columns (minicolumns), as well as increases in
neuronal density on the order of 23% [Casanova et al.,
2006], in individuals with autism, particularly in prefrontal
cortex. The sum of these microstructural changes could
amount to structural differences that are detectable on a
macrostructural level such as those observed in the pres-
ent study by way of CT and VBM techniques.

Study Limitations

There are some limitations to our work. First, because
our study only addressed a subset of the autism spectrum
and that we had a relatively small sample size; the results
may not apply to the entire population with this condition.
In particular, these results may not apply to individuals
with Asperger’s syndrome, autism, and low nonverbal IQ,
younger autistic individuals, or to individuals with sec-
ondary autism. Next, just as many previous structural
MRI studies, our study had a cross-sectional design, which
does not allow conclusions about causality. Future struc-
tural MRI studies with a longitudinal design will be neces-
sary to trace brain development in autism. Correlations
between the structural brain differences found here with
behavioral measures, for example visual and auditory per-
ceptual measures, would serve to make stronger inferences
about these structural brain differences. Finally, additional
imaging techniques that can examine microstructural
aspects of GM and WM, such as spectroscopy and T2
relaxometry, will be a key to better understand the under-
lying etiologies of GM/WM atypicalities in autism.

CONCLUSIONS

In conclusion, here we demonstrate regional structural
brain differences in a homogeneous group of individuals
with autism for the first time using a dual-analytic
approach, by way of cortical thickness analysis and voxel-
based morphometry. The combination of these two techni-
ques in the same sample of individuals with autism pro-
vides complementary information on both cortical and
subcortical GM/WM structural differences. The converg-
ing nature of the CT and VBM cortical GM differences
allow us to make stronger conclusions regarding structural
brain differences in autism. These structural differences
are key from a functional perspective since differences
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were found in brain regions that subserve the core atypical
features in autism (social, communication, and repetitive
behaviors), as well as in enhanced auditory and visual
perception. Further studies in other neurodevelopmental
conditions will determine the specificity of the present
results as a neurobiological marker of autism.
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