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Neurobiology of Disease

Cortical Folding Abnormalities in Autism Revealed by
Surface-Based Morphometry
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We tested for cortical shape abnormalities using surface-based morphometry across a range of autism spectrum disorders (7.5-18 years
of age). We generated sulcal depth maps from structural magnetic resonance imaging data and compared typically developing controls
to three autism spectrum disorder subgroups: low-functioning autism, high-functioning autism, and Asperger’s syndrome. The low-
functioning autism group had a prominent shape abnormality centered on the pars opercularis of the inferior frontal gyrus that was
associated with a sulcal depth difference in the anterior insula and frontal operculum. The high-functioning autism group had bilateral
shape abnormalities similar to the low-functioning group, but smaller in size and centered more posteriorly, in and near the parietal
operculum and ventral postcentral gyrus. Individuals with Asperger’s syndrome had bilateral abnormalities in the intraparietal sulcus
that correlated with age, intelligence quotient, and Autism Diagnostic Interview-Revised social and repetitive behavior scores. Because of
evidence suggesting age-related differences in the developmental time course of neural alterations in autism, separate analyses on
children (7.5-12.5 years of age) and adolescents (12.75-18 years of age) were also carried out. All of the cortical shape abnormalities
identified across all ages were more pronounced in the children. These findings are consistent with evidence of an altered trajectory of
early brain development in autism, and they identify several regions that may have abnormal patterns of connectivity in individuals with

autism.
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Introduction

Autism spectrum disorders are characterized by abnormal social
behavior, impaired communication, and repetitive interests and
behaviors (American Psychiatric Association, 1994). Asperger’s
syndrome is a subtype of autism spectrum disorders that is dif-
ferentiated from high-functioning autism based on normal de-
velopment of cognitive and language skills before 3 years of age.
Although not a diagnostic distinction, high- and low-functioning
autism are often distinguished based on intelligence quotient
(IQ) scores and reflect differences in educational needs and out-
comes (Volkmar and Klin, 2005).

The neuropathology of autism remains poorly understood,
although structural magnetic resonance imaging (MRI) studies
have provided important information about gross structural ab-
normalities. Volumetric studies have revealed differences in both
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cerebral gray and white matter (Piven et al., 1996; Carper et al.,
2002; Hazlett et al., 2005a,b; Hendry et al., 2005; McAlonan et al.,
2005) as well as specific regional abnormalities in the amygdala,
hippocampus, cerebellum, and frontal lobes (Aylward et al.,
1999; Carper et al., 2002; Sparks et al., 2002; Schumann et al.,
2004; Carper and Courchesne, 2005). There is converging evi-
dence that the time course of brain development is altered in
autism (Carper et al., 2002; Schumann et al., 2004), with a pre-
cocious period of early growth that may be idiosyncratic for dif-
ferent brain regions.

In contrast to volumetric studies of various brain regions,
cortical folding patterns have not been studied extensively using
structural imaging. Abnormalities in cortical folding may arise
from altered patterns of connectivity (Van Essen, 1997) and
would be consistent with existing evidence of increased white
matter (Herbert et al., 2003, 2004) and aberrant white matter
structure (Barnea-Goraly et al., 2004; Hendry et al., 2005) in
autism. Three studies of cortical shape characteristics in autism,
each using a different approach, report abnormalities in the cor-
tical surface (Piven et al., 1990; Levitt et al., 2003; Hardan et al.,
2004). Piven et al. (1990) examined cortical shape characteristics
in a group of adults with high-functioning autism by qualitatively
rating high-resolution MRI scans for various cortical malforma-
tions. Relative to a group of age- and IQ-matched controls, indi-
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Table 1. Subject demographics

LFA HFA ASP 1))
n 17 14 15 29
Age 133(29) 1.4(3.1) 123(3.2) 11.8(2.6)
Full-scale 1Q 56 (10)* 89 (16)* 97 (17)* 115(12)
Verbal IQ — 87 (21)* 105 (23) 113 (14)
Performance I1Q — 92 (13)* 91 (16)* 114 (13)
ADI-R Social 23 (6) 19 (6) 18 (4) —
Communication 16 (4) 16 (3) 14 (4) —
Repetitive behavior 7(3) 6(2) 7(4) —

Data are expressed as mean (SD). Verbal and performance 1Q scores are not available for LFA subjects. 1Q scores are
available for 19 TD subjects. *p << 0.0, significantly different from TD controls.

viduals with autism were reported to have a significantly higher
incidence of cortical abnormalities such as polymicrogyria, schi-
zencephaly, and macrogyria. In a preliminary study, Hardan et al.
(2004) reported that children and adolescents with autism had a
higher left frontal gyrification index than controls, but that adults
did not. Levitt et al. (2003), using manually traced three-
dimensional (3-D) sulcal trajectories, reported an anterior and
superior shift in the Sylvian fissure, superior temporal sulcus, and
inferior frontal sulcus in children with high-functioning autism.
Here, using a surface-based approach involving sulcal depth
maps that previously revealed dozens of folding abnormalities in
Williams Syndrome (Van Essen et al., 2006), we identify and
characterize significant folding abnormalities in each autism
spectrum subgroup.

Materials and Methods

Subjects

Participants in this study included 75 male volunteers, ages 7.5-18.5,
divided into four diagnostic groups: low-functioning autism (LFA) (full-
scale IQ <70), high-functioning autism (HFA) (full-scale IQ =70), As-
perger’s syndrome (ASP), and typically developing controls (TD). All
participants with an autism spectrum disorders (ASD) diagnosis were
recruited through the UC Davis M.LLN.D. Institute. Diagnostic assess-
ments included the Autism Diagnostic Observation Schedule-Generic
(ADOS-G) (DiLavore et al., 1995; Lord et al., 2000) and the Autism
Diagnostic Interview-Revised (ADI-R) (Lord et al., 1994). Children di-
agnosed with Asperger’s syndrome met DSM-IV criteria and had devel-
oped phrase language before 36 months. IQ scores were obtained using
the Wechsler Intelligence Scale for Children (Wechsler, 1991) or the
Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999) for high-
functioning children. The Leiter International Performance Scale-
Revised (Roid and Miller, 1997) was used to assess IQ in nonverbal
children (includingall children in the low-functioning autism group). IQ
scores for all ASD participants and 19 typically developing controls were
obtained. Subject demographics and ADI-R domain scores for the ASD
participants are provided in Table 1.

Typically developing controls were recruited from the UC Davis
M.LN.D. Institute, through newspaper advertisements in the greater Sac-
ramento area, and through word of mouth. Participants were excluded
from the study if they had a diagnosis of fragile X, seizure disorder,
tuberous sclerosis, obsessive compulsive disorder, bipolar disorder, or
any other major neurological disorder. Typically developing controls
were also excluded if they had a family member with an autism spectrum
disorder. All protocols for this study were approved by the UC Davis
Institutional Review Board. Informed consent was obtained by the par-
ent or guardian of each participant, and the study participant gave their
assent when possible. Some of the subjects in this study (all ASD subjects
and 14 typically developing controls) were also included in previous
reports (Lotspeich et al., 2004; Schumann et al., 2004).

MRI protocol

All subjects were scanned at the UC Davis Medical Center. Participants
requiring general anesthesia were scanned at the UC Davis Hospital using
a 1.5 T GE Signa Horizon imaging system (17 LFA, 13 HFA, and 7 ASP),
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and all other participants (including all TD controls) were scanned at the
UC Davis Imaging Research Center usinga 1.5 T GE Signa NV/I system.
Validation of the comparability of images from the two different scan-
ners was performed previously (Lotspeich et al., 2004). A high-resolution
three-dimensional T1-weighted scan was used for surface-based analysis
of each participant. For most subjects (n = 60; all ASD subjects and 14
TD controls), the T1-weighted sequence was a 3D spoiled gradient re-
called echo (SPGR) sequence with the following parameters: repetition
time (TR), 35 ms; echo time (TE), 6 ms; flip angle (FA), 45° field of view
(FOV), 24 cm; matrix, 256 X 256; slice thickness, 1.5 mm; 124 slices. Data
for some of the TD controls (n = 15) were obtained as part of a functional
MRI (fMRI) study (S. M. Rivera, M. L. Henry, E. A. Crone, A. M. Herrera,
and J. L. Langer, submitted manuscript) using a different 3D SPGR T1-
weighted sequence: TR 75 ms, TE minimum, FA 15°, FOV 22 cm, matrix
256 X 256, slice thickness 1.3 mm, 128 slices. Using two different SPGR
sequences to acquire the TD control data increased heterogeneity within
the TD control group, but an extensive set of validation analyses indicate
that systematic differences between the two sets of TD data do not ac-
count for the main findings reported below (see supplemental material,
available at www.jneurosci.org).

Image processing

All images were resampled to 1 mm * isotropic voxels and oriented along
a horizontal line through the anterior and posterior commissures. To
reduce variability arising from differences in total brain size, images were
spatially normalized to the standardized MNI-152 template (average of
152 T1-weighted images from the International Consortium of Brain
Mapping project) using FLIRT (FMRIB’s Linear Image Registration
Tool; http://www.fmrib.ox.ac.uk/fsl/flirt/index.html) (Jenkinson and
Smith, 2001).

Cortical surfaces and sulcal depth maps for each hemisphere were
generated and registered to the PALS-B12 (Population-average,
landmark- and surface-based) atlas target (Van Essen, 2005) using Caret
5.4 and Caret 5.5 software, as summarized below and illustrated in Figure
1. For each hemisphere, a segmentation boundary running midway
through cortical gray matter (approximating cortical layer 4) was gener-
ated using the SureFit method (Van Essen et al., 2001) (Fig. 1B). An
automated error correction algorithm followed by manual editing re-
moved topological errors and other surface irregularities. The raw corti-
cal surface enclosing the segmentation boundary was slightly smoothed
to generate a 3D fiducial surface (Fig. 1C). A cerebral hull boundary was
created by applying dilation and erosion operations to the initial cortical
segmentation (Fig. 1D), and a resulting cerebral hull surface was also
generated (Fig. 1 E). Sulcal depth was computed as the distance from each
node on the fiducial surface to the nearest node on the cerebral hull
surface. When displayed on an inflated surface (Fig. 1F), the map of
sulcal depth allows detailed information about the native cortical shape
to be viewed on an extensively smoothed surface.

Registration and standard-mesh surface representation

Cortical surfaces and sulcal depth maps for each hemisphere were regis-
tered to the PALS-B12 atlas using landmark-based registration. Six
highly consistent anatomical landmarks were drawn on each individual’s
flattened cortical surface and used to register each individual sphere to
the PALS-B12 atlas sphere. The landmarks consisted of the central sulcus,
calcarine sulcus, Sylvian fissure, anterior half of the superior temporal
gyrus, and the dorsal and ventral segments of the medial wall [compare
Fig. 2, Van Essen (2005); http://brainvis.wustl.edu/help/landmarks_
core6/landmarks_core6.html]. Two trained raters (C.W.N. and 1.M.)
performed segmentations and landmark assignments. To minimize the
effects of inter-rater differences, all segmentations and landmarks were
evaluated and revised by a third highly trained individual.

The registration process allowed each individual fiducial surface to be
represented as a “standard-mesh” representation (Van Essen, 2005) that
facilitates concurrent visualization of corresponding locations in either
hemisphere from different individuals. This was essential for making
quantitative surface-based comparisons between hemispheres and
within and across groups. Standard-mesh fiducial surfaces within each
group were averaged across subjects to generate average fiducial surfaces
for each group.
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Figure 1.  Method for generating sulcal depth maps. A, Coronal section through a high-
resolution T1-weighted MRI for an individual subject. Hemispheres are cropped and analyzed
separately. B, A segmentation boundary running midway through cortical gray matter (shown
overlaid on the MRIin pink) is used to generate a fiducial surface (C). D, A cerebral hull boundary
is created by dilating and expanding the segmentation boundary and a cerebral hull surface is
generated (E). F, Sulcal depth maps are generated by calculating the distance from each node
on the fiducial surface to the nearest node on the cerebral hull surface. Darker areas represent
deeper sulcal depth measurements.

Data analyses

Overview. Group differences were evaluated across all ages (7.5-18.5
years) for each ASD subgroup relative to TD controls (LFA vs TD, HFA vs
TD, ASP vs TD). Because of existing evidence suggesting an altered neu-
rodevelopmental time course in autism, a secondary set of analyses was
performed in which children (7.5-12.5 years) and adolescents (12.75—
18.5) were evaluated separately. Clusters identified as significantly differ-
ent between groups were viewed on group-average and individual fidu-
cial surfaces to discern the anatomical basis of the difference in sulcal
depth. For clusters identified across all ages, correlational analyses were
performed to determine whether sulcal depth measurements within ar-
eas that showed a group difference were related to age, full-scale IQ, and
ADI-R domain scores.
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Statistical analyses. For each group comparison, a -statistic value (as-
suming unequal variance) was computed at each node using the individ-
ual depth values within each group (see also Van Essen et al., 2006). Two
statistical methods, a cluster-size analysis and an interhemispheric cor-
relation analysis, were used to test for significant differences in sulcal
depth across groups. Cluster-size analyses tested for unilateral group
differences separately for the left and right hemispheres. The t-statistic
maps were thresholded at p = 0.01 for each node, which was low enough
to yield clusters of a biologically plausible size, yet not so low as to merge
clearly distinct regions. To account for multiple comparisons, permuta-
tion analyses (2500 iterations) were then applied to determine a cluster
size threshold for statistically significant group differences ( p < 0.05)
(Nichols and Holmes, 2002). Separate permutation analyses and cluster
size cutoffs were determined for each comparison. Bonferroni correc-
tions were applied for each subgroup analysis (LFA vs TD, HFA vs TD,
ASP vs TD) to control for the comparison of multiple r~-maps using the
same group of control subjects ( p values were multiplied by 3).

Interhemispheric correlation analyses tested for bilateral group differ-
ences in sulcal depth. Although a size threshold was still applied, these
analyses could detect smaller clusters than the unilateral cluster size anal-
yses provided that the pattern was bilateral. In brief, the product of
t-statistic values for left and right hemispheres was computed at each
node. The resulting ¢-correlation map was thresholded to a level equal to
double the p = 0.01 threshold for the corresponding single hemisphere
test, and permutation analyses (2500 iterations of shuffled t-maps) were
performed to identify significant interhemispheric clusters. As with the
cluster-size analyses, Bonferroni corrections were applied to the sub-
group analyses to account for the comparison of multiple r~-maps using
the same group of control subjects ( p value multiplied by 3).

Visualization and validation of sulcal depth differences. The location of
each significant cluster revealed by the statistical analyses was visualized
on individual and group-average fiducial surfaces to assess the underly-
ing biological abnormality. Group-average fiducial surfaces were also
overlaid onto the MNI-152 template MRI volume to facilitate visualiza-
tion of sulcal depth differences on MRI slices. In some instances, pro-
nounced anatomical differences were apparent in a nearby gyral region
but not in the immediate vicinity of the cluster identified by the sulcal
depth analysis (see Results, Fig. 3). Probabilistic maps were generated to
objectively visualize and validate these gyral shape abnormalities associ-
ated with nearby sulcal depth differences (for methodological detail, see
supplemental material, available at www.jneurosci.org).

Correlational analyses. For each ASD subgroup comparison with TD
controls across all ages, correlation analyses were performed using Fish-
er’s r-to-z transformation to determine the relationship between mean
sulcal depth within each significant cluster with age, full-scale IQ, and
ADI-R domain scores (social, communication, and restricted, repetitive
and stereotyped behavior). Correlations of sulcal depth with age and
full-scale IQ were examined separately for the TD group and the ASD
subgroups. Correlations between sulcal depth and ADI-R domain scores
were limited to ASD participants. No corrections were made for multiple
comparisons because these were follow-up analyses on regions previ-
ously determined to be significant.

Data access. These data are available for additional visualization and
analysis via the SumsDB database http://sumsdb.wustl.edu/sums/
directory.do?id=6612230.

Results
Group differences: cluster size and interhemispheric analyses
Across all ages (7.5-18.5 years)
Figure 2 shows t-statistic maps (-maps) for the cluster size anal-
yses and interhemispheric correlation analyses displayed on in-
flated and very inflated surfaces of the PALS-B12 atlas. Numerous
clusters exceeded the t-map thresholds, but only those identified
with arrows were statistically significant after correction for mul-
tiple comparisons (see Materials and Methods). Table 2 provides
additional information about the location and characteristics of
the significant regions.

The top two rows of Figure 2 show results for the LFA group.
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The unilateral cluster-size analysis (left A
columns) revealed that sulcal depth was
significantly deeper (p = 0.01) in the left
frontal operculum and anterior insula of
LFA compared with the TD group (blue—
green patch next to arrows in the left hemi-
sphere). The average depth difference in
this region was 2.6 mm (Table 2, top row).
In the right hemisphere, the corresponding
frontal opercular region showed the oppo-
site trend: sulcal depth was on average
slightly (albeit not significantly) deeper for
TD than for LFA, and the interhemispheric
t-correlation map was negative (i.e., anti-
correlated) in this region (blue—green
patches in top right panels). This indicates
that the sulcal depth abnormality in the
frontal operculum of the LFA group is gen-
uinely restricted to the left hemisphere,
rather than being bilateral.

For the HFA group (Fig. 2, middle rows),
the cluster-size analysis revealed that sulcal
depth was significantly deeper ( p = 0.01) in
the left parietal operculum for HFA com-
pared with the TD group. In the correspond-
ing location in the right hemisphere, the in-
terhemispheric correlation analysis revealed
that the HFA sulcal depth abnormality is
symmetric across the two hemispheres ( p =
0.005). In the left hemisphere, the HFA and
LFA sulcal depth abnormalities are separated
by 12 mm (center-to-center).

For the ASP group (Fig. 2, bottom
rows), the cluster-size analysis did not re-
veal any significant abnormalities, but the
interhemispheric correlation analysis re-
vealed a significant bilateral cluster in the
intraparietal sulcus (p = 0.02) in which
the ASP group was on average 4.5 mm
deeper than the TD group (Table 2). Al-
though this cluster passed statistical signif-
icance, it should be interpreted with cau-
tion because of heterogeneity in the TD
control group (see supplemental material,
available at www.jneurosci.org).
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T-maps for cluster size analyses (4) and interhemispheric correlation analyses (B) for each subgroup comparison
across all ages overlaid on the PALS-B12 inflated and very inflated surfaces. A, T-statistic maps are thresholded to p = 0.01.

Clusters that surpass the size threshold for significance are identified by arrows (left parietal operculum in HFA group and left

Children (7.5-12.5 years)

Analyses restricted to the younger age range
revealed a similar but more pronounced pat-
tern of significant clusters for each ASD sub-
group comparison. For the LFA and ASP subgroups, the surface area
of the significant clusters was larger and the depth differences were
greater, although the sample sizes were smaller (Table 2). More spe-
cifically, the LFA group cluster in the frontal operculum and anterior
insula was more highly significant (p < 0.0001) in the younger
group, about twice the size of the cluster identified in the comparison
made across all ages (15.7vs 7.9 cm? for LFA children vs all ages), and
the depth difference between groups was greater (3.5 vs 2.6 mm for
LFA children vs all ages). For the HFA group, similar to the compar-
ison made across all ages, interhemispheric correlation analyses re-
vealed a significant bilateral cluster in the parietal operculum ( p =

0.006). This cluster was similar in size to the clusters identified in the
comparison across all ages (4.0 vs 4.2 cm?” for HFA children vs all

frontal operculum in LFA group). B, T-correlation maps are thresholded to twice the t-value ( p = 0.01) used in corresponding
single hemisphere analyses. Bilateral clusters that surpass the size threshold are identified by arrows (intraparietal sulcus in the
ASP group and parietal operculum in the HFA group).

ages), but the depth difference between HFA and TD controls was
slightly greater in the younger comparison (2.1 vs 1.7 mm for HFA
children vs all ages). The center-to-center separation of the HFA vs
LFA depth abnormalities in the left hemisphere was greater (18 mm)
than with the all-age analysis. For the ASP group, the cluster size
analyses identified a significant cluster in the left intraparietal sulcus
(p = 0.04), and the interhemispheric correlation analysis revealed a
spatially symmetric cluster in the right hemisphere ( p = 0.0012) that
was larger (5.0 vs 2.8 cm? for ASP children vs all ages) and showed a
greater depth difference (5.6 vs 4.5 mm for ASP children vs all ages).

Adolescents (12.75-18.5 years)
There were no significant differences between any of the ASD
subgroups relative to TD controls. However, the statistical power
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the gyrus itself in C because sulcal depth is always zero at the crown of a gyrus.

to detect significant differences was considerably lower in the
adolescent age group because of smaller sample sizes, particularly
in the TD controls (9 adolescent TD controls vs 20 children TD
controls).

The statistical tests used here are relatively conservative. Our
results provide hints of several additional candidate folding ab-
normalities that may prove to be significant using larger sample
sizes or alternative statistical methods (see supplemental mate-
rial, available at www.jneurosci.org).

Localization of folding abnormalities
Although sulcal depth t-maps were critical for identifying signif-
icant differences between groups, the anatomical underpinnings
of those differences are not necessarily discernible from the
t-maps alone. A group difference revealed by the sulcal depth
analysis may, in principle, arise from a number of anatomical
configurations. Two conceptually distinct possibilities (deeper
sulcus vs more prominent gyrus) illustrated schematically in Fig-
ure 3 represent situations encountered in the present study.
Figure 4 shows results for the cluster identified in the LFA
children group comparison. Data from the younger age groups is
used for visualization purposes because the sulcal depth differ-
ences were generally greater in magnitude and of higher statistical
significance. Figure 4 A shows the sulcal depth abnormality from
the young LFA vs TD cluster-size analysis (blue) displayed on a
very inflated left hemisphere. Plots of average sulcal depth within
the significant cluster for each individual subject show that there
is very little overlap between the LFA and TD groups (Fig. 4B).
Figure 4C shows coronal slices through the average fiducial sur-
face for the LFA (red contour) and TD (blue contour) groups,
displayed on the MNI-152 MRI template. In the region of signif-
icant depth differences in the operculum (black arrow, Fig. 4C),
the slight depth difference (<1 mm) is much smaller than the
observed 3.5 mm sulcal depth difference between groups (see
Table 2). The nearby gyral cortex is more prominent in the LFA
compared with TD average fiducial surface (yellow arrow, Fig.
4C), but only in the left hemisphere (analogous to the schematic
depicted in Fig. 3C). A probabilistic map of the gyral region that
contributed to the sulcal depth measurements in the significant
cluster revealed a region centered on the pars opercularis of the
inferior frontal gyrus and extending into ventral portions of the

A, Schematic of a fiducial surface contour and the overlying cerebral hull. The sulcal depth measurement, denoted by
the dotted line, is the distance from a single node on the fiducial surface to the nearest node on the cerebral hull. B, (, Schematics
of two different anatomical configurations that could give rise to differences in sulcal depth measurements between groups. The
gray lines represent the control scenario. B, Deeper sulcus: the relative position of the gyri and sulcus are the same, but the red
fiducial surface has a deeper fundus than the control. ¢, More prominent gyrus: the difference in height of one gyrus causes the
cerebral hulls to diverge. The green fiducial surface has a deeper sulcal depth measurement than the control, but the region
associated with the depth difference is in the neighboring gyrus, not in the fundus of the sulcus. No depth difference appears on
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neighboring precentral and postcentral
gyri (Fig. 4D), high and low thresholds in
green and yellow, respectively. Within this
region, a significant difference in the
z-direction of average coordinate values
was detected (p = 0.048, corrected for
multiple comparisons of x, y, and z direc-
tions), with the LFA group extending more
ventrally than the TD group. Comparison
with cytoarchitectonic cortical areas re-
veals that the LFA folding abnormality is
centered on ventral BA 44 and extends into
ventral BA 4 and BA 6, as well as BA 43
(Fig. 4E) (Brodmann, 1909; Amunts et al.,
1999; Van Essen, 2005).

For the bilateral HFA abnormality
identified in the younger children (Fig.
5A), plots of individual depth measure-
ments for the left and right clusters (Fig.
5B) show an average depth difference of
~2 mm in each hemisphere. Figure 5C
(black arrows) shows the depth difference
within the operculum on the MNI-152 MRI template. The HFA
(red) fiducial surface is deeper than the TD (blue) bilaterally by
~1 mm. Because this depth difference is only one-half of the 2.1
mm depth difference between groups (see Table 2), the remain-
ing difference may reflect a gyral abnormality. Figure 5D shows
the probabilistic map of the affected gyral region, centered on the
ventral portion of the postcentral gyrus, on averaged HFA and
TD left hemisphere fiducial surfaces. A subtle shape difference is
discernible in the ventral postcentral gyrus, but there were no
significant differences between the average x-, y-, and
z-coordinate values. Further analyses will be required to ascertain
the relative contributions of gyral versus sulcal folding abnormal-
ities to the significant HFA sulcal depth difference.

Figure 6 shows a similar analysis for the folding abnormality
identified in the intraparietal sulcus (IPS) of the ASP group. Pos-
terior views of the average fiducial surfaces show the ASP (Fig.
6A) deeper than TD (Fig. 6 B) within the significant cluster (black
contour). The average depth difference in this region is close to 6
mm (Table 2) as is evident in Figure 6C, which shows coronal
slices through the average fiducial surfaces for ASP (red) and TD
controls (blue) overlaid on a coronal slice of the MRI template.
The IPS in the ASP group is in approximately the same location
but is markedly deeper than the TD controls (corresponding to
the schematic illustrated in Fig. 3B). Comparison to previously
defined cortical areas (Fig. 5D, E) indicates that the IPS folding
abnormality overlaps extensively with visuotopic area V7 (Press
etal,, 2001; Van Essen, 2005) and occupies a small portion of BA
19 (Brodmann, 1909; Van Essen, 2005).

Correlational analyses

Age and full-scale IQ

The folding abnormality identified in the left intraparietal sulcus
of the ASP group across all ages showed significant correlations
between mean depth and age (Fig. 7A, filled circles) (r = —0.72,
p = 0.002) but not for the corresponding region in the TD group
(open circles, r = 0.03, p = 0.86). Figure 7B shows that mean
depth in the left IPS was also correlated with IQ in both the ASP
(filled circles, r = —0.55, p = 0.03) and TD (open circles, r =
—0.47, p = 0.04) groups. Mean depth in the right IPS was not
correlated with age or IQ in either ASP or TD groups. Nor were
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Table 2. Significant clusters for group comparisons made across all ages and in children only

. . % Difference
Stereotaxic coordinates Depth relative to TD
Cluster size Cluster size in difference  average sulcal
Cluster location t-mapthreshold  threshold (mm?)  mm? (p value) X y z (mm) depth
Allages
LFA (n=17) L frontal operculum —2.69 316 793 (0.01) —37 4 9 26 13
HFA (n = 14) Bilateral parietal operculum 5.40 162 420 (0.005) +43 -12 16 17 8
ASP (n =15) Bilateral intraparietal sulcus 5.40 158 278 (0.017) +28 —67 37 45 41
Children (7.5-12.5 years)
LFA(n=28) L operculum —278 407 1568(<<0.0001)  —38 -3 5 35
HFA (n =8) Bilateral parietal operculum 5.56 205 402 (0.006) 44 —14 18 2.1 9
ASP (n=8) Bilateral intraparietal sulcus 5.56 195 496 (0.0012) +27 —69 37 56 52

No significant clusters were identified in the analyses restricted to adolescents (12.75-18.5 years). Bilateral clusters were identified by interhemispheric correlation analyses, and unilateral clusters were identified by cluster size analyses.
Different t-values (corresponding to p << 0.01) were used to generate t-maps for each comparison. Separate permutation analyses to determine significant cluster size thresholds were carried out for each comparison. Actual cluster sizes all
surpassed the size thresholds and corresponding p values were corrected for multiple comparisons to the same TD control group. For each cluster, the depth difference reflects how much deeper the ASD group was relative to the TD controls.
The depth difference is also depicted as the percentage difference relative to TD controls average depth. Cluster size refers to surface area of the cluster on the PALS average fiducial surface compensated for the average distortion relative to

individual fiducial surfaces. L, Left.

there any significant correlations between
the LFA or the HFA groups and age or IQ.

ADI-R domain scores

Correlation coefficients for each compari-
son are depicted in Table 3. For the ASP
group, mean depth in the left IPS cluster
was correlated with the restricted, repeti-
tive, and stereotyped behaviors score ( p =
0.002), and mean depth in the right IPS
cluster was correlated with the social do-
main score ( p = 0.01). There was a mar-
ginally significant correlation between
mean depth in the right IPS with the re-
stricted, repetitive, and stereotyped behav-
iors score ( p = 0.05). There were no corre-
lations between any of the ADI-R domain
scores with mean depth in clusters identified
in the LFA and HFA group comparisons.

depth (mm)

Discussion

Depth (mm)

This is the first study to use surface-based
morphometry to test for cortical folding
abnormalities in children and adolescents
with a range of autism spectrum disorders.
Across all ages, we observed abnormalities
in each ASD subgroup. LFA individuals
had a prominent shape abnormality centered
on the pars opercularis of the left inferior fron-
tal gyrus that accounts for a sulcal depth differ-
ence in the anterior insula and frontal opercu-
lum. The HFA group had bilateral sulcal depth
differences in the parietal operculum that may

Figure 4.  Visualization of the folding abnormality in the LFA group in children. A, The LFA cluster in the frontal operculum
identified by the cluster size analysis is shown on the PALS-B12 very inflated surface. The black line denotes the location of the
coronal slice depicted in C. B, Plots of individual mean depths within the significant cluster for LFA and TD groups. C, Outlines of
group-averaged fiducial surfaces (LFA in red; TD in blue) are overlaid onto the MNI-152 MRI template. The black arrow indicates
the location of the cluster in the frontal operculum. Note that the red and blue surfaces overlap almost completely at this location.
In contrast, the yellow arrow depicts the gyral region in the inferior frontal gyrus that i different between groups. The LFA group
extends more ventrally than the TD group. This difference occurs only in the left hemisphere. D, The green outlines on the
group-averaged LFA and TD fiducial surfaces depict the gyral region most strongly associated with the sulcal depth abnormality.
The yellow outlines depict a more liberal estimation of the location of the gyral shape abnormality for the LFA group (pars
opercularis of the inferior frontal gyrus and ventral portions of the precentral and postcentral gyri). E, The affected area for the LFA
group is overlaid onto the PALS-B12 inflated surface with Brodmann areas identified.

well as in the fusiform gyri in HFA and ASP individuals (Abell

in part reflect shape abnormalities in the ventral postcentral gyrus. Indi-
viduals with ASP had deeper intraparietal sulci bilaterally, and abnormal
depth was correlated with age, IQ, and ADI-R social and repetitive be-
havior domain scores. When analyses were performed in children and
adolescents separately, the LFA and ASP differences were more pro-
nounced in the younger age group.

Comparison with previous studies

Widespread neuroanatomical abnormalities of the cerebral
cortex in autism have been reported in previous neuroimaging
studies using different analytic methods. Gray matter abnor-
malities have been reported in frontal and temporal regions, as

et al., 1999; Boddaert et al., 2004; Salmond et al., 2005). Levitt
etal. (2003) analyzed sulcal patterns in HFA children by draw-
ing the trajectories of 11 major sulci on 3-D models of the
external cortical surface. They reported significantly abnor-
mal trajectories for seven sulci in the left hemisphere and six
sulci in the right, in a largely symmetric pattern. The bilateral
sulcal trajectory abnormalities they reported for the Sylvian
fissure and the superior temporal sulcus may be related to the
bilateral folding abnormality we found in comparably aged
HFA children, which included depth differences in the parietal
operculum and shape differences in the ventral postcentral

gyrus.
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Figure 5.  Visualization of the folding abnormality in the HFA group in children. 4, The HFA
cluster in the parietal operculum identified by the cluster size analysis is shown on the left
hemisphere PALS-B12 very inflated surface. The black line denotes the location of the coronal
slice depicted in C. B, Plots of individual mean depths within the left and right significant
clusters for HFA and TD groups. €, Outlines of group-averaged fiducial surfaces (HFA inred; TD in
blue) are overlaid onto the MNI-152 MRl template. The black arrow indicates the location of the
cluster in the parietal operculum. The HFA surface is deeper than the TD surface by ~1mm. D,
The yellow outline overlaid onto group-averaged HFA and TD fiducial surfaces depicts the loca-
tion of the putative gyral shape abnormality in ventral postcentral gyrus. Note that although the
right hemisphere is not depicted in A or D, the abnormality is bilateral, and the corresponding
region in the right hemisphere is also affected.

Mechanistic perspective: folding abnormalities may reflect
abnormal connectivity
Cortical folding patterns may reflect early patterns of connectiv-
ity in the developing brain. A leading theory of how the cortex
folds during development invokes mechanical tension along
long-distance axons (Van Essen, 1997). By this theory, strongly
connected cortical regions are pulled together, with gyri forming
in between; weakly connected regions are allowed to drift apart,
with sulci forming in between; and aggregate axonal length ap-
proaches a global minimum. Although still unproven, this hy-
pothesis is supported by recent observations (Hilgetag and Bar-
bas, 2005, 2006).

A pathological perturbation during cortical development
might alter the size of particular areas and/or the pattern of con-

J. Neurosci., October 24, 2007 - 27(43):11725-11735 = 11731

nectivity between areas. This in turn could lead to systematic
abnormalities in cortical folding patterns, as suggested for Wil-
liams Syndrome (Van Essen et al., 2006). In autism, the specific
perturbations that underlie folding abnormalities are unknown.
It is possible that the folding abnormalities identified in the in-
traparietal sulcus in the ASP group and the inferior frontal, pre-
central, and postcentral gyri in the LFA and HFA groups reflect
alterations in the size of cortical areas and/or abnormal connec-
tivity. Courchesne and Pierce (2005) suggest that neuroinflam-
mation and abnormalities in cortical microcircuitry in the frontal
lobes during early development may lead to alterations in both
local and long distance frontocortical projections. Our findings
are consistent with abnormalities in connectivity of restricted
portions of frontal and parietal cortex. It is now feasible to test for
correlations between abnormalities in functional organization
and cortical folding using diffusion tractography (Johansen-Berg
and Behrens, 2006), functional connectivity analysis (Fox et al.,
2005; Vincent et al., 2007), and other noninvasive neuroimaging
methods.

Significance of folding abnormalities in different subtypes
and age groups of ASD

Neuroanatomical differences between the different diagnostic
subgroups of ASD have rarely been studied systematically. Our
finding of different cortical shape abnormalities in LFA, HFA,
and ASP suggests that ASD subgroups are not simply a contin-
uum in severity of a single neurobiological abnormality. The
functional relevance of differences between the subgroups is not
yet clear however, and additional studies with larger sample sizes
and careful distinction between various diagnostic groups are
needed to explore the different patterns of cortical shape abnor-
malities between the major subtypes of ASD. It will also be im-
portant to compare children with low-functioning autism to
nonautistic children matched for IQ to determine whether these
cortical shape abnormalities are specific to autism. It will be
equally important to examine cortical shape characteristics in a
sample that includes females with autism to explore potential
gender-related differences.

In our analyses of age-related differences, we found that cor-
tical shape differences were more pronounced in the younger
children and were not discernible in older adolescents. This is
consistent with previous reports of increases in cerebral white
matter in young children with autism, but not in adolescents
(Courchesne et al., 2001; Herbert et al., 2003; Hazlett et al.,
2005a,b). We also found a positive relationship between sulcal
depth and age in the intraparietal sulcus in individuals with ASP
that was not evident in TD controls, suggesting age-related dif-
ferences between groups. Because the smaller sample sizes in our
adolescent age group provided less power to detect group differ-
ences, the apparent age dependence in our analysis is suggestive
but not compelling in its own right. Furthermore, our study was
cross-sectional, involving comparisons between different groups
of children and adolescents. A longitudinal study of cortical de-
velopment would be more sensitive in determining whether and
how cortical shape characteristics change over time in autism.

Functional significance of regional folding abnormalities

The prominent shape abnormality identified in individuals
with LFA is centered on the pars opercularis of the inferior
frontal gyrus. It includes part of Broca’s area (BA 44 and 45), a
region that has long been associated with language and speech
production (see Amunts et al., 1999; Amunts et al., 2004).
Current interest in this region also stems from its role in the
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Figure 6.  Visualization of a folding abnormality in the intraparietal sulcus of children in ASP
group. A, B, Bilateral clusters identified from the intrahemispheric correlation analyses are
projected on to left and right group-averaged fiducial surfaces for the ASP group (A) and TD
control group (B). The intraparietal sulcus is deeper in the ASP group than the TD control group.
€, Outlines of group-averaged fiducial surfaces are overlaid on an MRI template. Arrows depict
the intraparietal sulcus. The ASP fiducial surface (red) is significantly deeper in the intraparietal
sulcus than the TD fiducial surface (blue). D, E, Left hemisphere clusters are projected onto the
PALS-B12 inflated surfaces with visuotopic areas (D) and Brodmann areas (E) identified (Van
Essen, 2005).
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Figure 7.  Correlations between sulcal depth and age (4) and full-scale IQ (B) for the left
intraparietal sulcus cluster identified in the ASP group across all ages. Depth is correlated with

agein the ASP group but not the TD group. Depth is correlated with full-scale IQin both ASP and
TD groups.

Table 3. Correlation coefficients for ADI-R scores and mean depth in each
significant cluster for each ASD group in the comparisons made across all ages

ADI-R
Social Communication Repetitive behaviors
LFA
Left operculum 0.43 0.30 0.01
HFA
Left operculum —0.10 0.07 —0.22
Right operculum —0.22 —0.10 0.01
Asp
Left IPS —0.10 0.14 0.73**
Right IPS 0.63* —0.15 0.52

*p < 0.05; % < 0.01.

putative human mirror neuron system (Iacoboni and Da-
pretto, 2006). In nonhuman primates, mirror neurons fire
during execution of an action as well as during observation of
the same action performed by another individual (Gallese et
al., 1996). In humans, putative mirror neuron regions are hy-
pothesized to be involved in various higher-order functions
involved in social cognition, including imitation, empathy,
and theory of mind (Williams et al., 2001; Carr et al., 2003;
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Gallese et al., 2004), and there is evidence that the mirror
neuron system is dysfunctional in individuals with autism
spectrum disorders (Oberman et al., 2005; Dapretto et al.,
2006; Hadjikhani et al., 2006; Williams et al., 2006). Dapretto
etal. (2006) reported reduced activation bilaterally in the pars
opercularis of the inferior frontal gyrus in children with au-
tism spectrum disorders while testing for imitation of emo-
tional expressions. Hadjikhani et al. (2006) reported cortical
thinning in a number of frontal, parietal, and temporal re-
gions in adults with autism spectrum disorders, including the
pars opercularis of the inferior frontal gyrus and other mirror-
neuron regions.

Hadjikhani et al. (2006) also reported cortical thinning in
ventral portions of the precentral and postcentral gyri, in the
vicinity of the candidate shape abnormality in HFA individuals in
the present study. Although the functional significance of this
abnormality is unknown, it may be related to the generation of
facial expressions. In individuals with autism, the core deficit in
social communication often includes flat affect and lack of appro-
priate use of facial expressions (Yirmiya et al., 1989; American
Psychiatric Association, 1994). The parietal operculum, or sec-
ondary somatosensory cortex (SII), is implicated in numerous
complex functions related to multimodal sensory and motor in-
tegration (Caselli, 1993; Bremmer et al., 2001; Disbrow et al.,
2003). The shape abnormality in this region may be related to the
unusual responses to sensory stimuli that are commonly ob-
served in individuals with autism (Rogers and Ozonoff, 2005;
Tarocci and McDonald, 2006).

The intraparietal sulcus, which appears to be abnormal bilat-
erally in individuals with ASP, is implicated in many aspects of
visual attention and visuomotor control (Culham and Kan-
wisher, 2001; Astafiev et al., 2003; Schluppeck et al., 2005; Silver et
al., 2005). Deficits in visual attention occur in young children
with autism (Landry and Bryson, 2004) and may be among the
first abnormalities detectable in infants who are subsequently
diagnosed with autism (Zwaigenbaum et al., 2005). Abnormal
connectivity in parietal cortex is consistent with the weak central
coherence theory of autism, which proposes that individuals with
autism are biased toward local or detail-focused perceptual pro-
cessing that interferes with perception of global patterns (Frith
and Happe, 1994). In an fMRI study of adults with autism, acti-
vation was abnormally high in the left intraparietal sulcus during
suppression of unattended stimuli (Belmonte and Yurgelun-
Todd, 2003), consistent with abnormal information flow that
might contribute to weak central coherence.

The intraparietal sulcus abnormalities observed in the present
study were not asymmetric as might be expected based on clinical
evidence suggesting hemispheric asymmetry for local (left) ver-
sus global (right) processing (Robertson et al., 1988). We did,
however, observe differences in how average sulcal depth for the
left and right intraparietal sulcus regions correlate with ADI-R
scores. In individuals with ASP, abnormal depth in the left in-
traparietal sulcus was related to an increase in the restricted, re-
petitive, and stereotyped patterns of behavior. In contrast, abnor-
mal depth in the right intraparietal sulcus was related to
impairments on the reciprocal social interaction score. Addi-
tional studies of connectivity within the intraparietal sulcus and
surrounding parietal cortex are warranted, particularly in the
context of recent studies that suggest that the temporo-parietal
junction is critical for theory of mind (Saxe and Kanwisher,
2003).

Recent functional neuroimaging studies have identified ab-
normalities in broad networks of regions that are “active” during
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rest (Kennedy et al., 2006) as well as abnormalities in specific
brain regions associated with particular deficits in autism, such as
the amygdala and fusiform gyrus in eye-gaze and face/emotion
processing (Dalton et al., 2005). Although the location of the
cortical shape abnormalities identified in this study appear to be
spatially distinct from these areas, future studies using integra-
tion of functional and diffusion tensor imaging with surface-
based morphometry will be useful in discerning the precise ab-
normalities in the patterns of connectivity and functional
consequences in autism.

Conclusion

We have identified different patterns of cortical folding abnor-
malities in low- and high-functioning autism and Asperger’s syn-
drome, particularly in children. Cortical shape abnormalities in
restricted regions of parietal and frontal cortex may reflect abnor-
mal patterns of connectivity that can be further explored using a
combination of neuroimaging techniques and surface-based an-
alytic approaches.
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