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Abstract The current study examined group differences
in cortical volume, surface area, and thickness with age, in
a group of typically developing children and a group of
children with ASD aged 6—15 years. Results showed evi-
dence of age by group interactions, suggesting atypicalities
in the relation between these measures and age in the ASD
group. Additional vertex-based analyses of cortical thick-
ness revealed that specific regions in the left inferior frontal
gyrus (BA 44) and left precuneus showed thicker cortex for
the ASD group at younger ages only. These data support
the hypothesis of an abnormal developmental trajectory of
the cortex in ASD, which could have profound effects on
other aspects of neural development in children with ASD.

Keywords Autism spectrum disorder - Brain structure -
Volume - Surface area - Cortical thickness - Development

K. M. Mak-Fan - M. J. Taylor
Department of Psychology, University of Toronto, Toronto, ON,
Canada

K. M. Mak-Fan (PX<) - M. J. Taylor

Diagnostic Imaging, Hospital for Sick Children, 555 University
Avenue, Toronto, ON M5G 1X8, Canada

e-mail: katie @psych.utoronto.ca

W. Roberts
Autism Research Unit, Toronto, ON, Canada

M. J. Taylor - J. P. Lerch
NMH Research Institute, Hospital for Sick Children, Toronto,
ON, Canada

J. P. Lerch
Department of Medical Biophysics, University of Toronto,
Toronto, ON, Canada

W. Roberts
Bloorview Kids Rehab, Toronto, ON, Canada

Introduction

Autism is a neurodevelopmental disorder characterized by
communication impairments, social deficits and rigid,
repetitive behaviour (DSM-IV; American Psychiatric
Association (1994). Recent research suggests that cortical
development and organization follows an abnormal tra-
jectory in children with autism spectrum disorder (ASD).
One of the most consistent pieces of supporting evidence
has been the repeated finding of abnormalities in brain
volume, both white and grey matter, which appear to be
more pronounced in younger children and to decrease with
age (Courchesne 2002; Hardan et al. 2001; Carper et al.
2002; Aylward et al. 2002; Sparks et al. 2002; Carper and
Courchesne 2005; and see Redcay and Courchesne 2005
and Amaral et al. 2008 for reviews), most noticeably in the
frontal lobes (e.g., Carper et al. 2002; Carper and Cour-
chesne 2005). These findings are further supported by
abnormalities in rates of developmental change in head
circumference and brain volume for children with ASD
(e.g., Courchesne et al. 2003; Carper et al. 2002; Carper
and Courchesne 2005). Overall, a “growth dysregulation
hypothesis” of neuropathology of ASD has emerged,
characterized by brain overgrowth early in life, followed by
abnormally slowed or even arrested growth in some regions
(Akshoomoff et al. 2002).

Cortical grey matter volume is a product of the surface
area and thickness of the cortex, which are thought to
reflect different maturational processes. It has been
hypothesized that cortical thickness reflects dendritic ar-
borisation and pruning within grey matter or changes in
myelination at the interface of grey and white matter
(Sowell et al. 2004), whereas surface area is dependent on
division of progenitor cells in the periventricular area
during embryogenesis (Chenn and Walsh 2002) and varies
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with degree of cortical folding/gyrification. Although there
have been a number of studies investigating regional dif-
ferences in brain volume in children with ASD, studies
examining surface area and cortical thickness are lacking.

Surface area is determined by cortical folding, and there
is some evidence that this may be altered in ASD. In a
preliminary study including children and adults with ASD,
Hardan et al. (2004) showed a greater gyrification index in
the left frontal lobe for children and adolescents with ASD,
but not in adults, as well as decreased cortical folding with
age for the ASD participants relative to control partici-
pants. Sulcal location (Levitt et al. 2003) and sulcal depth
(Nordahl et al. 2007) may also be atypical in children with
ASD.

Most reports of cortical thickness have shown that cor-
tical thickness is increased in ASD relative to controls in
adult samples (e.g., Bailey et al. 1998; Hutsler et al. 2007,
but see Hadjikhani et al. 2006, for an exception). In the
study by Hutsler et al. (2007), the difference in cortical
thickness between matched pairs tended to decrease with
age, suggesting that cortical thickness differences were
more pronounced at younger ages, although this relation
failed to reach significance. A study of adolescents by
Chung et al. (2005), using a vertex-by-vertex analysis
allowing for regional specificity of cortical thickness dif-
ferences also showed evidence of areas of thicker cortex in
the ASD group, in right inferior orbitofrontal cortex, left
superior temporal sulcus, and left occipitotemporal gyrus.
Hyde et al. (2009), also using a vertex-based approach,
found further evidence of increased cortical thickness in an
adult ASD group relative to a matched control group in
regions from all four lobes. A small number of regions had
thinner cortex in the autism group (the pre- and post-central
gyri, and the paracentral gyrus); however, the majority of
findings were in the direction of increased cortical thick-
ness (Hyde et al. 2009).

Studies of cortical thickness in children with ASD,
although only two have been reported, have also tended to
show evidence of increased cortical thickness. Using
measures of average cortical thickness across hemispheres
and lobes, Hardan et al. (2006) found no differences in
overall brain volume between the two groups, but signifi-
cantly thicker cortex in the whole brain overall for the boys
with autism, with similar findings in the temporal and
parietal lobes. In a follow up report, Hardan et al. (2009)
showed evidence of decreases in total grey matter and
cortical thickness with time for the ASD group relative to
the control group. In contrast to the Hardan (2009) study, in
a sample spanning 10-45 years of age, Raznahan et al.
(2010) found that in regions showing an age by group
interaction, there was no relation between age and changes
in volume or cortical thickness in the ASD group, com-
pared to significant decreases in cortical thickness and
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volume with age in the control group. Raznahan et al.
(2010) also found that at younger ages, cortical thickness in
typically developing children was decreased relative to
children with ASD, but increased relative to the ASD group
at later ages. In addition, cortical surface area showed
minimal changes with age and this pattern did not differ
between the ASD and typically developing control group
(Raznahan et al. 2010).

Overall, there are relatively few investigations on
detailed measures of grey matter comparing children with
and without ASD, despite the consistent findings of struc-
tural brain differences in ASD; further investigations of
these measures across age are needed. Given that ASD is a
developmental disorder and there is now a body of work
documenting significant changes in grey matter indices
over childhood (Shaw et al. 2008; Lenroot et al. 2009), it is
important to have a greater understanding of the age-rela-
ted changes in these brain measures in ASD and the impact
that they may have on behaviour.

In the present study of children from 6 to 15 years of
age, we investigated the relation between age and structural
measures of volume, surface area and cortical thickness in
ASD relative to a typically developing control group. To
our knowledge, this is the first report to examine cortical
thickness in a larger group of only school-aged children
with ASD using a vertex-by-vertex whole-brain approach.
We hypothesized that children with ASD would show
abnormalities in the typical maturation of cortex, evident in
age by group interactions in measures of volume, surface
area and cortical thickness, particularly in the frontal lobes,
and that these abnormalities would be more pronounced at
earlier ages.

Materials and Methods
Participants

Participants were 25 children, all male, diagnosed with an
autism spectrum disorder (ASD) (mean age = 10.9 years,
range 6.8-15.4) and 63 male, typically developing (TD)
control children (mean age = 11.3 years, range 6.5-15.8).
Of the 25 ASD participants, 24 were recruited through the
Autism Research Unit at the Hospital for Sick Children
(Toronto, Canada), and were diagnosed by clinician
experts supported by a research reliable Autism Diagnostic
Observation Schedule (ADOS-G) (Lord et al. 2000) and
Autism Diagnostic Interview-Revised (ADI-R) (Lord et al.
1994). One ASD participant was recruited by parent
interest in the study, and was not available for ADI/ADOS
assessment, but had been given a diagnosis by a commu-
nity clinician.
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One of the ASD participants had a previous diagnosis of
Generalized Anxiety Disorder, and two had a previous
diagnosis of Attention Deficit Hyperactivity Disorder. Two
ASD participants had an early childhood history of sei-
zures, but had been deemed seizure free. One ASD par-
ticipant was on medication (selective serotonin reuptake
inhibitor, risperidol and methylphenidate). TD participants
were screened and had no known history of psychiatric or
neurological disorders.

Full scale IQ was measured using the 4-subtest
Wechsler Abbreviated Scale of Intelligence (WASI,
Wechsler 2002) for 23 of the participants with ASD, and
the majority (n = 39) of the typically developing controls.
One ASD participant was previously assessed with the
Wechsler Intelligence Scales for Children (WISC-IV,
Wechsler 2003), and one with the Leiter International
Performance Scale Revised (Leiter-R, Roid and Miller
1997). All ASD participants had 1Q > 70.

Imaging Parameters

High-resolution axial T1-weighted images were obtained
for all of the children on a 1.5 Tesla GE scanner (FSPGR
sequence, 116 slices; TR =9 ms, TE = 4.2 ms, flip
angle = 15). Voxel size was 0.9375 x 0.9375 x 1.5 mmat
2 NEX.

Image Processing

T1 images were registered to the symmetric ICBM 152
template with a 12-parameter linear transformation (Collins
et al. 1994), RF inhomogeneity corrected (Sled et al. 1998),
skull stripped (Smith 2002) and tissue classified (Zijdenbos
etal. 2002; Tohka et al. 2004). Deformable models were then
used to first fit the white matter surface for each hemisphere
separately, followed by an expansion outward to find the
grey matter/CSF intersection (MacDonald et al. 2000; Kim
et al. 2005), resulting in 4 surfaces of 40,962 vertices each.
From these surfaces the distance between the white and grey
surfaces was used to measure cortical thickness (Lerch and
Evans 2005). The thickness data were blurred using a 20 mm
surface-based diffusion blurring kernel (Chung et al. 2005)
and non-linearly aligned using surface based registration
(Robbins et al. 2004; Lyttelton et al. 2007) prior to statistical
analyses. Un-normalized, native-space thickness values
were used in all analyses owing to the poor correlation
between cortical thickness and brain volume (Ad-Dab’bagh
et al. 2005; Sowell et al. 2007). Along with measures of
cortical thickness at each of 81,924 vertices across the cor-
tex, total volumes and surface area were estimated for the
whole brain and each cortical lobe. This was accomplished
by non-linearly warping each T1 image towards a segmented
atlas (Collins et al. 1995; Chakravarty et al. 2008).

Statistical Analyses

Statistical analyses were performed on the brain volume,
surface area and cortical thickness data. Effects of age and
group alone were examined using analysis of variance, and
differences in these effects were examined using an anal-
ysis of covariance linear model. Here we allowed for
separate age by imaging metric (thickness, surface area,
etc.) slopes for the two groups (TD and ASD), and com-
puted the marginal significance of the difference in inter-
cepts and difference in slopes between the groups. In order
for the intercept to be interpretable, we centred it at three
different ages within the range of available data; at the
younger end of the age range (7.5 years), in the middle
(11 years) and at the older end of the age range
(14.5 years). Results of vertex-based cortical thickness
analyses were thresholded for statistical significance using
the False Discovery Rate (FDR) correction at ¢ < 0.05, and
at ¢ < 0.10 to indicate trends (Genovese et al. 2002).

Behavioural Results

There was no significant difference in age between the two
groups (#(86) = —0.68, p = 0.50, n.s.). ASD participants
had significantly lower full-scale IQ than the subset of
typically developing children with 1Q measures
(ASD = 104.52 vs. TD = 114.95, 1(32.3) = —2.49, p =
0.02).

Imaging Results
Brain Volume

Differences between the ASD and TD groups in the rela-
tion between age and overall brain volume were evident in
an age by group interaction in total brain volume (Fig. 1)
(#(84) = —2.13, p = 0.036). Inspection of this interaction
revealed that brain volume was increased for the ASD
group relative to the TD group at younger ages, but was
significantly decreased relative to the TD group at older
ages (#(84) = —2.16, p = 0.033).

For grey matter volume alone, the results were similar,
with a trend toward an age by group interaction (#(84) = —
1.79, p = 0.076), and a pattern of increased grey matter
volume in ASD relative to the TD group at younger ages,
and decreased grey matter at older ages (Fig. 2). At the
lobar level, the age by group interaction was also signifi-
cant in occipital grey matter volume (#(84) = —2.24,
p = 0.03) and approached significance in frontal grey
matter volume (#(84) = —1.85, p = 0.07). Significant
decreases with age were seen in the ASD group only in
overall grey matter volume (#(23) = —2.27, p = 0.025), as
well as frontal (#23) = —2.31, p = 0.023), parietal
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Fig. 1 Brain volume by age for the ASD and TD children. Shading
represents the 95% confidence interval around the linear fits for each
group. Pattern shows increased brain volume at younger ages for the
ASD children compared to the TD children, and the opposite,
decreased volume, at older ages

(1(23) = —2.061, p = 0.042), and occipital lobe grey
matter (#(23) = —2.41, p = 0.018).

Surface Area

Results of the age by group ANCOVA for surface area
(Fig. 3) showed the same pattern of results as in volume,
with increased surface area at younger ages and decreased
surface area at older ages. Although the age by group
interaction did not reach statistical significance, there was a
trend for overall surface area to decrease with age for the
ASD group only (#(23) = —1.95, p = 0.054). In addition,
at the lobar level an age by group interaction was seen in
occipital lobe surface area (#(84) = —2.30, p = 0.023),
and approached significance in frontal surface area
(1(84) = —1.78, p = 0.078). Surface area was significantly
increased in the ASD group relative to the TD group at the
older end of the age range (centered at 14.5 years) in
occipital lobes (#(84) = —2.31, p = 0.023).

Cortical Thickness
A similar pattern of results was seen in mean cortical

thickness, with increased thickness at younger ages and
decreased thickness at older ages in the ASD group
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Fig. 2 Grey matter volume by age for ASD and TD groups, showing
the same pattern of increased volume at younger ages for ASD
children and decreased volume at older ages as seen in overall brain
volume
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Fig. 3 Surface area by age for both ASD and TD groups, showing
pattern of increased SA at younger ages in ASD, and decreased SA at
older ages, similar to overall and grey matter volume
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Fig. 4 Mean cortical thickness with age in ASD and TD groups,
showing pattern of increased CT at younger ages in the children with
ASD and decreased CT at older ages, compared to TD children

(Fig. 4). Although the age by group interaction was not
significant, mean cortical thickness decreased significantly
with age in the ASD group only (#(23) = —2.37, p =
0.027). The same pattern was also significant in parietal
lobes (#(23) = —2.76, p = 0.011) and approached signifi-
cance in frontal lobes (#(23) = —2.03, p = 0.054).

The strongest effects seen in the regional analysis of
cortical thickness were age effects, including thickening of
the temporal pole, pre-central and superior temporal gyri
and thinning of multiple other cortical areas in the TD
group. In ASD children, similar results were seen. How-
ever, additional regions of decreased cortical thickness
with age were also observed in the ASD group in bilateral
medial parieto-occipital fissure/precuneus (LH: #(23) =
—4.75, p = 0.00009, g < 0.05; RH: #23) = —4.06,
p = 0.00049, g < 0.10), medial cingulate/paracentral lob-
ule (LH: #23) = —4.02, p = 0.0005, ¢ < 0.05; RH:
1(23) = —3.93, p = 0.0007, g < 0.10) and left inferior
frontal gyrus/BA 44 (#(23) = —3.66, p = 0.001, g < 0.05),
that were not observed in the TD group. In two of these
regions the cortex was significantly thicker for the ASD
group relative to TD children at the younger end of the age
range (centered at 7.5 years): the left medial parieto-
occipital fissure/precuneus (#(84) = 4.88, p = 0.000005,
g <0.05) and left inferior frontal gyrus (BA44)
(1(84) = 4.25, p = 0.00005, g < 0.10) (Fig. 5).

To address any issues in matching, the results detailed
above were verified to hold in a smaller sample excluding
the ASD participant without ADOS/ADI-R characteriza-
tion and TD participants without measured IQ, and full-
scale IQ was added as a covariate. Overall patterns
remained the same, and most statistical results remained
significant or were even improved. For example, the age by
group interaction of grey matter went from a p-value of
1(84) p =0.076 to t(58) p = 0.092, whereas the local
cortical thickness results in precuneus remained unchan-
ged, from #(84) p = 0.00003 to #(58) p = 0.000003. The
full sample employed in this study is thus very likely an
accurate reflection of the smaller, better-characterized
cohort of subjects, and differences in IQ between the
groups do not appear to account for the results found in this
study.

Discussion

Overall, we found atypicalities in the relation between age
and structural measures of the cortex in ASD children.
Evidence came from different relations between structural
measures and age seen in brain volume, surface area and in
cortical thickness for children with ASD compared to
typically developing children. The results suggest a pattern
of increased volume, surface area and cortical thickness at
younger end of the age range of this sample (around
7.5 years), but decreased or similar volume, surface area
and cortical thickness at the older end of this age range
(around 14.5 years). The difference in developmental
progression appeared most robust in overall brain volume
(grey and white matter combined), where the age by group
interaction was significant, and in occipital and frontal
lobes for overall grey matter and surface area. Although the
age by group interaction was not significant in mean cor-
tical thickness, age effects were significant in the ASD
group only, and at the lobar level appeared stronger in
parietal and frontal lobes. When examined using a
regionally specific approach, two regions showed thicker
cortex for the ASD group relative to the TD group at the
younger end of the age range. Lastly, overall group dif-
ferences were not seen for children with ASD relative to
typically developing controls in these structural measures
when age was not considered in the model. These findings
strongly indicate that development is an important factor to
consider in analyses of neural correlates of ASD and that
cortical abnormalities associated with ASD change with
age. The age range of this sample does not include pre-
school children, where differences in brain volume are
most evident, suggesting that neuroanatomical effects
persist past the pre-school period, at least until mid-
childhood.
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Fig. 5 Cortical thickness was
significantly increased for
children with ASD in a BA44
and b medial precuneus at the
younger end of the age range,
but not at older ages
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Brain volume results from the current study are gener-
ally consistent with the existing literature on this measure.
The pattern of increased brain volume seen at the younger
end of our age range is concordant with other studies that
have found evidence of increased volume peaking in the
preschool years. Although the majority of previous studies
have suggested that differences in brain volume between
ASD and TD individuals eventually normalize, there is
debate about when this occurs, with some researchers
finding continued increased volume in studies of older
individuals with ASD. Our current results show a greater
decrease in brain volume with age in the ASD group that
eventually results in significantly decreased brain volume
at the later ages of our sample (mid-teenage years), a result
not seen in the majority of previous volume analyses.
However, the overall pattern of decrease with age is sim-
ilar, and significantly decreased volume for an ASD group
at older ages has been shown in at least one previous study.

Because of the small number of existing studies of sur-
face area in ASD, an overall pattern has yet to emerge from
the literature. Findings from the present study suggest that
surface area may tend to decrease with age in children with
ASD and that this may differ from typically developing
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children, contrary to some previous findings of a lack of
relation between these measures (Raznahan et al. 2010). In
our results, surface area was increased in ASD children at
younger ages and decreased at older ages, relative to TD
children, which is generally consistent with the findings of
increased gyrification at younger ages, and decreasing gy-
rification with age in ASD (Hardan et al. 2004).

Cortical thickness is generally increased in studies of
adults with ASD. Due to the small number of studies of
cortical thickness conducted in ASD children only, a
consensus has yet to emerge, but Hardan et al. (2006)
found thicker cortex overall, as well as in temporal and
parietal lobes, in a group of children with ASD aged
8-12 years, relative to an age-matched group of TD chil-
dren, using average measures of cortical thickness across
lobes as opposed to a vertex-based analysis. Here we did
not find evidence of an overall increase in cortical thick-
ness or in cortical thickness averaged across lobes for the
whole group. However, we did find a pattern of increased
cortical thickness in two regions of cortex, which were
significantly increased at the younger end of the age range,
and a relation between decreasing overall, parietal and
frontal cortical thickness and age in the ASD group only.
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Since Hardan et al. (2006) did not use age as a covariate in
their analyses it is not possible to know if they would have
found any variation in lobar cortical thickness based on
age. In addition, it is difficult to compare results from an
averaging method to a vertex-based approach, which pro-
vides regionally specific detail.

When examining subjects from a much larger age range
(10-65 years) Raznahan et al. (2010) found that at younger
ages cortical thickness was decreased in ASD relative to
typically developing controls, but increased relative to
controls at older ages. They also reported that in regions
showing an age by group interaction, there was no relation
between age and changes in cortical thickness in the ASD
group, compared to a significant decrease in cortical
thickness with age in the control group. Our results are in
contradistinction to these findings; however, the age ranges
of the two studies are quite different and the number of
subjects overlapping with our age range was likely small,
making it difficult to be sure of the sources of these dis-
crepancies. In contrast, when examining change over time
(on average 2 years), Hardan et al. (2009) found that there
was evidence of a greater decrease in average cortical
thickness in children with ASD relative to controls, in the
whole brain, in the temporal and occipital lobes, and a
trend in the frontal lobes, but significant in occipital cortex
only. This overall pattern is consistent with the results
observed in the present study, where decreases with age for
overall and lobar cortical thickness were observed in the
ASD group only, and where both regions emerging from
the ANCOVA (left medial parieto-occipital fissure/precu-
neus and left [IFG/BA44) showed steeper decreasing slopes
with age in children with ASD across age compared to the
typically developing children.

Our vertex-based analysis further showed that both
groups showed similar regions of age-related changes in
cortical thickness, except for the additional regions
observed in the ASD group (the same regions that had
group differences at the younger end of the age range).
Therefore, our results suggest that there are indeed regions
showing greater age-related cortical changes in ASD chil-
dren 6-15 years of age, relative to typically developing
children. Results may differ from the previous studies
because of methods (vertex-based approach versus lobular
averaging, allowing more detailed cortical analyses), age
range of the sample and investigation of developmental
change across this specific age range.

Of the two regions that emerged from the ANCOVA, the
left IFG area has been implicated in previous structural
studies of individuals with ASD. In general, the frontal
lobes may be particularly affected by abnormal brain
maturation processes in ASD (e.g., Carper et al. 2002), and
abnormalities in the frontal lobes are one of the most
consistently reported findings in the study of brain volume

(Amaral et al. 2008). This hypothesis was also partially
confirmed by the trends in the present study toward
increased grey matter volume, surface area, and cortical
thickness in the frontal lobes in the younger children with
ASD. Furthermore, this region is known to be important
both for language (Broca’s area) and executive function
(Hill 2004), two functional domains that are impaired in
ASD (DSM-IV; American Psychiatric Association APA
(1994), Hill 2004).

The second area, the precuneus, is unique because of the
strategic position that it occupies in the structural hierarchy
of the cerebral cortex (Bullmore and Sporns 2009). Parts of
the medial posterior cortex, including the precuneus and
posterior cingulate, are identified as putative hub regions
due to their unusual anatomical properties, including dense
connectivity, short average path length to other regions and
the participation in a large proportion of short paths
between other regions, both in anatomical (Iturria-Medina
et al. 2008) and in functional brain networks (Achard et al.
2006). We have shown developmental changes in brain
complexity are most marked in the precuneus region (Misic
et al. 2010). Atypical development of this area in ASD may
have far-reaching effects and relate to the poorer devel-
opment of functional connectivity in ASD (see further
discussion below).

Overall, these findings lend support to the growth dys-
regulation hypothesis (Akshoomoff et al. 2002) by providing
further evidence that maturation of the cortex is atypical in
children with ASD. Our data demonstrate that these changes
are found in volume, surface area and cortical thickness, and
evolve over childhood. This model of abnormal cortical
maturation holds great promise for understanding the neu-
ropathology of ASD. According to this hypothesis, early
overgrowth followed by abnormal slowing essentially de-
couples neuronal development from the normal timing of
learning and experience that shapes typical development
(Akshoomoff et al. 2002) and that is necessary for typical
synaptic and functional connectivity within the brain. In
addition, abnormalities of cortical maturation could have
profound effects on the structural aspects of neural con-
nectivity. For example, increases in cortical folding (Hardan
et al. 2004) and abnormalities in grey matter minicolumns
(Casanova et al. 2002) may promote the formation of more
short distance connections in the brain and impede the for-
mation of longer distance connections, resulting in a lack of
large-scale connectivity within the brain. Brain undercon-
nectivity may indeed characterize individuals with ASD; a
theory supported by evidence from DTI research (e.g.,
Barnea-Goraly et al. 2004; Keller et al. 2007; Conturo et al.
2008; Ke et al. 2009), white matter volumetric studies (e.g.,
Courchesne et al. 2001; Ke et al. 2009) and functional con-
nectivity analyses (e.g., Just et al. 2007; Kana et al. 2007;
Koshino et al. 2008).
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Future research with larger numbers and age ranges of
children is needed to further explore this developmental
disorder and to better characterise atypical maturation pat-
terns of the cortex in ASD, their implications for brain
development and mechanisms by which they contribute to
ASD symptomatology.
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