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Abstract
Several brain regions show structural and functional abnormalities in individuals with autism
spectrum disorders (ASD), but the developmental trajectory of abnormalities in these structures
and how they may relate to social and communicative impairments are still unclear. We assessed
the effects of age on cortical thickness in individuals with ASD, between the ages of 7 and 39
years in comparison to typically developing controls. Additionally, we examined differences in
cortical thickness in relation to symptomatology in the ASD group, and their association with age.
Analyses were conducted using a general linear model, controlling for sex. Social and
communication scores from the Autism Diagnostic Interview-Revised (ADI-R) were correlated
with the thickness of regions implicated in those functions. Controls showed widespread cortical
thinning relative to the ASD group. Within regions-of-interest, increased thickness in the rostral
anterior cingulate cortex was associated with poorer social scores. Additionally, a significant
interaction between age and social impairment was found in the orbitofrontal cortex, with more
impaired younger children having decreased thickness in this region. These results suggest that
differential neurodevelopmental trajectories are present in individuals with ASD and some
differences are associated with diagnostic behaviours.
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1. Introduction
Age-related structural abnormalities in the brains of individuals with autism spectrum
disorders (ASD) have been explored in a number of longitudinal and cross-sectional studies.
Across these studies, grey matter volumes within frontal and temporal lobes were
significantly increased in children and adolescents with ASD compared to typically
developing individuals (Bloss & Courchesne, 2007; Carper, Moses, Tigue, & Courchesne,
2002; Courchesne, Campbell, & Solso, 2011; Hazlett, Poe, Gerig, Smith, & Piven, 2006;
Kates et al., 2004; Palmen et al., 2005; Schumann et al., 2010). However, volumetric
measurements of lobular regions do not provide spatially localized information on grey
matter abnormalities. Advances in brain morphometric analyses now permit the direct
measure of cortical thickness, a determinant of grey matter volume, and can provide detailed
information concerning the spatial extent and location of cortical differences between
groups.

Large-scale developmental studies in typically developing individuals that include both
cross-sectional and longitudinal data show that after a period of growth in early childhood,
grey matter thinning occurs across the entire cortex in adolescence (Raznahan, Shaw, et al.,
2011; Raznahan, Lerch, et al., 2011; Shaw et al., 2008). To our knowledge, no longitudinal
studies in individuals with ASD have examined cortical thickness development across a
wide age-range. Cross-sectional studies in ASD suggest atypical cortical thickness changes
between childhood and adulthood in individuals with ASD (Mak-Fan, Taylor, Roberts, &
Lerch, 2011; Raznahan et al., 2010; Scheel et al., 2011; Wallace, Dankner, Kenworthy,
Giedd, & Martin, 2010). In children with ASD aged 6–15 years, Mak-Fan et al. (2011)
reported decreased cortical thickness with age across the entire brain, as well as in the
frontal and parietal lobes; however group differences were not found. In older samples,
studies have observed thinner cortices with increasing age in participants with ASD relative
to typically developing controls in the left posterior part of the superior temporal sulcus
(Scheel et al., 2011; Wallace et al., 2010), left cuneus (Scheel et al., 2011) and right
paracentral lobule (PCL) (Scheel et al., 2011). In contrast, brain regions such as the left
supramarginal gyrus (Scheel et al., 2011), left inferior parietal lobule (Scheel et al., 2011),
left middle temporal gyrus (Raznahan et al., 2010), right postcentral gyrus (Scheel et al.,
2011) and right fusiform (Raznahan et al., 2010), show decreased cortical thickness across
age in typically developing individuals, but little to no change in individuals with ASD.
These findings suggest a maturational process that is both atypical and complex in ASD.

Maturational brain changes in regions of the brain implicated in sensorimotor and cognitive
functions are believed to be associated with improvement in these functions (Greene, Braet,
Johnson, & Bellgrove, 2008). Thus, deviation from the typical developmental trajectory of
cortical thickness in frontal and temporal brain regions may underlie impairments in social
and communication functions in ASD. Few studies have examined the relation between
cortical thickness abnormalities and ASD symptom severity (Hadjikhani, Joseph, Snyder, &
Tager-Flusberg, 2006; Hardan, Libove, Keshavan, Melhem, & Minshew, 2009), although
these studies indicated that cortical thinning over a 2-year period in the frontal lobes
(Hardan et al., 2009), and thinner cortices in frontal, temporal and parietal regions in adults
with ASD (Hadjikhani et al., 2006), were associated with more severe social impairments.
The age-range in both studies was narrow and did not examine morphological changes
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related to ASD symptomatology in children and adults. As ASD are a group of
neurodevelopmental disorders, age-related changes in brain morphology are crucial to
understanding the neurobiology and how it relates to changes in behaviour over time.

In the current cross-sectional study, we assessed cortical thickness in a cohort of 53
individuals with and without ASD spanning childhood, adolescence and adulthood. In
addition, we assessed the relation between cortical thickness in specific regions implicated
in social and communication functions and symptom severity. In this latter analysis, a priori
regions of interest (ROIs) included anterior cingulate cortices (ACC), medial prefrontal
cortices (mPFC), orbital frontal cortices (OFC), inferior frontal gyri (IFG), the superior
temporal gyri (STG) and fusiform gyri because of their involvement in social behaviours
and communication (Baron-Cohen & Belmonte, 2005).

2. Materials and methods
2.1. Ethics and consent

This study was approved by the Mount Sinai School of Medicine Institutional Research
Board (IRB) and conducted in accordance with its guidelines. Written informed consent was
obtained from all participants 18 years of age and older. Younger participants provided
written informed assent and parents provided written informed consent in accordance with
IRB guidelines.

2.2. Participants
Seventy-one participants between the ages of 7 and 39 years who were enrolled in magnetic
resonance imaging (MRI) studies at Mount Sinai School of Medicine were evaluated for
inclusion [children: 7–21 years, n = 41; ASD = 25, typically developing children = 16;
adults: 22 years and older, n = 30; ASD = 15, typically developing adults = 15]. Participants
with ASD were clinically diagnosed according to the Diagnostic and Statistical Manual of
Mental Disorders, 4th Edition (DSM-IV) and were recruited from the Seaver Autism Center
at Mount Sinai School of Medicine. Their diagnoses were then confirmed using the Autism
Diagnostic Observational Schedule (ADOS) (Lord et al., 2000) and the Autism Diagnostic
Interview-Revised (ADI-R) (Lord, Rutter, & Le Couteur, 1994). Typically developing
individuals were recruited from the community using newspaper advertisements. All
participants had a full scale IQ of greater than 70 as estimated by either the Wechsler
Intelligence Scale for Children-fourth edition (WISC-IV; Wechsler, 2003) or the Wechsler
Adult Intelligence Scale-fourth edition (WAIS-IV; Wechsler, 2008).

Participants were excluded if they had a primary psychiatric diagnosis (in addition to ASD
in the ASD group) or a medical history of neurological disease, including but not limited to
epilepsy/seizure disorder (except simple febrile seizures), movement disorder, tuberous
sclerosis, fragile X, and any other known genetic syndromes, or known abnormal MRI/
structural lesion of the brain. Typically developing individuals were also excluded if they
had a first-degree relative with ASD. All participants indicated that they were right-handed.

2.3. Imaging
Participants were scanned on a Siemens Allegra 3 T MRI system, which has a maximum
gradient strength of 40 mT/m, and a slew-rate of 400 mT/m s. A low-resolution localizer
image was first obtained, followed by a series of axial scans. High-resolution structural
images with good grey/white matter contrast were obtained using a T1-weighted
magnetization-prepared rapid gradient-echo (MP-RAGE) sequence (isotropic resolution of
0.82 mm × 0.82 mm × 0.82 mm, matrix size = 256 × 256 × 208, FOV = 210 mm, 208 slices,
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TR = 2500 ms, TE = 4.38 ms, TI = 1100 ms and a 8° flipangle, fast low angle shot [FLASH]
acquisition). The total imaging time was approximately 10 min.

2.4. Cortical thickness measurements
Structural MRIs were preprocessed using a standard protocol (linear registration into
standardized space, RF inhomogeniety correction) within the CIVET processing pipeline as
described in Ad-Dab’bagh et al. (Ad-Dab’bagh et al., 2006). This pipeline is highly efficient
and has been used widely to study cortical thickness in healthy individuals, special
populations and in disease states (Bermudez, Lerch, Evans, & Zatorre, 2009; Bernhardt et
al., 2008; Charil et al., 2007; Fahim, Yoon, Sandor, Frey, & Evans, 2009; Giedd et al., 2007;
Lenroot et al., 2009; Lerch et al., 2005, 2006, 2008; Meguid et al., 2010; Singh et al., 2006;
Zhou et al., 2011). The preprocessing involves linear registration of MRIs into a common
stereotactic space followed by correcting for non-uniformity artefacts (Collins, Peters, &
Evans, 1994; Sled, Zijdenbos, & Evans, 1998). The processed MRIs were then segmented
according to their physiological classification (grey matter, white matter, cerebrospinal
fluid) (Zijdenbos, Forghani, & Evans, 2002). The Constrained Laplacian Anatomical
Segmentation using Proximities (CLASP) method (Kim et al., 2005) was applied to produce
the surfaces of grey and white matter. The white matter surfaces were expanded out to the
grey matter/cerebrospinal fluid surface boundary using a surface deformation algorithm
(Kim et al., 2005). This procedure permits close matching of grey and white matter
boundaries and cortical thickness can be calculated based on the distance between the
surfaces. This procedure resulted in 40,962 vertices for each hemisphere. The cortical
surfaces were non-linearly aligned to a standardized surface template (Lyttelton, Boucher,
Robbins, & Evans, 2007). Cortical thickness data were smoothed following surface
curvature using a blurring kernel of 20 mm. This technique enhances the identification of
cortical thickness changes among the population.

2.5. Scans and surfaces quality assessment
Structural MRIs were visually assessed for scan quality. Great care was taken to assess each
anatomical scan both pre- and post-processing to minimize the total number of excluded
scans. First, scans were visually inspected by 2 authors (KDT and EGD) for ghosting of
images and blurrinesss, and these attributes, if present, were noted. No scans were excluded
at this stage. All images were entered into the cortical thickness processing pipeline and
subsequently the surfaces were inspected for any bridging, malformation of gyri, sulci and
any features that did not compare with anatomical scans. If any of these characteristics were
present those scans were excluded.

2.6. Cortical thickness analyses
Cortical thickness analyses were performed using the Matlab (The Mathworks, Natick VA)
based program SurfStat (Worsley et al., 2009). The statistical analysis was performed at
each vertex of the cortical surface using linear models to examine: (1) differences in cortical
thickness between groups controlling for both sex and age; (2) interaction analyses to assess
age-related changes between groups (ASD and controls) by regressing cortical thickness
against age, controlling for sex; (3) in the ASD group only, the relation between social and
communication scores on the ADI-R (most severe) and changes in cortical thickness; (4)
lastly, the interaction effects between age and social scores (most severe on the ADI-R). For
the latter analysis, a priori ROIs were manually drawn bilaterally on an average anatomical
MRI in MNI space constructed from participant scans by one of the authors (EGD). Fig. 1
shows the location and spatial extent of the ROIs. These regions included those in frontal
(rostral and dorsal ACC, mPFC, OFC, IFG) and temporal (STG, fusiform gyri) cortices.
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The rostral portion of the ACC is anterior and superior to the genu of the corpus callosum.
The anterior border was the rostral portion of the cingulate gyrus/marginal segment of the
supraorbital sulcus. Posterior boundary was the portion of the gyrus located ~24 mm
anterior to the anterior commissure. The superior boundary was the cingulate sulcus and the
inferior boundary was the intercommissural plane. The anterior border of the dorsal ACC
was just posterior to that of the rostral ACC. The posterior border of the dorsal ACC was the
midpoint of the corpus callosum located near the most anterior portion of that thalamus. The
superior boundary was the cingulate sulcus and the inferior boundary was the commissural
sulcus.

Other frontal lobe structures that were defined included the mPFC, the IFG, and the OFC.
The mPFC was comprised of the medial aspect of the superior frontal gyrus that extended
from the frontal pole to the anterior commissure. The inferior boundary was the cingulate
sulcus. The inferior frontal gyrus was comprised of the most inferior gyri of the frontal lobe
and included the pars orbitalis, triangularis, and opercularis. The OFC was comprised of
gyrus rectus and the anterior, posterior, lateral and medial oribital gyri extending medially
and superiorly to the supraorbital sulcus.

Temporal lobe structures included the STG and fusiform gyrus. The STG extended from the
anterior portion of the temporal lobe and posteriorly to the angular gyrus. The superior
border was the lateral fissure and the inferior border was the superior temporal sulcus. The
fusiform gyrus was defined anteriorly to the medial occipital sulcus and extended posteriorly
to the occipital pole. The lateral boundary was the lateral occipitotemporal sulcus and the
medial boundary was the collateral sulcus.

The ADI-R scores from the social and communication domain were included in a
subsequent linear model with and without age, controlling for sex. The data were corrected
for multiple comparisons using the false discovery rate (q < 0.05).

3. Results
3.1. Participants

The scans and surfaces quality assessment resulted in 53 useable scans that allowed us to
examine cortical thickness in ASD (n = 28) and typically developing (n = 25) participants
between the ages of 7 and 39 years. A significant age difference was found between the
excluded group (mean age = 11.05 years) and the included group (mean age = 22.64 years;
unpaired t-test, df = 69, t = 5.68, p < 0.05). No significant differences were found between
these groups on IQ. ASD participants who were included in the analyses had higher scores
in the ADOS social domain compared to the excluded group (included participants: mean
score = 7.71; excluded participants: mean score = 5.36, df = 37, t = 2.67, p < 0.05). The
ASD groups did not differ on scores in the ADOS communication domain, ADI-R social
domain or ADI-R communication domain. The final participant groups were not
significantly different in age or full scale IQ based on unpaired t-tests (Table 1). Mean age
and IQ scores for ASD and control participants included in the analysis are shown in Table
1.

3.2. Whole brain – between group analysis
Based on an analysis of the entire grey matter controlling for sex and age, no significant
differences in cortical thickness were observed between groups. In the ASD group compared
to controls a trend toward thicker cortices was observed in the rostral ACC, the paracentral
lobule, primary somatosensory/motor cortex (M1/S1) and anterior insula (aIns), however
these did not survive corrections for multiple comparisons. Typically developing individuals
showed a trend towards thicker cortices relative to the ASD group in the IFG, STG and
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OFC, however these also did not survive corrections for multiple comparisons (all q > 0.05
corrected).

3.3. Whole brain – within group age effects
Within the ASD group, only the inferior frontal gyrus, inferior temporal gyrus (ITG) and the
posterior cingulate gyrus (PCG) were thinner with increasing age (all q < 0.05 corrected,
Fig. 2A). In controls, cortical thickness reduced with age across the entire grey matter
surface (all q < 0.05 corrected, Fig. 2B). All analyses were done controlling for sex.

3.4. Whole brain – group-by-age interaction analysis
While typically developing children and adults showed thinner cortices with increasing age,
significantly less age-related thinning was observed in the ASD group in the superior frontal
gyri (SFG), middle frontal gyri (MFG), IFG, medial frontal gyri (MFG), OFC, M1, S1, PCL,
superior parietal lobules (SPL), inferior parietal lobules (IPL), middle occipital gyri (MOG),
temporal poles, STG, middle temporal gyri (MTG), ITG, medial orbitofrontal gyrus
(mOFG), PCG, precuneus and parietoccipital fissure (Fig. 2C and Table 2).

The age-by-group interaction analysis was repeated after removing the data from the
children aged 7–10 years, as this represented a small portion of the sample (n = 6) and may
have unduly influenced the results. Results were similar to what was previously found when
analysing the data from the entire cohort where the ASD participants showed little age-
related thinning in M1, S1, PCL, IPL, STG, mOFG, PCG and parietoccipital fissure. Thus,
all participants were included in subsequent analyses.

3.5. Correlation with autism severity measures
3.5.1. Relation between social impairment scores and cortical thickness in
ROIs—A directed search in the brain regions (ROIs) implicated in social and
communication functions revealed a significant correlation between thicker cortices in the
rACC (Montreal Neurological Institute, MNI coordinates; x = 4, y = 28, z = 23; df = 25, q =
0.03) and more severe scores on the ADI-R social domain (t = 2.09, df = 25, p = 0.047, see
Fig. 3), but not in the mPFC, IFG or STG. No associations were observed between
communication scores on the ADI-R and cortical thickness.

3.5.2. Relation between age, social impairment scores and cortical thickness
in ROIs—Significant interaction effects were found in the left orbitofrontal gyrus (MNI
coordinates: x = −16, y = 36, z = −26, df = 25, q = 0.014) where reduced cortical thickness
was associated with more severe social impairments on the ADI-R in all participants, but
was more pronounced in younger participants relative to adults with ASD. No other
significant correlations were observed in the selected ROIs between cortical thickness,
symptomatology and age.

4. Discussion
The present study provides insight into age-related cortical thickness changes in a well-
characterized ASD sample with a wide age range. The results indicate that social
impairment is associated with atypical brain morphology in ASD participants.

In this sample of children and adults with and without ASD, when controlling for age,
between-group analysis revealed only trends towards thicker cortices in the rACC, PCL,
M1/S1 and anterior insula in the ASD group. Some groups have reported increased
thickness or density in brain regions in groups of pre-adolescents (Bonilha et al., 2008) and
adults (Hyde, Samson, Evans, & Mottron, 2010; Schmitz et al., 2006; Toal et al., 2009) with
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ASD relative to typically developing individuals. As these prior studies focused on samples
with narrower age ranges their results reflect alterations in brain morphology during
restricted periods and are not able to examine developmental changes.

However, when examining age-related differences within groups, the ASD group had
reduced cortical thinning across age relative to controls, across a large portion of the cortex.
To date, few studies have investigated age-related changes in cortical thickness in
individuals with ASD and collectively they suggest a complex pattern of cortical thickness
maturation in this group. In agreement with the current findings, studies that included
participants across a wide age range (Raznahan et al., 2010; Scheel et al., 2011) found more
regions with little to no change in cortical thickness in individuals with ASD. In comparison,
studies with narrower age ranges report that the cortex thins with age in individuals with
ASD. (Mak-Fan et al., 2011; Wallace et al., 2010). This may suggest that the developmental
pattern observed in the current study and others with large age-spans is most apparent when
examining a wider window of development.

Social impairment was associated with different cortical thickness profiles in the OFC and
the rACC in individuals with ASD. The OFC is implicated in social cognitive functions such
as affective empathy and arousal (Decety, 2010), social reward processing (Adolphs, 2009)
and emotional self-regulation (Bachevalier & Loveland, 2006). The rACC is linked with
assessing the salience and motivational value of social stimuli, as well as regulating
emotional responses (Bush, Luu, & Posner, 2000). In the OFC, thinner cortices were
associated with more severely impacted social function and the rate of thinning was more
pronounced in younger participants relative to adults. Conversely, in the rACC, poor social
function was related to thicker cortices and did not vary with age, suggesting that this
abnormality is present in childhood and persists in a similar form into adulthood.

The observed age-related decrease in cortical thickness in the OFC and its relation to more
severe social impairment in ASD is consistent with Hardan et al. (2009), who found similar
results across the entire frontal lobe in pre-adolescent boys with ASD over a 2-year period.
In the current study, we utilized a higher magnetic field strength (3 T) to acquire the
anatomical MRIs which may have improved our ability to detect regional changes (Alvarez-
Linera, 2008). In addition, our directed search in the OFC reduced the number of corrections
for multiple comparisons, which resulted in a significant correlation between cortical
thickness and symptomatology. Our results add to the literature by suggesting that cortical
thinning in the OFC may start early in childhood and persist into adulthood.

The results of the present study also show that thicker cortices in the rACC at all ages were
associated with more severe social impairment. Increased thickness and other structural
atypicalities in the ACC were initially reported in post-mortem studies (Bailey et al., 1998;
Kemper & Bauman, 1993). Previous structural MRI studies reported both decreased grey
matter volume in the ACC (Abell et al., 1999; Kwon, Ow, Pedatella, Lotspeich, & Reiss,
2004; McAlonan et al., 2002), and increased thickness in this region in individuals with
ASD relative to controls (Bonilha et al., 2008; Hyde et al., 2010; Schmitz et al., 2006; Toal
et al., 2009), but there were no data on age-related changes in the ACC. The present study is
important in its findings of developmental changes in cortical thickness in ASD in the
rACC, a region central to the social cognitive functions.

4.1. Limitations
The cross-sectional study design used in the present study is only a proxy for a longitudinal
study design, which is better suited for understanding developmental changes. Future studies
using a larger sample and a longitudinal study design will further inform our current
knowledge of developmental atypicalities in cortical thickness and its relation to social
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impairment. In the present cohort, a balanced distribution of individuals across the entire
age-range would have been most desirable. Unfortunately, there were fewer ASD
individuals between the ages of 7 and 10 years than typically developing controls. For the
purpose of comparison we removed these extra control participants from the analysis and
obtained similar results in many of the regions listed in the full group analysis. Thus
developmental differences in cortical thickness across the brain persisted despite this
limitation.

In the present study, our focus was on the cortical mantle. Few structural brain
morphometric studies have correlated changes in subcortical grey matter volume or cortical
density with behavioural impairment in ASD (Hollander et al., 2005; Nacewicz et al., 2006),
highlighting the need for more research in this area. Although we observed an association
between the morphology of social brain regions, symptomatology and age, it still needs to
be determined whether these structural abnormalities are the cause or effect of social
impairment in ASD.

5. Conclusions
ASD are neurodevelopmental disorders and therefore age-related changes are crucial to
understanding the neurobiology of crucial to understanding the neurobiology of associated
behaviour. The present findings underscore the importance of including age interactions
when analysing structural properties of the autistic brain, as age effects may contribute to
variance in structural indices. Across the age-span of our sample we found significant
differences in the development of cortical thickness across the entire brain. In regions
implicated in social and communication functions specifically, atypical cortical thickness in
the rACC and OFC were associated with impaired social function. These findings raise the
question of whether atypical development of cortical thickness in these areas of the brain
may be an intermediate phenotype that may be explored further for neurobiological and
treatment research.
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Fig. 1.
Regions of interest in limbic cortices and social brain network. Depiction of the location and
extent of the regions of interest (ROIs) used in the directed search analysis. ROIs were
defined around areas implicated in social and communicative functioning that showed
significant thickness differences in the whole brain age × group interaction analysis.
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Fig. 2.
The within group age-effects and age × group interaction effects across the whole brain. The
q-map showing regions of the brain where significant developmental changes in cortical
thickness were observed in the ASD group (A), control group (B) and where significantly
greater cortical thinning with age was observed in the typically developing controls
compared to the ASD group (C). An example of thickness changes across age is shown for
the left middle frontal gyrus (LMFG) for the ASD and control groups, and for the age ×
group interaction analysis. The average cortical thickness in a 10 mm radius around the peak
in the LMFG is shown. 95% confidence intervals are shown as dotted lines.

Doyle-Thomas et al. Page 13

Res Autism Spectr Disord. Author manuscript; available in PMC 2013 May 13.

Autism
 Speaks Author M

anuscript
Autism

 Speaks Author M
anuscript



Fig. 3.
Region of interest analysis correlating cortical thickness against social impairment scores in
the rACC. In the ASD group thicker cortices in the rostral anterior cingulate cortex (rACC)
were positively associated with greater social impairment as measured by the ADI-R social
domain. Data were corrected for multiple comparisons using the false discovery rate of q =
0.05. 95% confidence intervals are shown as dotted lines.
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Table 1

Demographic characteristics of autism spectrum disorder and typically developing groups.

ASD (mean, SDa) (95% CIb) TD (mean, SD) (95% CI) p value

Age (years) Range: 7–39< Range: 7–37 t(51) = 0.08, p = 0.93

22.5 ± 7.9 (19.0, 24.4) 22.7 ± 9.1 (18.33, 26.0)

FSIQc Range: 68–143 Range: 78–143 t(51) = 0.72, p = 0.47

105.9 ± 18.0 (98.03, 112.1) 109.4 ± 17.0 (102.4, 116.5)

Gender (M:F)d 21:7 17:8 Chi-square = 0.6, p = 0.4

ADI-Re social 17.3 ± 7.3 (14.36, 20.16)

a
Standard deviation.

b
Confidence intervals.

c
Full scale IQ.

d
Male:female.

e
Autism Diagnostic Interview-Revised.
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Table 2

The positive age x group interaction effect across the whole brain.

Location Peak vertex MNI coordinates Cluster q-value

x y z

Superior frontal gyrus

 Left −8 42 54 0.03

 Right 8 32 61 0.03

Middle frontal gyrus

 Left −29 36 42 0.03

 Right 36 27 50 0.04

Inferior frontal gyrus

 Left −57 18 21 0.03

 Right 56 25 19 0.04

Medial frontal gyrus

 Left −8 60 0 0.04

 Right 4 59 14 0.05

Orbitofrontal gyrus

 Left −16 14 −22 0.05

 Right 14 40 −25 0.03

Precentral gyrus (M1)

 Left −60 1 13 0.03

 Right 33 −21 73 0.04

Postcentral gyrus (S1)

 Left −50 −23 63 0.04

 Right 39 −30 68 0.03

Superior parietal lobule

 Left −23 −51 70 0.03

 Right 16 −62 65 0.03

Inferior parietal lobule/middle occipital gyrus

 Left −41 −79 35 0.03

Inferior parietal lobule

 Right 62 −40 41 0.04

Posterior/superior temporal gyrus

 Left −67 −26 10 0.03

 Right 66 −12 −18 0.03

Middle temporal gyrus

 Left −65 −12 −18 0.03

 Right 66 −9 −15 0.03

Inferior temporal gyrus

 Left −58 −16 29 0.03

 Right 60 −28 −23 0.04

Medial orbitofrontal gyrus
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Location Peak vertex MNI coordinates Cluster q-value

x y z

 Left −28 52 −13 0.04

Posterior cingulate

 Left −4 −32 39 0.04

 Right 3 −49 −28 0.03

Precuneus

 Left −1 −73 23 0.05

Parietoccipital fissure

 Right 20 −68 25 0.04

Brain regions across the entire brain that show significantly greater cortical thinning with age in typically developing controls compared to the
ASD group. Coordinates are given in MNI space. Medial-lateral (X), anterior-posterior (Y), and superior-inferior (Z) positive values are right,
anterior and superior. All q-values are above the threshold for significance (corrected for multiple comparisons using the False Discovery Rate, q =
0.05).
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