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Objective: Recent evidence suggests that symptoms of
social impairment in autism spectrum disorder (ASD) form
a spectrum that extends into the general population. How-
ever, it is unclear whether the neuroanatomy of ASD also
shows a similar continuum in the general population. There-
fore, the goal of the present study was to investigate the
relationship between cortical morphology and autistic traits
along a continuum in a large population-based sample of
young children.

Method: The study included 717 children, aged 6–10 years,
who are participants in the Generation R Study, a large
population-based cohort. Autistic traits were measured using
the Social Responsiveness Scale when the children were ap-
proximately 6 years old. High-resolution MRI was obtained,
and morphological measures of the cortex, including cortical
thickness and gyrification, were quantified brain-wide.

Results: Children with more autistic traits showed wide-
spread areas of decreased gyrification. After excluding chil-
dren with the highest autistic traits and confirmed ASD, the
association remained present in a large cluster involving the
left hemisphere temporal and precuneus regions. Compara-
ble, but nonsignificant, effects when comparing a small sample
of confirmed ASD case subjects with age- and gender-matched
control subjects were observed.

Conclusions: Differences in cortical morphology related to
autistic traits along a continuum in a large population-based
sample of school-aged children were found. Part of these
differences remained after excluding the most severely af-
fected children. These findings lend support to an extension
of the neurobiology of autistic traits to the general population.
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Autism spectrum disorder (ASD) is a severe neurodevelop-
mental disorder in which social problems are a key symp-
tom. Studies have suggested that these social problems are
part of a spectrum of quantitative traits that extend into the
general population (1). If true, one would expect that the
neuroanatomical aspects of ASD also lie on a continuum in
the general population. The majority of studies to date ex-
ploring the underlying neuroanatomy of ASD children involve
case-control designs using clinically diagnosed patients with
ASD.While these studies are very beneficial to help elucidate
the underlying neurobiology of ASD, they do not answer the
question whether autistic traits, including subclinical traits,
share similar neuroanatomic features.

The optimum approach to evaluate whether the neuro-
anatomy of ASD fits a continuum in the general population
involves three steps. The first step is to show a relationship

between autistic symptoms along a continuum and neuro-
anatomy in the population. The second step is to show that
thosewith high levels of autistic traits or ASD exhibit the same
neuroanatomical findings as those in the whole population.
Finally, the third step is to assess whether the relationship
between autistic symptoms and neuroanatomy remains after
removing those with the highest level of autistic symptoms.
While there have been a number of studies that have assessed
one or two of the above steps, no study to our knowledge to
date has combined all three components in the same study.

There have been no studies that have evaluated brain
morphology of autistic traits in population-based samples.
However, there are numerous studies evaluating the neu-
roanatomy of children with clinical ASD compared with
comparison subjects (2), although these studies have yielded
mixed findings (e.g., both thicker and thinner cortex, as well
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as increased or decreased surface complexity). Despite this
variability, replicated results include thicker cortex in younger
children (between 1.5–8 years old), supporting the hypothesis of
early brain overgrowth. In some studies, thicker cortex was
found in the frontal (3, 4) and temporal regions (4, 5), although
no differences were reported in other studies (6). Studies in
older children ($12 years old) have found thinner temporal,
parietal, and occipital cortices in individuals with ASD (7–9).
More recently, studies of gyrification in children and adolescents
with ASD have also yielded contradictory results, reporting
higher gyrification in the bilateral posterior (10), left inferior (11),
and right parietal cortices (12) but also lower gyrification in the
right frontal cortex (13) or no difference in gyrification (14).

Two studies of ASD included subanalyses evaluating au-
tistic symptoms in the control group. One found a negative
correlation of autistic traits and local gyrification in the right
superior temporal sulcus (10), whereas increased gyrifica-
tion in the right parietal lobe associated with more autistic
symptoms was reported in the other study (12). Only one study
has evaluated a continuous measure of autistic traits in typi-
cally developing youths and found thinner cortex in the right
superior temporal cortex (15).

Thus, the goal of the present studywas to perform all three
steps (listed above as the optimum approach) in the same
study and to assess whether differences in cortical mor-
phology are related to the variation in autistic symptoms
observed in the general pediatric population. Based on pre-
vious literature, we have centered our analyses around two
features of cortical morphology that have shown differences
in clinical samples of children with ASD, namely gyrification
and cortical thickness. In line with studies in school-aged
children, we hypothesized that a higher load of autistic traits
would reveal a thicker cortex, particularly in the frontal and
temporal lobes, and less gyrification in the frontal regions.
Furthermore, we hypothesized that these findings would be
present 1) along a continuum in the entire cohort, 2) in chil-
dren with the highest level of autistic symptoms, and 3) after
excluding childrenwith the highest level of autistic symptoms.

Finally, considering the well-established sex differences
in the prevalence of ASD (1) and the sexual dimorphism in
neurodevelopment (16), and since many studies evaluate only
boys (17), we examined a priori whether autistic traits in boys
and girls would reveal similar neuroanatomical correlates.

METHOD

Participants
This study is embedded in theGenerationRStudy, a population-
based cohort study investigating children’s development from
fetal life onward (18). The participants included 1,070 children
ages 6 to 10 years who were scanned between September 2009
and July 2013 as part of a substudy (19).

A total of 214 children were excluded based on missing in-
formation on autistic traits, and 105 children were excluded
because of poor image quality (see the data supplement ac-
companying the online version of this article). For 15 children,

a gyrification output could not be constructed. Furthermore,
for each sibling or twin pair, one sibling was excluded (N=17).
Two children were excluded based on major incidental
findings. Thus, the final study sample consisted of 717 6- to 10-
year-old children (see Figure S1 in the online data supplement).

Informed consent and assent were obtained from parents
and children, respectively, after a complete description of
the study was provided. All procedures were approved by
the Erasmus Medical Center Medical Ethics Committee.

Social Responsiveness Scale
Around age 6 years (range: 4.89–8.90 years [see Table 1]), the
Social Responsiveness Scale was administered to obtain a mea-
sure of autistic traits (20). The Social Responsiveness Scale
provides a valid quantitative measure of subclinical and clinical
autistic traits (21). We utilized the 18-item short-form of the
scale, which shows correlations ranging from 0.93 to 0.99 with
the full scale in three different large studies (see the online data
supplement). The authors of the scale recommend cutoffs for
screening in population-based settings (consistent with
weighted scores of 1.078 for boys and 1.000 for girls) (20).

At approximately age 7 years, children who scored in the
top 15th percentile on the Child Behavior Checklist (for ages
1½–5 years) total score and those who scored in the top 2nd
percentile on the Pervasive Developmental Problems sub-
scale underwent a screening procedure for ASD using the
Social CommunicationQuestionnaire, a 40-itemparent-reported
screening instrument to assess characteristic autistic behavior.
Social Communication Questionnaire scores $15 are consid-
ered positive for screening (22). Children with scores above
this threshold were invited to complete the Autism Diagnostic
Observation Schedule (23), and their mothers were invited to
complete the Autism Diagnostic Interview–Revised (24).

MRI
All children were first familiarized with the MRI scanning
environment during a mock scanning session. Structural MRI
scans were obtained on a 3-T scanner (Discovery MR750,
General ElectricWorldwide, Milwaukee). Cortical reconstruc-
tion and volumetric segmentation were performed with the
FreeSurfer image analysis suite (version 5.1 [http://surfer.nmr.
mgh.harvard.edu/]). Further details can be found in the online
data supplement.

Statistical Analysis
To investigate the relationship between cortical morphology
and autistic traits, we performed vertex-wise analyses using
the FreeSurfer QDEC module (Query, Design, Estimate,
Contrast [http://surfer.nmr.mgh.harvard.edu]), which allows
users to perform intersubject/group averaging and inference
using the general linear model on the morphometric data
produced by the FreeSurfer processing stream. Analyseswere
corrected for multiple comparisons using the built-in Monte
Carlo simulation at a threshold set at a p value,0.05, a cluster-
wise correction that controls for the rate of false positive
clusters.
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In QDEC,we used a regressionmodel with
Social Responsiveness Scale score as the
continuous predictor, gender as a discrete
factor, and age as a nuisance variable within
the different offset, different slope design
matrix. Because of limitations in the number
of covariates in QDEC, we exported local
gyrification data for each participant for the
identified clusters into SPSS version 21.0
(IBM, Armonk, N.Y.) to assess whether the
associations withstood correction for con-
founding factors. Linear regression analyses
were performed with Social Responsiveness
Scale score as the independent variable. All
analyses were corrected for gender and age,
whereas other variables were included as
covariates when they changed the effect esti-
mate (B) by $5%. For further information on
covariates, see the online data supplement.
We explored gender interaction in QDEC and
performed a stratified analysis for boys and
girls to visualize gender-specific patterns and
make our results directly comparable with
gender-restricted samples. In addition, we
performed sensitivity analyses, in which we
excluded individuals with the highest load of
autistic traits and those with a diagnosis of
ASD.

RESULTS

Sample Characteristics
Child and maternal characteristics are pre-
sented in Table 1. Boys had somewhat higher
Social Responsiveness Scale scores (mean
difference=0.06, t=2.96, df=715, p=0.003) and
more attentionproblems (meandifference=0.70,
t=4.63, df=702, p=0.000004). Characteristics of the excluded
sample are presented in Table S1 in the online data supple-
ment. Children who were excluded from the final sample
were more likely to be of non-Dutch origin (x2=44.88, df=2,
p=1.79310–10); N=1,070) and had somewhat higher Child
Behavior Checklist attention problems scores (mean differ-
ence=20.50, t=–3.23, df=975, p=0.001), slightly lower non-
verbal IQ (mean difference=20.07, t=3.61, df=980, p=0.0003),
and (if excluded for reasons other thanmissing information on
autistic traits) somewhat higher Social Responsiveness Scale
scores (mean difference=20.07, t=–2.09, df=856, p=0.04).
Mothers of excluded children were more likely to have less
education (x2=14.32, df=2, p=0.001; N=971) and less income
(x2=44.59, df=2, p=2.08310–10; N=937).

Gyrification
Six regions in the brain showed significant negative corre-
lations between Social Responsiveness Scale scores and gyrifi-
cation (Table 2, Figure 1), three in each hemisphere.

In the left hemisphere, the first cluster (LH1) included
the posterior temporal cortex, covering portions of the su-
perior, middle, and inferior temporal cortices, as well as
the inferior parietal cortex and supramarginal gyrus. This
cluster extended medially to include the precuneus,
cuneus, pericalcarine, lingual cortex, and fusiform gyrus
(p=0.0001).

The second cluster (LH2) included the rostral middle
frontal cortex and extended into the superior frontal, medial
orbitofrontal, and rostral anterior cingulate cortices (p=0.0001).
The third cluster (LH3) covered part of the central sulcus and
pre- and postcentral gyri (p=0.03).

In the right hemisphere, cluster RH4 included a large part
of the temporal lobe extending posteriorly into the inferior
parietal cortex and supramarginal gyrus and anteriorly to the
insula, supramarginal gyrus, and pre- and postcentral gyri
(p=0.0001). Cluster RH5 included part of the posterior cin-
gulate cortex and extended posteriorly to the precuneus and
caudally to the lingual gyrus (p=0.0001). Cluster RH6

TABLE 1. Child and Maternal Demographic Characteristics

Characteristic N % Mean SD Range

Child

Gender (boy) 717 52
Ethnicity 717
Dutch 74.3
Other Western 6.7
Non-Western 19.0

Social Responsiveness Scale weighted
total score

717 0.27 0.29 0–3

Age (years) at Social Responsiveness
Scale assessment

717 6.17 0.47 4.89–8.90

Age (years) at MRI scan 717 7.97 1.00 6.12–10.70
Child Behavior Checklist score 704
Attention problems subscale 1.98 2.05 0–9

Nonverbal IQ 663 102.86 14.42 50–142
Handedness (right-handed) 716 90.2

Maternal

Education level 698
High 58.6
Medium 30.2
Low 11.2

Monthly household income 680
High 80.7
Medium 14.3
Low 4.7

Alcohol use during pregnancya 652
Never 34.2
Until pregnancy was known 15.0
Continued 50.8

Smoking during pregnancyb 695
Never 77.4
Until pregnancy was known 6.0
Continued 16.5

a Drinking more than 1 drink per day varied between 0.3% and 2.9%, with the highest percentage
in the first trimester.

b Smoking 10 or more cigarettes per day fluctuated between 4.2% and 5.7%, with the highest
percentage in the first trimester.
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included the superior frontal cortex and the medial orbital
frontal and anterior cingulate cortex.

The association remained in all but two clusters (LH3 and
RH6), after adjusting for confounding factors (Table 3). The
significant findings remained after additionally correcting for
total brain volume (see Table S2 in the online data supplement).
Plots of the age-residualized gyrification indices against quintiles
of Social Responsiveness Scale scores are presented in Figure S2
in the data supplement. Adding a quadratic term did not sig-
nificantly improve the model in any of the gyrification clusters.

There was no gender-by-gyrification interaction, and
gender-stratified analysis revealed similar patterns of decreased

gyrification (see Figure S3 in the data supplement). In chil-
dren with a delay of less than 1 year between administration
of the Social Responsiveness Scale and the MRI scan (N=179),
the direction of the effect was similar.

Case-Control Analyses
To assess differences in gyrification between children with
a diagnosis of ASD and control subjects, we performed inde-
pendent t tests for the six boys in our sample with a confirmed
diagnosis (measured using Autism Diagnostic Interview–

Revised/Autism Diagnostic Observation Schedule criteria)
compared with a group of age- and gender-matched control

TABLE 2. Vertex-Wise Analyses of Gyrification and Autistic Traits (N=717)

Hemisphere and Region Cluster Size (mm2) Talairach Coordinates (x, y, z) Number of Vertices Within Cluster Cluster-Wise p

Left

Temporal/precuneus 15,222.16 –48.7, –43.6, 7.5 28,452 0.0001
Frontal 5,039.94 –9.5, 62.7, –5.5 7,569 0.0001
Pre-/postcentral 2,100.33 –30.6, –27.2, 48.6 4,993 0.03

Right

Temporal/frontal 16,329.37 61.7, –7.9, 0.3 34,398 0.0001
Cingulate 7,276.69 14.1, –61.1, 1.1 14,941 0.0001
Frontal/cingulate 4,493.51 6.2, 46.3, –19.8 7,670 0.0001

FIGURE 1. Gyrification and Autistic Traits in the Full Sample of 6- to 10-Year Old Childrena

LH lateral

LH medial

RH lateral

RH medial

–5.0 –2.5 2.50.0 5.0

a Analyses were adjusted for age and gender. Colors represent the –log10(p value). Blue clusters represent a negative correlation
with autistic traits. Numbers refer to the entire cluster. Large clusters 1 and 2 are visible both in the lateral and the medial view of
the left hemisphere. LH=left hemisphere; RH=right hemisphere.
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subjects. In general, childrenwith ASD had lower gyrification
indices, although this difference did not reach statistical sig-
nificance (see Table S3 in the data supplement).

Analyses Without Children With the Highest Levels of
Autistic Traits and ASD
Next, we explored whether these associations also held ex-
cluding children with high levels of autistic traits. We excluded
the six boyswhomet criteria for ASD asmeasured by either the
AutismDiagnostic Interview–Revised or the AutismDiagnostic
Observation Schedule. Furthermore, boys with weighted So-
cial Responsiveness Scale scores .1.078 and girls with scores
.1.000 were excluded, in line with cutoffs recommended for
screening in population-based settings (20). This resulted in
a sample of 695 children. The results showeffect sizes similar to
those in the full sample (Table 4). After correcting for cova-
riates, the relation between less gyrification and more autistic
traits remained significant in the left hemisphere temporal/
precuneus cluster (LH1), and a nearly significant relation re-
mained in the left hemisphere frontal cluster (LH2).

Specificity Analyses
To explore the specificity of our results, we repeated the analyses
with two other subscales of the Child Behavior Checklist as pre-
dictors (aggression and anxiety/depression). This was in addition
to attention problems and nonverbal IQ, which were included
as covariates in the main analysis. This yielded very small

effect sizes that became insignificant after correcting for
confounders.

Cortical Thickness
For the total sample, including both genders (N=717), we
found no areas where thickness correlated with autistic traits
and no gender interaction.

In boys only (N=373), thicker cortex in the pericalcarine
areawas related to more autistic traits (p=0.01) (see Figure S4
in the data supplement). In girls (N=344), no areas correlated
with autistic traits.

Additional Measures
No relation was found between autistic traits and the global
hemispheric means of cortical thickness, surface area, and
gyrification (Table 5). In addition, there were no associations
between autistic traits and volumes of subcortical nuclei. While
cortical thickness and gyrification were the main outcomes of
interest, several other measures were explored, including
cortical volume, sulcal depth, and surface area. Larger volume
in the bilateral pericalcarine region was related to more au-
tistic traits (see Figure S5 in the data supplement). Similarly,
decreased sulcal depth in the posterior part of the right su-
perior temporal sulcus was associated with more autistic
traits (see Figure S6 in the data supplement). For surface area,
no differences were found.

TABLE 3. Regression Analyses of Gyrification and Autistic Traits
(N=717)a

Hemisphere, Region,
and Model B SE B p b

Left

Temporal/precuneus
Model 1 –0.20 0.05 0.000 –0.15
Model 2 (adjusted) –0.15 0.11 0.006 –0.11

Frontal
Model 1 –0.14 0.04 0.000 –0.14
Model 2 (adjusted) –0.10 0.08 0.02 –0.10

Pre-/postcentral
Model 1 –0.20 0.08 0.009 –0.10
Model 2 (adjusted) –0.12 0.17 0.15 –0.06

Right

Temporal/frontal
Model 1 –0.36 0.09 0.000 –0.15
Model 2 (adjusted) –0.28 0.19 0.005 –0.12

Cingulate
Model 1 –0.30 0.08 0.000 –0.14
Model 2 (adjusted) –0.22 0.18 0.01 –0.11

Frontal/cingulate
Model 1 –0.11 0.04 0.003 –0.11
Model 2 (adjusted) –0.07 0.08 0.09 –0.07

a Local gyrification indices were residualized for age at scanning. Model 1
adjusted for age when the Social Responsiveness Scale was completed and
gender. Model 2 additionally adjusted for child ethnicity, maternal educa-
tion, maternal alcohol use, maternal smoking, Child Behavior Checklist at-
tention problems score, and nonverbal IQ.

TABLE 4. Autistic Traits and Gyrification in the Sample Without
Children With the Highest Levels of Autistic Traits and Autism
Spectrum Disorder (N=695)a

Hemisphere, Region,
and Model B SE B p b

Left

Temporal/precuneus
Model 1 –0.21 0.07 0.002 –0.12
Model 2 (adjusted) –0.15 0.07 0.04 –0.08

Frontal
Model 1 –0.15 0.05 0.002 –0.12
Model 2 (adjusted) –0.10 0.06 0.07 –0.08

Pre-/postcentral
Model 1 –0.17 0.10 0.09 –0.06
Model 2 (adjusted) –0.08 0.11 0.46 –0.03

Right

Temporal/frontal
Model 1 –0.34 0.12 0.003 –0.11
Model 2 (adjusted) –0.22 0.13 0.09 –0.07

Cingulate
Model 1 –0.28 0.10 0.008 –0.10
Model 2 (adjusted) –0.17 0.12 0.15 –0.06

Frontal/cingulate
Model 1 –0.12 0.05 0.01 –0.10
Model 2 (adjusted) –0.07 0.06 0.22 –0.05

a Local gyrification indices were residualized for age at scanning. Model 1
adjusted for age when the Social Responsiveness Scale was completed and
gender. Model 2 additionally adjusted for child ethnicity, maternal educa-
tion, maternal alcohol use, maternal smoking, Child Behavior Checklist at-
tention problems score, and nonverbal IQ.
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DISCUSSION

There is emerging evidence that autistic traits fall on a con-
tinuum within the general population (1). If this is the case,
then it is likely that the neuroanatomy of autistic traits also
falls along a continuumwithin the general population. Thus,
the primary goal of the present study was to evaluate the
relationship between autistic traits and structural brain
measures in a large population-based study of school-aged
children. We studied whether neurobiological findings of
autistic traits are present along a continuum in a population
using a three-step approach, which involved 1) showing that
a significant linear relationship exists between the autistic
traits and the neurobiologic measurement and that a non-
linear relationship does not provide a significantly better fit,
2) performing a case-control evaluation of children with
ASD to show that the findings are present in the case sub-
jects with diagnosed ASD compared with control subjects,
and 3) excluding individuals with ASD or the highest autistic
symptoms to assess whether the linear relationship remains.

Evaluating brainmorphology across a continuumof autistic
traits, we found that school-aged children show a widespread
decrease in cortical gyrification with increasing autistic traits.
In some regions, this relationship appeared to be driven
by those with more autistic symptoms, suggesting that for
these regions a cutoff effect may be applicable. However,
there was a strong linear relationship in regions involving
the left hemisphere temporal/precuneus area that remained
after excluding children with the highest levels of autistic
traits and confirmed ASD. Finally, we found less gyrification

with more autistic traits and a comparable,
although nonsignificant, effect when com-
paring a small sample of confirmed ASD cases
with age- and gender-matched control sub-
jects. Taken together, these findings provide
supportive evidence for the existence of a con-
tinuum, at least for some regions, in the neu-
robiology of autistic traits in children.

While other studies of gyrification in ASD
have not had the goal of evaluating whether
traits are continuous in the population, they
have evaluated gyrification abnormalities in
ASD. Studies have found both decreased (13)
and increased (10, 12) gyrification in clinical
cohorts with ASD. In a case-control study of
ASD in 11 children aged 9–17 years (male sub-
jects, N=8), compared with matched typically
developing control subjects, Schaer et al. (13)
found decreased gyrification in frontal brain
regions. However, using the same technique,
Wallace et al. (10) reported regions of increased
gyrification in an all-male case-control study
of ASD (ages 12–23 years old). The differences
in the age and gender constellations of these
studies could be responsible for the discrep-
ancy in the findings. However, this is less in-

tuitive because gyrification peaks early in childhood and,
parallel with cortical pruning, decreases over time (25, 26).
Thus, factors such as heterogeneity in the features of ASD,
small sample size, or sample selection differences could be
responsible for these differences. Interestingly though, when
Wallace et al. performed a subanalysis that included only the
typically developing subjects, they found negative correlations
between autistic traits and gyrification in a region showing
markedoverlapwith ourfinding in the right superior temporal
lobe.

Gyrification is a poorly understood phenomenon that is
thought to accommodate efficient neural processing in the
brain (27). Decreased gyrification could point to disruptions
in fetal development, since the majority of gyrification takes
place in the third trimester, at a time when the brain under-
goes prolific growth. However, the many primary sulci are
formed before then, between 20 and 28 weeks of gestational
age (28). Following Van Essen’s model (27), decreased gyr-
ification could reflect decreased short-range connectivity of
the neuronswithin specific regions. Indeed, Schaer et al. found
decreased gyrification in ASD to be related to decreased con-
nectivity in the same regions (13).

In our study, decreased gyrification was not associated
with decreased surface area. This decoupling of various as-
pects of the cortex is puzzling but consistent with at least
one other study of ASD (10) and could potentially be un-
derstood by the fact that both features derive from distinct
stages in gestation and that different aspects of the cortex are
regulated by different geneticmechanisms (29). A disruption
within a particular developmental window may interfere

TABLE 5. Autistic Traits and Global Brain Measuresa

Hemisphere, Morphological Measure,
and Model B SE B p b

Left

Mean cortical thickness
Model 1 –0.01 0.04 0.88 –0.04
Model 2 (adjusted) 0.03 0.04 0.38 0.03

Mean pial surface area
Model 1 –12399.11 3379.49 0.000 0.02
Model 2 (adjusted) –1839.10 1373.26 0.18 –0.02

Mean gyrification
Model 1 –0.13 0.04 0.003 0.05
Model 2 (adjusted) –0.05 0.04 0.19 –0.04

Right

Mean cortical thickness
Model 1 –0.02 0.04 0.71 0.01
Model 2 (adjusted) 0.03 0.04 0.41 0.03

Mean pial surface area
Model 1 –12861.23 3497.54 0.000 0.01
Model 2 (adjusted) –1911.55 1407.19 0.17 –0.02

Mean gyrification
Model 1 –0.16 0.05 0.001 0.03
Model 2 (adjusted) –0.07 0.04 0.09 –0.05

a Model 1 adjusted for gender and age when the Social Responsiveness Scale was completed.
Model 2 additionally adjusted for total brain volume.
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with the development of one feature, while leaving another
preserved.

While we found widespread regions of decreased gyr-
ification, specific brain regions were more affected. Inter-
estingly, the regions we found are functionally associated
with capacities that are impaired in ASD. The frontal and
posterior cingulate cortices both form components of the
default mode network, a resting state functional brain net-
work thought to be involved in self-reflection (30). Addi-
tionally, the anterior cingulate cortex, the temporal lobes, and
the superior temporal sulcus have been related to “theory of
mind” (31). The superior temporal sulcus, in which we found
less gyrification and decreased sulcal depth, is recognized as
a structure crucial to perception and processing of language
and auditory stimuli, specifically social stimuli (both visual
and auditory) (32). Previous research has shown decreased
gray matter (9, 33) and white matter (34) volumes and abnor-
mal activation of the superior temporal region in ASD (32).

We found larger volume and thicker cortex in the peri-
calcarine region, a region that is among the first to reach
peak cortical thickness (35), around age 7 years, which falls
within the age range in our study. Thicker occipital cortex
has been found in school-aged children with ASD (8) and is
in line with the early brain overgrowth hypothesis. Further-
more, magnetic resonance spectroscopy has revealed dimin-
ished levels of creatine (36). Thicker cortex in the pericalcarine
areawas exclusively found in boys, which potentially reflects
gender specificity in brain development in children with
autistic traits. Since female subjects are generally underrep-
resented in clinical ASD samples, because of the low
prevalence in the female population, it is possible that some
findings arising from previous studies of cortical thickness
are in fact driven by the male subjects only. However, the
regions where we found decreased gyrification were
mostly overlapping across genders, in line with work that
suggests similar brain differences in men and women with
ASD (37).

Our study has a number of strengths. First, we imaged
children from a large population-based cohort with autistic
traits across a broad spectrum. This provides the unique
opportunity to test whether the underlying neurobiology of
autistic traits extends into the general population. In addi-
tion, considerable information is available on potential con-
founding factors. Although autistic traits frequently co-occur
with attention problems and lower IQ (38), the brain corre-
lates described here are specifically related to autistic traits
independent of IQ and attention problems. Furthermore, our
results were independent of symptoms of aggression, anxiety,
and depression.

There are also several limitations to the study. First, the
measurements of autistic traits and cortical morphology were
not contemporaneous. However, autistic traits are relatively
stable over time (39), and a sensitivity analysis only including
children with a short delay between the two measurements
yielded similar results. Second, because the MRI data were as-
sessed cross-sectionally,we cannot study longitudinal trajectories

of brain development associated with autistic traits. Third,
while we corrected for multiple testing within each surface-
based analysis, we did not perform additional correction for
the different surface-based analyses. Fourth, the Autism Di-
agnostic Observation Schedule/Autism Diagnostic Interview–
Revised assessments were not available for all participants.
In our sample, six boys met criteria for ASD based on these
instruments, but it is possible that we would have identified
more cases of ASD had we been able to perform in-depth
assessments of all participants. Since this is a small group,
a cautious interpretation of these findings is warranted.
Fifth, there is a potential for selection effects, since children
who were excluded differed from the sample on socioeco-
nomic factors and problem scores. Thus, it is possible that
our results are not representative of the general population,
althoughwe are likelymissing the childrenwithmore severe
autistic symptoms. Finally, in interpreting data from a data-
driven analysis, there is a risk of reverse inference. However,
the regions we found have been consistently and specifically
associated with ASD in the literature.

In conclusion, we found differences in cortical morphology
to be related to autistic traits in a large population-based
sample of school-aged children. Our findings lend support to
an extension of the neurobiology of autistic traits to the gen-
eral population.
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