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Autism spectrum disorders (ASDs) are typically characterized by
impaired social interaction and communication, narrow interests,
and repetitive behaviors. The heterogeneity in the severity of
these characteristics across individuals with ASD has led some
researchers to suggest that these disorders form a continuum
which extends into the general, or “typical,” population, and there
is growing evidence that the extent to which typical adults display
autistic traits, as measured using the autism-spectrum quotient
(AQ), predicts performance on behavioral tasks that are impaired in
ASD. Here, we show that variation in autism spectrum traits is
related to cortical structure and function within the typical
population. Voxel-based morphometry showed that increased AQ
scores were associated with decreased white matter volume in the
posterior superior temporal sulcus (pSTS), a region important in
processing socially relevant stimuli and associated with structural
and functional impairments in ASD. In addition, AQ was correlated
with the extent of cortical deactivation of an adjacent area of pSTS
during a Stroop task relative to rest, reflecting variation in resting
state function. The results provide evidence that autism spectrum
characteristics are reflected in neural structure and function across
the typical (non-ASD) population.
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Introduction

Autism spectrum disorders (ASDs) are characterized by
impaired social interaction and communication, restricted
interests, and repetitive behaviors. The severity of these
characteristics are posited to lie on a continuum that extends
into the general population (Frith 1991; Baron-Cohen 1995).
To determine the extent to which adults of at least average
intelligence display characteristics associated with ASD, Baron-
Cohen, Wheelwright, Skinner, et al. (2001) developed a self-
administered questionnaire, the autism-spectrum quotient
(AQ). Individual differences in AQ have been shown to predict
performance in both typical and ASD populations on tasks that
are impaired in ASD, including self-focused attention
(Lombardo et al. 2007), local versus global processing (Grinter
et al. 2009), inferring others’ mental state from the eyes (Baron-
Cohen, Wheelwright, Hill, et al. 2001), and attentional cueing
from gaze (Bayliss and Tipper 2005). An important question is
whether variation in autism spectrum traits are associated with
changes in structure and patterns of activation in typical
participants’ brains.

A recent review by Zilbovicius et al. (2006) emphasized that
ASD is associated with changes in gray matter (GM) and white
© The Authors 2010. Published by Oxford University Press.

matter (WM) structure along the length of the superior
temporal sulcus (STS) and superior temporal gyrus (Barnea-
Goraly et al. 2004; Boddaert et al. 2004; McAlonan et al. 2005).
Gray matter changes have typically been localized to the upper
and lower banks of more posterior STS (pSTS) and posterior
temporal regions more generally while WM changes extend
along its length and into pSTS and adjacent temporoparietal
junction (TPJ) (for details of location of previously reported
structural and functional changes, see Supplementary Fig. S1).
These latter regions also play a key role in social processing and
along with other regions, notably the medial prefrontal cortex
(mPFC), have repeatedly shown abnormal responses to socially
meaningful tasks in individuals with ASD (Happe et al. 1996;
Castelli et al. 2002; Pelphrey et al. 2005). Changes in the WM
structure of mPFC in ASD have also been reported (Barnea-
Goraly et al. 2004), suggesting underlying structural changes in
this network of “social” regions.

To address whether AQ scores are related to structural
variation in local gray or WM volume of these areas in typical
participants’ brains, we performed a voxel-based morphometry
(VBM) analysis. We were also interested in whether AQ
affected changes in the blood oxygen level-dependent (BOLD)
response and whether the areas affected corresponded to
those that showed structural changes. It was important to
ensure that any AQ-related changes in BOLD signal were not
secondary to altered performance or strategy, as might be
expected for certain perceptual or social cognitive tasks that
are impaired in individuals with ASD or in typical participants
with high AQ scores. We therefore compared the change in
BOLD response while performing a Stroop task, not typically
affected by ASD (Kennedy et al. 2000), relative to rest to
address “deactivation” of the default-mode or resting state
network. This network comprises a number of regions that are
more active at rest but reduce in activation, or “deactivate,”
during attention-demanding tasks and comprises mPFC, poste-
rior cingulate cortex, precuneus, and posterior lateral cortices,
including pSTS/TPJ and angular gyrus (Gusnard and Raichle
2001; Buckner et al. 2008). A number of studies have suggested
that activation in these regions at rest may reflect internal self-
reflective thought processes, and the extent of deactivation
during a task may therefore indicate the degree to which these
processes are suppressed during an attention-demanding task
(Shulman et al. 1997; Gusnard and Raichle 2001; Mazoyer et al.
2001). These same resting state regions show remarkable
overlap with areas implicated in social functions displaying
abnormal activation in ASD (Buckner et al. 2008). More recent
research has specifically addressed rest activation in individuals
with ASD and shown abnormal function in the resting state
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network (Cherkassky et al. 2006; Kennedy et al. 2006; Kennedy
and Courchesne 2008; Monk et al. 2009), and specifically
within regions of the STS, particularly pSTS and adjacent
angular gyrus. Thus, we were interested in whether the extent
of deactivation in typical controls during the Stroop task was
related to individual differences in AQ scores.

Materials and Methods

Participants

Ninety-five right-handed healthy adults participated in the VBM study.
Participants were recruited from the MRC Cognition & Brain Sciences
Unit’s volunteer panel, which comprises members of the local
Cambridge community, including a large proportion from Cambridge
University, none had a history of psychiatric illness and/or physical
illness. Two were excluded from statistical analyses because of
excessive head movement (>2 mm), and a further 2 participants who
also took part in the functional magnetic resonance imaging (tMRI)
study were removed from the VBM (but not from fMRI) analysis
because their structural scans had very poor image intensity
distributions. This left 91 participants’ data for analysis (mean age =
25 * 5 years, range: 18-42; 53 females). Where time permitted, a subset
of these volunteers (31) underwent 2 structural scans, which were
then averaged to improve image quality for segmentation purposes. All
participants completed the AQ questionnaire (mean score: 16 * 7,
range: 2-33). This 50-item questionnaire is a validated measure of the
degree of autism spectrum characteristics found within the typical
population, as well as in individuals with high-functioning autism and
Asperger Syndrome (Baron-Cohen, Wheelwright, Skinner, et al. 2001).
Examples of items include: “I would rather go to the library than to
a party,” “I find it difficult to work out people’s intentions,” and “I notice
patterns in things all the time.” A higher AQ score indicates a greater
extent of autism spectrum characteristics. One of the 91 volunteers
scored 33, just above the 32-point cutoff determined by Baron-Cohen,
Wheelwright, Skinner, et al. (2001). However, the AQ is not a diagnostic
measure, and none had with a clinical diagnosis of an ASD. Written
informed consent was obtained from all participants, and the study was
approved by the local research ethics committee.

A randomly selected subset of 19 volunteers (12 females; mean age =
24 * 4 years) also completed the fMRI Stroop task (mean AQ score =
18 £ 7, range: 5-30); the remaining participants completed unrelated
fMRI experiments. Materials and design for the fMRI study are
summarized in Figure 1. The Stroop task used a similar design to
Kennedy et al. (2006) that consisted of 3 task conditions—number
words, negatively valenced emotional words, and neutral words.
Between 2 and 4, identical words appeared on the screen at any one
time. Participants were instructed to count the number of times the
word was displayed and to respond as quickly and as accurately as
possible by button press. Number words were always incongruent with
respect to the number of times the word appeared on the screen
(e.g., “2” written 4 times). Ten negatively valenced emotional words
(e.g., “bomb”) and 10 neutral words were chosen from the Affective
Norms for English Words list (Bradley and Lang 1999). Stimuli were
presented in a blocked design in one of 2 pseudorandom orders using
E-prime (Psychology Software Tools). Each stimulus was presented for
1.5 s, with each block containing 20 presentations from the same word
category. Each set of task conditions (number, emotional, and neutral
words) was repeated 4 times with three 21-s fixation rest blocks
between repeats of task blocks. For fixation blocks, participants were
instructed to stare passively at the low-contrast fixation cross
presented at the center of the screen.

Reaction times, measured from stimulus onset to participant
response, and percent correct responses were recorded for all
participants. To verify that participants were reading the words in
the scanner, they were given a surprise word recognition memory test
immediately after scanning which comprised a list of 20 emotional and
20 neutral words. Half of the words had been presented in the scanner
and the other half were novel words whose arousal and valence were
matched with those shown in the scanner. Participants had to indicate
which words they remembered seeing in the scanner. Hits, misses, and
false positives were converted into a percent correct score.

Magnetic Resonance Imaging Acquisition and Analysis

All data were acquired on a Siemens 3-T Tim Trio scanner, and all
analyses were performed in SPM5 (Wellcome Trust Centre for
Neuroimaging, London, UK). A high-resolution structural magnetization
prepared rapid gradient echo scan (voxel size = 1 x 1 x 1 mm,
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Figure 1. Materials and design for the fMRI Stroop task.
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repetition time = 2250 ms, echo time = 2.99 ms, inversion time =
900 ms, flip angle = 9°, total scan time = 4 min 16 s) was acquired in
all participants. VBM analysis was performed in SPM5, which enables
automated spatial normalization, tissue classification, and radio-
frequency bias correction to be combined within the segmentation
step. Default values for segmentation and normalization within SPM5
were used. Following normalization and segmentation into GM and
WM, a modulation step was incorporated to take into account volume
changes caused by spatial normalization which can cause certain brain
regions to shrink or expand. This was done by multiplying the voxel
values in the segmented images by the Jacobian determinants from the
spatial normalization step. The segmented, normalized, and modulated
images were smoothed using a Gaussian kernel of 10-mm full-width at
half-maximum (FWHM) and entered into a regression model with AQ.
An absolute threshold mask was set at 0.1 to ensure that the voxels
included in the analysis had a higher probability of being WM or GM,
respectively. Global WM and global GM volumes were calculated from
segmentations in native space. Global WM volume was included as
a covariate of no interest in the VBM analysis of WM volume
differences, to account for any gross differences in total WM volume
across participants. Similarly, global GM volume was included as a
covariate of no interest when changes in GM volume were being
modeled. As the AQ is a behavioral measure tapping social-
communicative skills and behavior associated with ASD, we expected
to find effects primarily in regions associated with social cognition, in
particular the mentalizing network comprising mPFC, TPJ, and STS,
which is impaired in ASD. We corrected for multiple comparisons by
family-wise error using a small-volume correction with a 20-mm sphere
centered on the average of the pSTS/TPJ and mPFC peak activations
from 10 mentalizing studies listed in Frith U and Frith CD (2003), such
that for the left and right hemispheres, the sphere was centered at
x=%55 y=-55, z= 11 for pSTS/TPJ and x =4, y = 45, z= 34 for mPFC.
To take into account more ventral aspects of mPFC/anterior cingulate
cortex (ACC) often identified in theory-of-mind (ToM) and the resting
state, we included an additional region of interest (ROI) centered on
the average of peak coordinates in ventral mPFC/ACC identified in
a subset of the same 10 studies: x = -1, y = 47, z = 4. In addition, any
other regions surviving P < 0.001 (uncorrected) and a cluster extent
threshold of 10 voxels are reported in Table 1.

For the fMRI study, participants underwent gradient-recalled echo-
planar imaging (EPI) consisting of 40 axial oblique slices (repetition time
=24 s, echo time = 30 ms, 3 x 3 x 3-mm voxel size). The first 3 volumes
were discarded to allow for equilibration effects. The EPI images were
sinc interpolated in time to correct for slice time differences and
realigned to the first scan by rigid body transformations to correct for
head movements. EPI and structural scans were coregistered and
normalized to the 7; standard template in Montreal Neurological
Institute space (Montreal Neurological Institute-International Consor-
tium for Brain Mapping) using linear and nonlinear transformations and
smoothed with a Gaussian kernel of 10-mm FWHM. Condition effects
were estimated using boxcar regressors convolved with the canonical
hemodynamic response function in the general linear model. Data were
high-pass filtered (cutoff 128 s) to remove low-frequency signal drift.
Spatial realignment parameters were included as regressors of no
interest in the model to account for any residual movement-related
varjance. Statistical parametric maps were generated for each individual
by estimating activation contrasts between conditions. Data were
analyzed at the group level by conducting a random-effects analysis. A
multiple regression model was used to estimate the correlation between
AQ scores and all voxels in the brain for a given response contrast. Small-
volume correction for multiple comparisons was applied using the same
ROIs described in the VBM analysis.

Results

VBM

We performed a VBM analysis on magnetic resonance imaging
scans of 91 healthy adults, who completed the AQ question-
naire. The results showed a significant reduction in WM volume
with increased AQ scores in just one region: right pSTS (cluster

Table 1
Functional deactivation as a function of AQ (P < 0.001 uncorrected, unless otherwise indicated;
cluster extent threshold 10 voxels)

Brain region Hemisphere Cluster T X y z
size
All versus fixation
STS L 83 5.29% —42 —42 4
R 204 6.83* 40 —40 12
Posterior insula L 12 3.60 —34 —4 24
Brainstem L 22 3.48 -8 —26 —28
Midcingulate L 18 3.38 -8 16 40
Number versus fixation
STS L 95 4.70% —42 —42 4
R 54 5.48* 40 —40 12
Emotional versus fixation
STS L 250 5.89* —42 —40 4
R 209 8.99* 40 —40 12
Supplemental motor area L 31 451 —12 2 58
R 33 5.26 18 14 62
Hippocampus R 92 5.22 38 —34 -10
Subparietal sulcus L 124 5.15 -2 —74 40
R 14 3.81 34 2 30
Mid-cingulate L 27 3.40 —6 12 38
R 22 3.24 6 10 30
Brainstem L 26 3.38 -8 —22 —28
Neutral versus fixation
STS L 100 467* —44 —48 8
Brainstem L 85 451 -8 —26 —28
Visual cortex R 32 4.07 12 —-90 0
Frontal operculum L 24 3.58 -30 30 —6
Dorsal anterior cingulate L " 3.56 —16 18 46
Pars triangularis L 15 3.34 —32 12 28
*P < 0.05 small-volume correction with a 20-mm sphere centered at x = =55, y = —55,

z=11.

size = 64 voxels, T=4.32, x=52, y=-42, z= 12, P <0.02 small-
volume corrected [SVC]) (Fig. 2). Age and gender were not
significantly associated with AQ (P = 0.25 and P = 0.17,
respectively) and repeating the analysis including these
variables as covariates-of-no-interest produced highly similar
results (cluster size = 43; 7= 4.14; x=52, y=-42,z=12; P <
0.02 svc). No other regional WM changes were observed as
a function of AQ. Changes in GM volume with AQ were not
found in our a priori ROIL, however, increasing AQ was
associated with increased GM in left superior frontal sulcus
(cluster size = 34; T'= 3.73; x = -30, y = 14, z= 62; P < 0.001
uncorrected).

Functional Imaging: Stroop Task
A subset of 19 participants also underwent fMRI while
performing a counting Stroop task to determine whether AQ
scores were related to activation of the resting state network.
In view of the VBM results, we were particularly interested in
the relationship between AQ and deactivation in the pSTS.
Consistent with the observation of Kennedy et al. (2006)
that behavioral performance on the 3 conditions of the Stroop
task was relatively unaffected by ASD, analysis of covariance
showed no significant correlation between participants’ accu-
racy on the task and AQ (Fr34 = 0.26, P = 0.78), and a
nonsignificant trend between reaction times and AQ across
conditions (F34 = 2.8, P = 0.08). Postscanning recognition
memory for the neutral and emotional words used in the task
conditions was good (80%), indicating that subjects attended
throughout. In addition, there was no significant relationship
between AQ and participants memory for words in the
postscan assessment (F; 17 = 0.3, P = 0.59). Hence, any changes

Cerebral Cortex Page 3 of 8

0T0Z ‘S Ae|A UO Alslaniun afe A 1e Bio’sjeuinolplojxo1021a2//:dny wolj papeojumoq


http://cercor.oxfordjournals.org

1.20 1
1.15 1 o

1.10 4

1.00 1

0.95 1

0.90

0 5 10 15 20 25 30 35
Autism-Spectrum Quotient

WM vol parameter estimate at (52,-42,12)

Figure 2. The pSTS region showing significantly reduced WWM volume with increased AQ displayed on the average structural scan for all participants. Scatterplot shows the
effect size of WM volume reduction in right STS at the peak voxel as a function of AQ (7 = 4.32) with 95% confidence intervals. Data are displayed at P < 0.001 uncorrected.

Correlation plot is for illustrative purposes only.

in brain activity are unlikely to reflect AQ-related differences in
task performance.

Irrespective of AQ, separate comparisons of each task
condition with fixation produced significant deactivation in
resting state regions (see Supplementary Fig. S2). Of more
interest, AQ scores predicted deactivation in bilateral pSTS for
all task conditions compared with fixation, such that individuals
with higher AQ scores displayed greater deactivation of pSTS
(Table 1; Fig. 3a). Furthermore, when each task condition
(number words, emotional words, and neutral words) was
compared with fixation independently, we found a highly
similar relationship with AQ in pSTS for each, indicating that
the effect was robust across each task condition (Table 1 and
Fig. 3D).

Taking the functional and structural results together, it is
striking that the location of the WM reduction with AQ
identified by VBM is in close proximity to the functional STS
deactivation observed in the Stroop task. To rule out the
possibility that the reduction of WM in pSTS was driven by the
subset of participants who participated in both the VBM and
fMRI components, we performed an additional VBM analysis
excluding those participants and found identical results
(cluster size = 70; T'= 4.59; x =52, y=-42, z=12; P < 0.007
svc), indicating that the functional and structural changes in
pSTS as a function of AQ can be found in independent samples.

Given that the VBM and fMRI Stroop tasks identified changes
in proximal regions of the pSTS, we conducted a further post
hoc correlation analysis to test for any relationship between
the extracted BOLD response and WM volume at pSTS for
participants who took part in both fMRI and VBM experiments.
This revealed no significant relationship. However, since we
had an independent sample consisting of the individuals who
took part in the VBM study only, we used the correlation
coefficient of WM volume with AQ (7 = -0.46) from this
independent sample as an estimate of effect size. A power
analysis (80% power) revealed the minimum required sample
size to detect a correlation with WM volume is 31 participants.
Consequently, a significant correlation between WM and BOLD
response may be found in a larger sample.

The scale of Baron-Cohen, Wheelwright, Skinner, et al
(2001) was originally devised to assess autism spectrum traits
across 5 different areas of behavior. More recent work by
Hoekstra et al. (2008) showed that a number of these subscales
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are intercorrelated and that factor analysis identified just 2
distinct scales tapping “social interaction” and “attention to
detail” Hoekstra et al. (2008) also used a slightly different
method of scoring the AQ questionnaire. We therefore
performed additional analyses examining the total AQ scores
according to Hoekstra et al. (2008), as well as the 2 proposed
subscales. For all 3, we identified AQ-related changes in WM
and deactivation in the pSTS for the VBM and Stroop tasks,
respectively (VBM Hoekstra total: 7'= 3.44, x = 50, y = 42,
z = 14; VBM Hoekstra social: 7= 3.26, x = 40, y = 42, z = 18;
VBM Hoekstra detail: 7= 3.22, x = 52, y = 42, z = 12; Stroop
Hoekstra total: 7= 4.19, x=-42, y=-42, z= 2; Stroop Hoekstra
social: 7'= 3.93, x = 42, y = 42, z= 2; Stroop Hoekstra detail:
T=390, x=38, y=-46, z=18; all P < 0.002 uncorrected).
Furthermore, in the VBM analysis, the social interaction
subscale, which includes items relating to ToM, such as “When
I'm reading a story, I find it difficult to work out the characters’
intentions,” identified a negative correlation with WM volume
in ACC/mPFC (T = 3.08, x = -12, y = 40, z = -2; P < 0.002
uncorrected), an area strongly implicated in ToM (Frith CD and
Frith U 1999; Gallagher and Frith 2003).

Discussion

We present converging evidence from structural and functional
neuroimaging data that variation in autism spectrum character-
istics in the typical (non-ASD) population is correlated with
both WM volume and BOLD response in pSTS. Individuals with
ASD show considerable variation in the severity and extent to
which they exhibit characteristics of the disorder. This
heterogeneity has led some researchers to posit that ASD lies
on a continuum of social-communication difficulties (Frith
1991; Baron-Cohen 1995) that extends into the “typical”
population. Consistent with this proposal, behavioral studies
in typical participants show an effect of autism spectrum traits
on tasks that are impaired in ASD (Baron-Cohen, Wheelwright,
Hill, et al. 2001; Lombardo et al. 2007; Grinter et al. 2009),
including attentional cueing from eye gaze, which is strongly
associated with pSTS (Bayliss and Tipper 2005). Indeed, in as
yet unpublished work, we have found that AQ predicts
increased cortical response to changes in gaze direction in
typical adults in a remarkably similar region of pSTS to that
identified here. While all these studies have used AQ as a
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Figure 3. (4) Regions whose deactivation significantly correlated with AQ for all task conditions compared with fixation. Effect sizes of right pSTS peak voxel fixation response
are plotted as a function of AQ (T = 6.83) with 95% confidence intervals. (B) Regions whose deactivation significantly correlated with AQ for the number words condition
compared with fixation (yellow), emotional words compared with fixation (green), and neutral words compared with fixation (red). Effect sizes of right pSTS fixation response as
a function of AQ for fixation versus number words (7 = 5.48), fixation versus emotional words (7 = 8.99), and fixation versus neutral words (T = 4.16) are plotted with 95%
confidence intervals. Data are displayed at P < 0.001 uncorrected. Correlation plots are for illustrative purposes only.

measure of autism spectrum traits, work using a related self-
report quantitative measure, the Social Responsiveness Scale
(SRS), also provides evidence of a continuum in social commu-
nicative function across a large sample of typical adolescents
(Constantino and Todd 2003). Indeed, a recent functional
connectivity study found evidence of a negative relationship
between SRS scores in typical adults and cingulo-insular
connectivity (Di Martino et al. 2009). Our current results
provide a new addition to the study of autism spectrum traits
within the typical population by demonstrating their relation-
ship with the WM structure and regional BOLD response of an
area implicated in social cognition and ASD.

Previous structural brain imaging studies have emphasized
abnormalities in the STS region in ASD, revealing local
reductions in GM volume (Boddaert et al. 2004; McAlonan
et al. 2005) along the upper and lower banks of pSTS and
reduced fractional anistotropy of WM, reflecting altered
connectivity or general integrity of WM tracts, along the length
of the STS extending into pSTS/TPJ region (Barnea-Goraly et al.

2004). While we did not observe any significant changes in GM
volume in these regions, the reduction in WM volume with
greater self-reported autistic traits is consistent with the
findings of Barnea-Goraly et al. (2004) in ASD participants
and suggests that structural changes in WM in pSTS extend
from the typical to ASD population and, in the typical
population at least, are coupled with behavioral characteristics
associated with ASD.

The location of our observed changes in WM volume and
BOLD response is also particularly striking given the role of the
pSTS and adjacent TPJ in both the resting state network and
higher order social function. Several imaging studies have
examined brain function at rest in ASD wusing various
techniques and consistently reported differences along the
STS, although the direction of the effect and the location of the
changes show some variability from one study to the next.
Ohnishi et al. (2000) and Zilbovicius et al. (2000) found
reduced perfusion at rest in individuals with ASD along the
length of the STS, including regions of pSTS, and Kennedy et al.
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(2000) similarly found reduced task-independent deactivation
in ASD in more anterior STS. A more recent study has reported
increased functional connectivity at rest of mid-STS with other
resting state regions (Monk et al. 2009). In the posterior
aspects of the STS region more traditionally associated with the
resting state network, reduced resting state connectivity of the
angular gyrus, which lies adjacent to the posterior ascending
limb of the STS, with other components of the network has also
been reported in ASD (Kennedy and Courchesne 2008).

The pSTS/TPJ region also plays an important role in higher
order social function and has been shown to display reduced
task-related activation in individuals with ASD in response to
social stimuli such as eye gaze and “Heider-Simmel” animations
of 2D shapes moving in a socially meaningful manner (Castelli
et al. 2002; Pelphrey et al. 2005). Our findings of increased
fixation activation or increased task-independent deactivation,
with increased autism spectrum traits lie in a remarkably
similar region of pSTS to those identified in task-related
activation studies, and adjacent to the angular gyrus identified
in the resting state study of Kennedy and Courchesne (2008).

While these studies have typically reported reduced
activation in the ASD group which is thought to reflect
abnormalities in ToM, perception of social interactions, and,
particularly in the case of task-independent or resting state
studies, internally directed thought processes more generally,
we have found increased rest activation with greater autistic
traits in the typical population. Similarly, some fMRI studies
have investigated the relationship between cortical response
and ASD symptom severity in clinical populations with ASD,
which is typically measured using the Autism Diagnostic
Interview (Lord et al. 1994). These studies have found that
symptom severity in the ASD participants is negatively related
to the magnitude of the change in activation (Pelphrey et al.
2005; Kennedy et al. 20006). Our results appear at odds with
these findings, however, it is important to note that our sample
consisted of neurotypical controls only, whereas these studies
looked for correlative measures within the clinical ASD popu-
lation only. A key next step in understanding the relationship
between autism spectrum traits and neural function will be to
examine the effect of AQ across the whole autism spectrum,
from typical to ASD individuals. In fact, there is some evidence
at the behavioral level to suggest such seemingly opposing
relationships between autistic traits in the typical and ASD
populations are not without basis. Lombardo et al. (2007)
showed an inverted-U relationship between AQ and a behav-
ioral measure of self-focused attention associated with mental-
izing ability in ASD—typical controls displayed a positive
relationship between AQ and self-focused attention, whereas
the relationship became negative at the higher end of the AQ
scale in individuals with ASD. In addition, there is evidence that
WM volume and BOLD response may not be positively
correlated. Multiple sclerosis is characterized by deterioration
of WM, but this is associated with increased BOLD response in
the early stages of the disease and decreased BOLD response in
later stages of the disease (Rocca et al. 2005). While we are not
dealing with a progressive clinical population, it is possible that
such an adaptive relationship between BOLD response and WM
volume may exist at the neurophysiological level, such that
reductions in WM volume in the normal population are
associated with relatively increased BOLD response. For the
present, however, our study provides convergent evidence
from 2 distinct neuroimaging techniques that variation in AQ in
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the typical population is linked to altered neurophysiology of
the pSTS.

As discussed earlier, Baron-Cohen, Wheelwright, Skinner,
et al. (2001) originally devised the AQ to assess autism
spectrum characteristics across 5 different areas. By contrast,
more recent work by Hoekstra et al. (2008) using a factor
analysis of AQ data identified just 2 distinct subscales relating to
social interaction and attention to detail. Additional analyses of
our VBM and fMRI data showed that both of these subscales
and the total scale of Hoekstra et al. (2008) also predicted
changes in structure and function of pSTS. Interestingly,
however, the social interaction subscale, which relates more
to ToM and difficulties in social interaction, was unique in
identifying a cluster of reduced WM volume in ACC/mPFC, an
area with an established role in ToM. Although the cluster did
not survive small-volume correction, it is of interest that
Barnea-Goraly et al. (2004) also found that participants with
ASD showed changes in WM structure in very similar regions of
mPFC and pSTS/TPJ to those identified here. On the basis of the
current results, we speculate that pSTS has a role in the broader
aspects of Autism, whereas ACC/mPFC has a greater specificity
to autistic traits related to ToM and social function.

Following other studies (Greicius et al. 2004; Kennedy et al.
2006), we have interpreted altered patterns of deactivation in
a cognitive (e.g., Stroop) task relative to rest as reflecting
differences in the neural response during the fixation (“rest”)
condition. As with any contrast comparing 2 conditions,
however, it is not possible to be certain which condition is
driving the effect. However, this seems a reasonable interpre-
tation given that the pSTS/TPJ forms part of the network that is
deactivated during demanding cognitive tasks (Gusnard and
Raichle 2001); the same area is not classically associated with
Stroop tasks (Nee et al. 2007); and performance on the Stroop
task was not correlated with AQ. However, even if the
activation was driven by the Stroop conditions per se, our
study still demonstrates that AQ is related to abnormal patterns
of BOLD response in a highly proximal region of pSTS to the
area that shows structural changes as function of AQ.

Finally, a limitation of the current study is that we are not
able to draw conclusions about the relationship between the
regional changes in BOLD response we observed and the
changes in WM volume. Although WM volume and BOLD
response each showed a significant relationship with AQ in
highly proximal regions of pSTS, the relationship between WM
and BOLD response was not an apriori focus of the current
study and did not reach statistical significance. However, a post
hoc analysis showed that we did not have sufficient power to
directly test this relationship independent of AQ. Future
studies should address this issue in order to determine whether
the changes in BOLD response are a direct neurophysiological
consequence of decreased WM volume.

In conclusion, our study presents evidence that variation in
autism spectrum traits in the healthy typical population is
correlated with both the structure and function of pSTS, an
area implicated in ASD and social cognition more generally.
Individuals with higher AQ displayed a greater reduction in
pSTS WM volume and greater changes in BOLD response in this
area than individuals with lower AQ. These results support the
theory that aspects of the autism phenotype extend into the
typical population and affect the structure and function of
regions implicated in higher order social and emotional
processing (Frith CD and Frith U 1999). Our findings also have
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important implications for research on ASD with reference to
the selection of a “control” group, particularly when addressing
pSTS function and may explain the variability in neuroimaging
studies comparing ASD and control populations. In other
words, significant differences in brain function between ASD
and control groups could depend on whether the majority of
controls fall at the higher or lower end of the typical autism
spectrum range. The elusive search for the neurological basis
of ASD (Amaral et al. 2008) may therefore be constrained as
much by heterogeneity of typical controls as the heterogeneity
of ASD. Here, we have shown that at least some aspects of this
heterogeneity in the typical population reflect a relationship
between the extent of autism spectrum traits and variability in
the neuroanatomy of the pSTS. Thus, a correlational approach
might provide a complementary methodological approach to
the neural basis of autism spectrum traits in addition to the
standard group-based comparisons employed to date.
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