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ABSTRACT

1. INTRODUCTION

Results on brain imaging studies have led to a better
understanding of the neural circuits involved in social
cognition and its implication in autism spectrum disorders (ASD). It has been shown that the superior
temporal sulcus (STS) is highly implicated in social
processes, from perception of socially relevant information, such as body movements or eye gaze, to more
complex social cognition processes. Furthermore, several multimodal brain imaging results point to anatomo-functional abnormalities in the STS in both
children and adults with ASD. These results are highly
consistent with social impairments in ASD, among
which eye gaze perception is particularly relevant.
Gaze abnormalities can now be objectively measured
using eye-tracking methodology, leading to a better
characterization of social perception impairments in
autism. Moreover, these gaze abnormalities have been
associated with STS abnormalities in ASD. Based on
these results, our hypothesis is that anatomo-functional anomalies in the STS occurring early across
brain development could constitute the first step in
the cascade of neural dysfunction underlying autism.
In the present work, we’ll review recent data of STS
contribution to normal social cognition and it’s implication in autism.

Brain imaging studies developed during the last decade
have led to a better understanding of the neural circuits
involved in social cognition. By identifying brain regions
involved in social perception, these studies have also
allowed a better understanding of the neural circuits involved in autism spectrum disorders (ASD).
Based on electrophysiology studies in non-human primates, Brothers defined the social brain as a network of
brain regions, composed by the amygdala, the orbitofrontal cortex (OFC), the inferotemporal face-responsive
regions and the superior temporal sulcus (STS) [1]. In
humans, during the last decade, several brain imaging
studies have confirmed Brothers’ model of the social
brain, revealing the neural structures implicated in different aspects of social cognition [2-5]. More recently,
researchers have focused on an aspect of the social brain
which can broadly be called “social perception”, domain
in which it is now clear that the STS is a key player.
The STS, particularly in the right hemisphere, seems
to play a major role in social perception processing by
analyzing biological motion cues, such as gaze direction,
body movements and facial expressions, in order to detect, interpret and predict the actions and intentions of
others [2,4-9]. Deficits in such social perception processing are central symptoms in ASD. In addition, several
multimodal brain imaging results point to anatomo-functional abnormalities in the STS in both children and
adults with ASD [10-14]. Based on these results, our
data-drive hypothesis is that STS abnormalities occurring
early across brain development could constitute the first
step in the cascade of abnormal neural phenomena underlying autism, therefore supporting the major implication of STS abnormalities in ASD [2,15].
Among social impairment symptoms in autism, defi-
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cits in using information concerning eye gaze to understand other’s mental states and intentions are particularly
striking [16,17]. Recently, the use of eye-tracking methodology has allowed a better characterization of the social perception deficits in ASD, particularly a lack of
preference for the eyes. Such deficits can be related to
the STS abnormalities described in autism. In this review,
we will focus on the implications of the STS in normal
and abnormal social perception processes, more specifically in eye gaze processing.

1.1. Social Perception and Social Cognition:
From Typical Development to Autism
Interacting with others in the environment requires that
we perceive and recognize their movements and actions.
The capacity to distinguish biological agents from nonbiological ones plays a critical role in the process of adaptive behavior. Several studies have demonstrated that,
from a very early stage in development, the human visual
system is particularly sensitive to biological motion [1820]. Visual processing of biological motion produced by
living organisms is of immense value for successful
daily-life activities and, in particular, for adaptive social
behavior and nonverbal communication [21]. From the
very first hours of life, human newborns give preferential
attention to people, and this tendency persists during
development. At four-day-old, they distinguish a face
looking toward them from a face looking away; by threemonth-old, infants look more at a person’s eyes than at
other parts of the face [22]; by four months of age, infants exhibit a visual preference for upright over upsidedown point light figures [23,24]. These findings demonstrate that, from a very early stage in development, humans exhibit a preferential processing of social information among different stimuli. This preferential processing
will be the foundation for the development of what may
be called a “social expertise”, which will play a major
role in the subsequent development of all social interaction processes [25].
Indeed, making eye contact is the most powerful mode
of establishing a communicative link between humans
[22]. Since Kanner’s classical clinical description, it is
known that eye contact is severely disrupted in autism.
Such a deficit prevents normal social interaction, including the ability to understand other’s mental states and
intentions or to empathize with the feelings of others.
[16,23,26]. “I had no idea that other people communicated through subtle eye movements,” says an adult with
autism, “until I read it in a magazine five years ago.”
Such a capacity is a prerequisite for higher level appreciation of the minds of others and is part of this larger
cognitive domain called theory of mind or social cognition, which is severely impaired in autism [26,27].
Copyright © 2013 SciRes.
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1.2. Gaze Abnormalities in Autism: Eye
Tracking Studies
In the last decade, the use of eye-tracking methodology
has allowed a better characterization of the social perception deficits in autism, particularly a lack of preference for the eyes. This methodology allows to objectively analyze gaze pattern during the viewing of naturalistic situations or during the performance of cognitive
tasks. Studies with adults and children with ASD during
visualization of naturalistic social scene have shown that
they have a preference for non-social information (physical details of the environment) rather than for the social
information (face and eyes of characters) [20,28-30].
In 2002, Klin and colleagues published the first paper
using eye-tracking methodology in autism. They presented scenes from the film Who’s Afraid of Virginia
Woolf to study gaze pattern of adults with ASD and
showed that they looked significantly less to the eyes of
characters and more to non-social background areas in
the scenes [28]. Since then, several studies have confirmed these social perception abnormalities in ASD and
have shown that these abnormalities are already present
earlier in development. Indeed, in children with ASD, a
lack of preference for biological motion in general has
been shown in a number of studies [31,32]. Two-yearold toddlers with autism have shown no preference for
point-lights biological motion, contrary to typically developing controls [19]. Children with autism showed a
preference for geometric patterns of movement rather
than for social movement [33]. They will also look less
to eyes and face areas and more to body and objects
when watching scenes from a movie [34] and, when engaged in semi-naturalistic interaction with a familiar
adult, they look significantly less to the face [35].
Interestingly, a recent study developed in our lab has
allowed to show that gaze pattern in children with autism
varies according to the type of stimuli that is used. When
presented with four different types of stimuli (real characters movie, cartoon movie, real characters pictures and
cartoon pictures) children with autism look less to the
eyes in the situation that is more ecologically relevant
(real characters movie) than in cartoons when compared
to controls [36] (Figure 1).
Abnormalities in gaze pattern have also been shown in
subjects with autism while performing tasks involving
social cognition processes. Adults with autism have
shown impairments in emotion recognition when presented with human pictures. The lower performance in
this task was associated with abnormal visual strategy in
face exploration [37]. This kind of impairment has also
been described in children with autism, who were slower
than controls to recognize emotions from human pictures.
In this study, better emotion recognition in the autistic
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48

M. Zilbovicius et al. / Open Journal of Psychiatry 3 (2013) 46-55

Figure 1. Example of characteristic gaze pattern to the eyes in
three typically developing children (in yellow) and in three
children with ASD (in red) during visualization of a social
movie.

group was associated with increased gaze to the eyes
[38].
These results from eye-tracking studies objectively demonstrate abnormalities in the processing of visual social
information in ASD, which could underline difficulties
in the comprehension of more complex social situations.

1.3. Social Perception and Social Cognition:
Implication of the Temporal Lobe
The ability to recognize a specific individual within a
social context is the foundation of social behavior. In less
evolved mammals, this recognition is largely based on
recognizing its specific individual smell. In contrast,
non-human primates and humans recognize individuals
mostly by their facial features and by the tone of their
vocalizations. Consequently, our brain must have developed a specialized ability for social cognition, in both
visual and auditory domains, to process “information
which culminates in the accurate perception of the dispositions and intentions of other individuals” [1].
In the visual social domain, since the end of the 70’s
studies of single cells have indicated that specialized visual mechanisms exist in the STS of non-human primates
and produce selective neural responses to such things as
the movement of natural images of faces and bodies [5,
39]. In humans nothing was known about the functions of
the STS until an fMRI study, published in 1996, showed
an unexpected STS activation induced by a point light
display depicting a moving body [40]. At the time, this
was regarded as surprising, since this superior temporal
lobe region was considered to be dedicated to auditory
Copyright © 2013 SciRes.

processing of speech sounds [41]. In a PET study published in the same year, Bonda and colleagues demonstrated that human motion stimuli selectively activated
the inferior parietal region and the STS. Since these publications, a large series of papers have confirmed the
implication of the STS in the perception of images moving in a natural biological way. Indeed, more recently
Herrington and colleagues showed STS activation related
to the observation of point lights displaying human movement compared to point lights displaying a moving wheel
[42]. Additionally to global body dislocation, STS activation was found during the perception of eyes, face,
mouth and hands movements [2,15,43]. Taken together,
these studies strongly implicate the human STS and adjacent cortex in the perception of biological motion and
point the STS as a key cortical structure for social cognition, suggesting that the initial analysis of visual social
cues, which we call social perception, occurs within the
STS [5].
In addition, studies have demonstrated that STS responds not only to biological movement itself but also to
specific aspects of social gestures, including “the intentionality and appropriateness of biological motion” [4,
44,45]. Indeed, STS activation has been reported in response to possible versus impossible human movements
[46] and meaningful versus non-meaningful hand motions [47], as well as to the intentionality of other observed human actions including reaching-to-grasp movements of the arm and hand [48]. These data indicate that
STS is concerned with more than just perceptual aspects
of moving or movable body parts. Rather, networks in
this brain region may analyze gaze and other movements
to the extent that these cues meaningfully contribute to
social communication.
Exceeding its role in perception of socially relevant
movements, new data implicating the STS in more complex social cognition were published and have enlarged
our knowledge about the role of the STS in this process.
Indeed, STS has been implicated in auditory social perception as well as in visual social perception and in analysis and interpretation of the intention of other’s, known
as theory of mind (ToM).
In visual social cognition, gaze is undoubtedly essential, perhaps without a match in its significance as a biological signal. In a series of studies, Pelphrey and colleagues have investigated the degree to which STS activation is modulated by the context of the perceived eye
movement. For example, they studied STS activation
during an eye gaze perception when gaze shifts correctly
or incorrectly following a visual target, or whether the
eye gaze conveys the intention to engage in or withdraw
from a social interaction. They have showed that the STS
is sensitive to the social context within which a gaze shift
occurs, i.e. whether the gaze is perceived as being conOPEN ACCESS
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sistent or inconsistent with the subject’s expectation regarding the intention of the person making the eye movement [49]. In that study, which used a functional MRI
(fMRI) paradigm with typically developing subjects, a
strong effect of context was observed in the right posterior STS region: observation of gaze shifting away from
a target (incongruent shifts) evoked a haemodynamic
response with extended duration and greater amplitude
compared to gaze shifting towards the target (congruent
shifts). In a similar study from the same group, also performed in typically developing subjects, STS presented a
greater response when participants viewed a reaching
gesture incongruent with a prior emotional expression
than when they viewed a reaching gesture congruent with
the prior expression, regardless of whether expectations
were induced by a positive or a negative emotional expression [45]. Consistent with prior studies in adults, the
STS, middle temporal gyrus, and inferior parietal lobule
were sensitive to the intentions underlying the stimulus
character’s eye movements. It has also been demonstrated that the STS region plays a critical role in processing eye gaze signals of approach and avoidance [50].
These findings suggest that achieving joint attention, a
pivotal skill in social cognition, is facilitated by the analysis of sensory cues in the STS.
In the auditory social domain, voices, which can be
thought of as “auditory faces”, are at the center of human
social interactions. fMRI studies have identified voiceselective areas in normal adults, located along the upper
bank of the STS bilaterally [41]. Recognition of both
familiar and non-familiar voices has also been found to
activate the posterior STS [51]. In addition, there is increasing evidence that the STS also processes auditory
action related information. For example, Bidet-Caulet
and colleagues reported activity in the STS as participants heard footsteps. Other studies have shown greater
STS activity associated with hearing of human actions,
such as yawning or chewing, compared to hearing other
environmental or mechanical actions [52].
Concerning results implicating the STS in theory of
mind processes, Castelli and colleagues and Schultz and
colleagues reported that the STS showed a significantly
higher response to animations of moving geometric shapes
that depicted complex social interactions than to animations depicting random motion [53,54]. Using movies of
human actors engaged in structured goal-directed actions
(e.g. cleaning the kitchen), Zacks and colleagues found
that activity in the STS was enhanced when the agent
switched from one action to another, suggesting that this
region encodes the goal-structure of actions [55]. Both of
these results are consistent with a role for a region of the
STS cortex in representing intentional action, and not
just biological motion.
Recently, brain imaging studies have explored the
Copyright © 2013 SciRes.
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neural basis of normal variation in social performance.
Studies performed in the general population have shown
an association between subclinical individual traits of
autism and anatomo-functional aspects of the STS. For
instance, higher autistic trait rates were associated with
thinner cortex most prominently in right STS [56]. A different study, also performed in the general population
using VBM analysis showed that increased autistic trait
scores were associated with decreased white matter
volume in the posterior STS [57]. Furthermore, fMRI
showed that the increase in cortical response associated
to changes in gaze direction in the posterior STS is predicted by scores of autistic traits in typical adults [58].
Additionally, quantitative variation in the number of
friends an individual declares on a web-based social networking service reliably predicted grey matter density in
the right STS [59].
These and other findings increasingly support the implication of the STS in social perception and social cognition processes. Moreover, it helps to understand and
interpret the brain imaging abnormalities described in
ASD.

2. TEMPORAL LOBE ABNORMALITIES
IN AUTISM: NEW BRAIN IMAGING
FINDINGS
2.1. Rest Functional PET and SPECT Data:
Region Cerebral Blood Flow Studies
In children with autism, PET (positron emission tomography) and SPECT (single photon emission tomography)
studies have described localized bilateral temporal hypoperfusion. These rest functional abnormalities were
centered in the STS and superior temporal gyrus [10,14]
(Figure 2A). In both studies, participants with autism
and control groups were matched for age and developmental quotients. Children with idiopathic mental retardation constituted control groups so the findings could
not be attributed to the developmental delay.
In a subsequent study, a correlation analysis was performed in order to investigate a putative relationship between regional rest cerebral blood flow (rCBF) and the
clinical profile of 45 autistic children. Autistic behavior
was evaluated with the Autism Diagnosis Interview (ADIR) [60]. Significant negative correlation was observed
between rCBF and the ADI-R score in the left superior
temporal gyrus. The higher the ADI-R score (the more
severe autistic syndrome is), the lower rCBF is in this
left temporal region [61].
In addition, Zilbovicius and colleagues performed an
individual analysis of their data comparing each child
with autism to the control group. We detected an individually significant temporal hypoperfusion in 16 of the
21 children with autism (77%). Moreover, a replication
OPEN ACCESS
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Figure 2. Brain imaging results in children with ASD. In these
lateral views of the brain, regions in green are those that differ
significantly in children with autism compared to controls in A)
rest regional blood flow measured by PET and in B) concentration of gray matter measured by MRI.

study was performed in an additional group composed of
12 children with autism and confirmed both group and
individual results [14]. Thus, the bilateral temporal hypoperfusion was confirmed in three independent groups of
children with autism and provided the first robust evidence for temporal lobe dysfunction in school-aged children with autism.
More recently, whole brain multivariate classification,
a new statistical strategy used to manage brain imaging
data, have allowed the classification of ASD diagnosis
based on PET data [62]. Temporal hypoperfusion was detected in 88% of the children with ASD, with extremely
high rates of sensibility (91%—41 correct classifications
over 45 ASD subjects) and specificity (77%—10 correct
classifications over 13 control subjects), which could became a biomarker in autism.

2.2. Anatomical MRI Data
Quantitative structural imaging studies have benefited
greatly from both new technologies for data acquisition
and new image analysis approaches. Using parametric
mesh-based analytic techniques, Levitt and colleagues
showed significant differences in cortical sulci patterns
in children with autism localized mainly in the frontal
and temporal sulci [63]. By using a direct measurement
of cortical thickness to examine the gray matter integrity
and to explore the anatomical substrate of behavioral
symptoms of ASD, Hadjikhani and colleagues found a
local decrease of the gray matter in the ASD group in the
inferior frontal gyrus, in the inferior parietal lobule and
in the STS. In addition, cortical thinning in these regions
Copyright © 2013 SciRes.

was correlated with ASD symptom severity [64].
A pioneering study in ASD using voxel based morphometry (VBM) was published in 1999 by Abell and
colleagues and showed fronto-temporal gray matter abnormalities [65]. Since then, VBM has benefited from
substantial methodological improvements. Our team performed a MRI study using VBM and high-resolution 3DT1-weighted images acquired from 21 children with autism and 12 healthy control children. A significant bilateral decrease of grey matter was found in the STS of
children with autism [11] (Figure 2B). The major finding of this study was the remarkable consistency between
the bilateral temporal abnormalities found in autistic
children by three independent MRI, PET [14] and SPECT
studies [10]. A subsequent study performed in children
with autism compared to controls showed that children
with autism had reduced grey matter volumes in brain regions with critical socio-emotional function, such as the
right fusiform gyrus and the STS [66].
The white matter structure also seems to be altered in
subjects with autism when compared to controls. For instance, Barnea-Goraly and colleagues have used diffusion tensor imaging (DTI) to investigate white matter
structural integrity in children and adolescents with autism [67]. Based on voxel-wise analysis, they found reduced fractional anisotropy (FA) values in brain regions
that were implicated in theory-of-mind tasks (ventromedial prefrontal cortex, anterior cingulate, temporoparietal
regions, amygdala), and in social cognition (fusiform
gyrus and adjacent to superior temporal sulcus). Investigation of possible correlations between autistic symptoms and brain structure also point to an implication of
abnormal anatomical connectivity in autism [68,69].
Anatomo-clinical correlations were mainly found in inferior frontal and superior temporal white matter regions,
through which two main bundles, the arcuate and the uncinate fascicule pass [70]. In a recent study developed in
our lab, we investigated the correlation between autism
severity, measured by the ADI-R [60], and diffusion MRI
parameters in children and adolescents with autism. Results showed that ADI scores correlated with FA decrease in superior temporal and frontal inferior white
matter regions [71].

2.3. Activation PET and MRI Studies
Studies using fMRI have relied on different paradigms
related to social processes to investigate differences in
brain activity between subjects with autism and control
subjects during performance of variable tasks [72].
2.3.1. Auditory Social Processing
Voice Studies
In a study developed in our lab, fMRI results point out
OPEN ACCESS
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the absence of activation of the “voice-selective area” in
autism [73]. Significant differences in brain activation
during voice perception were found in individuals with
autism compared to healthy volunteers. In healthy volunteers, listening to voice compared to non-voice significantly activated a “voice-selective area” located bilaterally along the upper bank of the STS [41]. Voice perception in the ASD group did not yield activation of any
other brain region relative to non-voice perception. In the
ASD group, listening to voice and to non-voice sounds
activated the same primary auditory regions. In addition,
unlike the individual data obtained in controls, all but
one subject with ASD failed to activate the “voice-selective area”. The absence of activation of the “voice-selective area” in the ASD group was also confirmed by a
direct comparison of the two groups’ activation maps.
The acoustic structure of the voice contains a large
amount of socially relevant information, such as identity
and emotional state. Absence of a preferential processing
of these socially relevant stimuli is evidence of impairments in social perception in the auditory world.
2.3.2. Visual Social Processing
1) Face Processing Studies
A large amount of social information during basic communication situation is conveyed within faces. The processing of faces in individuals with autism appears to be
atypically organized in comparison to the network observed in control subjects. Activations in the fusiform
face area (FFA) [74], and the occipital face area are commonly reported as reduced in individuals with ASD (for
review, see [75]. Schultz and colleagues were the first to
use fMRI to study face perception in autistic subjects.
They found significantly less activation of the middle aspect of the right FFA in 14 high functioning individuals
with ASD compared to controls [76]. Hypoactivation of
the FFA was replicated in a series of functional studies
[77-79]. In the same path, Critchley and colleagues investigated whether high functioning people with ASD
showed a different pattern of cortical activation when
processing facial expressions. Nine autistic adults and 9
age-matched controls were asked to perform explicit
(conscious) and implicit (unconscious) identification of
emotional facial expressions. Autistics differed significantly from controls in the activation of the cerebellum,
the mesolimbic, and temporal lobe cortical regions when
observing facial expressions (consciously as well as unconsciously). Notably, they didn’t activate a cortical FFA
when explicitly appraising expressions [80].
2) Gaze Studies
Pelphrey and colleagues found abnormal STS activation in an eye gaze perception task in autistic adults. On
congruent trials, subjects watched as a virtual actor looked
towards a checkerboard that appeared in her visual field,
Copyright © 2013 SciRes.
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confirming the subject’s expectation regarding what the
actor “ought to do” in this context. On incongruent trials,
she looked towards empty space, violating the subject’s
expectation. In normal subjects incongruent trials evoked
more activity in the STS and other brain regions linked
to social cognition, indicating a strong effect of intention.
The same brain regions were activated during observation of gaze shifts in subjects with autism, but did not
differentiate congruent and incongruent trials, indicating
that activity in these regions was not modulated by the
context of the perceived gaze shift. These results indicate
a difference in the response of brain regions underlying
eye gaze processing in autism. The authors suggest that
the lack of modulation of the STS region by gaze shifts
that convey different intentions contributes to the eye
gaze processing deficits associated with autism. These
results were replicated in a similar study by the same
group, with a different set of participants. As previously
described, typical developing controls showed an incongruent > congruent effect in the activation of the right
posterior STS. Subjects with autism did not present this
incongruent > congruent effect, showing no difference in
brain activation in the congruent or incongruent situations [13]. A recent meta-analysis on fMRI studies in autism highlighted that, when taking into account studies
investigating activation during basic or complex social
tasks, the brain region that is shown to be abnormally
activated in subjects with autism is the STS [75].
2.3.3. Social Cognition Studies
Theory of Mind Studies
Individuals with ASD have difficulty attributing mental states to others and this may stem from difficulties in
processing social information and cues from others. This
mentalizing process is based on facial expression and eye
gaze, but also on body movement, tone of voice and the
more general context of the situation. In a study investigating mentalization process, Castelli and colleagues
have studied cortical activation enhanced by animation
of geometric figures. The animations depicted two traingles moving about on a screen in three different conditions: moving randomly, moving in a goal-directed fashion (chasing, fighting), and moving interactively with
implied intentions (coaxing, tricking). The last condition
frequently elicited descriptions in terms of mental states
that viewers attributed to the triangles (mentalizing). Ten
adults with ASD and 10 control adults were scanned
while watching animated sequences. The ASD group
gave fewer and less accurate descriptions of the mentalizing animations, but equally accurate descriptions of the
other animations compared with controls. While viewing
animations that elicited mentalizing (as opposed to randomly moving shapes) the control group showed increased activation in a previously identified mentalizing
OPEN ACCESS
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network (medial prefrontal cortex, STS and temporal
poles). The ASD group showed less activation than the
control group in all these regions. However, one additional region, the extrastriate cortex, which was highly
active when watching animations that elicited mentalizing, showed the same amount of increased activation in
both groups. In the autism group this extrastriate region
showed reduced functional connectivity with the STS
[12]. More recently, a study showed that signal intensity
of the left anterior STS is related to the performance of
ToM task [81].

relevant stimuli, particularly in gaze processing. Therefore, it could help to develop new therapeutical approaches, focusing on social perception process, mainly
early gaze interaction, to stimulate the development of a
“social expertise” and to improve social cognition in autism.
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