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Abstract

Autism is a pervasive developmental condition, characterized by impairments in non-verbal communication, social relationships and
stereotypical patterns of behavior. A large body of evidence suggests that several aspects of face processing are impaired in autism,
including anomalies in gaze processing, memory for facial identity and recognition of facial expressions of emotion. In search of neural
markers of anomalous face processing in autism, much interest has focused on a network of brain regions that are implicated in social
cognition and face processing. In this review, we will focus on three such regions, namely the STS for its role in processing gaze and facial
movements, the FFA in face detection and identification and the amygdala in processing facial expressions of emotion. Much evidence
suggests that a better understanding of the normal development of these specialized regions is essential for discovering the neural bases of
face processing anomalies in autism. Thus, we will also examine the available literature on the normal development of face processing.
Key unknowns in this research area are the neuro-developmental processes, the role of experience and the interactions among compo-
nents of the face processing system in shaping each of the specialized regions for processing faces during normal development and in
autism.
Published by Elsevier B.V. on behalf of Association for Research in Nervous and Mental Disease.
1. Introduction

Faces are rich conduits of personal information. During
a brief encounter, healthy adults often automatically attend
to and quickly perceive the complex set of information con-
tained in a face, recognizing the emotional state and social
context, and often remembering the individual face later.
This complex task of face processing in normal adults
involves a distributed neural system in which specific loci
are implicated in processing-specific facial information.
For example, a region along the superior temporal sulcus
(STS) is involved in detecting facial movements associated
with eye gaze, speech, and emotional expression and inten-
tion [1–3]. The amygdala responds to faces, especially fear-
ful faces [4–6]. And a region in the ventral-occipital cortex,
the ‘‘fusiform face area’’ (FFA) [7] is implicated in face
detection, categorization and identity recognition [7–12].
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Some components of the face processing system may exist
at birth, while others continue to develop during childhood
and adolescence before reaching the adult level [13,14].
Some basic goals of face processing research are to deter-
mine the specific function of each of the components of
the face processing system, the time course and mechanism
of development of each component, and the interactions
among the various components subserving normal face
processing (Fig. 1).

Interest in the neural mechanisms of face processing and
its development is partly fueled by several developmental
conditions such as autism, which are associated with anom-
alous face processing. Face processing impairments in aut-
ism are the focus of intense investigation, given the
importance of faces in conveying social and emotional
information starting soon after birth. Although there is a
general agreement that autism involves deficits in face pro-
cessing, several questions remain. For example, the precise
nature of these deficits, the underlying mechanisms and the
relationships between anomalous face processing and
iation for Research in Nervous and Mental Disease.
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Fig. 1. (from Kalanit Grill-Spector) Top: Posterior view of an inflated
brain show regions that respond more to faces than to other visual
categories (abstract object, scenes, and scrambled images). Several face
selective regions shown in shades of yellow and orange are shown in the
occipitalcortex, superior temporal sulcus (STS) and fusiform gyrus (i.e.,
‘‘fusiform face area’’, FFA). A motion senstive region (MT) and
retinotopic visual areas are also shown in the occipital cortex. Bottom:
Ventral view of the FFA in relation to the collateral sulcus (CoS).
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atypical socio-emotional function in autism remain
unclear. This lack of clarity is likely due to a number of fac-
tors, although it is probable that the heterogeneity of risk
factors and variety of pathogenetic mechanisms associated
with autism are particularly important [15–17]. Thus, given
the complexity of the face processing system, there may
exist subpopulations among individuals with idiopathic
autism showing deficits in different components of this
essential neurocognitive system. Also contributing to
uncertainty in understanding face processing deficits in aut-
ism is a relative lack of knowledge concerning the longitu-
dinal development of neural systems underlying face
processing in healthy children, adolescents and adults.
Thus, research on core components of face processing
and their neuromaturational time course in normal devel-
opment may augment understanding of face processing
deficits in autism and their relation to social and emotional
maturation. Ultimately, such work may provide useful clin-
ical tools for early diagnosis and remediation. Here, we
review research relevant to several components of face pro-
cessing in persons with autism and healthy controls, and
their differential development during infancy and child-
hood, pointing to gaps in knowledge and potentially fruit-
ful areas for future research.

2. What is Autism?

Autism is a pervasive developmental disorder whose
causes or underlying biological mechanisms are not well
understood. This behaviorally and developmentally defined
syndrome is characterized by impairments in non-verbal
communication, social relationships and stereotyped pat-
terns of behavior (DSM-IV, American Psychiatric Associ-
ation, 1994). Autism is considered a severe form of
autism spectrum disorder (ASD), which includes milder
forms such as Asperger’s syndrome [18]. Currently, there
are no genetic or neurological markers for the majority
of individuals with autism, and the diagnosis of ASD is
typically determined by expert clinicians using standard-
ized assessments, such as the Autism Diagnostic Observa-
tion Schedule [19,20]. Although the cause of autism is
unknown, the various forms of ASD are likely to result
from combinations of genetic and environmental factors
[15–17]. Despite this heterogeneity, problems with social
and emotional reciprocity are considered a hallmark of
ASD. Preliminary indications may appear as early as the
first year of life, including anomalies in mutual gaze, a lack
of interest in the human face, and preference for inanimate
objects [18,21–24].

In one view, early specific impairments in face process-
ing eventually generalize to a lack of social interest. Sup-
porting this model is the central importance of facial
communication between infants and primary caregivers
during early development, especially in attributing meaning
and emotional significance to human interactions. Such
early impairments in face processing may be a ‘‘bottom-up’’
result of anomalies in low-level visual processes, such as
motion processing (reviewed in [25]). Alternatively, deficits
in face processing may be among the consequences of a
‘‘top-down’’ disinterest in human interaction in ASD.
Supporting the latter model are the varied and pervasive
nature of ASD social deficits, including non-visual modal-
ities, and the existence of individuals with ASD who pro-
cess faces within the normal range. However, the absence
of detectable deficits could variously result from normal
face processing, successful use of alternative strategies or
lack of sensitivity of current experimental methods.
A detailed examination of normal face processing will set
the stage for discriminating between some of these
possibilities.

2.1. Viewing behavior and gaze processing

The human face is a focus of visual attention in most
healthy individuals starting soon after birth. Newborns
(9-min old) typically look more at a schematic drawing
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of a face than at other visual patterns, including a face
outline with reconfigured internal parts [26–28] and also
prefer direct gaze over averted or closed eyes [29,30].
The mechanisms underlying these preferences are not well
understood. One model suggests that these preferences
signify an innate face detecting mechanism that drives
attention to faces early during development and may be
mediated by subcortical neural systems [31,32]. Alterna-
tively, these early face preferences may reflect the basic
properties of the immature visual system at birth that
are best stimulated by the physical properties of faces,
such as the high contrast between the pupil and sclera
[27,33].

In either case, infants’ attention to faces is thought to be
an important component of normal development, whereby
faces become a frequent and salient visual stimulus early
after birth, a likely time for activity-dependent plasticity
in the visual system. Indeed, some developmental models
of visual cortex hypothesize that habitual patterns of fixa-
tion shape the long-term organization of face-processing
cortical regions [34]. Consistent with its early onset in
infancy, eye contact is also an important means of commu-
nication through the life span. Children and adults are pro-
ficient in rapidly discriminating the direction of gaze and
reflexively orienting towards the corresponding direction
[35], although it is not well known if or how proficiency
in gaze discrimination may change during the course of
development.

2.2. The neural basis of gaze processing: The role of STS

Imaging studies in adults suggest that gaze processing
involves a network of brain regions including a cortical
region in the posterior superior temporal sulcus (STS).
Regions in the posterior STS have been shown to respond
to moving and stationary eyes and mouth, but not to
moving checkerboards or contracting circles [1]. The
STS is more activated when subjects selectively attend to
eye gaze than to face identity [1,2,9]. Regions in the
STS also respond to a range of visual signals salient for
social interaction, such as mutual gaze, emotional expres-
sion, speech, intentional limb movements, and biological
motion in general [1,2,9,36–39]. Grossman et al. (2005)
suggested that normal STS functioning is required for per-
ception of biological motion, as repeated transcranial
magnetic stimulation (rTMS) disrupted cortical activity
in the posterior STS and reduced perceptual sensitivity
to point-light animations in healthy adults [36]. The STS
has also been implicated in social cognition and attribu-
tion of mental states and intentions [40–44]. In one study,
the STS was activated by simple geometric shapes, which
had no resemblance to faces or body parts except that
their patterns of motion conveyed ‘‘intention’’ [43]. Thus,
STS activations have been associated with attribution of
intention, even in the absence of eyes, faces or other bio-
logical forms. Given that attribution of mental states
involves activation of many brain regions (e.g., fusiform
gyrus, amygdala, and prefrontal cortex), determining the
specific contribution of STS to these tasks will likely
require further rTMS.

Few developmental studies of the STS exist. One fMRI
study found similar responses in the STS of adults and chil-
dren (ages 7–10) during processing of averted gaze [45],
consistent proficient gaze processing in children. However,
a MEG study found gaze modulation of an early magnetic
field activity (Plm, around 140 ms) in children ages 8–12,
but not adults, that was localized to the inferior temporal
sulcus and posterior occipital cortex [46]. Overall, this
sparse literature suggests that some maturation of the tim-
ing and functional organization of gaze processing may
continue throughout childhood, but future studies are
needed to examine children’s perceptual sensitivity to
fine-grain variations in gaze, and the effect of these varia-
tions on responses of STS and other related functional
regions. Also unknown are the time course of development
of STS, and the extent to which its neural organization and
function depend on genetics and/or experience dependent
mechanisms.

2.3. Anomalous viewing behavior in autism

Lack of reciprocal eye contact is an early and striking
manifestation of autism [47–50]. Retrospective reviews of
family home movies suggest signs of atypical social
behavior in children who are later diagnosed as autistic
[48–50]. These anomalies include poor eye contact, and
slow or absent mutual gaze in infants and children,
but the underlying mechanisms are not well understood.
In addition, recent evidence for anomalous gaze behav-
ior in parents of some autistic children raises the
possibility of complex interactions among genes and
environmental factors affecting development of eye con-
tact [51].

Little is known about the relationship between early
anomalous gaze and long-term face processing deficits in
ASD, but there is evidence that other disruptions in early
visual experience may lead to long-term deficits in face pro-
cessing. For example, otherwise healthy infants who are
temporarily deprived of high-resolution visual input due
to congenital cataract for a period of 45 to 863 days (mean
199 days) show specific deficits in recognition of facial iden-
tities 8–29 years later (mean 17 years) [52]. By analogy, it
may be that early anomalies in gaze behavior in ASD
reduce visual exposure to internal face features, and con-
tribute to long-term face processing deficits. Conversely,
less frequent eye contact in ASD may result from difficul-
ties in processing facial information. Longitudinal studies
of face-processing development and the role of experience,
in ASD and normal children, are needed to evaluate these
divergent possibilities. Such studies may determine whether
there is indeed a correlation between early gaze behavior
(e.g., among offspring and caregivers), and subsequent
competence in face processing, as well as emotional and
social skills.



Fig. 2. (from Pelphrey et al. 2002) Patterns of visual scanning of affective
faces followed a stereotypical pattern in controls, outlining a triangle
between the eyes and mouth. In contrast, scan paths in participants with
ASD were more erratic and often excluded the internal features of the
face.

148 G. Golarai et al. / Clinical Neuroscience Research 6 (2006) 145–160
2.4. Anomalous gaze processing among children and adults

with autism

Anomalous gaze processing remains a hallmark of ASD
throughout childhood and into adulthood, although sub-
stantial variability is reported. Children with ASD (ages
9–14) are slower at detecting direct gaze relative to controls
[53] even though they decode and orient to the direction of
averted gaze accurately [53,54]. Consistent with deficits in
reciprocal gaze behavior, the results of a recent study
showed that adults with ASD typically spend less time
looking at the inner features of the face, particularly the
eyes, in contrast to healthy or IQ matched controls [55].
In this study, controls viewed faces in a stereotypical pat-
tern, generally tracing a triangle that subtended the eyes,
nose and mouth. In contrast, the patterns of face viewing
in ASD appeared erratic and less predictable, variably
focused on facial features such as the ear, chin or hair-line.
In another study of adults, viewing naturalistic social
scenes, reduced visual fixation on the eye region and
increased fixation on objects predicted the ASD diagnosis
[56]. In apparent contradiction, van der Geest et al.
(2002) found no differences in how high functioning
10-year-old children with ASD and normal controls viewed
upright faces, although group differences in strategy
emerged for upside-down faces [57]. Similarly, others have
reported that individuals with ASD look with normal fre-
quency toward caregivers [58], or at a person’s face when
attention is drawn [59,60]. The divergence among these
data may reflect a combination of age or task specificity
of gaze anomalies in ASD, and/or a diversity of ASD phe-
notypes. To resolve this controversy, it will be important to
determine if there are any age dependent differences in face
viewing strategies among healthy or individuals with ASD.
Also important is to determine whether the viewing deficits
in ASD are specific to faces as opposed to other objects,
similar for familiar and unfamiliar faces, and reproducible
within the same subjects (Fig. 2).

2.5. The neural basis of anomalous gaze processing in ASD:

A role for STS?

Although the neural basis of aberrant viewing strategies
in ASD is not well understood, there is evidence that the
STS and the amygdala may be involved in the atypical pro-
cessing of facial information. For example, an MRI study
revealed anatomical displacement of major sulci in frontal
and temporal brain regions in children with ASD (mean
age 10.7 ± 3.1 std) relative to healthy children (mean age
11.3 ± 2.9 std), including anterior and superior displace-
ments of the superior temporal sulcus bilaterally [61].
A voxel-based morphometry analysis of the brains of chil-
dren with ASD (mean age 15.4 ± 2.2 std) compared to IQ
matched controls (mean age 15.5 ± 1.6 std) found total
brain gray matter volume increases and localized increases
that included the right superior temporal gyrus [62]. Also
using voxel-based morphometry, Boddaert et al. (2004)
found contrary results in children with ASD (mean age
9.3 ± 2.2 std), with decreases of grey matter volume local-
ized to the STS compared to healthy controls (mean age
10.8 ± 2.7 std) [63]. This discrepancy between studies may
reflect differences in the age range or choice of controls.
Alternatively, given the evidence for anatomical displace-
ment of STS position in ASD [61], divergent results from
voxel-based morphometry studies may reflect methodolog-
ical problems arising from image normalization proce-
dures, thus, calling for further analysis with individually
defined anatomical boundaries. Also, it will be important
to determine the developmental time course when anatom-
ical measures of STS diverge among normals and individu-
als with ASD.

FMRI of gaze processing suggests abnormal STS
responses among individuals with ASD. In an event-related
fMRI study, subjects with ASD (mean age 9.3 ± 2.2 std)
and controls (mean age 10.8 ± 2.7 std) watched a virtual
actor whose averted gaze was either directed towards a
checkerboard target (‘‘congruent’’ condition) or away from
the target and towards empty space (‘‘incongruent’’ condi-
tion) [64]. Subjects were instructed to press a button, when-
ever the ‘‘eyes moved’’. Both groups were equally (and
highly) accurate in detecting changes in eye gaze. However,
in normal subjects, the incongruent condition evoked
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greater STS activation than did the congruent condition, a
result that was not seen in subjects with ASD. This lack of
modulation in the STS of the ASD group was interpreted
to reflect deficits in interpreting other people’s intentions
that are normally conveyed by gaze shifts. However, this
study did not control for the possibility that the absence
of STS modulation may be associated with a more general
anomaly in motion processing, which has been found in
several behavioral studies (see review [25]). Also, given
the evidence for anatomical displacement of STS position
among subjects with ASD relative to controls [61], individ-
ual ROI analyses of fMRI data would be prudent in future
work. Despite these issues, fMRI evidence from other clin-
ical populations support the notion that anomalous gaze
processing is associated with aberrant STS activations.
For example, individuals diagnosed with fragile X syn-
drome who share many of the social and emotional pheno-
types of autism, including anomalous face and gaze
processing, also showed decreased STS activation during
a gaze processing task [65]. It remains to be determined if
among these clinical populations, STS function is also
abnormal during processing of biological and non-biologi-
cal motion and interpretation of others’ mental state based
on non-gaze behavior.

2.6. Development of facial identity recognition in children

Newborn infants at 3–4 days show signs of face recogni-
tion [66]. At 6 months infants are able to discriminate facial
identities of human and of other species of primates equally
well, suggesting a lack of bias for human faces [67]. How-
ever, by 9 months infants lose the ability to discriminate
among other species faces, suggesting that their face recog-
nition system is more narrowly tuned to human faces [67],
unless they are trained on other species’ faces [68]. By age 2
children are able to recognize many human faces.

Despite these early capabilities, face recognition under-
goes prolonged development, extending into adolescence
[13,14,69–74]. Recognition performance for newly learned
faces improves significantly during childhood. Although
the details vary among reports, performance ranges from
50% to 70% of the adult level from age 6 to 14, with a
dip before puberty and slower gains after age 16
[13,69,71–74]. The underlying mechanisms are not fully
understood, but from ages 6–14 years several aspects of
face recognition change in such a way that it seems unlikely
that age related improvements in face recognition are solely
due to maturation of domain general mnemonic processes.
The following three examples will inform and motivate our
review of literature related to the development of face
recognition in ASD and normals.

2.7. Three developmental aspects of identity recognition in

healthy children

Three phenomena have been identified in the develop-
ment of identity recognition in healthy children. First,
compared to adults, children typically show less decrement
in recognition performance for faces of other races [74,
Chance, 1982 #52]; even though this ‘‘race effect’’ may start
early during infancy [75,76]. In adults, this race effect is
thought to reflect accumulated experience with own race
faces compared to other race faces [74,77]. Consistent with
this idea, children seem to be more equally proficient at rec-
ognizing all faces, albeit below the adult level. This early
breadth of face recognition capacity that narrows as face
recognition skills improve with age is analogous to chil-
dren’s wide range of phonemes during early language
acquisition, which narrows with increasing skill and spe-
cialization in a given language. Our recent findings suggest
that the development of this race effect in children is asso-
ciated with maturation of a face selective cortical region,
namely the ‘‘fusiform face area’’ [78]. Second, compared
to adults, children between 3 and 11 make more errors in
matching faces of the same person after transformations,
such as aging, facial expression, view point, or addition
of paraphernalia [79,80]. These studies suggest weaker
transformation invariance in prepubescent children com-
pared to adults, perhaps in part due to heavier reliance
on individual features. Third, unlike adults, children aged
6–8 years old do not show preferential recognition memory
for ‘‘distinct’’ faces compared to typical faces, and even at
age 13 this aspect of children’s performance is far from
adult-like [80]. This finding suggests that typicality is less
used or well-defined in children, compared to adults.

2.8. Developmental models of normal facial identity
recognition

Results from behavioral studies of face processing in
healthy children are consistent with the hypothesis that
normal face recognition requires perceptual skills gained
by accumulated experience with many faces over years
[13,81]. Several models have attempted to explain how
visual experience with faces may improve face-recognition
skills. These models provide a framework for the normal
development of face processing and how a reduced propen-
sity to view faces (as in the case of autism) might lead to
atypical development of face processing skills.

Valentine’s influential model of face recognition proposes
a multidimensional array for storage of learned faces [81].
In this array, ‘‘typical’’ faces form a cluster (due to their
similarities) and ‘‘distinct’’ faces are distributed more
sparsely in the periphery. After accumulated experience
with faces, fine-grain differences among the ‘‘typical’’ faces
can be efficiently detected due to the many exemplars, and
the large differences between ‘‘typical’’ and ‘‘distinct’’ faces
are readily detected. In contrast, it would be difficult to
make fine grain distinctions among atypical faces (e.g.,
faces belonging to a given other race) due to the availability
of fewer exemplars. Extrapolating, others have interpreted
children’s lack of bias for same race or distinct faces to
mean that young children do not have a well-defined pro-
totype, due to fewer experiences with ‘‘typical’’ faces [80].
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The neural substrates for such an experience-dependent
‘‘tuning’’ of face recognition are not well defined. However,
several lines of evidence suggest that face selective regions
in the occipito-temporal cortex, namely the ‘‘fusiform face
area’’ (FFA) may be involved [82–84].

In another model, Diamond and Carey view the devel-
opment of expertise in face recognition as a transition from
an inefficient piecemeal or ’’featural’’ representation to a
more efficient processing of the whole face (’’holistic’’
representation) or of the spatial relations among the facial
features (‘‘configural’’ representation) [85,86]. Due to diffi-
culty in relating these concepts precisely to experimental
stimuli [87,88] support for this model has been controver-
sial [85,89–93]. Despite these challenges, the notions of
featural and configural processing remain attractive con-
cepts in understanding variations in face processing perfor-
mance among healthy and clinical populations.

More recently, psychophysics studies of adult face rec-
ognition suggest that certain constellations of facial
features are especially informative for face recognition
[94–96] raising the question of whether children are similar
in this regard. Other psychophysics studies found that ear-
lier stages of face processing, such as categorization (e.g.,
face vs. object) are followed by a later stage of face identi-
fication (e.g., Bill vs. George) [97–99]. It is not known if
maturation of face recognition involves changes in speed
of recognition, or correlates with changes in the accuracy
or timing of earlier stages of face processing, such as cate-
gorization. Although face selective event-related-potentials
(namely the N170) have been reported to be slower in
children than in adults [100], supporting both of these pos-
sibilities, more studies are needed to determine the matura-
tional time course and the relationship between specific
stages of face processing during normal development.

2.9. Anomalous identity recognition in ASD

Deficits in recognition memory for newly viewed faces
have been reported in children diagnosed with ASD, as
young as 2 years old and through adulthood. For example,
Klin et al. (1999) found that identity recognition for newly
viewed faces was more vulnerable to changes in pose or
expression in children with ASD (ages 2–10) compared to
controls, matched for chronological age or abilities includ-
ing short-term visual memory [101]. Similarly, Boucher and
Lewis (1992) reported deficits in subsequent recognition of
newly viewed faces in children with autism (8 to 17 years
old) compared to age matched normals, or learning dis-
abled controls [102]. These results could not be explained
by deficits in visual discrimination among faces, as the
same subjects with autism accurately matched faces to con-
current samples. Furthermore, children with ASD (ages 3–
11) were able to accurately sort, based on identity, pictures
of faces that varied across identity and expression [103].
These findings suggest that face recognition memory is
impaired in ASD even as visual discrimination among faces
may be intact (but see [104]).
A potential mechanism for poor face recognition mem-
ory in ASD is anomalous face viewing strategies. For
example, in a landmark study by Langdell (1978), children
with ASD and controls (matched for mental age and chro-
nological age) were asked to identify faces of their peers
that were partially masked [105]. The overall performance
of participants diagnosed with ASD and controls were sim-
ilar. However, between group differences emerged depend-
ing on mask placement, suggesting that children with ASD
relied more on facial information in the mouth area in con-
trast to controls who relied more on the eye region. Others
have found evidence for unusual reliance on facial features
as apposed to configural face information in ASD
[106,107]. Further studies are needed to determine the cor-
relation between face viewing strategies and subsequent
identity recognition performance among children with
ASD and typically developing controls.

Poor face recognition in ASD may not be limited to
experimental settings. In one study, recognition memory
for faces of frequently present individuals in a school envi-
ronment was lower among children with ASD (ages 7–11),
compared to controls matched for age and verbal ability
[108]. Thus, according to Valentine’s model (discussed
above), autistic children may encode fewer face exemplars
than normal, and develop less ‘‘expertise’’ in face recogni-
tion. Note that this period of possible inattention to faces
coincides with substantial maturation of the FFA, accord-
ing to recent fMRI studies [82–84]. Longitudinal studies
would be valuable in addressing this possibility.

Evidence for the domain specificity of face recognition
deficits in ASD is not uniform. In support, Boucher et al.
(1992) found that children with ASD and poor face recog-
nition were similar to normals (matched for verbal ability)
for visual memory of their school building relative to con-
trols [108]. Similarly, Blair et al. 2002 found that compared
to age and verbal IQ matched controls, a group of adults
with ASD showed poor face recognition memory, but nor-
mal recognition memory for buildings and leaves [109]. In
contrast, a number of other studies have found visual per-
formance deficits in ASD that were generalized to non-face
stimuli, including sorting of geometric shapes [110] and
memory for non-social stimuli, when compared to controls
who are matched for other non-verbal abilities [111,112].
These varied findings may reflect the heterogeneity of
ASD or of the choice of controls, non-face objects or tasks.
Future studies are needed to test recognition memory in
ASD across a range of ability and age, including a variety
of non-face stimuli.

2.10. ERP correlates of face processing in normal adults and

children

Scalp ERPs and intracranial recordings from otherwise
healthy epileptic patients have revealed a reliable and selec-
tive index of face processing at 150–200 ms latency, namely
the scalp N170 [113–115]. Similarly, the intracranial N200,
has been recorded at discrete locations over the fusiform
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gyrus, the inferior temporal sulcus (ITS) and the superior
temporal sulcus (STS) [116]. Possibly marking the catego-
ry-recognition stage, the N170 is sensitive to features usu-
ally predictive of faces, such as isolated eyes, nose or
mouth [117,118], or back views of the head, or face outlines
without features. In contrast, the N170 appears indepen-
dent of face identity [113,119,120] as it is insensitive to face
repetition [119,121], learning [122], familiarity [123,124], or
attention [125]. Although the N170 is not dynamically
responsive to face identity or memory, comparison among
adult subjects suggests that its amplitude and latency may
predict general proficiency at face recognition [114].

In children ages 5–14 years old, the N170 was delayed in
onset, longer in duration and less negative compared to
adults, and became more adult-like with age [100,117]. Fol-
lowing a similar time course, identity recognition progres-
sively improved into late adolescence before reaching the
adult level [73]. Thus face recognition may be a multi-stage
process, where the early stage of face categorization is
important for later stages of mnemonic processing that
are sensitive to face identity [113,120,123].

Consistent with a multi-stage model of face processing,
the N170/N200 is followed at 300–700 ms by mnemonically
sensitive potentials that rapidly habituate with repetition
and are modulated by semantic priming, face-name learn-
ing and identification [121]. The N700 is significantly larger
for faces than for other stimuli [116], suggesting local gen-
eration by face-selective modules in the occipito-temporal
cortex. These findings are consistent with identity-sensitive,
late, unit responses from face-selective cells in the primate
temporal cortex [126].

2.11. ERP evidence for anomalous identity recognition in

ASD

Recent studies have found anomalies in face selective
ERPs in the occipito-temporal cortex of individuals with
ASD. In one study, the N170 was delayed, broadened,
and insensitive to face inversion in ASD subjects (ages
15–42) compared to normal controls (ages 16–37), parallel-
ing differences found between healthy children and adults
(discussed above). Another study found slower and lower
amplitude N170 among adults with Asperger’s syndrome
compared to controls, but surprisingly no between group
differences among children with Asperger’s and controls
(mean age 11.2 ± 1.89; ASD mean age 11.6 ± 1.9) [127].
These results suggest that the anomalous N170 in ASD rep-
resents a progressive divergence from normal development,
rather than a developmental delay. To test this hypothesis
and explore mechanisms, longitudinal studies are needed to
determine the time course of development of N170
anomalies in ASD, the location of N170 generators in
children with and without ASD, and the relationship of
N170 timing and amplitude with instantaneous and
habitual patterns of face viewing.

Consistent with the idea that the N170 represents a cru-
cial early stage of face processing, McPartland et al. (2004)
found a positive correlation between N170 latency and face
identification deficits among individuals with ASD [128]. In
a separate study of children with ASD (ages 3–4) compared
to controls, Dawson et al. (2002) found atypical modula-
tion of late potentials in response to repeated presentation
of a familiar versus an unfamiliar face in children with
ASD [129]. Additional ERP and MEG studies specifying
the relative developmental time course and generators of
the anomalous N170 and the late familiarity-sensitive
potentials would help clarify the potential role of mnemonic
processing (i.e., storage of many face exemplars) in shaping
the relatively early stages of face perception, both in
normals and in ASD. One key question is whether the
familiarity sensitive potentials are associated with the fusi-
form face area.

2.12. Neural substrates of identity recognition in healthy

adults: The role of FFA

Face recognition involves a distributed network of
brain areas, including regions in the medial temporal lobe
and prefrontal cortex (see [130,131]) as well as in the fusi-
form gyrus [132]. Here, we focus on a face selective region
in the fusiform gyrus, namely the ‘‘fusiform face area’’
(FFA) [7] which has received particular attention for its
role in face recognition in adults for several reasons. First,
some patients who have suffered focal injury to the tem-
poral cortex are selectively impaired in face recognition
(prosopagnosia), while others are selectively impaired in
the recognition of non-face objects (object agnosia)
[133–135]. Second, neuroimaging methods have revealed-
specific face-selective regions in the fusiform gyrus,
namely the ‘‘FFA’’ [7]. Third, FFA responses to vaguely
face-like stimuli correlate with the subjective experience
of face perception [8,136–138], suggesting that the FFA
responds to the face gestalt. Fourth, FFA responses are
modulated by changes in facial features and configuration
[139]. Fifth, the adult FFA is correlated with detection,
categorization and identification of faces, but not non-
face objects [10,11,136,138]. In contrast, activations of
face-selective regions in the STS do not correlate with rec-
ognition performance [11]. Sixth, the FFA rapidly habitu-
ates to repeated presentation of a face, suggesting that it
is involved in fine-grain processing of faces, not just cate-
gory detection [12,134]. Seventh, the FFA is activated
more by face identity than variations in eye gaze or
expression [9,12], while the STS showed the opposite
effects [9]. Eighth, the FFA’s activity is modulated during
working memory, encoding and recognition tasks involv-
ing faces [140–144] and predicted subsequent recognition
memory for faces [143]. Taken together, these findings
support a key role for the FFA in face recognition. How-
ever, little is known about the specific visual properties of
faces that activate the FFA, what neural interactions
within the FFA underlie face processing, and how accu-
mulated experience may shape the FFA’s development
and function.
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2.13. Competing models of the functional organization of the

occipito-temporal cortex

The discovery of category selective regions such as the
FFA led to an intense debate regarding the organization
of the occipito-temporal cortex. A domain-specific model
suggests that the FFA is a cortical module dedicated to
processing facial information [145,146]. However, some
studies have found that the FFA is activated during view-
ing non-face objects with which subjects have expertise
[147,148], suggesting a process map model in which the
FFA is an expert processing region [149,150]. A distribut-

ed-representation model questions the modularity of the
occipito-temporal cortex and suggests that processing of
all visual forms is distributed widely [130,151]. Although
none of these models provide a full account of how highly
selective functional regions develop, all three are consistent
with the hypothesis that lower frequency of face viewing or
inattention to faces in autism has long-term effect on the
neural substrates of face processing in the ventral stream.

This hypothesis and the neural locus of ASD face-pro-
cessing abnormalities would be best addressed by experi-
ments that also discriminate between these models. The
domain-specific model would predict that any deficits in face
detection or identity recognition in autism would be specif-
ically associated with functional abnormalities in the FFA,
which would not subserve other expert processing. The pro-

cess map model would predict that any FFA functional
abnormalities in autism would be specific to faces but not
other non-face objects of expertise. The distributed-repre-
sentation model would predict that the functional abnor-
malities associated with identity recognition would be
apparent across a distributed network in the ventral
stream, and not confined to the FFA. Thus progress in
understanding the neural basis of identity recognition
deficits in autism may provide a better understanding of
the normal organization of the ventral stream.

2.14. Evidence for maturation of the FFA during normal

development

Recent imaging studies have examined face-specific acti-
vations in the occipito-temporal cortex in healthy children,
finding varied evidence for a maturation process. For
example, a PET study found greater responses to faces
than to geometric shapes in the ventral-occipito-temporal
cortex of two-month old infants [152], while others reported
the absence of face selective responses in the fusiform gyrus
relative to objects or places (i.e., the FFA) in 5–8 [82] and
8–10 year olds [83] based on group analyses. Thus, it was
unclear if the reported reduction or absence of the FFA
activation in children under age ten reflects lesser respon-
siveness to faces or greater responsiveness to objects in
the fusiform gyrus, a smaller anatomical size of the fusi-
form gyrus, or non-specific artifacts such as higher levels
of fMRI related noise in children. Furthermore, it was
not known if FFA maturation specifically relates to
development of face recognition performance or if it is
uniquely prolonged compared to other higher-level visual
regions specialized for faces (e.g., STS).

To address these questions we examined the maturation
of the FFA after age seven, using a standard ‘‘localizer’’ to
find face-selective regions within individual subjects [84].
We found striking evidence for selective FFA maturation
during this period. First, the right FFA in children ages
7–11 was about half the size of that of older children
(12–16 year olds), and about one-third that of adults, even
after matching age groups on several measures of fMRI
signal-to-noise-ratio. Second, the smaller FFA size in chil-
dren was strongly correlated with face recognition memory.
Third, the developmental changes we found were domain
specific. For example, there were no differences among
age groups in object recognition, or the size of object-selec-
tive cortex or STS.

These findings support an experience dependent model,
in which the FFA emerges during a prolonged develop-
mental process involving accumulated experience with
faces [153–156]. These findings also raise a number of
questions that are current foci of research, namely: does
FFA maturation involve increasing face selectivity among
broadly face tuned neural elements or increasing numbers
of face selective elements? Is a smaller FFA in children
associated with differences in face viewing strategies or
the specific types of information that children extract from
faces? What are the specific functions of the developing
FFA in children, especially during the stages of face pro-
cessing such as categorization and identification?

2.15. FFA and face processing in ASD

Given the apparent role of the FFA in categorization
and recognition of faces, several studies have examined
the FFA in ASD. Early studies of adults with ASD com-
pared to controls found evidence for lesser FFA activation
and greater object-area activation by faces, even though
measures of attention to the faces were similar [157–159].
From the process-map perspective, this apparent failure
of individuals with ASD to develop normal cortical face
specialization in the FFA and ‘‘expertise’’ in face recogni-
tion may be the accumulated effect of reduced social inter-
est and lack of motivation to view faces [160,161].
However, other studies variously found FFA activation
by faces that was modulated by personal familiarity in
ASD [162], or FFA activation that was not distinguishable
from controls [163] or FFA activation that was differentially
modulated by task among ASD subjects, compared to
controls [164].

Using eye-tracking, a recent study suggests that this
variety of findings may be explained by differences in fixa-
tion behavior [165]. Among persons with ASD but not con-
trols, activation of the fusiform gyrus appears to be
strongly and positively correlated with the time spent fixat-
ing on the eye region of the face stimuli. Whether the
absence of this correlation in controls is due to ceiling
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effects or between group differences in FFA’s sensitivity to
viewing behavior is unknown. In any event, these studies
together suggest that the FFA does engage in face process-
ing in ASD and in a manner modulated by fixation upon
the eyes (mutual gaze), with implications for the possible
developmental consequences of habitual gaze avoidance
in ASD. These implications are considered below.

Consistent with the domain-specific model of the ventral
stream, and experience dependent models of its develop-
ment, one possibility is that habitual gaze avoidance (and
ensuing chronic hypo-activation of the FFA during devel-
opment) would result in long-term anomalies in FFA func-
tions, such as face detection and identification, even when
subjects do view the eyes in face stimuli. Consistent with
the process-map model, a second possibility is that the
FFA in ASD subjects would be predicted to activate to a
degree correlating with measures of expertise when process-
ing faces and other objects. Consistent with the distributed

map model, a third possibility is that functional face-pro-
cessing abnormalities in autism are not confined to the
FFA, but are distributed more widely across the ventral
stream. In view of these various model predictions, a
detailed analysis of the functional properties of the FFA
and the ventral stream in ASD may provide new insights
into the role of experience in the normal development
and organization of the occipito-temporal cortex.

2.16. Development of facial emotion recognition in children

The recognition of facial expressions of emotion is
thought to develop slowly during the first two years of life
and continue to mature into adolescence. Some reports
indicate that in the first several months of life infants can
discriminate between a variety of emotional expressions
[166–170]. However, there are difficulties in assessing visual
discrimination in young infants. For example, infants’ abil-
ity to discriminate among some expressions is sensitive to
the order of presentation, and may be affected by differen-
tial rates of habituation to specific expressions
[166,167,171]. Other data suggest that an infant’s discrimi-
nation of facial expressions is based on simple featural dif-
ferences [172] (but see [173]). For example 4 to 8-month-old
infants discriminated ‘‘toothy’’ similes from closed-mouth
smiles and closed-mouth anger, but not from toothy anger
[172]. Other findings suggest that discrimination of emo-
tional expressions may be sensitive to early contextual
information. For example, in one study, 3.5-month-old
infants discriminated between happy or sad facial
expressions (accompanied by affectively matching vocal
expressions) only if the emotional expressions were dis-
played by their own mother in the experimental settings
[174] (also see [175]). Taken together these findings suggest
that during the first months of life, processing of facial
expressions of emotion is at a rudimentary level, and may
be sensitive to familiarity with the facial identity.

Recognition of emotion expressions improves by as
much as 40% between ages 2 and 5, to within 10% of adult
performance in some studies, albeit non-uniformly for dif-
ferent emotions. Children, ages 4 and 5, recognize facial
expressions of happiness, sadness, and anger in order of
descending accuracy, and are less accurate in recognizing
surprise, fear and neutral expression [176–184]. Also, chil-
dren’s misjudgments of facial expressions follow systemat-
ic patterns. For example, children often confuse faces
depicting sadness and anger, or anger and disgust and mis-
judge neutral faces as sad [178,179 Reichenbach, 1983
#4630, 182]. In one study of children between 2 and 5
years old, Bullock and Russell (1985) plotted misjudg-
ments of facial expressions on a continuum of facial
expressions arranged along two axes of pleasure and
arousal, found a narrowing of the distribution of errors
around the correct expression with increasing age [178].
These authors inferred a narrowing of emotion categories
during development [178], perhaps due to socialization
and experience with faces [185].

2.17. The neural substrates for recognition of emotion

expressions: Role of amygdala

Although processing of facial expressions of emotion is
thought to involve numerous brain regions with varying
specificity (reviewed in [186]), much research has focused
on the role of amygdala, due to its involvement in emo-
tional learning (e.g., fear conditioning), emotional memo-
ry (e.g., ‘‘flashbulb’’ memories), and processing of social
information involving various cues including visual inputs
of objects and faces (reviewed in [187]). For example,
amygdala damage in humans may impair the ability to
anthropomorphize moving geometric shapes that normal
subjects can interpret as characters with motives interact-
ing in a complex social situation [188]. Amygdala damage
is also associated with impairments in social judgment,
such as overestimation of trustworthiness and approach-
ability of people based on their faces in recognizing neg-
ative expressions, such as fear, anger, surprise, and
sadness [189–197], but not recognizing facial identity
[190].

Supporting a role for amygdala in face processing
and social judgment, early neuroimaging studies found
amygdala activation in response to facial expressions
of emotion, particularly fear, even when subjects were
not instructed to judge emotion [6,198]. Indeed, amyg-
dala is activated by subliminal presentations of facial
expression stimuli [199]. In contrast, verbally labeling
facial expression stimuli may reduce amygdala activa-
tion [200]. In general, the amygdala is thought to enga-
ge in rapid, automatic processing of facial expressions
as part of its role in detecting potential danger
[189,194].

The eyes may be a particularly salient stimulus for the
amygdala. For example, Kawashima et al. (1999) reported
left amygdala activation when subjects interpreted gaze
direction, whereas the right amygdala was activated during
eye-to-eye contact [201]. In another study, the eye region
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was sufficient to elicit amygdala responses during fMRI
[202]. More specifically, the white sclera surrounding the
dark pupil in fearful eyes was a necessary component of
the stimulus. Consistent with these findings, a patient with
bilateral damage to the amygdala failed to use information
from the eye region when viewing faces [191]. Specifically,
during exposure to isolated samples (‘‘bubbles’’) of faces
of fear and happiness this subject used facial information
from the mouth, but not the eyes. Eye tracking methods
suggested that this inability to use eye information was
related to a lack of fixation on the eye region. In contrast,
normal subjects spontaneously fixated upon the eyes, pref-
erentially using eye information to recognize fear. When
the amygdala damaged subject followed instructions to fix-
ate on eyes, their ability to recognize fearful faces improved
to a normal level. These findings suggest that amydala
function may be important in directing gaze and attention
onto eyes, as a source of social and affective information
(Fig 3).

These studies also raise several questions. For example,
is this case study of effects of amygdala damage on fear
conditioning relevant to other cases of amygdala damage
and dysfunction? Could other social processing deficits
after amygdala damage, such as judging trustworthiness
or anthropomorphizing moving geometric shapes, arise
from a correctable failure to attend to critical information
in stimuli? To what extent could training remediate ineffec-
tive viewing strategies? How would age of onset of amyg-
dala damage or dysfunction, and its specific character,
affect treatment strategies? These questions have significant
implications for conditions such as autism that involve face
processing deficits and perhaps abnormalities of amygdala
function.
Fig. 3. (from Adolphs et al. 2005) When exposed to isolated fragments of faces
eye region. In contrast, an amygdala damaged subject (SM) used information
2.18. Emotion expressions and amygdala development:

Neuroimaging evidence

A few fMRI studies of amygdala function during child-
hood and adolescence have focused on its responses to
fearful facial expressions [203–205]. Baird et al. (1999)
examined amygdala activations to fearful faces in 12–17-
year-olds and reported no effects of age or sex [203]. In
another study, Thomas et al. (2001) compared amygdala
activations to fear and neutral faces among children (mean
age 11 years old) and adults [205]. In adults, the amygdala
responded more to fear faces than to neutral faces, as
expected, whereas in children the amygdala responded
more to neutral faces. Although subjective ratings of facial
expression were not obtained, these results were interpreted
to reflect the ambiguity of neutral faces for children, consis-
tent with behavioral studies finding that children classify
neutral faces as expressing negative emotions [179,181].
In a separate study, Killgore et al. (2001) examined devel-
opmental changes in neural response to fearful faces in
children and adolescents, finding that left amygdala
responses to fear faces decreased during adolescence in girls
but not boys [204]. Girls also displayed increasing activa-
tion of the dorsolateral prefrontal cortex by fear faces dur-
ing this period, where as boys showed the opposite pattern
[204]. These findings suggest that amygdala maturation
may be accompanied by age and sex dependent changes
outside the amygdala, in neural systems that exert a regu-
latory influence on its function in adulthood [206]. Future
studies are needed to characterize the developmental trajec-
tory of amygdala responses to a wide range of emotionally
salient stimuli, including faces. Salient questions include
whether the adult pattern of preferential amygdala
of fear and happiness, normal controls used information mostly from the
mostly form the mouth region.
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responses to fear relative to other emotional expressions
develops over time during childhood, and whether children
and adults use similar viewing strategies in extracting fea-
tural information when making emotional or social judg-
ments about faces.

2.19. Impairments of facial expression recognition in ASD:

A role for the amygdala?

A number of reports suggest deficits in recognition of
facial expressions among persons with ASD, starting as
young as 5 years old. For example, when children with
ASD and verbal-ability matched controls sorted pictures
of people, who differed along dimensions including emo-
tional expression and the type of hat, most children with
autism first sorted pictures according to the type of hat,
whereas most controls sorted pictures based on emotion
expressions before sorting based on hats [207,208]. Another
study reported that children with ASD were less able in
matching affective faces than objects compared to controls,
and the degree of deficit predicted social impairments
among the ASD group [209]. These findings suggest that
emotion expressions are less salient for children with
ASD than for controls and that this deficit may be related
to social deficits. However, these results might be sensitive
to choice of controls, as another study found that children
with ASD showed deficits in sorting emotion expressions
compared to controls, when matched for non-verbal men-
tal age but not when matched for verbal mental age
[103]. Finally, a study compared high functioning children
with ASD (mean age 10.6 ± 2.1) to age and IQ matched
controls, and found no differences in naming of expressions
(angry, happy, neutral, and surprise) or in foveation during
face viewing [57]. Thus, it remains unclear how to interpret
reported emotion-expression processing deficits in ASD.
Longitudinal studies of emotion-expression recognition
and intensity discrimination in children with ASD and
well-chosen control groups are needed to address these
issues and expand our understanding of normal
development.

Nonetheless, the predominance of data suggests that
recognition of emotion expressions is impaired in adults
with ASD. For example, high functioning ASD adults were
reported to rate faces as more trustworthy and approach-
able than did normal controls [210]. Also, Pelphrey et al.
(2002) found that relative to age and gender matched con-
trols, high functioning adult males with ASD made more
errors in identifying emotion expressions, being more likely
to misidentify fear as anger, surprise or disgust, while iden-
tifying happiness, sadness and surprise at control levels
[55]. Individuals with ASD also looked less at the eyes.
As eye information has been identified as critical for recog-
nition of fear faces [191] and activation of amygdala (in
case of fear faces) [202] a difference in fixation behavior
may account for the observed fear-specific emotion-expres-
sion processing deficit among subjects with ASD. However,
it remains unclear whether amygdala hypo-activation
might be the cause or a result of the abnormal fixation
behavior [165].

Supporting the hypothesis that amygdala dysfunction
contributes to face processing abnormalities in ASD are
some commonalities between ASD and patients with bilat-
eral amygdala lesions (reviewed in [211,212]), including
deficits in fear-face recognition, bias towards rating faces
as more trustworthy and approachable [210], atypical pat-
terns of face viewing [55,56] (but see [57]) and failure to
attribute social intention to moving geometric shapes
[213]. Other lines of evidence implicating amygdala dys-
function in ASD include evidence for amygdala neuropa-
thology from post-mortem studies [214], and autistic-like
social and emotional behavior among non-human primates
with amygdala lesions early during infancy [215] (but see
[216]). Also, structural MRI studies suggest abnormalities
in the development of the amygdala in ASD. Initial reports
were contradictory, showing evidence for smaller [217],
larger [218,219] and equivalent [220] amygdala volumes in
subjects with ASD compared to controls. However, more
recent data suggest an unusual developmental time course
for the amydala in ASD, in which the amydala is larger
in children with ASD (ages 7.5 to 12.5 years old) compared
to several control groups, whereas no differences are detect-
able between adolescents with ASD versus controls [221]. It
remains to be determined if this anomalous early develop-
ment leads to persistent compensatory abnormalities in
brain regions connected to the amygdala or aberrant intrin-
sic connectivity and function of the amygdala.

2.20. Neuroimaging of amygdala function in ASD

A number of fMRI studies suggest anomalous amygdala
activation in children and adults with ASD. For example,
Wang et al. (2004) examined modulation of amydala acti-
vation during matching versus labeling of emotional faces
in children and adolescents with ASD (ages 8–16), com-
pared to healthy controls (ages 6.9 to 19.8) [222]. Both
groups engaged similar neural networks during facial emo-
tion processing. However, in controls but not the ASD
group, amygdala activation was higher during emotional
face matching relative to labeling [222]. Also, a case study
of a 12-year-old boy diagnosed with ASD suggests that
amygdala activation in ASD may be sensitive to expertise,
as amygdala hypo-activation was found when viewing pic-
tures of realistic faces but normal levels of activation were
found when viewing a familiar and well liked cartoon char-
acter [161].

FMRI studies in adults have found abnormally low acti-
vation in the amygdala among persons with ASD relative
to controls for tasks involving emotion recognition from
either the eye region alone [223] or the face as a whole
[224]. In contrast, another fMRI study reported that levels
of left amygdala activation in subjects with ASD were
greater than in controls and positively correlated with the
average time of fixation upon the eye region, during both
emotion and familiarity judgments on faces [165]. Dalton
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et al. (2005) interpreted these results to suggest that viewing
faces, particularly eyes, may be associated with heightened
arousal among persons with ASD, and that amygdala
hypo-activation may be a result of viewing strategies in this
group [165]. Future studies are needed to test this hypoth-
esis. Taken together, these findings emphasize the impor-
tance of controlling for viewing strategies and arousal
levels when studying amygdala function in face processing.

3. Conclusions

Autism is a pervasive developmental condition, charac-
terized by impairments in non-verbal communication,
social relationships and stereotypical patterns of behavior.
Currently, the underlying causes of autism are not known,
although they are likely to be quite heterogenous and
involve combinations of genetic and environmental factors.
In the search for neural markers of autism, much interest
has focused on a network of brain regions that are impli-
cated in social cognition and face processing. In this
review, we focused on three such regions, namely the STS
for its role in processing gaze and facial movements, the
FFA in face detection and identification and the amygdala
in processing facial expressions of emotion. A large body of
evidence suggests that aspects of face processing associated
with these regions are impaired in autism, including anom-
alies in gaze processing, memory for facial identity and rec-
ognition of emotion expressions. There is also fMRI
evidence for abnormal activation in brain regions underly-
ing each of these neurocognitive functions in autism.
Recent data suggest that some of these functional anoma-
lies may reflect atypical face viewing strategies, as many
individuals with autism do not fixate normally upon the
eyes, starting early in life. These findings raise new ques-
tions regarding the development of anomalous face pro-
cessing in autism. For example, could atypical gaze
behavior starting early in life adversely affect the develop-
ment of all or specific components of the face processing
network? Recent findings on the normal development of
face processing during infancy, childhood and adolescence
suggest that while some aspects of face processing such as
automatic orienting towards faces may exist shortly after
birth, others, such as identity and emotion processing
undergo prolonged development. Open questions in this
research area are the brain basis of these developmental
processes, the role of experience in shaping each of the spe-
cialized regions for face processing, and the impact of each
region’s function upon the development of other compo-
nents of the face processing network. Progress in under-
standing the normal development of face processing will
be essential for a better understanding of face processing
anomalies in autism, and the potential timing and effect
of early remediation focused on faces. In this context, lon-
gitudinal studies of components of face processing using
combinations of behavioral and imaging methods during
typical and atypical development will be especially
valuable.
Acknowledgement

Thanks to Dr. A.C. Greenwood for edits and valuable
suggestions.

References

[1] Puce A et al. Temporal cortex activation in humans viewing eye and
mouth movements. J Neurosci 1998;18(6):2188–99.

[2] Allison T, Puce A, McCarthy G. Social perception from visual cues:
role of the STS region. Trends Cogn Sci 2000;4(7):267–78.

[3] Winston JS et al. Automatic and intentional brain responses during
evaluation of trustworthiness of faces. Nat Neurosci
2002;5(3):277–83.

[4] Young AW et al. Facial expression processing after amygdalotomy.
Neuropsychologia 1996;34(1):31–9.

[5] Adolphs R et al. Fear and the human amygdala. J Neurosci
1995;15(9):5879–91.

[6] Morris JS et al. A differential neural response in the human
amygdala to fearful and happy facial expressions. Nature
1996;383(6603):812–5.

[7] Kanwisher N, McDermott J, Chun MM. The fusiform face area: a
module in human extrastriate cortex specialized for face perception.
J Neurosci 1997;17:4302–11.

[8] George N et al. Contrast polarity and face recognition in the human
fusiform gyrus. Nat Neurosci 1999;2(6):574–80.

[9] Hoffman EA, Haxby JV. Distinct representations of eye gaze and
identity in the distributed human neural system for face perception.
Nat Neurosci 2000;3(1):80–4.

[10] Grill-Spector K et al. The dynamics of object-selective activation
correlate with recognition performance in humans. Nat Neurosci
2000;3(8):837–43.

[11] Grill-Spector K, Knouf N, Kanwisher N. The fusiform face area
subserves face perception, not generic within-category identification.
Nat Neurosci 2004;7(5):555–62.

[12] Winston JS et al. fMRI-adaptation reveals dissociable neural
representations of identity and expression in face perception. J
Neurophysiol 2004;92(3):1830–9.

[13] Carey S. Becoming a face expert. Philos Trans R Soc Lond
1992;335:95–103.

[14] Chance JE, Goldstein AG. Face-recognition memory: implications
for children’s eyewitness testimony. J Social Issues 1984;40(2):69–85.

[15] Fombonee E. The epidemiology of autism: a review. Psychol Med
1999;29:769–86.

[16] International, Molecular Genetics Study of Autism Consortium, A
full genome screen for autism with evidence for linage to a region on
chromosome 7q. Hum Mol Genet 1998;7:571–578.

[17] Lombroso PJ, Pauls DL, Leckman JF. Genetic mechanisms in
childhood psychiatric disorders. J Am Acad Child Adolesc Psychi-
atry 1994;33:921–38.

[18] Cohen DJ, Volkmar FR. Handbook of autism and pervasive
developmental disorders. 2nd ed. New York: Wiley; 1997.

[19] Lord C et al. Autism diagnostic observation schedule: a standard-
ized observation of communicative and social behavior. J Autism
Dev Disord 1989;19:185–212.

[20] Willemsen-Swinkels SH, Buitelaar JK. The autistic spectrum:
subgroups, boundaries, and treatment. Psychiatr Clin North Am
2002;25(4):811–36.

[21] Baron-Cohen S et al. Early identification of autism by the CHeck-
list for Autism in Toddlers (CHAT). J R Soc Med
2000;93(10):521–5.

[22] Baird G et al. A screening instrument for autism at 18 months of
age: a 6-year follow-up study. J Am Acad Child Adolesc Psychiatry
2000;39(6):694–702.

[23] Osterling J, Dawson G. Early recognition of children with autism: a
study of first birthday home videotapes. J Autism Dev Disord
1994;24(3):247–57.



G. Golarai et al. / Clinical Neuroscience Research 6 (2006) 145–160 157
[24] Dawson G et al. Children with autism fail to orient to naturally
occurring social stimuli. J Autism Dev Disord 1998;28(6):479–85.

[25] Dakin S, Frith U. Vagaries of visual perception in autism. Neuron
2005;48(3):497–507.

[26] Goren CC, Sarty M, Wu PY. Visual following and pattern
discrimination of face-like stimuli by newborn infants. Pediatrics
1975;56(4):544–9.

[27] Kleiner KA, Banks MS. Stimulus energy does not account for 2-
month-olds’ face preferences. J Exp Psychol Hum Percept Perform
1987;13(4):594–600.

[28] Johnson MH et al. Newborns’ preferential tracking of face-like
stimuli and its subsequent decline. Cognition 1991;40(1-2):1–19.

[29] Farroni T et al. Eye contact detection in humans from birth. Proc
Natl Acad Sci USA 2002;99(14):9602–5.

[30] Batki A et al. Is there an inate module? Evidence from human
neonates. Infant Behav Dev 2000;23:223–9.

[31] Johnson MH. Subcortical face processing. Nat Rev Neurosci
2005;6(10):766–74.

[32] Morton J, Johnson MH. CONSPEC and CONLERN: a two-process
theory of infant face recognition. Psychol Rev 1991;98(2):164–81.

[33] Cassia VM, Turati C, Simion F. Can a nonspecific bias toward top-
heavy patterns explain newborns’ face preference? Psychol Sci
2004;15(6):379–83.

[34] Levy I et al. Center-periphery organization of human object areas.
Nat Neurosci 2001;4(5):533–9.

[35] Gibson JJ, Pick AD. Perception of another person’s looking
behavior. Am J Psychol 1963;76:386–94.

[36] Grossman ED, Battelli L, Pascual-Leone A. Repetitive TMS over
posterior STS disrupts perception of biological motion. Vision Res
2005;45(22):2847–53.

[37] Michels L, Lappe M, Vaina LM. Visual areas involved in the
perception of human movement from dynamic form analysis.
Neuroreport 2005;16(10):1037–41.

[38] Vaina LM et al. Functional neuroanatomy of biological motion
perception in humans. Proc Natl Acad Sci USA 2001;98(20):
11656–61.

[39] Servos P et al. The neural substrates of biological motion percep-
tion: an fMRI study. Cereb Cortex 2002;12(7):772–82.

[40] Castelli F et al. Movement and mind: a functional imaging study of
perception and interpretation of complex intentional movement
patterns. Neuroimage 2000;12(3):314–25.

[41] Frith U, Frith CD. Development and neurophysiology of
mentalizing. Philos Trans R Soc Lond B Biol Sci 2003;358(1431):
459–73.

[42] Harris LT, Todorov A, Fiske ST. Attributions on the brain: neuro-
imaging dispositional inferences, beyond theory of mind. Neuroim-
age 2005;28(4):763–9.

[43] Schultz J et al. Activation of the human superior temporal gyrus
during observation of goal attribution by intentional objects. J Cogn
Neurosci 2004;16(10):1695–705.

[44] Vollm BA et al. Neuronal correlates of theory of mind and
empathy: a functional magnetic resonance imaging study in a
nonverbal task. Neuroimage 2006;29(1):90–8.

[45] Mosconi MW et al. Taking an ‘‘intentional stance’’ on eye-gaze
shifts: a functional neuroimaging study of social perception in
children. Neuroimage 2005;27(1):247–52.

[46] Kimura I et al. Children are sensitive to averted eyes at the earliest
stage of gaze processing. Neuroreport 2004;15(8):1345–8.

[47] Rutter M, Schopler E. Autism and pervasive developmental
disorders: concepts and diagnostic issues. J Autism Dev Disord
1987;17(2):159–86.

[48] Adrien JL et al. Autism and family home movies: preliminary
findings. J Autism Dev Disord 1991;21(1):43–9.

[49] Volkmar F, Chawarska K, Klin A. Autism in infancy and early
childhood. Annu Rev Psychol 2005;56:315–36.

[50] Osterling JA, Dawson G, Munson JA. Early recognition of 1-year-
old infants with autism spectrum disorder versus mental retardation.
Dev Psychopathol 2002;14(2):239–51.
[51] Dawson G et al. Neurocognitive and electrophysiological evidence
of altered face processing in parents of children with autism:
implications for a model of abnormal development of social brain
circuitry in autism. Dev Psychopathol 2005;17(3):679–97.

[52] Le Grand R et al. Expert face processing requires visual input to the
right hemisphere during infancy. Nat Neurosci 2003;6(10): 1108–12.

[53] Senju A et al. Eye contact does not facilitate detection in children
with autism. Cognition 2003;89(1):B43–51.

[54] Senju A et al. Reflexive orienting in response to eye gaze and an
arrow in children with and without autism. J Child Psychol
Psychiatry 2004;45(3):445–58.

[55] Pelphrey KA et al. Visual scanning of faces in autism. J Autism Dev
Disord 2002;32(4):249–61.

[56] Klin A et al. Visual fixation patterns during viewing of naturalistic
social situations as predictors of social competence in individuals
with autism. Arch Gen Psychiatry 2002;59(9):809–16.

[57] van der Geest JN et al. Gaze behavior of children with pervasive
developmental disorder toward human faces: a fixation time study. J
Psychol Psychiatry 2002;43(5):669–78.

[58] Dawson G et al. Affective exchanges between young autistic
children and their mothers. J Abnorm Child Psychol 1990;18(3):
335–45.

[59] Cohen IL et al. Parent-child dyadic gaze patterns in fragile X males
and in non-fragile X males with autistic disorder. J Child Psychol
Psychiatry 1989;30(6):845–56.

[60] Willemsen-Swinkels SH et al. Timing of social gaze behavior in
children with a pervasive developmental disorder. J Autism Dev
Disord 1998;28(3):199–210.

[61] Levitt JG et al. Proton magnetic resonance spectroscopic imaging
of the brain in childhood autism. Biol Psychiatry 2003;54(12):
1355–66.

[62] Waiter GD et al. A voxel-based investigation of brain structure in
male adolescents with autistic spectrum disorder. Neuroimage
2004;22(2):619–25.

[63] Boddaert N et al. Superior temporal sulcus anatomical abnormal-
ities in childhood autism: a voxel-based morphometry MRI study.
Neuroimage 2004;23(1):364–9.

[64] Pelphrey KA, Morris JP, McCarthy G. Neural basis of eye gaze
processing deficits in autism. Brain 2005;128(Pt 5):1038–48.

[65] Garrett AS et al. Here’s looking at you, kid: neural systems
underlying face and gaze processing in fragile X syndrome. Arch
Gen Psychiatry 2004;61(3):281–8.

[66] Pascalis O, de Schonen S. Recognition memory in 3- to 4-day-old
human neonates. Neuroreport 1994;5(14):1721–4.

[67] Pascalis O, de Haan M, Nelson CA. Is face processing species-
specific during the first year of life? Science 2002;296(5571):1321–3.

[68] Pascalis O et al. Plasticity of face processing in infancy. Proc Natl
Acad Sci USA 2005;102(14):5297–300.

[69] Cross JF, Cross J, Daly J. Sex, race, age, and beauty as factors in
recognition of faces. Percept Psychophys 1971;10(6):393–6.

[70] Cross JF, Cross J. Age, sex, race, and the perception of facial
beauty. Dev Psychol 1971;5(3):433–9.

[71] Carey S. Development of face perception. In: Davies G, Ellis H,
Shephard J, editors. Perceiving and remembering faces. New
York: Academic press; 1981. p. 9–38.

[72] Chance JE, Turner AL, Goldstein AG. Development of differential
recognition for own- and other-race faces. J Psychol 1982;112(1):
29–37.

[73] Chung MS, Thomson DM. Development of face recognition. Br J
Psychol 1995;86(Pt 1):55–87.

[74] Goldstein AG, Chance JE. Memory for faces and schema theory. J
Psychol 1980;105(1):47–59.

[75] Kelly DJ et al. Three-month-olds, but not newborns, prefer own-
race faces. Dev Sci 2005;8(6):F31–6.

[76] Sangrigoli S, De Schonen S. Recognition of own-race and other-race
faces by three-month-old infants. J Child Psychol Psychiatry
2004;45(7):1219–27.

[77] Valentine, T., Face-space models of face recognition. 2001.



158 G. Golarai et al. / Clinical Neuroscience Research 6 (2006) 145–160
[78] Golarai G et al. Racial bias in face processing continues to develop
in children ages 7–11 years old. Soc Cogn Neurosci Abstr 2006.

[79] Ellis HD, Young AW. Faces in their social and biological context.
In: Davies M et al., editors. Face and mind. Oxford: Oxford
University Press; 1998.

[80] Ellis HD. The development of face processing skills. Philos Trans R
Soc Lond 1992;335:105–11.

[81] Valentine T. A unified account of the effects of distinctiveness,
inversion, and race in face recognition. Q J Exp Psychol Hum Exp
Psychol 1991;2:161–204.

[82] Gathers AD et al. Developmental shifts in cortical loci for face and
object recognition. Neuroreport 2004;15(10):1549–53.

[83] Aylward EH et al. Brain activation during face perception: evidence
of a developmental change. J Cogn Neurosci 2005;17(2): 308–19.

[84] Golarai G, Ghahremani DG, Grill-Spector K, Gabrieli JD.
Evidence for maturation of the ‘‘fusiform face area’’ in children
ages 7–16. Vision Sci Soc 2005.

[85] Carey S, Diamond R, Woods B. The development of face
recognition – a maturation component? Dev Psychol 1980;16:
257–69.

[86] Carey S, Diamond R. Developmental changes in the representation
of faces. J Exp Child Psychol 1977;23:1–22.

[87] Farah MJ, Tanaka JW, Drain HM. What causes the face inversion
effect? J Exp Psychol Hum Percept Perform 1995;21(3):628–34.

[88] Farah MJ et al. What is ‘‘special’’ about face perception? Psychol
Rev 1998;105(3):482–98.

[89] Goldstein AG, Mackenberg EJ. Recognition of human faces from
isolated facial features: a developmental study. Psychon Sci
1966;6(4):149–50.

[90] Goldstein AG. Learning of inverted and normally oriented faces in
children and adults. Psychon Sci 1965;3(10):447–8.

[91] Carey. Perceptual classification and expertise. In: Perceptual and
cognitive development. Academic Press; 1996. p. 49–69.

[92] Tanaka JW et al. Face recognition in young children: when the
whole is greater than the sum of its parts. Vis Cogn 1998;5(4):
479–96.

[93] Baenninger MA. The development of face recognition: featural or
configurational processing? J Exp Child Psychol 1994;57:377–96.

[94] Schyns PG, Bonnar L, Gosselin F. Show me the features! Under-
standing recognition from the use of visual information. Psychol Sci
2002;13(5):402–9.

[95] Schyns PG et al. A principled method for determining the
functionality of brain responses. Neuroreport 2003;14(13):1665–9.

[96] Gosselin F, Schyns PG. Bubbles: a technique to reveal the use of
information in recognition tasks. Vision Res 2001;41(17):2261–71.

[97] Purcell DG, Stewart AL. The face-detection effect: configuration
enhances detection. Percept Psychophys 1988;43(4):355–66.

[98] Rolls ET et al. The responses of neurons in the temporal cortex of
primates, and face identification and detection. Exp Brain Res
1994;101(3):473–84.

[99] Grill-Spector K, Kanwisher N. Visual Recognition: as soon as you
know it is there, you know what it is. Psychol Sci 2005;16:152–60.

[100] Taylor MJ et al. ERP evidence of developmental changes in
processing of faces. Clin Neurophysiol 1999;110(5):910–5.

[101] Klin A et al. A normed study of face recognition in autism and
related disorders. J Autism Dev Disord 1999;29(6):499–508.

[102] Boucher J, Lewis V. Unfamiliar face recognition in relatively able
autistic children. J Child Psychol Psychiatry 1992;33(5):843–59.

[103] Ozonoff S, Pennington BF, Rogers SJ. Are there emotion perception
deficits in young autistic children? J Child Psychol Psychiatry
1990;31(3):343–61.

[104] Robel L et al. Discrimination of face identities and expressions in
children with autism: same or different? Eur Child Adolesc
Psychiatry 2004;13(4):227–33.

[105] Langdell T. Recognition of faces: an approach to the study of
autism. J Child Psychol Psychiatry 1978;19(3):255–68.

[106] Hobson RP, Ouston J, Lee A. What’s in a face? The case of autism.
Br J Psychol 1988;79(Pt 4):441–53.
[107] Tantam D et al. Autistic children’s ability to interpret faces: a
research note. J Child Psychol Psychiatry 1989;30(4):623–30.

[108] Boucher J, Lewis V, Collis G. Familiar face and voice matching and
recognition in children with autism. J Child Psychol Psychiatry
1998;39(2):171–81.

[109] Blair RJ et al. Fractionation of visual memory: agency detection
and its impairment in autism. Neuropsychologia 2002;40(1):
108–18.

[110] Davies S et al. Face perception in children with autism and Asperger’s
syndrome. J Child Psychol Psychiatry 1994;35(6):1033–57.

[111] Boucher J, Warrington EK. Memory deficits in early infantile
autism: some similarities to the amnesic syndrome. Br J Psychol
1976;67(1):73–87.

[112] Boucher J, Lewis V. Memory impairments and communication in
relatively able autistic children. J Child Psychol Psychiatry
1989;30(1):99–122.

[113] Eimer M. The face-specific N170 component reflects late stages
in the structural encoding of faces. Neuroreport 2000;11(10):
2319–24.

[114] Eimer M, McCarthy RA. Prosopagnosia and structural encoding of
faces: evidence from event-related potentials. Neruoreport
1999;10:255–9.

[115] Bentin S, Deouell LY, Soroker N. Selective visual streaming in face
recognition: evidence from developmental prosopagnosia. Neurore-
port 1999;10(4):823–7.

[116] Allison T et al. Electrophysiological studies of human face percep-
tion. I: Potentials generated in occipitotemporal cortex by face and
non-face stimuli. Cereb Cortex 1999;9(5):415–30.

[117] Taylor MJ et al. Eyes first! Eye processing develops before face
processing in children. Neuroreport 2001;12(8):1671–6.

[118] McCarthy G et al. Electrophysiological studies of human face
perception. II: Response properties of face-specific potentials
generated in occipitotemporal cortex. Cereb Cortex 1999;9(5):
431–44.

[119] Munte TF et al. Event-related brain potentials to unfamiliar faces
in explicit and implicit memory tasks. Neurosci Res 1997;28:223–33.

[120] Bruce V, Young A. Understanding face recognition. Br J Psychol
1986;77:305–27.

[121] Puce A, Allison T, McCarthy G. Electrophysiological studies of
human face perception. III: Effects of top-down processing on face-
specific potentials. Cereb Cortex 1999;9(5):445–58.

[122] Sommer W, Schweinberger SR, Matt J. Human brain potential
correlates of face encoding into memory. Electroencephalogr Clin
Neurophysiol 1991;79(6):457–63.

[123] Eimer M. Event-related brain potentials distinguish processing
stages involved in face perception and recognition. Clin Neuro-
physiol 2000;111:694–705.

[124] Sommer W, Komoss E, Schweinberger SR. Differential localization
of brain systems subserving memory for names and faces in normal
subjects with event-related potentials. Electroencephalogr Clin
Neurophysiol 1997;102:192–9.

[125] Cauquil AS, Edmonds GE, Taylor MJ. Is the face-sensitive N170
the only ERP not affected by selective attention? Neuroreport
2000;11(10):2167–71.

[126] Sugase Y et al. Global and fine information coded by single neurons
in the temporal visual cortex. Nature 1999;400:869–73.

[127] O’Connor K, Hamm JP, Kirk IJ. The neurophysiological correlates
of face processing in adults and children with Asperger’s syndrome.
Brain Cogn 2005;59(1):82–95.

[128] McPartland J et al. Event-related brain potentials reveal anomalies
in temporal processing of faces in autism spectrum disorder. J Child
Psychol Psychiatry 2004;45(7):1235–45.

[129] Dawson G et al. Neural correlates of face and object recognition in
young children with autism spectrum disorder, developmental delay,
and typical development. Child Dev 2002;73(3):700–17.

[130] Haxby JV et al. Distributed and overlapping representations of
faces and objects in ventral temporal cortex. Science 2001;293(5539):
2425–30.



G. Golarai et al. / Clinical Neuroscience Research 6 (2006) 145–160 159
[131] Haxby JV, Hoffman EA, Gobbini MI. Human neural systems for
face recognition and social communication. Biol Psychiatry
2002;51(1):59–67.

[132] Puce A et al. Face-sensitive regions in human extrastriate cortex
studied by functional MRI. J Neurophysiol 1995;74(3): 1192–9.

[133] Ishai A et al. The representation of objects in the human occipital
and temporal cortex. J Cogn Neurosci 2000;12(Suppl 2):35–51.

[134] Grill-Spector K et al. Differential processing of objects under
various viewing conditions in the human lateral occipital complex.
Neuron 1999;24(1):187–203.

[135] Farah MJ, Levinson KL, Klein KL. Face perception and within-
category discrimination in prosopagnosia. Neuropsychologia
1995;33(6):661–74.

[136] Hasson U et al. Vase or face? A neural correlate of shape-selective
grouping processes in the human brain. J Cogn Neurosci
2001;13(6):744–53.

[137] Tong F et al. Binocular rivalry and visual awareness in human
extrastriate cortex. Neuron 1998;21(4):753–9.

[138] Rotshtein P et al. Morphing Marilyn into Maggie dissociates
physical and identity face representations in the brain. Nat Neurosci
2005;8(1):107–13.

[139] Yovel G, Kanwisher N. Face perception: domain specific, not
process specific. Neuron 2004;44(5):889–98.

[140] Druzgal TJ, D’Esposito M. Activity in fusiform face area modulated
as a function of working memory load. Brain Res Cogn Brain Res
2001;10(3):355–64.

[141] Haxby JV et al. Face encoding and recognition in the human brain.
Proc Natl Acad Sci USA 1996;93(2):922–7.

[142] Kim JJ et al. Direct comparison of the neural substrates of
recognition memory for words and faces. Brain 1999;122(Pt 6):
1069–83.

[143] Golby AJ et al. Differential responses in the fusiform region to
same-race and other-race faces. Nat Neurosci 2001;4(8):845–50.

[144] Wiser AK et al. Novel vs. well-learned memory for faces: a positron
emission tomography study. J Cogn Neurosci 2000;12(2):255–66.

[145] Kanwisher N. Domain specificity in face perception. Nat Neurosci
2000;3(8):759763.

[146] Downing PE et al. Domain specificity in visual cortex. Cereb Cortex
2005.

[147] Gauthier I et al. Activation of the middle fusiform ‘face area’
increases with expertise in recognizing novel objects. Nat Neurosci
1999;2(6):568–73.

[148] Gauthier I et al. Expertise for cars and birds recruits brain areas
involved in face recognition. Nat Neurosci 2000;3(2):191–7.

[149] Gauthier I et al. The fusiform ‘‘face area’’ is part of a network that
processes faces at the individual level. J Cogn Neurosci
2000;12(3):495–504.

[150] Gauthier II. What constrains the organization of the ventral
temporal cortex? Trends Cogn Sci 2000;4(1):1–2.

[151] Ishai A et al. Distributed representation of objects in the human
ventral visual pathway. Proc Natl Acad Sci USA 1999;96(16):
9379–84.

[152] Tzourio-Mazoyer N et al. Neural correlates of woman face
processing by 2-month-old infants. Neuroimage 2002;15(2):454–61.

[153] de Haan M, Pascalis O, Johnson MH. Specialization of neural
mechanisms underlying face recognition in human infants. J Cogn
Neurosci 2002;14(2):199–209.

[154] Johnson MH. Ontogenetic constraints on neural and behavioral
plasticity: evidence from imprinting and face processing. Can J Exp
Psychol 1999;53(1):77–91.

[155] Johnson MH et al. The emergence of the social brain network:
evidence from typical and atypical development. Dev Psychopathol
2005;17(3):599–619.

[156] Gauthier I, Nelson CA. The development of face expertise. Curr
Opin Neurobiol 2001;11(2):219–24.

[157] Schultz RT et al. Abnormal ventral temporal cortical activity
during face discrimination among individuals with autism and
Asperger syndrome. Arch Gen Psychiatry 2000;57(4):331–40.
[158] Pierce K et al. Face processing occurs outside the fusiform ’face
area’ in autism: evidence from functional MRI. Brain
2001;124(Pt 10):2059–73.

[159] Hubl D et al. Functional imbalance of visual pathways indicates
alternative face processing strategies in autism. Neurology
2003;61(9):1232–7.

[160] Grelotti DJ, Gauthier I, Schultz RT. Social interest and the
development of cortical face specialization: what autism teaches us
about face processing. Dev Psychobiol 2002;40(3):213–25.

[161] Grelotti DJ et al. fMRI activation of the fusiform gyrus and
amygdala to cartoon characters but not to faces in a boy with
autism. Neuropsychologia 2005;43(3):373–85.

[162] Pierce K et al. The brain response to personally familiar faces in
autism: findings of fusiform activity and beyond. Brain
2004;127(Pt 12):2703–16.

[163] Hadjikhani N et al. Activation of the fusiform gyrus when
individuals with autism spectrum disorder view faces. Neuroimage
2004;22(3):1141–50.

[164] Piggot J et al. Emotional attribution in high-functioning individuals
with autistic spectrum disorder: a functional imaging study. J Am
Acad Child Adolesc Psychiatry 2004;43(4):473–80.

[165] Dalton KM et al. Gaze fixation and the neural circuitry of face
processing in autism. Nat Neurosci 2005;8(4):519–26.

[166] Young-Browne G, Rosenfeld HM, Horowitz FD. Infant discrimi-
nation of facial expressions. Child Dev 1977;48:555–62.

[167] Serrano JM, Iglesias J, Loeches A. Visual discrimination and
recognition of facial expressions of anger, fear, and surprise in 4- to
6-month-old infants. Dev Psychobiol 1992;25(6):411–25.

[168] Nelson CA, Morse PA, Leavitt LA. Recognition of facial expres-
sions by seven-month-old infants. Child Dev 1979;50(4):1239–42.

[169] Nelson CA, Dolgin KG. The generalized discrimination of facial
expressions by seven-month-old infants. Child Dev 1985;56(1):
58–61.

[170] Nelson CA, Horowitz FD. The perception of facial expressions and
stimulus motion by two- and five-month-old infants using holo-
graphic stimuli. Child Dev 1983;54(4):868–77.

[171] Caron AJ, Caron RF, MacLean DJ. Infant discrimination of
naturalistic emotional expressions: the role of face and voice. Child
Dev 1988;59(3):604–16.

[172] Caron RF, Caron AJ, Myers RS. Do infants see emotional
expressions in static faces? Child Dev 1985;56(6):1552–60.

[173] Kestenbaum R, Nelson CA. Neural and behavioral correlates of
emotion recognition in children and adults. J Exp Child Psychol
1992;54(1):1–18.

[174] Kahana-Kalman R, Walker-Andrews AS. The role of person
familiarity in young infants’ perception of emotional expressions.
Child Dev 2001;72(2):352–69.

[175] Barrera ME, Maurer D. The perception of facial expressions by the
three-month-old. Child Dev 1981;52(1):203–6.

[176] Gross AL, Ballif B. Children’s understanding of emotion from facial
expressions and situations: a review. Dev Rev 1991;11:368–98.

[177] Bullock M, Russell JA. Preschool children’s interpretation of facial
expressions of emotion. Int J Behav Dev 1984;7:193–214.

[178] Bullock M, Russell JA. Further evidence on preschoolers’ interpre-
tation of facial expressions. Int J Behav Dev 1985;8:15–38.

[179] Felleman E et al. Children’s and adults’ recognition of spontaneous
and posed emotional expressions in young children. Dev Psychol
1983;19:405–13.

[180] Camras L, Allison AK. Children’s understanding of emotional
facial expressions and verbal labels. J Nonverbal Behav 1985;9:
84–94.

[181] Reichenbach L, Masters J. Children’s use of expressive and
contextual cues in judgments of emotion. Child Dev 1983;54:
993–1004.

[182] Walden T, Field T. Discrimination of facial expressions by
preschool children. Child Development 1982;53:1312–9.

[183] Stifter C, Fox N. Preschool children’s ability to identify and label
emotions. J Nonverbal Behav 1986;10:255–66.



160 G. Golarai et al. / Clinical Neuroscience Research 6 (2006) 145–160
[184] Russell JA, Bullock M. On the dimensions preschoolers use to inter-
pret facial expressions of emotion. Dev Psychol 1986;22:97–102.

[185] Pollak SD, Kistler DJ. Early experience is associated with the
development of categorical representations for facial expressions of
emotion. Proc Natl Acad Sci USA 2002;99(13):9072–6.

[186] Adolphs R. Neural systems for recognizing emotion. Curr Opin
Neurobiol 2002;12(2):169–77.

[187] Phelps EA. Emotion and cognition: insights from studies of the
human amygdala. Annu Rev Psychol 2006;57:27–53.

[188] Heberlein AS, Adolphs R. Impaired spontaneous anthropomor-
phizing despite intact perception and social knowledge. Proc Natl
Acad Sci USA 2004;101(19):7487–91.

[189] Adolphs R et al. Recognition of facial emotion in nine individuals
with bilateral amygdala damage. Neuropsychologia 1999;37(10):
1111–7.

[190] Adolphs R et al. Impaired recognition of emotion in facial
expressions following bilateral damage to the human amygdala.
Nature 1994;372(6507):669–72.

[191] Adolphs R et al. A mechanism for impaired fear recognition after
amygdala damage. Nature 2005;433(7021):68–72.

[192] Adolphs R, Tranel D, Damasio AR. The human amygdala in social
judgment. Nature 1998;393(6684):470–4.

[193] Adolphs R, Baron-Cohen S, Tranel D. Impaired recognition of
social emotions following amygdala damage. J Cogn Neurosci
2002;14(8):1264–74.

[194] Adolphs R, Tranel D. Impaired judgments of sadness but not
happiness following bilateral amygdala damage. J Cogn Neurosci
2004;16(3):453–62.

[195] Schmolck H, Squire LR. Impaired perception of facial emotions
following bilateral damage to the anterior temporal lobe. Neuro-
psychology 2001;15(1):30–8.

[196] Anderson AK, Phelps EA. Perceiving emotion: there’s more than
meets the eye. Curr Biol 2000;10(15):R551–4.

[197] Anderson AK, Phelps EA. Expression without recognition: contri-
butions of the human amygdala to emotional communication.
Psychol Sci 2000;11(2):106–11.

[198] Breiter HC et al. Response and habituation of the human amygdala
during visual processing of facial expression. Neuron 1996;17(5):
875–87.

[199] Whalen PJ et al. Masked presentations of emotional facial expres-
sions modulate amygdala activity without explicit knowledge. J
Neurosci 1998;18(1):411–8.

[200] Hariri AR, Bookheimer SY, Mazziotta JC. Modulating emotional
responses: effects of a neocortical network on the limbic system.
Neuroreport 2000;11(1):43–8.

[201] Kawashima R et al. The human amygdala plays an important
role in gaze monitoring. A PET study. Brain 1999;122(Pt 4):779–83.

[202] Whalen PJ et al. Human amygdala responsivity to masked fearful
eye whites. Science 2004;306(5704):2061.

[203] Baird AA et al. Functional magnetic resonance imaging of facial
affect recognition in children and adolescents. J Am Acad Child
Adolesc Psychiatry 1999;38(2):195–9.

[204] Killgore WD, Yurgelun-Todd DA. Sex differences in amygdala
activation during the perception of facial affect. Neuroreport
2001;12(11):2543–7.
[205] Thomas KM et al. Amygdala response to facial expressions in
children and adults. Biol Psychiatry 2001;49(4):309–16.

[206] Ochsner KN, Gross JJ. The cognitive control of emotion. Trends
Cogn Sci 2005;9(5):242–9.

[207] Jennings WB. A study of the preferences for affective cues in
autistic children. Memphis, TN: Memphis State University; 1973,
p. 92-96.

[208] Weeks SJ, Hobson RP. The salience of facial expression for autistic
children. J Child Psychol Psychiatry 1987;28(1):137–51.

[209] Braverman M et al. Affect comprehension in children with perva-
sive developmental disorders. J Autism Dev Disord 1989;19(2):
301–16.

[210] Adolphs R, Sears L, Piven J. Abnormal processing of social
information from faces in autism. J Cogn Neurosci 2001;13(2):
232–40.

[211] Pelphrey K, Adolphs R, Morris JP. Neuroanatomical substrates of
social cognition dysfunction in autism. Ment Retard Dev Disabil
Res Rev 2004;10(4):259–71.

[212] Baron-Cohen S et al. The amygdala theory of autism. Neurosci
Biobehav Rev 2000;24(3):355–64.

[213] Klin A. Attributing social meaning to ambiguous visual stimuli in
higher-functioning autism and Asperger syndrome: the social
attribution task. J Child Psychol Psychiatry 2000;41(7):831–46.

[214] Kemper TL, Bauman ML. The contribution of neuropathologic
studies to the understanding of autism. Neurol Clin 1993;11(1):
175–87.

[215] Machado CJ, Bachevalier J. Non-human primate models of
childhood psychopathology: the promise and the limitations. J
Child Psychol Psychiatry 2003;44(1):64–87.

[216] Amaral DG, Bauman MD, Schumann CM. The amygdala and
autism: implications from non-human primate studies. Genes Brain
Behav 2003;2(5):295–302.

[217] Aylward EH et al. MRI volumes of amygdala and hippocampus in
non-mentally retarded autistic adolescents and adults. Neurology
1999;53(9):2145–50.

[218] Howard MA et al. Convergent neuroanatomical and behavioural
evidence of an amygdala hypothesis of autism. Neuroreport
2000;11(13):2931–5.

[219] Sparks BF et al. Brain structural abnormalities in young children
with autism spectrum disorder. Neurology 2002;59(2):184–92.

[220] Haznedar MM et al. Limbic circuitry in patients with autism
spectrum disorders studied with positron emission tomography and
magnetic resonance imaging. Am J Psychiatry 2000;157(12):
1994–2001.

[221] Schumann CM et al. The amygdala is enlarged in children but not
adolescents with autism; the hippocampus is enlarged at all ages.
J Neurosci 2004;24(28):6392–401.

[222] Wang AT et al. Neural correlates of facial affect processing in
children and adolescents with autism spectrum disorder. J Am Acad
Child Adolesc Psychiatry 2004;43(4):481–90.

[223] Baron-Cohen S et al. Social intelligence in the normal and autistic
brain: an fMRI study. Eur J Neurosci 1999;11(6):1891–8.

[224] Critchley HD et al. The functional neuroanatomy of social behav-
iour: changes in cerebral blood flow when people with autistic
disorder process facial expressions. Brain 2000;123(Pt 11):2203–12.


	Autism and the development of face processing
	Introduction
	What is Autism?
	Viewing behavior and gaze processing
	The neural basis of gaze processing: The role of STS
	Anomalous viewing behavior in autism
	Anomalous gaze processing among children and adults with autism
	The neural basis of anomalous gaze processing in ASD: A role for STS?
	Development of facial identity recognition in children
	Three developmental aspects of identity recognition in healthy children
	Developmental models of normal facial identity recognition
	Anomalous identity recognition in ASD
	ERP correlates of face processing in normal adults and children
	ERP evidence for anomalous identity recognition in ASD
	Neural substrates of identity recognition in healthy adults: The role of FFA
	Competing models of the functional organization of the occipito-temporal cortex
	Evidence for maturation of the FFA during normal development
	FFA and face processing in ASD
	Development of facial emotion recognition in children
	The neural substrates for recognition of emotion expressions: Role of amygdala
	Emotion expressions and amygdala development: Neuroimaging evidence
	Impairments of facial expression recognition in ASD: A role for the amygdala?
	Neuroimaging of amygdala function in ASD

	Conclusions
	Acknowledgement
	References


