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Review
Glossary

Adaptation: a neural system’s temporary reduction in responsiveness to a

stimulus (often accompanied by a change in its perception) after prolonged

exposure to the stimulus.

Autism spectrum conditions (ASC): pervasive neurodevelopmental disorders

characterized by widespread abnormalities of social interactions and commu-

nication, in addition to severely restricted interests and highly repetitive

behaviour.

Gaze following: the process of following others’ direction of attention from

their gaze direction.

fMRI-adaptation: an fMRI design that employs adaptation, which can be used

to study the response properties of sub-populations of neurons that might

reside within the same unit (voxel) of a fMR image. In the context of functional

imaging, adaptation is defined as a reduction in the BOLD signal after repeated

presentation of identical stimuli. By changing different properties of the

stimuli, and measuring the subsequent increase or decrease in the BOLD

signal, one is able to probe the properties of the underlying cortical

representation. See Ref. [16] for discussion of the possible neural mechanisms

and models accounting for fMRIa.

Joint attention: sharing a common focus of attention such as an object or a

spatial location with another individual.

Multichannel coding: representational framework comprising multiple chan-

nels (or cell populations) tuned to different stimulus features (e.g., left, direct

and right gaze). The relative activation of the channels defines the actual

percept.

Opponent-coding: representational framework in which a specific stimulus

feature is represented by two cell populations broadly tuned to opposite ends
Social attention is conveyed primarily by gaze, but also
by head and body orientation. These cues not only signal
a seen agent’s direction of attention but are also used to
infer their current goals and intentions. Here, we review
recent research showing that different gaze, head and
body orientations are represented by distinct neural
mechanisms, and show that a statistical summary of
recent neuroimaging studies reveals a widespread
neural network for gaze processing. We discuss how
this network subserves visual analysis of social attention
cues, and imitative attention shifts and mental state
attributions from these cues. We also review new
research indicating that the posterior superior temporal
sulcus region responds to the inferred intentionality of
social cues, and consider the development of the gaze
perception system.

Introduction
Humans possess remarkable social attention skills.
From other people’s eye gaze, head and body orientation
we readily detect their focus of attention, orient our own
attention to the same location and draw social-cognitive
inferences regarding their goals, intentions and actions.
These processes contribute to ‘social attention’ and have
been the focus of a large body of studies in recent years
addressing their functional and neural bases. We review
recent advances in our understanding of the mechanisms
of social attention, with a focus on gaze perception – the
most salient and commonly investigated cue. First, we
discuss the visual representation of different gaze, head
and body orientations. We then present a quantitative
analysis of human functional neuroimaging studies of
gaze processing. This analysis reveals a widespread
neural topography extending well beyond the superior
temporal sulcus (STS), which has been the focus of the
majority of studies. Next, we discuss brain mechanisms
involved in drawing socio-cognitive inferences from gaze,
and then briefly consider the development of the social
attention system and its malfunction in autism spectrum
conditions (ASC) (see Glossary). We conclude that
social attention involves a more extensive neural net-
work than originally assumed, incorporating areas
involved in face perception, gaze perception, attention,
emotion and mental state attribution. In addition, recent
research calls for a re-evaluation of the role of the STS in
gaze perception.
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Separable coding of different gaze, head and body
directions
Seminal work by Perrett and others (Box 1) identified face-
responsive neurons in the anterior STS (anterior superior
temporal polysensory area, STPa) of monkeys tuned to
different gaze, head and body orientations [1,2]. Over 20
years later, similar forms of separable coding in humans
have been demonstrated using adaptation paradigms [3–

5]. Adaptation has been primarily associated with low-
level perceptual properties (e.g. colour [6], orientation
and motion [7]), but recent evidence shows that complex
objects, including faces, are also susceptible to these effects
[8]. In the case of gaze, prolonged exposure (i.e. adaptation)
to a series of faces gazing 258 left (or right) increases
participants’ tendency to perceive 58 and 108 gaze in the
adapted direction as looking directly at them, whereas
gaze in the opposite direction is unaffected or less likely
to be perceived as direct [3,9,10] (Figure 1a). These effects
persist over changes in the identity, size and head orien-
tation of the adapting and probe faces [3], indicating that
they are unlikely to reflect adaptation of low-level visual
properties. Rather, we conclude that they demonstrate
identity-invariant coding of gaze directions in humans.
of a continuum. The relative activation of the cell populations defines the

percept, with equal engagement of the populations representing the inter-

mediate state.

Theory of mind: social-cognitive processes that enable attribution of mental

states such as intentions, desires and attitudes to other individuals.
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Box 1. Electrophysiological recordings in macaques

Single-cell recording studies in macaques have identified face-

selective neurons in the STPa. A small proportion showed a

preferential response to particular faces but the majority were

identity-invariant and showed relatively broad tuning to prototypical

views of seen head orientations (full-face, left, right, both profiles,

back-of-the-head and both head-up and head-down) [63]. A

substantially smaller body of work found identity-invariant neurons

coding eye gaze directions [2,63,64] and body orientations [15].

Notably, a large proportion of cells were responsive to the same

direction signalled by gaze, head or body orientation, leading to the

conclusion that they code others’ direction of attention or ‘social

attention’ [2]. These cells also showed a hierarchical preference

responding primarily to the direction signalled by the gaze, followed

by the head and then body orientation [2]; an order that represents

the most to least reliable cue to where a person is attending. It is

unclear whether a similar hierarchy exists in humans. Initial work

showed that judgements of head and gaze direction demonstrate

symmetrical interference for incongruent gaze-head pairings [65];

however, these effects are likely to depend on multiple factors,

including angle of gaze deviation, temporal constraints on judge-

ments and the relative contribution of different features outside the

eye region [66].
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Adaptation effects are often described in terms of two
representational frameworks – opponent coding andmulti-
channel coding. The coding of facial identify is optimally
accounted for by an opponent-coding framework [11]. In
contrast, single cell recordings in monkeys indicate
that gaze is represented by a multichannel system, with
Figure 1. The eye gaze aftereffect. (a) Prolonged exposure (i.e. adaptation) to 258 left or r

adapted direction as direct gaze. By contrast, perception of gaze at the opposite direction is

are found despite changes in size and head orientation between the adaptor and probe s

L10 = 108 left gaze, L5 = 58 left gaze and so on. (b) fMRI-adaptation reveals that the anter

Following adaptation to 258 left (or right) gaze, responses of this region are greater for 10

intermediate response. LL = left adaptation, left probe, LD = left adaptation, direct probe an

equivalent responses. L = left gaze, D = direct gaze, R = right gaze. (a) Adapted, with perm
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separate channels (or cell populations) coding different
gaze directions (e.g. left, direct, right). Calder et al. [10]
provided support for mutichannel coding of gaze in
additional adaptation research in humans; thus, facial
identity and gaze are coded by distinct representational
frameworks. This distinction is further supported by elec-
troencephalographic (EEG) recordings showing that gaze
adaptation influences event-related potentials (ERPs) sub-
stantially later (250–350 ms) [12] than facial identity adap-
tation, which affects the face-selective N170 ERP
component [13]. Hence, despite the significant sensitivity
of the N170 to the eyes [14], separable coding of different
gaze directions is not manifested in this early face-sensi-
tive response.

Additional work has shown that different orientations of
heads [5] and bodies (with heads masked) [4] can also be
selectively adapted, and that again, multichannel coding
provides the optimal representational framework [4]. Con-
sistent with gaze, these effects persist over changes in the
identity of the adaptation and test stimuli, mirroring cell
recording studies in monkeys showing identity-invariant
coding of different gaze, head and body orientations [2,15].
Because these cells were found in the anterior STS, it is
of particular interest that work using adaptation in com-
bination with functional magnetic resonance imaging
(fMRI-adaptation, [16]) has demonstrated separate cell
populations coding identity-invariant representations of
ight gaze increases the tendency to perceive small angles of gaze (58 and 108) in the

unaffected, or shows a decreased tendency to be perceived as direct [3]. These effects

timuli, and are consistent with separable neural coding of different gaze directions.

ior portion of the STS contains cells tuned to different directions of eye gaze [9]. (c)

8 gaze in the non-adapted versus adapted direction, with direct gaze resulting in an

d so on. (d) By contrast, before adaptation, left, direct and right gaze probes produced

ission, from Ref. [3]. (b–d) Adapted, with permission, from Ref. [9].



Box 2. Is gaze a special attentional cue?

Numerous studies have shown that perception of averted gaze

triggers an involuntary shift of covert or overt attention towards the

gazed-at location (for a review see Ref. [67]). Similar effects are also

observed in macaques, indicating a common mechanism mediating

reflexive social attention in both species [68]. The gaze-cueing effect

has been attributed to the importance of the eyes in social

communication and the existence of specialized neural systems

for gaze perception, leading to the suggestion that gaze is a ‘special’

attentional cue that triggers an obligatory social attention reflex.

Recent studies have challenged this view, however, by showing that

non-biological symbols with ‘overlearned’ directional meaning,

such as direction words (i.e. ‘left’, ‘right’) and arrows, also elicit

reflexive attention shifts [69].

Inhibition of return (IOR) to a previously attended location is

considered as the hallmark of exogenous orienting triggered by

salient sensory events. No rapid IOR is observed for gaze [70] or

arrow [71] cues (but see Ref. [72] for slowly emerging IOR for gaze

cues), supporting the idea that orienting by neither cue type is

mediated by the exogenous system. Corroborating evidence comes

from a patient with ventromedial prefrontal damage who shows

impaired orienting by direction words and gaze, but preserved

exogenous orienting [73].

Nevertheless, other research indicates that gaze and arrow cued

orienting might operate on different (but not exogenous) attention

systems. Nonpredictive arrow but not gaze cues elicit the early

direction of attention negativity (EDAN) ERP component associated

with voluntary orientation of attention [74], and an fMRI study

demonstrated disproportionate engagement of the endogenous

orienting system by arrow versus gaze cueing [75]. Furthermore, an

investigation [76] of patients with left hemispatial neglect following

right parietal damage (in regions contributing to endogenous

control of attention [40]) showed cueing effects with gaze but not

arrows to both contralesional and ipsilesional sides. It is also more

difficult to suppress orienting by gaze than by arrows: it has been

shown that gaze [77,78] but not arrow-cueing [77] effects persist

when the cues systematically point away from the upcoming target

location (although see Ref. [79]). Hence, although these data

indicate that automatic attentional shifts by arrow cues are rapid

and automatic, they might be mediated by the endogenous

attention system. But as no gaze-cueing specific neural effects have

been found in neuroimaging studies, future experiments are

required to investigate the idea of a ‘special’ (i.e. neither exogenous

nor endogenous) neurocognitive system for gaze-cued orienting.
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different gaze directions in human anterior STS [9]
(Figure 1b–d). Whether this same region contains iden-
tity-invariant representations of different head and body
orientations in humans remains to be addressed (but see
Ref. [17] for view-specific coding of facial identity using
fMRI-adaptation).

Lesion studies
The aforementioned research indicates a crucial contri-
bution of the STS to coding gaze direction. This is further
indicated by work showing that bilateral removal of the
STS region in macaques produces impaired perception of
gaze direction without significantly affecting facial identity
perception [18]. Human lesion studies provide further
support for the involvement of the superior temporal areas
in the perception of gaze direction. However, the paucity of
available data makes it difficult to conclude whether these
impairments are gaze-specific. For example, a patient (MJ)
with damage to the right superior temporal gyrus (STG)
showed impaired gaze discrimination resulting from a
rightward bias, that is, a tendency to report left gaze as
direct and direct gaze as right [19] (see also Ref. [20] for
impaired gaze perception after left STG and inferior par-
ietal lobule damage). MJ also showed a less severe but
similar rightward bias in categorising the position of sche-
matic stimuli she did not perceive as gaze, and had recov-
ered from dense hemispatial neglect. Given that right STG
damage has an established role in neglect and spatial
awareness [21], MJ’s impaired gaze perception might
reflect a residual spatial impairment that gaze discrimi-
nation is particularly sensitive to. This would accord with
the suggestion that gaze processing reflects an interaction
between sections of STS coding the visual representation of
gaze and components of the attention network [22]. The
extent of this interaction could be addressed by investi-
gating gaze perception in patients with attentional deficits,
such as manifest hemispatial neglect.

Additional work with MJ has shown impaired atten-
tional orienting by gaze but not arrow cues [23]. Although
this is supportive of a dissociation between orienting of
attention by gaze and symbolic cues (Box 2), it does not
exclude the possibility that her gaze discrimination
impairment reflects a spatial bias because gaze signals
direction via spatial position (i.e. the location of the pupil
and iris), whereas arrows do not. Further evidence that
orienting of attention by gaze and non-social symbols could
rely on partially distinct mechanisms, comes from a study
of a split-brain patient (JW)who showed attentional cueing
from arrows when the stimuli were presented to either
hemisphere [24], but cueing from gaze for right hemisphere
presentations only [25]. However, it is possible that the
right hemisphere dominance reflects the predominant role
of this hemisphere in face and gaze perception. In other
words, the hemisphere effect might be attributable to a
more fundamental distinction between visual perception of
face and non-face cues, rather than attentional orienting
from gaze and arrows per se.

In summary, although lesion studies support the invol-
vement of the STS in gaze perception, more research is
required to determine whether these impairments are
gaze-specific. In the absence of extensive lesion work,
neuroimaging studies have proved particularly informa-
tive. Again, they have focussed on gaze, rather than head
or body orientation.

Human neuroimaging studies
Although comparative work and lesion studies emphasized
the role of the STS in social attention, neuroimaging
studies in humans have shown that amuchmore extensive
neural network is involved. Moreover, recent work
indicates that the STS is not simply involved in the visual
analysis of gaze. Although single-cell recordings in mon-
keys and fMRI-adaptation of gaze perception [9] found that
the anterior STS contained cells sensitive to different gaze
directions, themajority of human fMRI research has ident-
ified the involvement of the posterior ‘STS region’ (i.e.
pSTS and adjacent middle and superior temporal gyri
[26]). However, standard group-based comparisons of acti-
vation to gaze contact and gaze aversion have shown no
consistent pattern of pSTS activation. Some studies have
shown increased pSTS involvement for gaze contact [27],
some for gaze aversion [28,29] and others equivalent acti-
vation to both or no significant difference [30–32]. Given
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Figure 2. Neural topography of eye gaze perception. Eye gaze perception recruits a widespread neural system over occipitotemporal, parietal, medial and lateral prefrontal

cortices. The Activation Likelihood Estimation (ALE) method [38,39] quantifies the degree of agreement in 3D-stereotactic coordinates of activation foci across functional

imaging studies, and uses significance thresholds to create statistically defensible conclusions (i.e. interstudy consistencies) about the summarized data. The brain regions

in this pseudo-statistical parametric image generated with ALE show reliable responses to eye gaze across 178 participants in 16 fMRI and PET studies [9,28–37,75,89–92]

(p < .05, False Discovery Rate [FDR] corrected). Some studies contribute data from more than one contrast. Contrasts comparing eye gaze to a low-level baseline such as

fixation or rest were excluded. Thus, the observed foci do not reflect activation in response to face perception alone.
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the lack of consistency, it is possible that the activation is
driven at least in part by the behavioural task or context in
which the faces are presented, rather than the physical
direction of the gaze.

It is also clear that gaze processing extends well-beyond
the STS to include the amygdala [30,32], inferior temporal
[31], parietal [9,28,31,33,34], medial prefrontal and
anterior cingulate cortices [35–37], and other frontal
regions [33,34,36,37]. However, these different regions
seem to process different aspects of the visual and social
properties of gaze. To localize and quantify the reliability of
gaze-related brain activations across studies, we summar-
ized the results of human fMRI and positron emission
tomography (PET) studies using activation likelihood esti-
mations (ALE) [38,39] (Figure 2).

Consistent with the suggestion that gaze processing
involves aspects of the attention network [22], the ALE
procedure not only identified the pSTS region but also
components of the dorsal attention system (superior par-
ietal lobule [SPL] and frontal eye fields [FEF]) implicated
in goal-directed and exogenous shifts in attention [40],
supporting the view that humans show an automatic
tendency to follow the gaze direction of others (Box 2).
Statistically reliable involvement of other regions was also
observed. The MT/V5 complex is involved in motion per-
ception and constitutes a crucial initial stage in processing
dynamic facial characteristics, such as gaze, facial
expressions and facial movements more generally [41].
As already discussed, anterior STS might code individual
138
gaze directions [9], whereas the amygdala/hippocampus
might have a particular role in perception of, or monitoring
for, gaze contact [30,32,34] and could reflect an emotional
response to being looked at (Box 3). The lateral fusiform
gyrus is thought to contribute more to facial identity
recognition [22], but has been identified in several gaze
studies [31,33,34]; its involvement in gaze perception
might reflect enhanced attention to faces showing gaze
shifts or gaze contact, although this requires further inves-
tigation.

The medial prefrontal regions engaged by gaze percep-
tion [35,37] have been implicated in theory of mind (ToM)
processes (i.e. attributing mental states to others) [42].
Thesemechanisms could be evoked to infer why a person is
gazing at a particular object or to form hypotheses regard-
ing the person’s potential goal-directed actions towards the
object. For this reason, some have proposed that gaze
processing is intrinsically linked with theory of mind
[43]. Moreover, the observation that gaze perception and
ToM tasks also engage similar regions of pSTS and adja-
cent temporoparietal junction, prompted the proposal that
the pSTS activation to viewing gaze could relate to these
sorts of higher-order social processes, rather than visual
analysis of gaze alone [35].

This hypothesis is supported by work showing that the
same pSTS region is involved in processing other social
cues, such as biological motion (including static displays of
biological motion stimuli) [26] and 2D ‘Heider-Simmel’
animations of geometrical shapes moving in a manner



Box 3. Is the amygdala involved in gaze perception?

The amygdala has been widely implicated in face and facial

expression perception. Several studies point to its involvement in

gaze perception, but its exact contribution is currently unclear. Single-

unit recordings from the medial macaque amygdala have found cells

selectively tuned to gaze contact [80]. Similarly, in humans, amygdala

activation [32], and functional ‘coupling’ between the amygdala and

face-sensitive fusiform cortex [30], has been shown to increase when

viewing (or monitoring for [34]) gaze contact versus gaze aversion.

High-resolution fMRI in awake macaques has shown that specifi-

cally the lateral extended amygdala (LEA; including central nucleus

and bed nucleus of stria terminalis) is sensitive to social attention

direction of other monkeys [81] (Figure I). Because the central nucleus

is also involved in vigilance and orienting behaviour, one plausible

hypothesis is that it contributes to encoding the behavioural salience

or affective arousal evoked by the gaze direction of others. Accord-

ingly, studies in both humans [82] and monkeys [81] have shown that

the gaze signal associated with increased amygdala activation (gaze

contact for humans, gaze aversion for monkeys) also increases

autonomic arousal as indexed by galvanic skin response.

Additional work has shown that gaze can modulate the amygdala

response to other facial cues. The amygdala response to facial

expressions of fear is greater for direct than averted gaze, and vice

versa for angry expressions [83]; although see Ref. [84] for the

opposite result for anger. In the case of race perception, other-race

faces portraying gaze contact (but not gaze aversion) are perceived as

more threatening, and result in increased amygdala activation, than

own-race faces [85].

Neuropsychological patient studies also point to the involvement of

the amygdala in gaze processing. Both gaze direction perception [86]

and attentional orienting by gaze, but not by arrow cues [87], are

impaired by amygdala damage. By contrast, patient SM with bilateral

amygdala damage shows relatively spared gaze perception [88],

although she makes very few spontaneous fixations on the eyes while

viewing faces. The latter has been attributed to reduced vigilance for

the affective meaning of the eyes. However, whether this can explain

gaze processing impairments in other patients with amygdala

damage remains to be determined.

Figure I. Encoding social attention direction in the macaque amygdala. Viewing gaze aversion versus gaze contact (a) results in an increased response (b) in the lateral

extended amygdala (c,d). The colour code refers to the anatomical regions of interest shown in insets of (c,d). Abbreviations: BLA, basolateral amygdala; LEA, lateral

extended amygdala; MeA, medial amygdala, STS, superior temporal sulcus. Adapted, with permission, from Ref. [81].
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interpreted as socially meaningful [44]. All of these signals
convey actions but also intentions. Therefore, it is of note
that single-cell recordings in the monkey STS have shown
that, in addition to cells responding to the gaze, body
posture and limb movements of others, a subset of the
limb movement cells were modulated by the seen agent’s
focus of attention [45]. The authors [45] proposed that this
combination underlies the detection of intentional actions.
Neuroimaging studies have provided evidence of similar
mechanisms in human STS (Figure 3). One study showed
that the pSTS is engaged more when subjects view faces
gazing away rather than towards the location of an
immediately preceding target, violating ‘expected inten-
tionality’ and perhaps requiring more processing effort
[33,46]. A comparable effect has been observed using
directed grasping actions in place of gaze shifts [47].
139



Figure 3. The posterior portion of the STS responds to the intentionality of gaze shifts and other actions. (a,b) Viewing an animated character looking away rather than towards

the location of a checkerboard target results in an increased response in the right pSTS region [49]. This is thought to reflect the violation of an intentionality expectation,

potentially resulting in more processing effort. (c) This effect is not observed in individuals with ASC [49] who nevertheless show accurate gaze direction judgements [50],

indicating a dissociation between perceptual and post-perceptual mechanisms involved in gaze perception. (d,e) The same pSTS region also responds to a similar paradigm in

which an animated character (whose gaze is held constant) makes a grasping action away from or towards the location of a target object [47], implying that the pSTS might serve

a more general function in detecting intentions of human actions. (a–c) Adapted, with permission, from Ref. [49], (d–e) Adapted, with permission, from Ref. [47].

Review Trends in Cognitive Sciences Vol.13 No.3
Increased pSTS activation is also found when participants
view a person pausing while walking from one location to
another [48]. It is particularly interesting that the effect for
gaze is absent in individuals with ASC [49] who show
preserved gaze perception but impaired interpretation of
mental states from gaze [50,51], further underlining the
involvement of the pSTS in social cognitive processes.
Additional support comes from a study in which partici-
pants viewed an animated figure walking towards them
and then looking directly at or away from them [27]. Both
could be accomplished by a leftwards or rightwards gaze
shift, depending on the position of the figure. However,
gaze contact (potentially signalling greater intentionality
towards the viewer) produced a greater pSTS response,
relative to averted gaze. Similarly, an EEG study has
shown that viewing dynamic leftward or rightward shifts
in gaze direction that establish gaze contact (versus gaze
aversion) produced an enhancedN170 component localized
to the pSTS [52]. A similar observation was found using
magnetoencephalography (MEG), although here the effect
was localized to theMT/V5, which lies adjacent to the pSTS
[53]. These findings contrast with research showing that
viewing static images of direct (i.e. gaze contact) or averted
gaze produced no differential ERP amplitudes in adults
[54,55]. This could be because static images do not convey a
deliberate intention to look at or away from the participant
as clearly as a sudden change in gaze direction. Taken
together, there is increasing evidence that pSTS region is
sensitive to the intentionality conveyed by gaze and other
social cues. However, whether this reflects a direct role for
this region in processing intentionality, or feedback from
other areas with a more established role in mental state
attribution, such as the medial prefrontal cortex (mPFC),
remains to be established.

Typical and atypical development of gaze perception
Recent developmental studies have shown that heightened
sensitivity to gaze contact is evident at a remarkably early
age (see Ref. [56] for a review). Four-day-old infants prefer
to look at faces portraying gaze contact as opposed to gaze
140
aversion [57], and at four-months show enhanced occipital
midline ERPs (the putative infant equivalent of the face-
sensitive N170 component in adults) to gaze contact versus
aversion across multiple head orientations [57,58]. By
three months, averted gaze has also gained somemeaning,
as shown by preferential eye movements towards the
direction of adults’ gaze [59]. Moreover, by the age of five
the enhanced ERP response to gaze contact is absent, and
remains absent in adulthood [54]. This has led to the
suggestion [54] that the social relevance of averted gaze
increases with development, resulting in equivalent ERPs
to direct and averted gaze. However, the social relevance of
gaze might depend on the mode of presentation (i.e. static
versus dynamic stimuli) because, as already discussed,
increased sensitivity to gaze contact is found in adults
using socially salient dynamic gaze shifts [52,53].

Further developmental work has indicated that learn-
ing the pairing between another’s gaze direction and a
potentially rewarding event at the gazed-at location might
reinforce the use of gaze as a social cue, and promote
development of ‘social’ gaze-following behaviour (see Ref.
[51]). By six-months of age, infants seem to understand the
social communicative value of gaze, as illustrated by
research showing that gaze following in infants requires
that the gaze shift is preceded by an ostensive signal, such
as gaze contact or vocal communication [60].

The early sensitivity to gaze cues in neonates is in sharp
contrast to the developmental deficits in certain aspects of
gaze processing observed in individuals with ASC.
Although individuals with ASC show relatively unim-
paired discrimination of the gaze direction of others, they
demonstrate an impaired ability to infer the mental states
of others (e.g. intentions) from their gaze [50,51]. Such
‘mind blindness’ generalizes to numerous social cues and
has been argued to explain behavioural and social deficits
in ASC [43]. Of interest, five-year-olds with ASC show
strikingly similar ERPs as younger infants when passively
viewing gaze contact versus gaze aversion [54]. A likely
explanation for this is that the individuals with ASC have
not learned to associate gaze with social intentions (see



Box 4. Outstanding questions

� Do the brain regions involved in gaze perception (Figure 2 in main

text) constitute a functional network? Effective connectivity

modelling using fMRI could address how posterior temporal

areas (i.e. pSTS and fusiform gyrus) interact with other areas

implicated in gaze processing.

� As lesion studies of the brain regions involved in gaze perception

are limited, it would be informative to target the regions shown in

Figure 2 (in main text) with transcranial magnetic stimulation

(TMS) to validate their roles in social attention perception.

� Behavioural studies have shown that individual differences in

attentional control [79] and autistic-like traits [78] influence

processing of social attention cues. Determining how such

individual differences affect the regional functioning and inter-

connectivity of the brain systems implicated in social attention

perception would provide important insight into the neural basis

of social cognitive disorders.

� Much of the work on social attention perception has been

conducted using static images or schematic stimuli, but given

the important role of the STS in integrating form and motion,

experiments of social attention perception using dynamic stimuli

are needed to establish the role of this region in processing

stimuli that are more naturalistic.
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also Ref. [49]), and thus do not perceive averted gaze as a
salient cue. Nevertheless, individuals with ASC show some
rudimentary gaze following functions, indicating thatmen-
tal state attribution is not always required for gaze follow-
ing. Most studies show that individuals with ASCmanifest
reflexive orienting to nonpredictive gaze direction in a
cueing task, although it is possible that unlike typically
developing individuals, they might not process the eyes via
gaze-specific mechanisms (for a review, see Ref. [51]). In
line with this, gaze-selective ERPs in typically developing
children are lateralized to the right, whereas a similar
asymmetry is not observed in children with ASC [61].
Thus, the lack of ability to infer the social meaning of gaze
could explain why the covert gaze following reflex does not
generalize to joint attention in social encounters [62].

Together these data indicate that, although elementary
gaze detection skills could be innate, interpreting the social
function of gaze develops during the first year of life. The
early abnormal sensitivity to socialmeaning of gaze in ASC
might lead to subsequent difficulties in learning to inter-
pret others’ intentions from social cues [49,50] and enga-
ging in extended joint attention during social interaction
[62], which could ultimately contribute to the development
of ‘mind blindness’. In future ERP studies, it could be
interesting to track the longitudinal time course of atypical
gaze processing in infants at risk of developing ASC;
indeed this could provide a potential reliable early marker
of ASC.

Conclusions
In accord with single-cell recording research in macaques
[2], recent adaptation experiments show that different
gaze, body and head directions are coded by a limited
number of separate channels [4,10], with initial fMRI-
adaptation work pointing to the involvement of anterior
STS in coding different gaze directions [9]. Human neu-
roimaging studies more generally show that perception of
social attention recruits a widely distributed network,
involving temporal areas implicated in face perception
(i.e. fusiform gyrus and STS), frontoparietal attention
regions (i.e. SPL, FEF) and areas implicated in emotion
and social cognition (i.e. amygdala and mPFC). Respect-
ively, these regions are thought to underlie visual analysis
of social attention direction, imitative attention shifts,
emotional reactions and mental state attribution. Of
particular interest, recent neuroimaging research demon-
strates that the pSTS region is sensitive to the intention-
ality conveyed by gaze and other social signals, indicating a
potential dissociation with the anterior STS coding differ-
ent gaze directions. However, additional research will be
required to validate this distinction and whether the pSTS
is directly involved in this form of mental state attribution,
or is modulated by other areas with amore established role
in theory of mind.

Although research in gaze processing is beginning to
outline the functional and neural bases of social attention,
much work (Box 4) is needed to establish the time course,
interactions and development of the different components
of this system. Consequently, we feel that a ‘box-and-arrow’
model of social attention or gaze processing would be
premature and potentially misleading at this time. Future
studies should also focus more on other social attention
cues, such as head and body orientation and pointing
gestures, to assess whether the network identified in
Figure 2 reflects the neural substrates of gaze or social
attention in general.
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