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Abstract

Purpose of Review Individuals with autism spectrum disorder (ASD) have often been reported to demonstrate a range of
anomalies in visual perceptual function. Rather than reflecting an epiphenomenon to core social communication difficulties in
ASD, a visual disturbance in early development could provide a causal mechanism for some aspects of impaired social com-
munication. An overview of key visual pathways and cortical/subcortical regions of the visual system is provided, to aid the
reader in appreciating the subsequent discussion of the relationship between visual processing and social communication.
Recent Findings We then outline the evidence for visual anomalies in ASD and propose that an impairment in an infant’s ability
to quickly orient visual attention and to rapidly code the dynamics of non-verbal social cues—such as eye gaze and facial
expression changes—could be critically important in the development of social skills.

Summary Faces are a rich source of information about the emotions and mental states of people with whom we engage. Faces are
also used to assess trustworthiness and to predict individual responses. Without rapid visual information processing, faces in
particular could become confusing and mysterious. We conclude with some suggestions for future research into the visual
contributions to social skills in ASD and argue that the speed of visual information processing—driven by the fast magnocellular
‘M’ channel—is a necessary first step for the development of the social skills associated with the understanding of facial
communication cues.
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Introduction

Autism spectrum disorder (ASD) is associated with a range of
visual processing anomalies [1-3]. Differential development
of the neural mechanisms associated with visual perception
may be more than a mere epiphenomenon of the underlying
social communication difficulties that define the diagnosis of
ASD [4]. Indeed, for reasons outlined throughout this review,
we argue it is possible that an early fundamental deficit in
visual processing could adversely impact the development of
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many social skills. This possibility derives from the assump-
tion that understanding social cues depend on receiving and
processing relevant sensory information before any higher-
level cognition can contribute to making sense of the cues.
From birth, the primate (and human) visual system is an im-
portant information system that drives attention and cognition.
Indeed, visual pathways activate attention networks and allow
eye movements towards salient objects of interest such as
faces and also supply considerable information to the emo-
tional centres of the brain long before the development of
motor skills or language [5°].

Consider the visual demands that are required to make
sense of the complex social cues that are fundamental to social
interactions. Interpretation of social cues requires the rapid
activation of visual attention for the detection of rapid changes
in any of the numerous complex transient non-verbal stimuli,
including eye position and gaze, muscles around the eyes,
mouth, and forehead of the face and tenseness of body pos-
ture. These cues are all subtle and fleeting indicators of ex-
pressions of emotion. Indeed, they often manifest as micro-
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expressions—which are brief partial expressions that ‘leak’
out despite the intention of the expresser, reaching their peak
after around 140 ms and returning to baseline after 300 ms [6]
making them at times imperceptible. That is to say, social
interactions present the individual with a type of rapid-serial-
visual-presentation task whereby ‘targets’ (e.g. smirking lips,
‘smiling’ eyes, or shrugging of shoulders) are unpredictable in
location and timing but often provide the key to successful
navigation of a social encounter. Hence, for a child to develop
appropriate social communication skills, the speed of their
visual information processing system needs to be sufficiently
fast to detect slight movements, attract attention, and process
and react appropriately to the rapid, transient, and dynamic
non-verbal cues that underlie social interactions. This rapid
visual processing is usually required to be achieved well be-
fore conscious awareness in order that the eyes can follow and
fixate on salient objects, whilst initiating the social or emo-
tional context to be processed appropriately prior to conscious
responses.

Such an emphasis on the dynamic aspects of successful
social communication suggests that any underlying im-
pairment in the speed of visual information processing
and the ability to shift focus rapidly from one location to
another (e.g. from the eyes to the mouth) is crucial for
understanding social cognition. The neural mechanisms
underlying vision—from neurons in the retina (e.g. pho-
toreceptor, bipolar, and retinal ganglion cells) to the var-
ious cortical regions involved with visual processing, and
the independent parallel pathways in between—are com-
plex. For example, neural signals project from the retina
not just to visual cortex but to widespread areas of the
whole brain [7, 8]. With all this in mind, it becomes easy
to see how the development of visual pathways that drive
attention from the moment of birth might play an impor-
tant role in the development of social skills in typically
developing children. We will argue that it is plausible that
these mechanisms do not develop appropriately in ASD,
leading to difficulties in social communication in this
population.

This paper is divided into two main parts. The first will
provide a ‘cook’s tour’ of the visual system with a focus on
the functions of key pathways and structures (or nodes) that
contribute to social processing. After these basics are covered,
the second will discuss how certain pathways are thought to be
affected in ASD and how these affect processing of other
neural systems that are important for learning and understand-
ing social cues. We will argue that an emphasis on the path-
ways that project information towards important nodes within
the social brain (such as the amygdala) is fundamental to un-
derstanding salient social interactions. Our paper will then
conclude with some recommendations for future avenues of
research that could test some of the ideas we present in our

paper.
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Part 1: A Cook’s Tour of the Visual System
The Primary Pathways to Visual Cortex

The cortical visual system consists of two main parallel
pathways—one faster and one slower—starting from the ret-
ina and projecting through the thalamic lateral geniculate nu-
cleus (LGN), the primary visual cortex (V1) and beyond to the
dorsal (fast conducting) and ventral (slower conducting) visu-
al streams [9, 10]. These pathways are referred to as the retino-
geniculo-cortical pathways (for a simplified schematic of this
system, see Fig. 1). Most of our understanding of the cortical
visual system comes from pioneering studies in cats and mon-
keys starting in the 1960s [11] and a series of primate studies
in the 1980s and 1990s that recorded from single neurons [12,
13]. Similar functional pathways to the human visual cortex
have been demonstrated with psychophysical and electro-
physiological techniques [14—-16].

These functional pathways can be viewed as neural high-
ways. Like lanes of a highway, these pathways have multiple
channels, some of which are faster than others. The larger
faster conducting M channel gathers information from multi-
ple types of photoreceptors in the retina prior to projection to
the LGN, and then to V1 [17]. The M channel responds pref-
erentially to high temporal and low spatial frequency (i.e.
course grained rapidly presented visual information), is colour
insensitive, but has high-contrast sensitivity, and responds via
a rapid transient response, with fast axonal conduction speeds
[18, 19]. The M channel also projects via the evolutionarily
older visual pathway to the brainstem and drives visual atten-
tion and eye movements (see section below ‘The subcortical
eye movement system’). On the other hand, the slower
conducting, small retinal ganglion cells give rise to the
parvocellular (P) channel, and project to the LGN and then
to the V1. This channel is preferentially sensitive to visual
stimuli with high spatial, and low temporal frequencies (i.e.
fine-grained and slower information) [18, 19]. It has lower
contrast sensitivity and provides more sustained responses
with slower axonal conduction speeds than the M channel
[14, 18, 19]. The ventral stream has a much higher concentra-
tion of the P channel compared with the M channel. The P and
M channels are not the only known channels, but they are the
best investigated from the retina through the cortex [9, 20].

As the M and P channels send separate and parallel infor-
mation through the LGN to V1 at different conduction rates,
these signals arrive in V1 at different times [21] such that the
faster M inputs can project rapidly through the dorsal stream
for analysis of motion [22, 23] and visuo-spatial guidance of
arm and eye movements towards targets [10]. Subsequently,
some M fibres feedback through the dorsal stream to combine
with later arriving P channel inputs in V1 and project together
through the ventral stream to the inferior temporal cortex,
which is critical for object and face recognition [24-26].
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Fig. 1 M and P channel
contributions to the dorsal and
ventral streams. The M (red) and
P (green) channels originate from
the retina and remain partially
differentiated in V1. The dorsal
stream consists mainly of the M
channel, which receives input
from both V1 and the motion
processing area VS/MT. Some
inputs to V5/MT via the M
channel bypass V1 coming
directly from the subcortical
LGN. The ventral stream consists
of both M and P channels. In this
paper, we posit that the M channel
is more affected in ASD. M
magnocellular, P parvocellular,
LGN lateral geniculate nucleus,
V5/MT area V5/MT, V1 primary
visual cortex

Currently, there is now a growing body of research that
seeks to understand the role of the M and P channels in social
processing, with a focus on facial emotion processing
[27-32]. One common approach to separating out the contri-
bution of the two channels when processing faces has been
software filtering of spatial frequency information from pho-
tographs [32]. More recent data indicates that the use of tem-
poral contrast characteristics (e.g. stimuli that rapidly flicker)
is a better approach to confine visual processing to the M
channel and is now being applied to test M channel function-
ing in ASD age groups [33e].

Early considerations of how the visual system provides
information to emotion and social processing regions of the
brain focused on the slower conducting more detailed infor-
mation carried by the ventral stream projections to the amyg-
dala as well as to the frontal cortex [34, 35]. However, as
explained above, social cues are brief, fleeting, and dynamic.
With this in mind, one might expect that the faster M channel
is important for the visual processing of these cues. Much
available evidence suggests this is indeed the case. For exam-
ple, it has been shown that behavioural measures of M channel
functioning (luminance contrast sensitivity) correlates with
face identity discrimination [36]. Face identity processing
studies have generally highlighted how the M channel drives
rapid processing of the broad ‘gist’ rather than a detailed pro-
cessing of faces [37, 38]. This course-to-fine model of visual
processing has been suggested to apply also for object and
scene processing [39, 40]. Cortically based models of visual
processing have highlighted how a faster M channel through
the dorsal stream processes a rapid gist of a stimulus, prior to
feedback connections combining with the slower P channel

Dorsal
Stream

Ventral
Stream

inputs through the ventral stream for processing the same
stimulus with greater scrutiny [21, 26, 39].

Hence, although the processing of faces in dynamic social
settings require a complex interaction of M and P channels, it
is clear that the M channel is particularly important for a quick
interpretation of the essential affective aspects of the face.
More recently, intracortical recordings in humans have dem-
onstrated that the M channel via an evolutionarily older sub-
cortical pathway is even faster than cortical pathways in car-
rying signals related to emotion, and in particular related to
threat, to the amygdala, the accepted site of negative emotion-
al processing [41¢]. This alternative route, which bypasses the
visual cortex, should also be considered for social communi-
cation. We will discuss this route next.

The Subcortical Amygdala Pathway

Whilst most research in the visual system has focussed on
cortical pathways, there has been a renewed interest in the
evolutionarily older retino-superior colliculus-pulvinar-
amygdala visual pathway projecting through the superior
colliculus (SC), to the pulvinar (PUL), and then to the amyg-
dala (SC-PUL-AMY) (for a simplified schematic of this sys-
tem, see Fig. 2). It is believed that infants rely on brainstem
and subcortical sites for the control of visual attention prior to
the development of binocular cortically coordinated vision
around 3 months [5, 42-44]. This subcortical route, which
has been directly observed in lower mammals and non-
human primates [45, 46], is driven primarily by the faster
conducting M channel [47]. In humans, the deeper midbrain
pathway has been more elusive to examine with neuroimaging
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Fig. 2 Multiple visual inputs to the amygdala. a Visual inputs to the
amygdala can arise from a subcortical pathway via the superior
colliculus and the thalamic pulvinar and also via a pulvinar-STS
connection. b The amygdala also receives visual inputs from the retinal-
geniculate pathway and through the ventral stream, though potentially
also through a dorsal V1-STS-amygdala pathway. Both subcortical and
cortical pathways shown in a and b carry M-type fast information. Hence,
disruption of the M channel could have consequences in amygdala
function. AMY amygdala, SC superior colliculus, PUL pulvinar
nucleus, STS superior temporal sulcus, V5/MT area V5/MT, LGN
lateral geniculate nucleus, V1 primary visual cortex

or electrical recording, though there are a number of studies
providing support for such a pathway that has similar temporal
and spatial frequency characteristics to the primate M channel
[5,32,41, 48, 49¢]. This is consistent with evidence that faster
conducting large cell responses (likely M channel) are present
from birth [50, 51]. Together with the fact that early in the life
of all mammals the M channel drives subcortical vision
through the nucleus of the optic tract and superior colliculus
[47], these results highlight how detrimental an M channel
deficiency could be to a baby’s ability to orient attention to
salient objects, and in particular to faces.

The amygdala has for a long time been thought of as a
neural centre for threat detection [52, 53], though some more
recent views conceptualise the amygdala as having a broader
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role in salience or relevance detection [54-56]. Nevertheless,
it appears most likely that a fast and direct subcortical pathway
to the amygdala provides an evolutionarily older mechanism
to detect threat and attach an emotional value to biologically
salient stimuli such as faces [5¢]. Whilst everyday social inter-
actions mostly do not involve life-threatening encounters, the
rapid and automatic detection of facial cues of emotion is an
important function of the amygdala to assist with the process-
ing of salient social information necessary for successful so-
cial communication.

In fact, the subcortical pathway to the amygdala has been
shown to activate in the absence of conscious awareness [57].
Non-conscious processing of a visual stimulus can be demon-
strated by using techniques such as backward masking in
which a visual target (e.g. photo of a face) is presented briefly
(i.e. 15 ms) before a high-contrast ‘white noise’ masking stim-
ulus takes the target’s place. Such a procedure can prevent the
participant from having any awareness of the face. Under
these conditions, neuroimaging has demonstrated activation
in the amygdala, superior colliculus, and pulvinar to emotion-
ally charged stimuli in the absence of the participants being
aware of their presence [58]. Continuous flash suppression
(CFY) is another method of assessing non-conscious process-
ing that involves presenting a target to one eye and a series of
noisy (Mondrian-like) images that are flashed rapidly to the
other eye [59]. This technique carried out during neuroimag-
ing has similarly demonstrated activation of the amygdala
during the presentation of emotionally charged faces without
participants being aware of their presence [60].

The Subcortical Eye Movement System

Finally, given the wide-ranging body of evidence linking im-
pairments in ability to rapidly orient and shift attention [61] in
individuals with ASD [62—-64], this review needs to consider
the role of the oculomotor system that controls eye move-
ments. This system needs to be efficient and precise.
Otherwise, it would not allow the necessary saccadic eye
movements required to maintain proper fixation on a moving
object or, more relevant to this paper, to pick up and make
rapid eye movements (saccades) towards the small fleeting
and dynamic motor cues that are necessary for effective social
communication.

The oculomotor system is complex as it maintains many
functions. However, our particular interest is the relationship
between eye movements and attention, and the ability of the
eyes to rapidly activate and shift attention to any facial move-
ments. Such shifts in attention can be driven directly by the
brainstem nuclei and midbrain superior colliculus in infants or
controlled by fronto-parietal circuits in more mature individ-
uals [44, 65]. There are also a number of auxiliary retinal
projection areas in the brainstem, cerebellum, thalamus, and
the cortex that together control eye movements for facial
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expression pursuit [66] (for a simplified schematic of this sys-
tem, see Fig. 3). The superior colliculus receives a direct ret-
inal projection and contains a topographical saliency map that
facilitates rapid orientation of attention to salient stimuli in the
visual field [61, 67]. It also serves as a hub-integrating visual
and motor information from many other parts of the cortex
and sending out commands to the cerebellum and pretectal
areas in the midbrain that innervate the extraocular muscles
controlling eye movements [68]. Again, the projections the
superior colliculus receives from the retina are from the faster
M channel [47], which enables the system to move the eyes
quickly to the targets of interest in the visual field with effi-
ciency and precision. An impairment in this pathway, known
as the retino-tectal pathway, is sufficient to alter the facilitato-
ry capacity to reflexively saccade towards salient targets in the
visual field, whether that be due to stimulus salience (when
objects are distinct from their surroundings due to luminance
or movement) or to behavioural relevance [69], such as when
detecting faces compared with other non-face object catego-
ries [31].

Part 2: How the Visual System Is Affected
in ASD

In this section, we propose that deficits in the M channel that
reduce or attenuate the rapid and dynamic visual processing
required for social interactions could potentially provide a parsi-
monious explanation to a myriad of social-communicative diffi-
culties associated with ASD—especially if these impairments in

Fig. 3 Multiple brain structures
important for eye movements.
Incoming visual information (red
arrows) goes to different brain
regions upon which output
signals (black arrows) are
computed and project to the
extraocular muscles. All of this
incoming fast information is
carried out by the M channel.
Hence, disruption of the M
channel could have consequences
in oculomotor responses,
including those that are necessary
to detect subtle and dynamic
social cues
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driving attention and eye movements are present early in life
before language develops.

Whilst everyday social interactions are likely to utilise a
combination of slower more deliberate and conscious process-
ing by the P channel as an adjunct to the faster, more automat-
ic, and non-conscious processing by the M channel, it has
been suggested that it is the latter which may be more affected
in ASD [8, 70-76]. An M channel abnormality has been re-
ported in children with ASD [77¢] and in neurotypical adult
populations with high autistic traits [78]. In contrast,
McCleery et al. [79] found at-risk infants demonstrated an
abnormally sensitive M channel. Indeed, there have been a
number of mixed findings with regard to the appearance of a
specific M channel deficiency in ASD [80, 81], though as has
been suggested by Greenaway et al. [77], this may in large part
be a product of the utilisation of stimuli that were not optimal
to selectively target this channel. Slower visual information
processing for even simple stimuli (e.g. flickering light),
which provides a threshold index of M channel functioning
[82¢¢], has been demonstrated in children with ASD [33ee].
Impairments in the M channel have also been suggested to
underlie abnormal processing of motion, given the dominance
of the M channel projection in motion-sensitive regions in the
dorsal stream [83—87]. As described in ‘Part 1: A Cook’s Tour
of the Visual System’, the M channel reaches the cortex via
both the LGN to V1 route, which we referred to as the primary
pathway, and the superior colliculus and pulvinar projections
to the amygdala, which we referred to as the subcortical route.
It could be argued that the latter route is more critical to ex-
amine in the context of ASD given its role in driving
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Cortex
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Brainstem
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automatic emotional evaluation and automatic attention orien-
tation, particularly for salient stimuli such as faces.

There is abundant evidence for abnormalities in amygdala
structure and function in ASD that can be linked to a number
of social difficulties, including Theory of Mind, face emotion
recognition, and eye contact [88—95]. In focussing on the
functioning of the amygdala as a node in the emotional/
social neural network, most research has, in general, not con-
sidered how relevant sensory information reached this part of
the brain. Accordingly, an impairment in the pathway to the
node, rather than the node per se, may be critical to under-
standing amygdala dysfunction in ASD. Indeed, a number of
authors have proposed models that directly implicate the SC-
PUL-AMY route as being important for automatic face and
eye contact detection in typically developing populations [31,
32, 41, 49e, 96] and as a potential source of impairment in
ASD [97, 98e]. In support of this notion, this subcortical route
has been shown to be more sensitive to low spatial frequency
content of images, including faces, and has thus been sug-
gested to be driven by the M channel through the superior
colliculus [32, 41].

An impairment in this system in ASD could conceivably
reduce one’s ability to automatically and effortlessly detect
minute movements of the facial muscles that serve as impor-
tant emotional cues, such as the spreading creases around the
eyes or the rising eye brow. Importantly, this system needs to
be quick. It must be able to rapidly attend to and detect these
emotional cues and transmit this information to the necessary
brain systems for interpretation. A fast and direct pathway to
the amygdala could provide the necessary automatic, non-
conscious emotional responses that facilitate behavioural re-
sponses when combined with slower and more conscious or
deliberative processing of the social context.

Previous research has highlighted deficits in implicit pro-
cessing of emotion [99—101]. Whilst this may involve a con-
tribution of non-conscious pathways, these studies were not
designed to confirm non-conscious processes. Only in the last
10-15 years has this question been examined directly.
Although it is not essential to assume that this automatic
mechanism is specifically non-conscious, there is some evi-
dence that individuals with ASD do not make use of non-
conscious emotional information in the same way as typically
developing participants [70, 72, 102, 103]. One approach for
verifying the presence of non-conscious processing is through
the use of pupillometry, which measures pupil diameter that
increases or decreases in accordance with brightness, cogni-
tive effort, and emotional arousal [104]. There is evidence for
reduced pupillary dilation in ASD children during the back-
ward masked presentation, when compared with visible pre-
sentation, of fearful faces [70]. Unlike typically developing
children who showed equivalent responses between conscious
and non-conscious conditions, the results of Nuske et al. [70]
indicate reduced physiological arousal despite these ASD
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children having no conscious awareness of seeing these stim-
uli. Other studies utilising backwards masking or other tech-
niques to suppress conscious awareness have in general found
evidence for reduced or anomalous non-conscious visual pro-
cessing in ASD [72, 73, 102, 103]. Such studies typically have
investigated non-conscious processing of faces and conse-
quently have argued for the amygdala to be the source of this
impairment [75].

However, it should be considered that any abnormality
upstream from the amygdala, either in subcortical structures
such as the superior colliculus and pulvinar, or in the neural
channels leading to the amygdala, could equally result in a
reduced processing of visual stimuli in ASD. Given that these
structures are not normally associated with a specific role in
the emotional processing of faces (although for evidence for
pulvinar involvement in emotional processes and saliency de-
tection, see [105]), this would suggest that the impairment in
ASD may not be specific to the processing of faces. Indeed,
recent work has found evidence for reduced non-conscious
processing of non-social cues, specifically hierarchical arrow
stimuli, in typically developing adults with high levels of au-
tistic traits [74].

A large literature, including multiple meta-analyses, con-
firms that individuals with ASD show deficiencies in
recognising emotion from facial displays [106, 107]. The ev-
idence also points towards a more general abnormality in face
processing, including eye fixations [108] and neural activa-
tions when viewing faces [98, 109, 110]. When examined
from a developmental perspective, these face processing def-
icits may result from a failure of the amygdala to automatically
assign faces as salient throughout early development.
Supporting this view, 1-year-old infants who were later diag-
nosed with ASD looked at other people less frequently than
typically developing controls [111]. This apparent disinterest
in faces would be expected to lead to less experience with
viewing and interpreting emotional expressions [112] and
consequently to inhibit the development of neural networks
which specialise in face processing [113]. Thus, early deficits
in face processing in ASD could lead to a social experience
throughout the lifespan that is markedly different from the
neurotypical population.

Deepening this picture of anomalous development of face
processing requires an appreciation of how the visual system
may contribute to this divergence. One possibility is that a
fundamental deficit in the nodes associated with social cogni-
tion (e.g. amygdala, prefrontal cortex, cingulate cortex) or in
emotional face processing (e.g. fusiform face area, occipital
face area, superior temporal sulcus) predisposes individuals to
the cascading difficulties with facial emotion recognition
throughout development [90, 91]. Another possibility is that
a fundamental deficit in the channels that drive these nodes—
specifically the rapid M channel—leads to these difficulties in
face processing, and consequently to associated social
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difficulties. This hypothesis becomes even more conceivable
when one considers the specific role of the M system in driv-
ing attention mechanisms and the detection of movement. An
infant with an M channel impairment could be expected to
demonstrate difficulties with making saccadic movements
and orienting attention towards less obvious movements of
facial features whilst concentrating on obviously moving fea-
tures such as a talking mouth. When neurotypical adults view
faces, eye-tracking data suggests they tend to fixate more on
the eyes or the mouth depending on the expression [114],
making attention to only eyes or mouth inadequate for full
use of social cues. Instead, particularly when learning about
social cues and facial expressions, one must be ready to orient
visual attention to different regions of the face, which become
salient due to the small rapid movements essential for detect-
ing emotional expressions.

An impairment in the retino-tectal pathway, which pro-
vides a rapid and automatic (and potentially non-conscious)
projection through the superior colliculus and pulvinar, would
be sufficient to alter the facilitatory capacity to reflexively
saccade towards faces compared with other non-face object
categories [31]. Previous work has pointed to the importance
of this subcortical route in face and eye detection in ASD [97].
The preference for faces observed in newborn infants is driven
by the retino-tectal pathway and provides the basis for devel-
opment of cortical face specialisation [5¢]. It has been argued
that this subcortical pathway involved with rapid face process-
ing is driven by the M channel [5, 41, 57].

Thus, although the existing suggestion of M impairment in
ASD is appealing to link with the possibility of a retina-
superior colliculus pathway impairment driving early difficul-
ties with face processing, this has yet to be directly demon-
strated. However, there is some indirect evidence. In a choice
reaction time task, fast reflexive saccades were faster when
detecting upright compared with inverted faces in typically
developing adults with lower autistic traits, reflecting an ex-
pected preference for faces [115]. This saccadic face inversion
effect was absent in typically developing adults with higher
autistic traits. Whilst this research made use of static images of
faces, as has been the case for most face processing studies, a
number of factors suggest that the subcortical M channel may
be critically involved in processing dynamic changes in facial
expressions. The superior colliculus shows response selectiv-
ity to motion [116], whilst a direct connection between
pulvinar and the motion-sensitive V5/MT region in the dorsal
stream has been demonstrated [117-119]. In addition, the im-
portance of this subcortical system for orienting eye and head
movements, and hence attention towards salient and moving
objects [120], makes this a potentially crucial site for investi-
gation into the difficulties in dynamic social interactions
found in ASD. Indeed, a recent review has proposed that the
superior colliculus may provide a unifying substrate for the
pathogenesis of ASD [8].

An impairment in the fast axonal conduction speeds (or a
reduced signal strength) of the M channel driving attentional
acquisition and initial processing of global gist may also be crit-
ical throughout early development in children with ASD [21].
Furthermore, whilst an existing literature has documented im-
pairments in the superior temporal sulcus (STS) in ASD linked
to its role in social perception [121], to date, there has been little
confirmatory research examining which subcortical or cortical
visual pathways project to STS. Evidence for a critical role for
STS in processing biological motion and facial expression move-
ments [122, 123], as well as models that describe the STS as part
of a dorsal stream face pathway [124—126], suggest that prob-
lems with the M channel may also explain impaired STS func-
tion. A direct subcortical pathway to the STS from the pulvinar
has been demonstrated in monkey [127] whilst it has been shown
in monkeys and in humans that the STS also sends connections
to the amygdala [128, 129]. Again, this points to the importance
of considering how impairments in the visual pathways
projecting to ‘social brain’ regions may be crucial to understand-
ing how individuals with ASD develop difficulties in tracking
dynamic social encounters, which in turn can lead to difficulties
in social communication.

Future Directions and Concluding Remarks

The proposal outlined in this review that visual processing
deficits could contribute to the development of social commu-
nication difficulties in ASD points towards some novel exper-
iments that could be considered in the future. Firstly, it could
be the case that emotion recognition performance is even more
impaired in ASD when dynamic facial expression rather than
the more commonly utilised static photograph displays are
presented. There is already some preliminary evidence for this
[130¢], although it will be important to test this hypothesis
using more realistic stimuli, for example using faces
displaying subtle rather than obvious or exaggerated expres-
sions as is most often available in many face databases or with
more complex emotions (e.g. confused, ashamed, suspicious)
rather than the standard six basic expressions (fear, disgust,
happy, sad, surprised, angry). There is some promising re-
search indicating that slowing the speed of videos of facial
expression improves ASD performance and alters the pattern
of eye movement fixations on the mouth region [131, 132¢].
As has been suggested by Gepner et al. [132¢], these findings
provide a promising avenue for therapeutic ASD research. As
well as slowing down facial displays to assist in learning,
treatments that seek to train or improve rapid visual process-
ing, in particular M channel processing could also be fruitful.
It would be interesting to explore whether spatial frequency or
contrast filtering of videos of dynamic faces confirms the ex-
pectation that preferential processing by the M channel is dis-
proportionately impaired in ASD populations. As alluded to
above, the visual pathway contribution to STS is unclear, and
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studies attempting to determine which visual pathways pro-
vide dominant inputs to this important social perception re-
gion will allow testing the hypothesis that M channel inputs to
STS are impaired in ASD.

Less emphasised, but an aspect that deserves more research
interest, is that an impairment in the M channel input to motion-
sensitive regions in the dorsal stream could make processing of
moving facial features more difficult. It is worth noting that
motion-sensitive region V5/MT, as well as receiving inputs
through the dorsal stream via V1, also receives a fast and direct
input from the M channel through the superior colliculus and
pulvinar [133, 134]. Marmoset research has demonstrated a di-
rect retino-pulvinar to V5/MT pathway which would facilitate
fast detection of motion in the visual field (reviewed in [119]).
What role such direct inputs to V5/MT and STS might contribute
to the dynamics of facial expression processing in ASD has not
yet been investigated in detail.

Conclusions

In closing, ASD is a complex and heterogenous condition. It is
not likely that a single factor will be able to explain the myriad
symptoms and presentations found. The current review argues
that although ASD is considered a social communication dis-
order, consideration of the important role vision has in the
early development of learned social cognition, and ultimately
in providing crucial inputs to a range of higher order cognitive
processes, such as attention and executive function that are
impaired in ASD, may be a promising avenue for future
research.

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no conflict of
interest.

Human and Animal Rights and Informed Consent This article does not
contain any studies with human or animal subjects performed by any of
the authors.

References

Papers of particular interest, published recently, have been
highlighted as:

» Of importance

*« Of major importance

1. Dakin S, Frith U. Vagaries of visual perception in autism. Neuron.
2005;48(3):497-507.

2. Simmons DR, Robertson AE, McKay LS, Toal E, McAleer P,
Pollick FE. Vision in autism spectrum disorders. Vis Res.

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

2009:49(22):2705-39. https://doi.org/10.1016/j.visres.2009.08.
005.

Little JA. Vision in children with autism spectrum disorder: a
critical review. Clin Exp Optom. 2018;101(4):504—13. https://
doi.org/10.1111/cx0.12651.

American Psychiatric Association. Diagnostic and statistical man-
ual of mental disorders. 5th ed. Arlington: American Psychiatric
Association; 2013.

Johnson MH. Subcortical face processing. Nat Rev Neurosci.
2005;6(10):766—74. https://doi.org/10.1038/nrn1766. Seminal
review outlining how infant vision is driven by a subcortical
face pathway.

Yan W-J, Wu Q, Liang J, Chen Y-H, Fu X. How fast are the
leaked facial expressions: the duration of micro-expressions. J
Nonverbal Behav. 2013;37(4):217-30.

Bridge H, Leopold DA, Bourne JA. Adaptive pulvinar circuitry
supports visual cognition. Trends Cogn Sci. 2016;20(2):146-57.
https://doi.org/10.1016/j.tics.2015.10.003.

Jure R. Autism pathogenesis: the superior colliculus. Front
Neurosci. 2018;12:1029. https://doi.org/10.3389/fnins.2018.
01029.

Nassi JJ, Callaway EM. Parallel processing strategies of the pri-
mate visual system. Nat Rev Neurosci. 2009;10(5):360-72.
Goodale MA, Milner AD. Separate visual pathways for perception
and action. Trends Neurosci. 1992;15(1):20-5.

Hubel DH, Wiesel TN. Receptive fields, binocular interaction and
functional architecture in the cat’s visual cortex. J Physiol.
1962:160(1):106-54. https://doi.org/10.1113/jphysiol.1962.
sp006837.

Maunsell JH. Functional visual streams. Curr Opin Neurobiol.
1992;2(4):506-10.

Van Essen DC, Maunsell JHR. Hierarchical organisation and
functional streams in the visual cortex. Trends Neurosci. 1983;6:
370-5.

Klistorner A, Crewther DP, Crewther SG. Separate magnocellular
and parvocellular contributions from temporal analysis of the mul-
tifocal VEP. Vis Res. 1997;37(15):2161-9.

Kulikowski JJ, Tolhurst DJ. Psychophysical evidence for
sustained and transient detectors in human vision. J Physiol.
1973;232(1):149-62.

Tobimatsu S, Tomoda H, Kato M. Parvocellular and
magnocellular contributions to visual evoked potentials in
humans: stimulation with chromatic and achromatic gratings
and apparent motion. J Neurol Sci. 1995;134(1-2):73-82.
https://doi.org/10.1016/0022-510x(95)00222-x.

Nealey TA, Maunsell JH. Magnocellular and parvocellular contri-
butions to the responses of neurons in macaque striate cortex. J
Neurosci. 1994;14(4):2069-79.

Merigan WH, Katz LM, Maunsell JH. The effects of parvocellular
lateral geniculate lesions on the acuity and contrast sensitivity of
macaque monkeys. J Neurosci. 1991;11(4):994-1001.

Maunsell JH, Gibson JR. Visual response latencies in striate cor-
tex of the macaque monkey. J Neurophysiol. 1992;68(4):1332—
44.

De Monasterio FM, Gouras P. Functional properties of ganglion
cells of the rhesus monkey retina. J Physiol. 1975;251(1):167-95.
https://doi.org/10.1113/jphysiol.1975.sp011086.

Laycock R, Crewther SG, Crewther DP. A role for the
‘magnocellular advantage’ in visual impairments in
neurodevelopmental and psychiatric disorders. Neurosci
Biobehav Rev. 2007;31(3):363-76.

Maunsell JH, Nealey TA, DePriest DD. Magnocellular and
parvocellular contributions to responses in the middle temporal
visual area (MT) of the macaque monkey. J Neurosci.
1990;10(10):3323-34.


https://doi.org/10.1016/j.visres.2009.08.005
https://doi.org/10.1016/j.visres.2009.08.005
https://doi.org/10.1111/cxo.12651
https://doi.org/10.1111/cxo.12651
https://doi.org/10.1038/nrn1766
https://doi.org/10.1016/j.tics.2015.10.003
https://doi.org/10.3389/fnins.2018.01029
https://doi.org/10.3389/fnins.2018.01029
https://doi.org/10.1113/jphysiol.1962.sp006837
https://doi.org/10.1113/jphysiol.1962.sp006837
https://doi.org/10.1016/0022-510x(95)00222-x
https://doi.org/10.1113/jphysiol.1975.sp011086

Curr Dev Disord Rep (2020) 7:237-248

245

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33,00

34.

35.

36.

37.

38.

Zeki S, Watson JD, Lueck CJ, Friston KJ, Kennard C, Frackowiak
RS. A direct demonstration of functional specialization in human
visual cortex. J Neurosci. 1991;11(3):641-9.

Ferrera VP, Nealey TA, Maunsell JH. Mixed parvocellular and
magnocellular geniculate signals in visual area V4. Nature.
1992;358(6389):756-61.

Schwarzlose RF, Swisher JD, Dang S, Kanwisher N. The distri-
bution of category and location information across object-selective
regions in human visual cortex. Proc Natl Acad Sci U S A.
2008;105(11):4447-52. https://doi.org/10.1073/pnas.
0800431105.

Bullier J. Integrated model of visual processing. Brain Res Rev.
2001;36(2-3):96-107.

Langner O, Becker ES, Rinck M, van Knippenberg A. Socially
anxious individuals discriminate better between angry and neutral
faces, particularly when using low spatial frequency information. J
Behav Ther Exp Psychiatry. 2015;46:44-9. https://doi.org/10.
1016/j.jbtep.2014.06.008.

Lee J, Gosselin F, Wynn JK, Green MF. How do schizophrenia
patients use visual information to decode facial emotion?
Schizophr Bull. 2011;37(5):1001-8. https://doi.org/10.1093/
schbul/sbq006.

Laycock R, Cutajar E, Crewther SG. High schizotypy traits asso-
ciated with atypical processing of negative emotions with low
spatial frequencies. Schizophr Res. 2019;210:294-5. https://doi.
org/10.1016/j.schres.2018.12.035.

Deruelle C, Rondan C, Gepner B, Tardif C. Spatial frequency and
face processing in children with autism and Asperger syndrome. J
Autism Dev Disord. 2004;34(2):199-210. https://doi.org/10.
1023/b:jadd.0000022610.09668..4c.

Nakano T, Higashida N, Kitazawa S. Facilitation of face recogni-
tion through the retino-tectal pathway. Neuropsychologia.
2013;51(10):2043-9. https://doi.org/10.1016/j.neuropsychologia.
2013.06.018.

Vuilleumier P, Armony JL, Driver J, Dolan RJ. Distinct spatial
frequency sensitivities for processing faces and emotional expres-
sions. Nat Neurosci. 2003;6(6):624-31. https://doi.org/10.1038/
nnl057.

Brown AC, Peters JL, Parsons C, Crewther DP, Crewther SG.
Efficiency in magnocellular processing: a common deficit in
neurodevelopmental disorders. Front Hum Neurosci. 2020;14:
49. https://doi.org/10.3389/fnhum.2020.00049. Evidence that
children with ASD demonstrate an M channel deficit as
measured by flicker fusion thresholds.

Baizer JS, Desimone R, Ungerleider LG. Comparison of subcor-
tical connections of inferior temporal and posterior parietal cortex
in monkeys. Vis Neurosci. 1993;10(1):59-72. https://doi.org/10.
1017/50952523800003229.

Webster MJ, Bachevalier J, Ungerleider LG. Connections of infe-
rior temporal areas TEO and TE with parietal and frontal cortex in
macaque monkeys. Cereb Cortex. 1994;4(5):470-83. https://doi.
org/10.1093/cercor/4.5.470.

Pallett PM, Dobkins KR. Development of face discrimination
abilities, and relationship to magnocellular pathway development,
between childhood and adulthood. Vis Neurosci. 2013;30(5-6):
251-62. https://doi.org/10.1017/s0952523813000217.
Zeev-Wolf M, Rassovsky Y. Testing the magnocellular-pathway
advantage in facial expressions processing for consistency over
time. Neuropsychologia. 2020;138:107352. https://doi.org/10.
1016/j.neuropsychologia.2020.107352.

Nakashima T, Kaneko K, Goto Y, Abe T, Mitsudo T, Ogata K,
et al. Early ERP components differentially extract facial features:
evidence for spatial frequency-and-contrast detectors. Neurosci
Res. 2008;62(4):225-35. https://doi.org/10.1016/j.neures.2008.
08.009.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.»

50.

51

52.

53.

54.

Kveraga K, Boshyan J, Bar M. Magnocellular projections as the
trigger of top-down facilitation in recognition. J Neurosci.
2007;27(48):13232-40.

Kihara K, Takeda Y. Time course of the integration of spatial
frequency-based information in natural scenes. Vis Res.
2010;50(21):2158-62. https://doi.org/10.1016/j.visres.2010.08.
012.

Méndez-Bértolo C, Moratti S, Toledano R, Lopez-Sosa F,
Martinez-Alvarez R, Mah YH, et al. A fast pathway for fear in
human amygdala. Nat Neurosci. 2016;19(8):1041-9. https://doi.
org/10.1038/nn.4324. Evidence for a fast subcortical pathway
to the amygdala for course threat-related information from
human intracranial electrophysiological recordings.

Braddick O. Binocularity in infancy. Eye (Lond). 1996;10(Pt 2):
182-8. https://doi.org/10.1038/eye.1996.45.

Atkinson J. Human visual development over the first 6 months of
life. A review and a hypothesis. Hum Neurobiol. 1984;3(2):61—
74.

Richards JE, Hunter SK. Attention and eye movement in young
infants: neural control and development. In: Richards JE, editor.
Cognitive neuroscience of attention: a developmental perspective.
Mahwah, NJ, USA: Lawrence Erlbaum Associates Publishers;
1998. p. 131-62.

Day-Brown JD, Wei H, Chomsung RD, Petry HM, Bickford ME.
Pulvinar projections to the striatum and amygdala in the tree
shrew. Front Neuroanat. 2010;4:143. https://doi.org/10.3389/
fhana.2010.00143.

Linke R, De Lima AD, Schwegler H, Pape HC. Direct synaptic
connections of axons from superior colliculus with identified
thalamo-amygdaloid projection neurons in the rat: possible sub-
strates of a subcortical visual pathway to the amygdala. J Comp
Neurol. 1999;403(2):158-70.

Schiller PH, Malpeli JG. Properties and tectal projections of mon-
key retinal ganglion cells. J Neurophysiol. 1977;40(2):428-45.
https://doi.org/10.1152/jn.1977.40.2.428.

Rafal RD, Koller K, Bultitude JH, Mullins P, Ward R, Mitchell
AS, et al. Connectivity between the superior colliculus and the
amygdala in humans and macaque monkeys: virtual dissection
with probabilistic DTI tractography. J Neurophysiol.
2015;114(3):1947-62. https://doi.org/10.1152/jn.01016.2014.
McFadyen J, Mattingley JB, Garrido MI. An afferent white matter
pathway from the pulvinar to the amygdala facilitates fear recog-
nition. Elife. 2019;8. https://doi.org/10.7554/eLife.40766.
Powerful evidence using data from the Human Connectome
Project to reconstruct a subcortical pathway to the amygdala
through the superior colliculus and the pulvinar.

Dobkins KR, Anderson CM, Lia B. Infant temporal contrast sen-
sitivity functions (tCSFs) mature earlier for luminance than for
chromatic stimuli: evidence for precocious magnocellular devel-
opment? Vis Res. 1999;39(19):3223-39. https://doi.org/10.1016/
$0042-6989(99)00020-6.

Hammarrenger B, Leporé F, Lippé S, Labrosse M, Guillemot JP,
Roy MS. Magnocellular and parvocellular developmental course
in infants during the first year of life. Doc Ophthalmol.
2003;107(3):225-33. https://doi.org/10.1023/b:doop.
0000005331.66114.05.

Calder AJ, Lawrence AD, Young AW. Neuropsychology of fear
and loathing. Nat Rev Neurosci. 2001;2(5):352-63. https://doi.
org/10.1038/35072584.

Ohman A. The role of the amygdala in human fear: automatic
detection of threat. Psychoneuroendocrinology. 2005;30(10):
953-8.

Adolphs R. What does the amygdala contribute to social cogni-
tion? Ann N Y Acad Sci. 2010;1191:42-61. https://doi.org/10.
1111/5.1749-6632.2010.05445 x.

@ Springer


https://doi.org/10.1073/pnas.0800431105
https://doi.org/10.1073/pnas.0800431105
https://doi.org/10.1016/j.jbtep.2014.06.008
https://doi.org/10.1016/j.jbtep.2014.06.008
https://doi.org/10.1093/schbul/sbq006
https://doi.org/10.1093/schbul/sbq006
https://doi.org/10.1016/j.schres.2018.12.035
https://doi.org/10.1016/j.schres.2018.12.035
https://doi.org/10.1023/b:jadd.0000022610.09668.4c
https://doi.org/10.1023/b:jadd.0000022610.09668.4c
https://doi.org/10.1016/j.neuropsychologia.2013.06.018
https://doi.org/10.1016/j.neuropsychologia.2013.06.018
https://doi.org/10.1038/nn1057
https://doi.org/10.1038/nn1057
https://doi.org/10.3389/fnhum.2020.00049
https://doi.org/10.1017/s0952523800003229
https://doi.org/10.1017/s0952523800003229
https://doi.org/10.1093/cercor/4.5.470
https://doi.org/10.1093/cercor/4.5.470
https://doi.org/10.1017/s0952523813000217
https://doi.org/10.1016/j.neuropsychologia.2020.107352
https://doi.org/10.1016/j.neuropsychologia.2020.107352
https://doi.org/10.1016/j.neures.2008.08.009
https://doi.org/10.1016/j.neures.2008.08.009
https://doi.org/10.1016/j.visres.2010.08.012
https://doi.org/10.1016/j.visres.2010.08.012
https://doi.org/10.1038/nn.4324
https://doi.org/10.1038/nn.4324
https://doi.org/10.1038/eye.1996.45
https://doi.org/10.3389/fnana.2010.00143
https://doi.org/10.3389/fnana.2010.00143
https://doi.org/10.1152/jn.1977.40.2.428
https://doi.org/10.1152/jn.01016.2014
https://doi.org/10.7554/eLife.40766
https://doi.org/10.1016/s0042-6989(99)00020-6
https://doi.org/10.1016/s0042-6989(99)00020-6
https://doi.org/10.1023/b:doop.0000005331.66114.05
https://doi.org/10.1023/b:doop.0000005331.66114.05
https://doi.org/10.1038/35072584
https://doi.org/10.1038/35072584
https://doi.org/10.1111/j.1749-6632.2010.05445.x
https://doi.org/10.1111/j.1749-6632.2010.05445.x

246

Curr Dev Disord Rep (2020) 7:237-248

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Sander D, Grafman J, Zalla T. The human amygdala: an evolved
system for relevance detection. Rev Neurosci. 2003;14(4):303—
16.

Pessoa L, Adolphs R. Emotion processing and the amygdala: from
a ‘low road’ to ‘many roads’ of evaluating biological significance.
Nat Rev Neurosci. 2010;11(11):773-83. https://doi.org/10.1038/
nrm2920.

Tamietto M, de Gelder B. Neural bases of the non-conscious per-
ception of emotional signals. Nat Rev Neurosci. 2010;11(10):
697-709. https://doi.org/10.1038/nrn2889.

Morris JS, Ohman A, Dolan RJ. A subcortical pathway to the right
amygdala mediating “unseen” fear. Proc Natl Acad Sci U S A.
1999;96(4):1680-5. https://doi.org/10.1073/pnas.96.4.1680.
Tsuchiya N, Koch C. Continuous flash suppression reduces neg-
ative afterimages. Nat Neurosci. 2005;8(8):1096—101. https:/doi.
0rg/10.1038/nn1500.

Troiani V, Schultz RT. Amygdala, pulvinar, and inferior parietal
cortex contribute to early processing of faces without awareness.
Front Hum Neurosci. 2013;7:241. https://doi.org/10.3389/fnhum.
2013.00241.

Waurtz RH, Goldberg ME. The primate superior colliculus and the
shift of visual attention. Investig Ophthalmol. 1972;11(6):441-50.
Wilkes BJ, Carson TB, Patel KP, Lewis MH, White KD.
Oculomotor performance in children with high-functioning au-
tism spectrum disorders. Res Dev Disabil. 2015;38:338-44.
https://doi.org/10.1016/j.ridd.2014.12.022.

Wilson CE, Brock J, Palermo R. Attention to social stimuli and
facial identity recognition skills in autism spectrum disorder. J
Intellect Disabil Res. 2010;54(12):1104—15. https://doi.org/10.
1111/5.1365-2788.2010.01340.x.

Snow J, Ingeholm JE, Levy IF, Caravella RA, Case LK, Wallace
GL, et al. Impaired visual scanning and memory for faces in high-
functioning autism spectrum disorders: it’s not just the eyes.
Journal of the International Neuropsychological Society: JINS.
2011;17(6):1021-9. https://doi.org/10.1017/
s1355617711000981.

Corbetta M, Shulman GL. Control of goal-directed and stimulus-
driven attention in the brain. Nat Rev Neurosci. 2002;3(3):201—
15.

Horn AKE, Leigh RJ. The anatomy and physiology of the ocular
motor system. Handb Clin Neurol. 2011;102:21-69. https://doi.
org/10.1016/b978-0-444-52903-9.00008-x.

White BJ, Kan JY, Levy R, Itti L, Munoz DP. Superior colliculus
encodes visual saliency before the primary visual cortex. Proc Natl
Acad Sci U S A. 2017;114(35):9451-6. https://doi.org/10.1073/
pnas.1701003114.

White BJ, Munoz DP. The superior colliculus. The Oxford hand-
book of eye movements. Oxford Library of Psychology. New
York, NY, USA: Oxford University Press; 2011. p. 195-213.
Fecteau JH, Munoz DP. Salience, relevance, and firing: a priority
map for target selection. Trends Cogn Sci. 2006;10(8):382-90.
https://doi.org/10.1016/j.tics.2006.06.011.

Nuske HJ, Vivanti G, Hudry K, Dissanayake C. Pupillometry
reveals reduced unconscious emotional reactivity in autism. Biol
Psychol. 2014;101C:24-35. https://doi.org/10.1016/j.biopsycho.
2014.07.003.

Stavropoulos KKM, Viktorinova M, Naples A, Foss-Feig J,
McPartland JC. Autistic traits modulate conscious and noncon-
scious face perception. Soc Neurosci. 2018;13(1):40-51. https://
doi.org/10.1080/17470919.2016.1248788.

Akechi H, Stein T, Senju A, Kikuchi Y, Tojo Y, Osanai H, et al.
Absence of preferential unconscious processing of eye contact in
adolescents with autism spectrum disorder. Autism Research:
Official Journal of the International Society for Autism
Research. 2014;7:590-7. https://doi.org/10.1002/aur.1397.

@ Springer

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.e0

83.

84.

85.

86.

87.

88.

89.

Hall GB, West CD, Szatmari P. Backward masking: evidence of
reduced subcortical amygdala engagement in autism. Brain Cogn.
2007;65(1):100-6. https://doi.org/10.1016/j.bandc.2007.01.010.
Laycock R, Chan D, Crewther SG. Attention orienting in response
to non-conscious hierarchical arrows: individuals with higher au-
tistic traits differ in their global/local bias. Front Psychol. 2017;8:
23. https://doi.org/10.3389/fpsyg.2017.00023.

Sato W, Kochiyama T, Uono S, Yoshimura S, Toichi M. Neural
mechanisms underlying conscious and unconscious gaze-
triggered attentional orienting in autism spectrum disorder. Front
Hum Neurosci. 2017;11:339. https://doi.org/10.3389/fnhum.
2017.00339.

Vukusic S, Ciorciari J, Crewther DP. Electrophysiological corre-
lates of subliminal perception of facial expressions in individuals
with autistic traits: a backward masking study. Front Hum
Neurosci. 2017;11:256. https://doi.org/10.3389/fnhum.2017.
00256.

Greenaway R, Davis G, Plaisted-Grant KDK. Marked selective
impairment in autism on an index of magnocellular function.
Neuropsychologia. 2013;51(4):592—600. Psychophysical evi-
dence for an M channel impairment in children with ASD.
Sutherland A, Crewther DP. Magnocellular visual evoked poten-
tial delay with high autism spectrum quotient yields a neural
mechanism for altered perception. Brain. 2010;133(Pt 7):2089—
97.

McCleery JP, Allman E, Carver LJ, Dobkins KR. Abnormal
magnocellular pathway visual processing in infants at risk for
autism. Biol Psychiatry. 2007;62(9):1007—14. https://doi.org/10.
1016/j.biopsych.2007.02.009.

Pellicano E, Gibson L, Maybery M, Durkin K, Badcock DR.
Abnormal global processing along the dorsal visual pathway in
autism: a possible mechanism for weak visuospatial coherence?
Neuropsychologia. 2005;43(7):1044-53.

Koh HC, Milne E, Dobkins K. Spatial contrast sensitivity in ado-
lescents with autism spectrum disorders. J Autism Dev Disord.
2010;40(8):978-87. https://doi.org/10.1007/s10803-010-0953-7.
Brown A, Corner M, Crewther DP, Crewther SG. Human flicker
fusion correlates with physiological measures of magnocellular
neural efficiency. Front Hum Neurosci. 2018;12:176. https://doi.
org/10.3389/fnhum.2018.00176. Evidence that psychophysically
defined flicker fusion thresholds are a reliable measure of M
channel function as assessed by multifocal visual evoked
potentials.

Spencer J, O'Brien J, Riggs K, Braddick O, Atkinson J, Wattam-
Bell J. Motion processing in autism: evidence for a dorsal stream
deficiency. Neuroreport. 2000;11(12):2765-7.

Milne E, Swettenham J, Hansen P, Campbell R, Jeffries H,
Plaisted K. High motion coherence thresholds in children with
autism. J Child Psychol Psychiatry. 2002;43(2):255-63. https://
doi.org/10.1111/1469-7610.00018.

Blake R, Turner LM, Smoski MJ, Pozdol SL, Stone WL. Visual
recognition of biological motion is impaired in children with au-
tism. Psychol Sci. 2003;14(2):151-7. https://doi.org/10.1111/
1467-9280.01434.

Laycock R, Crewther DP, Fitzgerald PB, Crewther S. Evidence
for fast signals and later processing in human V1/V2 and V5/
MT+: a TMS study of motion perception. J Neurophysiol.
2007;98(3):1253-62.

Newsome WT, Pare EB. A selective impairment of motion per-
ception following lesions of the middle temporal visual area (MT).
J Neurosci. 1988:8(6):2201-11.

Baron-Cohen S, Ring HA, Bullmore ET, Wheelwright S, Ashwin
C, Williams SC. The amygdala theory of autism. Neurosci
Biobehav Rev. 2000;24(3):355-64.

Corbett BA, Carmean V, Ravizza S, Wendelken C, Henry ML,
Carter C, et al. A functional and structural study of emotion and


https://doi.org/10.1038/nrn2920
https://doi.org/10.1038/nrn2920
https://doi.org/10.1038/nrn2889
https://doi.org/10.1073/pnas.96.4.1680
https://doi.org/10.1038/nn1500
https://doi.org/10.1038/nn1500
https://doi.org/10.3389/fnhum.2013.00241
https://doi.org/10.3389/fnhum.2013.00241
https://doi.org/10.1016/j.ridd.2014.12.022
https://doi.org/10.1111/j.1365-2788.2010.01340.x
https://doi.org/10.1111/j.1365-2788.2010.01340.x
https://doi.org/10.1017/s1355617711000981
https://doi.org/10.1017/s1355617711000981
https://doi.org/10.1016/b978-0-444-52903-9.00008-x
https://doi.org/10.1016/b978-0-444-52903-9.00008-x
https://doi.org/10.1073/pnas.1701003114
https://doi.org/10.1073/pnas.1701003114
https://doi.org/10.1016/j.tics.2006.06.011
https://doi.org/10.1016/j.biopsycho.2014.07.003
https://doi.org/10.1016/j.biopsycho.2014.07.003
https://doi.org/10.1080/17470919.2016.1248788
https://doi.org/10.1080/17470919.2016.1248788
https://doi.org/10.1002/aur.1397
https://doi.org/10.1016/j.bandc.2007.01.010
https://doi.org/10.3389/fpsyg.2017.00023
https://doi.org/10.3389/fnhum.2017.00339
https://doi.org/10.3389/fnhum.2017.00339
https://doi.org/10.3389/fnhum.2017.00256
https://doi.org/10.3389/fnhum.2017.00256
https://doi.org/10.1016/j.biopsych.2007.02.009
https://doi.org/10.1016/j.biopsych.2007.02.009
https://doi.org/10.1007/s10803-010-0953-7
https://doi.org/10.3389/fnhum.2018.00176
https://doi.org/10.3389/fnhum.2018.00176
https://doi.org/10.1111/1469-7610.00018
https://doi.org/10.1111/1469-7610.00018
https://doi.org/10.1111/1467-9280.01434
https://doi.org/10.1111/1467-9280.01434

Curr Dev Disord Rep (2020) 7:237-248

247

90.

91.

92.

93.

94.

9s.

96.

97.

98.ee

99.

100.

101.

102.

103.

104.

face processing in children with autism. Psychiatry Res.
2009;173(3):196-205. https://doi.org/10.1016/j.pscychresns.
2008.08.005.

Peng Z, Chen J, Jin L, Han H, Dong C, Guo Y, et al. Social brain
dysfunctionality in individuals with autism spectrum disorder and
their first-degree relatives: an activation likelihood estimation me-
ta-analysis. Psychiatry Res Neuroimaging. 2020;298:111063.
https://doi.org/10.1016/j.pscychresns.2020.111063.

Sato W, Kochiyama T, Uono S, Yoshimura S, Kubota Y, Sawada
R, etal. Reduced gray matter volume in the social brain network in
adults with autism spectrum disorder. Front Hum Neurosci.
2017;11:395. https://doi.org/10.3389/fnhum.2017.00395.
Dziobek I, Fleck S, Rogers K, Wolf OT, Convit A. The ‘amygdala
theory of autism’ revisited: linking structure to behavior.
Neuropsychologia. 2006;44(10):1891-9. https://doi.org/10.1016/
j-neuropsychologia.2006.02.005.

Zalla T, Sperduti M. The amygdala and the relevance detection
theory of autism: an evolutionary perspective. Front Hum
Neurosci. 2013;7:894. https://doi.org/10.3389/fnhum.2013.
00894.

Howard MA, Cowell PE, Boucher J, Broks P, Mayes A, Farrant
A, et al. Convergent neuroanatomical and behavioural evidence of
an amygdala hypothesis of autism. Neuroreport. 2000;11(13):
2931-5. https://doi.org/10.1097/00001756-200009110-00020.
Boucher J, Cowell P, Howard M, Broks P, Farrant A, Roberts N,
et al. A combined clinical, neuropsychological, and neuroanatom-
ical study of adults with high functioning autism. Cogn
Neuropsychiatry. 2005;10(3):165-213. https://doi.org/10.1080/
13546800444000038.

McFadyen J, Mermillod M, Mattingley JB, Halasz V, Garrido MI.
A rapid subcortical amygdala route for faces irrespective of spatial
frequency and emotion. J Neurosci. 2017;37(14):3864—74. https://
doi.org/10.1523/jneurosci.3525-16.2017.

Senju A, Johnson MH. Atypical eye contact in autism: models,
mechanisms and development. Neurosci Biobehav Rev.
2009;33(8):1204—14. https://doi.org/10.1016/j.neubiorev.2009.
06.001.

Kleinhans NM, Richards T, Johnson LC, Weaver KE, Greenson J,
Dawson G, et al. fMRI evidence of neural abnormalities in the
subcortical face processing system in ASD. Neurolmage.
2011;54(1):697—704. https://doi.org/10.1016/j.neuroimage.2010.
07.037. Neuroimaging evidence for an impairment in
subcortical regions involved with face processing.

Callenmark B, Kjellin L, Ronnqvist L, Bolte S. Explicit versus
implicit social cognition testing in autism spectrum disorder.
Autism. 2014;18(6):684-93. https://doi.org/10.1177/
1362361313492393.

Kana RK, Patriquin MA, Black BS, Channell MM, Wicker B.
Altered medial frontal and superior temporal response to implicit
processing of emotions in autism. Autism Res. 2016;9(1):55-66.
https://doi.org/10.1002/aur.1496.

Critchley HD, Daly EM, Bullmore ET, Williams SC, Van
Amelsvoort T, Robertson DM, et al. The functional neuroanato-
my of social behaviour: changes in cerebral blood flow when
people with autistic disorder process facial expressions. Brain.
2000;123(11):2203-12.

Kamio Y, Wolf J, Fein D. Automatic processing of emotional
faces in high-functioning pervasive developmental disorders: an
affective priming study. J Autism Dev Disord. 2006;36(2):155—
67. https://doi.org/10.1007/s10803-005-0056-z.

Madipakkam AR, Rothkirch M, Dziobek I, Sterzer P.
Unconscious avoidance of eye contact in autism spectrum disor-
der. Sci Rep. 2017;7(1):13378. https://doi.org/10.1038/s41598-
017-13945-5.

Mathét S. Pupillometry: psychology, physiology, and function. J
Cogn. 2018;1(1):16. https://doi.org/10.5334/joc.18.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Guedj C, Vuilleumier P. Functional connectivity fingerprints of
the human pulvinar: decoding its role in cognition. Neurolmage.
2020;221:117162. https://doi.org/10.1016/j.neuroimage.2020.
117162.

Lozier LM, Vanmeter JW, Marsh AA. Impairments in facial affect
recognition associated with autism spectrum disorders: a meta-
analysis. Dev Psychopathol. 2014;26(4 Pt 1):933-45. https://doi.
org/10.1017/s0954579414000479.

Uljarevic M, Hamilton A. Recognition of emotions in autism: a
formal meta-analysis. J Autism Dev Disord. 2013;43(7):1517-26.
https://doi.org/10.1007/s10803-012-1695-5.

Frost-Karlsson M, Galazka MA, Gillberg C, Gillberg C,
Miniscalco C, Billstedt E, et al. Social scene perception in autism
spectrum disorder: an eye-tracking and pupillometric study. J Clin
Exp Neuropsychol. 2019;41(10):1024-32. https://doi.org/10.
1080/13803395.2019.1646214.

Kovarski K, Mennella R, Wong SM, Dunkley BT, Taylor MJ,
Batty M. Enhanced early visual responses during implicit emo-
tional faces processing in autism spectrum disorder. J Autism Dev
Disord. 2019;49(3):871-86. https://doi.org/10.1007/s10803-018-
3787-3.

Nomi JS, Uddin LQ. Face processing in autism spectrum disor-
ders: from brain regions to brain networks. Neuropsychologia.
2015;71:201-16. https://doi.org/10.1016/j.neuropsychologia.
2015.03.029.

Osterling JA, Dawson G, Munson JA. Early recognition of 1-year-
old infants with autism spectrum disorder versus mental retarda-
tion. Dev Psychopathol. 2002;14(2):239-51. https://doi.org/10.
1017/30954579402002031.

Grelotti DJ, Gauthier I, Schultz RT. Social interest and the devel-
opment of cortical face specialization: what autism teaches us
about face processing. Dev Psychobiol. 2002;40(3):213-25.
https://doi.org/10.1002/dev.10028.

Schultz RT. Developmental deficits in social perception in autism:
the role of the amygdala and fusiform face area. International
Journal of Developmental Neuroscience: the Official Journal of
the International Society for Developmental Neuroscience.
2005;23(2-3):125-41. https://doi.org/10.1016/j.ijdevneu.2004.
12.012.

Eisenbarth H, Alpers GW. Happy mouth and sad eyes: scanning
emotional facial expressions. Emotion. 2011;11(4):860-5. https:/
doi.org/10.1037/a0022758.

Laycock R, Wood K, Wright A, Crewther SG, Goodale MA.
Saccade latency provides evidence for reduced face inversion ef-
fects with higher autism traits. Frontiers in Human Neuroscience.
2020;13(470). https://doi.org/10.3389/fnhum.2019.00470.
Wallace MT, Stein BE. Sensory organization of the superior
colliculus in cat and monkey. Prog Brain Res. 1996;112:301-11.
https://doi.org/10.1016/s0079-6123(08)63337-3.

Soares SC, Maior RS, Isbell LA, Tomaz C, Nishijo H. Fast
detector/first responder: interactions between the superior
colliculus-pulvinar pathway and stimuli relevant to primates.
Front Neurosci. 2017;11:67. https://doi.org/10.3389/fnins.2017.
00067.

Kaas JH, Baldwin MKL. The evolution of the pulvinar complex in
primates and its role in the dorsal and ventral streams of cortical
processing. Vision (Basel). 2019;4(1). https://doi.org/10.3390/
vision4010003.

Boume JA, Morrone MC. Plasticity of visual pathways and func-
tion in the developing brain: is the pulvinar a crucial player? Front
Syst Neurosci. 2017;11:3. https://doi.org/10.3389/fnsys.2017.
00003.

Petersen SE, Robinson DL, Morris JD. Contributions of the
pulvinar to visual spatial attention. Neuropsychologia.
1987;25(1a):97-105. https://doi.org/10.1016/0028-3932(87)
90046-7.

@ Springer


https://doi.org/10.1016/j.pscychresns.2008.08.005
https://doi.org/10.1016/j.pscychresns.2008.08.005
https://doi.org/10.1016/j.pscychresns.2020.111063
https://doi.org/10.3389/fnhum.2017.00395
https://doi.org/10.1016/j.neuropsychologia.2006.02.005
https://doi.org/10.1016/j.neuropsychologia.2006.02.005
https://doi.org/10.3389/fnhum.2013.00894
https://doi.org/10.3389/fnhum.2013.00894
https://doi.org/10.1097/00001756-200009110-00020
https://doi.org/10.1080/13546800444000038
https://doi.org/10.1080/13546800444000038
https://doi.org/10.1523/jneurosci.3525-16.2017
https://doi.org/10.1523/jneurosci.3525-16.2017
https://doi.org/10.1016/j.neubiorev.2009.06.001
https://doi.org/10.1016/j.neubiorev.2009.06.001
https://doi.org/10.1016/j.neuroimage.2010.07.037
https://doi.org/10.1016/j.neuroimage.2010.07.037
https://doi.org/10.1177/1362361313492393
https://doi.org/10.1177/1362361313492393
https://doi.org/10.1002/aur.1496
https://doi.org/10.1007/s10803-005-0056-z
https://doi.org/10.1038/s41598-017-13945-5
https://doi.org/10.1038/s41598-017-13945-5
https://doi.org/10.5334/joc.18
https://doi.org/10.1016/j.neuroimage.2020.117162
https://doi.org/10.1016/j.neuroimage.2020.117162
https://doi.org/10.1017/s0954579414000479
https://doi.org/10.1017/s0954579414000479
https://doi.org/10.1007/s10803-012-1695-5
https://doi.org/10.1080/13803395.2019.1646214
https://doi.org/10.1080/13803395.2019.1646214
https://doi.org/10.1007/s10803-018-3787-3
https://doi.org/10.1007/s10803-018-3787-3
https://doi.org/10.1016/j.neuropsychologia.2015.03.029
https://doi.org/10.1016/j.neuropsychologia.2015.03.029
https://doi.org/10.1017/s0954579402002031
https://doi.org/10.1017/s0954579402002031
https://doi.org/10.1002/dev.10028
https://doi.org/10.1016/j.ijdevneu.2004.12.012
https://doi.org/10.1016/j.ijdevneu.2004.12.012
https://doi.org/10.1037/a0022758
https://doi.org/10.1037/a0022758
https://doi.org/10.3389/fnhum.2019.00470
https://doi.org/10.1016/s0079-6123(08)63337-3
https://doi.org/10.3389/fnins.2017.00067
https://doi.org/10.3389/fnins.2017.00067
https://doi.org/10.3390/vision4010003
https://doi.org/10.3390/vision4010003
https://doi.org/10.3389/fnsys.2017.00003
https://doi.org/10.3389/fnsys.2017.00003
https://doi.org/10.1016/0028-3932(87)90046-7
https://doi.org/10.1016/0028-3932(87)90046-7

248

Curr Dev Disord Rep (2020) 7:237-248

121.

122.

123.

124.

125.

126.

127.

128.

Saitovitch A, Bargiacchi A, Chabane N, Brunelle F, Samson Y,
Boddaert N, et al. Social cognition and the superior temporal sul-
cus: implications in autism. Rev Neurol (Paris). 2012;168(10):
762-70. https://doi.org/10.1016/j.neurol.2012.07.017.

Pitcher D, Dilks DD, Saxe RR, Triantafyllou C, Kanwisher N.
Differential selectivity for dynamic versus static information in
face-selective cortical regions. Neurolmage. 2011;56(4):2356—
63. https://doi.org/10.1016/j.neuroimage.2011.03.067.

Polosecki P, Moeller S, Schweers N, Romanski LM, Tsao DY,
Freiwald WA. Faces in motion: selectivity of macaque and human
face processing areas for dynamic stimuli. J Neurosci.
2013;33(29):11768-73. https://doi.org/10.1523/jneurosci.5402-
11.2013.

Bemnstein M, Yovel G. Two neural pathways of face processing: a
critical evaluation of current models. Neurosci Biobehav Rev.
2015;55:536—46. https://doi.org/10.1016/j.neubiorev.2015.06.
010.

Bernstein M, Erez Y, Blank I, Yovel G. An integrated neural
framework for dynamic and static face processing. Sci Rep.
2018;8(1):7036. https://doi.org/10.1038/s41598-018-25405-9.
Patel GH, Sestieri C, Corbetta M. The evolution of the
temporoparietal junction and posterior superior temporal sulcus.
Cortex. 2019;118:38-50. https://doi.org/10.1016/j.cortex.2019.
01.026.

Yeterian EH, Pandya DN. Thalamic connections of the cortex of
the superior temporal sulcus in the rhesus monkey. J Comp
Neurol. 1989;282(1):80-97. https://doi.org/10.1002/cne.
902820107.

Pitcher D, Japee S, Rauth L, Ungerleider LG. The superior tem-
poral sulcus is causally connected to the amygdala: a combined
TBS-fMRI study. J Neurosci. 2017;37(5):1156—61. https://doi.
org/10.1523/jneurosci.0114-16.2016.

@ Springer

129.

130.¢

131.

132..

133.

134.

Stefanacci L, Amaral DG. Topographic organization of cortical
inputs to the lateral nucleus of the macaque monkey amygdala: a
retrograde tracing study. J Comp Neurol. 2000;421(1):52-79.
https://doi.org/10.1002/(sici)1096-9861(20000522)421:1<52::
aid-cne4>3.0.co;2-0.

O'Brien J, Spencer J, Girges C, Johnston A, Hill H. Impaired
perception of facial motion in autism spectrum disorder. PLoS
One. 2014;9(7):e102173. https://doi.org/10.1371/journal.pone.
0102173. Evidence for impairments in dynamic displays of
face expressions in adults with ASD.

Gepner B, Deruelle C, Grynfeltt S. Motion and emotion: a novel
approach to the study of face processing by young autistic chil-
dren. J Autism Dev Disord. 2001;31(1):37—45. https://doi.org/10.
1023/a:1005609629218.

Gepner B, Godde A, Charrier A, Carvalho N, Tardif C. Reducing
facial dynamics’ speed during speech enhances attention to mouth
in children with autism spectrum disorder: an eye-tracking study.
Dev Psychopathol. 2020:1-10. https://doi.org/10.1017/
$0954579420000292. Preliminary evidence that reducing the
velocity of a video of a person speaking alters fixation patterns
in children with ASD.

Berman RA, Wurtz RH. Functional identification of a pulvinar
path from superior colliculus to cortical area MT. J Neurosci.
2010;30(18):6342-54. https://doi.org/10.1523/jneurosci.6176-09.
2010.

Lyon DC, Nassi JJ, Callaway EM. A disynaptic relay from supe-
rior colliculus to dorsal stream visual cortex in macaque monkey.
Neuron. 2010;65(2):270-9. https://doi.org/10.1016/j.neuron.
2010.01.003.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.neurol.2012.07.017
https://doi.org/10.1016/j.neuroimage.2011.03.067
https://doi.org/10.1523/jneurosci.5402-11.2013
https://doi.org/10.1523/jneurosci.5402-11.2013
https://doi.org/10.1016/j.neubiorev.2015.06.010
https://doi.org/10.1016/j.neubiorev.2015.06.010
https://doi.org/10.1038/s41598-018-25405-9
https://doi.org/10.1016/j.cortex.2019.01.026
https://doi.org/10.1016/j.cortex.2019.01.026
https://doi.org/10.1002/cne.902820107
https://doi.org/10.1002/cne.902820107
https://doi.org/10.1523/jneurosci.0114-16.2016
https://doi.org/10.1523/jneurosci.0114-16.2016
https://doi.org/10.1002/(sici)1096-9861(20000522)421:1<52::aid-cne4>3.0.co;2-o
https://doi.org/10.1002/(sici)1096-9861(20000522)421:1<52::aid-cne4>3.0.co;2-o
https://doi.org/10.1371/journal.pone.0102173
https://doi.org/10.1371/journal.pone.0102173
https://doi.org/10.1023/a:1005609629218
https://doi.org/10.1023/a:1005609629218
https://doi.org/10.1017/s0954579420000292
https://doi.org/10.1017/s0954579420000292
https://doi.org/10.1523/jneurosci.6176-09.2010
https://doi.org/10.1523/jneurosci.6176-09.2010
https://doi.org/10.1016/j.neuron.2010.01.003
https://doi.org/10.1016/j.neuron.2010.01.003

	Blink...
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Part 1: A Cook’s Tour of the Visual System
	The Primary Pathways to Visual Cortex
	The Subcortical Amygdala Pathway
	The Subcortical Eye Movement System

	Part 2: How the Visual System Is Affected in ASD
	Future Directions and Concluding Remarks

	Conclusions
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance •• Of major importance



