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ARTICLE INFO ABSTRACT

Keywords: Longitudinal neuroimaging studies conducted over the past decade provide evidence of atypical visual system
Infa'm development in the first years of life in autism spectrum disorder (ASD). Findings from genomic analyses, family
Brain o studies, and postmortem investigations suggest that changes in the visual system in ASD are linked to genetic
Zlﬁtlir;:lmagmg factors, making the visual system an important neural phenotype along the path from genes to behavior that
Development deserves further study. This article reviews what is known about the developing visual system in ASD in the first

years of life; it also explores the potential canalizing role that atypical visual system maturation may have in the
emergence of ASD by placing findings in the context of developmental cascades involving brain development,
attention, and social and cognitive development. Critical gaps in our understanding of human visual system
development are discussed, and future research directions are proposed to improve our understanding of ASD as
a complex neurodevelopmental disorder with origins in early brain development.

1. Introduction

Autism spectrum disorder (ASD) is a lifelong condition diagnosed in
2-3 % of the U.S. population (Maenner et al., 2023) that requires
varying levels of support, with estimated costs of care expected to
exceed $461 billion annually in the by 2025 (Leigh and Du, 2015). While
the median age of diagnosis is approximately four years (Maenner et al.,
2023), early signs of ASD emerge over the later part of the first and
second years of life (Shen and Piven, 2017), spurring calls for early,
presymptomatic (Grzadzinski et al., 2021; Wolff and Piven, 2020) in-
terventions in the first years of life. While there has been progress in
demonstrating feasibility and acceptability of presymptomatic (before
age 18 months) behavioral interventions (Rogers et al., 2014; Team
et al., 2013), these studies have yet to demonstrate robust results and
there is much to learn about when and how to intervene during
heightened periods of plasticity that may confer the greatest long-term
benefit for adaptive outcomes.

One of the greatest risk factors for ASD is having a sibling with a
diagnosis (Lord et al., 2020), reflecting autism’s high heritability
(Sandin et al., 2017) driven by a complex genetic architecture involving
both rare and common inherited variation (Cirnigliaro et al., 2023).
Recurrence rates in families are approximately 20 %, with 1 in 5
younger siblings of ASD children meeting criteria for ASD themselves by
three years of age (Ozonoff et al., 2024, 2011). Infant siblings represent
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a subset of the population at high likelihood (HL) for developing ASD
and have been studied widely over the past two decades using pro-
spective longitudinal designs. Studies have mapped developmental tra-
jectories in brain and behavior to reveal that differences in brain
development are present in the first year of life and precede or coincide
with early differences in sensory, motor, and language behaviors — all of
which are detectable well before consolidation of symptoms into the full
syndrome of ASD not typically observed until the later part of the first
and second years of life (Girault and Piven, 2020).

Several new reports from infant and toddler magnetic resonance
imaging (MRI) studies have converged on the atypical development of
the visual system in ASD, mirroring a growing literature on visual sys-
tem differences in older children and adults with ASD (Berto et al., 2022;
Buch et al., 2023; Hong et al., 2019; Ilioska et al., 2023; Schelinski et al.,
2024; Spiegel et al., 2019). This aligns with postmortem and tran-
scriptomic analyses indicating robust differential gene expression in the
visual cortex in ASD (Gandal et al., 2022), and recent work linking fa-
milial markers of inherited genetic liability for ASD to individual vari-
ation in the structure and function of components of the visual system
(Girault et al., 2022). These findings may explain the well documented
differences in visual attention behaviors present in the infancy and
toddler periods in ASD (Bradshaw et al., 2019; Elison et al., 2013a;
Elsabbagh et al., 2013; Jones and Klin, 2013), making the visual system
an important neural phenotype along the path from genes to behavior

! Mailing Address: Carolina Institute for Developmental Disabilities, Campus Box 3376, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599, USA.

https://doi.org/10.1016/j.dcn.2025.101547

Received 10 October 2024; Received in revised form 17 February 2025; Accepted 3 March 2025

Available online 12 March 2025

1878-9293/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-9271-0354
https://orcid.org/0000-0002-9271-0354
mailto:jessica_girault@med.unc.edu
www.sciencedirect.com/science/journal/18789293
https://www.elsevier.com/locate/dcn
https://doi.org/10.1016/j.dcn.2025.101547
https://doi.org/10.1016/j.dcn.2025.101547
http://creativecommons.org/licenses/by/4.0/

J.B. Girault

Developmental Cognitive Neuroscience 73 (2025) 101547

Visual cortical surface are1a hyper-expansion Atypical WM
(6-12m) connectivity in
visual processing
Amygdala (\g:l;nme)(;vergrovvth areas (24m)5
= Soleni Weakened FC between occipitaktemporal cortex and DMN
% _Sprenium (12 to 48m)e
= microstructure
2 predicts ASDS, : T '
related to visual Atypical myelination in VISUEi7| cortical areas
orienting (6m)* (18m to 5yrs)
Atypical attention and gaze behavior
L | Emergence of autistic social behaviors
] Birth 12m 24m
Atypical FC in extrastriate cortex (1-9m)8 Weakengd
amygdala-visual
8 . . cortex FC
o Atypical thalamic- (12m)"
< 3
3 visual FC,
X~ WM properties
- (1.5m)°
<
2
T Stronger local FC
in visual regions
(3m)10

Fig. 1. Developmental timeline of visual system differences in ASD and HL infants from birth to 24 months. Top panel (“Autism™): Differences in visual system
circuitry in ASD during infancy and toddlerhood are shown (pastel orange) across the period from birth to 24 months (and beyond, indicated by arrows). General
timing of the emergence of atypical visual attention and gaze behaviors (dark orange) and autistic social deficits (red) are shown for comparison. Bottom Panel
(“High Likelihood™): Differences in visual system are shown for studies that compare high likelihood to typical development (blue). References for each neuroimaging
study are shown as superscripts: 1. Hazlett et al., (2017)*; 2. Shen et al., (2022)*; 3. Wolff et al., (2017)*; 4. Elison et al., (2013a)*; 5. Lewis et al., (2014)*; 6.
Lombardo et al., (2019); 7. Chen et al., (2022); 8. Rolison et al., (2021); 9. Nair et al., (2021); 10. Ciarrusta et al., (2020); 11. Liu et al., (2024)*. References with an
asterisk indicate studies conducted on the same cohort of infants. FC = functional connectivity MRI; WM = white matter.

that deserves further study.

In light of this prior work, this article outlines evidence for a po-
tential developmental cascade involving early differences in visual cir-
cuit development that may subserve differences in visually guided
behaviors, alter experience-dependent brain development and ulti-
mately give rise to downstream differences in brain and behavior
observed in ASD (Girault et al., 2022; Piven et al., 2017). The current
state of the literature regarding visual system development in the first
years of life in ASD is presented, with a focus on studies using MRI which
are most abundant in the literature to date and have the required spatial
resolution to assess underlying circuitry. Neurobiological findings are
discussed in the context of emerging differences in visual attention and
social behavior across this period and integrated in a developmental
cascades conceptual framework linking visual brain development to
differences in infant behavior and ultimately the later emergence of the
autistic phenotype. Gaps in our understanding of both typical brain
development and brain development in ASD are highlighted, and key
directions for future studies are proposed. While the focus here is on the
visual system given the growing evidence of converging findings across
neuroimaging modalities, cohorts, and age ranges, as well as evidence of
links to genetic factors, it should be noted that differences in other cir-
cuits/systems (e.g., other sensory circuitry, cerebrospinal fluid neuro-
biology) have been reported during infancy in ASD (Riva et al., 2018;
Shen et al., 2018, 2017, 2013) and likely also play an important role in
the development of ASD that warrants further study. As such, the visual
system is presented here as one possible building block on the devel-
opmental pathway to ASD; other potential pathways are discussed
elsewhere (Bradshaw et al., 2022a).

2. Visual system development during infancy in ASD

Vision is a dominant perceptual ability in humans and the visual
cortex is the most neuronally dense (Collins et al., 2016, 2010; Gandal

et al., 2022) and one of the most highly interconnected areas in the
brain. Visual input is transmitted from the retina to the thalamus (lateral
geniculate nuclei) to the primary visual cortex, where it is then routed
along the dorsal and ventral streams for further processing (Corbetta
et al., 2008). Many other brain regions share direct connections to the
visual cortex and are responsible for processing visual information and
modulating behavioral responses. This includes, for example, the
amygdala which is in part responsible for regulating the allocation of
visual attention (Adolphs and Spezio, 2006), as well as other sub-
cortical/midbrain circuitry, including the superior colliculus and pul-
vinar which may play a particularly important role in visual processing
during infancy (Johnson, 2005; Johnson et al., 2015a, 2015b). In this
review, these “extended” circuit components (i.e., amygdala) are
referred to as part of the visual system though they may fall outside of
the canonical visual circuitry often described in the adult literature. This
is done to offer a wholistic interpretation of the findings (i.e., implica-
tions for behaviors like visual attention/orienting) and in appreciation
of the fact that much is unknown about the neural circuitry that supports
visual processing and attention across early infancy in humans.

The first year of life marks the most rapid period of postnatal visual
system development in the human lifespan, defined by extensive circuit
maturation and refinement at both the cellular (Siu et al., 2017; Siu and
Murphy, 2018) and network level (Gao et al., 2016; Gilmore et al.,
2018), and coinciding with substantial changes in visual perception and
attention (Braddick and Atkinson, 2011; Hendry et al., 2019). These
maturational processes occur in both a genetically-driven and
experience-dependent fashion (Jando et al., 2012; Li et al., 2022) and
include rapid growth of the occipital cortex (Li et al., 2022; Lyall et al.,
2015), as well as microstructural changes in white matter in visual
cortical areas and underlying fiber pathways, driven largely by myeli-
nation (Chen et al., 2022; Deoni et al., 2015; Dubois et al., 2008; Natu
et al., 2021). Studies of resting state functional connectivity show re-
finements in broad-scale visual networks across the first years of life
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(Gao et al., 2016), while recent advances in awake task-based MRI
methods for infants have demonstrated that cortical visual areas may be
more functionally mature than previously recognized. Areas that process
motion are operative by 5-7 weeks of age (Biagi et al., 2023, 2015), the
retinotopic organization of the primary visual cortex is in place by 5
months (Ellis et al., 2021), and the general organization of face pro-
cessing areas is reminiscent of that in adults by 4-6 months (Deen et al.,
2017). However, these studies have been reported in relatively few in-
fants and require replication.

It is during this same period of rapid postnatal growth that differ-
ences in visual system development are first detectable in infants later
diagnosed with ASD (Fig. 1). These brain differences are apparent across
imaging modalities, generally appear within the first year of life, and
implicate multiple neurobiological mechanisms.

2.1. Cortical hyper-expansion

In a landmark structural MRI study of infant siblings, Hazlett and
colleagues reported that between 6 and 12 months of age, the surface
area of the cortex expands at a faster rate in HL infants later diagnosed
with ASD (HL-ASD) compared to both HL infants who did not develop
ASD by age 2 (HL-Neg) and typically developing (TD) infants with no
family history of ASD (Hazlett et al., 2017). Notably, this faster growth
rate, or “hyper-expansion”, of the cortex was most robust in several
regions along the dorsal and ventral visual pathways, including the
bilateral cuneus (striate cortex, primary visual areas), bilateral middle
occipital gyrus, putatively overlapping with extrastriate motion pro-
cessing area MT/V5 (Biagi et al., 2023, 2015), right lingual gyrus
(striate/extrastriate areas), and left inferior temporal gyrus (occipito--
temporal cortex). This cortical hyper-expansion in the first year of life
correlated with and preceded the later overgrowth of global brain vol-
ume in the second year of life (Hazlett et al., 2017), which is a
well-documented neuroimaging phenotype in ASD that persists into
adulthood (Piven et al., 1996, 1995, 1992; Yankowitz et al., 2020). In
line with this, Ohta and colleagues conducted an MRI study in 3-year-old
boys with ASD and reported increased surface area in primary sensory
(including visual), association, and prefrontal cortices (Ohta et al.,
2016). This suggests that mechanisms governing cortical
hyper-expansion in areas important for visual processing in the first year
of life precede widespread differences in cortical surface expansion and
brain overgrowth in ASD. Though, it will be critical to replicate these
findings, as, to date, no other studies of cortical maturation exist across
this age range in HL samples for comparison.

2.2. Atypical development of white matter

Diffusion tensor imaging studies have documented atypical white
matter developmental trajectories during infancy in ASD, with HL-ASD
infants exhibiting slowed trajectories of white matter development from
6 to 24 months of age (Wolff et al., 2012), potentially indicative of
altered or delayed myelination. Several studies report differences in
white matter circuitry supporting visual processing in ASD. White
matter fractional anisotropy at 6 months of age in the splenium, a major
fiber bundle critical to facilitating interhemispheric communication
between visual areas (Putnam et al., 2010), is predictive of later ASD
diagnosis (Wolff et al., 2017) and differentially related to visual ori-
enting ability in HL-ASD infants compared to TD infants (Elison et al.,
2013a). Atypical network structure has also been reported among areas
responsible for visual processing and audio-visual integration in
24-month-old HL-ASD infants (Lewis et al., 2014), with many of the
same areas also exhibiting differences in network integrity in the first
year of life (Lewis et al., 2017).

A small study of infants at HL for ASD suggests these differences in
visuo-occipital tracts may emerge even earlier in development, report-
ing that atypical thalamic-occipital white matter features (increased
mean diffusivity) were apparent in HL infants compared to controls at 6
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weeks of age (Nair et al., 2021). Atypical developmental trajectories of
white matter, and particularly myelination, among regions responsible
for visual processing may also persist later in toddlerhood and pre-
school. Using T1/T2 ratio maps, Chen et al., reported significant
age-related differences in cortical myelination between ASD and TD
children (ages 1.5-5 yrs), such that the ASD group did not show the
same age-related increases in myelination among visual, posterior
cingulate, and precuneus regions as observed in TD, suggesting altered,
or slowed, development of myelination within these regions in ASD
(Chen et al., 2022). This aligns with diffusion tensor imaging findings,
suggesting that overall trajectories of white matter maturation are
slowed or delayed in ASD across the late infancy to toddlerhood/pre-
school period, with differences in visual system white matter emerging
early and persisting.

2.3. Overgrowth and connectivity of the amygdala

The amygdala has long been implicated in ASD (Baron-Cohen et al.,
2000; Chevallier et al., 2012; Pelphrey et al., 2011) and is thought to
play a central role in directing visuospatial attention during face pro-
cessing by modulating visual cortical areas (Adolphs and Spezio, 2006)
via direct neuronal projections (Amaral and Price, 1984). Recent evi-
dence suggests that the amygdala develops atypically in HL-ASD infants
in the first year of life, with downstream consequences for social im-
pairments. Shen and colleagues reported that the amygdala experiences
a period of rapid volumetric overgrowth measured on MRI between 6
and 12 months of age in HL-ASD infants, with growth rates correlating
with social behaviors observed in HL-ASD infants at 24 months, such
that faster rates of change in amygdala growth were associated with
greater impairment (Shen et al., 2022). In a follow-up functional MRI
study in an overlapping sample, amygdala functional connectivity in
12-month-old infants was examined, hypothesizing that connectivity
differences would be present in HL infants, between the amygdala and
visual cortex (which also undergoes a period of rapid growth from 6 to
12 months (Hazlett et al., 2017)). HL infants were found to have weaker
connectivity between the right amygdala and left visual cortex, with
amygdala-visual cortex connectivity being associated with motor and
communication abilities (Liu et al., 2024) that are already atypical by
this age in HL infants who later develop ASD. While this functional
connectivity study did not examine HL-ASD infants (due to sample size
constraints), findings did align with a study reporting weakened
amygdala-visual cortex connectivity in older ASD children (Fishman
et al., 2018), suggesting that differences in connectivity between the
amygdala and visual areas may persist beyond infancy.

2.4. Differences in functional connectivity

Most infant MRI studies of functional connectivity published to date
include group analyses comparing HL infants with infants born into
families with an older TD sibling (no history of ASD), and do not include
diagnostic outcome, either because infants had not yet reached the age
of diagnosis, or sample sizes were insufficient for analyses split by
diagnosis (Liu et al., 2024). These HL studies provide important insights
into how genetic liability for ASD impacts the developing brain, with
many of the findings centering around atypical development in visual
system functional connectivity. As mentioned above, HL infants exhibit
weakened amygdala-visual cortex connectivity by the first birthday (Liu
et al., 2024). Studies have also reported earlier differences in visual
system connectivity among HL infants, including overconnectivity be-
tween the thalamus and occipital cortex at 6 weeks of age (Nair et al.,
2021), atypical trajectories of functional connectivity between the
extrastriate cortex and other brain regions from 1 to 9 months of age
(Rolison et al., 2021), and greater local connectivity in visual and sen-
sory regions at 3 months of age (Ciarrusta et al., 2020). These findings
align with evidence that weaker connectivity between visual and other
networks — including the default mode network (DMN) - at 6 months of
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age, is related to greater genetic liability for ASD (Girault et al., 2022) as
indicated by higher levels of autistic social traits in older ASD siblings
(Girault et al., 2020). Weaker connectivity between the visual networks
and the DMN has been linked to fewer bids for joint attention in a
combined sample of HL and TD infants (Eggebrecht et al., 2017) and has
been reported in ASD toddlers with deficits in visual-social engagement
(Lombardo et al., 2019). Taken together, these findings suggest that HL
infants exhibit atypical development of functional brain networks
involved in visual processing, that may have implications for visual
attention and downstream social development.

2.5. Summary and developmental timeline of visual system differences in
ASD

Differences in the visual system in ASD, and HL infants, unfold across
the first year of life and are present prior to the emergence of global
brain overgrowth and overt ASD symptoms that appear in the second
year (Piven et al., 2017), making it perhaps one of the earliest targetable
circuits for intervention. As outlined in Fig. 1, atypical development of
white matter in visual-occipital tracts is detectable in HL-ASD infants by
6 months of age and persists into toddlerhood, defined by delayed or
protracted development likely driven by differences in myelination
(Chen et al., 2018), with impacts on the integrity of white matter net-
works involved in visual processing (Lewis et al., 2017, 2014). In the
latter part of the first year of life (6-12 months of age), the cortex
hyper-expands in HL-ASD infants, particularly in regions along the
dorsal and ventral visual pathways (Hazlett et al., 2017), concurrent
with the overgrowth of the amygdala (Shen et al., 2022). At the end of
this period of rapid growth the amygdala and visual cortex exhibit
weakened functional connectivity among HL infants, suggesting altered
signaling with implications for cognitive and behavioral development
(Liu et al., 2024). Weakened connectivity between the visual network
and other networks (e.g., DMN) is apparent by toddlerhood in children
with ASD who exhibit deficits in visual-social attention (Lombardo et al.,
2019). Studies of HL infants in the neonatal period suggest that differ-
ences in visual system functional connectivity (Ciarrusta et al., 2020;
Nair et al., 2021; Rolison et al., 2021) and white matter properties (Nair
et al., 2021) may be present as early as the first months of life, though
the links to ASD must be confirmed in future studies incorporating
diagnostic group comparisons and symptom outcomes.

These findings in infancy mirror a growing body of evidence of dif-
ferences in the visual system documented in older children and adults
with ASD using MRI, across a range of affectation, including atypical
functional connectivity involving visual networks (Berto et al., 2022;
Buch et al., 2023; Hong et al., 2019; Ilioska et al., 2023; Lombardo et al.,
2019). A limitation of the infant work to date is that many of the studies
were conducted on the same cohort (see starred references in Fig. 1), and
thus require replication in new samples. While there is much left to learn
about the developing visual system in ASD, findings to date provide
compelling evidence that the visual system develops atypically begin-
ning in early infancy and persisting into adulthood.

3. Genetic factors and the developing visual system in ASD
3.1. Genetic influences on visual system brain development

Like many aspects of brain development, the structure and function
of visual circuitry are heritable. Twin studies have reported moderate to
high levels of genetic influences on neuroimaging measures of visual
system features, including the cross-sectional area of the optic tract
(Miyata et al., 2022), surface area of visual cortical areas (Jha et al.,
2018; Miyata et al.,, 2022), sulcal patterning in the occipital lobe
(Pizzagalli et al., 2020), and the functional organization of early visual
cortical areas (Alvarez et al., 2021; Benson et al., 2022). Further, it has
been shown that visual cortical areas (V1-V3) vary substantially (up to
~ 3-fold) in their size across individuals, independent of total cortical
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surface area (Benson et al., 2022), which, when considered alongside
evidence of high polygenicity (Grasby et al., 2020) and strong genetic
influences (Benson et al., 2022; Grasby et al., 2020) in these regions
suggests a notable role for inherited factors in controlling the develop-
ment of the visual system.

Genetic liability for ASD has also been linked to visual cortex
development. Widespread transcriptomic changes have been observed
across the cortex in ASD, following an anterior-to-posterior gradient
with the most robust differences observed in primary visual cortex
(Gandal et al., 2022). Several studies comparing the spatial distribution
of brain differences in ASD (i.e., functional connectivity, cortical
thickness/surface area) to transcriptomic atlases of the human brain
have revealed that differences in visual cortex/networks are associated
with genes important for regulating excitation and inhibition (Berto
et al., 2022) and immune and synapse function (Buch et al., 2023). In
line with this, work harnessing the infant sibling study design has linked
familial markers of inherited genetic liability for ASD to individual
variation in the structure and function of components of the visual
system (Girault et al., 2022). Specifically, autistic traits in older ASD
siblings (probands) were found to explain up to 20 % of the variation in
multimodal aspects of visual circuitry in HL siblings from 6 to 24 months
of age, such that higher levels of autistic traits, indicative of greater
genetic burden (Frazier et al., 2014; Nijmeijer et al., 2010; Thomas et al.,
2021), were positively correlated with HL-ASD sibling surface area in
the middle occipital gyrus and the microstructural integrity of the
splenium of the corpus callosum. Greater levels of proband ASD traits
were also associated with weaker functional connectivity between the
visual/medial-visual networks and the DMN at 6 months in HL siblings.
Weaker visual-DMN connectivity has been linked to fewer bids for joint
attention in an overlapping sample (Eggebrecht et al., 2017) and
observed in a separate sample of ASD toddlers with deficits in visual
attention to social stimuli (Lombardo et al., 2019). This suggests that
genetic liability for ASD, as indexed by quantitative variation in ASD
traits among family members, may play an important role in shaping
multiple aspects of infant visual system development across the first
years of life.

The complex polygenic and pleiotropic genetic architecture of ASD
(Cirnigliaro et al., 2023), along with the multimodal changes in the vi-
sual system - including cortical surface area expansion, regional brain
overgrowth, atypical patterns of myelination and differences in func-
tional connectivity — implicate multiple pathogenic processes. Proposed
mechanisms include the expansion of the neural progenitor pool,
resulting in increased surface area and brain overgrowth (Marchetto
etal., 2017; Packer, 2016; Piven et al., 2017), and experience-dependent
processes (i.e., synaptic plasticity) that regulate myelination, cortical
expansion, and volumetric growth (Girault and Piven, 2020; Pretzsch
and Ecker, 2023). Several ASD genes also converge on molecular
signaling pathways, including the Wnt pathway (Hashem et al., 2020),
that is responsible for regulating many aspects of embryonic develop-
ment including cortical development and arealization, especially in the
occipital cortex (Grasby et al., 2020). Together, these findings suggest a
complex etiology for ASD grounded in genetic influences on early brain
development, especially as it relates to the patterning of the cortex, with
notable impacts on visual cortex and its early-developing connections to
the rest of the brain.

3.2. Genetic influences on visual processing and attention

In addition to the role genetics plays in the development of visual
circuitry, there is also considerable evidence that aspects of basic visual
processing and the allocation of visual attention are also highly herita-
ble. Twin studies and genome-wide association studies (GWAS) have
demonstrated that approximately 50 % of the variance in various as-
pects of visual processing can be accounted for by genetic factors,
including binocular rivalry (Miller et al., 2010), visual contour inte-
gration (Zhu et al., 2019), and biological motion perception (Wang
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et al., 2018). In a seminal eye-tracking study in 18- to 24-month olds,
Constantino and colleagues reported that twin-twin concordance of vi-
sual attention and eye-gaze features was very high among monozygotic
twins (0.91) (relative to dizygotic twins, 0.35), meaning that how chil-
dren viewed social scenes — down to the millisecond — was under stringent
genetic control (Constantino et al., 2017). The most heritable features of
gaze patterns across this age range were found to be preferential
attention to eye and mouth regions of the face, which were the same
features that were found to be atypical in toddlers with ASD. A study in
5-month-olds downward extended these findings, demonstrating that
preferences to eyes is heritable (heritability estimated at 57 %) even
earlier in infancy (Viktorsson et al., 2023).

Family studies have also suggested that individual variation in visual
attention is influenced by genetic background and genetic liability for
ASD, as both non-ASD parents and siblings of children with ASD exhibit
atypical visual attention and gaze behavior (Adolphs et al., 2008; Dalton
et al., 2007). Even among TD infants and toddlers, subthreshold varia-
tions in autistic traits (i.e., social responsiveness and social motivation)
in parents is predictive of their attentional profiles. For example, an
eye-tracking study reported that typically developing 8-month-old in-
fants born to parents without ASD, but with higher levels of sub-
threshold autistic traits, exhibit slower visual orienting, which was in
turn correlated with later social communication abilities at 21 months of
age (Ronconi et al., 2024). Similarly, Jones and colleagues found 6- and
12-month-old infants of parents with lower levels of social motivation
exhibited reduced social attention and blunted neural responses to faces
during a combined EEG and eye-tracking task (Jones et al., 2016). Taken
together, this suggests that population variation in heritable aspects of
social motivation may play a driving role in the development of the
visual system and its attunement to social information in the
environment.

4. The infant visual system is a building block for attention,
cognition, and social development

The maturation of the visual system is a critical building block to
cognition via its fundamental involvement in visual attention, which
scaffolds learning during infancy by shaping the environment (Amso
and Scerif, 2015; Oakes, 2023; Scarr and McCartney, 1983). There is a
growing body of evidence linking individual variation in the structure
and function of the visual system to aspects of visual attention and
processing, cognition, and social behavior in the first years of life in both
ASD and TD.

4.1. Infant visual system and low-level visual processing, attention

In a MRI and eye-tracking study in HL infants, Elison and colleagues
compared white matter development to performance on the gap overlap
eye-tracking task administered in 6-7-month-old HL and TD infants
(Elison et al., 2013a). They found that orienting latency (i.e., the time it
takes for an infant to disengage and shift attention from one stimulus to
another) was delayed in HL-ASD infants compared to TD infants, with
HL-Neg infants who did not develop ASD exhibiting an intermediate
phenotype. Individual variation in orienting latency was associated with
white matter properties (radial and axial diffusivity and fractional
anisotropy) in the splenium of the corpus callosum (connecting the
bilateral visual/occipital cortex) in TD infants, with HL-ASD infants
exhibiting a different brain-behavior coupling. Studies in typically
developing infants have linked variations in white matter measured by
MRI to low-level visual processing and higher-order attentional behav-
iors. For example, in a follow-up study in TD infants, Elison and col-
leagues reported fronto-limbic circuitry involving the amygdala at 6
months was correlated with the number of bids for joint attention at 9
months of age (Elison et al., 2013b). Reports in preterm infants scanned
in the neonatal period demonstrate links between basic visual function
(i.e., fixation and tracking measured during neurological exam) and the
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microstructural integrity (Bassi et al., 2008; Berman et al., 2009) or
development (Groppo et al., 2014) of the optic radiation. Similarly, a
study using electroencephalography (EEG) to measure visual evoked
potentials (VEP; an event-related response to visual input that follows a
known developmental pattern (Crognale et al., 1997; McCulloch et al.,
1999)) found strong correlations between VEP metrics and MRI-derived
white matter properties specific to the optic radiation (Dubois et al.,
2008). Together, these findings suggest an important role for developing
white matter in subserving variation in basic visual processing and
higher-order attention behaviors during the first months of life.

A MRI functional connectivity study in 12-48-month-olds with ASD
reported weaker connectivity between the DMN and occipital-temporal
cortical (OTC) areas in a subset (~ 30 %) of the ASD sample (Pierce
et al., 2015) with pronounced visual social engagement difficulties as
determined by eye-tracking (Lombardo et al., 2019). Among this ASD
subset, individual variation in OTC-DMN connectivity was associated
with social communication difficulties measured by standard clinical
assessments, suggesting that weakened OCT-DMN functional connec-
tivity in toddlerhood may give rise to observable clinical features via
visual attentional processes. This aligns with evidence in a combined
sample of HL and TD infants that weaker connectivity between the vi-
sual network and the DMN was correlated with fewer bids for joint
attention at 12 months of age during a play-based laboratory assessment
(Eggebrecht et al., 2017).

While these studies highlight the ability to detect links between early
brain measures and visual processing and attention, there remains a
critical need to identify and understand developmental (i.e. longitudi-
nal) circuit-based neural substrates subserving visual behaviors across
the infancy period and their implications for downstream brain and
behavior development. This is especially relevant given hypotheses
regarding developmental shifts in circuitry supporting oculomotor and
attention behaviors in the first months of life (see Section 6.1).

4.2. Infant visual system and cognition

Several studies have linked visual system development during in-
fancy to variations in downstream cognitive abilities. For example, a
MRI study of developing neural flexibility — the frequency at which brain
regions change their membership from one functional module to
another — found that the primary visual network was uniquely stable
(compared to motor and higher-order networks) across the first two
years of life and that reduced flexibility at 3 months was related to
higher overall cognitive ability at 5-6 years of age (Yin et al., 2020).
Behavioral studies also suggest an important role for the infant visual
system in cognitive development. Visual tracking (measured by elec-
trooculography) at 4 months of age in infants born very preterm have
been reported to predict of overall cognitive abilities measured at 3
(Kaul et al., 2016) and 6.5 years of age (Kaul et al., 2022), independent
of visual function. Similarly, a study of both preterm and term-born
infants found that visual fixation and tracking abilities (measured dur-
ing neurological exam) in newborns was correlated with visuo-motor
abilities (i.e., hand-eye coordination, pattern recognition) at age 2 and
non-verbal cognition at age 5 (Stjerna et al., 2015). Together, this sug-
gests that visual system development in the first months of life may
influence trajectories of learning and cognition abilities which rely on
rapid processing of visual input.

4.3. Infant visual system and social behavior

Prior work in HL and HL-ASD infants has demonstrated links be-
tween atypical patterns of visual system brain development and
impairment in social behavior during the first years of life. Shen and
colleagues reported that faster rates of amygdala volume growth on MRI
from 6 to 12 months of age in HL-ASD infants were correlated (r = 0.52)
with greater social deficits measured at 24 months (Shen et al., 2022);
findings were specific to social behavior, as the authors reported no
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correlation with repetitive behaviors. Nair and colleagues reported that,
in a sample of HL infants, thalamic-occipital functional connectivity
strength measured by MRI at 6 weeks of age was correlated with autistic
traits (r > 0.55) and symptoms endorsed by both parents and clinicians
at 36 months of age (Nair et al., 2021). Similarly, as noted above,
Lombardo and colleagues reported strong associations between atypical
DMN-OTC MRI functional connectivity and social deficits (r = -0.78) in
a subset of ASD toddlers with reduced visual attention to social stimuli
(Lombardo et al., 2019). The strength of correlations between visual
brain circuitry and social behavior are notable, as minimal (r = 0.17)
(Hazlett et al., 2017) to no correlation (Amaral et al., 2017; Hazlett
et al., 2005) has been observed between social behavior and global brain
overgrowth in ASD during toddlerhood and preschool. These findings in
infancy and toddlerhood align with MRI studies in adults and children
linking the structure and function of the visual system to social behavior
and autistic traits (Buch et al., 2023; Fishman et al., 2018; Mazziotti
et al., 2022).

5. A developmental cascade model involving the visual system
in ASD

The developmental cascades framework proposes that development
is a cumulative consequence of interactions across domains, biological
systems, and environmental contexts that fundamentally alter the course
of development (Masten and Cicchetti, 2010). It has been applied to
neurodevelopmental disorders including ASD (Bradshaw et al., 2022a)
and genetic syndromes (Jarvinen-Pasley et al., 2008) and provides an
important framework for describing how initiating events may spread
across multiple systems of development (i.e., from one-to-many neural
circuits, from a lower-level to many higher-order behaviors).

Following this framework and building from the evidence regarding
atypical visual system development in ASD, we hypothesize that genetic
liability for ASD initiates the atypical ontogenetic development of the
visual cortex and its connections with other brain areas (e.g., thalamus,
amygdala, extrastriate areas), resulting in differences in the macroscale
structure and function of visual circuits detectable in the first weeks and
months of life in HL and HL-ASD infants. These differences in visual
circuitry give rise to deficits in low-level visual processing and attention
that emerge in the months after birth. The impact of atypical attention
behaviors is likely to be two-fold, influencing the development of
downstream cognition and social behavior by both (1) constructing
ecological niches for learning (Constantino et al., 2017; Scarr and
McCartney, 1983) and (2) leading to the continued atypical develop-
ment of the visual system and its connections with other brain networks
though experience-dependent processes for circuit refinement during
infancy, fundamentally altering cortical hierarchies and functional
network topologies (Hong et al., 2019) for higher-order cognitive pro-
cessing, and potentially leading to inefficient circuit refinement and the
overgrowth of the brain (Piven et al., 2017). This cascade of
brain-behavior changes may ultimately give rise to aspects of the ASD
phenotype, and in particular its defining social features, later in
toddlerhood by disrupting both the neural circuitry and environmental
context for social learning.

While the initial evidence for this model is compelling, there are
many critical components of the cascade that have yet to be tested, and
no work to date has considered the entire model. Determining how vi-
sual circuitry develops to support visual processing, attention, and social
behavior during a period of heightened plasticity and vulnerability
during the infancy period is a defining research agenda for future work.

6. Critical gaps in our understanding of human visual system
development

Our understanding of the visual system is largely derived from
studies in awake adults, non-human primates, and animal models. Far
less is understood about visual system maturation in human infants,
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especially during the first months of postnatal development. While there
have been several pioneering neuroimaging studies of visual system
structure (Dubois et al., 2008; Groppo et al., 2014; Natu et al., 2021;
Stjerna et al., 2015) and function (Biagi et al., 2023, 2015; Deen et al.,
2017; Ellis et al., 2021) in early infancy, most include largely cross
sectional or relatively sparse longitudinal sampling, and none have
jointly examined subcortical and cortical components of visual circuitry
or links to later behavior. Findings to date in HL and HL-ASD infants
suggest that some aspects of visual circuitry exhibit atypical develop-
ment in the first 6 weeks (Nair et al., 2021) to 6 months of life (Elison
et al., 2013a), aligning with evidence of differences in visual attention
that emerge in the early postnatal period (Bradshaw et al., 2019; Giorgio
et al.,, 2021, 2016; Jones and Klin, 2013). Together, this calls for a
detailed understanding of how the human visual system develops to
support visual attention in the first months of life. We focus specifically
on two key areas for future research: (1) defining the neural circuitry
that underlies visual attention development in the first six months of life
and understanding links to later, higher-order circuit maturation, and
(2) understanding the role of visual processing in the modulation of
attention during infancy.

6.1. Shifts from subcortical to cortical modulation of visual behavior in
infants — the critical need to examine this hypothesis

While the exact timing of the onset varies somewhat between studies,
there has been consistent evidence that visual attention is atypical across
the first months of life in ASD and HL infants (Bradshaw et al., 2022b,
2019; Giorgio et al., 2021, 2016; Jones and Klin, 2013), with differences
that are prominent and detectable across multiple cohorts by approxi-
mately 6 months of age (Chawarska et al., 2013; Elison et al., 2013a;
Jones et al., 2016; Jones and Klin, 2013). It has been hypothesized that
differences in visual attention in ASD during the first months of life are
related to a “developmental shift” from subcortically- to cortically-
mediated visual behavior (Johnson, 1990, 2005; Johnson et al., 2015a,
2015b), such that earlier-acting subcortical circuits involving the
amygdala, pulvinar, and superior colliculus are initially “intact”, but
that the shift to cortically-mediated routes (lateral geniculate nuclei to
visual cortex, visual cortex to dorsal/ventral pathways) later in infancy
is delayed or disrupted (Johnson, 2005; Johnson et al., 2015a, 2015b;
Jones and Klin, 2013; Klin et al., 2015). However, to date, no
brain-behavior studies provide empirical evidence to directly support
this hypothesis in ASD, nor are there any published studies in human
infants documenting this shift occurs in TD. In fact, there is an active
debate in the field as to the relative contributions of subcortical and
cortical pathways to gaze behavior and other functions (e.g., motor
control, cognition) in infancy (Aslin et al., 2023; Blumberg and Adolph,
2023; Liu et al., 2023), driven by mounting evidence that the visual
cortex and cortical areas involved in visual processing are functional
during visual processing in early infancy (Biagi et al., 2023, 2015; Deen
et al., 2017; Ellis et al., 2021). This has resulted in multiple calls to
investigate this hypothesis developmentally (Constantino, 2018a; Klin
et al., 2015; Liu et al., 2023).

A developmental approach is further bolstered by evidence from
animal models suggesting that there may be transient connections be-
tween subcortical (e.g., pulvinar) and cortical visual areas in early
development that could play a fundamental role in not only the early
processing of visual input, but also the patterning and development of
the visual cortex (Bridge et al., 2016). Studies that involve state of the
art neuroimaging at dense sampling rates during infancy have the
incredible potential to reveal patterns of structural and functional con-
nectivity between subcortical and cortical circuits across this period to
inform the current understanding of postnatal visual system develop-
ment. Further, empirical studies linking subcortical and cortical activity
to looking behavior in infants younger than 6 months of age will be
necessary to test the relative contributions of each pathway to gaze
behavior and visual attention (Liu et al., 2023).
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It will also be essential to understand how the early-developing vi-
sual system may scaffold the development of higher-order networks that
support cognition and learning (Rosen et al., 2019). For example, brain
overgrowth is observed after a period of atypical early visual system
development in ASD (Hazlett et al., 2017), and atypical cortical hier-
archies involving the visual system are observed in ASD (Hong et al.,
2019), yet it remains unclear whether (or to what degree) differences in
the development of the visual system are causal or specific to these
downstream differences in global aspects of circuit development or if
they are the bellwether of what is to come as the rest of the brain ma-
tures. While it has been hypothesized that the prefrontal cortex, for
example, develops independently of sensory input (Johnson et al.,
2015a, 2015b), these ideas have been more recently challenged by work
in animal models demonstrating that activity in the developing pre-
frontal cortex is modulated by sensory experience (Gomez et al., 2023).
In humans we may be able to test the role of visual input on downstream
circuit changes through experimental manipulations designed to stim-
ulate the developing visual system, with some examples described below
(Section 7).

6.2. The role of visual processing in modulating attention

Differences in visual attention may be subserved or accompanied by
deficits in low-level visual processing. Indeed, differences in various
aspects of low-level visual processing have been captured by EEG during
infancy, childhood, and adulthood in ASD (Hardiansyah et al., 2023;
Richards et al., 2023; Siper et al., 2016) and related neurodevelopmental
disorders (Gallego et al., 2014; Lalancette et al., 2022). This includes
binocular rivalry, which occurs when visual perception alternates be-
tween incompatible images presented to each eye and is reported to be
slowed or fundamentally altered in ASD by adulthood (Spiegel et al.,
2019). Differences in motion perception measured by EEG have also
been well documented (Spiteri and Crewther, 2021), with recent evi-
dence of atypical motion processing as early as 5 months in HL infants
(Hardiansyah et al., 2023; Nystrom et al., 2021). Luminance contrast
sensitivity measured by EEG also differs in 6-month-old HL infants
compared to TD infants (McCleery et al., 2007), which may arise via
atypical function of the magnocellular (M) pathway that carries visual
information to the superior colliculus and pulvinar as part of a “quick
and dirty” processing stream for high-level features consistent with
general elements human face configurations (i.e., eyes, nose) (Johnson,
2005). M pathway function measured using MRI has also been reported
to be atypical in adults with ASD (Schelinski et al., 2024), while EEG has
captured differences in males with fragile X syndrome, an X-linked
single-gene disorder that shares many clinical features with ASD (Kogan
et al., 2004). Interestingly, several aspects of visual processing captured
by eye-tracking have also been shown to differ between males and fe-
males (Shaqiri et al., 2018), as well as the development of contrast
sensitivity across infancy measured by EEG (Dobkins et al., 2009). This
aligns with MRI evidence that visual cortical areas responsible for object
recognition and face processing are among the most sexually dimorphic
structures in the brain (at least in terms of size) (Liu et al., 2020) and
suggests an interesting sex effect on the developing visual system with
relevance to ASD that deserves further study.

Many visual processing abilities have been shown to develop in an
experience dependent manner in EEG studies, such that increased
postnatal visual experience (quantified by comparing infants born at and
before term matched for gestational age) impacts the rate of develop-
ment (Dobkins et al., 2009; Jando et al., 2012). This highlights the
powerful role of early experience in shaping these low-level processing
abilities, highlighting their potential as modifiable targets for very early
intervention. While some preliminary evidence (Amso et al., 2014) ex-
ists to suggest that visual skill development in infants may guide the
development of visual attention, very little work has been done to
comprehensively map the development of visual function and down-
stream visual attention within the same individuals over time. This will be
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essential to understanding how the earliest stages of visual development
may serve as a physiological scaffold, or filter, on what infants can
resolve and attend to in the visual field (Purpura and Tinelli, 2020).

7. The visual system: measuring developmental change, promise
for intervention

Classical studies of experience-dependent plasticity show profound
effects on local circuitry in the visual cortex after periods of visual
deprivation during critical periods of development, as well the
remarkable ability to modulate or “re-open” the critical period to rescue
certain visual functions and visual processing deficits (Hensch, 2005).
This both highlights the potential vulnerability and adaptability of the
visual system as a target for very early intervention in HL infants, and
suggests that the visual system may be easily modulated to examine the
developmental cascade model. There are interesting and compelling
examples with relevance to ASD, including interventions targeting vi-
sual processing shortly after birth as well as training of visual attention
later in infancy. The intervention and training studies described below
highlight the potential to examine developmental cascades in the visual
system by modulating visual and visual-attentional experiences.

Several studies in infants find that interventions in the first weeks of
life using multisensory stimulation induce changes in basic visual pro-
cessing measured by EEG (Blystad and Meer, 2022; Fontana et al., 2020;
Guzzetta et al., 2009; Rodovanski et al., 2021). For example, Guzzetta
and colleagues tested whether infant massage in the neonatal intensive
care unit accelerated brain development in infants born preterm (30-33
weeks), and then performed a cross-species comparison in rats to
examine underlying mechanisms of action. They found that preterm
infants (n = 10) who underwent postnatal massage (15-minute sessions
performed 3 times a day for 10 days over a 12-day period) displayed
evidence of more mature VEP signals (N300 latency) and increased vi-
sual acuity at 3 months of age compared to control infants. Similarly,
massaged rat pups also showed more mature VEP responses compared to
controls, which was mediated by levels of IGF-1, a growth factor that
regulates brain development (when IGF-1 was blocked, there were no
effects of massage). The authors conclude that tactile stimulation pro-
duces changes in brain development, modulated by IGF-1, most notably
(but not only) in visual cortex which is developing rapidly during a
critical period. Similarly, Blystad and colleagues recorded VEPs at two
timepoints in infancy, first around 4-5 months of age and again after
experience with self-locomotion (e.g., crawling) between 9 and 12
months of age in infants who received extra motor stimulation in the
form of weekly infant swim lessons (beginning at 1.5-4 months of age)
with a caregiver compared to two other groups without extra stimula-
tion (a full-term and preterm group). They found that at both the first
and second visits, infants who received extra motor stimulation
exhibited enhanced development of visual motion perception, and also
had the greatest developmental improvements in visual motion
perception over time, indicated by VEP N2 latency (Blystad and Meer,
2022). These findings fit with a large body of evidence that
action-perception associations are essential to early brain development
(Byrge et al., 2014; Jayaraman et al., 2015), and suggest that relatively
simple interventions that may be feasibly implemented in the home
(Rodovanski et al., 2021) have the potential to induce changes in
low-level visual processing. These studies also provide preliminary ev-
idence of readouts of intervention success in the form of EEG recordings;
future efforts should consider using MRI to understand the underlying
circuit changes, including changes in white matter which happen
rapidly across this period and signal underlying changes in plasticity
(Swanson and Hazlett, 2019).

A series of studies have suggested that training visual attention using
eye-tracking paradigms in older infants (9-12 months) is feasible and
can impact social responsiveness. In five laboratory visits over 15 days,
Wass and colleagues demonstrated that attentional training (using eye-
tracking, screened based protocols) in 11-month-olds led to improved
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Box 1
Questions for Future Study

opment in typically developing and HL infants?

opment and ASD?

e What are the relative contributions of subcortical and cortical visual circuitry to visual processing and attention in human infants?
e How does low-level visual processing during the first months of life map to changes in attention and how are these linked to brain devel-

o Are there sex differences in the development of the visual system during infancy that may underlie the higher occurrence of ASD in males?
e What role does genetic background and genetic liability in play in shaping variation in the developing visual system in both typical devel-

e Can interventions targeting low-level visual processing promote adaptive behavioral development?

Genetic liability l/
for ASD

‘ ; Atypical development of
visual brain circuitry,

Changes in experience-
dependent brain/behavior
development

visual attention (

Presymptomatic period

Emergence of
La ASD phenotype

Emergence of autism symptoms

Birth

Toddlerhood

Fig. 2. Developmental cascade involving genetics, visual system circuitry, visual attention, and downstream brain development, cognition and behavior in ASD. In
this hypothesized cascade model, genetic liability for ASD influences the development of visual circuitry that subserves atypical visual attentional and gaze behavior
during infancy. Atypical visual system function and differences in visual attention create an altered visual environment for learning, impacting experience-dependent
neural development and the development of higher-order brain networks that subserve cognition and social behavior, ultimately giving rise to widespread differences
in brain development (e.g., brain overgrowth) and the ASD phenotype that emerges during toddlerhood.

cognitive control and sustained attention, as well as reduced saccadic
reaction times (Wass et al., 2011). Implementing a similar training
paradigm in community settings meant to engage lower-resource fam-
ilies resulted in largely similar findings to their original lab-based study,
suggesting feasibility outside of strictly controlled settings, though
drop-out rates were quite high (Ballieux et al., 2016). Finally, a six-week
attentional training period was tested for its transfer effects to more
complex social and cognitive skills during infancy, with training starting
at 9 months of age (Forssman and Wass, 2018). The authors reported
significant increases in sustained attention both immediately following
training and at 6-week follow-up, as well as increases in responsiveness
to social cues (following pointing and gaze) at follow-up, with training
gains correlated with the degree of improvement in social responsive-
ness. Together, these findings suggest that training visual attention
during the later part of the first year of life can result in changes in
attention and social responsiveness, though the long-term effects have
yet to be examined/reported. Future work is needed to understand
whether these interventions may be implemented outside of controlled
experiments with specialized equipment, or what changes they may
produce, if any, in HL infants who already show differences in visual
attention by these ages.

While the field is far from implementing any specific interventions
for visual system development in HL infants, each of the examples above
provides important preliminary evidence that the visual system is
adaptable, and that changes in visual processing and attention can be
measured after brief periods of training or intervention during infancy
and toddlerhood. Future work in infants should consider how such
paradigms may be incorporated into longitudinal developmental
research to directly examine cascades linking the visual system to
downstream brain and behavior development.

8. Conclusions and the path forward

The development of the visual system may have a fundamental role
in the emergence of ASD that warrants further study, though several
outstanding questions must be addressed (Box 1). These include the
need for a more detailed understanding of the neural circuitry sup-
porting visual attention across the first months of life and a mapping of
the associations between low-level visual processing and attention
across infancy. Prospective studies will be essential to addressing the
gaps in knowledge and will need to include multiple levels of analysis (e.
g., MRI, EEG, eye-tracking, naturalistic behavior, clinical assessment)
and dense longitudinal sampling (e.g., monthly, or on a scale similar to
expected intervention timelines). Future work should also consider
testing the developmental cascade model directly (Fig. 2) through
experimental trials stimulating visual system development and
measuring downstream changes in both brain and behavior across
proximal (weeks) and distal (several months) time points, including
longer-term follow-up to assess impact on adaptive behaviors (e.g., so-
cial ability, communication skills). These initial studies need not take
place solely in HL infants; important evidence of the developmental
cascade could be confirmed in typically developing samples first, setting
the stage for rigorous studies to follow in HL samples.

The next wave of longitudinal studies aimed at examining visual
system development in both TD and HL samples should make every
effort to examine the role that background genetics and biological sex
may play in the emergence of phenotypic variation in visual system
neurobiology, visual processing, attention, and later social behavior —
without a careful consideration of these factors in both cases and con-
trols, we may miss important details about causal influences in ASD
(Constantino, 2018b). Background genetics and genetic liability can be
indexed behaviorally in family members, with detectable effects in
relatively small samples, making this a feasible addition to many study
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protocols (Girault et al., 2022, 2020; Jones et al., 2016; Ronconi et al.,
2024). Finally, the consideration of a developmental cascades frame-
work involving the visual system as a building block and intervention
target has the potential to inform not only etiology and intervention
targets idiopathic ASD, but also for genetically related neuro-
developmental disorders (e.g., ADHD) with known atypicalities in visual
system neurobiology, attention, and processing (Vandewouw et al.,
2020).

Funding Information

Dr. Girault’s work is supported by the National Institutes of Health
(K01-MH122779; R01-HD055741; R01-MH123716, R0O1-MH130441),
the Autism Science Foundation, and the Foundation of Hope.

CRediT authorship contribution statement

Jessica B Girault: Writing — review & editing, Writing — original
draft, Conceptualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The author thanks Dr. Joseph Piven for his insightful feedback on
these ideas and earlier drafts of this work.

Data availability
No data was used for the research described in the article.

References

Adolphs, R., Spezio, M., 2006. Role of the amygdala in processing visual social stimuli.
Prog. Brain Res. 156, 363-378. https://doi.org/10.1016/50079-6123(06)56020-0.

Adolphs, R., Spezio, M.L., Parlier, M., Piven, J., 2008. Distinct face-processing strategies
in parents of autistic children. Curr. Biol.: CB 18, 1090-1093. https://doi.org/
10.1016/j.cub.2008.06.073.

Alvarez, 1., Finlayson, N.J., Ei, S., Haas, B. de, Greenwood, J.A., Schwarzkopf, D.S., 2021.
Heritable functional architecture in human visual cortex. Neuroimage 239, 118286.
https://doi.org/10.1016/j.neuroimage.2021.118286.

Amaral, D.G., Price, J.L., 1984. Amygdalo-cortical projections in the monkey (Macaca
fascicularis). J. Comp. Neurol. 230, 465-496. https://doi.org/10.1002/
cne.902300402.

Amaral, D.G,, Li, D., Libero, L., Solomon, M., Water, J.V. de, Mastergeorge, A.,
Naigles, L., Rogers, S., Nordahl, C.W., 2017. In pursuit of neurophenotypes: the
consequences of having autism and a big brain. Autism Res. 10, 711-722. https://
doi.org/10.1002/aur.1755.

Amso, D., Scerif, G., 2015. The attentive brain: insights from developmental cognitive
neuroscience. Nat. Rev. Neurosci. 16, 606-619. https://doi.org/10.1038/nrn4025.

Amso, D., Haas, S., Markant, J., 2014. An eye tracking investigation of developmental
change in bottom-up attention orienting to faces in cluttered natural scenes. PLoS
One 9, e85701. https://doi.org/10.1371/journal.pone.0085701.

Aslin, R.N., Fox, N.A., Lewkowicz, D.J., Maurer, D., Nelson, C.A., Hofsten, C. von, 2023.
Multiple pathways to developmental continuity in infant cognition. Trends Cogn.
Sci. 27, 692-693. https://doi.org/10.1016/j.tics.2023.04.007.

Ballieux, H., Wass, S.V., Tomalski, P., Kushnerenko, E., Karmiloff-Smith, A., Johnson, M.
H., Moore, D.G., 2016. Applying gaze-contingent training within community settings
to infants from diverse SES backgrounds. J. Appl. Dev. Psychol. 43, 8-17. https://
doi.org/10.1016/j.appdev.2015.12.005.

Baron-Cohen, S., Ring, H.A., Bullmore, E.T., Wheelwright, S., Ashwin, C., Williams, S.C.,
2000. The amygdala theory of autism. Neurosci. Biobehav. Rev. 24, 355-364.

Bassi, L., Ricci, D., Volzone, A., Allsop, J.M., Srinivasan, L., Pai, A., Ribes, C.,
Ramenghi, L.A., Mercuri, E., Mosca, F., Edwards, A.D., Cowan, F.M., Rutherford, M.
A., Counsell, S.J., 2008. Probabilistic diffusion tractography of the optic radiations
and visual function in preterm infants at term equivalent age. Brain 131, 573-582.
https://doi.org/10.1093/brain/awm327.

Benson, N.C., Yoon, J.M.D., Forenzo, D., Engel, S.A., Kay, K.N., Winawer, J., 2022.
Variability of the surface area of the V1, V2, and V3 maps in a large sample of human
observers. J. Neurosci. 42, 8629-8646. https://doi.org/10.1523/jneurosci.0690-
21.2022.

Developmental Cognitive Neuroscience 73 (2025) 101547

Berman, J.I., Glass, H.C., Miller, S.P., Mukherjee, P., Ferriero, D.M., Barkovich, A.J.,
Vigneron, D.B., Henry, R.G., 2009. Quantitative fiber tracking analysis of the optic
radiation correlated with visual performance in premature newborns. Am. J.
Neuroradiol. 30, 120-124. https://doi.org/10.3174/ajnr.al304.

Berto, S., Treacher, A.H., Caglayan, E., Luo, D., Haney, J.R., Gandal, M.J., Geschwind, D.
H., Montillo, A.A., Konopka, G., 2022. Association between resting-state functional
brain connectivity and gene expression is altered in autism spectrum disorder. Nat.
Commun. 13, 3328. https://doi.org/10.1038/s41467-022-31053-5.

Biagi, L., Crespi, S.A., Tosetti, M., Morrone, M.C., 2015. BOLD response selective to flow-
motion in very young infants. Plos Biol. 13, €1002260. https://doi.org/10.1371/
journal.pbio.1002260.

Biagi, L., Tosetti, M., Crespi, S.A., Morrone, M.C., 2023. Development of BOLD response
to motion in human infants. J. Neurosci. 43, 3825-3837. https://doi.org/10.1523/
jneurosci.0837-22.2023.

Blumberg, M.S., Adolph, K.E., 2023. Infant action and cognition: what’s at stake? Trends
Cogn. Sci. 27, 696-698. https://doi.org/10.1016/j.tics.2023.05.008.

Blystad, J.B., Meer, A.L.H. van der, 2022. Longitudinal study of infants receiving extra
motor stimulation, full-term control infants, and infants born preterm: high-density
EEG analyses of cortical activity in response to visual motion. Dev. Psychobiol. 64,
€22276. https://doi.org/10.1002/dev.22276.

Braddick, O., Atkinson, J., 2011. Development of human visual function. Vis. Res. 51,
1588-1609. https://doi.org/10.1016/j.visres.2011.02.018.

Bradshaw, J., Klin, A., Evans, L., Klaiman, C., Saulnier, C., McCracken, C., 2019.
Development of attention from birth to 5 months in infants at risk for autism
spectrum disorder. Dev. Psychopathol. 128, 1-11. https://doi.org/10.1017/
50954579419000233.

Bradshaw, J., Schwichtenberg, A.J., Iverson, J.M., 2022a. Capturing the complexity of
autism: applying a developmental cascades framework. Child Dev. Perspect. 16,
18-26. https://doi.org/10.1111/cdep.12439.

Bradshaw, J., Shi, D., Hendrix, C.L., Saulnier, C., Klaiman, C., 2022b. Neonatal
neurobehavior in infants with autism spectrum disorder. Dev. Med. Child Neurol.
https://doi.org/10.1111/dmen.15096.

Bridge, H., Leopold, D.A., Bourne, J.A., 2016. Adaptive pulvinar circuitry supports visual
cognition. Trends Cogn. Sci. 20, 146-157. https://doi.org/10.1016/j.
tics.2015.10.003.

Buch, A.M., Vértes, P.E., Seidlitz, J., Kim, S.H., Grosenick, L., Liston, C., 2023. Molecular
and network-level mechanisms explaining individual differences in autism spectrum
disorder. Nat. Neurosci. 1-14. https://doi.org/10.1038/541593-023-01259-x.

Byrge, L., Sporns, O., Smith, L.B., 2014. Developmental process emerges from extended
brain-body-behavior networks. Trends Cogn. Sci. 18, 395-403. https://doi.org/
10.1016/j.tics.2014.04.010.

Chawarska, K., Macari, S., Shic, F., 2013. Decreased spontaneous attention to social
scenes in 6-month-old infants later diagnosed with autism spectrum disorders. Biol.
Psychiatry 74, 195-203. https://doi.org/10.1016/j.biopsych.2012.11.022.

Chen, B., Linke, A., Olson, L., Kohli, J., Kinnear, M., Sereno, M., Miiller, R., Carper, R.,
Fishman, I., 2022. Cortical myelination in toddlers and preschoolers with autism
spectrum disorder. Dev. Neurobiol. 82, 261-274. https://doi.org/10.1002/
dneu.22874.

Chen, Heng, Wang, J., Uddin, L.Q., Wang, X., Guo, X., Lu, F., Duan, X., Wy, L.,

Chen, Huafu, 2018. Aberrant functional connectivity of neural circuits associated
with social and sensorimotor deficits in young children with autism spectrum
disorder. Autism Res. 11, 1643-1652. https://doi.org/10.1002/aur.2029.

Chevallier, C., Kohls, G., Troiani, V., Brodkin, E.S., Schultz, R.T., 2012. The social
motivation theory of autism. Trends Cogn. Sci. 16, 231-239. https://doi.org/
10.1016/j.tics.2012.02.007.

Ciarrusta, J., Dimitrova, R., Batalle, D., O’Muircheartaigh, J., Cordero-Grande, L.,
Price, A., Hughes, E., Kangas, J., Perry, E., Javed, A., Demilew, J., Hajnal, J.,
Edwards, A.D., Murphy, D., Arichi, T., McAlonan, G., 2020. Emerging functional
connectivity differences in newborn infants vulnerable to autism spectrum disorders.
Transl. Psychiatry 10, 131. https://doi.org/10.1038/541398-020-0805-y.

Cirnigliaro, M., Chang, T.S., Arteaga, S.A., Pérez-Cano, L., Ruzzo, E.K., Gordon, A.,
Bicks, L.K., Jung, J.-Y., Lowe, J.K., Wall, D.P., Geschwind, D.H., 2023. The
contributions of rare inherited and polygenic risk to ASD in multiplex families. Proc.
Natl. Acad. Sci. 120, e2215632120. https://doi.org/10.1073/pnas.2215632120.

Collins, C.E., Airey, D.C., Young, N.A., Leitch, D.B., Kaas, J.H., 2010. Neuron densities
vary across and within cortical areas in primates. Proc. Natl. Acad. Sci. 107,
15927-15932. https://doi.org/10.1073/pnas.1010356107.

Collins, C.E., Turner, E.C., Sawyer, E.K., Reed, J.L., Young, N.A., Flaherty, D.K., Kaas, J.
H., 2016. Cortical cell and neuron density estimates in one chimpanzee hemisphere.
Proc. Natl. Acad. Sci. 113, 740-745. https://doi.org/10.1073/pnas.1524208113.

Constantino, J.N., 2018b. Deconstructing autism: from unitary syndrome to contributory
developmental endophenotypes. Int. Rev. Psychiatry 30, 18-24. https://doi.org/
10.1080/09540261.2018.1433133.

Constantino, J.N., 2018a. Early behavioral indices of inherited liability to autism.
Pediatr. Res. 114, 129. https://doi.org/10.1038/541390-018-0217-3.

Constantino, J.N., Kennon-McGill, S., Weichselbaum, C., Marrus, N., Haider, A.,
Glowinski, A.L., Gillespie, S., Klaiman, C., Klin, A., Jones, W., 2017. Infant viewing
of social scenes is under genetic control and is atypical in autism. Nature 547,
340-344. https://doi.org/10.1038/nature22999.

Corbetta, M., Patel, G., Shulman, G.L., 2008. The reorienting system of the human brain:
from environment to theory of mind. Neuron 58, 306-324. https://doi.org/10.1016/
j-neuron.2008.04.017.

Crognale, M.A., Kelly, J.P., Chang, S., Weiss, A.H., Teller, D.Y., 1997. Development of
pattern visual evoked potentials: longitudinal measurements in human infants.
Optom. Vis. Sci. 74, 808-815. https://doi.org/10.1097/00006324-199710000-
00020.


https://doi.org/10.1016/s0079-6123(06)56020-0
https://doi.org/10.1016/j.cub.2008.06.073
https://doi.org/10.1016/j.cub.2008.06.073
https://doi.org/10.1016/j.neuroimage.2021.118286
https://doi.org/10.1002/cne.902300402
https://doi.org/10.1002/cne.902300402
https://doi.org/10.1002/aur.1755
https://doi.org/10.1002/aur.1755
https://doi.org/10.1038/nrn4025
https://doi.org/10.1371/journal.pone.0085701
https://doi.org/10.1016/j.tics.2023.04.007
https://doi.org/10.1016/j.appdev.2015.12.005
https://doi.org/10.1016/j.appdev.2015.12.005
http://refhub.elsevier.com/S1878-9293(25)00042-8/sbref10
http://refhub.elsevier.com/S1878-9293(25)00042-8/sbref10
https://doi.org/10.1093/brain/awm327
https://doi.org/10.1523/jneurosci.0690-21.2022
https://doi.org/10.1523/jneurosci.0690-21.2022
https://doi.org/10.3174/ajnr.a1304
https://doi.org/10.1038/s41467-022-31053-5
https://doi.org/10.1371/journal.pbio.1002260
https://doi.org/10.1371/journal.pbio.1002260
https://doi.org/10.1523/jneurosci.0837-22.2023
https://doi.org/10.1523/jneurosci.0837-22.2023
https://doi.org/10.1016/j.tics.2023.05.008
https://doi.org/10.1002/dev.22276
https://doi.org/10.1016/j.visres.2011.02.018
https://doi.org/10.1017/s0954579419000233
https://doi.org/10.1017/s0954579419000233
https://doi.org/10.1111/cdep.12439
https://doi.org/10.1111/dmcn.15096
https://doi.org/10.1016/j.tics.2015.10.003
https://doi.org/10.1016/j.tics.2015.10.003
https://doi.org/10.1038/s41593-023-01259-x
https://doi.org/10.1016/j.tics.2014.04.010
https://doi.org/10.1016/j.tics.2014.04.010
https://doi.org/10.1016/j.biopsych.2012.11.022
https://doi.org/10.1002/dneu.22874
https://doi.org/10.1002/dneu.22874
https://doi.org/10.1002/aur.2029
https://doi.org/10.1016/j.tics.2012.02.007
https://doi.org/10.1016/j.tics.2012.02.007
https://doi.org/10.1038/s41398-020-0805-y
https://doi.org/10.1073/pnas.2215632120
https://doi.org/10.1073/pnas.1010356107
https://doi.org/10.1073/pnas.1524208113
https://doi.org/10.1080/09540261.2018.1433133
https://doi.org/10.1080/09540261.2018.1433133
https://doi.org/10.1038/s41390-018-0217-3
https://doi.org/10.1038/nature22999
https://doi.org/10.1016/j.neuron.2008.04.017
https://doi.org/10.1016/j.neuron.2008.04.017
https://doi.org/10.1097/00006324-199710000-00020
https://doi.org/10.1097/00006324-199710000-00020

J.B. Girault

Dalton, K.M., Nacewicz, B.M., Alexander, A.L., Davidson, R.J., 2007. Gaze-fixation, brain
activation, and amygdala volume in unaffected siblings of individuals with autism.
Biol. Psychiatry 61, 512-520. https://doi.org/10.1016/j.biopsych.2006.05.019.

Deen, B., Richardson, H., Dilks, D.D., Takahashi, A., Keil, B., Wald, L.L., Kanwisher, N.,
Saxe, R., 2017. Organization of high-level visual cortex in human infants. Nat.
Commun. 8, 13995. https://doi.org/10.1038/ncomms13995.

Deoni, S.C.L., Dean, D.C., Remer, J., Dirks, H., O’Muircheartaigh, J., 2015. Cortical
maturation and myelination in healthy toddlers and young children. Neurolmage
115, 147-161. https://doi.org/10.1016/j.neuroimage.2015.04.058.

Dobkins, K.R., Bosworth, R.G., McCleery, J.P., 2009. Effects of gestational length,
gender, postnatal age, and birth order on visual contrast sensitivity in infants. J. Vis.
9. https://doi.org/10.1167,/9.10.19 (19-19.

Dubois, J., Dehaene-Lambertz, G., Soares, C., Cointepas, Y., Bihan, D.L., Hertz-
Pannier, L., 2008. Microstructural correlates of infant functional development:
example of the visual pathways. J. Neurosci. 28, 1943-1948. https://doi.org/
10.1523/jneurosci.5145-07.2008.

Eggebrecht, A.T., Elison, J.T., Feczko, E., Todorov, A., Wolff, J.J., Kandala, S., Adams, C.
M., Snyder, A.Z., Lewis, J.D., Estes, A.M., Zwaigenbaum, L., Botteron, K.N.,
McKinstry, R.C., Constantino, J.N., Evans, A., Hazlett, H.C., Dager, S., Paterson, S.J.,
Schultz, R.T., Styner, M.A., Gerig, G., Das, S., Kostopoulos, P., Network, I.,
Schlaggar, B.L., Petersen, S.E., Piven, J., Pruett, J.R., 2017. Joint attention and brain
functional connectivity in infants and toddlers. Cereb. Cortex (N. Y. N. Y.: 1991) 27,
1709-1720. https://doi.org/10.1093/cercor/bhw403.

Elison, J.T., Wolff, J.J., Heimer, D.C., Paterson, S.J., Gu, H., Hazlett, H.C., Styner, M.,
Gerig, G., Piven, J., Network, 1., 2013b. Frontolimbic neural circuitry at 6 months
predicts individual differences in joint attention at 9 months. Dev. Sci. 16, 186-197.
https://doi.org/10.1111/desc.12015.

Elison, J.T., Paterson, S.J., Wolff, J.J., Reznick, J.S., Sasson, N.J., Gu, H., Botteron, K.N.,
Dager, S.R., Estes, A.M., Evans, A.C., Gerig, G., Hazlett, H.C., Schultz, R.T.,

Styner, M., Zwaigenbaum, L., Piven, J., Network, 1., 2013a. White matter
microstructure and atypical visual orienting in 7-month-olds at risk for autism. Am.
J. Psychiatry 170, 899-908. https://doi.org/10.1176/appi.ajp.2012.12091150.

Ellis, C.T., Yates, T.S., Skalaban, L.J., Bejjanki, V.R., Arcaro, M.J., Turk-Browne, N.B.,
2021. Retinotopic organization of visual cortex in human infants. Neuron 109,
2616-2626.e6. https://doi.org/10.1016/j.neuron.2021.06.004.

Elsabbagh, M., Fernandes, J., Webb, S.J., Dawson, G., Charman, T., Johnson, M.H., 2013.
Disengagement of visual attention in infancy is associated with emerging autism in
toddlerhood. Biol. Psychiatry 74, 189-194. https://doi.org/10.1016/j.
biopsych.2012.11.030.

Fishman, I, Linke, A.C., Hau, J., Carper, R.A., Miiller, R.-A., 2018. Atypical functional
connectivity of amygdala related to reduced symptom severity in children with
autism. J. Am. Acad. Child Adolesc. Psychiatry 57, 764-774.e3. https://doi.org/
10.1016/j.jaac.2018.06.015.

Fontana, C., Carli, A.D., Ricci, D., Dessimone, F., Passera, S., Pesenti, N., Bonzini, M.,
Bassi, L., Squarcina, L., Cinnante, C., Mosca, F., Fumagalli, M., 2020. Effects of early
intervention on visual function in preterm infants: a randomized controlled trial.
Front. Pediatr. 8, 291. https://doi.org/10.3389/fped.2020.00291.

Forssman, L., Wass, S.V., 2018. Training basic visual attention leads to changes in
responsiveness to social-communicative cues in 9-month-olds. Child Dev. 89,
€199-e213. https://doi.org/10.1111/cdev.12812.

Frazier, T.W., Thompson, L., Youngstrom, E.A., Law, P., Hardan, A.Y., Eng, C., Morris, N.,
2014. A twin study of heritable and shared environmental contributions to autism.
J. Autism Dev. Disord. 44, 2013-2025. https://doi.org/10.1007/s10803-014-2081-
2.

Gallego, P.K., Burris, J.L., Rivera, S.M., 2014. Visual motion processing deficits in infants
with the fragile X premutation. J. Neurodev. Disord. 6, 29. https://doi.org/10.1186/
1866-1955-6-29.

Gandal, M.J., Haney, J.R., Wamsley, B., Yap, C.X., Parhami, S., Emani, P.S., Chang, N.,
Chen, G.T., Hoftman, G.D., Alba, D. de, Ramaswami, G., Hartl, C.L.,

Bhattacharya, A., Luo, C., Jin, T., Wang, D., Kawaguchi, R., Quintero, D., Ou, J.,
Wu, Y.E., Parikshak, N.N., Swarup, V., Belgard, T.G., Gerstein, M., Pasaniuc, B.,
Geschwind, D.H., 2022. Broad transcriptomic dysregulation occurs across the
cerebral cortex in ASD. Nature 1-8. https://doi.org/10.1038/541586-022-05377-7.

Gao, W., Lin, W., Grewen, K., Gilmore, J.H., 2016. Functional connectivity of the infant
human brain: plastic and modifiable. Neuroscientist. https://doi.org/10.1177/
1073858416635986.

Gilmore, J.H., Knickmeyer, R.C., Gao, W., 2018. Imaging structural and functional brain
development in early childhood. Nat. Rev. Neurosci. 19, 123-137. https://doi.org/
10.1038/nrn.2018.1.

Giorgio, E.D., Frasnelli, E., Salva, O.R., Scattoni, M.L., Puopolo, M., Tosoni, D.,
Apicella, F., Gagliano, A., Guzzetta, A., Molteni, M., Persico, A., Pioggia, G.,
Valeri, G., Vicari, S., Simion, F., Vallortigara, G., 2016. Difference in visual social
predispositions between newborns at low- and high-risk for autism. Sci. Rep. 6,
26395. https://doi.org/10.1038/srep26395.

Giorgio, E.D., Rosa-Salva, O., Frasnelli, E., Calcagni, A., Lunghi, M., Scattoni, M.L.,
Simion, F., Vallortigara, G., 2021. Abnormal visual attention to simple social stimuli
in 4-month-old infants at high risk for Autism. Sci. Rep. 11, 15785. https://doi.org/
10.1038/541598-021-95418-4.

Girault, J.B., Piven, J., 2020. The neurodevelopment of autism from infancy through
toddlerhood. Neuroimag Clin. N. Am. 30, 97-114. https://doi.org/10.1016/j.
nic.2019.09.009.

Girault, J.B., Swanson, M.R., Meera, S.S., Grzadzinski, R.L., Shen, M.D., Burrows, C.A.,
Wolff, J.J., Pandey, J., John, T.S., Estes, A., Zwaigenbaum, L., Botteron, K.N.,
Hazlett, H.C., Dager, S.R., Schultz, R.T., Constantino, J.N., Piven, J., Network, I.,
2020. Quantitative trait variation in ASD probands and toddler sibling outcomes at

10

Developmental Cognitive Neuroscience 73 (2025) 101547

24 months. J. Neurodev. Disord. 12, 5. https://doi.org/10.1186/511689-020-9308-
7.

Girault, J.B., Donovan, K., Hawks, Z., Talovic, M., Forsen, E., Elison, J.T., Shen, M.D.,
Swanson, M.R., Wolff, J.J., Kim, S.H., Nishino, T., Davis, S., Snyder, A.Z.,
Botteron, K.N., Estes, A.M., Dager, S.R., Hazlett, H.C., Gerig, G., McKinstry, R.,
Pandey, J., Schultz, R.T., John, T.S., Zwaigenbaum, L., Todorov, A., Truong, Y.,
Styner, M., Pruett, J.R., Constantino, J.N., Piven, J., Network, I., 2022. Infant Visual
brain development and inherited genetic liability in autism. Am. J. Psychiatry.
https://doi.org/10.1176/appi.ajp.21101002.

Gomez, L.J., Dooley, J.C., Blumberg, M.S., 2023. Activity in developing prefrontal cortex
is shaped by sleep and sensory experience. eLife 12, e82103. https://doi.org/
10.7554/elife.82103.

Grasby, K.L., Jahanshad, N., Painter, J.N., Colodro-Conde, L., Bralten, J., Hibar, D.P.,
Lind, P.A., Pizzagalli, F., Ching, C.R.K., McMahon, M.A.B., Shatokhina, N.,
Zsembik, L.C.P., Thomopoulos, S.I., Zhu, A.H., Strike, L.T., Agartz, 1., Alhusaini, S.,
Almeida, M.A.A., Alnas, D., Amlien, I.K., Andersson, M., Ard, T., Armstrong, N.J.,
Ashley-Koch, A., Atkins, J.R., Bernard, M., Brouwer, R.M., Buimer, E.E.L., Biilow, R.,
Biirger, C., Cannon, D.M., Chakravarty, M., Chen, Q., Cheung, J.W., Couvy-
Duchesne, B., Dale, A.M., Dalvie, S., Araujo, T.K. de, Zubicaray, G.1. de, Zwarte, S.M.
C. de, Braber, A. den, Doan, N.T., Dohm, K., Ehrlich, S., Engelbrecht, H.-R., Erk, S.,
Fan, C.C., Fedko, 1.0., Foley, S.F., Ford, J.M., Fukunaga, M., Garrett, M.E., Ge, T.,
Giddaluru, S., Goldman, A.L., Green, M.J., Groenewold, N.A., Grotegerd, D.,
Gurholt, T.P., Gutman, B.A., Hansell, N.K., Harris, M.A., Harrison, M.B., Haswell, C.
C., Hauser, M., Herms, S., Heslenfeld, D.J., Ho, N.F., Hoehn, D., Hoffmann, P.,
Holleran, L., Hoogman, M., Hottenga, J.-J., Ikeda, M., Janowitz, D., Jansen, LE.,
Jia, T., Jockwitz, C., Kanai, R., Karama, S., Kasperaviciute, D., Kaufmann, T.,
Kelly, S., Kikuchi, M., Klein, M., Knapp, M., Knodt, A.R., Kramer, B., Lam, M.,
Lancaster, T.M., Lee, P.H., Lett, T.A., Lewis, L.B., Lopes-Cendes, I., Luciano, M.,
Macciardi, F., Marquand, A.F., Mathias, S.R., Melzer, T.R., Milaneschi, Y., Mirza-
Schreiber, N., Moreira, J.C.V., Miihleisen, T.W., Miiller-Myhsok, B., Najt, P.,
Nakahara, S., Nho, K., Loohuis, L.M.O., Orfanos, D.P., Pearson, J.F., Pitcher, T.L.,
Piitz, B., Quidé, Y., Ragothaman, A., Rashid, F.M., Reay, W.R., Redlich, R.,
Reinbold, C.S., Repple, J., Richard, G., Riedel, B.C., Risacher, S.L., Rocha, C.S.,
Mota, N.R., Salminen, L., Saremi, A., Saykin, A.J., Schlag, F., Schmaal, L.,
Schofield, P.R., Secolin, R., Shapland, C.Y., Shen, L., Shin, J., Shumskaya, E.,
Spnderby, LE., Sprooten, E., Tansey, K.E., Teumer, A., Thalamuthu, A., Tordesillas-
Gutiérrez, D., Turner, J.A., Uhlmann, A., Vallerga, C.L., Meer, D. van der,
Donkelaar, M.M.J. van, Eijk, L. van, Erp, T.G.M. van, Haren, N.E.M. van, Rooij, D.
van, Tol, M.-J. van, Veldink, J.H., Verhoef, E., Walton, E., Wang, M., Wang, Y.,
Wardlaw, J.M., Wen, W., Westlye, L.T., Whelan, C.D., Witt, S.H., Wittfeld, K.,
Wolf, C., Wolfers, T., Wu, J.Q., Yasuda, C.L., Zaremba, D., Zhang, Z., Zwiers, M.P.,
Artiges, E., Assareh, A.A., Ayesa-Arriola, R., Belger, A., Brandt, C.L., Brown, G.G.,
Cichon, S., Curran, J.E., Davies, G.E., Degenhardt, F., Dennis, M.F., Dietsche, B.,
Djurovic, S., Doherty, C.P., Espiritu, R., Garijo, D., Gil, Y., Gowland, P.A., Green, R.
C., Hausler, A.N., Heindel, W., Ho, B.-C., Hoffmann, W.U., Holsboer, F., Homuth, G.,
Hosten, N., Jack, C.R., Jang, M., Jansen, A., Kimbrel, N.A., Kolskar, K., Koops, S.,
Krug, A., Lim, K.O., Luykx, J.J., Mathalon, D.H., Mather, K.A., Mattay, V.S.,
Matthews, S., Son, J.M.V., McEwen, S.C., Melle, 1., Morris, D.W., Mueller, B.A.,
Nauck, M., Nordvik, J.E., N6then, M.M., O’Leary, D.S., Opel, N., Martinot, M.-L.P.,
Pike, G.B., Preda, A., Quinlan, E.B., Rasser, P.E., Ratnakar, V., Reppermund, S.,
Steen, V.M., Tooney, P.A., Torres, F.R., Veltman, D.J., Voyvodic, J.T., Whelan, R.,
White, T., Yamamori, H., Adams, H.H.H., Bis, J.C., Debette, S., Decarli, C.,
Fornage, M., Gudnason, V., Hofer, E., Ikram, M.A., Launer, L., Longstreth, W.T.,
Lopez, O.L., Mazoyer, B., Mosley, T.H., Roshchupkin, G.V., Satizabal, C.L.,
Schmidt, R., Seshadri, S., Yang, Q., Initiativey, A.D.N., Consortiumq, C.,
Consortium¢, E., Consortium¢, I., Consortium, S., Initiativey, P.P.M., Alvim, M.K.M.,
Ames, D., Anderson, T.J., Andreassen, O.A., Arias-Vasquez, A., Bastin, M.E.,
Baune, B.T., Beckham, J.C., Blangero, J., Boomsma, D.I., Brodaty, H., Brunner, H.G.,
Buckner, R.L., Buitelaar, J.K., Bustillo, J.R., Cahn, W., Cairns, M.J., Calhoun, V.,
Carr, V.J., Caseras, X., Caspers, S., Cavalleri, G.L., Cendes, F., Corvin, A., Crespo-
Facorro, B., Dalrymple-Alford, J.C., Dannlowski, U., Geus, E.J.C. de, Deary, L.J.,
Delanty, N., Depondt, C., Desrivieres, S., Donohoe, G., Espeseth, T., Fernandez, G.,
Fisher, S.E., Flor, H., Forstner, A.J., Francks, C., Franke, B., Glahn, D.C., Gollub, R.L.,
Grabe, H.J., Gruber, O., Haberg, A.K., Hariri, A.R., Hartman, C.A., Hashimoto, R.,
Heinz, A., Henskens, F.A., Hillegers, M.H.J., Hoekstra, P.J., Holmes, A.J., Hong, L.E.,
Hopkins, W.D., Pol, H.E.H., Jernigan, T.L., Jénsson, E.G., Kahn, R.S., Kennedy, M.A.,
Kircher, T.T.J., Kochunov, P., Kwok, J.B.J., Hellard, S.L., Loughland, C.M.,

Martin, N.G., Martinot, J.-L., McDonald, C., McMahon, K.L., Meyer-Lindenberg, A.,
Michie, P.T., Morey, R.A., Mowry, B., Nyberg, L., Oosterlaan, J., Ophoff, R.A.,
Pantelis, C., Paus, T., Pausova, Z., Penninx, B.W.J.H., Polderman, T.J.C.,
Posthuma, D., Rietschel, M., Roffman, J.L., Rowland, L.M., Sachdev, P.S., Sdmann, P.
G., Schall, U., Schumann, G., Scott, R.J., Sim, K., Sisodiya, S.M., Smoller, J.W.,
Sommer, 1.E., Pourcain, B.S., Stein, D.J., Toga, A.W., Trollor, J.N., Wee, N.J.A.V. der,
Ent, D. van ’t, Volzke, H., Walter, H., Weber, B., Weinberger, D.R., Wright, M.J.,
Zhou, J., Stein, J.L., Thompson, P.M., Medland, S.E., group, E.N.G. through M.-A.C.
(ENIGMA)—Genetics working, 2020. The genetic architecture of the human cerebral
cortex. Science 367, eaay6690. https://doi.org/10.1126/science.aay6690.

Groppo, M., Ricci, D., Bassi, L., Merchant, N., Doria, V., Arichi, T., Allsop, J.M.,
Ramenghi, L., Fox, M.J., Cowan, F.M., Counsell, S.J., Edwards, A.D., 2014.
Development of the optic radiations and visual function after premature birth.
Cortex 56, 30-37. https://doi.org/10.1016/j.cortex.2012.02.008.

Grzadzinski, R., Amso, D., Landa, R., Watson, L., Guralnick, M., Zwaigenbaum, L.,
Dedk, G., Estes, A., Brian, J., Bath, K., Elison, J., Abbeduto, L., Wolff, J., Piven, J.,
2021. Pre-symptomatic intervention for autism spectrum disorder (ASD): defining a
research agenda. J. Neurodev. Disord. 13, 49. https://doi.org/10.1186/511689-021-
09393-y.


https://doi.org/10.1016/j.biopsych.2006.05.019
https://doi.org/10.1038/ncomms13995
https://doi.org/10.1016/j.neuroimage.2015.04.058
https://doi.org/10.1167/9.10.19
https://doi.org/10.1523/jneurosci.5145-07.2008
https://doi.org/10.1523/jneurosci.5145-07.2008
https://doi.org/10.1093/cercor/bhw403
https://doi.org/10.1111/desc.12015
https://doi.org/10.1176/appi.ajp.2012.12091150
https://doi.org/10.1016/j.neuron.2021.06.004
https://doi.org/10.1016/j.biopsych.2012.11.030
https://doi.org/10.1016/j.biopsych.2012.11.030
https://doi.org/10.1016/j.jaac.2018.06.015
https://doi.org/10.1016/j.jaac.2018.06.015
https://doi.org/10.3389/fped.2020.00291
https://doi.org/10.1111/cdev.12812
https://doi.org/10.1007/s10803-014-2081-2
https://doi.org/10.1007/s10803-014-2081-2
https://doi.org/10.1186/1866-1955-6-29
https://doi.org/10.1186/1866-1955-6-29
https://doi.org/10.1038/s41586-022-05377-7
https://doi.org/10.1177/1073858416635986
https://doi.org/10.1177/1073858416635986
https://doi.org/10.1038/nrn.2018.1
https://doi.org/10.1038/nrn.2018.1
https://doi.org/10.1038/srep26395
https://doi.org/10.1038/s41598-021-95418-4
https://doi.org/10.1038/s41598-021-95418-4
https://doi.org/10.1016/j.nic.2019.09.009
https://doi.org/10.1016/j.nic.2019.09.009
https://doi.org/10.1186/s11689-020-9308-7
https://doi.org/10.1186/s11689-020-9308-7
https://doi.org/10.1176/appi.ajp.21101002
https://doi.org/10.7554/elife.82103
https://doi.org/10.7554/elife.82103
https://doi.org/10.1126/science.aay6690
https://doi.org/10.1016/j.cortex.2012.02.008
https://doi.org/10.1186/s11689-021-09393-y
https://doi.org/10.1186/s11689-021-09393-y

J.B. Girault

Guzzetta, A., Baldini, S., Bancale, A., Baroncelli, L., Ciucci, F., Ghirri, P., Putignano, E.,
Sale, A., Viegi, A., Berardi, N., Boldrini, A., Cioni, G., Maffei, L., 2009. Massage
accelerates brain development and the maturation of visual function. J. Neurosci.
29, 6042-6051. https://doi.org/10.1523/jneurosci.5548-08.2009.

Hardiansyah, I., Nystrom, P., Taylor, M.J., Bolte, S., Ronald, A., Falck-Ytter, T., 2023.
Global motion processing in infants’ visual cortex and the emergence of autism.
Commun. Biol. 6, 339. https://doi.org/10.1038/s42003-023-04707-3.

Hashem, S., Nisar, S., Bhat, A.A., Yadav, S.K., Azeem, M.W., Bagga, P., Fakhro, K.,
Reddy, R., Frenneaux, M.P., Haris, M., 2020. Genetics of structural and functional
brain changes in autism spectrum disorder. Transl. Psychiatry 10, 229. https://doi.
org/10.1038/541398-020-00921-3.

Hazlett, H.C., Poe, M., Gerig, G., Smith, R.G., Provenzale, J., Ross, A., Gilmore, J.,
Piven, J., 2005. Magnetic resonance imaging and head circumference study of brain
size in autism: birth through age 2 years. Arch. Gen. Psychiatry 62, 1366-1376.
https://doi.org/10.1001/archpsyc.62.12.1366.

Hazlett, Heather Cody, Gu, H., Munsell, B.C., Kim, S.H., Styner, Martin, Wolff, Jason J.,
Elison, Jed T., Swanson, M.R., Zhu, H., Botteron, Kelly N., Collins, D.Louis,
Constantino, John N., Dager, Stephen R., Estes, Annette M., Evans, Alan C.,

Fonov, Vladimir S., Gerig, Guido, Kostopoulos, Penelope, McKinstry, Robert C.,
Pandey, J., Paterson, Sarah, Pruett, J.R., Schultz, Robert T., Shaw, Dennis W.,
Zwaigenbaum, Lonnie, Piven, Joseph, Piven, J., Hazlett, H.C., Chappell, C., Dager, S.
R., Estes, A.M., Shaw, D.W., Botteron, K.N., McKinstry, R.C., Constantino, J.N., Jr, J.
R.P., Schultz, R.T., Paterson, S., Zwaigenbaum, L., Elison, J.T., Wolff, J.J., Evans, A.
C., Collins, D.L., Pike, G.B., Fonov, V.S., Kostopoulos, P., Das, S., Gerig, G.,

Styner, M., Gu, C.H., 2017. Early brain development in infants at high risk for autism
spectrum disorder. Nature 542, 348-351. https://doi.org/10.1038/nature21369.

Hendry, A., Johnson, M.H., Holmboe, K., 2019. Early development of visual attention:
change, stability, and longitudinal associations. Annu. Rev. Dev. Psychol. 1, 1-25.
https://doi.org/10.1146/annurev-devpsych-121318-085114.

Hensch, T.K., 2005. Critical period plasticity in local cortical circuits. Nat. Rev. Neurosci.
6, 877-888. https://doi.org/10.1038/nrn1787.

Hong, S.-J., Wael, R.V. de, Bethlehem, R.A.L, Lariviere, S., Paquola, C., Valk, S.L.,
Milham, M.P., Martino, A.D., Margulies, D.S., Smallwood, J., Bernhardt, B.C., 2019.
Atypical functional connectome hierarchy in autism. Nat. Commun. 10, 1022.
https://doi.org/10.1038/5s41467-019-08944-1.

Ilioska, 1., Oldehinkel, M., Llera, A., Chopra, S., Looden, T., Chauvin, R., Rooij, D.V.,
Floris, D.L., Tillmann, J., Moessnang, C., Banaschewski, T., Holt, R.J., Loth, E.,
Charman, T., Murphy, D.G.M., Ecker, C., Mennes, M., Beckmann, C.F., Fornito, A.,
Buitelaar, J.K., 2023. Connectome-wide mega-analysis reveals robust patterns of
atypical functional connectivity in autism. Biol. Psychiatry 94, 29-39. https://doi.
org/10.1016/j.biopsych.2022.12.018.

Jando, G., Miké-Barath, E., Marko, K., Hollédy, K., Torok, B., Kovacs, 1., 2012. Early-
onset binocularity in preterm infants reveals experience-dependent visual
development in humans. Proc. Natl. Acad. Sci. 109, 11049-11052. https://doi.org/
10.1073/pnas.1203096109.

Jarvinen-Pasley, A., Bellugi, U., Reilly, J., MILLS, D.L., Galaburda, A., Reiss, A.L.,
Korenberg, J.R., 2008. Defining the social phenotype in Williams syndrome: a model
for linking gene, the brain, and behavior. Dev. Psychopathol. 20, 1-35. https://doi.
org/10.1017/s0954579408000011.

Jayaraman, S., Fausey, C.M., Smith, L.B., 2015. The faces in infant-perspective scenes
change over the first year of life. PLoS One 10, e0123780. https://doi.org/10.1371/
journal.pone.0123780.

Jha, S.C., Xia, K., Schmitt, J.E., Ahn, M., Girault, J.B., Murphy, V.A,, Li, G., Wang, L.,
Shen, D., Zou, F., Zhu, H., Styner, M., Knickmeyer, R.C., Gilmore, J.H., 2018. Genetic
influences on neonatal cortical thickness and surface area. Hum. Brain Mapp. 39,
4998-5013. https://doi.org/10.1002/hbm.24340.

Johnson, M.H., 1990. Cortical maturation and the development of visual attention in
early infancy. J. Cogn. Neurosci. 2, 81-95. https://doi.org/10.1162/
jocn.1990.2.2.81.

Johnson, M.H., 2005. Subcortical face processing. Nat. Rev. Neurosci. 6, 766-774.
https://doi.org/10.1038/nrn1766.

Johnson, M.H., Senju, A., Tomalski, P., 2015b. The two-process theory of face processing:
modifications based on two decades of data from infants and adults. Neurosci.
Biobehav. Rev. 50, 169-179. https://doi.org/10.1016/j.neubiorev.2014.10.009.

Johnson, M.H., Jones, E.J.H., Gliga, T., 2015a. Brain adaptation and alternative
developmental trajectories. Dev. Psychopathol. 27, 425-442. https://doi.org/
10.1017/50954579415000073.

Jones, E.J.H., Venema, K., Earl, R., Lowy, R., Barnes, K., Estes, A., Dawson, G., Webb, S.
J., 2016. Reduced engagement with social stimuli in 6-month-old infants with later
autism spectrum disorder: a longitudinal prospective study of infants at high familial
risk. J. Neurodev. Disord. 8, 7. https://doi.org/10.1186/511689-016-9139-8.

Jones, W., Klin, A., 2013. Attention to eyes is present but in decline in 2-6-month-old
infants later diagnosed with autism. Nature 504, 427-431. https://doi.org/10.1038/
naturel2715.

Kaul, Y.F., Rosander, K., Hofsten, C. von, Brodd, K.S., Holmstrom, G., Kaul, A., Bohm, B.,
Hellstrom-Westas, L., 2016. Visual tracking in very preterm infants at 4 mo predicts
neurodevelopment at 3 y of age. Pediatr. Res. 80, 35-42. https://doi.org/10.1038/
pr.2016.37.

Kaul, Y.F., Rosander, K., Hofsten, C. von, Brodd, K.S., Holmstrom, G., Hellstrom-
Westas, L., 2022. Visual tracking at 4 months in preterm infants predicts 6.5-year
cognition and attention. Pediatr. Res. 92, 1082-1089. https://doi.org/10.1038/
s41390-021-01895-8.

Klin, A., Shultz, S., Jones, W., 2015. Social visual engagement in infants and toddlers
with autism: early developmental transitions and a model of pathogenesis. Neurosci.
Biobehav. Rev. 50, 189-203. https://doi.org/10.1016/j.neubiorev.2014.10.006.

11

Developmental Cognitive Neuroscience 73 (2025) 101547

Kogan, C.S., Boutet, I., Cornish, K., Zangenehpour, S., Mullen, K.T., Holden, J.J.A.,
Kaloustian, V.M.D., Andermann, E., Chaudhuri, A., 2004. Differential impact of the
FMR1 gene on visual processing in fragile X syndrome. Brain 127, 591-601. https://
doi.org/10.1093/brain/awh069.

Lalancette, E., Charlebois-Poirier, A.-R., Agbogba, K., Knoth, LS., Jones, E.J.H.,

Mason, L., Perreault, S., Lippé, S., 2022. Steady-state visual evoked potentials in
children with neurofibromatosis type 1: associations with behavioral rating scales
and impact of psychostimulant medication. J. Neurodev. Disord. 14, 42. https://doi.
org/10.1186/s11689-022-09452-y.

Leigh, J.P., Du, J., 2015. Brief report: forecasting the economic burden of autism in 2015
and 2025 in the United States. J. Autism Dev. Disord. 45, 4135-4139. https://doi.
0rg/10.1007/s10803-015-2521-7.

Lewis, J.D., Evans, A.C,, Pruett, J.R., Botteron, K., Zwaigenbaum, L., Estes, A., Gerig, G.,
Collins, L., Kostopoulos, P., McKinstry, R., Dager, S., Paterson, S., Schultz, R.T.,
Styner, M., Hazlett, H., Piven, J., 2014. Network inefficiencies in autism spectrum
disorder at 24 months. Transl. Psychiatry 4. https://doi.org/10.1038/tp.2014.24
(e388-e388.

Lewis, J.D., Evans, A.C., Pruett, J.R., Botteron, K.N., McKinstry, R.C., Zwaigenbaum, L.,
Estes, A.M., Collins, D.L., Kostopoulos, P., Gerig, G., Dager, S.R., Paterson, S.,
Schultz, R.T., Styner, M.A., Hazlett, H.C., Piven, J., Network, I.B.L.S., 2017. The
emergence of network inefficiencies in infants with autism spectrum disorder. Biol.
Psychiatry 82, 176-185. https://doi.org/10.1016/j.biopsych.2017.03.006.

Li, M., Liu, T., Xu, X., Wen, Q., Zhao, Z., Dang, X., Zhang, Y., Wu, D., 2022. Development
of visual cortex in human neonates is selectively modified by postnatal experience.
Elife 11, e78733. https://doi.org/10.7554/elife.78733.

Liu, J., Girault, J.B., Nishino, T., Shen, M.D., Kim, S.H., Burrows, C.A., Elison, J.T.,
Marrus, N., Wolff, J.J., Botteron, K.N., Estes, A.M., Dager, S.R., Hazlett, H.C.,
McKinstry, R.C., Schultz, R.T., Snyder, A.Z., Styner, M., Zwaigenbaum, L., Jr, J.R.P.,
Piven, J., Gao, W., 2024. Atypical functional connectivity between the amygdala and
visual, salience regions in infants with genetic liability for autism. Cereb. Cortex 34,
30-39. https://doi.org/10.1093/cercor/bhae092.

Liu, S., Seidlitz, J., Blumenthal, J.D., Clasen, L.S., Raznahan, A., 2020. Integrative
structural, functional, and transcriptomic analyses of sex-biased brain organization
in humans. Proc. Natl. Acad. Sci. 117, 18788-18798. https://doi.org/10.1073/
pnas.1919091117.

Liu, S., Raz, G., Kamps, F., Grossmann, T., Saxe, R., 2023. No evidence for discontinuity
between infants and adults. Trends Cogn. Sci. 27, 694-695. https://doi.org/
10.1016/j.tics.2023.04.003.

Lombardo, M.V., Eyler, L., Moore, A., Datko, M., Barnes, C.C., Cha, D., Courchesne, E.,
Pierce, K., 2019. Default mode-visual network hypoconnectivity in an autism
subtype with pronounced social visual engagement difficulties. Elife 8, e47427.
https://doi.org/10.7554/¢elife.47427.

Lord, C., Brugha, T.S., Charman, T., Cusack, J., Dumas, G., Frazier, T., Jones, E.J.H.,
Jones, R.M., Pickles, A., State, M.W., Taylor, J.L., Veenstra-VanderWeele, J., 2020.
Autism spectrum disorder. Nat. Rev. Dis. Prim. 6, 5. https://doi.org/10.1038/
s41572-019-0138-4.

Lyall, A.E., Shi, F., Geng, X., Woolson, S., Li, G., Wang, L., Hamer, R.M., Shen, D.,
Gilmore, J.H., 2015. Dynamic Development of Regional Cortical Thickness and
Surface Area in Early Childhood. Cereb. Cortex (N. Y. N. Y.: 1991) 25, 2204-2212.
https://doi.org/10.1093/cercor/bhu027.

Maenner, M.J., Warren, Z., Williams, A.R., Amoakohene, E., Bakian, A.V., Bilder, D.A.,
Durkin, M.S., Fitzgerald, R.T., Furnier, S.M., Hughes, M.M., Ladd-Acosta, C.M.,
McArthur, D., Pas, E.T., Salinas, A., Vehorn, A., Williams, S., Esler, A.,
Grzybowski, A., Hall-Lande, J., Nguyen, R.H.N., Pierce, K., Zahorodny, W.,
Hudson, A., Hallas, L., Mancilla, K.C., Patrick, M., Shenouda, J., Sidwell, K.,
DiRienzo, M., Gutierrez, J., Spivey, M.H., Lopez, M., Pettygrove, S., Schwenk, Y.D.,
Washington, A., Shaw, K.A., 2023. Prevalence and characteristics of autism spectrum
disorder among children aged 8 years — autism and developmental disabilities
monitoring network, 11 Sites, United States, 2020. MMWR Surveill. Summ. 72,
1-14. https://doi.org/10.15585/mmwr.ss7202al.

Marchetto, M.C., Belinson, H., Tian, Y., Freitas, B.C., Fu, C., Vadodaria, K., Beltrao-
Braga, P., Trujillo, C.A., Mendes, A.P.D., Padmanabhan, K., Nunez, Y., Ou, J.,
Ghosh, H., Wright, R., Brennand, K., Pierce, K., Eichenfield, L., Pramparo, T.,
Eyler, L., Barnes, C.C., Courchesne, E., Geschwind, D.H., Gage, F.H., Wynshaw-
Boris, A., Muotri, A.R., 2017. Altered proliferation and networks in neural cells
derived from idiopathic autistic individuals. Mol. Psychiatry 22, 820-835. https://
doi.org/10.1038/mp.2016.95.

Masten, A.S., Cicchetti, D., 2010. Developmental cascades. Dev. Psychopathol. 22,
491-495. https://doi.org/10.1017/s0954579410000222.

Mazziotti, R., Scaffei, E., Conti, E., Marchi, V., Rizzi, R., Cioni, G., Battini, R.,
Baroncelli, L., 2022. The amplitude of fNIRS hemodynamic response in the visual
cortex unmasks autistic traits in typically developing children. Transl. Psychiatry 12,
53. https://doi.org/10.1038/541398-022-01820-5.

McCleery, J.P., Allman, E., Carver, L.J., Dobkins, K.R., 2007. Abnormal magnocellular
pathway visual processing in infants at risk for autism. Biol. Psychiatry 62,
1007-1014. https://doi.org/10.1016/j.biopsych.2007.02.009.

McCulloch, D.L., Orbach, H., Skarf, B., 1999. Maturation of the pattern-reversal VEP in
human infants: a theoretical framework. Vis. Res. 39, 3673-3680. https://doi.org/
10.1016/50042-6989(99)00091-7.

Miller, S.M., Hansell, N.K., Ngo, T.T., Liu, G.B., Pettigrew, J.D., Martin, N.G., Wright, M.
J., 2010. Genetic contribution to individual variation in binocular rivalry rate. Proc.
Natl. Acad. Sci. 107, 2664-2668. https://doi.org/10.1073/pnas.0912149107.

Miyata, T., Benson, N.C., Winawer, J., Takemura, H., 2022. Structural covariance and
heritability of the optic tract and primary visual cortex in living human brains.

J. Neurosci. 42, 6761-6769. https://doi.org/10.1523/jneurosci.0043-22.2022.


https://doi.org/10.1523/jneurosci.5548-08.2009
https://doi.org/10.1038/s42003-023-04707-3
https://doi.org/10.1038/s41398-020-00921-3
https://doi.org/10.1038/s41398-020-00921-3
https://doi.org/10.1001/archpsyc.62.12.1366
https://doi.org/10.1038/nature21369
https://doi.org/10.1146/annurev-devpsych-121318-085114
https://doi.org/10.1038/nrn1787
https://doi.org/10.1038/s41467-019-08944-1
https://doi.org/10.1016/j.biopsych.2022.12.018
https://doi.org/10.1016/j.biopsych.2022.12.018
https://doi.org/10.1073/pnas.1203096109
https://doi.org/10.1073/pnas.1203096109
https://doi.org/10.1017/s0954579408000011
https://doi.org/10.1017/s0954579408000011
https://doi.org/10.1371/journal.pone.0123780
https://doi.org/10.1371/journal.pone.0123780
https://doi.org/10.1002/hbm.24340
https://doi.org/10.1162/jocn.1990.2.2.81
https://doi.org/10.1162/jocn.1990.2.2.81
https://doi.org/10.1038/nrn1766
https://doi.org/10.1016/j.neubiorev.2014.10.009
https://doi.org/10.1017/s0954579415000073
https://doi.org/10.1017/s0954579415000073
https://doi.org/10.1186/s11689-016-9139-8
https://doi.org/10.1038/nature12715
https://doi.org/10.1038/nature12715
https://doi.org/10.1038/pr.2016.37
https://doi.org/10.1038/pr.2016.37
https://doi.org/10.1038/s41390-021-01895-8
https://doi.org/10.1038/s41390-021-01895-8
https://doi.org/10.1016/j.neubiorev.2014.10.006
https://doi.org/10.1093/brain/awh069
https://doi.org/10.1093/brain/awh069
https://doi.org/10.1186/s11689-022-09452-y
https://doi.org/10.1186/s11689-022-09452-y
https://doi.org/10.1007/s10803-015-2521-7
https://doi.org/10.1007/s10803-015-2521-7
https://doi.org/10.1038/tp.2014.24
https://doi.org/10.1016/j.biopsych.2017.03.006
https://doi.org/10.7554/elife.78733
https://doi.org/10.1093/cercor/bhae092
https://doi.org/10.1073/pnas.1919091117
https://doi.org/10.1073/pnas.1919091117
https://doi.org/10.1016/j.tics.2023.04.003
https://doi.org/10.1016/j.tics.2023.04.003
https://doi.org/10.7554/elife.47427
https://doi.org/10.1038/s41572-019-0138-4
https://doi.org/10.1038/s41572-019-0138-4
https://doi.org/10.1093/cercor/bhu027
https://doi.org/10.15585/mmwr.ss7202a1
https://doi.org/10.1038/mp.2016.95
https://doi.org/10.1038/mp.2016.95
https://doi.org/10.1017/s0954579410000222
https://doi.org/10.1038/s41398-022-01820-5
https://doi.org/10.1016/j.biopsych.2007.02.009
https://doi.org/10.1016/s0042-6989(99)00091-7
https://doi.org/10.1016/s0042-6989(99)00091-7
https://doi.org/10.1073/pnas.0912149107
https://doi.org/10.1523/jneurosci.0043-22.2022

J.B. Girault

Nair, A., Jalal, R., Liu, J., Tsang, T., McDonald, N.M., Jackson, L., Ponting, C., Jeste, S.S.,
Bookheimer, S.Y., Dapretto, M., 2021. Altered thalamocortical connectivity in 6-
week-old infants at high familial risk for autism spectrum disorder. Cereb. Cortex 31,
4191-4205. https://doi.org/10.1093/cercor/bhab078.

Natu, V.S., Rosenke, M., Wu, H., Querdasi, F.R., Kular, H., Lopez-Alvarez, N.,
Grotheer, M., Berman, S., Mezer, A.A., Grill-Spector, K., 2021. Infants’ cortex
undergoes microstructural growth coupled with myelination during development.
Commun. Biol. 4, 1191. https://doi.org/10.1038/542003-021-02706-w.

Nijmeijer, J.S., Arias-Vasquez, A., Rommelse, N.N.J., Altink, M.E., Anney, R.J.L.,
Asherson, P., Banaschewski, T., Buschgens, C.J.M., Fliers, E.A., Gill, M., Minderaa, R.
B., Poustka, L., Sergeant, J.A., Buitelaar, J.K., Franke, B., Ebstein, R.P., Miranda, A.,
Mulas, F., Oades, R.D., Roeyers, H., Rothenberger, A., Sonuga-Barke, E.J.S.,
Steinhausen, H.-C., Faraone, S.V., Hartman, C.A., Hoekstra, P.J., 2010. Identifying
loci for the overlap between attention-deficit/hyperactivity disorder and autism
spectrum disorder using a genome-wide QTL linkage approach. J. Am. Acad. Child
Adolesc. Psychiatry 49, 675-685. https://doi.org/10.1016/j.jaac.2010.03.015.

Nystrom, P., Jones, E., Darki, F., Bolte, S., Falck-Ytter, T., 2021. Atypical topographical
organization of global form and motion processing in 5-month-old infants at risk for
autism. J. Autism Dev. Disord. 51, 364-370. https://doi.org/10.1007/s10803-020-
04523-2.

Oakes, L.M., 2023. The cascading development of visual attention in infancy: learning to
look and looking to learn. Curr. Dir. Psychol. Sci. 32, 410-417. https://doi.org/
10.1177/09637214231178744.

Ohta, H., Nordahl, C.W., Iosif, A.-M., Lee, A., Rogers, S., Amaral, D.G., 2016. Increased
surface area, but not cortical thickness, in a subset of young boys with autism
spectrum disorder. Autism Res. 9, 232-248. https://doi.org/10.1002/aur.1520.

Ozonoff, S., Young, G.S., Carter, A., Messinger, D., Yirmiya, N., Zwaigenbaum, L.,
Bryson, S., Carver, L.J., Constantino, J.N., Dobkins, K., Hutman, T., Iverson, J.M.,
Landa, R., Rogers, S.J., Sigman, M., Stone, W.L., 2011. Recurrence risk for autism
spectrum disorders: a baby siblings research consortium study. Pediatrics 128,
e488-e495. https://doi.org/10.1542/peds.2010-2825.

Ozonoff, S., Young, G.S., Bradshaw, J., Charman, T., Chawarska, K., Iverson, J.M.,
Klaiman, C., Landa, R.J., McDonald, N., Messinger, D., Schmidt, R.J., Wilkinson, C.
L., Zwaigenbaum, L., 2024. Familial recurrence of autism: updates from the baby
siblings research consortium. Pediatrics 154. https://doi.org/10.1542/peds.2023-
065297.

Packer, A., 2016. Neocortical neurogenesis and the etiology of autism spectrum disorder.
Neurosci. Biobehav. Rev. 64, 185-195. https://doi.org/10.1016/j.
neubiorev.2016.03.002.

Pelphrey, K.A., Shultz, S., Hudac, C.M., Wyk, B.C.V., 2011. Research review: constraining
heterogeneity: the social brain and its development in autism spectrum disorder:
research review: constraining heterogeneity. J. Child Psychol. Psychiatry 52,
631-644. https://doi.org/10.1111/j.1469-7610.2010.02349.x.

Pierce, K., Marinero, S., Hazin, R., McKenna, B., Barnes, C.C., Malige, A., 2015. Eye
tracking reveals abnormal visual preference for geometric images as an early
biomarker of an autism spectrum disorder subtype associated with increased
symptom severity. Biol. Psychiatry 79, 657-666. https://doi.org/10.1016/j.
biopsych.2015.03.032.

Piven, J., Nehme, E., Simon, J., Barta, P., Pearlson, G., Folstein, S.E., 1992. Magnetic
resonance imaging in autism: measurement of the cerebellum, pons, and fourth
ventricle. Biol. Psychiatry 31, 491-504.

Piven, J., Arndt, S., Bailey, J., Havercamp, S., Andreasen, N.C., Palmer, P., 1995. An MRI
study of brain size in autism. Am. J. Psychiatry 152, 1145-1149. https://doi.org/
10.1176/ajp.152.8.1145.

Piven, J., Arndt, S., Bailey, J., Andreasen, N., 1996. Regional brain enlargement in
autism: a magnetic resonance imaging study. J. Am. Acad. Child Adolesc. Psychiatry
35, 530-536. https://doi.org/10.1097,/00004583-199604000-00020.

Piven, J., Elison, J.T., Zylka, M.J., 2017. Toward a conceptual framework for early brain
and behavior development in autism. Mol. Psychiatry 22, 1385-1394. https://doi.
org/10.1038/mp.2017.131.

Pizzagalli, F., Auzias, G., Yang, Q., Mathias, S.R., Faskowitz, J., Boyd, J.D., Amini, A.,
Riviere, D., McMahon, K.L., Zubicaray, G.I. de, Martin, N.G., Mangin, J.-F., Glahn, D.
C., Blangero, J., Wright, M.J., Thompson, P.M., Kochunov, P., Jahanshad, N., 2020.
The reliability and heritability of cortical folds and their genetic correlations across
hemispheres. Commun. Biol. 3, 510. https://doi.org/10.1038/s42003-020-01163-1.

Pretzsch, C.M., Ecker, C., 2023. Structural neuroimaging phenotypes and associated
molecular and genomic underpinnings in autism: a review. Front. Neurosci. 17,
1172779. https://doi.org/10.3389/fnins.2023.1172779.

Purpura, G., Tinelli, F., 2020. The development of vision between nature and nurture:
clinical implications from visual neuroscience. Child’s Nerv. Syst. 36, 911-917.
https://doi.org/10.1007/500381-020-04554-1.

Putnam, M.C., Steven, M.S., Doron, K.W., Riggall, A.C., Gazzaniga, M.S., 2010. Cortical
projection topography of the human splenium: hemispheric asymmetry and
individual differences. J. Cogn. Neurosci. 22, 1662-1669. https://doi.org/10.1162/
jocn.2009.21290.

Richards, J.E., Guy, M.W., Hogan, A.L., Roberts, J.E., 2023. Neural correlates of face
processing among preschoolers with fragile X syndrome, autism spectrum disorder,
autism siblings, and typical development. Autism Res. https://doi.org/10.1002/
aur.3045.

Riva, V., Cantiani, C., Mornati, G., Gallo, M., Villa, L., Mani, E., Saviozzi, 1., Marino, C.,
Molteni, M., 2018. Distinct ERP profiles for auditory processing in infants at-risk for
autism and language impairment. Sci. Rep. 8, 715. https://doi.org/10.1038/541598-
017-19009-y.

Rodovanski, G.P., Reus, B.A.B., Damiani, A.V.C., Mattos, K.F., Moreira, R.S., Santos, A.N.
dos, 2021. Home-based early stimulation program targeting visual and motor
functions for preterm infants with delayed tracking: feasibility of a randomized

12

Developmental Cognitive Neuroscience 73 (2025) 101547

clinical trial. Res. Dev. Disabil. 116, 104037. https://doi.org/10.1016/j.
ridd.2021.104037.

Rogers, S.J., Vismara, L., Wagner, A.L., McCormick, C., Young, G., Ozonoff, S., 2014.
Autism treatment in the first year of life: a pilot study of infant start, a parent-
implemented intervention for symptomatic infants. J. Autism Dev. Disord. 44,
2981-2995. https://doi.org/10.1007/s10803-014-2202-y.

Rolison, M., Lacadie, C., Chawarska, K., Spann, M., Scheinost, D., 2021. Atypical intrinsic
hemispheric interaction associated with autism spectrum disorder is present within
the first year of life. Cereb. Cortex N. Y. N. Y 1991. https://doi.org/10.1093/cercor/
bhab284.

Ronconi, L., Cantiani, C., Riva, V., Franchin, L., Bettoni, R., Gori, S., Bulf, H., Valenza, E.,
Facoetti, A., 2024. Infants’ reorienting efficiency depends on parental autistic traits
and predicts future socio-communicative behaviors. Cereb. Cortex 34, 40-49.
https://doi.org/10.1093/cercor/bhae089.

Rosen, M.L., Amso, D., McLaughlin, K.A., 2019. The role of the visual association cortex
in scaffolding prefrontal cortex development: a novel mechanism linking
socioeconomic status and executive function. Dev. Cogn. Neuros-Neth. 39, 100699.
https://doi.org/10.1016/j.den.2019.100699.

Sandin, S., Lichtenstein, P., Kuja-Halkola, R., Hultman, C., Larsson, H., Reichenberg, A.,
2017. The heritability of autism spectrum disorder. JAMA 318, 1182-1184. https://
doi.org/10.1001/jama.2017.12141.

Scarr, S., McCartney, K., 1983. How people make their own environments: a theory of
genotype environment effects. Child Dev. 54, 424-435. https://doi.org/10.1111/
j-1467-8624.1983.tb03884.x.

Schelinski, S., Kauffmann, L., Tabas, A., Miiller-Axt, C., Kriegstein, K. von, 2024.
Functional alterations of the magnocellular subdivision of the visual sensory
thalamus in autism. Proc. Natl. Acad. Sci. 121, e2413409121. https://doi.org/
10.1073/pnas.2413409121.

Shagqiri, A., Roinishvili, M., Grzeczkowski, L., Chkonia, E., Pilz, K., Mohr, C., Brand, A.,
Kunchulia, M., Herzog, M.H., 2018. Sex-related differences in vision are
heterogeneous. Sci. Rep. 8, 7521. https://doi.org/10.1038/541598-018-25298-8.

Shen, M.D., Piven, J., 2017. Brain and behavior development in autism from birth
through infancy. Dialog. Clin. Neurosci. 19, 325-333.

Shen, M.D., Nordahl, C.W., Young, G.S., Wootton-Gorges, S.L., Lee, A., Liston, S.E.,
Harrington, K.R., Ozonoff, S., Amaral, D.G., 2013. Early brain enlargement and
elevated extra-axial fluid in infants who develop autism spectrum disorder. Brain
136, 2825-2835. https://doi.org/10.1093/brain/awt166.

Shen, M.D., Kim, S.H., McKinstry, R.C., Gu, Hongbin, Hazlett, Heather C., Nordahl, C.W.,
Emerson, R.W., Shaw, Dennis, Elison, J.T., Swanson, M.R., Fonov, V.S., Gerig, Guido,
Dager, S.R., Botteron, K.N., Paterson, S., Schultz, R.T., Evans, Alan C., Estes, A.M.,
Zwaigenbaum, Lonnie, Styner, M.A., Amaral, D.G., Piven, J., Hazlett, H.C.,
Chappell, C., Dager, S., Estes, A., Shaw, D., Botteron, K., McKinstry, R.,
Constantino, J., Pruett, J., Schultz, R., Zwaigenbaum, L., Elison, J., Evans, A.C.,
Collins, D.L., Pike, G.B., Fonov, V., Kostopoulos, P., Das, S., Gerig, G., Styner, M.,
Gu, H., Piven, Joseph, Network, [.B.I.S., 2017. Increased extra-axial cerebrospinal
fluid in high-risk infants who later develop autism. Biol. Psychiatry 82, 186-193.
https://doi.org/10.1016/j.biopsych.2017.02.1095.

Shen, M.D., Nordahl, C.W., Li, D.D., Lee, A., Angkustsiri, K., Emerson, R.W., Rogers, S.J.,
Ozonoff, S., Amaral, D.G., 2018. Extra-axial cerebrospinal fluid in high-risk and
normal-risk children with autism aged 2-4 years: a case-control study. Lancet
Psychiatry. https://doi.org/10.1016/5s2215-0366(18)30294-3.

Shen, M.D., Swanson, M.R., Wolff, J.J., Elison, J.T., Girault, J.B., Kim, S.H., Smith, R.G.,
Graves, M.M., Weisenfeld, L.A.H., Flake, L., MacIntyre, L., Gross, J.L., Burrows, C.A.,
Fonov, V.S., Collins, D.L., Evans, A.C., Gerig, G., McKinstry, R.C., Pandey, J., John, T.
S., Zwaigenbaum, L., Estes, A.M., Dager, S.R., Schultz, R.T., Styner, M.A.,
Botteron, K.N., Hazlett, H.C., Piven, J., Network, 1., 2022. Subcortical brain
development in autism and fragile x syndrome: evidence for dynamic, age- and
disorder-specific trajectories in infancy. Am. J. Psychiatry. https://doi.org/10.1176/
appi.ajp.21090896 (appiajp 21090896.

Siper, P.M., Zemon, V., Gordon, J., George-Jones, J., Lurie, S., Zweifach, J., Tavassoli, T.,
Wang, A.T., Jamison, J., Buxbaum, J.D., Kolevzon, A., 2016. Rapid and objective
assessment of neural function in autism spectrum disorder using transient visual
evoked potentials. PLoS One 11, e0164422. https://doi.org/10.1371/journal.
pone.0164422.

Siu, C.R., Murphy, K.M., 2018. The development of human visual cortex and clinical
implications. Eye Brain 10, 25-36. https://doi.org/10.2147/eb.s130893.

Siu, C.R., Beshara, S.P., Jones, D.G., Murphy, K.M., 2017. Development of glutamatergic
proteins in human visual cortex across the lifespan. J. Neurosci. 37, 6031-6042.
https://doi.org/10.1523/jneurosci.2304-16.2017.

Spiegel, A., Mentch, J., Haskins, A.J., Robertson, C.E., 2019. Slower binocular rivalry in
the autistic brain. Curr. Biol. 29, 2948-2953.e3. https://doi.org/10.1016/j.
cub.2019.07.026.

Spiteri, S., Crewther, D., 2021. Neural mechanisms of visual motion anomalies in autism:
a two-decade update and novel aetiology. Front. Neurosci. 15, 756841. https://doi.
org/10.3389/fnins.2021.756841.

Stjerna, S., Sairanen, V., Grohn, R., Andersson, S., Metsdranta, M., Lano, A.,

Vanhatalo, S., 2015. Visual fixation in human newborns correlates with extensive
white matter networks and predicts long-term neurocognitive development.

J. Neurosci.: Off. J. Soc. Neurosci. 35, 4824-4829. https://doi.org/10.1523/
jneurosci.5162-14.2015.

Swanson, M.R., Hazlett, H.C., 2019. White matter as a monitoring biomarker for
neurodevelopmental disorder intervention studies. J. Neurodev. Disord. 11, 33.
https://doi.org/10.1186/511689-019-9295-8.

Team, T.B., Green, J., Wan, M.W., Guiraud, J., Holsgrove, S., McNally, J., Slonims, V.,
Elsabbagh, M., Charman, T., Pickles, A., Johnson, M., 2013. Intervention for infants


https://doi.org/10.1093/cercor/bhab078
https://doi.org/10.1038/s42003-021-02706-w
https://doi.org/10.1016/j.jaac.2010.03.015
https://doi.org/10.1007/s10803-020-04523-2
https://doi.org/10.1007/s10803-020-04523-2
https://doi.org/10.1177/09637214231178744
https://doi.org/10.1177/09637214231178744
https://doi.org/10.1002/aur.1520
https://doi.org/10.1542/peds.2010-2825
https://doi.org/10.1542/peds.2023-065297
https://doi.org/10.1542/peds.2023-065297
https://doi.org/10.1016/j.neubiorev.2016.03.002
https://doi.org/10.1016/j.neubiorev.2016.03.002
https://doi.org/10.1111/j.1469-7610.2010.02349.x
https://doi.org/10.1016/j.biopsych.2015.03.032
https://doi.org/10.1016/j.biopsych.2015.03.032
http://refhub.elsevier.com/S1878-9293(25)00042-8/sbref119
http://refhub.elsevier.com/S1878-9293(25)00042-8/sbref119
http://refhub.elsevier.com/S1878-9293(25)00042-8/sbref119
https://doi.org/10.1176/ajp.152.8.1145
https://doi.org/10.1176/ajp.152.8.1145
https://doi.org/10.1097/00004583-199604000-00020
https://doi.org/10.1038/mp.2017.131
https://doi.org/10.1038/mp.2017.131
https://doi.org/10.1038/s42003-020-01163-1
https://doi.org/10.3389/fnins.2023.1172779
https://doi.org/10.1007/s00381-020-04554-1
https://doi.org/10.1162/jocn.2009.21290
https://doi.org/10.1162/jocn.2009.21290
https://doi.org/10.1002/aur.3045
https://doi.org/10.1002/aur.3045
https://doi.org/10.1038/s41598-017-19009-y
https://doi.org/10.1038/s41598-017-19009-y
https://doi.org/10.1016/j.ridd.2021.104037
https://doi.org/10.1016/j.ridd.2021.104037
https://doi.org/10.1007/s10803-014-2202-y
https://doi.org/10.1093/cercor/bhab284
https://doi.org/10.1093/cercor/bhab284
https://doi.org/10.1093/cercor/bhae089
https://doi.org/10.1016/j.dcn.2019.100699
https://doi.org/10.1001/jama.2017.12141
https://doi.org/10.1001/jama.2017.12141
https://doi.org/10.1111/j.1467-8624.1983.tb03884.x
https://doi.org/10.1111/j.1467-8624.1983.tb03884.x
https://doi.org/10.1073/pnas.2413409121
https://doi.org/10.1073/pnas.2413409121
https://doi.org/10.1038/s41598-018-25298-8
http://refhub.elsevier.com/S1878-9293(25)00042-8/sbref138
http://refhub.elsevier.com/S1878-9293(25)00042-8/sbref138
https://doi.org/10.1093/brain/awt166
https://doi.org/10.1016/j.biopsych.2017.02.1095
https://doi.org/10.1016/s2215-0366(18)30294-3
https://doi.org/10.1176/appi.ajp.21090896
https://doi.org/10.1176/appi.ajp.21090896
https://doi.org/10.1371/journal.pone.0164422
https://doi.org/10.1371/journal.pone.0164422
https://doi.org/10.2147/eb.s130893
https://doi.org/10.1523/jneurosci.2304-16.2017
https://doi.org/10.1016/j.cub.2019.07.026
https://doi.org/10.1016/j.cub.2019.07.026
https://doi.org/10.3389/fnins.2021.756841
https://doi.org/10.3389/fnins.2021.756841
https://doi.org/10.1523/jneurosci.5162-14.2015
https://doi.org/10.1523/jneurosci.5162-14.2015
https://doi.org/10.1186/s11689-019-9295-8

J.B. Girault

at risk of developing autism: a case series. J. Autism Dev. Disord. 43, 2502-2514.
https://doi.org/10.1007/s10803-013-1797-8.

Thomas, T.R., Koomar, T., Casten, L., Tener, A.J., Bahl, E., Michaelson, J.J., 2021.
Clinical autism subscales have common genetic liability that is heritable, pleiotropic,
and generalizable to the general population. Medrxiv. https://doi.org/10.1101/
2021.08.30.21262845 (2021.08.30.21262845.

Vandewouw, M.M., Choi, E., Hammill, C., Arnold, P., Schachar, R., Lerch, J.P.,
Anagnostou, E., Taylor, M.J., 2020. Emotional face processing across
neurodevelopmental disorders: a dynamic faces study in children with autism
spectrum disorder, attention deficit hyperactivity disorder and obsessive-compulsive
disorder. Transl. Psychiatry 10, 375. https://doi.org/10.1038/541398-020-01063-2.

Viktorsson, C., Portugal, A.M., Li, D., Rudling, M., Sanchez, M.S., Tammimies, K.,
Taylor, M.J., Ronald, A., Falck-Ytter, T., 2023. Preferential looking to eyes versus
mouth in early infancy: heritability and link to concurrent and later development.
J. Child Psychol. Psychiatry 64, 311-319. https://doi.org/10.1111/jcpp.13724.

Wang, Y., Wang, L., Xu, Q., Liu, D., Chen, L., Troje, N.F., He, S., Jiang, Y., 2018. Heritable
aspects of biological motion perception and its covariation with autistic traits. Proc.
Natl. Acad. Sci. 115, 1937-1942. https://doi.org/10.1073/pnas.1714655115.

Wass, S., Porayska-Pomsta, K., Johnson, M.H., 2011. Training attentional control in
infancy. Curr. Biol. 21, 1543-1547. https://doi.org/10.1016/j.cub.2011.08.004.

Wolff, J.J., Piven, J., 2020. Predicting autism risk in infancy. J. Am. Acad. Child Adolesc.
Psychiatry. https://doi.org/10.1016/j.jaac.2020.07.910.

13

Developmental Cognitive Neuroscience 73 (2025) 101547

Wolff, J.J., Gu, H., Gerig, G., Elison, J.T., Styner, M., Gouttard, S., Botteron, K.N.,
Dager, S.R., Dawson, G., Estes, A.M., Evans, A.C., Hazlett, H.C., Kostopoulos, P.,
McKinstry, R.C., Paterson, S.J., Schultz, R.T., Zwaigenbaum, L., Piven, J.,
Network, the I., 2012. Differences in white matter fiber tract development present
from 6 to 24 months in infants with autism. Am. J. Psychiatry 169, 589-600. https://
doi.org/10.1176/appi.ajp.2011.11091447.

Wolff, J.J., Swanson, M.R., Elison, J.T., Gerig, G., Pruett, J.R., Styner, M.A., Vachet, C.,
Botteron, K.N., Dager, S.R., Estes, A.M., Hazlett, H.C., Schultz, R.T., Shen, M.D.,
Zwaigenbaum, L., Piven, J., Network, 1., 2017. Neural circuitry at age 6 months
associated with later repetitive behavior and sensory responsiveness in autism. Mol.
Autism 8, 8. https://doi.org/10.1186/513229-017-0126-z.

Yankowitz, L.D., Herrington, J.D., Yerys, B.E., Pereira, J.A., Pandey, J., Schultz, R.T.,
2020. Evidence against the “normalization” prediction of the early brain overgrowth
hypothesis of autism. Mol. Autism 11, 51. https://doi.org/10.1186/513229-020-
00353-2.

Yin, W,, Li, T., Hung, S.-C., Zhang, H., Wang, L., Shen, D., Zhu, H., Mucha, P.J., Cohen, J.
R., Lin, W., 2020. The emergence of a functionally flexible brain during early
infancy. Proc. Natl. Acad. Sci. USA 117, 23904-23913. https://doi.org/10.1073/
pnas.2002645117.

Zhu, Z., Chen, B., Na, R., Fang, W., Zhang, W., Zhou, Q., Zhou, S., Lei, H., Huang, A.,
Chen, T., Ni, D., Gu, Y., Liu, J., Rao, Y., Fang, F., 2019. Heritability of human visual
contour integration—an integrated genomic study. Eur. J. Hum. Genet. 27,
1867-1875. https://doi.org/10.1038/541431-019-0478-2.


https://doi.org/10.1007/s10803-013-1797-8
https://doi.org/10.1101/2021.08.30.21262845
https://doi.org/10.1101/2021.08.30.21262845
https://doi.org/10.1038/s41398-020-01063-2
https://doi.org/10.1111/jcpp.13724
https://doi.org/10.1073/pnas.1714655115
https://doi.org/10.1016/j.cub.2011.08.004
https://doi.org/10.1016/j.jaac.2020.07.910
https://doi.org/10.1176/appi.ajp.2011.11091447
https://doi.org/10.1176/appi.ajp.2011.11091447
https://doi.org/10.1186/s13229-017-0126-z
https://doi.org/10.1186/s13229-020-00353-2
https://doi.org/10.1186/s13229-020-00353-2
https://doi.org/10.1073/pnas.2002645117
https://doi.org/10.1073/pnas.2002645117
https://doi.org/10.1038/s41431-019-0478-2

	The developing visual system: A building block on the path to autism
	1 Introduction
	2 Visual system development during infancy in ASD
	2.1 Cortical hyper-expansion
	2.2 Atypical development of white matter
	2.3 Overgrowth and connectivity of the amygdala
	2.4 Differences in functional connectivity
	2.5 Summary and developmental timeline of visual system differences in ASD

	3 Genetic factors and the developing visual system in ASD
	3.1 Genetic influences on visual system brain development
	3.2 Genetic influences on visual processing and attention

	4 The infant visual system is a building block for attention, cognition, and social development
	4.1 Infant visual system and low-level visual processing, attention
	4.2 Infant visual system and cognition
	4.3 Infant visual system and social behavior

	5 A developmental cascade model involving the visual system in ASD
	6 Critical gaps in our understanding of human visual system development
	6.1 Shifts from subcortical to cortical modulation of visual behavior in infants – the critical need to examine this hypothesis
	6.2 The role of visual processing in modulating attention

	7 The visual system: measuring developmental change, promise for intervention
	8 Conclusions and the path forward
	Funding Information
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Data availability
	References


