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Autism spectrum disorder (ASD) is a heritable neurodevelopmental disorder. Infants diagnosed with ASD can show impairments in
spontaneous gaze-following and will seldom engage in joint attention (JA). The ability to initiate JA (I[JA) can be more significantly
impaired than the ability to respond to JA (RJA). In a longitudinal study, 101 infants who had a familial risk for ASD were enrolled
(62% males). Participants completed magnetic resonance imaging scans at 4 or 6 months of age. Subcortical volumes (thalamus,
hippocampus, amygdala, basal ganglia, ventral diencephalon, and cerebellum) were automatically extracted. Early gaze and JA
behaviors were assessed with standardized measures. The majority of infants were IJA nonresponders (n=93, 92%), and over half
were RJA nonresponders (n="50, 52%). In the nonresponder groups, models testing the association of subcortical volumes with
later ASD diagnosis accounted for age, sex, and cerebral volumes. In the nonresponder IJA group, using regression method, the left
hippocampus (B=-0.009, aOR = 0.991, P=0.025), the right thalamus (B=—0.016, aOR =0.984, P =0.026), as well as the left thalamus
(B=0.015, aOR=1.015, P =0.019), predicted later ASD diagnosis. Alterations in thalamic and hippocampal macrostructure in at-risk
infants who do not engage in IJA may reflect an enhanced vulnerability and may be the key predictors of later ASD development.
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Introduction

Autism spectrum disorder (ASD) is a neurodevelopmen-
tal disorder which includes deficits in social communica-
tion and social interactions and restricted and repetitive
behaviors (American Psychiatric Association 2013). In
Canada, ASD is estimated to affect 1 in 66 children and
youth, or 1.5% of the child population (Ofner et al. 2018).
ASD diagnosis is male-biased, with 11in 42 males affected
and with 1 in 165 females affected (Ofner et al. 2018).
Additionally, there is an increased prevalence of 19% to
develop ASD if the child has an older biological sibling
with an ASD diagnosis (Ozonoff et al. 2011). Usually, the
diagnosis of ASD is not made until the child is at least
3 years of age when communication delays are more
easily identified (Zwaigenbaum 2010; Di Giorgio et al.
2016). The full manifestation of symptoms is expected to
appear later in development, especially when social com-
munication demands exceed the individual’s abilities
(American Psychiatric Association 2013). Identification
of the early signs of ASD during the first year of life is
needed for infants to access early therapies, which can

promote better social and behavioral outcomes (Gaffrey
et al. 2020).

Social gaze, or direct eye contact, is an important
communication channel and plays a key role in social
interactions (Guellai et al. 2020). The eyes provide very
subtle and complex information, which contributes to
social living (Haith et al. 1977; Emery 2000). Understand-
ing these subtle visual signals relies on the ability of
the individual to correctly interpret them (Emery 2000)
and this ability begins very early in development. Several
studies have demonstrated that infants, from the first
days after birth, perceive the gaze of others and prefer
faces that engage in mutual gaze (Farroni et al. 2002;
Guellai et al. 2020). Social gaze lays the foundation for
developing more complex forms of social cognition, such
as following the gaze of others, regulating turn-taking in
conversations, and inferring others’ mental states (Emery
2000; Guellai et al. 2020). The ability to follow gaze is
necessary for the development of joint attention (JA).

JA is the ability to look into the eyes and follow the
gaze of others integrating a third element to the dyadic
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relationship with a partner (Dawson et al. 2004). JA is
characterized by the alternated and coordinated atten-
tion with the partner and the object, a triadic interaction
(Bruinsma et al. 2004; Tomasello et al. 2005). JA allows
infants to be able to gaze into another individual’s eyes
to getinformation about the other individual’s emotional
state and about where the eye gaze is being directed.
In turn, JA is essential for social emotional development
and for later language acquisition (Mundy and Crowson
1997). The consistent practice of JA provides experiences
for infants to build the neural systems necessary for
social interactions and mentalizing (Mundy 2018).

The ability to follow gaze cues of others is known as
responding to joint attention (RJA) or “gaze following”
(Bottema-Beutel 2016; Mundy 2018). JA also includes the
ability to initiate an interaction with a partner in order
to share interest about a third element, which could be
an object or event (Bottema-Beutel 2016; Mundy 2018).
This ability to seek interaction is known as initiating joint
attention (IJA) (Gong and Shuai 2012; Swanson et al. 2013;
Bottema-Beutel 2016).JA abilities typically start emerging
between 2 and 4 months of age and continue to develop
throughout the second year of life (Gredeback et al. 2010;
Mundy and Jarrold 2010; Mundy 2018).

An early clinical indicator in infants who later develop
ASD is the impairment in directing gaze and following
the eye gaze of others (D’Entremont 2000; Charman 2003;
Gredebéack et al. 2010; Ibanez et al. 2013). Impairments
in spontaneous gaze-following and in engaging in JA are
some of the earliest indicators of later ASD develop-
ment (Charman 2003; Bruinsma et al. 2004; Werner and
Dawson 2005; Ibanez et al. 2013; Bottema-Beutel 2016).
Impairments in IJA are considered to be more prevalent
than impairments in RJA in individuals with ASD (Ibanez
et al. 2013; Gangi et al. 2014; Mundy 2018). Previous
studies have shown that toddlers who had a higher like-
lihood of developing ASD showed weaker JA skills and
engagement than typically developing toddlers, and this
association was even greater for those who later devel-
oped ASD (Adamson et al. 2019).

Researchers have been investigating brain areas that
could be associated with ASD core symptomatology.
Previous studies found that individuals diagnosed with
ASD demonstrated volumetric alterations in some
specific subcortical brain regions when compared to
typically developing individuals. Van Rooij et al. (2018)
found an association between ASD and smaller volumes
of subcortical areas such as the pallidum, putamen,
nucleus accumbens, and amygdala. The findings suggest
that alterations in those areas could be associated with
social-motivational and cognitive/motor impairments in
ASD and with mechanisms of social reward differences
observed in individuals with ASD (Van Rooij et al. 2018).
Other studies, however, found that the amygdala was
enlarged in children with ASD compared to the control
group (Mosconi et al. 2009; Nordahl et al. 2012).

Research studies report that subcortical brain areas,
such as the amygdala, the striatum, and hippocampus,

are implicated in JA behaviors (Gordon et al. 2013; Mundy
2018). Mosconi et al. (2009) found increased amygdala
volume in 2- and 4-year-old children diagnosed with
ASD and also found an association between increased
amygdala volumes and decreased JA ability in 4-year-
old children with ASD. Sussman et al. (2015) reported
smaller subcortical volumes in brain areas, such as in the
hippocampus, thalamus, and globus pallidus in children
and adolescents with ASD, relative to the total brain vol-
ume. Smaller thalamic volumes have also been reported
in children diagnosed with ASD compared to control
groups (Tamura et al. 2010; Sussman et al. 2015). Whether
comparable associations between JA behaviors and sub-
cortical volumetric development occurs in infancy is
currently understudied.

Differences in subcortical volumes between ASD and
non-ASD participants have been the focus behind a large
volume of research. For example, amygdala enlargement
has been reported in infants and children later diagnosed
with ASD (Avino et al. 2018; Li et al. 2019), and differen-
tial amygdala subnuclei volumes and growth trajectories
have been associated with ASD symptomatology (Seguin
et al. 2021). Morphological alterations of the putamen,
pallidum, and thalamus have been associated with ASD
(Schuetze et al. 2016; Van Rooji et al. 2018), while findings
on the relationship between hippocampal volumes and
ASD symptoms have been mixed (Bigler et al. 2003; Schu-
mann et al. 2004; Nicolson et al. 2006; Li et al. 2022). As
subcortical structures have been implicated in both ASD
symptomatology and the emergence of ASD, research is
needed to investigate whether alterations in subcortical
morphology and JA behaviors can be used to predict ASD
diagnoses in early infancy.

In the current work, we examined JA abilities in young
infants who carried a familial risk for the development
of ASD. Infants with a sibling diagnosed with ASD were
assessed for JA and underwent structural neuroimaging
at 4 or 6 months of age. We examined the association
between subcortical brain volumes, behavioral measures
of responding to and initiating JA, and ASD diagnostic
status. We hypothesized that JA behaviors will be limited
or absent in infants who are later diagnosed with ASD
and that subcortical volumes will predict ASD diagnosis
in infants. A better understanding of early JA and the
underlying neural mechanisms could identify key win-
dows for intervention as well as biomarkers for use as
identification tools for accessing early interventions in
order to promote improved social and behavioral out-
comes in infants who have an increased likelihood for
the development of ASD (Zwaigenbaum 2010).

Material and Methods

Participants

Initially, data from 131 infants were collected through
the National Database for Autism Research repository
as part of the National Institute of Mental Health Data
Archive (NDA) (Payakachat et al. 2016). Individuals were



recruited as part of a longitudinal study to examine
brain-based and behavioral phenotypes in infants who
carry a familial risk for the development of ASD. All
infants in the study had a sibling who was diagnosed
with ASD. The infants were recruited from multiple sites
through institutions that were part of the Autism Centers
of Excellence (ACE) Program and the Infant Brain Imaging
Study (IBIS) Network. The infants completed magnetic
resonance imaging (MRI) scans when they were 4 or
6 months of age and completed behavioral assessments
at multiple time points from 5 to 15 months of age. Data
from both studies were combined using the data from
all infants who had image data available at 4 and/or
6 months of age from the IBIS Network (n=71) and ACE
Study (n=60).

Data from the Vineland Adaptive Behavior Scale-II
(VABS-II) and the Autism Observation Scale for Infants
(AOSI) were used to examine early gaze and JA behav-
iors and data from the Autism Diagnostic Observational
Schedule, General (ADOS-G) (Lord et al. 2000) was used
to confirm the diagnosis. Data from 24 infants were
excluded as those infants did not complete the ADOS-G
at any time point, leading to a sample of 107 infants (63%
males). All the 107 infants had MR image data available
at 4 or 6 months of age, had behavioral measures for the
AOSI and the Vineland completed at some time point,
and had completed the ADOS-G. For the current study,
scores from the assessments completed at the closest
time point to the MRI scans were used. The age of the
first assessment completed for the VABS-II varied from 5
to 14 months of age and from 6 to 15 months of age for
the AOSI. AsJA is a developmentally sensitive process, we
chose to limit the behavioral assessments that were per-
formed at 9 months of age or below to ensure all behav-
loral and imaging data were collected within a compara-
ble developmental period. The mean age for the acquisi-
tion of the MRI was 5.73 months of age. For the behav-
ioral measures Vineland and AOSI, the mean ages were
6.62 and 6.64 months, respectively. After applying the
exclusion criteria, we had a total of 101 participants (62%
males) in our sample. A total of 20 infants (18.7%) in the
sample received a diagnosis of ASD, which was confirmed
by the ADOS-G. A total of 17 of the children diagnosed
were male (85%) and 3 were female (15%). All participants
who were later diagnosed as ASD had data collected prior
to 9 months of age and were included in the analysis.

Behavioral and Developmental Assessments
Vineland Adaptive Behavioral Scale-II

The VABS-II is a standardized norm-referenced measure
of adaptive behavior (Sparrow 2011). The questionnaire
assesses 4 adaptive domains: Communication, Daily
Living Skills, Socialization, and Motor Skills. There is
1 additional domain, Maladaptive Behavior, which is
optional to complete (Community-University Partner-
ship for the Study of Children 2011) . The questionnaire
is suitable for infants from birth to adults of 90 years of
age (Sparrow 2011). The questionnaire is available as an
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interview form (semi-structured, open-ended interview)
as well as a parent/caregiver form (Community-Uni-
versity Partnership for the Study of Children 2011).
The interview and parent-caregiver formats do not differ
from each other in terms of content but differ in how it
is administrated (Community-University Partnership for
the Study of Children 2011). The scores for each of the
items range from O to 2, indicating how often the child
displays the behavior (0 =never; 1=sometimes/partially;
2=usually).

Autism Observational Scale of Infants

The AOSI is a measure to detect early signs of ASD,
particularly for infants who have a familial risk for ASD,
to be used exclusively in research contexts (Bryson et al.
2008). The AOSI is composed of semi-structured activities
administered by an expert examiner (Bryson et al. 2008).
The activities are divided into 19 tasks in which the
examiner observes specific signs of autism in infants
(Bryson and Zwaigenbaum 2014). The AOSI was created
based on the infants’ developmental trajectories (Bryson
et al. 2008). Its administration is characterized by an
interactive play between an infant and an examiner,
while assessing infants’ target behaviors (e.g. visual
tracking, disengagement of attention, orientation to
name, reciprocal social smiling, differential response to
facial emotion, and social anticipation and imitation)
(Bryson et al. 2008). The measure can be used to assess
infants from 6 to 18 months of age for ASD (Bryson et al.
2008). The scores for each of the items range from 0
to 3, indicating if the child displays typical behavior
(O=typical behavior; 1=inconsistent/partial behavior;
2 =impaired/atypical behavior; 3 =total lack of behavior).

MRI acquisition

All images were acquired on a Siemens 3T scanner. T1-
weighted MR images were acquired with 160 sagittal
slices using parameters: repetition time (TR) and echo
time (TE)—TR/TE=2,400/3.16 ms and voxel resolu-
tion=1x 1 x 1 mm?3. For this study, T1-weighted images
obtained in babies aged 4 or 6 months of age were
selected for the subsequent image segmentation.

MR image processing

The quality of the acquired images was visually inspected
for motion and other artifacts. The T1-weighted images
were subsequently analyzed using recon-all com-
mand using Infant FreeSurfer (Fischl 2012; de Macedo
Rodrigues et al. 2015; Zollei et al. 2020). Infant FreeSurfer
is an automatic processing stream for T1-weighted MRI
scans in infants (Zollei et al. 2020). Automatic processing
steps include intensity normalization, skull stripping,
and segmentation of the cortex, white matter, and
subcortical structures (Zollei et al. 2020). Segmentation
involves using a multi-atlas approach in which multiple
atlases are first registered to subject space and the labels
are transferred. The atlases were developed from infant
MRI scans (de Macedo Rodrigues et al. 2015). To create
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the atlases, manually segmented labels were developed
using MRI scans from a representative sample of infants
(0-2 years of age). In the current study, developmentally
appropriate atlases for 4- and 6-month-old infants were
employed. The anatomical labels were then fused into a
single segmentation result, providing higher accuracy
than single-atlas approaches (Iglesias and Sabuncu
2015).

The automatic regional segmentation by the Infant
FreeSurfer pipeline was visually qualified on the graphic
interface FreeView, which is available with the Freesurfer
suite of tools (http://surfernmr.mgh.harvard.edu/).
Further manual segmentation was employed to correct
segmentation errors in the subcortical gray matter using
ITK-SNAP (http://www.itksnap.org/). The quantified
measurements of the cortical gray, subcortical white
matter, and subcortical regions (thalamus, pallidum,
putamen, caudate, amygdala, and hippocampus) were
extracted. The “brainvol” for global measurements
of brain volumes, the “aseg” (Fischl et al. 2002) for
the segmentation of subcortical regions, including
the basal ganglia (putamen, globus pallidus, caudate,
and nucleus accumbens), cerebellum, and brainstem
(Desikan et al. 2006). A total of 26 volumes and 204
regionally distributed measurements (regional volume,
surface area, and cortical thickness) were extracted from
the “aseg” (Fischl et al. 2002) and the “aparc” (Desikan
et al. 2006) in each subject, respectively. Segmentation
results for representative participants with and without
ASD, anatomically annotated (Desikan et al. 2006), are
shown in the Fig. S1 in Supplementary Material.

Statistical analysis

Statistical analyses were performed using Statistical
Package for the Social Sciences (v.27 SPSS, Chicago, IL).
The main aim of our study is to determine whether
responsiveness to RJA and IJJA is associated with the
differences in subcortical brain volumes which are
associated with a later ASD diagnosis in infants with
a familial risk for developing ASD. A comprehensive final
model was built to address the 2 hypotheses of our aim:
to determine (i) whether behavior responsiveness to RJA
and JJA are associated with a later diagnosis of ASD
in HR infants and (ii) whether volumetric differences
in subcortical structures (thalamus, hippocampus,
basal ganglia, amygdala, ventral diencephalon, and
cerebellum) will be associated with a later ASD diagnosis.
First, from all the questionnaires’ items (VABS-II and
AQSI), we searched for the keywords related to JA,
which included look, eye, watch, point, share, social
interest, and attention. Two additional readers reviewed
the keywords and agreed that those were the best
terms to identify JA behaviors. We selected 11 items
from both questionnaires that contained >1 keywords.
In order to classify the behavioral data from both
questionnaires, data reduction methods were applied. A
principal component analysis (PCA) was applied to the 11
selected items. The PCA allowed for the creation of new

constructs combining data from both questionnaires.
Using Varimax rotation, 5 components were extracted
(eigenvalues >1). The model was tested for sample
adequacy (KMO=0.493) and for sphericity (Bartlett’s test
P <0.001). From the 5 components, 2 composite measures
which best defined JA behaviors were chosen from the
results of the PCA analysis: RJA and IJA. Subsequently,
based on the composites scores, participants were
divided into groups: responders to RJA, nonresponders
to RJA, responders JJA, and nonresponders to IJA. The
RJA composite contained only items from the AOSI, with
participants being classified as nonresponders when
scores were >0. The JA composite contained only items
from the VABS, and participants receiving behavioral
scores of 0 on [JA items were classified as nonresponders.

Data from the nonresponder groups were analyzed
using Binomial Logistic Regression. The dependent vari-
able was later ASD diagnosis. The independent variables
were cortical (gray and white matter) and subcortical
volumes (thalamus, hippocampus, amygdala, nucleus
accumbens, ventral diencephalon, and cerebellum), con-
trolling for age, sex, and total cerebral volumes. As we
had 2 hypotheses for our aim regarding the predictive
ability of volumes and later ASD diagnosis in RJA and
[JA nonresponders, alpha level was set to P=0.05/2 or
P < 0.03 using the Bonferroni correction method.

Results
JA composites

The PCA analysis of the behavioral data revealed 5 com-
ponents, which can be found in Table S1 in Supplemen-
tary Material. Two composite scores that best described
JA were chosen. Three components that described visual
tracking and auditory processing were excluded. The first
composite score included items related to eye gaze and
shared affect (i.e. eye contact score and social interest
and shared affect score), which are aspects related to
RJA. The second composite score, [JA, included questions
related to pointing and initiating JA (i.e. points to object
he or she wants thatis out of reach and points or gestures
to indicate preference when offered a choice).

Responders and nonresponders

From the 2 composites’ scores, [JA and RJA, infants
were classified as IJA responders, [JA nonresponders, RJA
responders, and RJA nonresponders. 6 participants were
excluded from the analysis for the JJA group (n=101) and
11 participants were excluded for the RJA group (n=96)
because those infants had completed the behavioral
assessments after 9 months of age. Data revealed that for
the JJA scores (n=101), the majority of the infants were
I[JA nonresponders (n=93, 92%), while approximately half
of the sample were RJA nonresponders (n=>50, 52%).

RJA, JJA, brain volume and ASD diagnosis

Data from the IJA nonresponder group (n=93) were ana-
lyzed using a regression method. In the binary logistic
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Fig. 1. In infants who did not display IJA behaviors, left hippocampal volumes were smaller in high-risk (HR-ASD) infants who later received a
diagnosis of ASD compared to high-risk (HR-N) infants who did not receive an ASD diagnosis. Values represent the estimated marginal means of left
hippocampal volumes for HR-N and HR-ASD infants, adjusting for biological sex, age, and total cerebral volumes. Estimated marginal means were
from a generalized linear model using an identity link function (P =0.006). Errors bars reflect 95% confidence intervals.

regression analysis, subcortical volumes for the thala-
mus, ventral diencephalon, hippocampus, basal ganglia,
and amygdala were entered as predictors in the model,
and the ASD diagnosis was used as the outcome variable,
controlling for age, sex, and total cerebral volumes. The
omnibus test of model coefficient (P=0.049), which is
a likelihood-ratio, chi-square test of the model com-
pared to a null model, and the Hosmer and Lemeshow
goodness of fit test (P=0.211) demonstrated that our
model was appropriate. The results of the regression
analysis correctly identified 87.1% of participants who
later received an ASD diagnosis. We further tested the
classification accuracy of the model using a chi-square
test, demonstrating that the classification prediction was
better than chance (X?=29.04, P < 0.00001, after applying
a Yates correction). From the subcortical volumes, the
left hippocampus was a significant predictor of ASD
diagnosis (B=-0.009, aOR=0.991, P=0.025). The associ-
ation between hippocampal volumes and ASD diagno-
sis in the nonresponder IJA group is shown in Fig. 1.
The right-thalamus was also a significant predictor of
ASD (B=-0.016,20R=0.984, P=0.026) as well as the left-
thalamus (B=0.015, aOR=1.015, P=0.019). Age was not
significant in the model (P > 0.05) and sex was borderline
(B=2.315, 0R=10.122, P=0.052).

For the RJA nonresponder group, a binomial logistic
regression analysis was employed. Subcortical volumes
(thalamus, ventral diencephalon, hippocampus, basal
ganglia, and amygdala) were predictors in the model,
and ASD diagnosis was used as the outcome variable,
controlling for age, sex, and total cerebral volumes.
No significant associations were evident among the
subcortical volumes and ASD diagnosis (all, P > 0.03).

Discussion

In the current study, we examined JA in young infants
who had an increased familial likelihood for ASD. We

used a data-driven approach to identify the core con-
structs for IJA and RJA using clinical assessments. We
identified that most infants were not responding to JJA,
while a larger proportion of infants engaged in RJA. Over-
all, in the IJA nonresponder group, hippocampal and
thalamic volumes were predictive of a later ASD diag-
nosis, indicating that these brain regions may show an
enhanced vulnerability early in life and may be the key
predictors of development of ASD. In the RJA nonrespon-
der group, no association between brain volumes and
later ASD diagnosis was evident. Findings indicate that
the absence of [JA behaviors may be associated with early
changes in brain development, which are later associated
with an ASD diagnosis.

Atypical JA behaviors have previously been reported
in infants who were high risk for developing ASD
compared to typically developing infants (Ibanez et al.
2013). Although differences in both IJA and RJA abilities
have been observed in previous studies, the absence of
[JA responses were more prominent, suggesting that
IJA is a better predictor of later ASD diagnosis and
symptomatology than RJA (Charman 2003; Ibanez et al.
2013; Gangi et al. 2014). JA behaviors require not only
the ability to follow gaze but also the infant’s motivation
to share interest or affect with others (Dawson et al.
2004; Gangi et al. 2014; Mundy 2018). In this sense, [JA
requires social information processing in a complex
manner, having the infant taking a more active role in
JA than in RJA (Mundy 2018). The infant shifts from
being a signal receiver when displaying RJA behaviors
to being a signal sender in [JA and motivation to engage
in social interactions is required (Mundy 2018). In our
study, we found that the majority of infants were IJJA
nonresponders. In the IJA nonresponder group, thalamus
and hippocampal volumes were predictive of the ASD
diagnosis, while no association was evident between
the brain volumes and diagnosis in the nonresponder
RJA group.
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Previous literature indicates that infants with a greater
likelihood of developing ASD show deficits in commu-
nicative and social functioning and in JA (Dawson et al.
2002; Zwaigenbaum et al. 2005; Ibanez et al. 2013). A
study by Ozonoff et al. (2011) reported that only 19%
of this population will later be diagnosed with ASD. As
IJA requires more skills to be able to process different
sources of information (e.g. their own position in space
and position of others, direction of gaze, sensory informa-
tion, and emotional or affective information of others),
it is considered to be a more complex ability than RJA
(Mundy 2018). In this sense, IJA requires the infant not
only to master those skills but also to play an active
role in engaging with others. That difference, in terms
of the complexity of the behavior, can be hypothesized
as a key contributor to the higher percentage of IJA
nonresponders compared to RJA.

Impairments in early JA have been identified as one
of the earliest indicators of later ASD development
(Charman 2003; Bruinsma et al. 2004; Dawson et al.
2004; Werner and Dawson 2005; Ibanez et al. 2013;
Bottema-Beutel 2016). Previous studies have found that
infants are sensitive to the gaze of others, even from
the first days after birth, and prefer faces that engage
in mutual gaze (Farroni et al. 2002; Guellai et al. 2020).
However, infants and young children later diagnosed
with ASD tend to prefer nonsocial stimuli rather than
social ones (Pierce et al. 2011; Chawarska et al. 2013; Di
Giorgio et al. 2016; Peltola et al. 2018; Gale et al. 2019)
and fail to spontaneously orient to the social situation
in the environment (Dawson et al. 2004).The failure to
orient to social stimuli early in life could possibly lead
to impairments in engaging in IJA, and consequently, to
later social and communication impairments that are
commonly observed in individuals with ASD (Dawson
etal. 2004). The lack of early propensity to spontaneously
engage in IJA with others might hinder opportunities to
build and strengthen brain networks that are necessary
for developing social cognition, contributing to a variety
of social and language impairments. High-risk infants
who do not respond spontaneously to social situations
and struggle with early social gaze and JA engagement
may be more likely to be diagnosed with ASD.

In our study, infants who were [JA nonresponders and
who had smaller thalamic and hippocampal volumes
were more likely to later be diagnosed with ASD. The
thalamus plays a critical role in the early specialization
of the neocortex (Nair et al. 2021). Smaller thalamic
volumes have been reported in children diagnosed with
ASD compared to control groups (Tamura et al. 2010;
Sussman et al. 2015). Evidence from infant and child
studies suggests that altered thalamocortical connectiv-
ity is associated with ASD symptomatology (Nair et al.
2013, 2015; Chen et al. 2016; Tidaka et al. 2019). Early
alterations in the thalamic development and its con-
nectivity have been reported in 6-week-old infants who
were at high risk for the development of ASD (Nair et al.
2021). Additionally, in a sample of young children and

adolescents with ASD, structural alterations in thala-
mocortical pathways were associated with social com-
munication impairments along with repetitive behaviors
(Nair et al. 2015). Structural alterations in the hippocam-
pus have also been reported in individuals with ASD
(Barnea-Goraly et al. 2014; Sussman et al. 2015). The tha-
lamus is a relay center that receives sensory periphery
information, such as visual and auditory information,
and sends it to the cortex (Nair et al. 2015; Chen et al.
2016; Fu et al. 2019). An infant’s environment presents a
variety of sensory information that is processed in their
brains. To produce coherent perceptual representations
and adequate behavior, this information must be per-
fectly integrated (Stevenson et al. 2014; Murray et al.
2016). Impairments in sensory function and processing
have been observed in individuals with ASD, and the
failure to integrate sensory information coming from
various sources put those individuals at risk for nav-
igating the social world (Stevenson et al. 2014; Baum
et al. 2015). Social and language cues come from differ-
ent sensory inputs; in turn, integration of multisensory
information plays an important role in the social and
communication function (Baum et al. 2015). In previous
studies, alterations in thalamus-temporal cortex connec-
tivity were associated with language and communication
impairments observed in ASD (Chen et al. 2016). The
hippocampusis an essential brain region for learning and
memory but has also been implicated in shared atten-
tion (Nummenmaa and Calder 2009; Anand and Dhikav
2012). In turn, early alterations in the development of
these structures in high-risk infants may contribute to
impairments with social gaze processing which require
active engagement with others.

We report a significant difference in left hippocampal
volumes, with smaller volumes predicting a later ASD
diagnosis. Atypical hemispheric asymmetry, relating to
both structural and functional differences in brain lat-
eralization, is common in ASD (Postema et al. 2019) and
are thought to underlie some of the behavioral features
characteristic of ASD (Floris et al. 2021), including dif-
ferences in language abilities (see Pearson and Hodgetts
2020 for a recent review) and motor behaviors (Floris
and Howells 2018). While prior research has focused
mainly on children and adults, a recent study of high-
risk and nominal risk infants and later ASD diagnosis
reported no observable differences in functional con-
nectivity among 1-month-old infants, but it did find
significant differences when infants were 9 months of
age (Rolison et al. 2022). Differences were seen in the
extrastriate as well as postcingulate cortex. Connectivity
between the postcingulate region and the visual net-
works are strongly related to [JA behaviors in 1-year-old
infants and toddlers (Eggebrecht et al. 2017). Previous
work has found an association between the hippocampal
connectivity and social difficulties in young children with
ASD (Chen et al. 2018). Our right hippocampal find-
ing supports previous reports of atypical hemispheric
lateralization in ASD and provides evidence that such



differences are visible in the hippocampus in very young
infants.

In our study, we found volumetric differences in
the thalamus in infants who later developed ASD. The
thalamus is a complex brain structure associated with
filtering a variety of sensory information, Previous
studies have found an increased connectivity between
the thalamus and sensory networks in individuals
diagnosed with ASD compared to control groups (Fu et al.
2019). Lewis et al. (2017) suggested that alterations in
brain networks in ASD individuals are present early in
development. It was suggested that the deficits in social
communication skills in ASD have a cascade effect due to
the deficits in filtering sensory information (Baum et al.
2015; Lewis et al. 2017).

In our study, we found that thalamic volumes
predicted ASD diagnosis in high-risk infants who were
not responding to IJA. Previous studies have found
atypical thalamic connectivity and suggest that this
may contribute to impairments in orienting to social
information in high-risk infants (Nair et al. 2021).
Alterations in thalamic-prefrontal connectivity have
been associated with diminished social attention and
engagement in high-risk infants, and alterations in
thalamic-occipital networks were associated with ASD
symptomatology (Nair et al. 2015, 2021). These regions
have been associated with the development of social
cognition as well as with processing visual information
(Nair et al. 2015, 2021). It is possible that our findings
related to the alterations in thalamic volumes in high-
risk infants underlie the atypical social development
in this population and explain why we found that the
majority of infants were nonresponders to [JA.

Infants who later develop ASD also fail to orient to
social stimuli (Dawson et al. 2004) and one explana-
tion could be rooted in the social motivation theory of
ASD (Mundy and Crowson 1997; Dawson et al. 2004;
Tomasello et al. 2005). It has been observed that children
with ASD lack the coordination to respond to JA but
particularly display few IJA behaviors (Tomasello et al.
2005). This major deficit in JJA skills suggests that ASD
children may lack the motivation for sharing interests
and emotions with others (Tomasello et al. 2005). Social
motivation is crucial for JJA, which could explain the
greater impairments in IJA rather than in RJA we have
reported. It is possible that infants at risk for developing
ASD do not experience the social interaction and shar-
ing affect as a reward for continuing to seek interac-
tion throughout their development. These abnormalities
in reward neurological systems might explain the fail-
ure to attribute reward to social interactions (Dawson
et al. 2004; Mundy 2018). Activation of other associ-
ated areas of the brain could be associated with moti-
vation and social reward such as the amygdala, the
striatum, and the hippocampus (Gordon et al. 2013).
Previous studies found that IJA behaviors increase acti-
vation in brain areas related to reward, such as the
striatum and the hippocampus (Schilbach et al. 2010).
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Altered hippocampal volumes, as found in our study,
may be associated with the atypical reward pathways in
the brain. Some individuals with ASD may not process
social interactions as rewarding which in turn results in
diminished social motivation. This lack of motivation to
engage with others could have led to the impairments in
IJA observed in our study. The hippocampus might show a
greater vulnerability early in life and may be associated
with the lack of social motivation in infants who later
develop ASD.

Having a sample composed exclusively of infants with
autistic siblings, and thus a familial risk of developing
ASD, for a longitudinal study is rare, yet further inves-
tigation of heterogenous samples is needed to support
our findings. As our sample was composed exclusively
of infants who had an elevated risk of developing ASD,
we cannot presume that the same associations between
brain volumes, JA, and later ASD diagnosis exist in typi-
cally developing infants who are at low risk for an ASD
diagnosis. As IJA is developmentally sensitive and is first
exhibited from 2 to 4 months of age, it is possible that
these behaviors could not had been completely devel-
oped at 4-6 months of age in some participants, which
might have impacted our findings. Investigation of the
development of JA over longer developmental periods
than we were able to include are necessary to determine
whether the trajectory of JA behaviors in later infancy
(>9 months) show similar associations with that we have
reported in the current work.

Conclusion

In sum, we examined the association between subcor-
tical brain volumes, behavioral measures of JA, and
ASD development in at-risk infants. Using a data-driven
method, we identified constructs related to both IJA
and RJA. We found that the vast majority of infants
in our sample were nonresponders to IJA, and from
this group, we found that hippocampal and thalamic
volumes predicted later ASD diagnosis. These findings
suggest that these brain regions may have enhanced
vulnerability early in life and may be key predictors
of ASD development in infants who are at high risk. A
better understanding of the early signs of social gaze
and JA, as well as the neural mechanisms behind those
behaviors, could help identify targets for intervention
as well as biomarkers to promote improved social and
behavioral outcomes in infants who are at high risk for
the development of ASD.
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