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Abstract

Autism spectrum disorder (ASD) is characterized by atypical connectivity lateralization of functional networks. However,
previous studies have not directly investigated if differences in specialization between ASD and typically developing (TD)
peers are present in infancy, leaving the timing of onset of these differences relatively unknown. We studied the
hemispheric asymmetries of connectivity in children with ASD and infants later meeting the diagnostic criteria for ASD.
Analyses were performed in 733 children with ASD and TD peers and in 71 infants at high risk (HR) or normal risk (NR) for
ASD, with data collected at 1 month and 9 months of age. Comparing children with ASD (n=301) to TDs (n=432), four
regions demonstrated group differences in connectivity: posterior cingulate cortex (PCC), posterior superior temporal gyrus,
extrastriate cortex, and anterior prefrontal cortex. At 1 month, none of these regions exhibited group differences between
ASD (n=10), HR-nonASD (n=15), or NR (n=18) infants. However, by 9 months, the PCC and extrastriate exhibited atypical
connectivity in ASD (n=11) and HR-nonASD infants (n =24) compared to NR infants (n=22). Connectivity did not correlate
with symptoms in either sample. Our results demonstrate that differences in network asymmetries associated with ASD
risk are observable prior to the age of a reliable clinical diagnosis.
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Introduction ASD in infants to understand how early atypical patterns in

neural development may lead to the behavioral phenotype of
ASD (Wolff et al. 2015; Eggebrecht et al. 2017; Emerson et al. 2017;
Lewis et al. 2017; Shen et al. 2017).

Autism spectrum disorder (ASD) is a neurodevelopmental disor-
der that affects 1 in 54 children (Maenner et al. 2020). While the
earliest behavioral symptoms of ASD manifest during the first

year of life, diagnosis cannot be reliably made until the second
year of life (Ozonoff et al. 2015). Thus, pioneering research is
beginning to identify neural correlates of future diagnosis of

Hemispheric specialization—the tendency for some neural
processing to be asymmetrically localized to one hemisphere
of the brain compared to the other—develops across the
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life span, beginning in utero between the second and third
trimesters (Dubois et al. 2009; Habas et al. 2012) and continuing
throughout infancy and childhood (Fair et al. 2007). Atypical
hemispheric asymmetries have been well demonstrated in
children, adolescents, and young adults with ASD, which are
generally observed as bilateral brain activation or reduced
interhemispheric connectivity. These have been shown in
auditory (Edgar et al. 2015), sensorimotor (Anderson et al. 2011;
Floris et al. 2016), and language regions (Kleinhans et al. 2008;
Redcay and Courchesne 2008), as well as in the default mode
(Nielsen et al. 2014; Lee et al. 2016) and frontoparietal (Anderson
et al. 2011; Cardinale et al. 2013) networks, and may underlie
symptoms that are common among individuals with ASD (Floris
et al. 2016, 2021; Lee et al. 2016). Thus, atypical hemispheric
specialization may represent a potential neurological index of
ASD which can be traced in individuals from a wide range of
ages, yet no studies have investigated atypical specialization in
the context of ASD across developmental ages and, particularly,
in infants. It is not clear if the atypical patterns observed in
school-age children represent a primary impairment in ASD
or emerge over time secondary to other challenges present
in ASD. Given the gap in age between the first appearance
of behavioral symptoms of ASD in early toddlerhood and the
neuroimaging work probing the hemispheric asymmetries in
children, adolescents, and young adults with ASD, there remains
a need to investigate when these patterns diverge between
ASD and control groups. In other words, do the hemispheric
specialization differences that characterize older individuals
with ASD occur at younger ages—namely, in infancy, prior to the
appearance of noticeable symptoms? For neurodevelopmental
disorders, such as ASD, identifying early critical time periods
for atypical brain development is paramount in elucidating
etiological pathways that might contribute to the disorder.

Using cross-sectional and longitudinal data from multiple
open-source datasets, we used functional magnetic resonance
imaging (fMRI) to interrogate the degree to which brain net-
works preferentially interact with same (ipsilateral) as opposed
to opposite (contralateral) hemispheres through resting-state
functional connectivity (Wang et al. 2014), that is, the temporal
correlation of brain activity. To do so, we used a data-driven,
voxel-based approach—cross-hemisphere intrinsic connectiv-
ity distribution (chICD)—that has been previously validated in
a range of disorders and conditions, including preterm birth
(Scheinost et al. 2015) and schizophrenia (Scheinost et al. 2019).
First, in a large cohort of school-age children (n=733) from the
Autism Brain Imaging Data Exchange (ABIDE) sample, we inves-
tigated group differences in chICD. As chICD is a data-driven
approach, we did not have an a priori hypothesis for which brain
regions would exhibit atypical connectivity lateralization.

Next, using longitudinal infant data and the regions observed
in the school-age cohort, we examined whether the same
patterns are present, before reliable diagnosis, at 1 month
and 9 months in 71 infants at high risk (HR) or normal risk
(NR) for developing ASD. Nearly 20% of the siblings of children
with ASD receive an ASD diagnosis (Ozonoff et al. 2011);
thus, the study of infant siblings allows for the investigation
of the earliest signs of ASD. Fifteen of these infants later
met Autism Diagnostic Observation Schedule, second edition
(ADOS-2) (Lord, Rutter et al. 2012) algorithm criteria for ASD.
Given the early development of hemispheric specialization,
we hypothesize that the neural correlates for the atypical
asymmetry patterns observed in the school-age children
begin to develop infancy and, thus, will be observed in the
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infant sample at 1 month of age. We hypothesize that the
lateralization for the HR-nonASD infants will be in between
those for the NR and ASD infants (i.e,, NR>HR-nonASD
> ASD).

Materials and Methods
Datasets

We used resting-state data obtained from ABIDE-I and ABIDE-
II (Di Martino et al. 2014, 2017). All data were collected under
the direction and approval of the respective institutions’ ethics
boards. Participants in our dataset included those ages 6-
14 years. Participants were only included from sites where
research-reliable clinicians administered the ADOS (Lord,
Petkova, et al. 2012). Participants were administered the ADOS-
G (Lord et al. 2002) (179 participants) and/or the ADOS-2 (Lord,
Rutter et al. 2012) (239 participants). Participants with ASD
had an established ASD diagnosis (average ADOS calibrated
severity score 6.9). All participants had a full-scale intelligence
quotient (IQ)>70. Typically developing (TD) participants did
not have any psychiatric diagnoses, take any psychoactive
medication, or have a family history of ASD. Magnetic resonance
imaging (MRI) quality and preprocessing were assessed visually
for registration accuracy and quantitatively for motion (see
Motion Analysis). Participants from sites were only included
in our analysis if at least 10 children in each diagnostic group
from that site contributed usable data. Analyses included
301 children with ASD and 432 TD peers (see Supplementary
Table S1 for a list of included participants). As shown in
Supplementary Table S3, there were no differences in age
between ASD and TD participants. While there was a difference
in IQ (Cohen’s d=0.63), all ASD participants had normal-range
IQ scores with an average IQ of 105. There were 259 males and
42 females with ASD included, compared to 289 males and 143
TD females. There were 219 right-handed, 32 left-handed, and
41 mixed-handed children with ASD, compared to 375 right-
handed, 20 left-handed, and 33 mixed-handed TD children.
Handedness data were not available for nine children with ASD
and four TD children.

Additionally, we used resting-state data obtained from the
National Institute of Mental Health Data Archive (NDA) that
was collected through the University of California Los Angeles
Autism Center of Excellence (UCLA ACE) project. The dataset
identifier is NDARCOL0002026. This dataset was chosen as it was
the only dataset on NDA with both resting-state data at 1-month
and follow-up ADOS testing. The sample consisted of 79 HR and
NR infants with fMRI scans at 1-2 months and/or 9-10 months
with resting-state data. HR is defined exclusively as a participant
who has a biological sibling diagnosed with ASD. Five infants
(four NR and one HR) were excluded for missing later diagnostic
testing, and three HR infants were excluded for motion during
scanning (see below).

Following the exclusions, we retained 40 (91%) and 31 (89%)
of HR and NR infants, respectively. Out of the 71, 43 infants
had data at 1-2 months, 57 infants had data at 9-10 months,
and 29 infants had data at both (see Supplementary Tables S4
and S5). ASD status was determined based on the results of
the ADOS-2 evaluation. Twenty-one infants had data available
from the administration of the ADOS-2 Toddler Module
between 18 and 19 months. Toddlers whose scores fell into
a “Moderate-to-Severe Concern” range were grouped into the
ASD infant category (n=2; mean raw score=19.0+1.4). For
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the remaining 50 infants, diagnostic classification was based
on the ADOS-2, which was administered between 32 and
37 months. Toddlers with an overall calibrated severity score
of >=4 were grouped into the ASD infant category (n=13;
mean=5.9+1.9). All participants were healthy, full-term infants
following normal pregnancy with no complications. Scans
were acquired during natural, nonsedated sleep. There were
no differences in age (P=0.2) or sex (P=0.6) between the HR-
nonASD and NR infants. However, only one infant grouped as
ASD was female.

Imaging Parameters

For the ABIDE school-aged children, included data were col-
lected at Kennedy Krieger Institute, Georgetown University, New
York University, Oregon Health & Science University, Univer-
sity of California Los Angeles, University of Michigan, and Yale
School of Medicine. Data acquisition parameters varied across
sites. Details on scan parameter and site-specific protocols are
available at http://fcon_1000.projects.nitrc.org/indi/abide/. Fur-
ther information about how site was controlled for in analysis
can be found below in Analytical Approach.

For the UCLA infants, included data were collected as part of
the UCLA Autism Center of Excellence. Resting-state MRI were
acquired at a 3 Tesla MR scanner (parameters: time repetition
[TR]/time echo [TE]: 2000/28 ms, flip angle =90°, FOV =192 mm,
56 x 56 matrix, 34 axial 4-mm slices).

Common Space Registration

For the school-age children, anatomical images were skull-
stripped using FSL and any remaining nonbrain tissue was
manually removed. Next, to warp the functional images into
Montreal Neurological Institute (MNI) space, a series of linear
and nonlinear registrations were calculated independently
and were combined into a single transform. This single
transformation allows the single participant images to be
transformed to common space with only one transformation,
reducing interpolation error. Functional images were linearly
registered to the anatomical image and the anatomical image
was nonlinearly registered to the template MNI brain using a
previously validated algorithm (Scheinost et al. 2017). For the
infants, a mean functional image from the motion-corrected
fMRI data (see below) was registered to a custom infant template
(as given in Scheinost et al. (2016)) using the same validated
algorithm (Scheinost et al. 2017).

Functional Connectivity Preprocessing

Functional data processing for school-age children and infants
followed an identical pipeline. Functional images were slice-
time- and motion-corrected using SPM8. Next, images were
warped into common space using the transformation described
above with cubic interpolation and were iteratively smoothed
until the smoothness of any image had a full-width at half-
maximum (FWHM) of approximately 6 mm using AFNI’s
3dBlurToFWHM. This iterative smoothing reduces motion-
related confounds (Scheinost et al. 2014). All further analyses
were performed using Biolmage Suite (Joshi et al. 2011) unless
otherwise specified. Several covariates of no interest were
regressed from the data, including linear and quadratic drifts,
mean cerebral spinal fluid (CSF) signal, mean white matter

signal, and mean gray matter signal. For additional control
of possible motion-related confounds, a 24-parameter motion
model (including 6 rigid-body motion parameters, 6 temporal
derivatives, and these terms squared) was regressed from the
data. The data were temporally smoothed with a Gaussian
filter (approximate cutoff frequency=0.12 Hz). A canonical gray
matter mask defined in common space was applied, so only
voxels in the gray matter were used in further calculations.

Functional Connectivity Analysis

After standard functional connectivity preprocessing (see
supplement, Supplementary Fig. S1), we examined the degree
to which brain networks preferentially interact with same
(ipsilateral) as opposed to opposite (contralateral) hemi-
spheres through functional connectivity using chICD (Scheinost
et al. 2015). Like other voxel-wise connectivity measures
(Gotts et al. 2012; Tomasi and Volkow 2019), chICD involves
correlating the time course for a voxel x with every other
time course in the gray matter and then summarizing these
correlations. However, chICD separates the contribution of each
hemisphere to the overall connectivity, thereby providing a
measure of the asymmetry of a voxel’s connectivity.

Specifically, the time course for a voxel was correlated with
the time course for every other voxel in the hemisphere ipsi-
lateral to that voxel. ICD was used to model the distribution
of these correlations. This procedure was performed for every
voxel resulting in a map representing each voxel’s connectivity
within the same hemisphere, labeled as ICD(ipsi). Similarly, a
map representing a voxel’s connectivity to the contralateral
hemisphere was calculated, labeled as ICD(contra). Both maps
were normalized by subtracting the mean across all voxels
and by dividing by the standard deviation across all voxels.
This z-score-like normalization does not change the underlying
connectivity pattern but allows for the investigation of relative
differences in connectivity in the presence of large global dif-
ferences in connectivity. Finally, to detect patterns of between
hemisphere connectivity, the ICD(ipsi) and ICD(contra) maps
were subtracted, creating our chICD metric: chICD =ICD(ipsi) —
ICD(contra).

For single group chICD maps, a positive chICD value indicates
stronger connectivity to the ipsilateral hemisphere (relative to
both the mean ipsilateral connectivity and the contralateral
connectivity). A negative chICD value indicates stronger connec-
tivity to the contralateral hemisphere (relative to both the mean
ipsilateral connectivity and the contralateral connectivity). This
and similar procedures have been validated in several studies
(Lee et al. 2014; Wang et al. 2014; Scheinost et al. 2015; 2019).

Follow-Up Seed Connectivity

As chICD summarizes connectivity differences across the whole
brain into a single number, the specific connections that were
most responsible for changes in connectivity are not readily
observable. In school-age children, follow-up seed analysis was
performed to explore post hoc the nodes identified by the
chICD analysis to determine these specific connections. The
time series of the seed region in each participant was then
computed as the average time series across all voxels in the
seed region. This time series was correlated with the time
series for every other voxel in the gray matter to create a map
of r-values, reflecting seed-to-whole-brain connectivity. These
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R-values were transformed to z-values using Fisher’s transform,
yielding one map for each participant representing the strength
of correlation to the seed region.

Motion Analysis

As group differences in motion have been shown to confound
connectivity studies, we calculated the average frame-to-
frame displacement for each participant’s data. In line with
current reports, participants with an average frame-to-frame
displacement greater than 0.15 for any run were removed
from the analysis for both the school-age and infant samples
(school-age: 79 [21%] ASD and 42 [9%]| TD; infants: 3 HR-
nonASD, 0 NR, 0 ASD). Following the exclusions, motion was
similar between the ASD and TD groups (ASD: 0.08 +0.03, TD:
0.07 £0.03, Cohen’s d=0.27) and between the HR-nonASD, NR,
and ASD groups at 1 month (HR: 0.06 +£0.02, NR: 0.05+0.03,
ASD: 0.05+0.02, Cohen’s f2 =0.02) and 9 months (HR: 0.05 £ 0.03,
NR: 0.06+0.03, ASD: 0.06 +0.04, Cohen’s f2=0.01). Finally, we
regressed a 24-parameter motion model, used an iterative
smoothing algorithm, and included motion as a covariate in
group analyses for the school-age children to minimize any
motion confounds (Satterthwaite et al. 2013; Scheinost et al.
2014).

Analytical Approach

For the school-aged children, chICD and seed connectivity data
were analyzed with voxel-wise general linear modeling. Age,
site, sex, IQ, and motion were included as covariates. Imaging
results are shown at a cluster-level threshold of P < 0.05 family-
wise error (FWE) correction as determined by AFNI’s 3dClustSim
program (version 16.0.09) using a cluster-forming threshold of
P <0.001, 10000 iterations, a gray matter mask, and a smooth-
ness estimated from the residuals using 3dFWHMx with the -
ACF option. As a significant chICD difference could be driven by
the differences in ipsilateral connectivity, contralateral connec-
tivity, or both, post hoc two-sample t-tests (based on extracted
chICD values from significant clusters) were used to test the
direction of influence, corrected for multiple comparisons using
Bonferroni correction.

For the infant sample, though we used voxel-wise compar-
isons in the larger school-age sample (n=733), we chose only to
test group differences based on ROIs from the school-age sample
for two primary reasons. First, we explicitly wanted to determine
whether the observed group differences in school-age children
were observable in infancy. Second, the infant dataset had a
much smaller sample size at each time point (n <60), which
reduces statistical power. ROI-based comparisons have higher
power compared to voxel-wise comparison. To facilitate group
comparisons, we warped the peak differences of the school-age
results (in MNI space) into infant space using a transformation
between the infant and MNI templates, estimated using the
same validated algorithm as above. Once in infant space, 6-mm
radius ROIs were created, centered on these peaks, which is con-
sistent with ours and others’ previous infant neuroimaging work
(Scheinost et al. 2016; Rudolph et al. 2018). The average chICD
values extracted using these ROIs from the infant chICD data
were compared among the three groups using one-way ANOVAs.
Finally, we compared developmental trajectories for the ROIs
with significant group differences during infancy by contrasting
the 9-month and 1-month data in infants with longitudinal data
and by comparing these differences across groups.
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Results
Connectivity Analysis

The chICD analysis revealed four clusters of altered hemispheric
asymmetry of connectivity for children with ASD compared with
TD peers (P <0.05, corrected; Fig. 1 and Supplementary Fig. S3).
Children with ASD demonstrated greater chICD in right poste-
rior superior temporal gyrus (pSTG; R BA 22), indicating that this
region more strongly interacts to the ipsilateral hemisphere in
ASD. Also, children with ASD exhibited a more positive chICD
value in the right extrastriate cortex (R BA 19). In the right ante-
rior prefrontal cortex (PFC; R BA 10), children with ASD exhibited
reduced chICD, indicating that this region more strongly inter-
acts with the contralateral hemisphere in ASD. Finally, children
with ASD demonstrated lower chICD in right posterior cingu-
late cortex (PCC; R BA 23/31), indicating that this region inter-
acts weaker with the ipsilateral hemisphere. All regions exhib-
ited medium effect sizes (pSTG: Cohen’s d=0.49, extrastriate:
Cohen’s d=0.32, PCC: Cohen’s d=0.41, PFC: Cohen’s d =0.65).

Post hoc tests to evaluate the direction of chICD results
suggest that the altered asymmetry in the right pSTG was due
to weaker connectivity to the contralateral hemispheres in ASD
(ASD vs. TD: ICD(ipsi) t=—1.03, P=0.31, df=731; ICD(contra)
t=—-4.24, P<0.001, df=731). In contrast to the pSTG finding,
the asymmetry differences in the right extrastriate cortex
were primarily due to greater connectivity to the ipsilateral
hemispheres in ASD (ASD vs. TD: ICD(ipsi) t=3.31, P <0.001,
df=731; ICD(contra) t=1.61, P=0.11, df=731). The right PCC
differences in asymmetry were driven by weaker connectivity
to the contralateral hemisphere compared to TD children (ASD
vs. TD: ICD(ipsi) t=—0.98, P=0.34, df=731; ICD(contra) t=—3.64,
P <0.001, df=731). Finally, in the right PFC, no significant
difference connectivity to the ipsilateral and contralateral
hemisphere in ASD relative to TD peers were observed
(ASD vs. TD: ICD(ipsi) t=—1.74, P=0.08, df=731; ICD(contra)
t=-1.37, P=0.17, df=731). These results are summarized in
Supplementary Table S6.

Seed Connectivity

To further elucidate the differences in chICD between groups,
follow-up seed connectivity analysis was performed with each
of the four identified regions as seeds (Fig. 2). Connectivity from
the PCC, extrastriate, and pSTG seeds showed standard default
mode network (DMN) patterns for both groups (i.e., strong con-
nectivity between the PCC, medial prefrontal cortex [mPFC], and
bilateral angular gyri; Greicius et al. 2003); while connectivity
from the PFC seed showed standard salience network patterns
for both groups (i.e, strong connectivity between the dorsal
anterior cingulate cortex [dACC] and bilateral insula; Seeley et
al. 2007).

For children with ASD compared to TD peers, seed connec-
tivity from right pSTG suggested that the reduced contralateral
connectivity in ASD may be driven by weaker connectivity with
left inferior frontal gyrus (IFG), left mPFC, and left visual associa-
tion cortex as well as by greater connectivity with right fusiform
and middle temporal gyrus. Seed connectivity from right extras-
triate cortex revealed greater connectivity with right fusiform,
middle temporal gyrus, and angular gyrus in children with
ASD, which is consistent with the observed increased ipsilateral
asymmetry. Seed connectivity from right PCC revealed weaker
connectivity with right cerebellum, left PCC, left anterior PFC,
left orbitofrontal area, left anterior cingulate cortex, and left IFG
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Figure 1. Group differences in connectivity hemispheric specialization at school-age. Group comparison (ASD vs. TD) identified four regions of atypical connectivity
asymmetry: right pSTG (R BA 22), right extrastriate cortex (R BA 19), right PCC (R BA 23 and R BA 31), and right anterior PFC (R BA 10). Bar charts next to each image
highlight the contribution of ipsilateral (ipsi) and contralateral (contra) connections to chICD differences. In other words, the plotted chICD values are the difference
between the plotted ipsi and contra values. Error bars represent standard errors. Imaging results shown at P < 0.05 corrected and in radiologic convention.

and weaker negative connectivity with left insula and Broca’s
area, which is consistent with the observed weaker contralateral
asymmetry in ASD. Seed connectivity from right anterior PFC
revealed weaker connectivity with left putamen in children with
ASD. Additionally, children with ASD demonstrated stronger
connectivity with PCC.

Connectivity Differences in Infancy

At 1 month, no group differences were observed in the PCC,
extrastriate, pSTG and PFC ROIs (Fig. 3A).

At 9 months, the chICD analysis revealed that two of the
four regions (the PCC and the extrastriate) from the school-
age sample exhibited group differences in chICD (Fig. 3B; PCC:
F=4.01, P=0.02, df =2,47; extrastriate: F=4.78, P=0.01, df=2,47).
No group differences were observed in the pSTG and PFC ROIs.
In the right PCC, NR infants showed significantly stronger chICD
compared to HR-nonASD and ASD infants (NR vs. HR-nonASD:
P=0.02, t=2.35, df=44, Cohen’s d=0.69; NR vs. ASD: P=0.03,
t=2.23, df =31, Cohen’s d=0.79; HR-nonASD vs. ASD: P=0.37,
t=0.92, df=33, Cohen’s d=0.30). In the right extrastriate, NR
showed significantly weaker chICD compared to HR-nonASD
and ASD infants (NR vs. HR-nonASD: P=0.03, t=-2.27, df =44,
Cohen’s d=0.67; NR vs. ASD: P=0.01, t=-2.61, df=31, Cohen’s
d=0.96; HR-nonASD vs. ASD: P=0.23, t=—-1.22, df =33, Cohen’s
d=0.42). In both regions, chICD for the HR-nonASD infants was
in between those for the NR infants and the infants who later
met ASD criteria. HR-nonASD did not differ significantly from
the infants that later met ASD criteria. These results are also
summarized in Supplementary Table S7.

Finally, in the 29 participants (NR, n=13; HR-nonASD, n=10;
ASD, n=6) with data at both 1 and 9 months, we compared
developmental trajectories using a repeated-measure ANOVA

for the extrastriate and PCC. We observed significantly different
trajectories in the extrastriate chICD across groups (F=5.81,
P=0.008, df=2.26; Fig. 4A). Post hoc group comparisons with
two-sample t-tests suggested this result was driven by a sig-
nificant difference between the NR and ASD groups (NR vs. HR-
nonASD: P=0.08,t=—1.85,df=21; NR vs. ASD: P=0.007, t=—3.06,
df=17; HR-nonASD vs. ASD: P=0.06, t = —2.01, df = 14). NR infants
exhibited a significant decrease in chICD from 1 to 9 months (NR:
P=0.009, t=-3.1, df=12). By contrast, HR-nonASD showed no
change in chICD and ASD infants exhibited a trend increase in
chICD (HR-nonASD: P=0.42,t=-0.85,df=9; ASD: P=0.11,t=1.94,
df=5). No differences in trajectories for the PCC were detected
(Fig. 4B).

Correlations with Behavioral Measures

There were no significant associations between the behavioral
measures and patterns of atypical cerebral lateralization in the
school-age or infant samples (all Ps <0.05). In the school-age
children, atypical cerebral lateralization in the four identified
regions was not associated with full-scale IQ. Among the chil-
dren with ASD, ADOS CSS was not associated with patterns of
lateralization. In the infant sample, patterns of atypical lateral-
ization at 9 months of age were not associated with ADOS CSS
scores at 36 months.

Discussion

Using data-driven approaches and two open-source datasets,
we examined the hemispheric specialization of connectivity in
ASD during syndromal (after symptoms appear) and prodromal
(before symptoms appear) stages of the disorder. First, compar-
ing school-age children with ASD to TD peers, children with
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Figure 2. Follow-up seed connectivity. Derived from our main group analysis, we performed follow-up seed connectivity analysis using the pSTG (R BA 22), extrastriate
cortex (R BA 19), PCC (R BA 23, R BA 31), and PFC (R BA 10) as seeds. A diverse set of connections and large-scale networks contribute to the group differences observed
in Figure 1. Seed regions are shown on the leftmost column. All results shown at P < 0.05 corrected and in radiologic convention.

ASD exhibited increased hemispheric asymmetries in the right
PCC, the right pSTG, and the right extrastriate cortex but exhib-
ited decreased asymmetries in the right anterior PFC. Follow-
up seed connectivity from these regions revealed a diverse set
of connections and large-scale networks contributing to this
atypical hemispheric specialization. Additionally, two of those

regions (right PCC and right extrastriate) also exhibited atypi-
cal hemispheric specialization in 9-month-old HR-nonASD and
ASD infants compared to NR infants with similar effect sizes
as observed in the school-age sample. HR-nonASD were not
significantly than the infants that later met ASD criteria. Finally,
for the extrastriate cortex, the developmental trajectories from 1
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Figure 3. Group differences in connectivity hemispheric specialization in infancy. (A) At 1 month (n=43), none of the ROIs from the school-aged sample exhibited
significant differences between the infant groups. (B) However, at 9 months (n =57), the right extrastriate cortex (BA 19) and right PCC (R BA 23/31) exhibited significant
differences in lateralization between the infant groups. Error bars represent standard errors. *denotes significance at P < 0.05.
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Figure 4. Developmental trajectories from 1 to 9 months for the right extrastriate cortex (BA 19) and PCC in infants with longitudinal data. (A) For the extrastriate
cortex, at 1 month, NR and HR-nonASD infants exhibited higher chICD compared to the ASD infants; while, by 9 months, the ASD infants exhibited higher chICD
compared to the NR and HR-nonASD infants. The trajectories for the NR infants were significantly different than those for the HR-nonASD and ASD infants. (B) For
the PCC, the trajectories were not significantly different between groups. Error bars represent standard errors.

to 9 months were significantly different between the NR infants
and the HR-nonASD and ASD infants. Overall, these differences
come online in parallel with those observed on the neurobe-
havioral (Jones and Klin 2013) and neurostructural (Wolff et al.
2015; Eggebrecht et al. 2017; Emerson et al. 2017; Lewis et al. 2017,
Shen et al. 2017) levels and precede the emergence of behavioral
symptoms.

Alterations in the connectivity of the DMN were the most
prominent of our results. Three of the four regions identified
in the older children (PCC, extrastriate, and pSTG) and both
regions in the infants (PCC and extrastriate) are part of the
DMN, a large-scale brain network critically involved in self-
referential thinking. The DMN—especially, in the context of its
interactions with other large-scale brain networks—is a major
contributor in the etiology of ASD (Padmanabhan et al. 2017).
While hemispheric specialization of the DMN has not been

widely investigated, the few existing studies suggest that hemi-
spheric asymmetries are decreased in the PCC in school-aged
children (Nielsen et al. 2014; Lee et al. 2016). In general, the
PCC demonstrates weaker connectivity in children and young
adults with ASD (Rane et al. 2015). Notably, in the infant sample,
the PCC hemispheric asymmetries for the HR-nonASD were
in-between the values of the LR and ASD infants, suggesting
that atypical DMN patterns (though of less magnitude) may
also be observed in those at high genetic risk for ASD. This
result is also consistent with the observation that, while less
than 20% of siblings will receive an ASD diagnosis, a much
larger percent will show a broader autism phenotype or may
have deficits in language and social processing (Ozonoff et al.
2011).

In line with this and prior studies (Rane et al. 2015), our seed
connectivity results demonstrate altered connectivity between
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the PCC and the insula and the PCC and the PFC in individuals
with ASD. The insula and PFC regions detected in the chICD anal-
ysis are key nodes of the salience network. The salience network
plays a role in detecting salient stimuli and in orienting atten-
tional resources to them (Seeley et al. 2007). Together, altered
connectivity between DMN and salience network, putatively,
contributes to reduced flexibility to attend to social stimuli and
altered integration of information about the self in reference to
others in individuals with ASD (Padmanabhan et al. 2017).

The PCC appears to undergo large changes in the hemi-
spheric specialization between infancy and school-age as pat-
terns of group differences are reversed in the two samples
and as there were no significant differences in the infant PCC
trajectories. Given that the anterior portion of DMN (i.e., PCC
connectivity) is putatively one of the last large-scale brain net-
works to mature (Gao et al. 2009), it may not be all that surprising
to observe these results. Divergence between infant studies and
studies in older children is often attributed to the rapid growth
of the brain in infancy followed by pruning processes in later
childhood (Spann et al. 2020). This fact would be consistent
with the larger chICD value observed in TD infants compared
to the TD school-aged children. While the strength of these
connections may vary based on age, the patterns of group dif-
ferences demonstrated that within an age group, such as the
findings with extrastriate connectivity (e.g., increased asymme-
try in individuals with ASD classification compared to peers), are
markedly consistent for the infant and school-age samples.

Notably, between 1 and 9 months of age, infants are beginning
to develop many of the social skills associated with DMN and
salience network interactions (Fenoglio et al. 2017). During this
period, infants undergo several pivotal transitions to engage
with their caregiver and environment (Shultz et al. 2018).
Neonates demonstrate reflex-like attunement to their social
environment, demonstrating reflexive crying, orientation to
faces and visual tracking, and arms in asymmetrical tonic neck
reflex position (Shultz et al. 2018). Over the first 6 months of
life, reflexes are gradually replaced with volitional action and
skills that progressively build upon each other and increase
in complexity as infants increasingly interact with others and
environment. For example, reflexive eye-looking is replaced
with volitional, social-interactional eye-looking, and reflexive
arm positioning and palmar grasp reflexes are replaced with
reaching and grasping behavior and eventually social waving
(Shultz et al. 2018). In infants that later develop ASD, the
progression of these developmental skills has been noted to
be disrupted (Zwaigenbaum et al. 2005; Bhat et al. 2012; Jones
and Klin 2013; LeBarton and Iverson 2016).

The extrastriate cortex, for which ASD infants exhibited a sig-
nificantly different developmental trajectory from 1 to 9 months
compared to NR infants, is involved in many aspects of visual
proceeding, including the perception of other people’s body
parts and the observer’s body parts during goal-directed move-
ments. Thus, tracking how alterations in hemispheric asymme-
tries associate with alterations in social skills remains an impor-
tant next step in understanding the developmental impact of
these differences in ASD.

When investigating neurodevelopmental disorders, it remains
critical to know when group differences emerge (Wolff et al.
2015). Understanding these critical and/or sensitive periods
may provide insight to the etiological pathways and inform
eventual interventions (Voss 2013). While comparisons between
two different cohorts (such as this study) does not allow us
to precisely probe when all the observed differences emerge,
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it does allow us to narrow the “search window.” For example,
the school-age results alone only provide evidence that these
differences emerge sometime within the first decade of life.
However, by including longitudinal infant data, we provide
evidence that altered hemispheric specialization of the DMN
emerges within the first year of life.

While an ideal case is to have longitudinal data from infancy
through school-age, these studies are expensive, take decades to
perform, and rarely collect sample sizes comparable to our study
(n>800). Studies that merge independent data from diverse
samples are a powerful and needed alternative. Importantly, by
using a second dataset, we provide evidence that our results in
the school-age children are generalizable and robust. For any
marker of ASD diagnosis to have eventual clinical utility, it must
generalize in independent data and be robust to factors, like data
acquisition and participant recruitment.

Our results and other studies (Wolff et al. 2015; Eggebrecht et
al. 2017; Emerson et al. 2017; Lewis et al. 2017; Shen et al. 2017)
suggest that multiple, infant markers of future ASD diagnosis
may exist from a wide range of neuroimaging data (Wolff et al.
2015; Eggebrecht et al. 2017; Emerson et al. 2017; Lewis et al. 2017,
Shen et al. 2017). Given the heterogeneity in ASD, likely, the best
markers will come from ensemble methods that can integrate
information from all of these and incorporate markers from
different ages. Future work should investigate how to combine
multiple modalities to not only improve potential clinical util-
ity but also to better capture the neurodevelopmental etiology
of ASD.

Strengths and Limitations

The primary strengths of this work include data-driven methods
and imaging data from both infants and older children. Our
study has several limitations that should be noted. 1) While
we highlight that a proportion of group differences between
children with ASD and TD peers are observable in infancy using
longitudinal infant imaging data, we lack longitudinal data from
infancy to school-age. As a result, we cannot pinpoint when the
remaining group differences emerge. 2) We excluded many chil-
dren (n=121) for high head motion during scanning. While min-
imizing motion related confounds is the best practice in connec-
tivity studies, it may introduce biases and reduce generalization.
All school-age participants had IQs in the normal range. Addi-
tionally, all school-age children and infants included were able to
provide high-quality fMRI data. These factors may not be repre-
sentative of the broader population and may limit the generaliz-
ability of the findings to a broader ASD population. 3) A relatively
small number of infants (n=43 at 1 month and n=>57) were
included in the study, particularly those later diagnosed with
ASD, which limits our power to detect group differences between
the HR-nonASD and ASD groups despite medium effect sizes. 4)
To increase maximize our sample size, we used two different cri-
teria for classifying infants into the ASD group. While these two
criteria show good convergence (Luyster et al. 2009), incongruent
classification between the measures can exist and limit inter-
pretations (especially between the HR-nonASD and ASD groups).
5) The neuronal-hemodynamic coupling is likely different in
infancy compared to school-age (Anderson et al. 2001; Kozberg
and Hillman 2016), which limits direct comparisons between the
infant and school-age results. Despite these differences, simul-
taneous electroencephalography fMRI data in infants highlight
a tight neuronal-hemodynamic coupling (Arichi et al. 2017), sug-
gesting that—even in infants—fMRI repents a reasonable tool for
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studying brain functions. 6) We used a targeted—rather than a
whole-brain—approach to investigate group differences in the
infants to maximize power. With a larger sample and a whole-
brain approach, other regions exhibiting group differences may
emerge. We did not detect group differences at 1 month of
age. Yet, cellular and molecular studies suggest that altered
developmental trajectory start in the fetal period (Willsey et al.
2013). A larger sample of younger infants than in our study is
likely needed to detect these differences. 7) We did not detect
group differences between ASD and HRnon-ASD infants at 9
months. The lack of differences is likely a power issue as the
observed effect size for this contrast were in the medium effect
size range. We hypothesize that significant differences between
ASD and HRnon-ASD infants at 9 months would be observable in
a larger sample. 8) We also did not detect associations between
ADOS calibrated severity score and the patterns of atypical
cerebral lateralization in either the school-age or infant sample.
These atypical patterns may represent group differences that
do not scale with symptom severity. However, more nuanced
behavioral measures may be beneficial to understand specific
symptom profiles contributing to the ASD phenotype.

Conclusions

Children with ASD demonstrate atypical patterns of hemi-
spheric specialization of the DMN and altered seed connectivity
to multiple large-scale brain networks compared to their
TD peers. Notably, at 9 months—but not 1 month—of age,
infants who later received a diagnosis of ASD as well as
high-risk infants demonstrate similar patterns in the PCC
and extrastriate cortex. Together, these results suggest that
differences in hemispheric specialization associated with ASD
are present in infancy. Though, their role in etiology of ASD
remains to be elucidated. Future studies should continue to
clarify the development of these hemispheric specialization
differences through longitudinal studies into toddlerhood and
older children, potentially identifying predictive markers of ASD
through predictive modeling methods.
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Supplementary material can be found at Cerebral Cortex online.
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