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Abstract

Social and language abilities are closely intertwined during early development. Yet, it is still
unknown how neural features underlying early social and language deficits are linked in toddlers
with autism spectrum disorders (ASD). We examined functional connectivity of left and right
temporal language regions and its correlations with language and social abilities in a cohort of 1—
4 years old toddlers (52 ASD/34 non-ASD). Further, ASD toddlers were stratified into those who
strongly prefer social visual stimuli (ASDsoc) vs. those who do not (ASDnonsoc) based on
performance on an eye-tracking paradigm. In non-ASD toddlers, connectivity between temporal
regions and other language- and social-related cortical regions was significantly correlated with
language, communication, and social scores. Conversely, ASD toddlers showed atypical
correlations between temporal—visual cortex (cuneus) connectivity and communication ability.
This temporal—visual connectivity was also correlated with social visual attention in ASDnonsoc but
not in ASDso, toddlers. These findings suggest language- and social-related functional
connectivity was not correlated with language and social functions in ASD toddlers. Abnormal
engagement of temporal—visual cortex connectivity may be an early-age signature of ASD and
may help explain why interventions targeting social skills and language are so challenging,

particularly in those with poor social engagement.
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Introduction

Early language and social communication deficits are often early warning signs of autism
(Wetherby et al., 2004; Zwaigenbaum et al., 2005). Research with typically developing (TD)
infants and toddlers has led to a theory that language and social development are closely
intertwined in the early years of life (Kuhl, 2012, 2007). Specifically, social attention and social
interactions are crucial for early language learning (Ferjan Ramirez et al., 2020; Kuhl, 2010;
Ramirez-Esparza et al., 2017a, 2014). It is well recognized that typical language development is
contingent on and constrained by early reciprocal social engagement (Klin et al., 2015; Kuhl, 2010),
and that early language learning is associated with the emergence of the social brain in infants
(Kuhl, 2010, 2007). Studies have reported that autistic children’s preference for affective speech
(i.e., motherese) is linked to neural response to speech (Kuhl et al., 2005) and that neural response
to known words with higher social skills predicts language outcomes at ages 4 and 6 in children
with autism spectrum disorder (ASD) (Kuhl et al., 2013). Despite these findings reflecting
important associations between language and social development in children with ASD, no studies
have examined whether and how neural systems underlying language and social deficits are linked
in early development of ASD.

It is well documented that left and right superior temporal regions are involved in language
processing, especially in toddlers and young children (Holland et al., 2007; Olulade et al., 2020;
Redcay et al., 2008). Dehaene-Lambertz and colleagues found robust activations in bilateral
superior temporal regions during passive listening to speech in 2-3 month-old infants during
natural sleep, and superior temporal cortex activation in infants was similar to that in adults
(Dehaene-Lambertz et al., 2002). Research from our lab utilized a similar sleeping fMRI approach;

fMRI data were collected from TD and ASD toddlers during passive listening to nursery stories
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during natural sleep. These several studies reproducibly report robust activation in superior
temporal regions in TD toddlers but reduced superior temporal activation in ASD toddlers (Eyler
et al.,, 2012; Redcay and Courchesne, 2008; Xiao et al., 2021). In addition, superior temporal
activation to speech with varying levels of affect was related to a child’s social and communication
abilities regardless of diagnosis (Xiao et al., 2021). In recent studies, we further reported that robust
superior temporal activation to affective speech was observed not only in TD toddlers but also in
ASD toddlers with good language outcomes, while reduced superior temporal activation occurred
in ASD toddlers with poor language outcomes (Lombardo et al., 2015, 2018). Taken together,
these findings demonstrate that reduced superior temporal activation in response to speech in
different independent samples is a replicable, robust, and clinically relevant feature of deviant
language emergence in the first years of life in ASD, especially in ASD toddlers with poor
language outcomes.

Though still limited, a few ASD studies have revealed the neural basis of language processing
and its development from a network perspective (Dinstein et al., 2011; Gao et al., 2019; Liu et al.,
2020). For example, a functional connectivity study with ASD toddlers aged 1-4 years
demonstrated poor inter-hemispheric connectivity in inferior frontal and superior temporal regions
(Dinstein et al., 2011). Research also showed increased functional connectivity between language
regions and between language and non-language regions (e.g., posterior cingulate cortex (PCC)
and visual regions) in ASD vs. TD children and adolescents (ages 8—18 years) (Gao et al., 2019).
These findings provide evidence for the neural bases of language processing beyond activation as
they highlight ASD vs. TD differences in functional connectivity between language regions as
well as between language and non-language regions. In addition, disrupted functional connectivity

in ASD individuals are found to be behaviorally relevant (Dinstein et al., 2011; Gao et al., 2019).
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However, it is notable that in some at-risk infant studies (Liu et al., 2020), confirmed diagnoses
were not reported, making it difficult to generalize at-risk findings to ASD. In fact, there are no
studies that have investigated the relationship between language network connectivity and
clinically behaviors (e.g., language and social abilities) in infants confirmed as ASD.

While language and social deficits are common symptoms in ASD (Lord et al., 2018, 2000;
Wetherby et al., 2004), considerable heterogeneity exists across ASD individuals, and the early-
age neural basis underlying this heterogeneity has been investigated in a few recent studies
(Lombardo et al., 2019, 2015, 2018; Xiao et al., 2021). For example, two ASD subgroups were
stratified based on language outcomes at 3—4 years, which showed strong associations with brain
activation patterns in response to speech stimuli at 1-2 years (Lombardo et al., 2015, 2018). We
have also discovered ASD subgroups based on visual attention preference for geometric over
social images, as measured by an original eye tracking task known as the GeoPref test (Pierce et
al., 2016b, 2011). The ASD subgroups identified by the GeoPref test not only differed in clinical
scores (Lombardo et al., 2019; Pierce et al., 2016b, 2011) but also in functional connectivity
between the default mode network (DMN) and the occipital-temporal cortex (Lombardo et al.,
2019). Together, these findings suggest neural-behavior ASD subgroups can be identified on the
basis of language ability or social visual preference. As language and social attention are highly
intertwined in early development (Kuhl, 2012, 2010; Ramirez-Esparza et al., 2017a, 2014), one
open question is whether ASD subgroups that display different social preferences also differ in
neural correlates of language and social abilities.

Here, we collected resting-state fMRI data from a cohort of 86 ASD and non-ASD toddlers
and examined functional connectivity of left and right superior temporal regions. As left and right

superior temporal regions are engaged in both language and social cognitive processing (Deen et
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al., 2015; Kotz and Paulmann, 2011), we expected to see a widespread connectivity map including
other language regions and regions related to social cognitive processing, such as the DMN regions
(Mars et al., 2012; Schilbach et al., 2008). However, according to the interactive specialization
theory that posits brain functional networks become specialized with development (Johnson, 2011,
2000), this extensive language network might be only present in toddlers (Liu et al., 2020) but not
in adults. To test this hypothesis, we additionally collected resting-state fMRI data from awake TD
adults. We also expected to see group differences in connectivity between ASD and non-ASD
toddlers. Finally, we investigated the relevance of functional networks of left and right superior
temporal regions with a toddler’s language, communication, and social skills. Since left superior
temporal cortex is implicated in processing and comprehending the meaning of speech, we
expected that its functional connectivity would be correlated with language scores. In contrast,
functional connectivity of right superior temporal cortex would be linked to social and
communication scores, since it engages in the processing of prosody in speech or music (Dehaene-
Lambertz et al., 2010; Homae et al., 2006). We expected that these patterns are only in non-ASD
toddlers. In contrast, there might be atypical brain—behavior correlations patterns in ASD toddlers,
as a reflection of the linkage between language and social deficits and altered brain functional
connectivity. We further examined the relations between network connectivity and social visual
attention as measured by the GeoPref eye-tracking test, and expected distinct correlation patterns
among ASD toddlers with stronger preference for and attention to nonsocial stimuli (ASDnonsoc)

compared to toddlers with stronger preference for social stimuli (ASDsoc).

Results

Functional connectivity patterns in toddlers and adults
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In both ASD and non-ASD toddlers, the functional connectivity analysis revealed a wide
range of regions in the temporal and frontal cortices that showed significant correlations with left
and right temporal ROIs (Figure 1). As expected, large swathes of lateral frontal and temporal
cortex that highly overlap with language-relevant neural circuitry were prevalent. Additionally,
along the medial surface of the brain, there is presence of important social-brain areas (i.e., DMN
regions) such as anterior cingulate cortex (ACC), prefrontal cortex, lateral parietal lobe (LP), and
PCC. Inferior temporal regions sensitive to face and object processing were also prevalent in
connectivity maps. However, these DMN regions were not present in the functional connectivity
maps in adults (Figure 1). No significant group differences (non-ASD vs. ASD) in iFC of left or

right temporal ROI were observed after correcting for multiple comparison.
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Figure 1. Whole-brain intrinsic functional connectivity maps for ASD, non-ASD, and adults.
Results were corrected for multiple comparisons with voxel-wise p = 0.005 and cluster size > 155
voxels for toddlers and cluster size > 136 voxels for adults (cluster-wise p < 0.05, FWE corrected).
ROI, region of interest; Abbreviations: ROI, region of interest; ASD, autism spectrum disorder; L,

left; R, right.
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Connectivity—behavior correlation results

In non-ASD toddlers, we found that the strength of connectivity between temporal ROIs and
other language and social regions was significantly correlated with language, communication, and
social scores (Figure 2 and Supplementary Table 1). For the left temporal ROI, iFC with
bilateral fronto-parietal operculum (FPO) was correlated with Mullen expressive language scores
(Figure 2A). For the right temporal ROI, iFC with ACC and right LP was correlated with Mullen
expressive language (Figure 2C), and iFC with ACC, right LP, and cerebellum was each
correlated with Vineland communication (Figure 2D) and socialization scores (Figure 2E).

These significant relationships in non-ASD toddlers were not found in ASD toddlers. Instead,
we found that iFC between left temporal ROI and left cuneus was correlated with Vineland
communication scores (Figure 2B), a relationship that was not present in non-ASD toddlers. Thus,
ASD and non-ASD toddlers have distinctly different iFC patterns supporting language and social

behaviors.
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Figure 2. Clusters showing significant results in the connectivity—behavior correlation analysis.

(A) iFC of left temporal ROI and bilateral fronto-periatal operculum was correlated with Mullen

expressive language scores in non-ASD; (B) iFC of left temporal ROI and left cuneus linked to
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Vineland communications scores in ASD; (C) iFC of right temporal ROI and both ACC and LP
linked to Mullen expressive language scores in non-ASD; (D) iFC of right temporal ROI and ACC,
LP, and cerebellum linked to Vineland communication scores in non-ASD; (E) iFC of right
temporal ROI and ACC, LP, and cerebellum linked to Vineland socialization scores in non-ASD.
Clusters were corrected for multiple comparisons with voxel-wise p = 0.005 and cluster size > 155
voxels (cluster-wise p < 0.05, FWE corrected). Abbreviations: ROI, region of interest; ASD,
autism spectrum disorder; iFC, intrinsic functional connectivity; EL, expressive language; FPO,

fronto-parietal operculum; ACC, anterior cingulate cortex; LP, lateral parietal lobe.

Further, we examined ASD vs. non-ASD group differences in correlation strength of iFC with
clinical scores (see results in Figure 3 and Supplementary Table 1). For Mullen expressive
language scores, there were significant group differences for left temporal ROI connectivity with
bilateral FPO for expressive language scores (Figure 3A), and with left FPO for receptive
language scores (Figure 3B). Also, there were significant group differences for right temporal ROI
connectivity with right LP for Mullen expressive language scores (Figure 3C). For the Vineland,
there were significant group differences for right temporal ROI connectivity with right LP for
Vineland communication scores (Figure 3D), and with LP and cerebellum for Vineland

socialization scores (Figure 3E).
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Figure 3. Clusters showing significant differences in brain-behavior correlations between non-
ASD and ASD toddlers. Non-ASD and ASD groups differed significantly in correlations: (A)
between iFC of left temporal ROI and bilateral FPO and Mullen expressive language scores; (B)
between iFC of left temporal ROI and left FPO and Mullen receptive language scores; (C) between
iFC of right temporal ROI and right LP and Mullen expressive language scores; (D) between iFC
of right temporal ROI and right LP and Vineland communication scores; (E) between iFC of right
temporal ROI and both right LP and cerebellum and Vineland socialization scores. Clusters were
corrected for multiple comparisons with voxel-wise p = 0.005 and cluster size > 155 voxels
(cluster-wise p < 0.05, FWE corrected). Abbreviations: ROI, region of interest; iFC, intrinsic
functional connectivity; EL, expressive language; RL, receptive language; FPO, fronto-parietal

operculum; LP, lateral parietal lobe.

Subgroup-specific relationships between iFC and social and language abilities in ASD
toddlers

Among 86 toddlers, 65 of them (33 ASD/32 non-ASD) had usable data from the eye-tracking
test, and 33 ASD toddlers were designated as either nonsocial visual responders (ASDnonsoc: N =

16) or social visual responders (ASDsoc: n = 17) based on a threshold of 69% fixation to dynamic

10
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social stimuli (Pierce et al., 2016b) (Figure 4A). Specifically, toddlers were categorized as ASD
nonsocial visual responders if they spent <69% of the duration of the video looking at social images,
and toddlers were categorized as ASD social visual responders if they spent >69% of the duration
of the video looking at dynamic social images. Using the same threshold, we identified 25 non-

ASD toddlers as social visual responders and 7 as nonsocial visual responders, which were treated

as a group (Figure 4B).
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Figure 4. Identification of nonsocial and social visual ASD subgroups. (A) Examples of the stimuli
used in the GeoPref eye-tracking test; example fixation from a nonsocial visual ASD (ASDnonsoc)
individual (pink) and a social visual ASD (ASDsoc) individual (green). (B) Scatter-boxplot of
GeoPref test performance for toddlers who also had resting-state fMRI data (ASDnonsoc: n = 16,
pink; ASDsoc: n = 17, green; non-ASD: n = 32, blue). *** p <.001. Abbreviations: ASD, autism

spectrum disorder.

We tested whether ASDsoc and ASDhonsoc subgroups differed in correlations between iFC of

left and right temporal ROIs and language, communication, and social abilities. Functional

connectivity values were extracted from cortical sites that had significant correlations in ASD or
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non-ASD or had significant ASD vs. non-ASD group differences for all toddlers (excluding
repeated time points) (Figures 2 and 3).

Non-ASD toddlers have multiple significant positive correlations between left and right
temporal ROIs and language, communication, and social scores ranging from 0.37 to 0.6
(Supplementary Figure 1). For the left temporal ROI in non-ASD, these included significant
connectivity strength with bilateral FPO regions for Mullen expressive and receptive language
scores (Supplementary Figures 1B—C). For the right temporal ROI in non-ASD, these included
significant connectivity strength with the ACC and right LP for Mullen expressive language and
Vineland communication scores (Supplementary Figures 1 E-H). Moreover, right temporal ROI
connectivity with ACC and LP was positively correlated with Vineland socialization scores
(Supplementary Figures 1J-K). Interestingly, the only exception to positive correlations
between temporal ROI iFC and language and social scores in non-ASD, were negative correlations
involving the right temporal ROI connection with the cerebellum for Vineland socialization and
communication scores.

Neither the ASDsoc nor ASDnonsoc subgroup had these positive correlations between temporal
ROI iFC and language or social scores (Supplementary Table 2). Instead, ASDsoc and ASDnonSoc
toddlers tended to display negative relationships, some being significantly negative. Remarkably,
the only significantly positive connectivity—behavior relationship was one not present in non-ASD
toddlers; namely, in both ASDsoc and ASDuonsoc subgroups, greater left temporal ROI connectivity
with visual cortex (cuneus) was positively correlated with greater communication scores
(Supplementary Figure 1D).

Further, we observed significant subgroup differences (ASDsoc vS. ASDhnonsoc) in strength of

correlation between right temporal ROI-right LP iFC and Mullen expressive language scores (z =

12
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1.66, p =0.049, one-tailed; Supplementary Table 2) and between right temporal ROI—cerebellum
iFC and Vineland socialization scores (z = 1.95, p = 0.03, one-tailed; Supplementary Table 2).

No other subgroup comparisons showed significant differences (Supplementary Table 2).

Subgroup-specific associations between functional connectivity and ASD toddler’s social
visual attention

There were 6 clusters (i.e., cuneus, left and right FPO, ACC, LP, and cerebellum) that were
yielded by overlapping cortical sites that showed significant correlations in non-ASD or ASD or
significant non-ASD vs. ASD group differences (Figures 2 and 3). We found subgroup
differences (ASDsoc vs. ASDronsoc) in strength of correlation between left temporal ROI—cuneus
and social visual attention differed (z = 1.94, p = 0.026, one-sided; Figure SA), with a strong
positive correlation in ASDhonsoc (7(14) = 0.67, p = 0.004, 95% CI = [0.3, 0.87]) but no correlation
in ASDsoc (7(15)=0.07,p=0.79, 95% CI=[-0.39, 0.51]). We also observed strength of correlation
between left temporal ROI-right FPO iFC and social visual attention differed between ASD
subgroups (z = 1.78, p = 0.037, one-sided; Figure 5B), with a marginal negative correction in
ASDhronsoc (1(14) = -0.44, p = 0.086, 95% CI = [-0.79, -0.004]) and a pattern of positive correlation
in ASDsoc (7(15) = 0.21, p = 0.42 95% CI = [-0.28, 0.35]). No other subgroup differences (ASDsoc
vs. ASDhonsoc) in correlations between iFC and social visual attention were significant (Figures
5C-F). For complete results of correlations in ASD subgroups as well as the comparisons between

two ASD subgroups, see Supplementary Table 3.
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Figure 5. Scatterplots showing correlations between temporal iFC and social visual attention in
ASD subgroups and non-ASD toddlers. Scatterplots display correlations for: (A) left temporal—
cuneus iFC with % fixation on social images; (B) left temporal-left FPO iFC with % fixation on
social images; (C) right temporal-right FPO iFC with % fixation on social images; (D) left
temporal-ACC iFC with % fixation on social images (excluding the outlier in non-ASD: r(29) =
0.34; p = 0.06); (E) left temporal-LP iFC and % fixation on social images (excluding the outlier
in non-ASD: 7(29) = -0.2; p = 0.27); (F) left temporal—cerebellum iFC and % fixation on social
images (excluding the outlier in non-ASD: #(29) = 0.02; p = 0.91). The relationships for ASDnonsoc
is shown in pink, for ASDsoc shown in green, and for non-ASD shown in blue. The red arrows
point to outliers. ** p < .01. Abbreviations: iFC, intrinsic functional connectivity; FPO, fronto-

parietal operculum; ACC, anterior cingulate cortex; LP, lateral parietal lobe.
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Discussion

In non-ASD toddlers, we found that functional connectivity between temporal cortex ROIs
and other language (FPO) and social regions (ACC, LP) was significantly correlated with clinical
measures of language, communication, and social scores. These effects were absent in ASD
toddlers. Thus, at early ages when language and social skills are rapidly developing, connectivity
between language and social regions is not related to language and social functions in ASD
toddlers; this brain—behavior deviance may help explain why interventions targeting social and
language skills in ASD are so challenging. The most extreme deviation from non-ASD patterns
was the presence of strong connectivity between language (i.e., left superior temporal) ROI and
visual cortex (cuneus) linked to Vineland communication scores, something not present in non-
ASD but a connection previously found in older ASD individuals (Gao et al., 2019; Kana et al.,
2006; Koshino et al., 2005; Shen et al., 2012). This indicates that early-age neural network
deviation may underpin how language is first acquired and processed in ASD toddlers across a
range of ability levels. Importantly, the ASDnonsoc subgroup had strong aberrant connectivity
between left temporal ROI and visual cortex (cuneus) linked to low social visual attention. This
pattern was not present in the ASDsoc toddlers, who exhibited stronger social visual attention.
Overall, in non-ASD toddlers, greater connectivity between temporal language cortex and
language and social cortices (e.g., frontal, temporal, parietal, and anterior cingulate cortices) was
correlated with better language, communication, and social scores, whereas ASD toddlers failed
to even demonstrate trends towards positive correlations, instead showing near zero or slightly
negative correlation trends.

Previous studies in TD toddlers consistently show language acquisition and development are

closely linked to social experience (e.g., exposure to motherese, social responding, social
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interactions) in the first years of life (Goldstein et al., 2003; Goldstein and Schwade, 2008; Kuhl,
2007; Ramirez-Esparza et al., 2017a, 2017b, 2014). Here, our data demonstrate neural correlates
(i.e., regions within language and social networks) of this in non-ASD toddlers. Specifically, in
non-ASD, connectivity between the right temporal ROI and DMN regions (i.e., ACC and LP) was
linked to language and social communication abilities. This finding provides neural evidence
compatible with the view that language and social development are typically closely intertwined
in the early years of life (Kuhl, 2012, 2007). It further suggests the hypothesis that social
experience may promote language acquisition and learning and enhance functional connectivity
between language and social brain regions as a result of the history of coactivation among these
regions in non-ASD toddlers. In contrast, the lack of correlations between language- and social-
related connectivity and language and social functions in ASD toddlers may reflect reduced social
attention and social experience which leads to deviant language and social network connectivity
inherent to ASD.

The atypical connectivity between left temporal cortex and cuneus in ASD toddlers in the
present study has been consistently reported in previous studies of older ASD individuals (Gaffrey
et al., 2007; Gao et al., 2019; Kana et al., 2006; Pang et al., 2016; Shen et al., 2012). In adult ASD
vs. TD, Shen and colleagues (Shen et al., 2012) examined functional connectivity of the right
extrastriate cortex, and found stronger connectivity between this seed region and bilateral frontal
regions. Evidence also showed increased functional connectivity between language regions and
visual cortex in children and adolescents with ASD vs. TD (Gao et al., 2019). These findings
indicate the abnormal involvement of visual cortex in language processing in ASD children,

adolescents, and adults. Here, in ASD toddlers ages 1-4 years, we found similar results, which
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provides evidence that this abnormal functional connectivity between language and visual regions
may be present at a very early ages in this disorder.

Further, we observed different connectivity patterns underlying social visual attention
between ASDsoc vS. ASDhnonsoc subgroups, which has also been reported in our prior study
(Lombardo et al., 2019). While the ASDs,c subgroup, like non-ASD toddlers, showed almost no
left temporal—cuneus connectivity correlation with social visual attention, the ASDnonsoc Subgroup
had a strongly positive correlation. Notably, both ASDsoc and ASDhonsoc subgroups had positive
correlations between temporal-cuneus connectivity and Vineland communication scores, a
relationship that was absent in non-ASD toddlers. These findings are intriguing in two ways. First,
for the ASDnonsoc subgroup, correlations between temporal-cuneus connectivity and both
communication and social visual attention suggest the possibility of aberrant developmental
interactions between language and social domains at early ages (Kuhl, 2007; Ramirez-Esparza et
al., 2017a, 2014). Second, ASD subgroups did not differ in correlations between temporal—cuneus
connectivity and communication ability, indicating abnormal neural correlates of language deficits
in both ASD subgroups. Thus, abnormal temporal-cuneus connectivity may be a more general
signature of ASD. Future studies of social and language processing that examine the engagement
of visual regions may shed light on this point.

One important finding is that our data show distinct brain—behavior correlation patterns for
left and right temporal ROIs and for language and social abilities assessed by Mullen and Vineland
subtests. Indeed, correlations of language and social network connectivity with language and social
abilities are only present in the right temporal ROI, while the left temporal ROI shows only
language ability correlations. These findings support that the left temporal region is implicated in

language processing and comprehension, while the right superior temporal region is engaged in
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more emotionally and socially relevant features of communication. Further, the distinct correlation
patterns for language and social subtests reflect the primary abilities that each subtest taps. For
example, connectivity between left temporal ROI and bilateral FPO is only linked to Mullen
expressive language but not Mullen receptive language scores. These findings suggest resting-state
functional connectivity is a sensitive tool for detecting neural correlation patterns associated with
different cognitive functions in the same domains (Uddin et al., 2010).

We observed different functional connectivity patterns in toddlers and adults. Early-age
exuberant axonal connections have been well recognized (Huttenlocher, 1979; Innocenti and Price,
2005), which may explain widespread functional connectivity between temporal ROIs and other
cortical regions involved in language and social processing in toddlers versus more constrained
connectivity in adults. This finding also aligns with the interactive specification framework that
argues the roles of brain regions gradually become specialized and restricted to a narrower set of
functions with development (Johnson, 2011). Although resting-state data do not allow for direct
inferences about specialization in response to tasks, it has been suggested that brain resting-state
functional connectivity reflects recent experience and is also constrained by the underlying
neuroanatomy (Uddin et al., 2010). Notably, in the present study, resting-state data were collected
from sleeping toddlers and awake adults. However, research has shown consistent functional
connectivity patterns in adults during light sleep and wakefulness (Larson-Prior et al., 2009). Thus,
we expect the resting-state functional connectivity patterns are stable regardless of the status
during the resting-state scan.

Contrast to our hypothesis, however, there were no significant differences in functional
connectivity with temporal ROIs between ASD and non-ASD toddlers. Instead, we observed

abnormal neural-behavior correlation patterns in ASD vs. non-ASD toddlers. It is possible that
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the abnormality of neural-behavior correlations in ASD toddlers is due to the underlying early-
age axonal developmental defect. Indeed, we observed less deviant posterior structural
connectivity in our previous study (Solso et al., 2016), which may additionally help explain why
temporal—visual cortex connectivity stands out as a signal of strikingly aberrant functional
language and social systems in the present study with young ASD toddlers as well as studies of
older ASD individuals. Nevertheless, these findings suggest that, in order to gain a better
understanding of what’s going awry in early years of ASD, it may be crucial to examine the
connectivity—behavior correlations instead of just brain connectivity.

The present study has four potential limitations. First, we used a 2-year-old template for
spatial normalization, which may not be optimal for all subjects, especially for those older children
(>36 months). However, in this sample, 59 out of 86 (80%) subjects fell into the range of 1-3 years.
Nevertheless, fMRI results could benefit from using a template that fits as many subjects as
possible. Second, we did not analyze some contextual factors known to affect neurodevelopment
including development in young children with ASD, such as family socioeconomic status (Olson
etal., 2021a, 2021b) and language exposure at home. Future studies could consider these variables.
Third, the sample size of ASD subgroups here is relatively small. Future work is necessary with
larger samples in both subgroups. Nonetheless, we attempted to supplement the brain—behavior
correlation estimates by reporting the bootstrap confidence intervals. Lastly, the distinct brain-
behavior correlation patterns in non-ASD and ASD may be related to lower cognitive levels in
ASD than non-ASD toddlers. It is possible that brain—behavior relationships observed in ASD
toddlers are because they were not yet at the developmental stage where particular skills are
required. Future research could include a mental-age-matched non-ASD group to control for the

cognitive levels in non-ASD and ASD toddlers.
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In conclusion, the present study revealed that functional connectivity within language regions
and between language and social regions is related to language, communication, and social abilities
in non-ASD but not ASD toddlers. Instead, ASD toddlers showed a correlation between temporo—
visual cortex connectivity and communication ability, demonstrating abnormal and highly unusual
involvement of this connectivity in communication deficits. Further, we observed that this
temporo—cuneus connectivity differed between social and nonsocial ASD with regard to social
visual attention. The absence of neurotypical brain-behavior correlations in language- and social-
related regions coupled with the presence of the highly atypical engagement of temporo—cuneus
connectivity may serve as a biomarker of early language and social deficits in ASD and may
facilitate identifying ASD subgroups. Novel treatment approaches may be necessary to overcome
and remodel these initial early-age, strikingly unusual neural networks for social and

communication in ASD (Miiller and Fishman, 2018).

Materials and methods

Participants

This study was approved by the University of California, San Diego Institutional Review
Board. Informed consent was obtained from parents or guardians of toddlers, or from adult
participants.

Applying an identical approach used in previous reports (Lombardo et al., 2019, 2015; Pierce
etal., 2019, 2016a,2011; Pramparo et al., 2015), we recruited toddlers through community referral
and a population-based screening method in collaboration with pediatricians called Get SET Early
(Pierce et al., 2021), which was formerly known as the 1-Year Well-Baby Check-Up Approach

(Pierce et al., 2019, 2016a). Toddlers were assessed using the Autism Diagnostic Observation
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Schedule (ADOS-2; Module T, 1, or 2) (Lord et al., 2000), Mullen Scales of Early
Learning(Mullen, 1995), and Vineland Adaptive Behavior Scales (Second Edition) (Sparrow et al.,
2005). The Mullen assesses cognitive ability and development at ages 0 to 68 months; the Vineland
assess adaptive communication, social, and behavioral functions. The diagnosis of ASD was based
the DSM-5 diagnostic classification. Toddlers with initial diagnostic and clinical evaluations at <
36 months returned for follow-up evaluations. Clinical scores from a child’s most recent evaluation
were used as the best estimate of abilities (Table 1). Assessments were administered by licensed,
Ph.D.-level psychologists and occurred at the University of California, San Diego Autism Center
of Excellence. Adult participants were recruited by word of mouth and had at least undergraduate
education with no history of neurological, medical, or psychological disorders. Clinical, behavioral,
and resting-state fMRI data were collected between 2018 and 2020 and have not been published

before.
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Table 1. Demographic information and clinical test scores for ASD and non-ASD toddlers

Characteristics at MRI scan or ASD Non-ASD Cohen’s
outcome Mean (SD) Range Mean  Range pvalue d
Demographics
Sample size (M/F) 42/10 — 20/14 — .0492 —
Age at MRI scan, months 28.4(9.2) 14-55 26 14-46 23 0.265

Age at clinical tests, months 27.2(8.6) 12-51  26.5 13-41 72° 0.078

Eye-tracking

Sample size (M/F) 33 (26/7) — 32 —

Age at eye tracking, months 22.38(7.6) 12-36  20.7 12-35 46° 0.23
ADOS (module T, 1, or 2) score

ADOS SA 13.5(4.2) 020 2.8 0-6 <.001°* 3.17
ADOS RRB 54(2) 0-9 1.6 0-5 <.001°* 2.08
ADOS Total 18.9(54) 527 4.4 0-9 <.001® 3.1

Mullen T score

Visual reception 37 (13.3) 1-63 54.1 30-80  <.001° 1.35
Fine motor 38.8(12.4) 20-60 498 35-67 <.001°® 1.0

Receptive language 30.1 (16.2) 1-59 47.4 23-73  <.001® 1.29
Expressive language 31 (16.1) 1-63 43.2 23-70  <.001® 0.82

Early Learning Composite 713 (21.7) 7-115  97.6  71-130 <.001® -1.32

Vineland standard score
I

Communication 823 (16.3) 35-126 96.6(1 70-122 <.001° 0.97
Daily living skills 86.5(11.6) 63-116 96.6  76-122  .001° 0.9
Socialization 83.4(12.2) 57-108 96.5  79-126 <.001° 1.15
Motor skills 90(16.4) 0-117 953 0-115 A7° 0.31

Adaptive behavior composite  82.3 (11.1) 58-111 95 79-128 <.001® 1.2

Abbreviations: ASD, autism spectrum disorder; ADOS, Autism Diagnostic Observation
Schedule; SA, social affect; RRB, restricted and repetitive behavior.

2 Pearson’s chi-squared test. b Welch’s t test.
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We collected resting-state fMRI data from N=86 naturally-sleeping toddlers ages 14 to 55
months (52 ASD/34 non-ASD) and from N=10 awake TD adults (6 F/4 M; 20-37 years old).
Toddlers were considered non-ASD if their diagnosis at the outcome visit was not ASD and their
Mullen Early Learning Composite score fell within 2 standard deviations of the mean score (i.e., >
70). This allowed us to examine brain functional connectivity along a continuum of language and
cognitive abilities in non-ASD children. A subset of toddlers (5 ASD/5 non-ASD) had retest fMRI
scans collected at intervals ranging from 2—22 months after the initial scan; 1 TD adult had a retest

fMRI scan collected 20 days after the initial scan.

GeoPref eye-tracking test

The 86 toddlers also participated in the eye-tracking GeoPref Test(Lombardo et al., 2019;
Pierce et al., 2016a, 2011) wherein they watched two silent movies displaying dynamic geometric
or dynamic social stimuli side by side. Dynamic geometric stimuli consisted of colourful moving
geometric patterns, and dynamic social images consisted of children doing yoga exercises (Figure
1A). In order to control for spatial biases, spatial location of stimuli presentation (left/right) was
randomly assigned across subjects. A total of 28 different geometric/social scenes of variable
duration (0.8-3.7 seconds) were presented and lasted 62 seconds.

Eye tracking was conducted using Tobii software (Tobii Studio and Tobii Pro Lab), and
fixation data were collected using a velocity threshold of 0.42 pixels/ms (Tobii Studio Tobii
Fixation Filter) or 0.03 degrees/ms (Tobii Pro Lab Tobii IV-T Fixation Filter). Percent fixation to
dynamic social images was used as an index of social visual attention and was computed by
dividing fixation duration within an area of interest drawn around the dynamic social images by

the total fixation duration across the entire video.
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Of the total 86 toddlers with usable resting-state fMRI data, 65 of them (33 ASD/32 non-
ASD) had moderate or good eye-tracking performance and total looking time > 50%. The other
21 toddlers either failed to complete the eye-tracking session, or the data quality was poor. Fifty-
nine of these 65 toddlers completed the GeoPref test prior to the fMRI scan, and 6 toddlers

completed the test after the fMRI scan.

MRI data acquisition

Structural and functional MRI data were collected in a 3T GE scanner at the University of
California, San Diego Center for Functional MRI. Resting-state functional images were acquired
with a multi-echo EPI protocol (TE = 15ms, 28ms, 42ms, 56ms; TR = 2500ms; flip angle = 78°;
matrix size = 64 x 64; slice thickness = 4 mm; field of view (FOV) = 256 mm; 34 slices, 288
volumes, a total of 12 minutes). Structural images were acquired using a T1-weighted MPRAGE

sequence (FOV =256 mm; TE = 3.172ms; TR= 8.142ms; Flip angle = 12°).

Imaging data preprocessing

Multi-echo resting-state fMRI data were preprocessed using Multi-Echo Independent
Components Analysis (ME-ICA) with a pipeline “meica.py” (ME-ICA 3.2) (Kundu et al. 2012,
2013) implemented in AFNI (Cox, 1996) and Python. Prior to preprocessing, the first 4 volumes
were discarded to allow for magnetization to reach steady state. Preprocessing before data
denoising included motion correction based on the first TE images (TE = 15 ms), slice timing
correction for images of each TE, spatial normalization using an age-matched toddler template
(i.e., 2-year-old template) (Shi et al., 2011) as the majority of the toddlers fell into this age range,
and optimal combination of time series of all TEs. This optimal combination of multi-echo datasets

has been empirically shown to considerably enhance temporal signal-to-noise ratio (tSNR) over
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single-echo EPI data (Kundu et al. 2013). Multi-echo principle component analysis (ME-PCA)
was then applied as a dimensionality reduction technique before application of ME-ICA denoising.
ME-ICA takes the ME-PCA reduced data and identifies independent components (ICs) that are
then scored by pseudo-F statistics rho (p) and kappa (), which denote degree of non-BOLD and
BOLD-related signal weightings based on TE-dependence analysis (Kundu et al., 2017, 2012). ICs
with high rho (p) and low kappa (k) are components of non-BOLD related signal and are removed
as part of the denoising process, while ICs with low rho (p) and high kappa (k) scores are
components with high levels of BOLD-related signal and are retained. This ME-ICA denoising
procedure has been shown to be effective at substantially increasing tSNR and successfully
removes a large proportion of the head-motion related and other complex non-BOLD artifacts
(Kundu et al., 2017, 2013, 2012; Lombardo et al., 2016; Power et al., 2018) and vastly improves
test-retest reliability of functional connectivity measures (Lynch et al., 2020). The final multi-echo
denoised data were used for subsequent seed-based connectivity analysis.

Head motion was quantified via framewise displacement (FD) (Power et al., 2012). The group
average FD was minimal (mean FD < 0.11 mm) in toddlers (ASD: mean + SD = 0.081 + 0.036
mm, range 0.031-0.19 mm; non-ASD: mean = SD = 0.11 £ 0.1 mm, range 0.038—0.58 mm) and
adults (mean + SD = 0.1 + 0.056 mm, range 0.046—0.23 mm). There were no significant group
differences between ASD and non-ASD toddlers (#95) = 1.86, p = 0.07) or between toddlers and
adults (ASD toddlers vs. adults: #(66) =-1.32, p = 0.21; non-ASD toddlers vs. adults: #49) =0.27,

p =0.79) in two-tailed two-sample #-tests, including all test and retest scans.

Seed-based functional connectivity analysis
We selected two language-relevant regions of interest (ROIs), i.e., left and right temporal

regions, from the meta-analytic activation map in Neurosynth (https://neurosynth.org/) with the
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term “language”. These ROIs were identical to those used in previous studies (Lombardo et al.,
2015, 2018), and are displayed in Figure 2 (first column). As these ROIs are from adult samples,
they were co-registered to the age-matched toddler template using FSL’s flirt function (Jenkinson
et al., 2002; Jenkinson and Smith, 2001).

For estimating seed-based functional connectivity, we used a multiple-echo independent
component regression (ME-ICR) approach, which has been shown to be superior at estimating
seed-based connectivity while adjusting for effective degrees of freedom based on the BOLD-
dimensionality of each individual’s data (Kundu et al., 2017, 2013). Pearson’s correlation
coefficients were computed on the “mefc” images, the ICs output from the ME-ICA pipeline.
Computing seed-based connectivity based on this data has been shown to be a robust estimator of
functional connectivity and allows for appropriate adjustment for effective degrees of freedom,
denoted by the number of ICs, which vary from subject to subject (Kundu et al., 2013). Fisher Z-
transformation were computed on the connectivity maps, and then a 6 mm FWHM smoothing

kernel was applied to enhance SNR before group-level comparisons.

Whole-brain group analysis
Considering that scans were collected at multiple time points, including test and retest scans,
we ran whole-brain group analyses with mixed effects models using 3dMVM program (Chen et
al., 2014) in AFNI (Cox, 1996) to take into account the repeated measures:
ROI connectivity = By + f1 *x group + [, x age + [3 * gender + B, * mean FD + ¢
In separate models, iFC of left and right temporal ROIs served as a dependent variable, and
subjects were treated as a random effect, which allows for fixed effects (i.e., age, sex, and mean

FD) to vary for each subject.
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Using a similar approach, we conducted the whole-brain group analysis with adult data.
However, only within-group tests were performed as only TD adults were included.

Resulting correlation coefficient maps were corrected for multiple comparisons with the
family-wise error (FWE) approach using 3dClustSim program in AFNI (voxel-wise p = 0.005 and
cluster size > 136 voxels for adults and cluster size > 155 voxels for toddlers). This spatial cluster

correction took into account spatial autocorrelation by using the ‘—acf” option in 3dClustSim.

Connectivity—behavior correlation analysis

For the main analysis, we investigated the relationships between iFC of language ROIs and a
toddler’s language, communication, and social scores as assessed by the Mullen (Mullen
expressive and receptive subscales) and Vineland (Vineland communication and socialization
subscales). Mullen expressive and receptive language tap different aspects of language abilities,
with expressive language tapping speaking and receptive language tapping auditory
comprehension (Mullen, 1995). As expressive language is related to social skills (Pickard and
Ingersoll, 2014; Schietecatte et al., 2012), Vineland communication which taps language abilities
including both expressive and receptive language and written language is supposed to be an
interaction of language and social constructs (Sparrow et al., 2005). Vineland socialization indexes
social functioning within age-normed contexts.

For Mullen T scores, 21.2% of ASD toddlers (11 out of 52) in our study performed at levels
that were below 20, and in order to enhance accuracy for brain-behavior correlations, we elected
to generate a score for each toddler that was an approximate reflection of their ability, rather than
artificially assigning all such toddlers a score of 20. The lowest minimum subscale T score based
on the Mullen scoring manual is 20. Some ASD toddlers (i.e., 11 out of 52) in our study performed

at levels that were below 20. For these cases, in order to enhance accuracy for brain-behavior
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correlations, we elected to generate a score for each toddler that was an approximate reflection of
their ability, rather than artificially assigning all such toddlers a score of 20. Specifically, we
estimated Mullen T-scores based on raw scores and a child’s chronological age using the following
process: The estimated T score is calculated by examining the variation in raw scores for the
lowest T scores available for the child’s age and applying that variation to estimate a lower T score.
For example, if the lowest raw score available for the child’s age is 14, but the child actually has
a raw score of 12, two steps would be counted down and an estimated score would be calculated
based on the amount of difference between T scores for each raw score above the cut off. So, if
the raw score of 14 corresponded to a T of 20, and there was a 2 point difference between
each T score above 20, then the estimated T score would be 16 (2 steps times 2 point difference =
4 and thus the estimated T score is 20 - 4 = 16).

Similar to the whole-brain group analysis, we ran mixed effects models using 3dMVM
program (Chen et al., 2014) in AFNI (Cox, 1996) with variables of interest (i.e., language,
communication, and social scores) and those of no interest (i.e., age, gender, and mean FD) in the
models. These behavioral variables included Mullen expressive and receptive language and
Vineland social and communication scores which index toddlers’ language and social abilities
(Sparrow et al., 2005; Mullen 1995). All resulting maps were transformed to -maps. The same
threshold as used for whole-brain group results (i.e., voxel-wise p = 0.005, cluster size > 155 voxels)
was applied to the brain-behavior correlation coefficient maps.

Subsequently, we displayed the iFC—behavior correlation patterns (excluding repeated time
points) and examined differences between ASDsoc vS. ASDronsoc Subgroups in correlation strength.
First, we extracted Z-transformed correlation coefficients from clusters that had significant

correlations with behaviors in non-ASD, ASD, or comparisons between non-ASD and ASD. Next,
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we presented scatterplots with trend lines for non-ASD group and ASDsoc, ASDronsoc SUbgroups.
Finally, we tested group differences between ASDsoc vS. ASDronsoc subgroups in the strength of
correlations using the paired.r function in R (‘psych’ library) which computed z-statistics and p-
values. Considering the relatively small sample sizes in two ASD subgroups, we performed
bootstrapping to compute 95% confidence intervals (CI) around sample correlation estimates,
using 100,000 bootstrap resamples, as this analysis allowed for reporting the distribution of sample
correlation estimates that could have been observed.

Following similar procedures, we tested whether the relationships between functional
connectivity and a toddler’s social visual attention—indexed by percent fixation to social images
in the GeoPref test—differed between ASDsoc and ASDionsoc Subgroups. Specifically, functional
connectivity values were extracted from overlapping cortical sites that showed significant
correlations in non-ASD or ASD or significant ASD vs. non-ASD group differences. Then, we
presented scatterplots with trend lines for non-ASD group and ASDsoc, ASDnonsoc sSubgroups. Here,
we included all non-ASD toddlers (n=32) in the scatterplots because the focus of the analysis was
to compare the correlation strength between ASDsoc VS. ASDnonsoc Subgroups (using paired.r
function in R). Finally, we ran the same bootstrapping analysis as aforementioned to report the

distribution of sample correlation estimates that could have been observed.

Data availability

Tidy data are available at https://github.com/Yaqiongxiao/asdlanguage rsfMRI.

29


https://doi.org/10.1101/2021.10.08.463640
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.08.463640; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Acknowledgements

We are grateful to the parents and children in San Diego who participated in our research, without
whom this would not be possible. We are also fortunate to work with wonderful pediatricians and
family practice physicians spanning a range of medical groups including UCSD, Sharp Rees-
Stealy, Scripps, Rady-Children’s Primary Care Medical Group, Chula Vista Pediatrics, Graybill
Medical Group, Grossmont Pediatrics, Linda Vista Health Care Center, Mills Pediatrics, North
County Health Services, San Diego Family Care, and Sea Breeze Pediatrics. We are grateful for

their support.

Funding
This work was supported by NIDCD grant RO1DC016385 awarded to Eric Courchesne and Karen
Pierce; NIMH grants ROIMH118879 and RO1IMH104446 awarded to Karen Pierce; and 755816

European Research Council awarded to Michael V. Lombardo and Eric Courchesne.

Competing interests

The authors report no competing interests.

30


https://doi.org/10.1101/2021.10.08.463640
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.08.463640; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References

Chen, G., Adleman, N.E., Saad, Z.S., Leibenluft, E., Cox, R.W., 2014. Applications of multivariate
modeling to neuroimaging group analysis: A comprehensive alternative to univariate general

linear model. Neuroimage 99, 571-588. https://doi.org/10.1016/j.neuroimage.2014.06.027

Cox, R.W., 1996. AFNI: Software for Analysis and Visualization of Functional Magnetic
Resonance Neuroimages. Comput. Biomed. Res. 29, 162-173.

https://doi.org/10.1006/cbmr.1996.0014

Deen, B., Koldewyn, K., Kanwisher, N., Saxe, R., 2015. Functional Organization of Social
Perception and Cognition in the Superior Temporal Sulcus. Cereb. Cortex (New York, NY)

25, 4596. https://doi.org/10.1093/CERCOR/BHV111

Dehaene-Lambertz, G., Dehaene, S., Hertz-Pannier, L., 2002. Functional neuroimaging of speech

perception in infants. Science 298, 2013-2015. https://doi.org/10.1126/science.1077066

Dehaene-Lambertz, G., Montavont, A., Jobert, A., Allirol, L., Dubois, J., Hertz-Pannier, L.,
Dehaene, S., 2010. Language or music, mother or Mozart? Structural and environmental

influences on  infants’ language networks. Brain Lang. 114, 53-65.

https://doi.org/10.1016/j.bandl.2009.09.003

Dinstein, 1., Pierce, K., Eyler, L., Solso, S., Malach, R., Behrmann, M., Courchesne, E., 2011.
Disrupted Neural Synchronization in Toddlers with Autism. Neuron 70, 1218-1225.

https://doi.org/10.1016/J.NEURON.2011.04.018

Eyler, L.T., Pierce, K., Courchesne, E., Cheng, A., Barnes, C.C., 2012. A failure of left temporal
cortex to specialize for language is an early emerging and fundamental property of autism.

Brain 135, 949-960. https://doi.org/10.1093/brain/awr364

31


https://doi.org/10.1101/2021.10.08.463640
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.08.463640; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Ferjan Ramirez, N., Lytle, S.R., Kuhl, P.K., 2020. Parent coaching increases conversational turns
and advances infant language development. Proc. Natl. Acad. Sci. U. S. A. 117, 3484-3491.

https://doi.org/10.1073/pnas. 1921653117

Gaffrey, M.S., Kleinhans, N.M., Haist, F., Akshoomoff, N., Campbell, A., Courchesne, E., Miiller,
R.A., 2007. A typical participation of visual cortex during word processing in autism: An
fMRI  study of semantic decision.  Neuropsychologia 45, 1672-1684.

https://doi.org/10.1016/j.neuropsychologia.2007.01.008

Gao, Y., Linke, A., Jao Keehn, R.J., Punyamurthula, S., Jahedi, A., Gates, K., Fishman, 1., Miiller,
R.A., 2019. The language network in autism: Atypical functional connectivity with default

mode and visual regions. Autism Res. 12, 1344—1355. https://doi.org/10.1002/aur.2171

Goldstein, M.H., King, A.P., West, M.J., 2003. Social interaction shapes babbling: Testing
parallels between birdsong and speech. Proc. Natl. Acad. Sci. U. S. A. 100, 8030-8035.

https://doi.org/10.1073/pnas.1332441100

Goldstein, M.H., Schwade, J.A., 2008. Social feedback to infants’ babbling facilitates rapid
phonological learning. Psychol. Sci. 19, 515-523. https://doi.org/10.1111/j.1467-

9280.2008.02117.x

Holland, S.K., Vannest, J., Mecoli, M., Jacola, L.M., Tillema, J.-M., Karunanayaka, P.R.,
Schmithorst, V.J., Yuan, W., Plante, E., Byars, A.W., 2007. Functional MRI of language

lateralization during development in children. Int. J. Audiol. 46, 533-551.

https://doi.org/10.1080/14992020701448994

32


https://doi.org/10.1101/2021.10.08.463640
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.08.463640; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Homae, F., Watanabe, H., Nakano, T., Asakawa, K., Taga, G., 2006. The right hemisphere of
sleeping infant perceives sentential prosody. Neurosci. Res. 54, 276-280.

https://doi.org/10.1016/j.neures.2005.12.006

Huttenlocher, P., 1979. Synaptic density in human frontal cortex - developmental changes and

effects of aging. Brain Res. 163, 195-205. https://doi.org/10.1016/0006-8993(79)90349-4

Innocenti, G.M., Price, D.J., 2005. Exuberance in the development of cortical networks. Nat. Rev.

Neurosci. 2005 612 6, 955-965. https://doi.org/10.1038/nrn1790

Jenkinson, M., Bannister, P., Brady, M., Smith, S., 2002. Improved Optimization for the Robust
and Accurate Linear Registration and Motion Correction of Brain Images. Neuroimage 17,

825-841. https://doi.org/10.1006/nimg.2002.1132

Jenkinson, M., Smith, S., 2001. A global optimisation method for robust affine registration of brain

images. Med. Image Anal. 5, 143—156.

Johnson, M.H., 2011. Interactive Specialization: A domain-general framework for human
functional brain development? Dev. Cogn. Neurosci. 1, 7-21.

https://doi.org/10.1016/j.den.2010.07.003

Johnson, M.H., 2000. Functional brain development in infants: Elements of an interactive

specialization framework. Child Dev. 71, 75-81. https://doi.org/10.1111/1467-8624.00120

Kana, R.K., Keller, T.A., Cherkassky, V.L., Minshew, N.J., Just, M.A., 2006. Sentence
comprehension in autism: Thinking in pictures with decreased functional connectivity. Brain

129, 2484-2493. https://doi.org/10.1093/brain/awl164

33


https://doi.org/10.1101/2021.10.08.463640
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.08.463640; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

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.

https://doi.org/10.1016/j.neubiorev.2014.10.006

Koshino, H., Carpenter, P.A., Minshew, N.J., Cherkassky, V.L., Keller, T.A., Just, M.A., 2005.
Functional connectivity in an fMRI working memory task in high-functioning autism.

Neuroimage 24, 810—821. https://doi.org/10.1016/j.neuroimage.2004.09.028
Kotz, S.A., Paulmann, S., 2011. Emotion , Language , and the Brain 3, 108—125.

Kuhl, P.K., 2012. Social Mechanisms in Early Language Acquisition : Understanding Integrated
Brain Systems Supporting Language, in: Cacioppo, J.D.& J.T. (Ed.), The Oxford Handbook
of Social Neuroscience. Oxford University Press, pp- 649-667.

https://doi.org/10.1093/0xfordhb/9780195342161.013.0043

Kuhl, P.K., 2010. Brain Mechanisms in Early Language Acquisition. Neuron 67, 713-727.

https://doi.org/10.1016/j.neuron.2010.08.038

Kuhl, P.K., 2007. Is speech learning “gated” by the social brain? Dev. Sci. 10, 110-120.

https://doi.org/10.1111/j.1467-7687.2007.00572.x

Kuhl, P.K., Coffey-Corina, S., Padden, D., Dawson, G., 2005. Links between social and linguistic
processing of speech in preschool children with autism: behavioral and electrophysiological

measures. Dev. Sci. 8, F1-F12. https://doi.org/10.1111/j.1467-7687.2004.00384.x

Kuhl, P.K., Coffey-Corina, S., Padden, D., Munson, J., Estes, A., Dawson, G., 2013. Brain
Responses to Words in 2-Year-Olds with Autism Predict Developmental Outcomes at Age 6.

PLoS One 8, 64967. https://doi.org/10.1371/journal.pone.0064967

34


https://doi.org/10.1101/2021.10.08.463640
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.08.463640; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Kundu, P., Brenowitz, N.D., Voon, V., Worbe, Y., Vertes, P.E., Inati, S.J., Saad, Z.S., Bandettini,
P.A., Bullmore, E.T., 2013. Integrated strategy for improving functional connectivity
mapping using multiecho fMRI. Proc. Natl. Acad. Sci. U. S. A. 110, 16187-16192.

https://doi.org/10.1073/pnas.1301725110

Kundu, P., Inati, S.J., Evans, J.W., Luh, W.M., Bandettini, P.A., 2012. Differentiating BOLD and
non-BOLD signals in fMRI time series using multi-echo EPI. Neuroimage 60, 1759-1770.

https://doi.org/10.1016/j.neuroimage.2011.12.028

Kundu, P., Voon, V., Balchandani, P., Lombardo, M. V., Poser, B.A., Bandettini, P.A., 2017.
Multi-echo fMRI: A review of applications in fMRI denoising and analysis of BOLD signals.

Neuroimage 154, 59-80. https://doi.org/10.1016/j.neuroimage.2017.03.033

Larson-Prior, L.J., Zempel, J.M., Nolan, T.S., Prior, F.W., Snyder, A.Z., Raichle, M.E., 2009.
Cortical network functional connectivity in the descent to sleep. Proc. Natl. Acad. Sci. U. S.

A. 106, 4489—-4494. https://doi.org/10.1073/PNAS.0900924106

Liu, J., Okada, N.J., Cummings, K.K., Jung, J., Patterson, G., Bookheimer, S.Y., Jeste, S.S.,
Dapretto, M., 2020. Emerging atypicalities in functional connectivity of language-related
networks in young infants at high familial risk for ASD.

https://doi.org/10.1016/j.den.2020.100814

Lombardo, M. V., Auyeung, B., Holt, R.J., Waldman, J., Ruigrok, A.N.V., Mooney, N., Bullmore,
E.T., Baron-Cohen, S., Kundu, P., 2016. Improving effect size estimation and statistical
power with multi-echo fMRI and its impact on understanding the neural systems supporting

mentalizing. Neuroimage 142, 55-66. https://doi.org/10.1016/j.neuroimage.2016.07.022

35


https://doi.org/10.1101/2021.10.08.463640
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.08.463640; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

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.

https://doi.org/10.7554/eLife.47427

Lombardo, M. V., Pierce, K., Eyler, L.T., CarterBarnes, C., Ahrens-Barbeau, C., Solso, S.,
Campbell, K., Courchesne, E., 2015. Different functional neural substrates for good and poor
language outcome in autism. Neuron 86, 267-2717.

https://doi.org/10.1016/j.neuron.2015.03.023

Lombardo, M. V, Pramparo, T., Gazestani, V., Warrier, V., Bethlehem, R.A.l., Barnes, C.C.,
Lopez, L., Lewis, N.E., Eyler, L., Pierce, K., Courchesne, E., 2018. Large-scale associations
between the leukocyte transcriptome and BOLD responses to speech differ in autism early
language outcome subtypes. Nat. Neurosci. 21, 1680—1688. https://doi.org/10.1038/s41593-

018-0281-3

Lord, C., Elsabbagh, M., Baird, G., Veenstra-Vanderweele, J., 2018. Autism spectrum disorder.

Lancet 392, 508-520. https://doi.org/10.1016/S0140-6736(18)31129-2

Lord, C., Risi, S., Lambrecht, L., Cook, E.H., Leventhal, B.L., Dilavore, P.C., Pickles, A., Rutter,
M., 2000. The Autism Diagnostic Observation Schedule-Generic: A standard measure of
social and communication deficits associated with the spectrum of autism. J. Autism Dev.

Disord. 30, 205-223. https://doi.org/10.1023/A:1005592401947

Lynch, C.J., Power, J.D., Scult, M.A., Dubin, M., Gunning, F.M., Liston, C., 2020. Rapid Precision
Functional Mapping of Individuals Using Multi-Echo fMRI. Cell Rep. 33, 108540.

https://doi.org/10.1016/j.celrep.2020.108540

36


https://doi.org/10.1101/2021.10.08.463640
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.08.463640; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Mars, R.B., Neubert, F.X., Noonan, M.A.P., Sallet, J., Toni, 1., Rushworth, M.F.S., 2012. On the
relationship between the “default mode network™ and the ‘“social brain.” Front. Hum.

Neurosci. 6, 1-9. https://doi.org/10.3389/fnhum.2012.00189

Mullen, E.M., 1995. Mullen Scales of Early Learning. American Guidance Service, Circle Pine,

MN, USA.

Miiller, R.A., Fishman, 1., 2018. Brain Connectivity and Neuroimaging of Social Networks in

Autism. Trends Cogn. Sci. 22, 1103—1116. https://doi.org/10.1016/j.tics.2018.09.008

Olson, L., Chen, B., Fishman, 1., 2021a. Neural correlates of socioeconomic status in early
childhood: a systematic review of the literature. Child Neuropsychol. 27, 390-423.

https://doi.org/10.1080/09297049.2021.1879766

Olson, L., Kinnear, M., Chen, B., Reynolds, S., Ibarra, C., Wang, T., Linke, A., Fishman, 1., 2021b.
Socioeconomic Factors Account for Variability in Language Skills in Preschoolers with
Autism  Spectrum  Disorders. J. Dev. Behav. Pediatr. 42, 101-108.

https://doi.org/10.1097/DBP.0000000000000870

Olulade, O.A., Seydell-Greenwald, A., Chambers, C.E., Turkeltaub, P.E., Dromerick, A.W., Berl,
M.M., Gaillard, W.D., Newport, E.L., 2020. The neural basis of language development:
Changes in lateralization over age. Proc. Natl. Acad. Sci. U. S. A. 117, 23477-23483.

https://doi.org/10.1073/pnas.1905590117

Pang, E.W., Valica, T., Macdonald, M.J., Taylor, M.J., Brian, J., Lerch, J.P., Anagnostou, E., 2016.
Abnormal Brain Dynamics Underlie Speech Production in Children with Autism Spectrum

Disorder. Autism Res. 9, 249-261. https://doi.org/10.1002/aur.1526

37


https://doi.org/10.1101/2021.10.08.463640
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.08.463640; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Pickard, K.E., Ingersoll, B.R., 2014. Brief Report: High and Low Level Initiations of Joint
Attention, and Response to Joint Attention: Differential Relationships with Language and

Imitation. J. Autism Dev. Disord. 45, 262-268. https://doi.org/10.1007/S10803-014-2193-8

Pierce, K., Conant, D., Hazin, R., Stoner, R., Desmond, J., 2011. Preference for geometric patterns
early in life as a risk factor for autism. Arch. Gen. Psychiatry 68, 101-109.

https://doi.org/10.1001/archgenpsychiatry.2010.113

Pierce, K., Courchesne, E., Bacon, E., 2016a. To Screen or Not to Screen Universally for Autism
is not the Question: Why the Task Force Got It Wrong. J. Pediatr. 176, 182—-194.

https://doi.org/10.1016/j.jpeds.2016.06.004

Pierce, K., Gazestani, V., Bacon, E., Courchesne, E., Cheng, A., Barnes, C.C., Nalabolu, S., Cha,
D., Arias, S., Lopez, L., Pham, C., Gaines, K., Gyurjyan, G., Cook-Clark, T., Karins, K., 2021.
Get SET Early to Identify and Treatment Refer Autism Spectrum Disorder at 1 Year and
Discover Factors That Influence Early Diagnosis. J. Pediatr. 236, 179-188.

https://doi.org/10.1016/j.jpeds.2021.04.041

Pierce, K., Gazestani, V.H., Bacon, E., Barnes, C.C., Cha, D., Nalabolu, S., Lopez, L., Moore, A.,
Pence-Stophaeros, S., Courchesne, E., 2019. Evaluation of the Diagnostic Stability of the
Early Autism Spectrum Disorder Phenotype in the General Population Starting at 12 Months.

JAMA Pediatr. 173, 578-587. https://doi.org/10.1001/jamapediatrics.2019.0624

Pierce, K., Marinero, S., Hazin, R., McKenna, B., Barnes, C.C., Malige, A., 2016b. 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,

657-66. https://doi.org/10.1016/j.biopsych.2015.03.032

38


https://doi.org/10.1101/2021.10.08.463640
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.08.463640; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Power, J.D., Barnes, K.A., Snyder, A.Z., Schlaggar, B.L., Petersen, S.E., 2012. Spurious but
systematic correlations in functional connectivity MRI networks arise from subject motion.

Neuroimage 59, 2142-2154. https://doi.org/10.1016/j.neuroimage.2011.10.018

Power, J.D., Plitt, M., Gotts, S.J., Kundu, P., Voon, V., Bandettini, P.A., Martin, A., 2018. Ridding
fMRI data of motion-related influences: Removal of signals with distinct spatial and physical
bases in multiecho data. Proc. Natl. Acad. Sci. U. S. A. 115, E2105-E2114.

https://doi.org/10.1073/pnas.1720985115

Pramparo, T., Pierce, K., Lombardo, M. V., Carter Barnes, C., Marinero, S., Ahrens-Barbeau, C.,
Murray, S.S., Lopez, L., Xu, R., Courchesne, E., 2015. Prediction of Autism by Translation
and Immune/Inflammation Coexpressed Genes in Toddlers From Pediatric Community

Practices. JAMA Psychiatry 72, 386. https://doi.org/10.1001/jamapsychiatry.2014.3008

Ramirez-Esparza, N., Garcia-Sierra, A., Kuhl, P.K., 2017a. Look Who’s Talking NOW! Parentese
Speech, Social Context, and Language Development Across Time. Front. Psychol. 8, 1008.

https://doi.org/10.3389/fpsyg.2017.01008

Ramirez-Esparza, N., Garcia-Sierra, A., Kuhl, P.K., 2017b. The Impact of Early Social
Interactions on Later Language Development in Spanish—English Bilingual Infants. Child

Dev. 88, 1216-1234. https://doi.org/10.1111/cdev.12648

Ramirez-Esparza, N., Garcia-Sierra, A., Kuhl, P.K., 2014. Look who’s talking: Speech style and
social context in language input to infants are linked to concurrent and future speech

development. Dev. Sci. 17, 880—-891. https://doi.org/10.1111/desc.12172

39


https://doi.org/10.1101/2021.10.08.463640
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.08.463640; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Redcay, E., Courchesne, E., 2008. Deviant Functional Magnetic Resonance Imaging Patterns of
Brain Activity to Speech in 2—-3-Year-Old Children with Autism Spectrum Disorder. Biol.

Psychiatry 64, 589-598. https://doi.org/10.1016/J.BIOPSYCH.2008.05.020

Redcay, E., Haist, F., Courchesne, E., 2008. Functional neuroimaging of speech perception during
a pivotal period in language acquisition. Dev. Sci. 11, 237-252.

https://doi.org/10.1111/5.1467-7687.2008.00674.x

Schietecatte, 1., Roeyers, H., Warreyn, P., 2012. Exploring the nature of joint attention
impairments in young children with autism spectrum disorder: associated social and cognitive

skills. J. Autism Dev. Disord. 42, 1-12. https://doi.org/10.1007/S10803-011-1209-X

Schilbach, L., Eickhoff, S.B., Rotarska-Jagiela, A., Fink, G.R., Vogeley, K., 2008. Minds at rest?
Social cognition as the default mode of cognizing and its putative relationship to the “default
system” of the brain. Conscious. Cogn. 17, 457-467.

https://doi.org/10.1016/j.concog.2008.03.013

Shen, M.D., Shih, P., Ottl, B., Keehn, B., Leyden, K.M., Gaffrey, M.S., Miiller, R.A., 2012.
Atypical lexicosemantic function of extrastriate cortex in autism spectrum disorder: Evidence
from functional and effective connectivity. Neuroimage 62, 1780-1791.

https://doi.org/10.1016/j.neuroimage.2012.06.008

Shi, F., Yap, P.-T., Wu, G., Jia, H., Gilmore, J.H., Lin, W., Shen, D., 2011. Infant Brain Atlases
from  Neonates to 1- and  2-Year-Olds. PLoS One 6, el8746.

https://doi.org/10.1371/journal.pone.0018746

Solso, S., Xu, R., Proudfoot, J., Hagler, D.J., Campbell, K., Venkatraman, V., Carter Barnes, C.,

Ahrens-Barbeau, C., Pierce, K., Dale, A., Eyler, L., Courchesne, E., 2016. Diffusion tensor

40


https://doi.org/10.1101/2021.10.08.463640
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.08.463640; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

imaging provides evidence of possible axonal overconnectivity in frontal lobes in autism
spectrum disorder toddlers. Biol. Psychiatry 79, 676—684.

https://doi.org/10.1016/j.biopsych.2015.06.029

Sparrow, S., Cicchetti, D. & Balla, D., 2005. Vineland-II Scales Of Adaptive Behavior: Survey

Form Manual. American Guidance Service, Circle Pines, MN, USA.

Uddin, L., Supekar, K., Menon, V., 2010. Typical and atypical development of functional human
brain networks: insights from resting-state FMRI. Front. Syst. Neurosci. 4.

https://doi.org/10.3389/FNSYS.2010.00021

Wetherby, A.M., Woods, J., Allen, L., Cleary, J., Dickinson, H., Lord, C., 2004. Early indicators
of autism spectrum disorders in the second year of life. J. Autism Dev. Disord. 34, 473—493.

https://doi.org/10.1007/s10803-004-2544-y

Xiao, Y., Wen, T., Kupis, L., Eyler, L., Goel, D., Lombardo, M., Pierce, K., Courchesne, E., 2021.
Neural responses to affective speech, including motherese, map onto clinical and social eye

tracking profiles in ASD toddlers. Nat. Hum. Behav. Accepted.

Zwaigenbaum, L., Bryson, S., Rogers, T., Roberts, W., Brian, J., Szatmari, P., 2005. Behavioral
manifestations of autism in the first year of life. Int. J. Dev. Neurosci. 23, 143-152.

https://doi.org/10.1016/j.ijdevneu.2004.05.001

41


https://doi.org/10.1101/2021.10.08.463640
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.08.463640; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Supplementary tables and figures

Supplementary Table 1. Clusters showing significant connectivity—behavior relationships

MNI coordinates ~ Cluster size

Group/Contrast Behavior (scores) Region (voxels)
X % z

Left temporal ROI
ASD Vineland Cuneus -15 -67 3 312
Non-ASD Mullen EL Left FPO -45 -20 3 199

Right FPO 45 -14 9 184
Non-ASD vs. Mullen EL left FPO -42 -20 6 378
ASD .

right FPO 45 -10 9 249
Non-ASD vs. Mullen RL left FPO -49 13 -7 168
Right temnoral ROI

Right LP 32 -60 40 310
Non-ASD Vineland ACC 8 40 16 241

communication

Cerebellum 22 -50 37 202
Non-ASD vs. Vineland Right LP 32 -60 36 384
Non-ASD Vineland Right LP 29 -71 26 485

socialization

ACC 8 40 19 343

Cerebellum 22 -50 38 342
Non-ASD vs. Vineland Right LP 29 -67 23 648
ASD socialization

Cerebellum 22 -50 38 214
Non-ASD Mullen EL ACC 8 40 16 332

Right LP 25 -60 46 221
Non-ASD vs. Mullen EL Right LP 25 -71 30 158

Clusters were corrected for multiple comparisons with voxel-wise p = 0.005 and cluster size > 155
voxels (cluster-wise p < 0.05, FWE corrected). Abbreviations: EL, expressive language; RL,
receptive language; ASD, autism spectrum disorder; FPO, fronto-parietal operculum; LP, lateral

parietal cortex; ACC, anterior cingulate cortex.
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Supplementary Table 2. Subgroup-specific relationships between iFC and social and

language abilities as well as the comparisons between ASD subgroups.

ASDSoc VS.
ASDnonSoc ASDSoc ASDIlOﬂsoc
Behavior Region p z p
" valu  95%CI d P 95%CI  valu valu
value value  value
e e e
[-0.73, -
Left FPO -0.44  0.09 0.12] -0.11 0.68 [-047,0.33] 095 0.17
Mullen Right FPO  -0.11 0.69 [-0.57,0.28] -0.41 0.10  [-0.78,0.03] 0.836 0.2
expressive
language ACC 0.004 099 [-0.44,0.50] -0.14 0.58  [-0.62,0.39] 036 036
. [-0.74, - 0.04
Right LP 0.16  0.57 [-0.46,0.73] -0.45 0.07 0.001] 1.66 9
Mullen [-0.76, -
receptive Left FPO -049  0.05 [-0.75,0.09] -0.5 0.04 0 ‘1 4]’ 0.02 0.49
language )
Cuneus 0.58  0.02 [0.13,0.85] 0.64 0.006 [-0.05,0.9] 0.24 041
Cerebellum  0.07 0.80 [-0.48,0.67] -0.21 042 [-0.58,0.18] 0.73 0.23
Vineland
communication
ACC -023 039 [-0.59,032] -0.36 0.16  [-0.75,0.46] 037 036
Right LP -032 023 [-0.66,0.19] -0.44 0.07  [-0.79,0.45] 038 0.35
ACC -042  0.11 [-0.71,0.04] -0.30 0.24  [-0.75,0.33] 034 037
Vineland Cerebellum 040  0.13 [-025,0.74] -032 021 [-0.65,0.10] 195 0.03
socialization
. [-0.78, -
Right LP -0.45  0.08 0.01] -0.41 0.10  [-0.81,0.25] 0.12 0.45

Abbreviations: ASD, autism spectrum disorder; ASDnonSoc, non-social visual responders with
ASD; ASDSoc, social visual responders with ASD; CI, confidence intervals; ACC, anterior

cingulate cortex; LP, lateral parietal lobe; FPO, fronto-parietal operculum.
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Supplementary Table 3. Subgroup—specific associations between functional connectivity and

ASD toddler’s social visual attention as well as the comparisons between ASD subgroups.

ASDhuonsoc ASDsoc ASDsoc VS.
Connectivity ASDhuonsoc
d p 95% CI 4 p 95%CI  rvalue p value
value value value value
Left temporal 0.67 0004 [03,087] 007 079 [-039,051] 194 0.3
ROI-cuneus
Left temporal

ROIright FPO -0.44 0.086 [-0.79,-0.004] 0.21 0.42  [-0.34,0.75] 1.78 0.04

IL{%f}ffénﬂPg;% -0.13 063  [-0.58,039] 0.07 08 [-043,052] 0.1 0.3
ﬁgﬁ_fggoral 02 046  [-0.75,033] 0.08 077 [-048,05]  0.73 0.23
gg?jﬁ;mporal 026 034  [-0.19,066] -0.07 079 [-0.52,049]  0.86 0.2
Right temporal 36 15 [068,-0021] 014 0.6 [-0.38,0.53] 1.4 0.08

ROI—cerebellum

Abbreviations: ASD, autism spectrum disorder; ASDnonsoc, Non-social visual responders with ASD;
ASDs,c, social visual responders with ASD; CI, confidence intervals; ACC, anterior cingulate

cortex; LP, lateral parietal lobe; FPO, fronto-parietal operculum.
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Supplementary Figure 1. Scatterplots showing connectivity—behavior relationships in ASD
subgroups and non-ASD toddlers. Scatterplots display iFC—behavior relationships for: (A) left
temporal-left FPO iFC with Mullen expressive language scores; (B) left temporal-right FPO iFC
with Mullen expressive language scores; (C) left temporal-left FPO iFC with Mullen receptive
language scores; (D) left temporal-cuneus iFC with Vineland socialization scores; (E) right
temporal-ACC iFC with Mullen expressive language scores (excluding the outlier in non-ASD:
r(29) = 0.43; p = 0.015); (F) right temporal-LP iFC with Mullen expressive language scores; (G)
right temporal-LP iFC with Vineland communication scores (excluding the outlier in non-ASD:
r(29) = 0.23; p = 0.22); (H) right temporal-ACC iFC with Vineland communication scores
(excluding the outlier in non-ASD: #(29) = 0.25; p = 0.17); (I) right temporal—cerebellum iFC with
Vineland communication scores (excluding the outlier in non-ASD: #(29) = -0.3; p = 0.096); (J)

right temporal-LP iFC with Vineland socialization scores (excluding the outlier in non-ASD: 7(29)
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=0.33; p =0.069); (K) right temporal-ACC iFC with Vineland socialization scores (excluding the
outlier in non-ASD: (29) = 0.327; p = 0.073); (L) right temporal—cerebellum iFC with Vineland
socialization scores 7(29) = -0.22; p = 0.23). The relationships for ASDnonsoc 18 shown in pink, for
ASDsoc shown in green, and for non-ASD shown in blue. The red arrows point to outliers. * p
< .05, ** p < .005, *** p < .001. Abbreviations: iFC, intrinsic functional connectivity; EL,
expressive language; RL, receptive language; FPO, fronto-parietal operculum; ACC, anterior

cingulate cortex; LP, lateral parietal lobe.
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