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Atypical cerebellar functional connectivity at 9 months of age
predicts delayed socio-communicative profiles in infants at high
and low risk for autism
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Abstract

Background: While the cerebellum is traditionally known for its role in sensorimotor control,
emerging research shows that particular subregions, such as right Crus I (RCrusl), support
language and social processing. Indeed, cerebellar atypicalities are commonly reported in autism
spectrum disorder (ASD), a neurodevelopmental disorder characterized by socio-communicative
impairments. However, the cerebellum’s contribution to early socio-communicative development
remains virtually unknown.

Methods: Here, we characterized functional connectivity within cerebro-cerebellar networks
implicated in language/social functions in 9-month-old infants who exhibit distinct 3-year socio-
communicative developmental profiles. We employed a data-driven clustering approach to stratify
our sample of infants at high (n=82) and low (n=37) familial risk for ASD into three cohorts
—Delayed, Late-Blooming and Typical— showing unique socio-communicative trajectories. We
then compared the cohorts on indices of language and social development. Seed-based functional
connectivity analyses with RCrusl were then conducted on infants with fMRI data (n=66). Cohorts
were compared on connectivity estimates from a-priori regions, selected on the basis of reported
coactivation with RCrusl during language/social tasks.

Results: The three trajectory-based cohorts broadly differed in social-communication
development, as evidenced by robust differences on numerous indices of language and social
skills. Importantly, at 9 months, the cohorts showed striking differences in cerebro-cerebellar
circuits implicated in language/social functions. For all regions examined, the Delayed cohort
exhibited significantly weaker RCrusl connectivity compared to both the Late-Blooming and
Typical cohorts, with no significant differences between the latter cohorts.
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Conclusions: We show that hypoconnectivity within distinct cerebro-cerebellar networks in
infancy predicts altered socio-communicative development before delays overtly manifest, which
may be relevant for early detection and intervention. As the cerebellum is implicated in prediction,
our findings point to probabilistic learning as a potential intermediary mechanism that may be
disrupted in infancy, cascading into alterations in social communication.

Keywords
autism spectrum disorder; infancy; fMRI; social communication

The cerebellum is traditionally known for its role in sensorimotor control; however, within
the last decades, growing evidence has demonstrated that the cerebellum also supports
linguistic, cognitive, and social behaviors. Indeed, both anatomical tracing (R. M. Kelly

& Strick, 2003; Middleton & Strick, 2001) and human neuroimaging studies (Bernard

et al., 2012; Buckner, Krienen, Castellanos, Diaz, & Yeo, 2011; Krienen & Buckner,

2009) show that distinct subregions of the cerebellum are connected with higher-order
regions, including prefrontal and posterior parietal cortices. The cerebellum is hypothesized
to support these higher-order functions similarly to motor control: by generating internal
models —or predictions— and updating these models using sensory feedback (Ito, 2008).
Efforts to parcellate the cerebellum by its functions have provided converging evidence that
the right posterior cerebellum, including Rcrusl, supports language and social processing
(E, Chen, Ho, & Desmond, 2014; King, Hernandez-Castillo, Poldrack, Ivry, & Diedrichsen,
2019).

Within the language domain, Rcrusl is implicated in a wide range of functions, including
encoding verbal information (Chen & Desmond, 2005; Marvel & Desmond, 2012a),
generating predictions (D’Mello, Turkeltaub, & Stoodley, 2017; Lesage, Hansen, & Miall,
2017), and forming lexico-semantic associations (Lesage, Nailer, & Miall, 2016), though
how it contributes to these diverse functions remains poorly understood (Marién et al.,
2014). Within the social domain, the right posterior cerebellum has been shown to support
mentalizing. For instance, it is recruited to interpret social action sequences requiring theory
of mind (Heleven, van Dun, & Van Overwalle, 2019) via communication with hubs of the
mentalizing network (Van Overwalle, Van de Steen, & Marién, 2019). A dominant view is
that the posterior cerebellum supports social cognition via the generation of internal models
of others” mental states (Van Overwalle et al., 2020).

Interestingly, studies at many levels of analysis have shown cerebellar atypicalities in
autism spectrum disorder (ASD), a neurodevelopmental disorder characterized by social
communication impairments (D’Mello & Stoodley, 2015; Fatemi et al., 2012). Importantly,
structural MRI meta-analyses in ASD have revealed that these cerebellar disruptions are
pronounced in Rerusl (DeRamus & Kana, 2015; Stoodley, 2014). At the cellular level,
post-mortem brains of individuals with ASD exhibit reductions in Purkinje neurons in
Crus | and 11 (Skefos et al., 2014). At the structural level, ASD youth show grey-matter
volume reductions in Rcrusl, relative to neurotypical controls (D’Mello, Moore, Crocetti,
Mostofsky, & Stoodley, 2016a), with greater reductions in size correlating with increased
social communication impairments (D’Mello, Crocetti, Mostofsky, & Stoodley, 2015).

J Child Psychol Psychiatry. Author manuscript; available in PMC 2023 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Okada et al. Page 3

Resting-state functional MRI (rsfMRI) studies report that, compared to matched controls,
ASD youth exhibit hypoconnectivity between Rcrusl and both supramodal and language-
related regions (E. Kelly, Meng, et al., 2020; Khan et al., 2015; Lidstone, Rochowiak,
Mostofsky, & Nebel, 2021; Verly et al., 2014a). Importantly, studies in mice also show that
chemogenic disruptions on Rcrusl (Badura et al., 2018; Stoodley et al., 2017), as well as on
circuits connecting Rcrusl to medial prefrontal cortex (E. Kelly, Meng, et al., 2020), produce
deficits in social behavior.

While much evidence has implicated the cerebellum in language and social functions,
virtually nothing is known about the establishment of these cerebro-cerebellar circuits in
infancy and their contribution to the development of later language and social skills. One
way to address this gap is by examining early cerebro-cerebellar connectivity in infants who
are at high familial risk (HR) for ASD. These infants often exhibit atypical language and
social development, (Gammer et al., 2015; Garrido, Petrova, Watson, Garcia-Retamero, &
Carballo, 2017) and importantly, there is considerable variability in symptom severity. For
example, many HR infants who do not get an ASD diagnosis show normative receptive and
expressive language profiles across the first few years of life (Hudry et al., 2014), as well
as social and communication skills similar to low familial risk (LR) infants (Georgiades

et al., 2013). Furthermore, while many HR infants who develop ASD exhibit language
impairments (Hudry et al., 2010), there is marked heterogeneity in language abilities even
among children with ASD (Tager-Flusberg, Paul, & Lord, 2005). Indeed, a recent study
which took a novel data-driven approach to stratify HR and LR infants into three distinct
groups based on their language development from 6 months to 3 years found that children
with ASD were represented in all three groups, albeit to a different degree (Longard

etal., 2017). Together, these studies highlight the heterogeneity of language outcomes
within HR infants overall, and even within HR infants who develop ASD. Thus, a study
which follows HR and LR infants longitudinally, comparing early cerebellar connectivity
between cohorts who show distinct language profiles (vs. risk cohorts or cohorts based

on diagnostic outcome), is particularly suited for investigating how early disruptions in
cerebellar connectivity can cascade into deviations in the developmental unfolding of socio-
communicative skills.

Although core behavioral symptoms of ASD, such as impairments in social communication,
only begin to manifest during the second year of life, prior studies in HR infants suggest that
atypicalities in neural circuits underlying these functions are observable before an infant’s
first birthday (Wolff, Jacob, & Elison, 2018). Studies examining functional connectivity
(Emerson et al., 2017), structural connectivity (Lewis et al., 2017; Wolff et al., 2017), and
brain structure (Hazlett et al., 2017) have all found significant alterations in the first year of
life within HR infants who later develop ASD. Recent work has also demonstrated neural
disruptions in social and language-related networks that may specifically underlie individual
variability in social communication skills. Within HR infants, individual differences in
neural activity in response to vocal sounds (Blasi et al., 2015) and speech signals (Liu,
Tsang, et al., 2020; Tran et al., 2021) as well as in structural connectivity within language-
networks (Liu et al., 2019) are predictive of later social and language abilities. Furthermore,
HR infants exhibit altered trajectories in the emergence of functional connectivity within
language-related networks across the first year (Liu, Okada, et al., 2020) and local

J Child Psychol Psychiatry. Author manuscript; available in PMC 2023 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Okada et al.

Page 4

hyperconnectivity within canonical “social brain” networks in the first weeks (Ciarrusta
etal., 2019).

With regard to the cerebellum, cerebellar volume in 4-6-month-old HR infants predicted
later severity of restricted and repetitive symptoms, though only a trend-level association
was found for social atypicalities (Pote et al., 2019). Further, cerebellar white-matter
integrity across 6, 12 and 24 months of age was also predictive of severity of restricted,
repetitive behaviors and sensory processing atypicalities at 24 months (Wolff et al., 2017).
To our knowledge, no study to date has examined the contribution of functional connectivity
within cerebro-cerebellar circuits in infancy to social communication development.

To address this gap, we characterized functional connectivity in infancy within cerebro-
cerebellar circuits implicated in social/language functions and examined how it may be
related to later socio-communicative development. Specifically, we took a similar data-
driven approach as Longard and colleagues (2017) to stratify our sample of HR and

LR infants into distinct cohorts as a function of their receptive language trajectories

from 6 to 36 months of age. We chose receptive language to index overall social
communication because language learning is embedded in early social interactions and
thus fundamentally constrained by infants’ social skills (Kuhl, 2007). We then used rsfMRI
to examine differences between cohorts in the strength of functional connectivity within
cerebro-cerebellar circuits at 9 months of age. Given the wealth of evidence implicating
Rcrusl in both social cognition (E. Kelly, Meng, et al., 2020; Stoodley et al., 2017) and
language processing (D’Mello et al., 2017; Verly et al., 2014a), we hypothesized that Rcrusl
connectivity would be reduced in infants who exhibited delayed socio-communication
profiles.

Materials and Methods

Participants

Participants were enrolled in a longitudinal project examining early behavioral and brain-
based markers of ASD. Informed consent was obtained from all infants’ parents/legal
guardians under protocols approved by the UCLA Institutional Review Board. Infants
were assigned to ASD risk cohorts based on family history: HR infants had at least one
sibling with a clinical ASD diagnosis, whereas LR infants had no known family history of
ASD (i.e., no first- or second-degree relatives with ASD) or any other neurodevelopmental
disorders. A final sample of 119 children were included in our analyses. See the Supporting
Information for exclusionary criteria.

Behavioral Measures

A battery of behavioral assessments examining social and language development as well

as ASD symptomatology was conducted at 6, 9, 12, 18, and 36 months of age by trained
examiners in the Child and Adult Neurodevelopmental Clinic at UCLA. The Mullen Scales
of Early Learning (MSEL; Mullen, 1995) were administered at 6, 9, 12, 18 and 36 months
of age. The MSEL is a normed developmental assessment indexing abilities in several
domains; standardized age-normed T-scores from the receptive language subscale were used

J Child Psychol Psychiatry. Author manuscript; available in PMC 2023 September 01.
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to index language comprehension abilities in our analyses. The Vocabulary Checklist of the

Words and Gestures form of the MacArthur-Bates Communicative Development Inventories
(MCDI; Fenson et al., 2007) — a parent-report standardized questionnaire — was also used at
9, 12, and 18 months of age to measure a child’s receptive and expressive vocabulary.

The Early Social Communication Scales (ESCS; Mundy et al., 2003) —a structured, play-
based assessment of nonverbal social communication— was administered at 12 and 18
months to measure the rate per minute of initiating joint attention (1JA) and proportion
of responding to joint attention (RJA). See the Supporting Information for details on the
ESCS.

The Autism Observation Scale for Infants (AOSI; Bryson et al., 2008) was administered

at 12 months to assess early signs of ASD; total scores were used in our analyses. The
Autism Diagnostic Observation Schedule-Toddler Module (ADOS-T; Luyster et al., 2009)
was administered at 18 months to measure ASD symptomatology; scores on the Social
Affect subscale were used to index social communication deficits associated with ASD. At
36 months, according to their language level, 79 infants were administered the appropriate
module of the Autism Diagnostic Observation Schedule-Second Edition (ADOS-2; Lord

et al., 2012); calibrated severity scores (CSS) were analyzed (Gotham, Pickles, & Lord,
2009). At 36 months, 79 participants underwent a clinical assessment to determine outcome
classification.

Trajectory-Based Cluster Analysis

Following Longard and colleagues (2017), a data-driven clustering approach was used to
stratify infants based on their receptive language trajectories. Receptive language abilities
were used to broadly index socio-communicative development, as social and language
abilities are difficult to disentangle in early childhood (Kuhl, Coffey-Corina, Padden, &
Dawson, 2005; Kuhl, Tsao, & Liu, 2003). Indeed, language learning is thought to be
fundamentally driven by the motivation to communicate as well as the ability to harness
critical social cues in one’s environments (Kuhl, 2007; Lytle & Kuhl, 2017). MSEL
receptive (vs. expressive) language scores were used based on prior evidence that toddlers
with ASD exhibit greater impairments in receptive than expressive language abilities (Hudry
etal., 2010; R. J. Luyster, Kadlec, Carter, & Tager-Flusberg, 2008). Consistent with previous
studies (Landa, Gross, Stuart, & Bauman, 2012; Longard et al., 2017), T-scores were used
to stratify infants into distinct cohorts and to conduct pairwise comparisons; raw scores
were used for graphical representation of the clustering results (Figure 1) to facilitate visual
interpretation of the different developmental trajectories.

A sample of 119 children with MSEL receptive language T-scores beyond the 12-month
timepoint were included in these longitudinal cluster analyses, irrespective of whether they
contributed imaging data, to maximize power and minimize sampling bias. Longitudinal
cluster analyses were conducted using a k-means clustering method for longitudinal data
(KmL) via the kml package in R (Genolini, Alacoque, Sentenac, & Arnaud, 2015); see the
Supporting Information for additional details about the implementation of these analyses.
This clustering method does not require assumptions regarding the shape of the trajectory,
can handle missing values, and is just as efficient at clustering longitudinal data (Genolini
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& Falissard, 2010) as the model-based method (Proc Traj; Jones et al., 2001) employed by
Longard and colleagues (2017).

Three distinct cohorts were identified who exhibited divergent trajectories in receptive
language development (Figure 1). Specifically, one cohort included infants who consistently
exhibited abilities at the advanced end of the normative range (Typical); a second cohort
exhibited abilities at the lower end of the normative range from 6 to 18 months, followed

by an accelerated gain from 18 to 36 months (Late-Blooming); and a third cohort was
characterized by an overall delayed trajectory (Delayed). Table 1 presents demographic
information for infants in these three cohorts.

Cohort Comparisons on Social-Communication Skills

As we aimed to identify cohorts that broadly differed in socio-communicative skills, we first
compared cohorts on measures of language development. Specifically, the number of words
comprehended and produced, as reported on the MCDI (Fenson et al., 2007) at 9, 12 and

18 months, were analyzed with a Poisson mixed effects model in R (Bates et al., 2020).

The model included cohort and testing age as fixed variables and subject ID as a random
variable. We evaluated whether developmental trajectories differed by cohort membership,
which we statistically modeled as the interaction between testing age and cohort. Then,

we performed pairwise comparisons between the three cohorts at each timepoint using the
emmeans package in R (Lenth et al., 2020).

We also compared the cohorts on measures of joint attention (i.e., ESCS) and ASD
symptomatology (i.e., AOSI, ADOS-T, and ADOS) using R (R Core Team, 2020). We
performed statistical comparisons using an Analysis of Variance (ANOVA), Kruskal-Wallis
test or Welch’s ANOVA as appropriate, according to the normality of the model residuals
and homogeneity of variance. Post-hoc pairwise comparisons between all cohorts were
performed using pairwise t-tests or their non-parametric equivalent (Wilcoxon Rank-Sum
test) as appropriate. A 5% Benjamini and Hochberg false discovery rate (FDR) was used to
correct for multiple comparisons across measures (Benjamini & Hochberg, 1995). Lastly, we
performed Chi-square tests to assess differences between cohorts in the proportion of infants
with various risk status (i.e., HR, LR) and outcome classification (i.e., ASD, Broader Autism
Phenotype, speech-language impairment, other developmental delays in HR infants; ASD,
anxiety, behavior problems in LR infants).

Functional MRI Data Acquisition, Preprocessing, and Analysis

Complete information on fMRI acquisition, inclusion criteria, and preprocessing can be
found in the Supporting Information.

fMRI Acquisition.—The final imaging sample (Table 1) included 66 infants, 45 HR and
21 LR, with 18, 25 and 23 infants assigned into the Delayed, Late-Blooming, and Typical
cohorts, respectively, as per our clustering analysis in the entire sample. At 9 months of age,
rsfMRI scans were performed in the evening during natural sleep. MRI data were collected
on a Siemens 3T Tim Trio (12-channel head coil) or, following an upgrade to the imaging
facilities, on a Prisma scanner (32-channel head coil). The cohorts within the rsfMRI sample

J Child Psychol Psychiatry. Author manuscript; available in PMC 2023 September 01.
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were matched on age and motion, but not on maternal education, sex, and familial risk
for ASD; accordingly, these variables were covaried for in all fMRI analyses. Although
the proportion of infants who underwent MRI with each scanner did not differ by cohort,
scanner was also included as a covariate of non-interest in all analyses.

fMRI Preprocessing.—Functional MRI data were preprocessed and analyzed using
FMRIB’s Software Library (FSL; Smith et al., 2004). Preprocessing included skull
stripping, motion correction, spatial smoothing. fMRI scans were linearly registered to the
subject’s corresponding high-resolution anatomical scan, followed by a registration to an
infant brain template (Shi et al., 2011). The automatic independent component classifier
ICA-AROMA (Pruim et al., 2015) was used to regress out components labeled as motion or
noise. Importantly, cohorts did not differ on the number of ICA-AROMA components kept
nor on mean relative motion (Table 1). To further reduce noise and other confounds, data
were bandpass filtered (0.01 Hz < t < 0.1 Hz); lastly, mean white-matter, cerebrospinal fluid,
and global time series (Power et al., 2014) were all included as nuisance regressors at the
single-subject level.

fMRI Analysis.—We first parcellated the cerebellum in infant standard space (Shi et al.,
2011) by transforming cerebellar subregions from an anatomical map of the human adult
cerebellum in MNI space (Diedrichsen, Balsters, Flavell, Cussans, & Ramnani, 2009), using
linear transformations performed with FLIRT (affine registration with 7 degrees of freedom).

We then used a hybrid functional/anatomical approach to examine differences in cerebro-
cerebellar functional connectivity between the three cohorts. Compared to whole-brain
analyses, this approach allowed us to minimize the number of multiple comparisons and
thus maximize statistical power given the modest sample size.

The steps involved in our data-analytic pipeline are detailed below and displayed in Figure
S1. To create an inclusive map of functional cerebro-cerebellar connectivity from which to
extract parameter estimates, we first ran within-group seed-based functional connectivity
analyses for each cohort. Based on the literature presented in the Introduction, our primary
seed of interest were Rcrusl; lobule V, a subregion of the cerebellum specifically subserving
sensorimotor functions (Guell, Gabrieli, et al., 2018), was also examined in light of a
conceptual framework (Piven et al., 2017) whereby social impairments in ASD may

be a downstream manifestation of earlier disruptions in sensorimotor processes (see the
Supporting Information for the full rationale behind our seed selection).

For each subject, averaged time series (across all voxels) for each seed were extracted

from processed residuals in standard space. Each time series was correlated with that of
every other voxel in the brain, and the resulting correlation maps for each seed were then
converted into a z-statistic maps using Fisher’s r-to-z transformation. For each cohort,
group-level analyses were masked with an anatomical gray matter mask of the whole brain
without the cerebellum (Shi et al., 2011). These within-cohort connectivity maps (2>2.3,
cluster-corrected at A<0.05) were then summed and binarized to generate an inclusive map
of brain regions where any one of the three cohorts showed significant positive connectivity.

J Child Psychol Psychiatry. Author manuscript; available in PMC 2023 September 01.
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From this map, parameter estimates of functional connectivity were extracted, for each

seed (Rcrusl/bilateral lobule V), from four anatomical ROIs —frontal cortex, supplementary
motor area, basal ganglia, and thalamus— as derived from an automated anatomical labeling
(AAL) atlas normalized to the UNC neonate template (Shi et al., 2011). The “frontal cortex”
ROl included superior frontal gyrus, anterior and middle cingulate, and middle frontal
gyrus. The “basal ganglia” ROI included caudate, putamen, and pallidum. These ROIs were
selected based on prior evidence of co-activation/connectivity with Rcrusl during language
processing (D’Mello et al., 2017; Lesage et al., 2017; Verly et al., 2014a) and mentalizing
tasks (Van Overwalle & Marién, 2016), as well as atypical functional connectivity in
individuals with ASD (E. Kelly, Meng, et al., 2020; Khan et al., 2015; Verly et al., 2014a).

Cohort Comparisons on Cerebro-Cerebellar Functional Connectivity

Results

To investigate cohort differences in cerebro-cerebellar connectivity, linear models in R

(R Core Team, 2020) were used. Scanner, sex, ASD risk status, and maternal education
were included as covariates of non-interest in the analyses. A Benjamini and Hochberg

false discovery rate (FDR) of 5% was used to correct for multiple comparisons across
connectivity measures, with corrected P-values reported (Benjamini & Hochberg, 1995).
Plots visualizing parameter estimate differences were created using the ggplot2 package in R
(R Core Team, 2020).

Clustering Results

The three cohorts differed in receptive language T-scores at most timepoints assessed.
Specifically, the Typical cohort exhibited higher receptive language T-scores compared to
both Late-Blooming and Delayed cohorts at all timepoints, whereas the Late-Blooming
cohort exhibited greater language abilities compared to the Delayed cohort at 12, 18, and 36
months, but not at 6 or 9 months of age. See Table S1 for a full summary of T-scores and
pairwise comparisons between cohorts at each timepoint.

Cohort Comparisons on Social-Communication Skills (Full Sample)

Parent-Reported Vocabulary Measures.—To examine whether differences between
cohorts extended to other measures of social-communication, we first compared the three
cohorts on measures of both receptive (number of words comprehended) and expressive
(words produced) vocabulary, as indexed by the MCDI. Trajectories of both receptive
(12(2)=275.08, £<0.0001; Figure 2A) and expressive (12(2)=24.66, £<0.0001; Figure 2B)
vocabulary growth differed between the cohorts, as revealed by an interaction between age
at testing and cohort status. Specifically, compared to infants in the Delayed cohort, those
in both the Late-Blooming and Typical cohorts exhibited larger increases in both receptive
and expressive vocabulary growth from 9 to 18 months of age. Infants in the Typical cohort
showed greater age-related increases compared to the Late-Blooming cohort for receptive
vocabulary, but no differences were observed in their trajectories of expressive vocabulary
growth. Descriptive statistics on pairwise differences in trajectories between cohorts are
reported in Table S2. Post-hoc comparisons between the cohorts at each timepoint revealed
that infants in the Typical cohort exhibited larger receptive and expressive vocabularies

J Child Psychol Psychiatry. Author manuscript; available in PMC 2023 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Okada et al.

Distribution

Page 9

compared to those in the Late-Blooming and Delayed cohorts at all timepoints assessed,
whereas the latter two cohorts only showed differences in receptive vocabulary at 18 months
and in expressive vocabulary at the 12 and 18 months (Table S3).

Joint Attention.—Joint attention was assessed using the ESCS. The three cohorts differed
in their proportion of responses to joint attention, at 12 (A2, 51.81)=19.79, £<0.0001;
Figure 2C) and 18 months (12(2,68):28.00, F£<0.0001; Figure 2D). Specifically, at both 12
and 18 months, the Typical cohort displayed greater responses to joint attention compared
to both Late-Blooming (12 months: 466.73)=2.78, P=0.02; 18 months: W=175.5, P=0.01)
and Delayed cohorts (12 months: #47.23)=6.31, A<0.0001; 18 months: W4=33.5, p<0.0001),
with the Late-Blooming cohort also exhibiting greater responses compared to the Delayed
cohort (12 months: {47.51)=2.92, P=0.01; 18 months: =58, A<0.001). No between-group
differences were found in the ability to spontaneously initiate joint attention at either 12
(¥%(2,86)=0.92, P=0.63) or 18 months (y(2,69)=0.99, P=0.61).

ASD Symptomatology.—We also compared the three cohorts on ASD symptomatology.
At 12 months, the cohorts differed on the number of ASD risk markers assessed via

the AOSI (/1/2(2,114):13.47, P=0.002; Figure 2E). The Typical cohort exhibited fewer
ASD risk markers than the Late-Blooming (I4=1141.5, P=0.03) and Delayed cohorts
(WE904.5, £=0.001); the Delayed cohort exhibited more ASD risk markers than the
Late-Blooming cohort, although this difference was not statistically significant (14/=807,
P=0.09). At 18 months, the cohorts differed on ASD-related social symptoms, based

on the Social Affect subscale of the ADOS-T (A2, 36.31)=11.14, £<0.001; Figure

2F). Specifically, the Typical cohort showed fewer social-communication deficits than

both the Late-Blooming (#55.33)=-2.80, £=0.02) and Delayed cohorts (#20.39)=-4.34,
F£<0.001), with the Late-Blooming cohort also exhibiting fewer impairments than the
Delayed cohort (424.23)=-2.58, £=0.02). Lastly, at 36 months, the cohorts differed on ASD
symptomatology, as indexed by ADOS calibrated severity scores (;(2(2,79):10.54, P=0.007;
Figure 2G). Compared to the Delayed cohort, both the Typical (=366, £2=0.004) and
Late-Blooming cohorts (=329, P=0.01) displayed fewer ASD symptoms; the latter two
cohorts did not differ (14=589, P=0.53).

of ASD Risk Status and Outcome Classification Within Cohorts

A Chi-square analysis indicated a significant association between membership in a cohort
and ASD risk status and outcome classification (;(2(10, 79)=51.6; A<0.0001; Figure 3).
Specifically, HR infants who received an ASD diagnosis or other outcome classification
(i.e., Broader Autism Phenotype, speech-language impairment, other developmental delays),
as well as LR infants with an ASD diagnosis, were overly represented in the Delayed cohort,
whereas typically-developing HR infants were evenly split between the Late-Blooming

and Typical cohorts. Typically-developing LR infants and LR infants with other outcome
classifications (i.e., anxiety, behavioral problems) were more likely to be assigned to the
Typical cohort. See Figure 4 for summary of the percentage of infants in each cohort as a
function of ASD risk status * outcome classification.
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Neuroimaging Sample: Language Development, Joint Attention and ASD Symptomatology

We conducted an identical set of analyses on 66 infants who were included in the
neuroimaging analyses (rsfMRI sample). These analyses confirmed that the cohorts in this
smaller sample showed similar differences in language development, joint attention and
ASD symptomatology. See the Supporting Information for full results on the rsfMRI sample
(Figures S2-S3; Tables S4-S5).

Cohort Comparisons on Cerebro-Cerebellar Connectivity

Critically, the cohorts exhibited robust differences in connectivity between Rcrusl and all
ROIs examined: frontal cortex (A2,55)=3.42, P=0.05; Figure 4A), supplementary motor
area (H2,55)=3.53, P=0.05; Figure 4B), basal ganglia (A2,56)=7.07, P=0.007; Figure

4C) and thalamus (A2,57)=3.14, P=0.05; Figure 4D). The pattern of between-group
differences was identical for all ROIs. Specifically, both Typical and Late-Blooming cohorts
exhibited stronger cerebro-cerebellar connectivity compared to the Delayed cohort, with

no statistically significant differences between the Typical and Late-Blooming cohorts. See
Table S6 for post-hoc pairwise comparisons between cohorts for all ROls.

In contrast to Rcrusl, infants in the three cohorts did not exhibit statistically significant
differences in connectivity between lobule V and frontal cortices (H2,58)=0.44, P=0.75),
supplementary motor area (A2,57)=0.75, P=0.75), basal ganglia (A2,54)=0.70, P=0.75) and
thalamus (A2,58)=0.29, P=0.75).

Additional Post-hoc Analyses

Several additional post-hoc analyses were conducted to (1) examine whether our results of
atypical Rcrusl connectivity specifically related to socio-communicative deficits vs. other
core ASD symptomatology such as RRB (Figure S4), (2) assess the extent to which our
connectivity analyses based on data-driven stratification of our sample into three cohorts
yielded improved specificity over group comparisons based on familial risk for ASD (Table
S7), (3) investigate Rcrusl connectivity with cortical regions other than our a-priori ROIs
(Figure S5), and (4) explore whether individual differences in Rcrusl connectivity correlated
with later language and ASD measures. These results are described in the Supporting
Information

Discussion

In this study, we examined how early cerebro-cerebellar functional connectivity within
networks implicated in social and language functions predict distinct socio-communicative
developmental profiles. Three unique trajectories of receptive language development —
Delayed, Late-Blooming and Typical- were identified in our sample of infants at high

and low familial risk for ASD. Importantly, infants in these trajectory-based cohorts also
exhibited robust differences on several additional measures of language abilities, as well

as on measures of social engagement and ASD symptomatology, corroborating the notion
that early language acquisition may be “gated” by social skills (Kuhl, 2007). Consistent
with prior reports (Brian et al., 2014; Longard et al., 2017), these cohorts differed in the
proportion of infants with various risk status and outcome classification, mirroring findings
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in a much larger sample (Longard et al., 2017). Importantly, our neuroimaging analyses
demonstrated that, at 9 months of age, infants in these three cohorts showed striking
differences in functional connectivity strength within cerebro-cerebellar circuits implicated
in language and social functions. Specifically, the Delayed cohort exhibited significantly
weaker Rcrusl connectivity compared to both the Late-Blooming and Typical cohorts, with
no significant differences between the latter two cohorts.

Our functional connectivity analyses at 9 months focused on connectivity between Rcrusl
and a-priori ROIs: frontal cortex, supplementary motor area, basal ganglia, and thalamus.
These ROIs were selected because they show coactivation with Rcrusl during social
mentalizing (Van Overwalle & Marién, 2016) and language processing (D’Mello et al.,
2017; Lesage et al., 2017; Verly et al., 2014b), as well as on the basis of observed functional
connectivity with Rcrusl in neurotypical adults (Bernard et al., 2012; Buckner et al., 2011).
Notably, we found significantly weaker Rcrusl connectivity in the Delayed cohort compared
to Late-Blooming and Typical cohorts for all ROIs. Our results converge with those in

older individuals with ASD, whereby hypoconnectivity was observed in cerebro-cerebellar
networks involving Rcrusl and these same ROIs (E. Kelly, Meng, et al., 2020; Khan et

al., 2015; Lidstone et al., 2021; Verly et al., 2014b). Furthermore, our results showing
disruptions in cerebellar connectivity as early as 9 months of age —well before social or
language impairments overtly manifest in a child— highlight the potential clinical relevance
of our findings for early detection and intervention. Importantly, we find that cerebellar
connectivity differs between infants who continue to show delays in social communication
and those who “catch up” to the normative ability from 18 to 36 months. Indexing cerebellar
connectivity could help identify infants at greatest risk for sustained delays in social
communication.

Results from animal studies provide mechanistic insights into how disruptions in
connectivity between Rcrusl and frontal cortex may lead to aberrant social behavior. The
cerebellum is a key source of inhibitory tone for frontal brain regions —polysynaptic
projections from the cerebellum to the frontal cortex are well-documented (Kelly & Strick,
2003; Middleton & Strick, 2001; Strick, Dum, & Fiez, 2009)- with inhibitory signals

to the cortex driven by Purkinje neurons (Kelly, Escamilla, & Tsai, 2020). Inhibitory
Purkinje neuron loss in the cerebellum is commonly reported in ASD, suggesting that
their function may be particularly critical for social behavior (Fatemi et al., 2012; Skefos
et al., 2014). Indeed, inhibition of Purkinje neurons in Rcrusl in mouse models of

ASD causes impairments in social behavior by disinhibiting the medial prefrontal cortex
(Kelly, Meng, et al., 2020). Together, these data raise the possibility that our findings of
disrupted functional connectivity between Rcrusl and frontal cortex in infants who exhibit
delayed socio-communicative profiles may reflect a lack of inhibition from Rcrusl to
frontal cortex. This would be consistent with the hypothesis that altered cortical excitation/
inhibition balance contributes to the ASD phenotype (Lee, Lee, & Kim, 2017; Rubenstein
& Merzenich, 2003), and suggests that the cerebellum may provide a source of cortical
inhibition to regulate excitation/inhibition balance and thus support social functions.

We also observed hypoconnectivity between Rcrusl and basal ganglia in infants who
later exhibited delayed social communication trajectories. Anatomical tracing studies have
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identified dense reciprocal connections between the basal ganglia and cerebellum (Bostan,
Dum, & Strick, 2010; Hoshi, Tremblay, Féger, Carras, & Strick, 2005). Functionally,

an integrated network involving the posterior cerebellum, dorsomedial striatum, and
dorsolateral prefrontal cortex (Fermin et al., 2016) supports model-based learning (i.e.,
learning when an internal model of the environment is available for predicting future
outcomes). As effective social communication is predicated on constructing and updating
models of other’s mental states (Tamir & Thornton, 2018), our findings of disrupted
Rcrusl - basal ganglia connectivity in children with socio-communicative impairments
suggest that difficulties with social learning may reflect a lack of early integration between
nodes of this model-based learning network. Additionally, we also report hypoconnectivity
between Rcrusl and thalamus in the infant cohort exhibiting atypical socio-communicative
development. This is in line with previous findings showing that compared to neurotypical
individuals, individuals with ASD exhibit reduced structural integrity of cortico-thalamic-
cerebellar tracts responsible for cerebellar output (Catani et al., 2008). Lastly, we report
hypoconnectivity between Rcrusl and supplementary motor area in infants who later
display socio-communicative deficits, consistent with reports of hypoconnectivity between
these regions in older individuals with ASD (Lidstone et al., 2021; Verly et al., 2014b).
The supplementary motor area is both structurally (Akkal, Dum, & Strick, 2007) and
functionally (Bernard et al., 2012) connected to the cerebellum; these connections are
thought to support both speech perception and production by facilitating the integration

of auditory and temporal sequence processing (Kotz & Schwartze, 2010). Thus, early
disruptions in these circuits may negatively impact language learning and behaviorally
manifest as language delays.

Our findings raise the important question: how is the establishment of Rcrusl connectivity in
infancy related to the later acquisition of complex socio-communicative skills? One potential
mechanism relates to the cerebellum’s role in prediction. In motor control, the cerebellum

is thought to generate an internal model of predicted outcomes based on sensorimotor

input from the cortex. Any mismatch between true and predicted outcomes results in error
signals, which are used by the cerebellum to make rapid adjustments to the model and
optimize future predictions (Ito, 2008; Kelly, Escamilla, et al., 2020; Sokolov, Miall, &

Ivry, 2017). Given the relative uniformity of the cellular and computational architecture

of the cerebellum, this internal model framework has also been applied to understand

the cerebellum’s contribution to social cognition and language (Ramnani, 2006). Social
interactions require a high level of prediction —one must generate an internal model

of another individual’s mental state, mood and traits based on highly variable social

context and then use this to make predictions on the consequences of ones’ behavior.

During social interactions, the cerebellum may generate internal models and also use

social feedback to derive prediction error signals and optimize future social behavior
accordingly (Van Overwalle et al., 2020). The cerebellum may function similarly to support
language processing; indeed, the cerebellum has been shown to use linguistic context to
anticipate future linguistic information (Sokolov et al., 2017). Thus, our findings suggest
that the establishment of cerebro-cerebellar circuits implicated in social communication may
scaffold infants’ ability to learn from social feedback which tends to be highly probabilistic
in nature.
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Critically, the cerebellum is thought to facilitate the generation of predictions by keeping
track of patterns, or spatio-temporal regularities in the environment (Leggio & Molinari,
2015). Thus, normative cerebellar development may be particularly critical during infancy
when there is the most to be learned regarding such regularities and the least amount of
prior knowledge (Saffran, 2020). Importantly, contingency learning —both statistical and
associative— has been shown to predict later cognitive, social and language functioning. In
the realm of statistical learning, better visual statistical learning relates to better social and
cognitive functioning in toddlers with ASD (Jeste et al., 2015) and more robust implicit
statistical language learning predicts better language skills and fewer ASD symptoms

in HR infants (Liu, Tsang, et al., 2020). In the realm of associative learning, delay
eye-blink conditioning —a form of associative learning that is highly dependent on the
cerebellum (Boele, Koekkoek, & De Zeeuw, 2010; Raymond, Lisberger, & Mauk, 1996)—
in infancy is predictive of later social functioning (Reeb-Sutherland, Levitt, & Fox, 2012)
and consistently reported to be aberrant in both individuals with ASD and animal models
of ASD (Kloth et al., 2015; Oristaglio et al., 2013). In sum, atypicalities in the formation
of cerebro-cerebellar circuits early in infancy may perturb the ability to track environmental
contingencies and generate predictions, which may cascade into difficulties in learning
complex social and language skills. Our findings of altered functional connectivity within
cortico-cerebellar circuits in infants who later exhibit socio-communicative impairments
lend preliminary evidence to this hypothesis.

Given the conceptual framework whereby social impairments in ASD may be a downstream
manifestation of earlier alterations in the development of sensorimotor brain networks
(Piven et al., 2017), we also examined functional connectivity within a cerebro-cerebellar
circuit specifically implicated in sensorimotor processes. Interestingly, here we did not
observe any significant differences across the cohorts. Given that maturation of sensorimotor
regions precedes that of social regions during early brain development (Gao, Alcauter,
Smith, Gilmore, & Lin, 2015), atypicalities in sensorimotor cerebro-cerebellar circuits may
be detectable at an earlier timepoint. The lack of significant differences in this cerebellar
sensorimotor circuit may also reflect the nature of our clustering approach whereby we
derived cohorts based on receptive language abilities, as an index of socio-communicative
function. In fact, while grey matter volume in Rcrusl relates to severity of social and
communicative deficits in ASD (and to a lesser extent, repetitive and stereotyped behaviors
including sensory processing atypicalities), lobule V volume only relates to severity of
restrictive, repetitive and stereotyped behaviors including sensory issues (D’Mello et al.,
2015). Taken together, our findings suggest that cerebro-cerebellar connectivity may be
selectively disrupted in infants who later exhibit socio-communicative impairments, sparing
circuits solely involved in sensorimotor processing.

This study presents some limitations. Most notably, we had a modest sample size. Thus,
we examined seed-based Rcrusl connectivity only with a-priori ROIs, which precluded

us from identifying broader atypicalities. Also, as prior studies have revealed that
neurodevelopmental trajectories, rather than differences at a particular timepoint, may

be more predictive of later ASD symptomatology (Hazlett et al., 2017; Wolff et al.,

2012), future longitudinal studies should examine how early in development these cortico-
cerebellar networks begin to diverge in infants who later exhibit difficulties with social
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communication. Lastly, future work should investigate whether atypicalities in cerebro-
cerebellar circuits also extend to structural connectivity.

Conclusion

To our knowledge, this is the first study to examine functional connectivity of cerebro-
cerebellar circuits implicated in social and language functions in infancy and to investigate
whether distinct connectivity patterns relate to later socio-communicative development. We
observed hypoconnectivity within these cerebro-cerebellar networks at just 9 months of
age in children who later exhibited social communication difficulties, many months before
delays overtly manifest at the behavioral level. As cerebro-cerebellar circuits are implicated
in prediction, these findings point to probabilistic learning as a potential intermediary
mechanism that may be disrupted in early infancy, cascading into alterations in social
communication. Further characterizing atypical cerebellar function in infancy may inform
early interventions targeting probabilistic learning to promote development along normative
trajectories.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key points

The cerebellum subserves social/language processing, and cerebellar
atypicalities are commonly reported in autism.

However, it remains unknown how cerebellar function in infancy relates to
socio-communicative development.

Here, a data-driven clustering method was employed to stratify infants at
high/low familial risk for autism into three cohorts —Delayed, Late-Blooming,
and Typical- exhibiting unique socio-communicative trajectories from 6

to 36 months. Resting-state fMRI was used to compare cerebro-cerebellar
connectivity at 9 months.

Infants with sustained socio-communicative delays exhibited hypo-
connectivity within cerebro-cerebellar networks at 9 months, before
symptoms overtly manifest

These findings have important implications for early detection/intervention of
neurodevelopmental disorders. As the cerebellum is implicated in prediction,
these results point to probabilistic learning as an intermediary mechanism
disrupted in infancy, cascading into socio-communicative delays.

J Child Psychol Psychiatry. Author manuscript; available in PMC 2023 September 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Okada et al.

MSEL Receptive Language

Page 22

30
o
§ D Typical
% 20 Late-Blooming
o

Delayed
10

6 9 12 18 36
Age (months)

Figure 1. Clustering Analysis.
Each cohort’s developmental trajectory of MSEL receptive language raw scores from 6 to

36 months, for visualization purposes. For a reference of normative development, the grey
region denotes the range of raw scores corresponding to a T-score range of 40-60 (mean

of 50 +/- standard deviation of 10) for each timepoint assessed. This range in T-scores
corresponds to the Descriptive Category of “Average”. Error bars indicate standard error of
the mean for each cohort. MSEL = Mullen Scales of Early Learning.
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Figure 2. Cohort Comparisons of Social-Communication Skills.
(A) The cohorts differ on trajectories from 9-18 months of MCDI receptive vocabulary

and (B) expressive vocabulary. (C) The cohorts differ on proportion of responding to

joint attention at both 12 and (D) 18 months. (E) The cohorts also differ on ASD
symptomatology at 12 months, (F) 18 months, and (G) 36 months. Error bars indicate
standard error of the mean. Pairwise comparison between cohorts: T P<0.1; * P<0.05; **
P<0.01; *** P<0.001; **** P<0.0001. Pairwise simple slope comparison between cohorts:
++++ P<0.0001. All p-values reported are FDR corrected across measures. ADOS-T =
Autism Diagnostic Observation Schedule-Toddler Module; ADOS-2 = Autism Diagnostic
Observation Schedule-Second Edition; AOSI = Autism Observation Scale for Infants;
ESCS = Early Social Communication Scales; MCDI = MacArthur-Bates Communicative
Development Inventories
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Figure 3. Cohort Membership by ASD Risk Status and Outcome Classification.
Distribution of infants in each of the cohorts as a function of both their ASD risk status and

outcome classification. A Chi-square analysis indicated a significant association between
ASD risk * 36-month outcome classification and membership in a cohort (y2(10, 79)=51.6;
P<0.0001). Other Concerns for HR infants include Broader Autism Phenotype, speech-
language impairment, and other developmental delays. Other Concerns for LR infants
include anxiety and behavior problems. ASD = autism spectrum disorder; HR = high
familial risk; LR = low familial risk; TD = typically developing.
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Figure 4. Cerebro-Cerebellar Functional Connectivity with Right Crus I.
(A) Group differences in functional connectivity of right Crus I with frontal cortex, (B)

supplementary motor area, (C) basal ganglia and (D) thalamus. Error bars indicate standard
error of the mean. Results demonstrated that the Delayed cohort exhibits significantly
weaker right Crus | connectivity compared to both the Late-Blooming and Typical

cohort, with no statistically significant differences between the latter two cohorts. Pairwise
comparison between cohorts: * P<0.05, ** P<0.01. All p-values reported are FDR corrected
across connectivity measures.
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