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Funding information autism, who suffer from prototypical deficits in social abilities. However, existing
Bettencourt Schueller Fondation studies with small samples of categorical, case-control comparisons have yielded
inconsistent results due to the inherent heterogeneity of autism, suggesting that
investigating how clinical dimensions are related to cerebellar-rTPJ functional con-
nectivity might be more relevant. Therefore, our objective was to study the functional
connectivity between the cerebellum and rTPJ, focusing on its association with social
abilities from a dimensional perspective in a transdiagnostic sample. We analyzed
structural magnetic resonance imaging (MRI) and functional MRI (fMRI) scans
obtained during naturalistic films watching from a large transdiagnostic dataset, the
Healthy Brain Network (HBN), and examined the association between cerebellum-
rTPJ functional connectivity and social abilities measured with the social responsive-
ness scale (SRS). We conducted univariate seed-to-voxel analysis, multivariate canon-
ical correlation analysis (CCA), and predictive support vector regression (SVR). We
included 1404 subjects in the structural analysis (age: 10.516 + 3.034, range: 5.822-
21.820, 506 females) and 414 subjects in the functional analysis (age: 11.260
+ 3.318 years, range: 6.020-21.820, 161 females). Our CCA model revealed a
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1 | INTRODUCTION

The cerebellum has been involved in social abilities and autism (Laidi
et al., 2017). The cerebellum contains more than 50% of the neurons
of the brain (Li et al., 2013), and it plays an important role in a wide
range of cognitive functions, i.e., social cognition. This makes it a
potential target for impairments in individuals with autistic spectrum
disorder (ASD) (Van Overwalle et al., 2020). Case-control studies of
functional connectivity in ASD have reported cerebellar hypoconnec-
tivity with the left inferior parietal lobule (IPL) and hyperconnectivity
with sensory and motor networks (Oldehinkel et al., 2019; Stoodley
et al., 2017). Given the abundant connections from the cerebellum to
the cortex, it was proposed that the cerebellum may influence the
maturation of neocortical neural circuitry through the cerebello-
thalamo-cortical loops, in particular regions involved in social interac-
tions, which could account for the relationship between autistic symp-
toms and cerebellar deficits (see review in Wang et al., 2014).

The posterior superior temporal sulcus (pSTS) or the temporo-
parietal junction (TPJ), particularly in the right hemisphere, has been
shown to be largely implicated in social cognition, and its abnormali-
ties have been observed in individuals with ASD (Zilbovicius
et al., 2006, 2013). Activation of right pSTS or TPJ has been repeat-
edly reported in tasks of Theory of Mind (ToM), social processing, eye
gaze perception, and attention (Dugué et al, 2018; Schurz
et al.,, 2017). Accordingly, anatomical and functional abnormalities in
this region have been identified in children and adults with ASD,
including morphological alterations (such as pSTS length and sulcal
depth), decreased cortical thickness, decreased gray matter volume,
hypoperfusion and hypoconnectivity during rest (Alaerts et al., 2015;
Hotier et al., 2017; Saitovitch et al., 2019). Some were associated with

individual performance in social tasks.

these two regions.

significant association between cerebellum-rTPJ functional connectivity, full-scale 1Q
(FSIQ) and SRS scores. However, this effect was primarily driven by FSIQ as sug-
gested by SVR and univariate seed-to-voxel analysis. We also demonstrated the spec-
ificity of the rTPJ and the influence of structural anatomy in this association. Our
results suggest that there is a complex relationship between cerebellum-rTPJ con-
nectivity, social performance and IQ. This relationship is specific to the cerebellum-

rTPJ connectivity, and is largely related to structural anatomy in these two regions.

e We analyzed cerebellum-right temporoparietal junction (rTPJ) connectivity in a
pediatric transdiagnostic sample.

e We found a complex relationship between cerebellum and rTPJ connectivity,
social performance and IQ.

e Cerebellum and rTPJ functional connectivity is related to structural anatomy in

cerebellum, fMRI, functional connectivity, social abilities, temporo-parietal cortex

Combining the aforementioned evidence, it has been hypothe-
sized that in ASD the functional connectivity between the cerebellum
and right TPJ (rTPJ) may be compromised, thus contributing to social
impairments. Stoodley et al. (2017) have revealed hypoconnectivity
between right Crus | and left IPL in children with ASD. Igelstrom et al.
(2017) also reported for the first time disrupted functional connectiv-
ity between left Crus Il and right dorsal TPJ in individuals with ASD as
opposed to neurotypical controls.

Taken together, the evidence suggests that disrupted functional
connectivity between the cerebellum and the rTPJ in ASD may be
responsible for the typical social impairments observed in individuals
with autism. However, significant challenges have hindered progress
towards a reliable neuromarker of social communication deficits in this
condition. First, as a spectrum disorder, individuals diagnosed with ASD
can present a wide range of symptoms and severities. This variability
can make it challenging to identify consistent neural markers or pat-
terns across individuals. Second, ASD often co-occurs with conditions
such as ADHD, mood disorders, anxiety or learning disabilities (Lai
et al., 2019). Furthermore, biological atypicalities identified in various
psychiatric disorders are of relatively low specificity (Alexander
et al., 2017; Insel & Cuthbert, 2015), questioning the use of categorical
diagnosis in neuroimaging studies. Instead, we believe that it might be
interesting to move away from studying disorders in isolation from one
another and take a transdiagnostic approach (Alexander et al., 2017).
Third, previous studies have used small sample sizes which may over or
underestimate true effects in the population. Larger sample sizes can
help capture this diversity and allow for more nuanced analyses that
consider different subgroups within the ASD population. Moreover,
large cohorts are essential to overcome sample size limitations.

Here, we perform brain-wise analyses on large-scale datasets in
neuroimaging research on ASD to reach a replicable conclusion. The
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goal of our study is thus to investigate the associations between
cerebellum-rTPJ gray matter density, functional connectivity and the
severity of social impairments in a large-scale transdiagnostic MRI
dataset (Alexander et al., 2017). Based on the findings of Igelstrém
et al. (2017), we expect to witness atypical cerebellum-rTPJ gray mat-
ter density and functional connectivity in individuals with severe

impairments of social interaction.

2 | MATERIALS AND METHODS

21 | Dataset

The dataset we analyzed was obtained from the HBN initiative
launched by the Child Mind Institute (New York, USA), available at
http://fcon_1000.projects.nitrc.org/indi/cmi_healthy_brain_network/
(Alexander et al., 2017). The HBN initiative has a specific interest in
establishing a large-scale community-based transdiagnostic biobank
about mental health and learning disorders in children and adoles-
cents, with comprehensive clinical assessments, behavioral and cogni-
tive measurements, demographic information, and multiple sessions
of multi-modal neuroimaging. In our study, the HBN dataset is rele-
vant as such a large-scale transdiagnostic dataset can help avoid the
long-criticized limitations of small sample size and simple categorical
dichotomy, especially in the highly heterogeneous field of ASD.

2.2 | Participants

The HBN dataset used a community-based model of recruitment, and
collected a large amount of data from participants aged between
5 and 21 in the New York area. The inclusion criteria included:
(1) between 5 and 21 years old; (2) fluent in English; and (3) capable
of undergoing the clinical evaluation (Alexander et al., 2017). We
excluded participants with excessive head motion during MRI scan-
ning sessions, inadequate coverage of the rTPJ and cerebellum, and
low 1Q (quantified as 1Q below 70). As a result, a total of 1404 partici-
pants (age: 10.52 + 3.03 years, range: 5.822-21.820, 506 females)
were considered in our analyses of structural MR, in which 414 partic-
ipants (age: 11.260 + 3.318 years, range: 6.020-21.820, 161 females)
were included for the following analyses of functional MRI (fMRI).
Additional statistical testing showed no significant difference in SRS
scores between the excluded (N =990) and included (N = 414)
groups, but the excluded group was significantly younger than the

included (reported in Appendix S1).

2.3 | Phenotyping and clinical assessment

To evaluate the severity of social impairment in transdiagnostic popu-
lation, we selected the Social Responsiveness Scale 2nd version
(SRS-2,
scale-second-edition) as our scale of interest, due to its wide

https://www.wpspublish.com/srs-2-social-responsiveness-

applicability in both clinical and non-clinical settings (Constantino
et al., 2004). The SRS-2 has a total of 65 items on a 4-point Likert
scale, and outputs one total score and five domain scores, including
Awareness (AWR), Social Cognition (COG), Social Communication
(COM), Social Motivation (MOT), Restricted/Repetitive Behavior
(RRB). Since our focus was on social abilities, RRB was not included in
the following analysis of clinical assessments. A high SRS T-score usu-
ally indicates mild (60-65), moderate (66-75) or severe (76 or higher)
deficits in social interactions and is correspondingly associated with
clinically significant ASD diagnoses and severity.

To better control possible confounding factors such as 1Q, we
also included full-scale 1Q (FSIQ) score for each participant, mea-
sured by Wechsler Adult Intelligence Scale (WAIS,
Wechsler, 2008), Wechsler Abbreviated Scale of Intelligence
(WASI, Wechsler, 1999), or Wechsler Intelligence Scale for Children
(WISC, Petermann, 2011).

24 | MRI acquisition

The MRI data were collected in separate phases using different MRI
scanners at three sites: a Siemens 3 Tesla Tim Trio MRI scanner at
Rutgers University Brain Imaging Center (RUBIC), a Siemens 3 Tesla
Prisma MRI scanner at Citigroup Biomedical Imaging Center (CBIC),
and a Siemens 3 Tesla Prisma MRI Scanner at City University of New
York (CUNY). T1-weighted structural images were acquired with the
following scan parameters: repetition time (TR) = 2500 ms, echo time
(TE) =3.15ms, flip

size = 0.8 x 0.8 x 0.8 mm®. During naturalistic viewing task, func-

angle = 8°, slice number =224, voxel
tional images were acquired using a multiband echo-planar imaging
(EPI) pulse sequence with the following scan parameters:
TR =800 ms, TE = 30 ms, flip angle = 31°, slice number = 60, voxel
size = 2.4 x 2.4 x 2.4 mm®, multi-band acceleration factor = 6, field
of view (FOV) = 204 x 204 x 144 mm?, bandwidth = 2290 Hz/Px,
matrix size = 85 x 85 x 60; no field map correction was applied (see
Alexander et al. (2017) for detailed parameters and protocols for

structural and functional MRI scans).

2.5 | Naturalistic viewing task

Participants were asked to passively view two film clips played during
the fMRI scanning sessions. The first was a 10-min clip from ‘Despica-
ble Me’, the second was approximately 3.47 min from ‘The Present’.
It has been proposed that perceiving naturalistic stimuli like film clips
can be considered as resting state for fMRI experiments, yet with bet-
ter signal quality and more reliability as opposed to conventional rests
(Sonkusare et al., 2019). Studies have shown that a 10-minute session
of resting state is sufficient for functional connectivity analyses
(Shehzad et al., 2009). Nevertheless, due to poor test-retest reliability
of fMRI with short acquisition time as demonstrated by Noble et al.
(2017), we do not include scanning sessions with the movie clip of

‘The Present’ in our functional analyses.
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2.6 | MRI preprocessing

The preprocessing steps, such as spatial normalization and brain seg-
mentation, were completed on T1w images using CAT12 version 12.7
(https://neuro-jena.github.io/cat12-help/#Dahnke:2022,
et al,, 2022), an advanced tool for voxel-based morphometry (VBM)

Gaser

analyses, with quality check (QC) reports for individual images. The
detailed description of the pipeline is available in Gaser et al. (2022).
Further analyses on structural images were only conducted on individ-
uals with an image quality rating (IQR) equal and above 80 (or B—),
corresponding to a description of ‘good’ or ‘excellent’ as described in
Dahnke et al. (2022). We excluded 677 out of 2125 scans due to their
low quality. All QC-passed T1w images were smoothed with a 3 mm
full-width-at-half-maximum (FWHM) using a Python library NiLearn
0.10.0 (Abraham et al., 2014).

The fMRI images in the HBN dataset were preprocessed using
state-of-the-art preprocessing pipeline fMRIPrep (https://fmriprep.
org/en/stable/, Esteban et al., 2019, 2020). This pipeline performs
preprocessing steps, including co-registration, normalization, and seg-
mentation. For the purpose of consistency in our study, only those
with QC-passed structural images were considered in the following
functional analyses.

The dataset of fMRI images was then narrowed by excluding
611 participants because of excessive head motion (defined as mean
framewise displacement (FD) > 0.3 mm, as in Frew et al, 2022),
102 participants because of a low coverage of the cerebellum (<90%)
or rTPJ (<92%), and 16 participants because of 1Q < 70. We also dis-
carded one site of inclusion (CUNY) because there were only 8 partici-
pants left. Next, we processed the fMRI images by dropping the first
five dummy scans, regressing out confounds including FD and
36 parameters (with Global Signal Regression, or GSR, Satterthwaite
et al.,, 2013), filtering with a high-pass of 0.01 Hz and a low-pass of
0.1 Hz, and smoothing with a FWHM of 6 mm. All the above steps
were achieved in the Python environment with NiLearn 0.10.0 pack-
age (Abraham et al., 2014).

2.7 | Voxel-based morphometry analysis

To understand if the structural anatomy could influence the functional
connectivity part, we conducted a voxel-based morphometry (VBM)
analysis using FSL on the structural MRI images, with a special focus
on the TPJ and the cerebellum. Throughout the whole study, we used
the resampled TPJ mask from a previous study (Igelstrom et al., 2017)
and the Buckner cerebellar atlas (Buckner et al., 2011) to define the
rTPJ and the cerebellum. We applied general linear models to predict
gray matter density in the region of interest (ROIl), TPJ and cerebellum
respectively, by demeaned variables including age, sex, SRS total
score, FSIQ, scan location (coded as dummy variables), and IQR. To
statistically test the significance of our models, permutation tests with
10,000 permutations each were conducted with FSL Randomise

(Winkler et al., 2014). Results were FWE (family wise error) corrected

for multiple comparison across space using TFCE (Threshold-Free
Cluster Enhancement).
The threshold for statistical significance was set as 0.05 through-

out the study.

2.8 | Univariate analysis: seed-to-voxel
connectivity analysis

The seed-to-voxel connectivity analysis consists of two major steps.
First, we used dual regression (Beckmann et al., 2009) with Buckner
7-Network cerebellar atlas (Buckner et al., 2011) as seeds to extract
subject-specific spatial maps for each cerebellar ROI. The dual regres-
sion analysis, as indicated by its name, performs a spatial regression to
extract subject-specific time series in each ROI, and then a temporal
regression to estimate subject-specific spatial maps, one for each ROI.
Thus, we obtained the ROI-to-voxel functional connectivity between
ROIs in the cerebellum and voxels in the whole brain. Second, we
(Winkler
et al., 2014) with the mask of rTPJ to test the significance of general

used the FSL Randomise permutation-testing tool

linear models similar to those in the VBM analyses. Specifically, we
aimed to predict seed-to-voxel connectivity with the severity of social
impairments—SRS total score and SRS communication domain score,
respectively—while considering the effects of age, sex, FSIQ, scan
location, and head motion (mean FD). All independent variables were

demeaned, and p values were FWE-corrected.

29 |
analysis

Multivariate analysis: canonical correlation

The link between brain functional connectivity and social ability may
result from complex interactions between multiple neuroanatomical
and clinical variables. To further investigate in depth the association
between cerebellum-rTPJ connectivity features and clinical measure-
ments of social impairments, we conducted canonical correlation anal-
ysis (CCA), a mathematical approach to identifying latent patterns of
correlation between two sets of variables, as opposed to only one
dependent variable explained by linear mixed models.

To obtain ROI-ROI functional connectivity, we parcellated the
T1 whole brain images into 449 ROls, using Schaefer's atlas
(400 ROls) for cortex (Kong et al., 2021; Schaefer et al., 2018),
Buckner's atlas (17 ROIs) for cerebellum (Buckner et al., 2011), and
Tian's atlas (32 ROIs) for subcortex (Tian et al., 2020). After resam-
pling the atlases into our fMRI space, we extracted ROI-level time
series and used them to generate individuals' whole-brain correla-
tion matrices. By applying the rTPJ mask (lgelstrom et al., 2017)
onto the cortical parcellation, we identified 61 ROIs with at least
one voxel included in the mask. Again, as a sanity check, the rTPJ
mask had no overlapping with any subcortical or cerebellar ROls. So
far, we had 1037 (17 x 61) features of cerebellum-rTPJ connectiv-
ity, and 414 subjects in total.
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As the inputs of CCA, we defined two canonical components, one
with connectivity features “X”, and the other with clinical features
“Y”. For connectivity features “X”, we included all the cerebellum-
rTPJ connectomes (1037 in total), regressed out confounding effects
of head motion, age, sex, and scan location (see Appendix S3 for the
relationship among age, sex, and social abilities), normalized with Fish-
er's r-to-z transformation, and reduced the dimensionality to 100 using
principal component analysis (PCA, explaining more than 80% of the
variance). Four subjects were excluded as outliers (out of 3 standard
deviations) at this step, resulting in 410 observations in total. For clini-
cal features “Y”, we included FSIQ as well as normalized SRS sub-
scores for social communication impairment (AWR, COG, MOT, and
COM). We then performed CCA and obtained two canonical compo-
nents that maximized the correlation between a linear combination of
“X” and that of “Y”. Both PCA and CCA were achieved using the
Scikit-Learn package in the Python environment (version 1.2.2,
Pedregosa et al., 2011).

To validate the statistical significance of our model, we used
10,000 permutations to define the null distribution and threshold of
statistical significance. We performed a train-test validation analysis,
as described in Smith et al. (2015), 80% of the observations were ran-
domly selected as the train subset, leaving the remaining 20% as the
test subset. The connectome weights yielded by the CCA on the train
subset were applied on the test subset to calculate the new canonical
variates and their correlation, followed by a permutation test (1000)
to estimate the statistical significance of the canonical correlation
within the test subset. Such train-test analysis was run 10 times as
Smith et al. (2015) did in their study.

The interpretation of CCA was achieved by simple correlation
between canonical vectors and original variables in order to under-
stand how much each variable contributes to the multivariate associa-
tion between brain connectivity and clinical assessments of social
abilities (llioska et al., 2022).

As a step forward, we tested if adding the whole cortex—in addi-
tion to the restricted rTPJ for which we had a hypothesis—would gen-
erally improve the canonical correlation. We performed the same CCA
procedure, validation, and interpretation on the functional connectiv-
ity between cerebellum and the whole cortex. In the matrix of con-
nectivity features “X”, a total of 6800 connectomes (17 x 400) were
included, and then reduced to 100 principal components by a PCA,
explaining 61.5% of the variance in the original data. Six subjects were
excluded as outliers (out of 3 standard deviations) at this step, result-
ing in 408 observations in total.

Considering that structural and functional images may provide
complementary information (Pang et al., 2023), we further combined
functional connectivity and gray matter density into the same CCA
procedure. Besides the above features of cerebellum-rTPJ connectiv-
ity, we also included 75 features of ROI-level gray matter density,
which was extracted in the rTPJ and cerebellum and averaged over
the same ROIs defined by the Schaefer's atlas (Kong et al., 2021;
Schaefer et al., 2018) and Buckner's atlas (Buckner et al., 2011). By
adding the structural information, we expected to increase the overall

canonical correlation between brain variables and clinical variables.

210 | Support vector regression

Last, we used a classic machine learning approach, support vector
regression (SVR), to predict social abilities (SRS total score) or FSIQ
with functional connectivity between the cerebellum and rTPJ. As
before, we used as predictors the ROI-level cerebellum-rTPJ connec-
tomes after regressing out confounding effects (age, sex, scan loca-
tion, and head motion) and normalizing the data by Fisher's
z transformation. When predicting SRS total score by SVR model, we
also regressed out the effects of FSIQ from connectivity measures in
advance for an unconfounded effect of SRS score. SVR with a Radial
Basis Function kernel was computed by the Scikit-learn package (ver-
sion 1.2.2, Pedregosa et al., 2011). To evaluate the predictability, the
SVR models were examined by 10-fold cross validation, with negative
mean squared error (MSE) as the index—a higher index indicates less
distance between predicted values and actual values, thus a better
prediction. The threshold for statistical significance was estimated via
permutation testing of 1000 iterations.

3 | RESULTS
3.1 | Study sample: demographics and social
abilities

In the VBM analysis of structural MRI images, we included a total of
1404 participants, with an SRS total t-score of 57.021 + 11.212, and
an FSIQ of 101.359 + 16.315; in the analysis of fMRI data, the dataset
was narrowed down to 414 participants, with an SRS total t-score of
56.488 + 10.882, an SRS communication t-score of 56.290 * 11.161,
and an FSIQ of 103.626 + 16.553 (as summarized in Table 1). The dis-
tributions and pairwise correlations of clinical measures (age, FSIQ,
SRS total score, SRS-AWR, SRS-COG, SRS-MOT, SRS-COM) in the

functional analyses are reported in Appendix S2.

3.2 | Significant canonical correlation between
connectivity, SRS scores and FSIQ

The CCA analysis revealed a significant correlation between
cerebellum-rTPJ functional connectivity and clinical measures of social
communication impairments and FSIQ (Figure 1a), Pearson's
r = 0.654, p < .001 based on a null distribution provided by permuta-
tions (Figure 1b). The train-test validation analyses showed significant
correlation coefficients in all the 10 iterations of train-test randomiza-
tion, mean Pearson's r=0.2743, mean threshold for significance
(p <.05) r =0.1820.

The FSIQ and SRS cognition domain scores were the two main
clinical variables associated with the clinical canonical variate
(Figure 2a). As for the correlations between functional connectivity
and brain canonical variate, we selected only significant correlations
(p < .05) and averaged positive and negative coefficients separately

over ROIs in either the cerebellum (Figure 2b) or the rTPJ (Figure 2c).
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TABLE 1 Summary of demographic information.
Variable Count Mean Standard deviation Min Max
Structural analysis Age (years) 1404 10.516 3.034 5.822 21.820

Sex Male = 898, female = 506
SRS Total T 1404 57.021 11.212 37 90
FSIQ 1404 101.359 16.315 70 157
Diagnosis ADHD 657

Specific learning disorder 121

ASD 88

Communication disorder 32

Motor disorder 12

Nonadherence to medical treatment 7

Intellectual disability 4

Other neurodevelopmental disorder 2

Functional analysis Age (years) 414 11.260 3.318 6.020 21.820

Sex Male = 253, female = 161
SRS Total T 414 56.488 10.882 38 90
SRSCOMT 414 56.290 11.161 38 90
FSIQ 414 103.626 16.553 70 146
Diagnosis ADHD 192

Specific learning disorder 37

ASD 23

Communication disorder 7

Motor disorder 2

Nonadherence to medical treatment 2

Intellectual disability 1

Other neurodevelopmental disorder 0

Note: Demographic information was summarized for the subsets in structural analysis and functional analysis separately.

Abbreviations: ADHD, attention deficit hyperactivity disorder; ASD, autism spectrum disorder; FSIQ, full-scale I1Q; SRS COM T, SRS communication

t-score; SRS Total T, SRS total t-score.
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FIGURE 1 CCA results with cerebellum-rTPJ functional connectivity. (a) Brain-clinical correlation: the brain canonical variate (a linear
combination of normalized cerebellum-rTPJ functional connectivities) is positively correlated to the clinical canonical variate (a linear combination
of normalized SRS domain scores and FSIQ). Each dot represents one subject, and the line represents the fitted correlation between the brain
canonical variate and the clinical canonical variate, Pearson's r = 0.654. (b) Permutation analysis results: to assess the statistical significance of the
observed brain-clinical correlation, we conducted a permutation analysis with 10,000 iterations. We obtained a normal null distribution of the
canonical correlations between brain and clinical variates. The red line on the plot corresponds to the 99.9 percentile of this null distribution, and
the green line represents the true canonical correlation derived from the original data. The proximity of the green line to the red line indicates the
extent to which the observed correlation is statistically significant.
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FIGURE 2 Interpretation of brain-clinical canonical correlation. (a) Loadings of clinical measurements: the bar plot demonstrates the loadings

of each clinical measurement, that is, the correlation between the output clinical canonical variate and each clinical variable. FSIQ is highly related
to the clinical canonical variate, thus FSIQ contributes the most to the overall brain-clinical canonical correlation. SRS cognition domain score
contributes the second most. It is worth noting that the red axes were inverted to facilitate interpretation because SRS scores reflect ASD
severity. (b) Cerebellar flat maps of the loadings of rTPJ-cerebellum connectivity: the two flat maps of the cerebellum show the loadings of ROI-
ROI rTPJ-cerebellum functional connectivities averaged over cerebellar parcellations. The left map shows significant positive loadings (p < .05),
and the right map shows significant negative loadings (p < .05). The loading means the correlation between each ROI-ROI functional connectivity
and the overall brain canonical variate. Therefore, the larger the absolute value of the loading is, the larger contribution this area has for the
overall canonical correlation. Importantly, the somatomotor regions (pointed by the purple arrows) and the cognitive regions (pointed by the blue
arrows) in the Buckner 17-Network cerebellar atlas have clearly different amount of contributions to the overall canonical correlation. (c) Cortical
maps of the loadings of rTPJ-cerebellum connectivity: the 3D plots summarize the loadings of ROI-ROI rTPJ-cerebellum functional
connectivities averaged over rTPJ ROIs. The left map shows significant positive loadings (p < .05), and the right map shows significant negative
loadings (p < .05). Again, the color bar indicates how much contribution an rTPJ ROI has for the overall canonical correlation. The black contours
delineate the area of the rTPJ that we defined. It is worth noting that we identified all the ROIs with at least one voxel falling into the rTPJ mask,

therefore, some ROIs (colored regions) also have voxels outside the rTPJ mask (black contours).

It is worth noting in the cerebellar flat maps that bilateral Crus | and
lI—the cognitive parts of the cerebellum (Figure 2b)—contribute more
to the overall canonical correlation than bilateral I-V and VIlib, the
somatomotor areas. However, we were not able to identify a clear
pattern in the rTPJ plots.

The linear models with seed-to-voxel connectivity showed that
the cerebellum-rTPJ functional connectivity is related to age, sex,
FSIQ, but not social abilities measured by either SRS total score or
SRS communication domain score. We observed in all tested models
the positive effect of age in Network3, the effect of sex in Network3
and Network?7, the positive effect of FSIQ in Network2, Network4,
and the negative effect of FSIQ in Network3 (Figure 3).

3.3 | The effect of structural anatomy on social
abilities and 1Q

Our VBM analyses did not show any significant effects of SRS total
scores on gray matter density in either TPJ or the cerebellum. How-
ever, we found significant negative effects of age, significant effects
of sex, and significant positive effects of FSIQ on the gray matter den-
sity in both TPJ and cerebellum (Figure 4). In summary, we discovered

significant structural alterations in both TPJ and cerebellum that were
related to age, sex, and FSIQ, but not to SRS total score.

Since structural and functional information may provide comple-
mentary information, we included both cerebellum-rTPJ connectivity
and gray matter density as the inputs of the CCA to see if the canoni-
cal correlation can be increased. When taking both functional connec-
tivity and structural values as brain variables, the CCA results showed
a significant correlation (r = 0.657, p < .001), with a similar pattern of
clinical loadings as before (Figure 5a). Overall, the structural variables
are more correlated to the brain canonical variate in comparison to

functional connectivity variables (Figure 5b).

3.4 | Specificity of cerebellum-rTPJ functional
connectivity

So far, we have shown that the cerebellum-rTPJ functional connec-
tivity is significantly correlated with clinical measures, mainly driven
by FSIQ and SRS cognition domain score. However, it is possible
that our findings can be applied to the broader cerebellum-cortical
connectivity. To demonstrate the specificity of cerebellum-rTPJ
functional connectivity, we performed additional CCA in two



80of 13 Wl LEY KONG ET AL.

positive effect of age

effect of sex (female)

positive effect of IQ

Buckner 7N

negative effect of IQ
cerebellar atlas

FIGURE 3 Effects of age, sex, IQ on seed-to-voxel connectivity between cerebellum and rTPJ. The linear models showed the positive effect
of age on the connectivity between Network3 in the cerebellum and regions in the rTPJ, the effect of sex (female) in Network3 and Network7,
the positive effect of IQ in Network2 and Network4, the negative effect of IQ in Network3. The color coding of frames is based on Buckner 7 N
cerebellar atlas for reference. To better visualize the level of significance, colorbars represent the inverted log 10 of p value, so a higher position
in the colorbar means a smaller p value. The threshold of significance 0.05 is converted to 1.3. N2, somatomotor network; N3, dorsal attention
network; N4, ventral attention network; N7, default mode network.

(a) negative effect of age (b) effect of sex (male) (c) positive effect of IQ

L R

33 33
T Y 27 27
=
) ) )
v""’\»—\:
R 13 13

FIGURE 4 Effects of age, sex, and FSIQ on gray matter density in the rTPJ and cerebellum. (a) Significant negative effects of age are
distributed in the rTPJ (top), and the cerebellum (bottom, flatmap). To better visualize the level of significance, colorbars represent the inverted
log 10 of p value, so a higher position in the colorbar means a smaller p value. The threshold of significance 0.05 is converted to 1.3. (b) Significant
effects of sex (male) on gray matter values in the rTPJ (top) and the cerebellum (bottom). (c) Positive effects of FSIQ on gray matter values in the
rTPJ (top) and the cerebellum (bottom).
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FIGURE 5 CCA results with cerebellum-rTPJ functional connectivity and structural values. (a) The loadings of each clinical measurement, that
is, the correlation between the output clinical canonical variate and each clinical variable. Since SRS reflects ASD severity, axes were inverted to
facilitate interpretation. (b) Histogram of the loadings of structural and functional variables. Overall, structural variables are more correlated to the
brain canonical variate.
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FIGURE 6 Permutation results to evaluate SVR models. (a) Permutation results with 1000 iterations of 10-fold cross validation, using an SVR
model to predict FSIQ. We obtained a normal null distribution of the mean negative MSEs from 10-fold cross validation. The higher a mean
negative MSE is, the better the model predicts. The red line represents the 99.9 percentile of the distribution, and the green line represents the
true mean negative MSE we got using the original data. Here we can see the original SVR model can significantly predict FSIQ with cerebellum-
rTPJ functional connectivity. (b) Permutation results with 1000 iterations of 10-fold cross validation, using an SVR model to predict SRS total
score. The red line represents the 95 percentile of the distribution, and the green line represents the true mean negative MSE we got using the
original data. Here, the SVR model cannot predict SRS total score using cerebellum-rTPJ functional connectivity.

scenarios: we replaced the cerebellum-rTPJ functional connectivity crucial role in the canonical correlation between cerebellar connec-
with (1) functional connectivity between cerebellum and the whole tivity and our clinical measures of interest.

cortex; (2) functional connectivity between cerebellum and the rest

of the cortex while excluding rTPJ from the whole cortex. The CCA

with the whole cortex showed again a significant and stable correla- 3.5 | Cerebellum-rTPJ connectivity predicts FSIQ
tion (r = 0.652, p < .001). When we exclude the rTPJ from the CCA, and SRS cognition, but not SRS total score

the canonical correlation remained significant (r = 0.637, p < .001),

but the results of the train-test validation analysis (repeated We fitted three SVR models to predict FSIQ, SRS total score, and SRS

10 times as in Smith et al., 2015) were not stable anymore. This sup- cognition subscore respectively with functional connectivity between
ported the hypothesis that the canonical correlation was significant the cerebellum and rTPJ. The models were examined by 10-fold cross
and stable when the rTPJ was included in the brain variates; other- validation, with an averaged negative MSE (of the 10 negative MSEs)
wise, the CCA validation became unstable. Taking all the CCA as an overall index for predictability. The statistical significance was

results together, we can conclude that the rTPJ plays a unique and tested by 1000 permutations, and the threshold for statistical
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significance (p < .05) was defined as the 95th percentile of the null
distribution of mean negative MSEs obtained in the permutation test-
ing. The SVR model reliably predicted FSIQ, with an averaged nega-
tive MSE of —0.925 in 10-fold cross validation, p <.001 based on
permutation testing (Figure 6a). However, the model failed to predict
SRS total score, with an averaged negative MSE of —1.027, p > .05
(Figure 6b). In terms of SRS cognition subscore, the SVR has a mar-
ginal performance, insignificant with only functional variables (aver-
aged negative MSE = —1.015, p > .05), but marginally significant
when taking both functional and structural variables into consider-
ation (averaged negative MSE = —1.016, p < .05). Therefore, the
cerebellum-rTPJ connectivity can predict FSIQ and SRS cognition, but
not SRS total score.

4 | DISCUSSION

To summarize, we investigated the association between cerebellum-
rTPJ functional connectivity and social abilities in a transdiagnostic
population, by a series of analyses—CCA, univariate linear models, and
SVR. We observed a significant canonical correlation between the
cerebellum-rTPJ functional connectivities and clinical measures, which
was primarily driven by FSIQ and SRS cognition domain score. We
also showed that the structural anatomy in the cerebellum and rTPJ is
highly related to FSIQ and contributes to the canonical correlation
between functional connectivity and clinical measures. Then, we dem-
onstrated the specificity of the rTPJ in the canonical correlation, by
comparing the CCA results with functional connectivities between the
cerebellum and the whole brain, and those between the cerebellum
and the rest of the brain (without rTPJ). Last, the SVR models and
their evaluation suggested that our SVR models could predict FSIQ,
SRS cognition subscore, but not SRS total score. Overall, the varia-
tions in cerebellum-rTPJ functional connectivity are mostly explained
by FSIQ and general cognition, instead of impairments in social inter-
action alone.

Our results suggest that there is a complex relationship
between cerebellum-rTPJ functional connectivity, social abilities,
and FSIQ, in which FSIQ and SRS cognition plays a more influential
role than social communication performance. This conclusion is con-
trary to our hypothesis of disrupted cerebellum-rTPJ connectivity
in people with severe social impairments. We believe that several
factors could explain this lack of findings. First, cerebellar-rTPJ
structural and functional atypicalities might be specific to ASD,
which could explain the lack of findings in a large and heteroge-
neous transdiagnostic sample. Second, this could be related to an
insufficient duration of the MRI acquisition (Ooi et al., 2024) or the
relatively low sample size of our study (Marek et al., 2022). How-
ever, a recent large-scale study on cerebellar structural alterations
related to ASD has found the same pattern of strong effect of gen-
eral functioning and 1Q, but not specifically of social abilities
(Elandaloussi et al., 2023). Our findings on functional connectivity
are in line with those on structural alterations.

We demonstrate the specificity of cerebellum-rTPJ connectivity
in the canonical correlation—it remains significant and stable with

functional connectivities between the cerebellum and the whole brain
as inputs, but becomes unstable after excluding the cerebellum-rTPJ
connectivities. As reported in previous literature, rTPJ is involved in
social cognition (Schurz et al., 2017) and witnesses both structural and
functional changes in autistic population (Hotier et al., 2017;
Saitovitch et al., 2019). Therefore, it is likely that the cerebellum-rTP)J
connectivity plays a special role in cognitive and social functioning as
opposed to cerebellar connections to the rest of the cortex.

When it comes to the effect of structural anatomy, we first
observed significant structural alterations in both the cerebellum and
the rTPJ related to age, sex and FSIQ, but not for SRS score. The
absence of SRS-correlated cerebellar changes replicated the conclu-
sions in the latest large-scale investigations—either comparing autistic
and control subjects (Laidi et al., 2022), or analyzing transdiagnostic
population (Elandaloussi et al., 2023). Both studies found no evidence
of cerebellar abnormalities in individuals with ASD or severe social
impairments. While the case-control study (Laidi et al., 2022) did not
detect any effect of age, 1Q, or sex, both the transdiagnostic investiga-
tion in structural anatomy (Elandaloussi et al., 2023) and our study on
functional connectivity have supported the involvement of the cere-
bellum in general cognitive function (or 1Q) as indicated by structural
modifications.

As for the rTPJ, our findings in the structural analysis are gener-
ally in accordance with a few recent large-scale research comparing
autistic and neurotypical subjects (Bedford et al., 2020; Ecker
et al., 2022; Haar et al., 2016; Khundrakpam et al., 2017; Van Rooij
et al., 2018). Regardless of certain divergence, most of these studies
revealed a negative relationship between age and the overall cortical
thickness. Moreover, one of them identified the effect of male on cor-
tical thickness in the superior temporal region (Bedford et al., 2020),
and another unveiled a positive effect of 1Q on overall gray matter
volume. These effects of age, sex, and IQ are in line with our findings
in the VBM analysis of rTPJ. However, we did not notice any effect of
the severity of social deficits (measured by SRS score) on the gray
matter densities in the rTPJ, as opposed to the general message of a
positive correlation conveyed by the majority of these large-scale
studies.

When taking structural values into CCA together with
cerebellum-rTPJ connectivity, we found that the structural variables
are in general highly correlated with the brain variate, compared with
functional variables. It suggests that the structure of the cerebellum
and the rTPJ is also associated with 1Q and social abilities, with even a
larger contribution to the canonical correlation relationship.

Taken together, the above findings add to a growing body of evi-
dence that the cerebellum may play a role in general cognitive func-
tioning, rather than in specific social cognition. In autistic research,
recent large-scale investigations on the cerebellum have favored the
strong effect of IQ, instead of social performance (Elandaloussi
et al., 2023). Our findings on functional connectivity also support the
postulated role of cerebellum in general cognition. Beyond the field of
autism, atypicalities in the cerebellum, or more precisely, the cognitive
part of the cerebellum (roughly bilateral Crus | and Crus Il), have been
shown in multiple mental health conditions, and also linked to cogni-
tive functioning. For example, a recent large-scale investigation on
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cerebellar structure in psychosis observed no effects of diagnosis
(schizophrenia, bipolar disorder, or neurotypical controls), but an
association between cognitive ability and cerebellar volumes
(Moussa-Tooks et al., 2022). Another indirect evidence for a ‘cogni-
tive cerebellum’ may include the causal relationship between
cerebellar-prefrontal network connectivity and negative symptoms in
schizophrenia (Brady et al., 2019). Furthermore, cognitive deficits in
autism may contribute to the impairments in social communication, as
demonstrated by group comparison studies (Fong & larocci, 2020;
Leung et al., 2016). These studies established a causative association
between cognition and social abilities in autism. Overall, latest insights
and our conclusion converge to a common ground, where the cerebel-
lum is involved in general cognitive functioning that can further lead
to socio-communicative impairments in autism, and cerebellar deficits
observed in autism and other psychiatric disorders may be explained
by a decrease of overall cognitive ability.

This study has several strengths. First, we overcame some often-
criticized issues in neuroimaging research of ASD, such as small sam-
ple size, and simplified case-control design. Previous research mostly
adopted the design of case-control comparison to investigate the
functional connectivity between cerebellum and TPJ in autism
(Igelstrém et al., 2017; Stoodley et al., 2017). Our study, however,
took a dimensional approach in a large transdiagnostic sample, and
provided novel evidence and insights into the current debate about
the role of the cerebellum in autism. Our findings also emphasized the
importance of performing autistic research from a dimensional per-
spective. Second, we provided an advanced and progressive analysis
pipeline, from conventional univariate analysis of seed-to-voxel con-
nectivity to multivariate approach of canonical correlation, and from
correlational linear models to predictive machine learning models.
Similar pipelines can be applied in future brain-wide association
research. Third, we performed strict quality checks for both structural
and functional images in the cohort, which ensured the quality of our
data and the reliability of our findings.

This study has several limitations in the following aspects. First,
we did not separate the left and right cerebellum in our cerebellar par-
cellations. Previous research has shown evidence of lateralization in
the functional connectivity between cerebellum and TPJ (Igelstrom
et al., 2017; Stoodley et al., 2017). However, we adopted bilateral cer-
ebellar atlases derived from functional networks because of previous
reports about non-decussating fiber tracts from the cerebellum
(Meola et al., 2016). Additional steps would help verify the compli-
cated canonical correlations we identified between connectivity mea-
sures and clinical measures. Second, our structural results did rule out
the possible contamination of structural changes related to social abil-
ities, but new concerns are raised regarding the significant influence
of FSIQ on both structural and functional modifications in the cerebel-
lum and rTPJ. Further investigation is in need to clarify the relation-
ship between structural and functional alterations. Third, our strict
quality checks made the findings more reliable but at the cost of sub-
ject exclusion. Before the functional analyses, we excluded many par-
ticipants (about 70%) mainly due to their excessive head motion and
bad coverage of the cerebellum. The proportion of subject exclusion
is larger than usual, because we have a pediatric and transdiagnostic

sample. Larger samples with better quality of neuroimaging would be
of great help in replicating and affirming our findings. Last, the cross-
sectional nature and the sample size of our study did not allow us to
investigate the effect of age on cerebellar-TPJ functional connectivity.
We believe that the effect of age should be ideally modeled in large
longitudinal cohorts.

Accordingly, future research could further explore the func-
tional connectivity of the cerebellum based on a finer parcellation
to account for potential lateralization of the connectivity network,
that is, between the cerebellum and the rTPJ. Moreover, further
steps should be taken to replicate the canonical correlations identi-
fied between connectivity and clinical measures. This could involve
utilizing alternative validation techniques, or expanding the sample
size. As for the overlapping between structural and functional
results, further investigation is needed to assess how much effect
we found in functional analyses actually comes from structural
changes in the first place. By addressing these limitations and pursu-
ing these future directions, researchers can better clarify the intri-
cate relationships between cerebellum-rTPJ functional
connectivity, cognitive function, and social abilities. These advance-
ments can contribute to a deeper understanding of the neural basis
of ASD, and shed light on innovative interventions or treatments for

individuals with ASD.

5 | CONCLUSION

In conclusion, our analyses in a transdiagnostic sample suggest that
there is no specific association between social abilities and
cerebellum-rTPJ connectivity, but that there is a complex relationship
between cerebellum-rTPJ connectivity, social performance and IQ as
indicated by our previous work on structural alterations in the cere-
bellum. Such a relationship is specific to cerebellum-rTPJ connectiv-

ity, and is related to their structural anatomy.
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