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Abstract

Background The cerebellum contains more than 50% of all neurons in the brain and is involved in a broad range of
cognitive functions, including social communication and social cognition. Inconsistent atypicalities in the cerebellum
have been reported in individuals with autism compared to controls suggesting the limits of categorical case control
comparisons. Alternatively, investigating how clinical dimensions are related to neuroanatomical features, in line with
the Research Domain Criteria approach, might be more relevant. We hypothesized that the volume of the “‘cognitive”
lobules of the cerebellum would be associated with social difficulties.

Methods We analyzed structural MRI data from a large pediatric and transdiagnostic sample (Healthy Brain Network).
We performed cerebellar parcellation with a well-validated automated segmentation pipeline (CERES). We studied
how social communication abilities—assessed with the social component of the Social Responsiveness Scale (SRS)—
were associated with the cerebellar structure, using linear mixed models and canonical correlation analysis.

Results In 850 children and teenagers (mean age 10.8 + 3 years; range 5-18 years), we found a significant association
between the cerebellum, IQ and social communication performance in our canonical correlation model.

Limitations Cerebellar parcellation relies on anatomical boundaries, which does not overlap with functional anat-
omy. The SRS was originally designed to identify social impairments associated with autism spectrum disorders.

Conclusion Our results unravel a complex relationship between cerebellar structure, social performance and IQ and
provide support for the involvement of the cerebellum in social and cognitive processes.

Keywords Cerebellum, MRI, Volumetry, Parcellation, Social communication, Autism

*Correspondence: 8 Pictura Research Group, Unité Mixte de Recherche Centre National de la
Charles Laidi Recherche Scientifique (UMR 5800), Laboratoire Bordelais de Recherche
charles.laidi@aphp.fr en Informatique, Centre National de la Recherche Scientifique, Talence,

! Sorbonne Université, UFR Médecine, 75005 Paris, France France

2 Department of Adult Psychiatry IMPACT - Mondor University Hospitals ? Laboratory for Clinical and Experimental Psychopathology, Department
AP-HP, Créteil, France of Psychiatry, University of Geneva, Geneva, Switzerland

3 Fondation FondaMental, 94010 Créteil, France 10 University Hospital of Geneva, Geneva, Switzerland

4 CEA, Neurospin, Université Paris-Saclay, Gif-sur-Yvette, France ' Laboratory of Applied Neuroscience, Department of Psychiatry, Beth

5 Methods of Plasticity Research, Department of Psychology, University Israel Deaconess Medical Center and Harvard Medical School, Boston,

of Zurich, Zurich, Switzerland USA

6 Donders Institute for Brain, Cognition, and Behavior, Radboud University 12 Univ Paris Est Créteil, INSERM U955, IMRB, Translational Neuro-
Nijmegen, Nijmegen, The Netherlands Psychiatry, 94010 Créteil, France

/ Department for Cognitive Neuroscience, Radboud University Medical 13 Child Mind Institute, Center for the Developing Brain, New York, NY,
Center Nijmegen, Nijmegen, The Netherlands USA

©The Author(s) 2023, corrected publication 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0
International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes

were made. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver
(http//creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a
credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13229-023-00551-8&domain=pdf
http://orcid.org/0009-0005-0813-9204
http://orcid.org/0000-0001-5838-6821
http://orcid.org/0000-0003-2709-3350
http://orcid.org/0000-0001-7556-4108
http://orcid.org/0000-0001-7984-3710
http://orcid.org/0000-0001-5350-4454
http://orcid.org/0000-0001-9360-6623
http://orcid.org/0000-0001-5473-3697
http://orcid.org/0000-0003-3166-5606
http://orcid.org/0000-0002-2187-6138

Elandaloussi et al. Molecular Autism 2023, 14(1):18

Background

The cerebellum represents 80% of the surface area of the
neocortex and contains more than 50% of all neurons
in the brain [1]. While the cerebellum was traditionally
known to be involved in motor control, it is now dem-
onstrated—since the seminal work of Jeremy Schmah-
mann and colleagues [2]—that the posterior portion of
this region is implicated in a broad range of cognitive
functions.

The posterior cerebellum is involved in social cognition
[3] and more specifically in interpreting goal-directed
actions through the movements of other persons (“social
mirroring”), as well as in social understanding of other
individuals’ mental states (“social mentalizing”); see Van
Overwalle for a consensus paper on cerebellum and
social cognition [4]. The cerebellum is also involved in
a broad range of cognitive functions (such as working
memory, language processing) [5-7] and general intel-
ligence [8]. Hogan et al. [6] reported that the cerebellar
gray matter structure could predict general cognitive
ability.

Autism spectrum disorder (hereafter “autism”) is a het-
erogeneous neurodevelopmental condition affecting 1%
of the world population [9] and is characterized by dif-
ficulties with social cognition as well as other features
such as repetitive and restrictive behaviors. Postmortem
studies have found alterations of Purkinje cells in the cer-
ebellum of individuals with autism [10]. Atypicalities in
the cerebellum have been found using structural MRI,
functional resting state MRI and diffusion MRI [11].
Preclinical models of autism also reported differences in
the cerebellum [12, 13] and suggest that the cerebellum
might be targeted to rescue behavioral deficits related
to autism in mouse models, using Designer Receptors
Exclusively Activated by Designer Drugs (DREADD).
Cerebellar noninvasive brain stimulation using transcra-
nial magnetic stimulation (TMS) or transcranial direct
current stimulation (tDCS) is also under investigation in
children with autism (https://clinicaltrials.gov/ct2/show/
NCT04446442) as Stoodley et al. [13] found that, in
healthy subjects, cerebellar tDCS could modulate the cer-
ebellar functional connectivity that is altered in autism.
Based on these studies and their potential therapeutic
implication, it is important to understand which regions
of the cerebellum might be atypical in autism, and how
these regions might be related to the different types of
features in autism.

Differences of the posterior—superior cerebellum have
been repeatedly reported in autism, in neuroimaging
studies with small sample sizes [14]. However, a recent
meta-analysis [15] found no evidence of cerebellar altera-
tions in autism. These results are in line with those from
our group [16] finding no significant difference in the
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cerebellar structure between individuals with autism and
controls. Different reasons may explain these inconsist-
ent findings, including false positives related to small
sample sizes [17] or heterogeneous parcellation methods
[14]. The absence of consistent cerebellar atypicalities in
autism might be related to the limitations associated with
case—control studies in heterogeneous conditions such
as autism [18] where graded psychopathological pheno-
types may exist. Instead, a dimensional approach in large
transdiagnostic populations might unravel more robust
brain—behavioral correlations, in line with the Research
Domain Criteria approach [19]. Moberget et al. 2019 [20]
studied the association between cerebellar structure, psy-
chopathological dimensions, general cognitive function,
but not social performance.

We sought to study how social cognition difficulties are
related to cerebellar structure in a large transdiagnostic
pediatric cohort. More specifically, we hypothesized that
the gray matter volume in posterior—superior lobe of the
cerebellum (encompassing lobule VI, Crus I, Crus II and
lobule VIIb) would be associated with social performance
in this population.

Methods

Participants

All data analyzed in this study were collected from the
Healthy Brain Network (HBN) project [21]. This openly
shared dataset is designed to include 10,000 participants.
The HBN cohort is a large transdiagnostic dataset of both
brain imaging and clinical/behavioral assessments from
children and adolescents (5-21 years) with psychiatric
disorders or at risk for such disorders [21]. The inclusion
criteria of HBN are broad and only require participants
to be between 5 and 21 years of age, to speak English and
to be able to undergo a clinical evaluation. The exclu-
sion criteria include having a severe neurological disor-
der or suffering from an acute psychotic episode. Written
informed consent was obtained from participants aged
18 years or older, and from legal guardians, in addition
to themselves, for those under 18 years old. This proto-
col was approved by the Chesapeake Institutional Review
Board, is conducted following the Declaration of Helsinki
for human research and is described elsewhere [21].

We excluded from our study all participants with an IQ
below 70 measured with the Wechsler Adult Intelligence
Scale (WASI-II) or the Wechsler Intelligence Scale for
Children (WISC-V) depending on the age of the partici-
pants [22]. We chose to exclude individuals with an 1Q
below 70 to study a clinical population without intellec-
tual disability, in which it might be difficult to interpret
performance in social cognition, as psychometric prop-
erties of Social Responsiveness Scale have been validated
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only in individuals without cognitive impairments [23,
24].

Phenotyping and clinical assessment
The full clinical assessment of the HBN cohort is
described elsewhere [21].

Our goal was to study how social difficulties related to
autism were associated with cerebellar anatomy. Social
difficulties related to autism were measured with the sec-
ond version of the Social Responsiveness Scale (SRS) [25].
The SRS-2 is commonly used to measure the severity
of autistic symptoms and comes with different versions
depending on age. Due to demographic characteristics of
the HBN cohort, we used the SRS-2 school-age version,
completed by a parent. The SRS-2 can be divided into
two scores corresponding to the DSM-5 autism clusters
of symptoms: a social communication impairment score
(SCL; sum of Social Awareness—AWR, Social Cogni-
tion—COG, Social Communication—COM, and Social
Motivation—MOT subscales) and a restricted/repetitive
behavior score (RRB; Mannerisms subscale) [26, 27]. To
differentiate the social component related to autism—
which we hypothesized to be related to the posterior
cerebellum—from the restrictive/repetitive behaviors
component, we studied these two components of the SRS
scale separately.

Parcellation of the cerebellum and quality control
MRI scans were acquired on three distinct sites in New
York City: Staten Island, Rutgers University and Cornell
Brain Imaging Center. Staten Island images were acquired
on a 1.5 T Siemens Avanto (TR=2730 ms, TE=1.64 ms,
flip angle=7°, slice number=176, voxel dimen-
sions=1.0x1.0x1.0 mm?®). Rutgers University images
were acquired on a 3 T Siemens Tim Trio (TR=2500 ms,
TE=3.15 ms, flip angle=8°, slice number=224, voxel
dimensions=0.8 x 0.8 X 0.8 mm?). Cornell Brain Imaging
Center images were acquired on a Siemens Prisma 3 T
MRI (TR=2500 ms, TE=3.15 ms, flip angle=8°, slice
number =224, voxel dimensions =0.8 X 0.8 X 0.8 mm?).
First, we inspected the T1 MRI and excluded those
with evident motion from further analyses (see flowchart
in Fig. 1). Second, we conducted a fully automated well-
validated [28] cerebellar parcellation with the CERES
pipeline [29]. All data were processed on a high comput-
ing performance cluster in Bordeaux by the team that
developed the CERES pipeline (PC). Next, an expert
rater (YE)—blind to the clinical features of each partici-
pant—visually assessed the quality of MRI scans in every
slice for each spatial plan of the cerebellum. We identi-
fied subjects with non-cerebellar voxels labeled as voxels
belonging to the cerebellum, and vice versa, and subjects
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with parcellation errors within the cerebellar lobules. The
same procedure has been applied previously [16].

All images with parcellation defects were excluded
from further analyses (Fig. 1). Illustrations of common
cerebellar parcellation errors are reported in Additional
file 1: Fig. S1.

Statistical analyses

All our univariate analyses were conducted with python
3.7 statsmodel open-source library [30], and multivariate
analyses with scikit-learn library [31]. Based on the lit-
erature [3], we hypothesized that social and communica-
tion performance would be associated with atypicalities
of the posterior cerebellar gray matter volume, known to
be involved in social difficulties. Thus, our main analysis
focused on the social communication impairments (SCI)
score of the SRS (see phenotypic and clinical assess-
ment section) and its subscales. In secondary analyses,
we studied the repetitive and restricted behaviors (RRB)
score of the SRS as well as the total SRS score.

Linear mixed models

We used two linear mixed models to predict cerebellar
morphometric features. In the first model, we included
SRS-SCI, full-scale IQ (FSIQ), age and total intracranial
volume (ICV) as continuous covariates; sex as a categori-
cal covariate and site of MRI acquisition as a random
effect. Complex interactions between the diagnosis or
the severity of autism and (i) sex [32, 33], (ii) age [34, 35],
(iii) IQ [36] or (iv) intracranial volume [37] have been
reported in autism. To take into account these interac-
tions, we included four 2-way interactions terms between
(i) SRS-SCI and (ii) sex/age/IQ/intracranial volume in a
second model as described in Traut et al. paper investi-
gating cerebellar anatomy in autism [15]. Next, we tested
if the results of the second model would be altered by col-
linearity, using the variance inflation factor [38].

We ensured that the standardized residuals were nor-
mally distributed, as assessed by visualization of residu-
als distribution and QQ-plots. To avoid bias related
to outliers and to fulfill linear model assumptions, we
excluded observations in each model if studentized
residuals were > 3 standard deviations. We ran our analy-
sis with and without outliers to ensure the robustness
of our results. We applied a false discovery rate correc-
tion (FDR—Benjamini—Hochberg correction) to control
for multiple testing (twelve tests, one for each region of
interest) (Fig. 2). We present both uncorrected and cor-
rected p values. We report only results surviving signifi-
cance threshold (p<0.05) after correction for multiple
comparisons.
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Subjects with structural MRI
and clinical data
n =1452
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Subjects included
n = 1409

Excluded : subjects with low 1Q (1Q<70)
n=43

Subjects included for
cerebellar segmentation
n=1129

Excluded after visual inspection of
raw T1 images™
n =280

Subjects included in the analysis
n =850

Excluded after parcellation errors**
n=279

- Ghosting : 113

- Non CT classified as CT : 121
- CTclassified asnon CT: 11

- Interlobular errors : 12

- Combination of errors : 22

Fig. 1 Flowchart diagram. IQ, intelligence quotient; CT, cerebellar tissue. *First quality check procedure: visual inspection of 3 raw T1 slices for each
subject. **Second quality check procedure: visual inspection of cerebellar segmentation of T1 images masked with the parcellation outcome for
each subject. Examples of excluded subjects are detailed in Additional file 1: Fig. S1

Canonical correlation analysis

We conducted canonical correlation analysis (CCA) to
identify latent dimensions underlying the association
between SRS-SCI and cerebellar anatomy. The aim of this
analysis was to identify from a multivariate perspective
the association between cerebellar anatomy and clinical
features of interest. We defined a component with ana-
tomical features “X” and a component with clinical fea-
tures of interest “Y” We included in the X component
the gray matter volumes of cerebellar parcellation for the
left and right cerebellum (11 regions of interest: lobules
I-11, IIL, IV, V, VIIb, VIIIa, VIIIb, IX, X, Crus I, Crus II),
the total cerebellum and the intracranial volume, after

regressing out the effect of site, age and sex. We included
in the Y component the subscales of the SRS-SCI scale
and FSIQ after regressing the effect of site, age and sex.
We then computed the correlation between the two
canonical components for clinical and anatomical fea-
tures. To assess the significance of our model, we con-
ducted a 10,000-permutation test to define the threshold
of significance of our model (p=0.001).

Results

Population of the study

From 1452 participants with MRI and clinical data
available, we included 850 subjects in our analysis after
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Cerebellar Map

. Anterior Lobe
O Lobule VI
O Crus |

. Crus Il
@ Lovuevin

. Postero-inf. Lobe

Fig. 2 Cerebellar segmentation with CERES and ROl map. A Mask of a CERES segmentation output on the native T1 weighted scan. B Cerebellar
map of lobules and ROI used in linear models. Anterior lobe includes lobules | to V, postero-inferior lobe includes lobules IX and X. Vermis is not

segmented by CERES atlas and therefore not colored on the figure

excluding subjects with low IQ, excessive motion and
parcellation errors (see methods section and Fig. 1).
Comparisons of the subjects included and excluded
from the analyses after the quality control are reported
in Additional file 1: Table S1. Subjects excluded from
the analyses after quality control were younger, had
more severe autistic symptoms and were more likely to
be male. This result was expected since younger sub-
jects are more prone to move their head during scan-
ning acquisition. In our final sample, the mean age was
10.75 years old. A description of phenotypic variables is
reported in Table 1, and the distribution of main clini-
cal variables is represented in Additional file 1: Fig. S2.

Linear models

When conducting linear models without interac-
tions, we found no significant association between
any cerebellar volume and SRS-SCI. When including
all interactions, the volume of lobule VI (corrected p
value=0.028) and Crus II (corrected p value=0.028)
was positively associated with the SRS-SCI scale. In
addition, the total volume of the cerebellum was also
positively associated with the SRS-SCI scale (cor-
rected p value=0.024). Results are reported in Addi-
tional file 1: Table S2. As reported in Additional file 1:
Table S2, there was a small number of outliers in our
linear models, representing < 1% of the total number of
subjects. However, when testing for possible overfit-
ting in such models, we found that significant interac-
tions showed a strong collinearity with SRS-SCI scale
as assessed by variance inflation factor, suggesting
that linear models with multiple interactions were not
appropriate.

Canonical correlation analysis

In the CCA analysis, we found a significant correlation
between the canonical clinical variate and the canoni-
cal neuroanatomical variate (r=0.36; p<0.0001). Results
are reported in Fig. 3. The Social Motivation variable
and FSIQ were the two main clinical variables associ-
ated with the canonical clinical variate (see Additional
file 1: Fig. S3). To test the specificity of the association
between social communication impairment and cerebel-
lar structure, we repeated the CCA analyses excluding
FSIQ. In that case, the correlation between the clinical
(SRS subscales) and the anatomical component was not
significant.

Secondary analyses

Results from the CCA underlined the relevance of com-
bining FSIQ and SRS subscales in the clinical component
of our analysis. We tested the effect of FSIQ on cerebel-
lar volume using linear models, considering sex, age, ICV
and site of inclusion as covariates. We found no statisti-
cally significant effect of FSIQ on any of the cerebellar
lobules. In addition, we tested the correlation between
the SRS-SCI score and FSIQ and found a strong asso-
ciation between both measures (r=0.24, p<0.001). We
did not find any significant association between cer-
ebellar lobules and the RRB scale. In addition, analysis
of cerebellar lobules and total score of the SRS scale did
not reveal any statistically significant association after
correction for multiple testing. Results are reported in
Additional file 1: Table S3. Last, we found no statistical
association between any of the SRS-SCI subscores (AWR,
SOC, MOT, COM) and cerebellar structure in linear
models.
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Table 1 Demographic characteristics

Study
sample
(N=850)
Age
Mean (SD) 108 (3.0)
Min, Max 58,179
Sex
Male 496 (58%)
Female 354 (42%)
IQTotal
Mean (SD) 99.7 (15.7)
Min, Max 70,147
Ne|
Mean (SD) 43.0(23.6)
Min, Max 0,115
RRB
Mean (SD) 85(7.1)
Min, Max 0,32
Total SRS
Mean (SD) 51.5(29.8)
Min, Max 0,147
Diagnosis
ADHD 357 (42.0%)
Anxiety Disorder 107 (12.5%)
Specific Learning Disorder 71 (8.3%)
ASD 52 (6.1%)
Depressive Disorders 1 (6.0%)
Communication Disorder 6 (1.8%)
Motor Disorder 8(0.9%)
Other 70 (8.2%)
No diagnosis 117 (12.8%)
Parental Level of Education
Father
Less than high school 31 (3.6%)
High school graduate 195 (22.9%)
College education 281 (33.1%)
Graduate degree 329 (38.7%)
No data 14 (1.6%)
Mother
Less than high school 40 (4.7%)
High school graduate 250 (29.4%)
College education 207 (24.4%)
Graduate degree 213 (25.1%)
No data 140 (13.5%)
Household Income
Less than $10,000 14 (1 .69)
$10,000 to $49,999 6 (13.6%)
$50,000 to $99,999 0(17.6%)
$100,000 to $149,999 128 (15.1%)
$150,000 or more 185 (21.8%)
No data 257 (30.2%)
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Table 1 (continued)

SD, standard deviation; SRS, Social Responsiveness Scale total score; SCI, social
and communication SRS’s subscale; RRB, restricted and repetitive behavior
SRS’s subscale; 1Q, intelligence quotient; ADHD, attention deficit hyperactivity
disorder; and ASD, autism spectrum disorder. Percentages may not add up to
100 due to rounding

Discussion

Our goal was to investigate the association between
social communication performance and the cerebellar
morphology in a large multicenter transdiagnostic pedi-
atric cohort. We did not identify significant associations
with social communication performance using linear
mixed models. However, in the CCA analysis, we found
a significant association between the canonical clinical
variate (including SRS-SCI subscales and FSIQ) and the
canonical cerebellar neuroanatomical variate.

Our results suggest that the cerebellar structure is asso-
ciated with social cognition and FSIQ, but that there is
no one-to-one relationship between one lobule of the
cerebellum and social skills, but rather a “many-to-many”
relationship that can be more accurately captured by
CCA models [39]. This adds to a growing body of the
literature on the role of the cerebellum in social cogni-
tion and general cognitive abilities. Neurodevelopmental
alterations in the cerebellar structure could lead to atypi-
calities in multiple cognitive domains and disrupt cere-
bello-thalamo-cortical pathways. Indeed, Wang et al. [40]
suggest that an insult in the cerebellum during sensitive
periods of brain development might be causal and have a
distant effect on cortical structures.

The postero-superior “cognitive” cerebellum has been
implicated in several psychiatric disorders. For example,
there is now strong evidence [20, 41, 42] that the volume
of the posterior cerebellum is reduced in schizophre-
nia. In the field of autism, despite initial studies in small
samples [11, 43] suggesting that there might be atypicali-
ties in this region, recent larger studies [15, 16] found no
compelling evidence for volumetric alterations of the cer-
ebellum. These studies typically rely on case/control com-
parisons. However, autism is a heterogeneous construct
with many co-occurring conditions such as ADHD, mood
disorders, anxiety or learning disabilities [44]. These fac-
tors might explain why to date case—control studies have
failed to identify reliable biomarkers in autism.

To overcome these limits, a dimensional approach is
key to better understand the relationship between the
brain anatomy and symptoms of neurodevelopmental
disorders. The HBN cohort is a transdiagnostic pediatric
cohort that allows this type of analysis [21]. The inclusion
criteria are very broad: Approximately half of the partici-
pants are suffering from a neurodevelopmental disorder,
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Fig. 3 CCA results and significance threshold. A Canonical correlation plot between cerebellar domain and clinical domain. B Cerebellar map
showing correlation coefficients between each lobule and canonical clinical variate. C Distribution of canonical correlation coefficients between
clinical and neuroanatomical domains when performing shuffle (10,000 permutations) and significance threshold for an alpha level of 0.05. Our
model was significant at p <0.0001 threshold (r=0.36). D Correlation coefficients between each clinical variable and canonical neuroanatomical
variate. CCA, Canonical Correlation Analysis; SRS, Social Responsiveness Scale total score; FSIQ, Full-Scale Intelligence Quotient; AWR, SRS Social
Awareness subscale; COG, SRS Social Cognition subscale; MOT, SRS Social Motivation subscale; and COM, SRS Social Communication subscale

20% from anxiety or depression and 10% did not have a
diagnosis after the clinical evaluation. Our goal was to
understand, in this pediatric population, how social com-
munication performance might be related to cerebellar
structure.

We tested two linear models for each region of interest.
In the first one, we considered age, sex, site and ICV as
covariates/cofactors, and in the second one, we added in
addition interactions between the social communication
performance and sex, age, ICV and IQ. While the model
without interactions revealed no significant results, we
found significant results in the second model. However,
the significant interaction terms varied depending on the
region of the cerebellum, suggesting that a single model
would not have been appropriate for all regions of inter-
est. Lastly, we found high collinearity bias, underlining
the limits of linear mixed models to study brain—behavior
association. To overcome this limitation, we conducted
a canonical correlation analysis to study the association
between cerebellar neuroanatomy and social commu-
nication performance in a multivariate fashion with a

CCA model [39]. Previous studies used CCA models to
investigate complex relationships between imaging data
and cognitive variables [45, 46]. Our goal was to explore
in a single analysis the complex relationship between
clinical and anatomical features. The CCA model allowed
us to include both SRS social subscales and FSIQ in the
canonical clinical variate, instead of treating FSIQ as a
confound. We found a significant canonical correlation
between the canonical clinical variate (including SRS-SCI
subscales and FSIQ) and the canonical cerebellar neuro-
anatomical variate. The canonical clinical variate loadings
revealed a predominant effect of the SRS social motiva-
tion subscale and the FSIQ. Autism and intellectual dis-
ability are frequently associated conditions [9]. Mice
models of autism, such as SHANK or CNTNAP2, are
strongly associated with intellectual disability [47]. Fol-
lowing the theory of Wang [40], an insult in the cerebel-
lum during brain development could have consequences
on multiple clinical dimensions, such as cognitive func-
tions and social skills.
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Our study has several strengths. First, we tested a spe-
cific hypothesis in a large multicentric and transdiagnos-
tic pediatric cohort and found that linear models might
not be ideal to capture the association between cerebel-
lar anatomy and social communication performance.
Instead, CCA allowed us to unravel a more complex
association between social communication, FSIQ and
the cerebellar structure. Our approach might be relevant
to explore the association between other specific brain
circuits or regions and clinical features, and not only in
brain wide association studies [48]. Second, because we
decided to focus on a specific brain region, we were able
to perform a careful visual inspection to ensure the qual-
ity of the cerebellar parcellation. We decided to perform
the cerebellar parcellation with the CERES pipeline. This
automated parcellation method is well validated, has
been successfully applied to healthy populations [49]
and psychiatric disorders [16, 41] and outperforms other
cerebellar parcellation methods [28]. To the best of our
knowledge, this study is to date the largest to investigate
the association between the cerebellar morphology and
symptoms related to autism. Third, we performed a thor-
ough and careful visual inspection of all parcellation out-
comes and T1 data. After quality check, we excluded 559
images based on motion artifacts movements (n=280)
or parcellation errors (n=279). This suggests the impor-
tance of performing a visual quality inspection of all data,
even in large datasets. Given that excluded subjects tend
to be younger males and with a slight increase in symp-
toms compared to other subjects, not performing a care-
ful quality check could lead to spurious results.

Our work opens several perspectives. Our results were
the results of an analysis in the Healthy Brain Network
[21], a large transdiagnostic developmental cohort. By
using a dimensional approach, we were able to go beyond
the case—control comparison [16] that might not be the
only option to investigate the biological basis of social
atypicalities. Our study focuses on structural MRI. How-
ever, studying the functional connectivity of the regions
of the posterior cerebellum might help to gain more
insight on how the cerebellum is interacting with the
cerebrum in social cognition. However, one should be
cautious on how to interpret the functional connectivity
findings, since functional connectivity analyses and the
common MNI template rely on the assumption that there
are no strong differences in the structural morphology.
Atypicalities in cerebellar functional connectivity might
be only related to changes in the structural anatomy of
this region. Stoodley et al. [13] studied the functional
connectivity of the cerebellum in animal models and
humans, showing modifications of cerebellar—cerebral
cortex connectivity when delivering transcranial direct
current stimulation (tDCS) of lobule VII and suggesting a
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clinical improvement of social abilities after such a stim-
ulation. Defining specific cerebellar regions altered in
social and communication symptoms may therefore lead
to new therapeutic strategies focused on accurate tran-
scranial stimulation.

Limitations

Several limits should be considered before interpreting
our results. First, we decided to perform cerebellar par-
cellation and to measure the volume of cerebellar lobules
considering our interest from a topographical anatomi-
cal perspective. Other methods, such as voxel-based-
morphometry (VBM) [50, 51], may be more suitable to
capture anatomical patterns at a voxel-level, beyond the
anatomical boundaries defined by cerebellar parcellation.
Therefore, our method of parcellation may miss anatomi-
cal changes independently from lobules boundaries, since
the anatomical and functional landmarks of the cerebel-
lum do not overlap [52]. However, a visual quality check
can only be performed with cerebellar parcellation, since
the subjects are visualized in their own native space.
This is not possible in VBM analyses, where subjects are
analyzed in a common space. We excluded 40% subjects
after our quality assessment, suggesting that this step is
critical. In addition, we analyzed a pediatric sample and
the cerebellar VBM tools have not been optimized for
this age range. Thus, performing a quality assessment in
the subject space on parcellated data was important to
ensure the robustness of our results. Second, we analyzed
the SRS-2 scale to measure social atypicalities, a vali-
dated scale for autism symptoms’ screening but that has
not been formally validated to screen social atypicalities
in other psychiatric disorders. Because our goal was to
conduct a transdiagnostic analysis and that the Healthy
Brain Network cohort [21] is not designed to conduct
case—control analyses, we did not investigate the influ-
ence of each diagnosis on the cerebellar anatomy. How-
ever, the SRS-2 scale followed a Gaussian distribution in
our sample even though only 6% of the individuals had a
formal diagnosis of autism, suggesting that the symptoms
measured by the SRS were transdiagnostic. In addition,
the SRS scale has been used to measure autistic traits in
other clinical populations such as eating disorders [53],
psychosis [54] or ADHD [55].

Conclusion

To conclude, we found a canonical correlation between
social communication performance and cerebellar neuro-
anatomy. Our work suggests the interest of CCA models
to investigate the link between cerebellar structure and
dimensions of psychopathology and adds to the body of the
literature on the role of the cerebellum in social and general
cognitive functions from a dimensional perspective.
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Abbreviations

ADHD Attention deficit hyperactivity disorder

AWR Social Awareness

CCA Canonical correlation analysis

CERES CEREbellum Segmentation

COG Social Cognition

oM Social Communication

DREADD  Designer Receptors Exclusively Activated by Designer Drugs
DSM-5 Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition

FDR False discovery rate

FSIQ Full-scale intelligence quotient

HBN Healthy Brain Network

ICV Intracranial volume

D Intellectual disability

Q Intelligence quotient

MOT Social Motivation

MRI Magnetic resonance imaging

RRB Restricted and repetitive behaviors

M@ Social communication impairment score

SD Standard deviation

SRS Social Responsiveness Scale, 2nd Edition
tDCS Transcranial direct current stimulation

T™MS Transcranial magnetic stimulation

VBM Voxel-based morphometry

WASI-II Wechsler Adult Intelligence Scale, 2nd Edition
WISC-V Wechsler Intelligence Scale for Children, 5th Edition

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513229-023-00551-8.

Additional file 1: Fig. S1 lllustrations of common parcellation errors and
motion artifacts. Fig. S2 Distribution of clinical variables. Fig. S3 Heatmap
of correlations between clinical canonical component, anatomical canoni-
cal component and individual variables. Table ST Comparison of subjects
included and excluded from the analyses after quality control. Table S2
Association between volumes of the cerebellum and social communica-
tion impairment scale, age, sex, IQ, intracranial volumeand interactions
between SCl and covariates. Table S3 Association between volumes of
the cerebellum and SRS Total and RRB.

Author contributions

CL, PC, DF, YE and JH designed the study. AG and JV downloaded the dataset
and the clinical features. YE, CL, IB, AG, ED and JV performed the statistical
analyses. CL and YE wrote the first draft of the manuscript. YE prepared the
figures and the tables. AM, IB, JH, ML and VF revised the first draft of the manu-
script. All authors read and approved the final manuscript.

Funding
C.L received funding from the Bettencourt Schueller Foundation (CCA INSERM
Bettencourt Program).

Availability of data and materials
Data are available on request from the authors.

Declarations

Ethical approval and consent to participate

The acquisition protocol was approved by the Chesapeake Institutional
Review Board, is conducted following the Declaration of Helsinki for human
research and is described elsewhere (Alexander et al., 2017).

Competing interests
Dorothea L. Floris, second author of the manuscript, is an associate editor of
Molecular Autism. The other authors declare no conflict of interest.

Page 9 of 10

Received: 27 December 2022 Accepted: 3 May 2023
Published: 15 May 2023

References

1. Sereno MI, Diedrichsen J, Tachrount M, Testa-Silva G, d'Arceuil H, De
Zeeuw C.The human cerebellum has almost 80% of the surface area of
the neocortex. Proc Natl Acad Sci. 2020;117(32):19538-43.

2. Schmahmann J. The cerebellar cognitive affective syndrome. Brain.
1998;121(4):561-79.

3. Van Overwalle F, D'aes T, Marién P. Social cognition and the cer-
ebellum: a meta-analytic connectivity analysis. Hum Brain Mapp.
2015;36(12):5137-54.

4. Van Overwalle F, Manto M, Cattaneo Z, Clausi S, Ferrari C, Gabrieli JDE,
et al. Consensus paper: cerebellum and social cognition. The Cerebellum.
2020;19(6):833-68.

5. Stoodley CJ, Valera EM, Schmahmann JD. Functional topography of the
cerebellum for motor and cognitive tasks: an fMRI study. Neuroimage.
2012;59(2):1560-70.

6. Hogan MJ, Staff RT, Bunting BP, Murray AD, Ahearn TS, Deary 1J, et al.
Cerebellar brain volume accounts for variance in cognitive performance
in older adults. Cortex. 2011;47(4):441-50.

7. Stoodley CJ, Schmahmann JD. Functional topography in the human
cerebellum: a meta-analysis of neuroimaging studies. Neuroimage.
2009;44(2):489-501.

8. Ramanocél S, Hoyau E, Kauffmann L, Renard F, Pichat C, Boudiaf N, et al.
Gray matter volume and cognitive performance during normal aging. A
voxel-based morphometry study. Front Aging Neurosci. 2018;10:235.

9. Saito M, Hirota T, Sakamoto Y, Adachi M, Takahashi M, Osato-Kaneda A,
et al. Prevalence and cumulative incidence of autism spectrum disorders
and the patterns of co-occurring neurodevelopmental disorders in a total
population sample of 5-year-old children. Mol Autism. 2020;11(1):35.

10. Fatemi SH, Aldinger KA, Ashwood P, Bauman ML, Blaha CD, Blatt GJ, et al.
Consensus paper: pathological role of the cerebellum in autism. The
Cerebellum. 2012;11(3):777-807.

11. D'Mello AM, Crocetti D, Mostofsky SH, Stoodley CJ. Cerebellar gray matter
and lobular volumes correlate with core autism symptoms. Neurolmage
Clin. 2015;7:631-9.

12. Chao QY, Marron Fernandez de Velasco E, Pathak SS, Maitra S, Zhang
H, Duvick L, et al. Targeting inhibitory cerebellar circuitry to alleviate
behavioral deficits in a mouse model for studying idiopathic autism.
Neuropsychopharmacology. 2020;45(7):1159-70.

13. Stoodley CJ, D'Mello AM, Ellegood J, Jakkamsetti V, Liu P, Nebel MB, et al.
Altered cerebellar connectivity in autism and cerebellar-mediated rescue
of autism-related behaviors in mice. Nat Neurosci. 2017;20(12):1744-51.

14. Laidi C, Boisgontier J, Chakravarty MM, Hotier S, d'’Albis MA, Mangin JF,
et al. Cerebellar anatomical alterations and attention to eyes in autism.
Sci Rep. 2017;7(1):12008.

15. Traut N, Beggiato A, Bourgeron T, Delorme R, Rondi-Reig L, Paradis AL,
et al. Cerebellar volume in autism: literature meta-analysis and analysis
of the autism brain imaging data exchange cohort. Biol Psychiatry.
2018;83(7):579-88.

16. Laidi C, Floris DL, Tillmann J, Elandaloussi Y, Zabihi M, Charman T, et al.
Cerebellar atypicalities in autism? Biol Psychiatry. 2022,92(8):674-82.

17. Button KS, loannidis JPA, Mokrysz C, Nosek BA, Flint J, Robinson ESJ, et al.
Power failure: why small sample size undermines the reliability of neuro-
science. Nat Rev Neurosci. 2013;14(5):365-76.

18. Zabihi M, Oldehinkel M, Wolfers T, Frouin V, Goyard D, Loth E, et al. Dis-
secting the heterogeneous cortical anatomy of autism spectrum disorder
using normative models. Biol Psychiatry Cogn Neurosci Neuroimaging.
2019,4(6):567-78.

19. Insel T, Cuthbert B, Garvey M, Heinssen R, Pine DS, Quinn K; et al. Research
Domain Criteria (RDoC): toward a new classification framework for
research on mental disorders. Am J Psychiatry. 2010;167(7):748-51.

20. Moberget T, Alnees D, Kaufmann T, Doan NT, Cérdova-Palomera A,
Norbom LB, et al. Cerebellar gray matter volume is associated with


https://doi.org/10.1186/s13229-023-00551-8
https://doi.org/10.1186/s13229-023-00551-8

Elandaloussi et al. Molecular Autism 2023, 14(1):18

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

cognitive function and psychopathology in adolescence. Biol Psychiatry.
2019;86(1):65-75.

Alexander LM, Escalera J, Ai L, Andreotti C, Febre K, Mangone A, et al. An
open resource for transdiagnostic research in pediatric mental health and
learning disorders. Sci Data. 2017;4(1):170181.

Na SD, Burns TG. Wechsler intelligence scale for Children-V: test review.
Appl Neuropsychol Child. 2016;5(2):156-60.

Gergoudis K, Weinberg A, Templin J, Farmer C, Durkin A, Weissman J, et al.
Psychometric study of the social responsiveness scale in Phelan-McDer-
mid syndrome. Autism Res. 2020;13(8):1383-96.

Li C, Zhou H,Wang T, Long S, Du X, Xu X, et al. Performance of the autism
spectrum rating scale and social responsiveness scale in identifying
autism spectrum disorder among cases of intellectual disability. Neurosci
Bull. 2018;34(6):972-80.

Constantino JN, Gruber CP, Davis S, Hayes S, Passanante N, Przybeck
T.The factor structure of autistic traits. J Child Psychol Psychiatry.
2004;45(4):719-26.

Frazier TW, Georgiades S, Bishop SL, Hardan AY. Behavioral and cognitive
characteristics of females and males with autism in the Simons simplex
collection. J Am Acad Child Adolesc Psychiatry. 2014;53(3):329-340.e3.
Prigge MBD, Bigler ED, Travers BG, Froehlich A, Abildskov T, Anderson JS,
et al. Social responsiveness scale (SRS) in relation to longitudinal cortical
thickness changes in autism spectrum disorder. J Autism Dev Disord.
2018;48(10):3319-29.

Carass A, Cuzzocreo JL, Han S, Hernandez-Castillo CR, Rasser PE, Ganz M,
et al. Comparing fully automated state-of-the-art cerebellum parcellation
from magnetic resonance images. Neuroimage. 2018;183:150-72.
Romero JE, Coupé P, Giraud R, Ta VT, Fonov V, Park MTM, et al. CERES:

A new cerebellum lobule segmentation method. Neuroimage.
2017;,147:916-24.

Seabold S, Perktold J. statsmodels: Econometric and statistical modeling
with python. In: 9th Python in science conference. 2010.

Pedregosa F, Varoquaux G, Gramfort A, Michel V, Thirion B, Grisel O,

et al. Scikit-learn: machine learning in python. J Mach Learn Res.
2011;12:2825-30.

Floris DL, Filho JOA, Lai MC, Giavasis S, Oldehinkel M, Mennes M, et al.
Towards robust and replicable sex differences in the intrinsic brain func-
tion of autism. Mol Autism. 2021;12(1):19.

Smith REW, Avery JA, Wallace GL, Kenworthy L, Gotts SJ, Martin A. Sex
differences in resting-state functional connectivity of the cerebellum in
autism spectrum disorder. Front Hum Neurosci. 2019;13:104.

Guo X, Duan X, Suckling J, Wang J, Kang X, Chen H, et al. Mapping pro-
gressive gray matter alterations in early childhood autistic brain. Cereb
Cortex. 2021;31(3):1500-10.

Harlalka V, Bapi RS, Vinod PK, Roy D. Age, disease, and their interaction
effects on intrinsic connectivity of children and adolescents in autism
spectrum disorder using functional connectomics. Brain Connect.
2018;8(7):407-19.

Simard |, Luck D, Mottron L, Zeffiro TA, Soulieres I. Autistic fluid intel-
ligence: Increased reliance on visual functional connectivity with
diminished modulation of coupling by task difficulty. Neurolmage Clin.
2015;9:467-78.

Hazlett HC, Poe MD, Gerig G, Styner M, Chappell C, Smith RG, et al. Early
brain overgrowth in autism associated with an increase in cortical surface
area before age 2 years. Arch Gen Psychiatry. 2011,68(5):467.

Forthofer RN, Lee ES, Hernandez M. Linear regression. In: Biostatistics.
Elsevier; 2007 [cited 2022 Oct 7]. pp. 349-86. https://linkinghub.elsevier.
com/retrieve/pii/B9780123694928500182

Wang HT, Smallwood J, Mourao-Miranda J, Xia CH, Satterthwaite TD, Bas-
sett DS, et al. Finding the needle in a high-dimensional haystack: Canoni-
cal correlation analysis for neuroscientists. Neuroimage. 2020;216:116745.
Wang SSH, Kloth AD, Badura A. The cerebellum, sensitive periods, and
autism. Neuron. 2014;83(3):518-32.

Laidi C, Hajek T, Spaniel F, Kolenic M, d’Albis M-A, Sarrazin S, et al. Cerebel-
lar parcellation in schizophrenia and bipolar disorder. Acta Psychiatr
Scand. 2019;140(5):468-76.

Laidi C, d'Albis MA, Wessa M, Linke J, Phillips ML, Delavest M, et al. Cer-
ebellar volume in schizophrenia and bipolar | disorder with and without
psychotic features. Acta Psychiatr Scand. 2015;131(3):223-33.

Saitoh O, Courchesne E. Magnetic resonance imaging study of the brain
in autism. Psychiatry Clin Neurosci. 1998;52(56):5219-22.

45.

46.

47.

48.

49.

50.

52.

54.

55.

Page 10 of 10

. Lai MC, Kassee C, Besney R, Bonato S, Hull L, Mandy W, et al. Prevalence

of co-occurring mental health diagnoses in the autism population: a sys-
tematic review and meta-analysis. Lancet Psychiatry. 2019;6(10):819-29.
The EU-AIMS LEAP Group, Mei T, Llera A, Floris DL, Forde NJ, Tillmann J,
et al. Gray matter covariations and core symptoms of autism: the EU-
AIMS Longitudinal European Autism Project. Mol Autism. 2020;11(1):86.
Rodrigue AL, McDowell JE, Tandon N, Keshavan MS, Tamminga CA,
Pearlson GD, et al. Multivariate relationships between cognition and brain
anatomy across the psychosis spectrum. Biol Psychiatry Cogn Neurosci
Neuroimaging. 2018;3(12):992-1002.

Kazdoba TM, Leach PT, Yang M, Silverman JL, Solomon M, Crawley JN.
Translational mouse models of autism: advancing toward pharmacologi-
cal therapeutics. In: Robbins TW, Sahakian BJ, editors. Translational neu-
ropsychopharmacology. Cham: Springer International Publishing; 2015
[cited 2022 Sep 13]. p. 1-52. (Current Topics in Behavioral Neurosciences;
vol. 28). https://doi.org/10.1007/7854_2015_5003

Marek S, Tervo-Clemmens B, Calabro FJ, Montez DF, Kay BP, Hatoum AS,
et al. Reproducible brain-wide association studies require thousands of
individuals. Nature. 2022;603(7902):654-60.

Coupé P, Catheline G, Lanuza E, Manjon JV, for the Alzheimer’s Disease
Neuroimaging Initiative. Towards a unified analysis of brain maturation
and aging across the entire lifespan: a MRI analysis: Towards a Unified
Analysis of Brain. Hum Brain Mapp. 2017;38(11):5501-18.

Ashburner J, Friston KJ. Voxel-based morphometry-the methods. Neuro-
image. 2000;11(6 Pt 1):805-21.

. Diedrichsen J, Zotow E. Surface-based display of volume-averaged cer-

ebellar imaging data. Sugihara |, editor. PLOS ONE. 2015;10(7):e0133402.
King M, Hernandez-Castillo CR, Poldrack RA, Ivry RB, Diedrichsen J. Func-
tional boundaries in the human cerebellum revealed by a multi-domain
task battery. Nat Neurosci. 2019;22(8):1371-8.

. Kerr-Gaffney J, Harrison A, Tchanturia K. The social responsiveness

scale is an efficient screening tool for autism spectrum disorder traits

in adults with anorexia nervosa. Eur Eat Disord Rev J Eat Disord Assoc.
2020,28(4):433-44.

Jalbrzikowski M, Krasileva KE, Marvin S, Zinberg J, Andaya A, Bachman P,
et al. Reciprocal social behavior in youths with psychotic illness and those
at clinical high risk. Dev Psychopathol. 2013;25(4 Pt 1):1187-97.
Grzadzinski R, Di Martino A, Brady E, Mairena MA, O'Neale M, Petkova E,

et al. Examining autistic traits in children with ADHD: does the autism
spectrum extend to ADHD? J Autism Dev Disord. 2011;41(9):1178-91.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://linkinghub.elsevier.com/retrieve/pii/B9780123694928500182
https://linkinghub.elsevier.com/retrieve/pii/B9780123694928500182
https://doi.org/10.1007/7854_2015_5003

	Understanding the relationship between cerebellar structure and social abilities
	Abstract 
	Background 
	Methods 
	Results 
	Limitations 
	Conclusion 

	Background
	Methods
	Participants
	Phenotyping and clinical assessment
	Parcellation of the cerebellum and quality control
	Statistical analyses
	Linear mixed models
	Canonical correlation analysis

	Results
	Population of the study
	Linear models
	Canonical correlation analysis
	Secondary analyses

	Discussion
	Limitations
	Conclusion
	Anchor 24
	References


