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Abstract

In recent years, structural and functional alterations in the cerebellum have been
reported in autism spectrum disorder (ASD). Intriguingly, recent studies demonstrated
that the social behavioral profile of individuals with cerebellar pathologies is character-
ized by a theory of mind (ToM) impairment, one of the main behavioral hallmarks of
ASD. The aim of the present study was to compare ToM abilities and underlying
cerebello-cortical structural patterns between ASD individuals and individuals with
cerebellar atrophy to further specify the cerebellar role in mentalizing alterations in
ASD. Twenty-one adults with ASD without language and intellectual impairments
(based on DSM-5), 36 individuals affected by degenerative cerebellar damage (CB),
and 67 healthy participants were enrolled in the study. ToM abilities were assessed
using the reading the mind in the eyes test and the faux pas test. One-way ANCOVA
was conducted to compare the performances between the two cohorts. Three-
dimensional T1-weighted magnetic resonance scans were collected, and a voxel-based
morphometry analysis was performed to characterize the brain structural alterations in
the two cohorts. ASD and CB participants had comparable ToM performance with
similar difficulties in both the tests. CB and ASD participants showed an overlapping
pattern of gray matter (GM) reduction in a specific cerebellar portion (Crus-II). Our
study provides the first direct comparison of ToM abilities between ASD and CB indi-
viduals, boosting the idea that specific cerebellar structural alterations impact the
mentalizing process. The present findings open a new perspective for considering the
cerebellum as a potential target for treatment implementation. The present work will
critically advance current knowledge about the cerebellar role in ToM alterations of
ASD, in particular, elucidating the presence of common cerebellar structural abnor-
malities in ASD and cerebellar individuals that may underlie specific mentalizing alter-
ations. These findings may pave the way for alternative therapeutic indications, such as
cerebellar neuromodulation, with a strong clinical impact.

Lay Summary

The present work will critically advance current knowledge about the cerebellar
role in theory of mind alterations of autism spectrum disorder (ASD), in particu-
lar, elucidating the presence of common cerebellar structural abnormalities in
ASD and cerebellar individuals that may underlie specific mentalizing alterations.
These findings may pave the way for alternative therapeutic indications, such as
cerebellar neuromodulation, with a strong clinical impact.
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INTRODUCTION

Autism spectrum disorder (ASD) is a clinically complex
and heterogeneous condition whose pathogenesis remains
unclear (Levy et al., 2009). ASD diagnosis is based on a per-
vasive social interaction disorder (World Health Organiza-
tion 1993), and its main behavioral hallmark is impairment
in theory of mind (ToM), the ability to recognize and attri-
bute mental states to others to explain and predict their
behavior (Baron-Cohen et al., 1985). It includes both affec-
tive and cognitive components and implies the capacity to
recognize emotions, intentions, and thoughts (state of
mind) of another person in or out of a social context
(Meltzoff & Moore, 1989). Anatomically, brain alterations
have been described that involve frontal, temporal, and
parietal areas (Abell et al., 1999; Carper et al., 2002; Hazlett
et al., 2006; Minshew & Williams, 2007) as well as subcorti-
cal structures (Amaral et al., 2008; Cauda et al., 2011;
Sparks et al., 2002). Recent studies have demonstrated cere-
bellar involvement in this condition since post-mortem
studies have shown Purkinje cell loss in ASD individuals,
and neuroimaging data have shown structural and func-
tional cerebellar alterations in these individuals (Anteraper
et al., 2020; Fatemi et al., 2012; Olivito et al., 2017, 2018).
Cerebellar abnormalities have emerged as biomarkers to
discriminate individuals with ASD from typically develop-
ing individuals (Ecker et al., 2010).

Intriguingly, clinical studies have found ToM difficul-
ties in individuals affected by cerebellar pathology (Clausi
et al., 2021; Clausi, Olivito, et al., 2019; D’Agata
et al., 2011; Sokolovsky et al., 2010; Van Overwalle, De
Coninck, et al., 2019), and neuroimaging data showed cer-
ebellar activation during emotion recognition tasks (Habel
et al., 2005). Interestingly, a range of behavioral and emo-
tional disorders has been observed in patients with cerebel-
lar abnormalities, many of which meet the criteria for
autism spectrum diagnosis (Schmahmann et al., 2007).

These pieces of evidence, supported by cerebellar con-
nections with limbic areas (Schmahmann & Pandya, 1997)
and specific portions of the frontal and temporo-parietal
lobes (Van Overwalle et al., 2014; Van Overwalle &
Marién, 2016; Van Overwalle, Van de Steen, &
Marién, 2019), suggest a role of the cerebellum in
mentalizing processes. Specifically, a recent meta-analysis
of social behaviors pointed out that the posterior cerebellar
Crus I-I1I is a main site of social processing (Van Overwalle
et al., 2014 Van Overwalle et al., 2020). It has been shown
that social mentalizing recruits closed-loop circuitry
between the posterior cerebellar Crus II and the temporo-
parietal junction (TPJ) and medial prefrontal cortex, two
key areas of the mentalizing network (Van Overwalle
et al, 2020; Van Overwalle, Van de Steen, &

Marién, 2019). In addition, in lobules Crus I and II
decreased gray matter (GM) has been found in ASD
(D’Mello et al., 2015; Olivito et al., 2018) correlating with
the severity of social, communication, and repetitive behav-
iors on autism diagnostic scales (D’Mello et al., 2015).

Our idea is that the cerebellum could be involved in
mentalizing impairments observed in individuals with ASD.
Again, the social behavioral alterations described in autistic
and cerebellar subjects could be a consequence of the modu-
latory actions of specific cerebellar portions on the cortical
network in which it acts, such as the fronto-parietal network
and the default mode network (DMN) (Buckner
et al., 2011; D’Mello & Stoodley, 2015; Habas et al., 2009).

The purpose of this study was to determine whether the
impairment in advanced mentalizing skills in the two
populations is similar and whether such a behavioral profile
has a common anatomical substrate at the cerebellar level.

To test this hypothesis, we compared ToM performance
of individuals with ASD with that of individuals affected by
degenerative cerebellar atrophy, in which ToM deficits have
been previously described (Clausi et al., 2021; Clausi, Olivito,
et al., 2019; Sokolovsky et al., 2010) together with motor and
cognitive alterations (Koziol et al., 2014). The exploration
and comparison of ToM abilities between ASD and CB indi-
viduals and the analyses of morphological cerebello-cortical
alterations in both cohorts will also contribute to the under-
standing of cerebellar involvement in ASD pathogenesis.

METHODS
Participants

Twenty-one adults with ASD with no language or intel-
lectual impairments (based on the DSM-5 criteria; Amer-
ican Psychiatric Association, 2013) (age range: 18-
45 years), 36 individuals affected by degenerative cerebel-
lar damage (CB) (age range: 24-64 years), and 67 healthy
participants (HPs) (age range: 18-58 years) were enrolled
in the study. The latest were recruited through the partici-
pants’ relatives and students of Medicine and Psychology
Faculty of the Sapienza University. Instead, ASD partici-
pant were enrolled thank to the assistance of Gruppo
Asperger onlus, Spazio Asperger onlus, CulturAutismo
onlus, Cooperativa Giuseppe Garibaldi, ANGSA
(Associazione Nazionale Genitori Soggetti Autistici), and
the CB patients were recruited from those admitted to the
IRCCS Santa Lucia Foundation rehabilitation hospital.
At the time of assessment, all CB individuals had more
than 6 months of illness from the diagnosis. The presence
of extra-cerebellar lesions was excluded by visual inspec-
tion of the T2-weighted MRI scans. Only participants
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with no history of extra-cerebellar neurologic pathology
or psychiatric disorders and with normal intellectual
levels were included in the study.

Both the ASD and CB groups underwent neurological
evaluation and MRI protocols. The cerebellar motor
impairment was quantified by using the International
Cooperative Ataxia Rating Scale (ICARS) (Trouillas
et al., 1997) whose global score range from 0 (absence of
motor impairment) to 100 (highest degree of motor impair-
ment). The Wechsler Adult Intelligence Scale-Revised
(WAIS-R; Wechsler, 1981; Orsini & Laicardi, 1997) and
the Raven progressive matrices test (Raven, 1949) were
administered in the two studied cohorts and in the HP
group to verify the presence of an average intellectual level.
The Cerebellar Cognitive Affective Syndrome (CCANS)
(Hoche et al., 2018) scale was not performed since the pre-
sent study involved ASD individuals and CB individuals
who were previously enrolled in other studies from our
group (Clausi et al., 2019, b; Olivito et al., 2017, 2018) that
occurred when the CCAS scale was not yet available. The
presence of autism traits was evaluated using the Autism
Spectrum Quotient (Ruta et al., 2012). The demographic
characteristics and the scores obtained in the screening eval-
uation are reported in Table 1. Additional details regarding
the CB individuals are reported in Table 2.

Theory of mind assessment

To assess the affective and cognitive advanced ToM com-
ponents (Shamay-Tsoory et al., 2009), an evaluation was
performed by using an ad hoc test battery, including the
Italian version of the Reading the Mind in the Eyes test
(RME; Baron-Cohen et al., 2001) and the faux pas
test (FP; Stone et al., 1998).

The RME was used to assess the ability to attribute
mental states, including emotions and thoughts, to others
regardless of the context The participant was required to
match the semantic definition of a mental state
(e.g., worried, annoyed) with the picture of the eye-region
expression. The test consists of 36 photos of actors’ eyes,
and for each, the participants have to choose from four
words the one that best describes what the person in the
photograph is thinking or feeling (Baron-Cohen
et al., 2001). Responses were scored 1 or 0 for correctness.

The FP was used to assess the capacity to make infer-
ences about another person’s state of mind and to

disentangle the cognitive (questions 1-5) and affective
(question 6) components of ToM. The detection of faux
pas requires both an understanding of false or mistaken
beliefs and an appreciation of the emotional impact of a
statement on the listener. The participants read 10 stories
that contained a social faux pas and 10 control stories
that contained a minor conflict but in which no faux pas
was committed. A faux pas occurs when a speaker says
something without considering that the listener might not
want to hear it or might be hurt by what has been said.
After each story, the participant was asked whether any-
one said anything that they should not have said. When a
faux pas was identified, further clarifying questions were
presented to evaluate the understanding of the mental
states and emotions of the agents involved in the stories.
Each faux pas story question correctly answered was
scored as one, resulting in a maximum score of six for each
correctly answered faux pas story. The no faux-pas stories
were given a score of two if they were correctly identified as
not containing a faux pas. Two additional control questions
were asked for all 20 stories to confirm that the participant
had a factual understanding of the stories (Stone et al., 1998).
The possible mood effects on the emotional evaluation
were controlled for by using a “visual analog scale” (VAS)
for mood (Hayes & Paterson, 1921), that was administered
before the ToM tasks. The VAS is a psychometric
response scale in which respondents rate their mood by
indicating a position along a continuous line between two
end-points (i.e., from 0, low mood, to 10, high mood).

Statistical analyses

Each experimental group (CB and ASD) was compared
with the HP group for the variables education and age.
No significant differences were found in education
(CB vs. HP: Z = —-0.53, p = 0.72; ASD vs. HP:
Z = —2.03, p = 0.065) or age (AC vs. HP: Z = 1.80,
p = 0.07; ASD vs. HP: age Z = 0.27, p = 0.83), while
there was a significant difference in age between the CB
and ASD groups (Z = —5.25; p = 0.00). For this reason,
one-way ANCOVA with age as a covariate was applied
to compare each variable in a between-group design.
When significant differences were observed (p < 0.05),
post hoc comparisons were performed using Fisher’s
least significant difference. Partial eta-squared values
were calculated as a measure of effect size, and the

TABLE 1 Demographic data and clinical scores of the studied groups
Gender Age Education 1Q Raven’47 ICARS* AQ **
Group N. (FIM) mean (SD) mean (SD) mean (SD) mean (SD) mean (SD) mean (SD)
CB 36 21/15 46.97 (10.7) 13.22(3.2) 87.52(13.6) 29.27(3.1) 26.52 (12.4) 16.44 (8.0)
ASD 21 1219 26.92 (8.2) 13.64 (1.6) 106.68 (20.7) - 2.46 (3.8) 34.5(9.9)
HP 67  42/25 37.19 (13.2) 13.92 (2.6) 107.71 (9.8) 31.07 (2.9) - 16.73 (6.5)

Note: The values are reported as mean and SD.
Abbreviations: ASD, autism spectrum disorder; CB, cerebellar damage; HP, healthy participant; ICARS, International Cooperative Ataxia Rating Scale.
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TABLE 2 Demographic and clinical characteristics of patients with degenerative cerebellar ataxia

Disease duration

N 1ID Diagnosis Gender Age Education (years) IQ ICARS* Triplet expansions
1 CBl FRDA F 47 13 2 97 59 -
2 CB3 SCA2 F 38 12 1 72 33 CAG 22/41
3 CB4 SCA2 F 42 13 1 74 47 CAG 22/39
4 CB5 ICA F 53 11 1 80 21 -
5 CB7 Cerebellitis F 59 13 - 88 12 -
6 CB9 SCA2 F 44 18 1 81 26 CAG/CTG 14/47
7 CB12 ICA F 59 13 1 109 16 -
8 CB13 ICA F 56 13 1.5 101 29 -
9 CBl14 ICA F 52 13 3.5 91 28 -
10 CBI5 SCAl F 24 16 1 76 33 CAG 27/57
11  CBl16 SCA2 F 36 13 1 91 37 CAG 22/42
12 CBl17 ICA F 24 13 1 78 8 -
13 CB18 ICA F 46 13 2 113 9 -
14 CB20 SCAIlS F 51 14 4 101 44 ITPR1 gene heterozygous deletions
15 CB21 SCA2 F 54 18 1 85 27 CAG 22/37
16 CB22 SCA28 F 42 18 - 88 21 -
17  CB23 SCAIl5 F 56 13 - 93 35 ITPR1 gene heterozygous deletions
18 CB24 SCA2 F 60 8 4 75 31 CAG 22/37
19 CB26 FRDA M 29 13 4 80 25 X25 gene heterozygous deletions
20 CB27 SCA2 M 40 8 3 91 18 CAG 22/38
21 CB29 SCA2 M 64 17 3 82 27 CAG 22/35
22 CB30 SCA2 F 43 13 1 98 28 CAG
23 CB31 ICA F 62 18 - 108 17 -
24 CB32 SCAlI M 45 8 4 77 33 CAGI/CTG 18/58
25 CB33 SCA2 M 42 8 1 81 24 CAG 22/39
26 CB34 SCA2 M 42 18 1 110 17 CAG 22/39
27 CB35 ICA F 44 8 - 33 -
28 CB36 SCA6 M 57 13 2 98 13 CAG 12/22
29 CB37 SPG7 M 54 13 10 86 35 c.637C>T +¢.1529C>T
30 CB38 SCA2 M 48 13 3 80 29 CAG 22/38
31 CB39 SPG7 M 53 13 8 83 27 ¢.1450-1del]_[c.1450_1457del]
+c¢1931C> A
32 CB40 SCA2 M 54 18 - 110 24 CAG 22/39
33 CB41 SPG7 M 54 8 18 60 56 c.1779 + 1G > T + c.184_286del
34 CB42 SPG7 M 55 13 9 82 9 c.637C>T/—
35 CB43 SPG7 M 23 13 2 70 17 ¢.1013G > T/—
36 CB44 SPG7 M 39 18 2 101 7 ¢.1369C > T + c.1617delC
Note: ICARS: International Cooperative Ataxia Rating Scale (Trouillas et al., 1997).
Abbreviation: CB, cerebellar damage.
#ICARS range: from 0 (absence of motor deficit) to 100 (highest degree of motor deficit).
results were interpreted using Cohen’s (Cohen, 1988) The statistical analyses were performed using Statisti-

guidelines for determining small (0.01), medium (0.06), cal Package for the Social Sciences (SPSS version 25).
and large (0.14) effects. Spearman correlations were cal-

culated between ToM test scores and VAS scores to

exclude the influence of mood on emotional choices and ~ MRI protocol

between the ToM test scores and the ICARS total scores

to exclude the influence of motor impairment on behav- For each group, the MRI protocol was acquired at
ioral performance. 3 Tesla (Magnetom Allegra, Siemens, Erlangen,
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Germany) and included dual-echo turbo spin echo (TSE)
(TR = 6190 ms, TE = 12/109 ms) and fast-Fluid Attenu-
ated Inversion Recovery (FLAIR) (TR = 8170 ms,
TE = 96 ms, TI = 2100 ms) as conventional MRI scans.

3D-modified driven equilibrium Fourier transform
(MDEFT) (TR = 1338ms, TE = 24 ms,
matrix = 256 x 224 x 176, in-plane FOV = 250 x

250 mm?, slice thickness = 1 mm) scans were acquired to
perform voxel based morphometry analysis. To character-
ize the brain anatomy and determine the presence of mac-
roscopic structural abnormalities, the TSE scans of
patients were visually inspected by an expert neuroradiolo-
gist. For the HP group, conventional MRI images were
inspected to exclude participants with any pathological
conditions based on the inclusion criteria.

MRI processing and data analysis

Three CB individuals of the 36 did not complete all
MDEFT scans for claustrophobia problems during the
examination (CB3, CB13, and CB23). One CB (CB32)
and two ASD individuals were excluded for the presence
of artifacts due to movement. Thus, a total of 32 CB and
19 ASD individuals underwent the MRI protocol. Addi-
tionally, for the MRI analysis, two separate groups of
39 and 31 matched HPs (MRI-HP 1 and 2) were rec-
ruited as controls for the CB and ASD group, respec-
tively. The demographic characteristics of the MRI
groups are reported in Table 3.

Voxel-wise analysis of cerebellar GM

To characterize cerebellar alterations, 3D-T1 weighted
scans were processed by using Statistical Parametric
Mapping version 8 (SPM8) (Wellcome Department of
Imaging Neuroscience [http://www.fil.ion.ucl.ac.uk/spm/
1)- The Spatially Unbiased Infratentorial Template
(SUIT) toolbox (Diedrichsen et al., 2009) was used for
cerebellum pre-processing.

For each participant, the T1 anatomical images were
processed as follows: the cerebellum was isolated, the iso-
lated maps were hand-corrected if necessary and each
cropped image was normalized into SUIT space; the
deformation parameters obtained by normalization were
used to reslice the probabilistic cerebellar atlas into

TABLE 3 Demographic characteristics of MRI groups

individual subjects’ space, and the images were smoothed
using an 8-mm FWHM Gaussian kernel.

Voxel-based morphometry (VBM) was performed on
cerebellar modulated GM maps entered into a voxel-wise
two-sample t-test model to separately compare the cere-
bellar GM volumes between the CB group and MRI-HP
group 1 (CB> MRI-HP1; CB < MRI-HP1) and the
ASD group and MRI-HP group 2 (ASD > MRI-HP2;
ASD < MRI-HP2). The analysis was restricted only to
the voxels of the cerebellum by using an explicit exclusion
mask. The results were considered significant at p-values
<0.05 after family-wise error (FWE) cluster-level correc-
tion (clusters formed at p < 0.001 at uncorrected level).

Voxel-wise analysis of cerebral GM

To investigate the presence of accompanying cortical atro-
phy, whole-brain VBM was also performed in both
groups. The 3D-T1 volumes were segmented into GM
maps and registered to MNI space utilizing the “New Seg-
ment” and “DARTEL” routines in SPM8 (http://www fil.
ion.ucl.ac.uk/spm/), Wellcome Trust Centre for Neuroim-
aging, Institute of Neurology, University College London,
UK) (Ashburner et al., 2003). VBM statistical analysis
was performed on the modulated GM maps and smoothed
with an 8 mm full-width-at-half-maximum Gaussian ker-
nel. GM maps were then compared between the group of
CB and healthy subjects (CB > MRI-HP1; CB < MRI-
HP1) and ASD and healthy subjects (ASD > MRI-HP2;
ASD < MRI-HP2) entered as independent groups. The
analysis was restricted to the cerebrum entered as an
explicit mask. For this analysis, intracranial volume (ICV)
was set as a covariate of no interest. T-contrasts were eval-
uated with a voxel significance set at p values <0.05 after
FWE cluster-level correction (clusters formed at
p <0.001 at uncorrected level).

Behavioral correlations with cerebellar and
cerebral GM

Based on MRI analysis results, the mean cerebellar and
cortical GM values only from clusters that were signifi-
cantly altered in CB and ASD compared to HP were
extracted and correlated with impaired ToM scores. The
lobular volumes were extracted using the “fslstats”

MRI groups CB MRI-HP1 p-value ASD MRI-HP2 p-value
N 32 39 19 31 -
Gender (F/M) 18/14 22/17 0.98** 10/9 10/21 0.15%*
Mean age (SD) 46.81 (11.1) 44.92 (14.5) 0.54* 26.47 (8.3) 26.16 (5.15) 0.87*

Note: Number, gender and mean age of the groups included in the MRI analysis are reported. The values are reported as mean and SD. HP of both MRI groups were sex
and age matched as assessed by the Chi-square (*) and T-test (**) analyses. Results are not significant at p < 0.05.
Abbreviations: ASD, individuals with autism spectrum disorders; CB, individuals affected by degenerative cerebellar damage; HP, healthy participants.
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command line from the FMRIB software library (FSL,
www.fmrib.ox.ac.uk/fsl/), applied to the modulated GM
maps. Spearman’s correlations were computed for the
relationship between these volumes, expressed in mm?,
and impaired ToM scores in both groups.

Correlations between behavioral scores and GM
values in each group were performed by Spearman’s Test
by means of the SPSS statistics package. To avoid 1 Type
error, the Bonferroni correction was applied to correct
for multiple testing.

RESULTS
ToM profile in cerebellar and ASD individuals

A significant group effect was found in the RME
(F [2110] = 16.67; p = 0.000, #p2 = 0.23)]. Post hoc com-
parisons showed that both the CB and ASD groups had
significantly lower scores than the control group (CB vs.
HP: p = 0.000; ASD vs. HP: p = 0.000), while no signifi-
cant difference was found between the CB and ASD
groups (p = 0.68) (Figure 1a).

A significant group effect was found in the faux pas total
(F [2121] =9.72; p = 0.000, np2 = 0.14)] and cognitive com-
ponent scores (F [2121] = 11.99; p = 0.000, np2 = 0.16)].
No group effect was found in the no-faux pas total
(F [2121] = 0.71; p = 0.49) or affective component scores
(F [2121] = 1.11; p = 0.33). Post hoc comparisons showed
that both the CB and ASD groups had lower scores than
the control group in the faux pas total (CB vs. HP:
p = 0.001, ASD vs. HP: p = 0.002) and cognitive compo-
nent scores (CB vs. HP: p = 0.000; ASD vs. HP: p = 0.001),
while no significant differences were found between the CB

(a) (b)
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RME Total Score "Faux Pas" Stories "No-Faux Pas" Stories
Il Degenerative Cerebellar Damage
FIGURE 1

Autism Spectrum Disorder

and ASD groups in either total (p = 0.88) or cognitive com-
ponent scores (p = 0.99) (Figure 1b). Mean and SD of the
scores obtained by each group in the tests are reported in
Table 4. Detailed statistics is reported in Table 5.

Correlations between ToM performance,
mood, and motor impairment

For both experimental groups, no significant direct corre-
lation was obtained between test scores and VAS mood
scores, and no significant inverse correlation was
obtained between test scores and total scores on the
motor scale (Table 6). These results indicated that ToM
performance was not associated with mood state alter-
ations or motor impairments.

Voxel-based morphometry of the cerebellum

Due to the presence of diffuse cerebellar neu-
rodegeneration, a more stringent threshold was accepted
in CB and the cerebellar maps were thresholded at
p <0.05 FWE voxel-level correction (cluster size esti-
mated at p = 0,001 uncorrected). The results showed a
pattern of structural alterations in the CB individuals
compared to the control group at the level of the cerebel-
lar hemispheres. In particular, the CB individuals showed
a pattern of reduced GM volumes both at the level of the
anterior and posterior cerebellar portions with significant
peaks at the level of the right and left lobules I-IV and
right lobule VI, with an extension to the right Crus I-I1.
The second cluster of reductions in GM was found at the
level of the left Crus I and Crus II (Figure 2a). Compared

100 - 3
90 A
80 1

[
60 -

50 4

Accuracy %

Affective Component Cognitive Component

M Healthy participants

Theory of mind assessment in individuals with degenerative cerebellar damage and individuals with autism Spectrum disorders.

(a) RME test. Data are presented as the percentage of the total number of correct responses (max = 36). (b) Faux pas test. Data are presented as the
percentage of the total number of correct responses for the faux-pas stories (max = 60) and no-faux pas stories (max = 20), for the affective
component (max = 10) and the cognitive component (max = 50). Mean and SD of the accuracy percentage, where 0% is totally wrong and 100% is
totally correct, are reported for each group; *p < 0.05. RME, Reading the Mind in the Eyes test
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TABLE 4 Mean and SD of the ToM scores

Group N. RME test “Faux pas” stories “No-faux pas” stories Affective component Cognitive component
CB 36 21.55(5.00) 39.03 (10.42) 18.67 (3.54) 6.19 (2.47) 32.86 (8.45)

ASD 21 21.14 (6.11) 39.33 (13.10) 18.76 (2.46) 5.71 (2.49) 33.62 (10.99)

HP 67 26.24 (3.21) 47.34 (8.92) 19.22 (1.66) 6.54 (1.94) 40.81 (7.67)

Note: The values are reported as mean and SD of scores obtained in the RME Test (max = 36), in the “Faux Pas” Stories (max = 60), in the “No-Faux Pas” Stories
(max = 20), in the Affective Component (max = 10) and in the Cognitive Component (max = 50).
Abbreviations: ASD, individuals with autism spectrum disorders; CB, individuals affected by degenerative cerebellar damage; HP, healthy participants.

TABLE 5 Results of statistical comparisons among CB, ASD, and
HP in the ToM tasks

“Faux “No-faux

RME pas” pas” Affective Cognitive

test stories  stories component component
Main effect ~ 0.000° 0.000°  0.489 0.332 0.000*
Post-hoc
CB ASD 0.682 0.886 - - 0.991
CB HP  0.000* 0.001* - - 0.000*
ASD CB 0.682 088 - - 0.991
ASD HP  0.000* 0.002* - - 0.001*

“Results significant at p < 0.05.

Abbreviations: ASD, individuals with autism spectrum disorders; CB, individuals
affected by degenerative cerebellar damage; HP, healthy participants; RME,
reading the mind in the eyes (Baron-Cohen et al., 2001).

TABLE 6 Correlations between each social cognition tasks score
and the VAS and the ICARS total score

Clinical
Groups  scales RME total score Faux pas tot score
CB ICARS r=-0.00l;p=0.99 r=0.37p=0.02
VASmood r=-048;p=0.006 r=-0.29;p=0.10
ASD ICARS r=0.21;p=0.36 r=0.34; p = 0.04
VASmood r=-0.29;p=0.22 r=-0.25p=0.15

Note: VAS: visual analog scale (Hayes & Paterson, 1921); ICARS: International
Cooperative Ataxia Rating Scale (Trouillas et al., 1997).

Abbreviations: ASD, individuals with autism spectrum disorders; CB, individuals
affected by degenerative cerebellar damage.

to the control group, the ASD group presented with a
statistically significant GM reduction in the right Crus 11
(Figure 2b). No significant cerebellar GM increase was
found in either CB or ASD compared to HP.

Detailed statistics and peak voxels showing the most
significant differences in a cluster are reported in Table 7.
Interestingly, a region of overlapping cerebellar GM
reductions in the CB and ASD groups was evident in the
right Crus II (Figure 2¢) centered around the MNI coor-
dinates x 14y — 83 z — 30.

Supratentorial voxel-based morphometry

Assuming that CB could also have a structural impact on
the projection areas involved in controlling certain

aspects of ToM, a VBM analysis was performed in the
same populations to quantify accompanying structural
alterations at the level of the cerebellar projection areas
in the cerebrum. This analysis showed significant differ-
ences in supratentorial GM volume in the CB individuals
compared to the controls, in both the subcortical and cor-
tical levels. In particular, the CB individuals showed sig-
nificant reductions in GM in the putamen and caudate,
orbitofrontal cortex, superior frontal gyrus, lingual gyrus,
and fusiform gyrus (Figure 3). Detailed statistics and
peak voxels showing the most significant differences in a
cluster are reported in Table 8. The VBM analysis
showed no cerebral GM reductions in the ASD com-
pared to the controls. No significant cerebral GM
increase was found in either CB or ASD com-
pared to HP.

Correlations between ToM scores and reduced
cerebellar and cerebral GM volumes

Based on the VBM results, Spearman’s correlations were
performed between impaired task performances (RME
and FP) and reduced cerebellar GM volumes in each
group. In the CB group, correlations between impaired
ToM scores and reduced cerebral GM volumes were also
tested. Finally, the relationship between ToM perfor-
mance and GM volume in the overlapping right Crus II
region was examined including the participants of both
groups in the correlational analysis. All the analyses per-
formed did not show any significant relationship
(p > 0.05). For detailed statistics, see Table S1 in
supporting materials.

DISCUSSION

In the present work, we tested the hypothesis that the cer-
ebellum has a role in ASD mentalizing deficits. To this
aim, we investigated and compared ToM performances
and structural cerebellar patterns between individuals
with ASD and CB. Interestingly, both the studied cohorts
showed similar difficulties in different aspects of ToM, as
assessed by the RME and faux pas test.

The morpho-volumetric analyses evidenced a diffuse
pattern of cerebellar atrophy in the CB individuals. In



CLAUSI ET AL. 2307

FIGURE 2 Between-group
voxel-based comparison of
cerebellar GM volumes.
Cerebellar regions showing
patterns of significantly reduced
GM in individuals with
degenerative cerebellar damage
(a) and individuals with autism
Spectrum disorders (b) compared
to healthy participants are
reported and superimposed on the
spatially unbiased infratentorial
template (SUIT) (Diedrichsen

et al., 2009) in coronal (y), axial
(z), and sagittal (x) slices. The
results are significant at p-values
<0.05 after FWE cluster-level
correction. Regions of overlapping
cerebellar GM loss (c) between
individuals with degenerative
cerebellar damage (in blue) and
individuals with autism spectrum
disorders (in red) are reported in
violet. Right = right and

left = left. GM, tt . . .
¢ ¢ gray matter Degenerative Cerebellar Damage Autism Spectrum Disorder

TABLE 7 Detailed statistics of voxel-wise comparisons of cerebellar GM volumes (CB < MRI-HP; ASD < MRI-HP)

Coordinates (mm)

Regions Size Side X y z Peak Z-scores Peak-level p value
CB Lobule I-1V 17,013 L -7 -37 —19 5.94 0.000

Lobule I-1V R 12 -37 =22 5.82 0.000

Lobule VI R 22 —58 —14 4.84 0.004

Crus-11 2731 L -12 —86 -29 4.88 0.003

Crus-1 L -17 -79 —21 4.72 0.006
ASD Crus-II 2072 R 12 —76 -39 3.92 0.026

Note: Results are significant at p < 0.05 after FWE correction.
Abbreviations: ASD, individuals with autism spectrum disorders; CB, individuals affected by degenerative cerebellar damage.

FIGURE 3 Between-group voxel-based comparison of cerebral GM volumes. Cerebral regions showing significantly reduced GM in individuals
with degenerative cerebellar damage compared to healthy participants are reported in coronal (y = 83), sagittal (x = 42), and axial (z = 26) slices in
Montreal neurological institute space. The results are significant at p-values <0.05 after FWE cluster-level correction. Right = right and left = left.
GM, gray matter



2308

CLAUSI ET AL.

TABLE 8 Detailed statistics of voxel wise comparisons of cerebral GM volumes (CB < MRI-HP)

Coordinates (mm)

Regions Size Side X y z Peak Z-scores Peak-level p value Brodmann area

Frontal medial cortex 788 R 9 32 -20 6.62 0.000 11

Caudate R 9 20 -9 6.08 0.000 n.d.

Putamen R 21 15 -9 5.75 0.000 n.d.

Caudato 1031 L -7 21 -2 6.61 0.000 n.d.

Frontal sup medial (rectus) L -7 51 =20 5.93 0.000 11
L -9 20 —11 5.92 0.000

Lingual gyrus 952 L —13 —67 —-10 6.49 0.000 18
L —16 —54 —12 5.42 0.001 19
L -8 -79 -9 5.41 0.001 17

Lingual gyrus 447 R 9 —70 -12 5.73 0.000 18
R 15 —61 —11 5.83 0.001

Fusiform R 23 —55 —14 4.92 0.008 37

Note: Results are significant at p < 0.05 after FWE correction.

contrast, a pattern of cerebellar GM reduction was found
to selectively affect cerebellar Crus II in individuals with
ASD. In line with the evidence that ToM abilities were
impaired in both ASD and CB groups, the hypothesis is
that there may be a partial overlap between the two
populations in terms of altered cerebellar portions. Nota-
bly, a common pattern of GM reduction was found in a
specific cerebellar portion, the right Crus II that is known
to be involved in specific aspects of mentalizing and
higher-order emotional processes (Van Overwalle &
Marién, 2016; Van Overwalle, Van de Steen, &
Marién, 2019).

Our study provides the first direct comparison
between the ToM profiles of CB and ASD individuals,
boosting the idea that alterations in specific cerebellar
portions represent the neurobiological underpinning of
mentalizing outcomes in the two cohorts.

The participation of the cerebellum in the intrinsic con-
nectivity network related to social functioning, that is, the
DMN, has been consistently reported in resting-state
fMRI studies in healthy subjects (Allen et al., 2005; Habas
et al., 2009; Bernard et al., 2012). In accordance with this
evidence, functional connectivity (FC) abnormalities
between the cerebellum and social brain regions have been
described in ASD individuals (Anteraper et al., 2020;
Khan et al., 2015; Olivito et al., 2017, 2018), in particular,
abnormalities involving the posterior cerebellar portions,
that is, Crus I and II. Evidence from anatomical studies
using voxel-based morphometry has also converged to
indicate that the posterior regions of the cerebellum are
particularly affected (Anteraper et al., 2020; D’Mello &
Stoodley, 2015; Olivito et al., 2017; Stoodley &
Schmahmann, 2009). Our group has previously described
similar results in individuals affected by cerebellar neuro-
degenerative disorders of different aetiologies (Clausi,
Olivito, et al., 2019). Clausi, Olivito, et al. (2019) used an

integrated morphometric and FC analysis approach to
investigate altered functional interactions between regions
with decreased cerebellar GM and spatially separated
regions in the cerebral cortex. Among others, regions with
reduced GM were found in the cerebellar Crus II that in
turn showed a pattern of reduced FC with areas of the
cerebral cortex involved in high-order social behavior and
executive control, such as the dmPFC, superior frontal
gyrus and orbitofrontal cortex (Abu-Akel & Shamay-
Tsoory, 2011; Bickart et al.,, 2014; Habas et al., 2009;
Shamay-Tsoory, 2011). In line with these observations, the
present findings support the idea that social behavioral
alterations observed in autistic and cerebellar individuals
could be related to an altered modulating action of specific
cerebellar portions on the cortical “social” network in
which the cerebellum acts (Buckner et al., 2011; D’Mello &
Stoodley, 2015; Habas et al., 2009; Wang et al., 2014).
According to this evidence, in the present study, we
also looked at the supratentorial GM pattern and found
structural alterations in the CB individuals compared to
the controls. In particular, regions with reduced GM
included the putamen and caudate, orbitofrontal cortex,
superior frontal gyrus, lingual gyrus, and fusiform gyrus.
Interestingly, these areas are involved in decision-making
processes (basal ganglia, BA11), planning, abstract rea-
soning, and processing of emotional stimuli (BA1l)
(Coricelli, 2005; Rogers et al., 1999; Kringelbach et al.
2004; Frey & Petrides, 2000). Among these, the right fusi-
form gyrus (BA37) seems to play a role in face recogni-
tion, in the association between names and faces and in
the attribution of intentions to others. In contrast, the lin-
gual gyrus seems to be part of a complex network
involved in the recognition of facial emotions (Turchi
et al., 2016). It is worth noting that no cerebral regions
with reduced GM were found in the ASD population or
controls. Although the exact mechanisms of interactions
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between the cerebellum and the cerebrum remains
obscure, cerebellar alterations may result in functional
impairment of connected cerebral regions (Boni et al.,
1992, Sénmezoglu et al., 1993), and in turn, functional
alterations may result in structural modifications (Honey
et al., 2009; Limperopoulos et al., 2005). Importantly,
structural modifications in cerebral regions may be
observed in neurodegenerative CB individuals indepen-
dently of CB (Auburger, 2012). However, the absence of
cerebral GM alterations in the ASD population and the
evidence of a similar behavioral pattern support our
hypothesis that the cerebellar Crus II has a role in modu-
lating social cognition networks. The strong link between
the posterior cerebellum, in particular the Crus II, and
key mentalizing areas in the cerebral cortex, including the
TPJ, have been confirmed by several fMRI connectivity
studies (Clausi, Olivito, et al., 2019; Van Overwalle
et al., 2020; Van Overwalle & Marién, 2016; Van Over-
walle, Van de Steen, & Marién, 2019). Generally speak-
ing, fMRI studies have showed that the cerebellar
functions are topographically arranged in function-
specific cerebellar networks connected to function-
specific networks in the cerebrum (Buckner et al., 2011).
According to this evidence, the Crus II has been associ-
ated with a wide range of functions beyond mentalizing
and ToM (Keren-Happuch et al., 2014; see King
et al., 2019). However, the functional overlap between a
selected Crus II region and mentalizing network in the
cerebrum has pointed to a domain-specific role of the
cerebellum in social functions (Van Overwalle
et al., 2015; Van Overwalle et al., 2020) allowing to
hypothesize that this selected Crus II region is function-
ally specialized for social mentalizing and emotional
self/fexperience (Van Overwalle et al., 2015; Van Over-
walle et al., 2020).

In order to understand why the cerebellum is a critical
node for mentalizing processes, the sequence detection
theory (Leggio & Molinari, 2015) represents the model to
explain the cerebellar functioning. According to this the-
ory (Leggio & Molinari, 2015), the cerebellum detects
and memorizes temporal/sequential patterns, con-
structing internal models of the perceived patterns. If cor-
respondences are found between the activity pattern and
the memorized pattern, then precise expectations linked
to the identified internal model are activated. When an
incoming stimulus corresponds to the predicted one, cere-
bellar output is minimal. In contrast, when a discrepancy
or error signal is detected, cerebellar activity increases
and a large area of the cerebral cortex is alerted by
changes in excitability (Molinari et al., 2008; see also
Sokolov et al., 2017). While the role of the cerebellum as
a detector of change and deviation of sequential events
has been first reported in the somatosensory system
(Tesche & Karhu, 2000), the sequencing and predicting
coding of the cerebellum has been advanced to play a
critical role in social functioning as well (Van Overwalle
et al., 2020; Van Overwalle, Manto, et al., 2019).

Precisely, the idea is that the cerebellum produces
internal models of mental processes that occur during
social interactions and for which the prediction of
sequential events is crucial (Leggio & Molinari, 2015).
Through this mechanism, the cerebellum may modulate
cerebral activity and promote the optimized feedforward
control required to turn social interactions in fluid and
automatic behaviors and to rapidly adapt to new social
patterns when novelty is met. Thus, cerebellar structural
alterations that occurred in CB and ASD would interfere
with the modulatory function of the cerebellum on the
cortical projection areas involved in the mentalizing pro-
cess so that social behavior is not always appropriately
adjusted to specific social environmental requirements
(Van Overwalle et al., 2020; Van Overwalle, Manto,
et al., 2019). This interference could account for specific
impaired ToM outcomes, particularly when the stimuli
processing requires advanced ToM abilities.

The RME and faux pas tasks used in this study mea-
sure different aspects of mentalizing but they both require
advanced ToM capacities. Indeed, the RME is considered
an advanced ToM task (Baron-Cohen et al., 2001) involv-
ing more implicit emotional processing since it requires
mental state attribution and complex facial emotion recog-
nition from photographs where only the eye region of the
face is available, and no contextual information is pro-
vided. Conversely, the faux pas test is considered to engage
an advanced ToM ability (Stone et al., 1998) that involves
more explicit verbal reasoning since the detection of faux
pas requires both the understanding of false or mistaken
beliefs and the appreciation of the emotional impact that a
statement may have on a listener (Baron-Cohen
et al., 1985). Interestingly, both tasks have been shown to
activate a key mentalizing region in the cerebral cortex,
namely the TPJ (Russell et al., 2000; Platek et al., 2004).

In line with all these observations, we speculate that
the structural alterations in cerebellar Crus II, known to
be strictly related to more advanced ToM features (Van
Overwalle & Marién, 2016; Van Overwalle, Van de
Steen, & Marién, 2019), may structurally and function-
ally affect key mentalizing areas in the cerebral cortex
and lead to mentalizing impairments observed in ASD
and CB individuals.

To conclude, some potential limitations need to be dis-
cussed. The first limitation of this research concerns the
heterogeneity in the CB sample. Moreover, it must be con-
sidered that the choice of grouping cerebellar individuals
with different aetiologies is related to the rarity of this neu-
rodegenerative condition, which clearly affects the inclu-
sion rate and makes it difficult to find large numbers of
cerebellar individuals with the same diagnosis. Another
issue that merits discussion is that we did not find a direct
link between the observed patterns of cerebral and cerebel-
lar atrophy and altered performances in the ToM tasks.
While the lack of correlations is a challenge to our hypoth-
esis, the heterogeneity of the CB group and, together, the
relatively small sample size of ASD, are likely to prevent
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from the detection of correlational results. Indeed, along
with the CB group heterogeneity, it has to be considered
that a high intersubject variability also characterizes the
ASD population (Simmons et al., 2009), such that statisti-
cal tests may fail to identify important relationships or
connections within a small sample size. Future studies with
a more homogenous CB population and a greater ASD
sample may provide support for our conclusions and clar-
ify structural/functional correlations.

In terms of future developments and perspectives,
these findings contribute to further elucidating the role of
cerebello-cerebral circuits in social deficits, opening a
new perspective to consider the cerebellum as a potential
target for treatment implementation.

Recent studies have shown the rehabilitation potential of
tDCS in stroke patients (Ayache et al. 2012) and patients
affected by mood disorders (Galvez et al. 2015; Berlim et al.
2013). Moreover, Ferrucci and colleagues (2012) showed that
cerebellar tDCS enhances emotion recognition abilities. The
demonstration of the modulating effects of cerebellar tDCS
on ToM abilities could be crucial to evaluate new treatment
approaches in those with ASD. Indeed, identifying a com-
mon cerebellar substrate underlying the same mentalizing
deficits may be essential to develop a trans-diagnostic marker
of social impairments and to propose the cerebellum as a
potential neurostimulation target to improve social skills
across multiple pathological conditions.
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