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Abstract Autism spectrum disorders (ASDs) are known to be
characterized by restricted and repetitive behaviors and inter-
ests and by impairments in social communication and interac-
tions mainly including “theory of mind” (ToM) processes.
The cerebellum has emerged as one of the brain regions af-
fected by ASDs. As the cerebellum is known to influence
cerebral cortex activity via cerebello-thalamo-cortical (CTC)
circuits, it has been proposed that cerebello-cortical
“disconnection” could in part underlie autistic symptoms.
We used resting-state (RS) functional magnetic resonance im-
aging (fMRI) to investigate the potential RS connectivity
changes between the cerebellar dentate nucleus (DN) and
the CTC circuit targets, that may contribute to ASD patho-
physiology. When comparing ASD patients to controls, we
found decreased connectivity between the left DN and cere-
bral regions known to be components of the ToM network and
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the default mode network, implicated in specific aspects of
mentalizing, social cognition processing, and higher order
emotional processes. Further, a pattern of overconnectivity
was also detected between the left DN and the supramodal
cerebellar lobules associated with the default mode network.
The presented RS-fMRI data provide evidence that functional
connectivity (FC) between the dentate nucleus and the cere-
bral cortex is altered in ASD patients. This suggests that the
dysfunction reported within the cerebral cortical network, typ-
ically related to social features of ASDs, may be at least par-
tially related to an impaired interaction between cerebellum
and key cortical social brain regions.

Keywords Cerebellum - Cerebral cortex - Default mode
network - Social cognition - Theory of mind

Introduction

Autism spectrum disorders (ASDs) are neurodevelopmental
conditions mainly characterized by core deficits in social
communication and interaction, as well as the presence of
restricted and repetitive behaviors and interests [1]. It has
been proposed that ASDs’ deficits can be explained by
individuals’ difficulties with “theory of mind” (ToM) pro-
cesses, a crucial component of social behavior referring to
the ability of attributing mental states to self and other in
order to predict and explain behaviors [2, 3]. According to
the ToM hypothesis, pragmatic impairments of language
and communication typically observed in ASDs may be
explained in terms of social behavior deficits. The theory
that individuals with ASD are unable to represent mental
states shed light on the nature of social communication
impairments, assuming that a specific communication
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deficit lies in the use of language to affect other minds and
to give evidence of a speaker’s thoughts and intentions. In
this context, more general deficiencies in communication
caused by this deficit in the ToM might account for lan-
guage impairments and the range of deficits found in au-
tism, thus suggesting that they may be the result of one
unique deficit in the cognitive function of mentalizing [4].
The interpretation of the underlying neuropathology of the
disorder has been evolving in the literature, and it is now
believed to affect a complex neural network and specific
brain regions clearly related to core behavioral domains,
such as ToM, consisting of frontal lobe portions, temporo-
parietal areas, and subcortical structures [5]. The hetero-
geneity and complexity of core symptoms in ASD can be
explained as a fundamental involvement of both gray
(GM) and white matter (WM) of these structures [6].
The cerebellum has also been suggested to be part of the
distributed neural circuits that may be dysfunctional in
ASD [7-11]. Voxel-based morphometry (VBM) studies
have investigated the structural brain network changes in
autism and found decreased bilateral cerebellar cortical
volume as one of the biomarkers for classification of
ASD brains [12]. Decreased cerebellar GM has been re-
ported in the midline lobule IX, crus I, and lobule VIII in
ASD, while increased cortical volume has been found in
lobule VI [13—-16]. Cerebellar WM has also been proposed
to be implicated in the pathophysiology of autism by dif-
fusion tensor MRI tractography studies. Reduced integrity
of cerebellar output fibers (i.e., superior cerebellar pedun-
cle) [17, 18] and incoming cerebellar projections from the
controlateral hemisphere (middle cerebellar peduncle) [19]
have been previously reported. Altogether, considering the
breadth and depth of symptoms of ASD, connection ab-
normalities, as opposed to focal regional abnormalities,
may provide valuable insights into explaining the wide-
spread symptomatology related to ASD. In this context,
it may be important to consider that while the notion of
functional specialization suggests that specific brain areas
may play a crucial role in mediating given functions, a
collective effort of different areas may be necessary in
order to accomplish more complex functions. The cortical
underconnectivity theory has been proposed as an explan-
atory model for ASDs which suggests that an abnormal
functional connectivity among brain areas may be respon-
sible for ASD patients’ ability to accomplish cognitive
functions and social task successfully [20-24]. Thus, in
addition to anatomical connectivity, investigation of func-
tional connectivity may be necessary to further understand
ASD cognitive and behavioral profile since it may help
characterize the neural basis of higher order integrative
processes typically impaired in ASDs [3, 25]. The term
“functional connectivity” (FC) refers to synchronous acti-
vation of spatially remote brain regions [26—28] and can
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be investigated both, during a task, or simply measuring
the spontaneous fluctuations in resting-state functional
magnetic resonance imaging (RS-fMRI) signals [29].
Thus, functional connectivity is the mechanism underpin-
ning the synchronization of regional brain activation and
mediating complex cognitive tasks [30]. The cerebellum is
known to modulate cerebral cortical activity via cerebello-
thalamo-cortical (CTC) circuits [31] and has been reported
to selectively contribute to distinct functional networks
clearly related to higher level functions beyond motor con-
trol [32—-34]. The cerebellar outputs converge onto the
dentate nucleus (DN), which, in turn, sends neural fibers
to the cerebral cortex and the thalamus via the superior
cerebellar peduncles, thus completing the CTC circuit
[31]. The DN represents one of the major cerebellar output
channel participating in CTC circuits, with a more dorsal
portion projecting to motor and premotor cortex, while
caudal and ventral portions project to prefrontal and pari-
etal cortex [35]. Axonal integrity of the dentate-thalamic
pathway has been recently related to the behavioral phe-
notype of ASDs. Specifically, altered integrity of dorsal
portion of dentate-thalamic pathway has been associated
with motor features of ASDs, while ventral and caudal
portions have been related to communication behavior
[36]. In line with these evidences, communication and
social scores in ASD population have been found to cor-
relate with GM differences in the cerebellar crus I/II [37]
that are anatomically and functionally connected to pre-
frontal and parietal regions of the cerebral cortex [38—40].
Altogether, this evidence suggests that specific cerebello-
cortical circuits are involved in determining certain ASD
core symptoms. However, since functional connectivity
expresses only partially structural abnormalities associated
with a white matter tract [19], in the present study we
assessed for the first time potential changes in functional
connectivity between the DN and CTC circuit targets
using RS-fMRI in order to test the relationship between
cerebello-cerebral functional connectivity and ASDs and
to assess whether a lack of connectivity within specific
cerebellar-cerebral circuits could also characterize ASD
pathophysiology.

Material and Methods
Subjects

Ten adults aged 17 to 33 years [mean (SD) age=23.8 (6.1);
M/F =6/4], with a previous diagnosis of Asperger syndrome
or high-functioning autism based on DSM-IV-TR criteria, that
had been made by an appropriately qualified professional
using established assessment techniques [Autism Diagnostic
Observation Schedule (ADOS)] [mean (SD) 9.8 (3.65)] [41],
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were recruited for the current study. All participants complet-
ed Autistic Spectrum Quotient (AQ) [42] (mean/SD 36/7.9)
and the Wechler Adult Intelligence Scale-Revised (WAIS-R)
[43] for evaluation of total IQ scores (mean/SD 104.6/18.2),
and a comprehensive neurological examination was per-
formed by an expert neurologist. According to the inclusion
criteria, the absence of any structural brain abnormality or
psychiatric comorbidities was also ensured. Additionally, par-
ticipants with ASDs did not take any medication at the time of
testing.

In addition, 36 typically developing adults (TDAs) aged 19
to 35 years [mean (SD) age=26.5 (3.83); M/F =18/18] with
no history of psychiatric or neurological illness were enrolled
as control group. The mean age of ASD patients and TDAs
did not significantly differ (p=0.13).

This research study was approved by the Ethics Committee
of Santa Lucia Foundation, according to the principles
expressed in the Declaration of Helsinki. Written informed
consent was obtained from all subjects (or their responsible
guardian if incapable) before study initiation.

MRI Acquisition Protocol

All subjects underwent an MRI examination at 3T (Magnetom
Allegra, Siemens, Erlangen, Germany) that included the fol-
lowing acquisitions: (1) dual-echo turbo spin echo [TSE]
(TR=6190 ms, TE=12/109 ms); (2) fast-FLAIR
(TR=8170 ms, 204TE=96 ms, TI=2100 ms); (3) T1-
weighted 3D high-resolution scan (3D modified driven equi-
librium Fourier transform (MDEFT) [44] (TR=1338 ms,
TE=2.4 ms, matrix=256x224x176, in-plane
FOV =250 x250 mm?, slice thickness=1 mm); (4) T2*
weighted echo planar imaging (EPI) sensitized to blood
oxygenation-level dependent imaging (BOLD) contrast (TR
2080 ms, TE 30 ms, 32 axial slices parallel to AC-PC line,
matrix 64 x 64, pixel size 3 x 3 mm2, slice thickness 2.5 mm,
flip angle 70°) for resting-state fMRI. BOLD echo planar im-
ages were collected during rest for a 7 min and 20 s period,
resulting in a total of 220 volumes. During this acquisition,
subjects were instructed to keep their eyes closed, not to think
of anything in particular, and not to fall asleep. The TSE scans
of patients, acquired as part of this research study, were
reviewed by an expert neuroradiologist in order to character-
ize the brain anatomy and determine the presence of macro-
scopic structural abnormalities. For the TDAs, conventional
MRI was inspected in order to exclude any pathological con-
ditions according to the inclusion criteria.

Resting-State fMRI Data Preprocessing
Data were pre-processed using Statistical Parametric Mapping

[Wellcome Department of Imaging Neuroscience; SPM8
(http://www.fil.ion.ucl.ac.uk/spm/)], and in-house software

implemented in Matlab (The Mathworks Inc., Natick,
Massachussetts, USA). For each subject, the first four vol-
umes of the fMRI series were discarded to allow for T1 equil-
ibration effects. The pre-processing steps included correction
for head motion, compensation for slice-dependent time
shifts, normalization to the EPI template in MNI coordinates
provided with SPMS, and smoothing with a 3D Gaussian
Kernel with 8 mm?® full width at half maximum. For each data
set, motion correction was checked to ensure that the maxi-
mum absolute shift did not exceed 2 mm and the maximum
absolute rotation did not exceed 1.5°. The global temporal
drift was removed using a third-order polynomial fit, and the
signal was regressed against the realignment parameters, and
the signal averaged over whole brain voxels, to remove other
potential sources of bias. Then, all images were filtered by a
phase-insensitive band-pass filter (pass band 0.01-0.08 Hz) to
reduce the effect of low-frequency drift and high-frequency
physiological noise. Every participant’s MDEFT was seg-
mented in SPM in order to estimate the total GM volume.
This quantity was compared (using a two-sample ¢ test) be-
tween patients and controls to exclude the presence of macro-
scopic atrophy in patients.

Definition of Regions of Interest

The left and right DN masks were separately extracted accord-
ing to the spatially unbiased atlas template of the cerebellum
and brainstem (SUIT) [45] (Fig. 1) and resliced into EPI stan-
dard space.

Seed-Based Analyses

In order to estimate the correlation between each voxel in the
brain and the seed regions, we used a first-level SPM model.
The mean time course within each seed region of interest
(ROI) was extracted for every participant and used as a regres-
sor in a first-level SPM analysis (without conditions). The
resulting beta images are thus equivalent to the Fisher z-trans-
formed maps of the correlation coefficient. These images were
taken to the second level, for a group analysis. At second
level, a two-sample ¢ test model was used to explore differ-
ences in connectivity between patients and controls in each
ROL

Two out of ten patients were excluded from the study due
to motion exceeding the set thresholds (2 mm translation and
1.5° rotation) occurring during their MRI scans. Thus, only
eight patients [mean (SD) age=23.7 (6.3); M/F=4/4] with
ASD were included in the sample. None of the controls
showed significant motion.

Between-group statistical significance was set at p <0.05
FWE-corrected at cluster level (clusters formed with uncor-
rected voxels p<0.005 at voxel level). Sex was set as covar-
iate of no interest.
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Fig.1 Seed region in the cerebellar dentate nucleus. Sagittal a, coronal b, and axial ¢ view of the generated left (red) and right (vel/low) dentate nucleus
superimposed to the spatially unbiased atlas template of the cerebellum and brainstem (SUIT, Diedrichsen et al. 2009)

Results

Between Groups Differences of DN Functional
Connectivity

No significant difference between groups was detected in GM
volumes (p=0.87). When comparing the pattern of left DN
functional connectivity in ASDs against TDA group, the
group level analyses showed decreased FC of the left DN with
contralateral regions of the cerebral cortex (Fig. 2). Clusters of
significant FC decrease included the right precentral gyrus and
the middle frontal gyrus, the right angular gyrus with exten-
sion in the superior parietal lobe, and the posterior division of
right supramarginal gyrus (rSMG), the right parietal opercular
cortex, right planum temporal, and superior temporal gyrus
(see Table 1 for details).

When looking at the FC between the right DN and the
cerebral cortex, no significant reduction was found in ASDs
compared to TDAs.

In light of the present results, we additionally investigated
whether and which regions of the cerebellar cortex were in-
volved in the impaired FC of the left dentate nucleus.

A two-sample ¢ test model was used to compare the two
groups’ contrast images for positive correlation obtained at the
first level, as described above, but restricting the analysis to
the voxels of the sole cerebellar cortex.

When comparing the ASDs against TDA group, the second-
level analyses showed a pattern of overconnectivity between the
left DN with bilateral regions of the cerebellar cortex (Fig. 3).
Cluster of significant FC increase included the left cerebellar
lobule VI with extension to the left crus I (lobule VIIA), contra-
lateral right V and VI, and vermis VI (see Table 2 for details).
Conversely, no significant pattern of underconnectivity was de-
tected throughout the cerebellar cortex.

Discussion
The present RS-fMRI study provides the first evidence of

specific patterns of reduced functional connectivity between
the DN and specific cerebral structures in patients with ASDs.

GRO @ Springer

Underconnectivity theory has characterized autism as a
neural system disorder [20]. In this study, an impaired connec-
tivity between cerebellum and medial frontal and posterior
temporal and parietal regions is the prominent findings in
ASD group. These results are consistent with our hypothesis
that dentate-cerebral FC may contribute to ASD pathophysi-
ology. This is also in line with existent literature that evi-
denced cerebellar structural abnormalities [12, 37] and altered
cerebello-cerebral white matter pathways in individuals with
ASD [17-19]. More specifically, our results demonstrated that
a set of regions consistent with the ToM brain network [46]
has reduced connectivity with cerebellar DN.

The impairment in social cognition skills, particularly re-
ferring to the ToM, is one of the hallmarks of ASDs. Brain
imaging studies have indicated that ToM processing is based
on the activity of at least two brain areas, the right posterior
temporal sulcus with the nearby temporo-parietal junction,
and the medial frontal areas [46].

It is well known that the interactions between cerebellum
and cortex play an important role in higher order functions,
including emotional regulation and social cognition [47-50].
Temporo-parietal junction, together with medial frontal region
are two of the major projections areas of the cerebellar efferent
output [51, 52] and have been found to have reduced activa-
tion in ASDs during mentalizing tasks [53]. Evidence from a
recent fMRI study showed a reliable reduction in the synchro-
nous activation between the frontal ToM areas (medial frontal,
orbitofrontal) and posterior ToM areas (right middle and su-
perior temporal gyri, temporoparietal junction) in the group
with autism compared to controls during the ToM task [46]. In
line with the underconnectivity theory of autism [20], the au-
thors posit that the ToM deficit is due to an impairment in
frontal-posterior connectivity and that restrict communication
between frontal and posterior areas of ToM cortical network
regions may be responsible of ToM deficits [46].

It is worth noting that we found decreased functional con-
nectivity with the cerebellar dentate nucleus in regions be-
longing to the default mode network (DMN) [54], a network
indispensable for functions underpinning the social under-
standing of others, such as perceiving and interpreting other’s
emotion status, showing empathy to other people, inferring
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Fig. 2 Left DN functional connectivity with brain regions. Differences in
functional connectivity of the left DN between control and patients groups are
shown in sagittal (lefi column), coronal (central column), and axial slices
(right column). Clusters of decreased functional connectivity are labeled in

Table 1  Patterns of DN functional changes in ASD patients compared
to TDA group

Regions Size Side Coordinates (mm) Peak Z-score
X y z

Precentral gyrus 492 R 46 4 48  4.87

Middle frontal gyrus 52 18 32 342

Angular gyrus 665 R 46 46 52 416

Supramarginal gyrus 50 —40 38 349

Parietal opercular cortex 449 R 54 20 14 372

Planum temporale 56 28 8 3.59

Superior temporal gyrus 64 26 6

MNI coordinates (x, y, z in the Montreal Neurological Institute space) and
peak Z-score of the peak voxel showing greatest statistical differences in a
cluster

different colors: precentral gyrus (x =46, y =—4, 7=48) in light blue; angular
gyrus (x=46, y=—46, z=42) in red, parietal opercular cortex (x=>54,
y=-20, z=14) in yellow. See Table 1 for details. S superior, / inferior, R
right, L left, A anterior, P posterior

other people’s intention and beliefs [55, 56], all features relat-
ed to social deficits observed in ASDs.

A number of resting-state functional connectivity studies
have demonstrated that the cerebellum contributes to different
higher order cortical networks, including fronto-parietal net-
works as well as DMN [33, 34, 38, 57, 58]. Crus I/Il has been
shown to participate in the default mode network by mediat-
ing default regions’ activity [59]. The DMN includes a set of
brain structures such as the posterior cingulate cortex, the
retrosplenial cortex including the precuneus region, the lateral
parietal cortex/angular gyrus, the medial prefrontal cortex, the
superior frontal gyrus, the temporal lobe, the parahippocampal
gyrus, and the temporo-parietal junction (TPJ) [54]. RS-fMRI
studies have investigated DMN activation and connectivity in
adults and adolescents with ASDs and identified reduced
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Fig. 3 Left DN functional connectivity with regions in the cerebellar
cortex. Differences in functional connectivity of the left DN between
control and patient groups are shown in coronal (right), axial (middle),

anterior/posterior DMN connectivity using both ROIs based
and whole brain methods of image analysis [23, 60-63].
Furthermore, autistic traits related to social cognition process-
ing have been shown to be associated to modified FC between
regions within the DMN [64]. The right supramarginal gyrus
and the right angular gyrus have been reported to be part of the
anatomical parcellation of the rTPJ [65—68]. Previous social
neuroscience research has consistently implicated the TPJ,
particularly the right TPJ, in ToM self-other distinction tasks
[65, 66, 69, 70] and specific mentalizing tasks [71-75].
Structural and functional connectivity measures have support-
ed the anatomical segregation of the TPJ. A more anterior
subdivision, encompassing the SMG, has been found to ex-
hibit strongest connectivity with areas (such as medial cingu-
late cortex and insular cortex) [67] generally associated with
affect regulation [76, 77] and affect sharing [78] and more
strongly activated during emotion mentalizing (inferring an-
other person’s emotion) [79]. In contrast, a more posterior
subdivision centered on the angular gyrus has been reported
to show the strongest connectivity with areas generally asso-
ciated with ToM (such as the precuneus and medial prefrontal
cortex) and the suppression of imitative tendencies [65, 66].
The same area is more strongly activated during intention
mentalizing (inferring another person’s intention) [79]. The
cerebellum has been implicated in setting up distant cortical
networks in the brain during development [80]. It follows that
specialization of cortical regions involved in language, social

Table 2  Patterns of DN-cerebellar functional overconnectivity in ASD
patients compared to TDA group

Regions Size Side Coordinates (mm) Peak Z-score

x v b4

Cerebellum VI 862 L —4 74 —12 432
-18 —66 30 393
-18 74 20 3.87

MNI coordinates (x, y, z in the Montreal Neurological Institute space) and
peak Z-score of the peak voxel showing greatest statistical differences in a
cluster
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and sagittal (/eff) slices. Cluster of increased functional connectivity
(labeled in red) is centered in the left cerebellar lobule VI with extension
in the left crus I and cerebellar regions in the contralateral hemisphere

interaction, and motor control in ASDs might be impaired due
to disruptions of specific cerebro-cerebellar networks and may
lead to long-term impairments in these domains. Over the
years, evidence for cerebellar involvement in ASDs has been
growing in literature. Increased and decreased cerebellar gray
matter volume [37, 81], vermal lobular hypoplasia [8], and
cerebellar abnormalities in Purkinje cells and in the major
input and output structures [82] have been reported in
ASDs. Rogers and coll. [83] hypothesized a developmental
cerebellar neuropathology to affect the autistic brain and a
subsequent “disconnection” due to a loss of the outflow of
the cerebellar cortex [11, 82]. This may result not only in
disrupted communications between the cerebellum and its ef-
ferent target but also activate compensations or adaptation
mechanisms of the affiliated neuronal circuitry accounting
for behavioral and cognitive symptoms associated with autism
[83]. Consistently, cerebro-cerebellar underconnectivity in
supramodal cognitive networks has been found in children
and adolescents with ASDs compared to controls [84]. In light
of'this, it is reasonable that a cerebellar dysfunction may affect
long distance regions of the brain and that clinical symptoms
may be related with changes in such cortical networks.
Connectivity between mentalizing network of the cerebrum
and mentalizing areas in the cerebellum has been demonstrated
by a recent connectivity analysis [85], supporting that the cer-
ebellum plays a crucial role in social cognition by recruitment
of domain-specific mentalizing processes [86]. The general as-
sumption is that the cerebellum makes internal sequencing pre-
dictions based on the input of the mentalizing areas of the
cerebrum and sends back error signals if mismatches occur
between anticipated social events and current behavior [85].
This suggests that the dysfunction reported within the re-
gions typically related to social features of ASDs may be due
to a loss or dysregulation of the cerebellar output to certain
“social brain areas” impeding the cerebellar modulation neces-
sary to accomplish complex cognitive task and adaptive social
behavior successfully. The decreased functional connectivity
between the cerebellar DN and regions of the social brain net-
work (i.e., fronto-parietal areas and DMN) evidenced in the
present study gives a strong support to this hypothesis.
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We only found altered FC to affect the left dentate nucleus.
This finding seems to be in contrast with existing literature
investigating cerebellar alterations in individuals with ASD
and suggesting a vulnerability of the right cerebellar neural
pathways [17, 36]. However, these previous studies were both
focused on assessing structural connectivity, while the current
study is based on FC. For its own nature, FC does not neces-
sarily reflect structural abnormalities within specific white
matter tracts [19]. For this reason, structural and functional
connectivity findings are likely to reflect complementary as-
pects rather than being in contrast to each other.

On the other hand, a recent functional connectivity study in
ASD subjects reported altered correlations between cortical
areas and cerebellar lobuli in the right as well as in the left
cerebellar hemisphere. Further, this abnormal cerebro-
cerebellar correlation was not in line with the “primarily crossed
connectivity between cerebral and cerebellar hemispheres™ [84].
In view of these considerations, our data regarding the selective
involvement of the left dentate nucleus raise the question about
the functional significance of such a lateralization. Further inves-
tigations are needed to address this important issue.

Finally, the pattern of increased FC between the left dentate
nucleus and regions of the cerebellar cortex needs to be
discussed.

Our results are at least partially consistent with Khan et al.
[84] showing that overconnectivity in the cerebellar cortex of
ASD subjects occurs predominantly in lobule VI, crus I and II,
and lobules VIIIA and VIIIB. However, it should be consid-
ered that this previous study investigated correlations between
cerebellar cortex and cerebral supramodal and sensorimotor
regions, but not within the cerebellum itself.

From an anatomical point of view, efferent projections from
the cerebellar cortex first synapse in the deep cerebellar nuclei
(e.g., dentate nucleus) and then project to a second synapse in
the contralateral thalamus. The thalamus, in turn, serves as a
relay to the cerebral cortex (the dentate-thalamo-cortical tract)
[87, 88]. These anatomical observations provide strong support
to our results. The Purkinje cells are the only output neurons
from the cerebellar cortex that inhibit the deep cerebellar nuclei.
It is therefore conceivable that the overconnectivity we found in
the cerebellar cortex exerts increased inhibition on the dentate
nucleus, which, in turn, reduces its excitatory outputs to the
cerebral cortex. As consequence, this might explain the pattern
of reduced dentate-cerebral FC we observed here. Finally, it is
worth noting that, according to different functional imaging
studies [38, 58], the cerebellar lobules showing overconnectivity
with the left dentate are classified as supramodal cerebellar re-
gions and have been reported to be associated with the default
mode network [34, 57].

Our study also suffers from some important limitations.
First, it is well known that individuals with ASD are more
likely to move during their scans than healthy controls, and
motion constitutes an important confound in functional

connectivity analyses [89]. We have applied a rather simplistic
approach to adjust for this confound, whilst more sophisticat-
ed approaches, such as using higher order models of motion,
or independent component analysis (ICA) to classify motor
components on subject by subject basis [90]. We have how-
ever excluded from the analysis participants where excessive
motion was evident. A second limitation is the small number
of subjects who were recruited. Although these data strongly
support preliminary evidence of cerebro-cerebellar disconnec-
tion to subtend ASD social dysfunction, future studies with
larger patient population are needed to reinforce such an in-
terpretation. It is important to reiterate, however, that, despite
the relatively small number of individuals with ASD taking
part in the study, our results were statistically significant, thus
supporting the relevance of our conclusions.

Another issue concerns with the gender distribution within
our ASD group, as half of the subjects are female while ASD
has typically male prevalence [91]. Although a gender bias is
very likely to be genuine, the traditionally accepted 4-5:1
male prevalence has been recently questioned. A recent study
highlighted that it may be “partly due to the underrecognition
of females (particularly higher functioning), ascertainment bi-
as, and issues of diagnostic instruments” [92]. Furthermore, it
should be considered that diagnosis is later in females than in
males [93, 94]. In particular, those who are higher functioning
and have atypical, compensated, or masked characteristics
might be underrecognized or misrecognized until later in ad-
olescence or adulthood. It has to be considered that we only
included high-functioning adult subjects and some studies
tend to find no sex/gender differences in this kind of ASD
population [95-97].

Finally, another drawback that needs to be considered is
that, due to the small sample size, we could not perform cor-
relations between social behavioral scores and functional data.
This issue should be addressed in future studies in order to
clarify the relationship between cerebello-cortical connectivi-
ty and ASD pathology as it can provide important additional
insight.

Overall, this study provides the first evidence of an im-
paired resting-state functional connectivity between DN and
cortical regions involved in the mediation of social cognitive
behavior in individuals with ASD.

Conclusion

We examined for the first time functional connectivity be-
tween dentate nucleus and cerebral cortex regions in ASDs
thus suggesting that social perception changes typically asso-
ciated with autism may be also related to altered interaction
between cerebellum and key social brain regions.
Specifically, altered functional connectivity was found be-
tween cerebellum and cerebral regions known to be components
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of ToM network and default mode network, strongly implicated
in some aspects of social cognition processing.

Altogether, the present results provide a great insight into
understanding the potential role the cerebellum may have in
core autistic symptoms by mediating key cortical brain net-
works related to social cognition processing and typically al-
tered in ASDs.
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