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Neuroanatomical differences in the cerebellum are among the most consistent findings in autism spectrum dis-
order (ASD), but little is known about the relationship between cerebellar dysfunction and core ASD symptoms.
The newly-emerging existence of cerebellar sensorimotor and cognitive subregions provides a new framework
for interpreting the functional significance of cerebellar findings in ASD. Here we use two complementary
analyses — whole-brain voxel-based morphometry (VBM) and the SUIT cerebellar atlas — to investigate
cerebellar regional gray matter (GM) and volumetric lobular measurements in 35 children with ASD and 35

ﬁiﬂ:ﬂ;emm disorder typically-developing (TD) children (mean age 10.4 + 1.6 years; range 8-13 years). To examine the relationships
Cerebellum between cerebellar structure and core ASD symptoms, correlations were calculated between scores on the
Voxel based morphometry Autism Diagnostic Observation Schedule (ADOS) and Autism Diagnostic Interview (ADI) and the VBM and
SUIT volumetric data. Both VBM and the SUIT analyses revealed reduced GM in ASD children in cerebellar lobule VII
ADOS (Crus I/I1). The degree of regional and lobular gray matter reductions in different cerebellar subregions correlated
ADI with the severity of symptoms in social interaction, communication, and repetitive behaviors. Structural

differences and behavioral correlations converged on right cerebellar Crus I/I, a region which shows structural
and functional connectivity with fronto-parietal and default mode networks. These results emphasize the impor-
tance of the location within the cerebellum to the potential functional impact of structural differences in ASD, and

suggest that GM differences in cerebellar right Crus I/II are associated with the core ASD profile.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Autism spectrum disorders (ASDs) are characterized by impairments
in social interaction, communication, and restricted or repetitive behav-
iors and interests (DSM-IV: American Psychiatric Association, 1994).
Neuroimaging research has revealed a broad network of regional brain
abnormalities in ASD, including frontal, parietal, and limbic regions,
the basal ganglia, and the cerebellum (Amaral et al., 2008). Cerebellar
structural and functional differences are consistently reported in ASD,
suggesting that cerebellar dysfunction may be important in the etiology
of the disorder (Allen et al., 2004; Courchesne, 1997; Fatemi et al.,
2012). Supporting this, almost all post-mortem analyses of ASD individ-
uals have reported reduced Purkinje cell size and number regardless of
age, sex, or cognitive ability (Bailey et al., 1998; Bauman and Kemper,
2005; Fatemi et al., 2002; Whitney et al., 2009). Although neuroimaging
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meta-analyses suggest that several different regions of the cerebellum
are affected in ASD (Duerden et al., 2012; Stoodley, 2014; Yu et al.,
2011), no study has used both voxel-based and lobular region of inter-
est analyses to examine structural differences within the cerebella of
autistic individuals, while also assessing the relationship between
these cerebellar subregions and core ASD symptoms.

Anatomically, the cerebellum is divided into ten lobules (lobules I-X)
and three lobes: the anterior lobe (lobules I-V), the posterior lobe
(lobules VI-IX), and the flocculonodular lobe (lobule X; Fig. 1).
Anatomical, clinical, and neuroimaging studies support the idea that
regions within the cerebellum have functionally distinct roles in move-
ment, cognition and affective processing (Stoodley and Schmahmann,
2010). Somatomotor representations of the body are found in the
anterior lobe and lobule VIII, which interconnect with sensorimotor
areas of the cerebral cortex and are engaged during sensorimotor
tasks (Stoodley and Schmahmann, 2010). The large posterior lobe,
including lobules VI and VII (which is subdivided into Crus I, Crus II
and VIIB), receives input from prefrontal and parietal association areas
and is engaged during cognitive tasks (Strick et al., 2009). Recent func-
tional connectivity data show that the majority of the cerebellum is

2213-1582/© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Yellow = lobules I-IV
Green = lobule V
Blue = lobule VI

Purple =lobule VII (Crus [)
Red = lobule VII (Crus II)
Orange = lobule VII (VIIB)

Green = lobule VIIA

Aqua = lobule VIIIB

Dark-Purple = lobule 1X
Pink-Purple =lobule X

Fig. 1. The human cerebellum with lobules [-X color-coded. From the spatially unbiased
infratentorial template [SUIT] of the cerebellum and brainstem (Diedrichsen et al., 2009;
Diedrichsen, 2006).

functionally connected to association networks involved in cognitive
and affective processes, rather than somatomotor networks (Buckner
et al., 2011). Clinical outcomes also reflect the topography seen in
healthy controls, as lesions involving posterior regions of cerebellum
can lead to difficulties in executive functioning, language, memory
and affect, while damage to the anterior cerebellum can result in
motor impairments with minimal cognitive effects (Schmahmann and
Sherman, 1998). Based on these data, the putative role of the human
cerebellum has been expanded to include higher order cognitive and
affective processes (Ito, 2008; Stoodley and Schmahmann, 2009;
Strick et al., 2009). The unique patterns of connectivity of different
cerebellar subregions result in a functional topography, whereby differ-
ent regions process different types of information (Stoodley, 2012;
Strick et al., 2009). This topography is of importance when considering
the localization of cerebellar structural and functional differences in
ASD, and may be beneficial in the interpretation of cerebellar findings
in ASD.

Neuroimaging studies comparing ASD with typically developing
(TD) individuals reveal differences in several regions of the cerebellum.
Structural MRI studies have described hypoplasia of the posterior
vermis in ASD (Carper and Courchesne, 2000; Courchesne et al., 1988,
1994, 2011; Murakami et al., 1989), and meta-analyses of voxel-based
morphometry (VBM) studies have reported consistent gray matter
(GM) decreases in right Crus I, lobule VIII, and lobule IX (Duerden
et al., 2012; Stoodley, 2014; Yu et al., 2011). Decreased GM is less
commonly reported in regions such as left Crus I, and sometimes overall
increased cerebellar GM is noted (Duerden et al., 2012; Yu et al., 2011).
Functional MRI studies have revealed reduced activation in the cerebel-
lum in ASD during social, language, and motor tasks. Individuals with
ASD underactivate Crus I while processing facial and vocal stimuli
(Wang et al., 2007) and during executive functioning paradigms
(Solomon et al., 2009). Language tasks elicit abnormal activation in
lobule VII in autistic individuals during core aspects of communication
such as semantic processing (Harris et al., 2006). Lastly, children with
ASD fail to engage the anterior cerebellum (lobule IV/V) during motor
tasks when compared to their TD peers (Mostofsky et al., 2009). While
convergence across studies exists, there remains significant variation
among cerebellar neuroimaging findings in ASD.

Clinical studies also report ASD-like symptomology in patients with
cerebellar abnormalities. Malformations of the cerebellar vermis are
associated with social and affective disorders, while cerebellar hemi-
sphere malformations are linked to expressive language, gross motor,

and executive functioning deficits, symptoms relevant to ASD (Bolduc
etal.,, 2012; Tavano et al., 2007). Premature infants sustaining cerebellar
damage have a 40-fold increase in positive ASD screens relative to
controls (Limperopoulos et al., 2007). Further, individuals with
Tuberous Sclerosis (TSC) have high rates of ASD symptoms (Gillberg
et al., 1994; Hunt and Shepherd, 1993; Smalley et al., 1992; Wing and
Gould, 1979) which have been specifically related to tubers located
within the cerebellum (Weber et al., 2000).

The links between cerebellar dysfunction and ASD symptomology
have led some to posit that autism might be a “disease of the cerebel-
lum” (Rogers et al., 2013). However, few studies have examined the
role of specific cerebellar subregions in autism, and even fewer have in-
vestigated correlations between regional GM and behavioral measures
in ASD (Kosaka et al., 2010; Riva et al., 2013; Rojas et al., 2006). Thus
far, most studies have examined differences at the hemispheric level,
and studies investigating regional differences often have not localized
findings to particular cerebellar lobules. Given the emerging functional
topography of the cerebellum and the various cerebellar regions impli-
cated in autism pathophysiology, it is important to investigate more
discrete subdivisions within the cerebellum and to consider their func-
tional relevance. The present study investigates cerebellar structure in
ASD and links the structural findings to the core symptoms of the
disorder.

To our knowledge, this is the first study to examine the cerebellum
in autism at both a voxel-based and lobular level by using two comple-
mentary approaches — voxel-based morphometry (VBM) (Ashburner
and Friston, 2000; Good et al., 2001) and the Spatially Unbiased
Infratentorial Template (SUIT) (Diedrichsen et al., 2009; Diedrichsen,
2006) for lobular region of interest (ROI) volumetric analysis. Moreover,
this is the first study to correlate cerebellar lobular volumes with
behavioral measures. Unlike ROI approaches, VBM allows for a precise,
voxel-level examination of the cerebellum in the context of the whole
brain in an unbiased, operator-independent manner. Complementing
this approach, the SUIT template and atlas allow for a ROI-based
examination of cerebellar substructure by providing a high-resolution
atlas and template of the human cerebellum and brainstem. The more
commonly-used MNI template provides little contrast for the cerebel-
lum and cerebellar structures, while the SUIT template preserves the
anatomical detail of the cerebellum and allows for better localization
of cerebellar findings. As lobules are anatomically (rather than function-
ally) defined, VBM can elucidate with millimeter resolution how struc-
ture is related to ASD symptomology without the confines of lobular
boundaries, and might reveal GM differences that span or cross lobules.
On the other hand, the SUIT ROI method provides an excellent template
for measuring specific cerebellar lobules and may be more statistically
powerful than the VBM approach; however, the more gross lobular
measures might hide subtle GM differences between groups. Because
there can be differences in results when voxel-based vs. ROI
approaches are employed, using both of these techniques in the same
dataset helps to establish structural differences that converge across
analysis methods. Therefore, combining VBM and SUIT methods in the
same dataset allows for an examination of the cerebellum at the
voxel-level and lobular-level, capitalizing on the strengths of each ap-
proach. For both approaches, we examined the relationship between
ASD symptoms and cerebellar structure.

2. Materials and methods

2.1. Participants

Seventy children aged 8-13 years participated in this study: 35
children with ASD (30 males; mean age = 10.4 + 1.6 years; 32
right-handed, 3 left-handed) and 35 TD children (21 males; mean
age = 10.4 £ 1.5 years; 32 right-handed, 2 left-handed, 1 mixed
dominance). TD participants were age-matched to ASD subjects by clos-
estage. When there were multiple exact or closest-aged TD participants,
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participants were matched by sex. Participants were recruited as part of
an on-going study conducted by the Center for Neurodevelopment and
Imaging Research (CNIR) at the Kennedy Krieger Institute. Sources of
recruitment included advertisements posted in the community, local
pediatricians’ and psychologists’ offices, local schools, social service
organizations, chapters of the Autism Society of America, the Interactive
Autism Network (IAN) database, outpatient clinics at Kennedy Krieger
Institute, and word of mouth. This study was approved by the Johns
Hopkins Medical Institutional Review Board. Written consent was
obtained from a parent/guardian and assent was obtained from each
child.

None of the children had intellectual disability, seizure or other
neurological disorder, any severe chronic medical disorder, diagnosed
genetic disorder, or psychotic disorder. In the TD group, additional
exclusions included any psychiatric disorder (except specific or social
phobia), speech and language disorder, broader autism phenotype
effects (Piven and Palmer, 1997), and a family history of first-degree
relatives with ASD.

Intellectual ability was assessed using the Wechsler Intelligence
Scale for Children 4th edition (WISC-IV; Wechsler, 2003). All TD
subjects and 33/35 ASD subjects had full scale 1Qs (FSIQs) above 79.
Two ASD subjects with FSIQs below 79 were also included based on
Verbal Comprehension Index (VCI) scores of 85 or greater. This is in
line with recommendations to individualize measures best suited for
estimation of cognitive abilities in children with ASD (Mottron, 2004).

2.2. ASD diagnosis

Participants with a diagnosis of ASD were assessed by a master’s
level or higher psychologist who was reliable according to research
criteria. The Autism Diagnostic Interview — Revised (ADI-R; Lord et al.,
1994) and the Autism Diagnostic Observation Schedule — Generic
(ADOS-G; Lord et al., 2000) module 3 were administered to confirm
ASD diagnosis. All participants met DSM-IV criteria for ASD based on
the ADOS-G or ADI-R and the clinical impression of the investigators.

2.3. Image acquisition

For each participant, a high-resolution T1-weighted MP-RAGE was
acquired on a Philips 3 T Achieva MRI scanner (Best, Netherlands)
using an 8-channel head coil (TR = 7.99 ms, TE = 3.76 ms, flip
angle = 8°, voxel size = 1 mm? isotropic). Scans containing significant
motion artifacts or poor gray/white matter differentiation were excluded
from a larger sample to produce the current dataset.

2.4. Image processing

2.4.1. Voxel based morphometry

Voxel based morphometry (VBM) was used to identify differences in
regional GM volume between the autism and TD groups using SPM8
implemented in MATLAB 2012b. T1 anatomical images were pre-
processed using an optimized VBM procedure (Ashburner and Friston,
2000; Good et al., 2001; Mechelli et al., 2005) including: examination
of each image for gross anatomical abnormalities and scanner artifacts;
setting the origin to the anterior commissure; segmentation into gray
matter (GM), white matter (WM), and cerebrospinal fluid (CSF) using
“New Segment” in SPM8; creation of a study-specific template by
importing parameter files produced during segmentation into DARTEL;
affine transformation of segmented tissues into MNI space; and
standard smoothing with an 8 mm FWHM Gaussian kernel. The
smoothed, modulated, normalized data were used in the statistical
analyses. The modulation step was added so that the final VBM statistics
reflect “volume” differences rather than “concentration” differences in
GM (Good et al., 2001; Mechelli et al., 2005).

2.4.2. Lobular volume analysis

Lobular volumes were calculated using the SUIT toolbox (Diedrichsen
et al., 2009; Diedrichsen, 2006) implemented in SPM8. The procedure in-
volved: cropping and isolating the cerebellum from the T1 anatomical
images; normalizing each cropped image into SUIT space; reslicing the
probabilistic cerebellar atlas into individual subject space using the defor-
mation parameters from normalization; and calculating the number of
voxels in each lobule in the resliced images. The SUIT probabilistic atlas
is a GM template only and excludes WM. This process therefore resulted
in 28 volumetric GM measurements, reflecting the ten bilateral lobules
(I-X right and I-X left; lobules I-IV are combined into one measure,
and lobule VII is divided into VIIB, Crus I and Crus II; lobule VIII is divided
into VIIIA and VIIIB) and vermis lobules VI-X.

2.5. Statistical analysis

2.5.1. Comparisons of total intracranial volume

Total intracranial volume (TIV) was calculated by summing the total
GM, WM, and CSF volumes. Two-tailed t-tests were performed to
identify any group differences in total GM, total WM, total CSF, and TIV.

2.5.2. Voxel based morphometry

Regional differences in GM between groups were assessed using the
general linear model (GLM) in SPM8. Smoothed, modulated, normal-
ized GM images were entered into a voxel-wise two-sample t-test anal-
ysis. Results were thresholded at p <0.001 (uncorrected) with an extent
threshold of 50 voxels to control for type I error. An absolute threshold
mask of 0.2 was used to avoid edge effects at the borders of GM and
WM. Total intracranial volume (TIV = GM + WM + CSF) was entered
as a covariate. Gender was also entered as a covariate in the statistical
model due to significantly different gender distributions in the ASD
and TD groups (x* = 4.62, p = 0.032).

2.5.3. Lobular volume analysis

Lobular volumes were corrected for total cerebellar volume (individ-
ual lobular volumes / total cerebellar volume) and two-tailed t-tests
were performed to identify group differences.

2.6. Behavioral correlations with regional GM

Multiple regression analyses were conducted in SPMS8 to identify
correlations between the ADI and ADOS scores and regional GM volume.
Total intracranial volume (TIV) was entered as a covariate. Results were
thresholded at p < 0.005 (uncorrected) with an extent threshold of 50
voxels. Multiple regression analyses were conducted between GM and
ADOS scores for 32 subjects and between GM and ADI scores for 33 sub-
jects due to missing data. For the lobular volumes, Spearman rank-order
correlations between lobular volumes and ADOS and ADI behavioral
scores were calculated in SPSS (IBM SPSS Statistics). Correlations signif-
icant at p < 0.01 are reported.

3. Results

3.1. Total intracranial volume (TIV)

No significant effects of diagnosis were observed for TIV (p = 0.077,
ASD >TD), total GM (p = 0.114), or total WM (p = 0.090, ASD >TD). A
significant effect of diagnosis was observed for total CSF volume (p =
0.037, ASD > TD). Because TIV and total WM approached significance,
TIV was entered as a covariate for subsequent analyses.

3.2. Cerebellar analyses

3.2.1. Voxel based morphometry

Children with ASD showed significantly reduced GM in right Crus I/II
(Fig. 2). Right Crus I/Il was the largest cluster in the brain in
which ASD < TD (MNI 24 —70 —39, T = 3.91, k = 170), with the
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Fig. 2. Reduced GM in ASD relative to controls. Children with ASD had reduced GM in right
Crus I and IL This cluster falls within the default mode network in the context of Buckner
et al’s (2011) functional connectivity maps. Networks: blue = somatomotor; Violet =
ventral attention; Green = dorsal attention; Cream = limbic; Orange = frontoparietal;
Red = default mode.

second-highest T-value. There were no cerebellar regions where
children with ASD showed greater GM relative to TD children. Whole-
brain findings are reported in Supplemental Data Table S1.

3.2.2. Cerebellar lobular Volumes

Similar to the VBM data, the lobular analysis revealed that right Crus
I was significantly smaller in children with ASD (11.16% of cerebellar
volume) compared to TD children (11.70% of cerebellar volume, p =
0.033). Vermis VIIIA and vermis VIIIB were significantly larger in
children with ASD (vermis VIIIA, 0.90% of cerebellar volume; vermis
VIIIB, 0.43%) when compared to TD children (vermis VIIIA, 0.80% of
cerebellar volume; vermis VIIIB, 0.40%; p = 0.005 and p = 0.014,
respectively).

Table 1
Cerebellar regions in which GM correlated with behavioral (ADOS and ADI) scores.

3.3. Behavioral correlations

3.3.1. VBM: regional GM

Multiple regression analyses revealed significant negative correla-
tions between regional cerebellar GM volume and ADOS and ADI scores,
such that smaller GM volumes were associated with higher (more im-
paired) scores (Table 1). No positive correlations between cerebellar
GM and behavioral scores were found.

No significant correlations were found between cerebellar GM
and ADOS or ADI Communication scores. Higher severity ADOS
Social + Communication scores correlated with reduced GM in
right lobule VI/Crus I and right lobule VIIIA/VIIIB (cyan, Fig. 3).
Poorer ADOS Social Interaction scores correlated with reduced GM
in several clusters in vermis I-1V; vermis V-VI; right lobule I-1V;
right lobule VI/Crus I/Crus II (largest and most significant cluster in
the brain); right lobule VIIIA/VIIIB; left lobule VIIIA/VIIIB; and left
lobule VIIIB/IX (purple, Fig. 3). Higher severity ADOS Stereotyped
Behaviors and Restricted Interests scores correlated with reduced GM
in right Crus I/II (green, Fig. 3), and more severe ADI Restricted, Repeti-
tive, and Stereotyped Behaviors scores correlated with reduced GM in
right lobules I-V (yellow, Fig. 3). Higher severity AD], Social Interaction
scores correlated with reduced GM in right lobules I-IV (blue, Fig. 3).
Fig. 4 shows these findings overlaid on the 7-network functional connec-
tivity maps established by Buckner et al. (2011). Correlations with core
ASD symptoms converged on right Crus I/Il, where there was significantly
reduced GM in the ASD group in both the VBM and lobular analyses
(Fig. 4F).

3.3.2. SUIT: lobular volumes

Consistent with the VBM results, smaller vermis VI correlated with
higher severity ADOS Social scores (Table 2). However, some SUIT
findings diverged from the VBM results. Smaller vermis VI was also
associated with worse ADI Communication scores. Smaller left and
right lobules VIIIB correlated with more severe ADOS Stereotyped
Behaviors and Restricted Interest scores. Lastly, larger vermis VIIB and
VIIIA correlated with higher severity ADI Restricted, Repetitive and
Stereotyped Behavior scores.

4. Discussion

We investigated the localization of cerebellar structural differences
in ASD and the relationship between cerebellar gray matter, lobular vol-
umes, and core autistic symptoms. To our knowledge, this is the first
study to examine structural differences in the cerebellum in children
with ASD using two independent methods: whole-brain VBM and
lobular volume analysis using the SUIT atlas. Further, in each analysis
we examined the correlations between behavioral scores and structural

Behavioral Measure Cerebellar region Cluster Size (voxels) Max T p-Value MNI coordinates
ADOS Social + Communication Right VI/Crus I 328 3.51 0.001 18 —82 —23
Right VIIIA/VIIIB 309 3.46 0.001 23 —57 —56
ADOS Social Interaction Right VI/Crus I/Crus II 2173 461 0.00004 18 —82 —23
Right VIIIA/VIIIB 407 3.62 0.001 23 =57 =53
Left VIIIB/IX 143 333 0.001 —14 —45 —51
Vermis I-IV 140 3.30 0.001 —2 —48 -23
Vermis V/VI 64 3.15 0.002 2 —66 —15
Right I-IV 71 3.03 0.003 18 —34 —-23
Left VIIIA 71 3.02 0.003 —27 —49 —53
ADOS Stereotyped Behaviors and Restricted Interests Right Crus /11 49° 3.16 0.002 24 —73 —38
ADI Restricted, Repetitive, and Stereotyped Behaviors Right IV/V 244 333 0.001 29 —31 —30
ADI Social Interaction Right [-IV 49° 2.90 0.003 21 —30 —27

MNI coordinates = x, y, z depict coordinates of cluster peak.
@ Largest, most significant cluster in the brain.
b This cluster was only evident at an extent threshold of k = 49.
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Fig. 3. Cerebellar regions in which reduced GM correlated with ADOS and ADI scores. **Largest and most significant cluster in the brain (k = 2173, T = 4.61); *k = 49.
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Fig. 4. Behavioral correlations (A-E, left) shown in the context of Buckner et al.’s (2011) functional connectivity maps (A-E, right) and convergence of findings on right Crus I/Il (F).
(A) ADOS Social Interaction scores; (B) ADOS communication + Social Interaction scores; (C) ADOS stereotyped behaviors and restricted interests; (D) ADI, Social Interaction; (E) ADI
restricted, repetitive, and stereotyped behaviors; (F) convergence of main diagnostic criteria of ASD on right Crus I/II area. Network legend is from Yeo et al. (2011).
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Table 2
Correlations between SUIT lobular volumes and behavioral scores.
Behavioral subscale Vermis VI Vermis VIIB Vermis VIIIA Left VIIIB Right VIIIB
ADOS Social Interaction p = .006, - - - -
r = —.435"
ADOS Stereotyped Behaviors and Restricted Interests - - - p = .006, p = .007,
r= —.436 r= —.432
ADI Restricted, Repetitive, and Stereotyped Behaviors - p = .009, p = .002, - -
r = .408 r = 478
ADI Communication p = .006, - - - -
r=—.372

2 Consistent with VBM findings.

measures. Across analysis methods, right Crus I/Il was consistently
reduced in ASD participants when compared to TD participants. In the
VBM analysis, reductions in the right Crus I/l cluster predicted the
severity of core ASD symptoms. In several cerebellar regions, more ab-
normal GM findings were associated with more severe ASD symptoms,
suggesting that these structural differences are functionally significant.
These findings support the involvement of the cerebellum in ASD,
and further identify specific cerebellar subregions where structural
differences are found.

4.1. Right Crus I and Il

The most consistent finding was in right Crus I/Il, where both
whole-brain VBM and lobular analyses revealed smaller GM volumes
in ASD relative to the TD group. In particular, the VBM results showed
that reduced GM in right Crus I predicted higher severity on all ADOS
subscales, suggesting that this region might be a valid potential cerebel-
lar biomarker in ASD. These findings are also consistent with previous
studies: meta-analyses of GM volume differences in ASD have reported
decreased GM in right Crus I (Duerden et al., 2012; Stoodley, 2014; Yu
et al, 2011), and reduced GM in right Crus I/Il was found to correlate
with increased repetitive behaviors, poorer communication scores,
and poorer Social Interaction scores in both children and adults with
ASD (Riva et al,, 2013; Rojas et al., 2006).

What might be the functional significance of structural differences in
right Crus I/II? Crus I and Crus II are anatomically and functionally
connected to prefrontal and parietal regions of the cerebral cortex
(Buckner et al., 2011; Hoover, and Strick, 1999; Kelly and Strick, 2003;
Strick et al.,, 2009), and resting-state functional connectivity data
suggest that Crus I is functionally connected to ventral attention,
frontoparietal, and default mode networks (Buckner et al., 2011).
Reduced connectivity within these networks, particularly the default
mode and frontoparietal networks, has been related to impaired social
and communicative abilities in ASD (Assaf et al., 2010; Redcay et al.,
2013; Washington et al., 2014). Task-based fMRI studies reveal right
Crus I activation during executive function paradigms, language tasks
and subtasks supporting language, and emotional processing (Mathiak
et al., 2002, 2004; Sen et al., 2011; Stoodley, 2012; Stoodley and
Schmahmann, 2009) and a recent meta-analysis found that this region
is involved in abstract social cognition (Van Overwalle et al., 2014). In
ASD, abnormal activation in right Crus I/l is found during language
and executive function measures, and during processing of facial and
vocal stimuli (Harris et al., 2006; Solomon et al., 2009; Wang et al.,
2007). Differences in right cerebellar development could affect the func-
tion of contralateral left language regions. Consistent with this idea,
Verly et al. (2014) found a prominent decrease of connectivity in ASD
between right Crus I and supratentorial language regions, including
the supplementary motor area (SMA), inferior frontal gyrus, and
dorsolateral prefrontal cortex. These data, together with the results of
our correlation analyses, suggest that structural differences in right
Crus I/1I could impact the core social and communication deficits in ASD.

Crus Iand Il are also implicated in imitation and praxis. Healthy indi-
viduals engage lobule VI and Crus I during motor imitation and when

copying emotional facial expressions (Dapretto et al., 2006; Leslie
et al,, 2004). The task-specific increase in right Crus Il activation during
imitation, together with the significant psychophysiological interac-
tions between right Crus I and the superior temporal sulcus (STS), im-
plies connections between right Crus [ and cortical regions involved in
biological motion processing (Jack et al., 2011). Significant psychophys-
iological interactions were also found between left Crus II and the
superior parietal lobe (SPL), which is implicated in attentional processes
underlying imitation (Jack et al., 2011). Others report enhanced
synchronization between right lobule VI/Crus I and left superior tempo-
ral cortex prior to movement, suggesting that the cerebellum is involved
in early motor planning during observation as well as imitation
execution (Kessler et al., 2006). Behaviorally, individuals with autism
are impaired in imitation and praxis (Edwards, 2014; Mostofsky et al.,
2006, 2009; Miiller et al., 2003), and GM differences in Crus I and II
could result in underconnectivity with multiple cortical areas involved
in imitation and praxis. The resulting deficits might underlie some of
the social, communication, and motor impairments in autism
(Mostofsky et al., 2006; Rogers and Pennington, 1991).

4.2. Anterior cerebellum and the cerebellar vermis

Poorer ADI Social Interaction scores were related to decreased GM in
anterior cerebellar lobules -V, and poorer ADOS Social Interaction
scores correlated with decreased GM in vermis I-V and vermis VI-VIL
These findings are consistent with previous work showing decreased
volume in vermis I-V in language-impaired individuals with autism
(Hodge et al., 2010). This region of the cerebellum is typically associated
with motor function, although recent functional connectivity mapping
of the anterior cerebellum suggests connections with both motor and
limbic regions of the cerebral cortex (Buckner et al., 2011). Supporting
this, in our study the ADI repetitive behavior cluster was located within
the proposed somatomotor region (Fig. 4E), and ADI social scores
correlated with a cluster falling within the limbic network (Fig. 4D).
Motor symptoms are common in individuals with ASD (Gidley Larson
and Mostofsky, 2008), and are among some of the earliest identifiable
signs distinguishing children with autism from their TD peers (Landa
and Garrett-Mayer, 2006). Consistent with our structural findings,
functional imaging studies show that individuals with autism fail to
recruit cerebellar lobules IV/V during a motor task (Mostofsky et al.,
2009). Importantly, motor impairment in autism often co-occurs with
verbal impairment (Noterdaeme et al., 2010) and can be predictive of
social, communication, and repetitive behavior impairments (Leonard
et al., 2014; Linkenauger et al., 2012; Travers et al., 2013). Altogether,
these data support supports our finding that the greater the GM reduc-
tion in the anterior cerebellum, the more impaired the ADI and ADOS
Social Interaction scores.

ADOS Social Interaction scores also correlated with a cluster in the
posterior vermis. Decreased volume of vermis VI-VII is inversely related
to the volume of the frontal cortex in ASD (Carper and Courchesne,
2000), suggesting that abnormalities in this posterior midline cerebellar
region might have knock-on effects on frontally-mediated cognitive
skills involved in social interaction.
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The SUIT analyses also revealed autism-associated abnormalities
within the vermis. Lobular volumes of vermis VIIIA and vermis VIIIB
were increased in children with ASD, and increased lobular volumes
in vermis VIIB and VIIIA were associated with increased repetitive
behaviors. While hypoplasia of the posterior vermis has been reported
in ASD (Courchesne et al., 1988; Levitt et al., 1999), a small subset of
studies have noted hyperplasia of the posterior vermis in autism. For
example, Salmond et al. (2007) found an increase in GM in posterior
vermis VIII in individuals with ASD, and hyperplasia of the posterior
vermis has also been noted in Fragile X individuals with autism
(Kaufmann et al., 2003). It has been suggested that hyperplasia in ver-
mis VI and VII may only be evident in a subset (~11%) of individuals
with ASD (Akshoomoff et al., 2004; Courchesne et al., 1994).

Poor registration, different normalization techniques, and the
relatively small size of the vermal lobules may account for differences
in localization to specific posterior vermal lobules between studies. In
addition, factors such as IQ have been shown to mediate vermis size in
ASD (Courchesne et al., 1994). Although Courchesne et al. (1994)
observed that all instances of vermal hyperplasia occurred in individuals
with IQs less than 70, little is known about the conditions under which
hyperplasia occurs. Behaviorally, abnormalities in vermis VI-VII have
been shown to correlate with increased repetitive behaviors and
decreased exploratory actions (Pierce and Courchesne, 2001), consistent
with our findings.

4.3. Lobule VIII

In children with ASD, we found that smaller lobular volumes in
bilateral VIIIB were associated with higher ratings of repetitive behaviors
and restricted interests, consistent with the proposed role of cerebellar
lobule VIII in sensorimotor function. GM reductions in lobule VIII were
also associated with increased social/communicative impairment. This
finding is not unprecedented, as a previous study reported that decreased
GM in lobule VIII was associated with impaired social interaction and
communication scores (Rojas et al., 2006). In healthy individuals, lobule
VIII is activated during a variety of cognitive tasks, including verb gener-
ation and working memory paradigms (Stoodley and Schmahmann,
2009). Specifically, it has been proposed that lobule VIII is involved in
cerebro-cerebellar loops important in sustaining the phonological store
(Chen and Desmond, 2005), suggesting that reduced GM in lobule VIII
in ASD might impair cerebro-cerebellar loops important in working
memory. Working memory impairments are thought to exacerbate social
and communication deficits in children with ASD (D’Urso et al., 2014),
and our finding that reduced GM in lobule VIIIA was associated with
impairments in social interaction and social + communication scores
support this hypothesis.

44. Lobule IX

GM reductions in lobule IX also were associated with increased
social/communicative impairments. While the function of lobule IX is
not well defined, Buckner et al. (2011) suggest it may form a tertiary
representation of cerebral cortical networks based on its functional
connectivity patterns (Kelly and Strick, 2003). Lobule IX is functionally
connected to areas such as the posterior cingulate, thalamus, and
angular gyrus, and is part of the default mode network (Bernard et al.,
2012; Buckner et al., 2011). Within the cerebellum, lobule IX is highly
functionally connected to Crus I, VIIIA, and the anterior cerebellum
(Bernard et al., 2012), regions that are consistently abnormal in ASD
(Duerden et al., 2012; Stoodley, 2014; Yu et al., 2011). In healthy indi-
viduals, lobule IX is activated in response to conflict experienced
when breaking with social norms (Klucharev et al., 2009). Therefore,
decreased GM in lobule IX might inhibit proper default mode network
connectivity, leading to dysfunction in brain areas involved in social
and communication processes.

4.5. What is the cerebellum doing and why is it relevant to ASD?

The combined evidence from the voxel-based and lobular analyses
provides further support that autism is associated with structural
differences in the cerebellum, and that these differences have functional
relevance. It is thought that, due to its stereotyped neuronal architec-
ture, the cerebellum performs the same operation on any input it
receives (see Ito, 2006). The computation performed by the cerebellum
(which Schmahmann calls the “universal cerebellar transform”;
Schmahmann, 1991) can be applied to many types of information
involved in motor, cognitive and affective processing (Ito, 2006;
Schmahmann, 1991). Cerebellar output, therefore, is determined by
the input received via its anatomical connections with different regions
of the brain. Damage or developmental abnormalities affecting the
cerebellum could impede the basic processing of the cerebellum, with
knock-on effects on cerebellar modulation of cerebro-cerebellar loops
in a way that is relevant to ASD symptomology. Previous studies have
shown this to be the case. For example, preterm infants with injury to
the cerebellum had impaired growth of the contralateral cerebral cortex
(Limperopoulos et al., 2010), as well as significantly impaired expressive
language, delayed receptive language, cognitive deficits, and motor
disabilities (Limperopoulos et al., 2007).

In the current study, the degree of GM reduction in discrete regions of
the cerebellum was correlated with the severity of social, communica-
tion, and repetitive behavior impairments on autism diagnostic scales.
This suggests that the processing provided by the cerebellum is relevant
to a range of ASD symptoms, and not only motor behaviors. Further, the
findings indicate that the degree of cerebellar abnormality predicts the
severity of ASD symptoms. Reduced regional cerebellar GM might impair
specific cerebro-cerebellar loops, linking the cerebellum to the multiple,
distributed neural circuits underlying the disorder. Our data support
this concept, as cerebellar regions associated with poorer ADOS and ADI
scores included limbic, fronto-parietal, somatomotor and default mode
networks. It has been suggested that the cerebellum may be important
in setting up distant cortical networks in the brain during development
(see Wang et al., 2014), indicating that structural deficits in the cerebel-
lum might have long-term effects on cortical specialization. Disruptions
in specific cerebro-cerebellar loops might impair proper specialization
of cortical regions involved in language, social interaction, and motor
control in ASD, leading to long-term impairments in these domains.
Therefore, the GM differences in the cerebellum could potentially impact
the cerebral cortical networks that support both motor and non-motor
language and social cognitive functions (Van Overwalle et al., 2014).

4.6. Limitations

The results from the VBM and SUIT methods were not always consis-
tent, which may be due to the differences in the resolution of these two
approaches. For example, SUIT analyses revealed increased volumes in
vermis VIIIA and VIIIB, while no increases were found in these regions
in the VBM analysis. Increased vermis VIIIA and VIIIB volumes have
been reported in a previous VBM study (Salmond et al., 2007), but this
finding is not consistent across studies (e.g., Riva et al., 2013). It might
be the case that in the current analysis, increased vermis volume was
only apparent at the lobular level because the GM differences did not
meet our cluster threshold in the VBM analysis. In fact, when using a
more lenient voxel-level threshold without a cluster correction, a
small cluster (k = 36; p = 0.026) of increased GM was evident in
vermal VIIIA/VIIIB. Therefore, it is possible that inconsistencies between
the two approaches reflect the differences in statistical power in voxel-
based vs. ROI analyses.

4.7. Conclusion

Of particular interest for future research is the specific contribution
of the right Crus I/Il region where we found that decreased GM
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correlated with impaired social interaction, impaired communication,
and increased repetitive behaviors — the hallmarks of an ASD diagnosis.
Future research will aim to elucidate the specific contribution of this
area to ASD symptomology.

Supplementary data related to this article can be found online at
http://doi.dx.org/10.1016/j.nicl.2015.02.007.
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