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Abstract Voxel-based morphometry (VBM) studies have
reported abnormalities in brain regions involved in functions
that are commonly impaired in autism spectrum disorders
(ASD). However, little is known about brain structure anoma-
lies in low-functioning (LF) young children with ASD. AVBM
analysis was carried out to assess brain regions involved in
ASD LF children, and a multiple regression analysis was used
to examine the relationship between regional volume changes
and autism symptom measures. Twenty-six LF ASD children
(2-10 years) were compared with 21 controls. A VBM-
Diffeomorphic Anatomical Registration analysis using
Exponentiated Lie algebra (DARTEL) was used to evaluate
gray matter (GM) and white matter alterations, covaried with
Intelligence Quotient, age, and total brain volume. The resulting
altered regions were correlated with Autism Diagnostic Inter-
view (ADI)-Revised and Autism Diagnostic Observation
Schedule (ADOS)-Generic scores. GM bilateral reduction
was noted in the cerebellum (Crus II and vermis) and in the
hippocampi in ASD group. GM reduction was also detected in
the inferior and superior frontal gyri, in the occipital medial and
superior gyri, and in the inferior temporal gyrus of the left
cerebral hemisphere. In the right hemisphere, GM reduction
was found in the post-central cortex and in the occipital inferior
gyrus. Multiple regression analysis showed a correlation bet-
ween alterations in GM volume in the cerebellum (Crus II and
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vermis) and ADI-communication and ADOS-total (communi-
cation and interaction) scores. These findings seem to confirm
that the cerebellum is involved in integrating and regulating
emotional and cognitive functions which are impaired in ASD.

Keywords Autism spectrum disorders - ADI - ADOS -
Vermis - Crus II - DARTEL VBM

Introduction

Autism spectrum disorders (ASD) are lifelong neuro-
developmental disorders that include extremely different
phenotypes characterised by impaired reciprocal social com-
munication and stereotyped patterns of interests and activities.
Due to frequent comorbidities (epilepsy, mental retardation,
and psychiatric disorders), it is difficult to isolate the neuro-
pathological substrate of autism, and the underlying biological
causes have yet to be established. At present, it can be hy-
pothesized that genetic, immunological, and environmental
factors are involved in its etiology, although their complete
definition is pending.

The range of variability in clinical phenotype is conse-
quently very wide and nowadays includes polymorphous
clinical profiles combining early, lasting, and extensive abnor-
malities in network underlying communication (verbal and
non-verbal), reciprocal social interactions, and restricted, ste-
reotyped behaviors; these areas vary in volume and in neuro-
pathology over the time course of brain development [1, 2].

Global and regional morphological alterations in ASD
have been demonstrated by neuroimaging [3] and patholog-
ical studies [4], and abnormal brain growth and head en-
largement have been evidenced by head circumferences [5]
and autoptic studies [6].
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Those alterations appear to be especially pronounced
during very early development and have also been found
in adults, although results are inconsistent. Some studies
have reported an increase in total gray matter (GM) volume
[7] in some specific areas (caudate nucleus and
fronto/temporal regions) [8], while others have described
reduction in regional GM volumes in the frontal-striatal
and cerebellar regions [9] and the superior temporal sulcus
[10]. Enlarged GM volumes in some areas and smaller ones
in others have also been reported [11, 12]. As hypothesized
by Amaral [2], these contradictory data suggest that it is the
time course of brain development rather than the final prod-
uct that is most disturbed in ASD.

The marked differences among these studies include
heterogeneity in the cohorts studied, in the scanner hardware
utilized, and in the analysis methods and statistical ap-
proaches employed to assess brain volumes. There are also
a variety of potentially confounding, not MRI-specific fac-
tors characterizing research on autism such as age, gender,
IQ, and the inherent heterogeneity of the disorder. Some
authors argue that IQ must be strictly matched or statistically
factored out in autism studies, while others are convinced
that in attempting to “control” for a domain non-specific
construct such as 1Q, a variability truly associated with
autism could be discarded as “non-specific.” In agreement
with other authors [13, 14], we believe that both the use of
IQ as a covariate and the use of a heterogeneous control
group with intellectual disability matched for mental age can
be confounding factors during data analysis. To study low-
functioning (LF) ASD subjects, a compromise must ulti-
mately be reached, and we are therefore persuaded that it
is better to compare the brain volumes of ASD subjects with
those of typically developing children.

Apart from brain volume differences in ASD, the corre-
lation between regional brain volumetric abnormalities and
clinical features has begun to elicit growing concern among
investigators. To date, only two studies have actually
attempted to explore this relationship. Rojas et al. [11] found
significant correlations between the volumes of the caudate
nuclei, multiple frontal and temporal regions, cerebellum,
and a measure of repetitive behavior in a sample of adults
and children with ASD (age range, 7-47 years). Kosaka et
al. [15] compared ASD adults (age range, 17-32 years) with
normal controls and found that considerably smaller vol-
umes in the right insula and inferior frontal gyrus were
negatively correlated with Spectrum Quotient scores. Con-
sidering ASD as a neurodevelopment disorder with a dy-
namic evolution [2], it is important to search for brain
volume abnormalities in young children within a restricted
age range. It should also be pointed out both studies men-
tioned were assessing high-functioning autistic and
Asperger patients, while the majority of autistics are intel-
lectually impaired with about 80 % falling in the LF

classification, i.e., they have an IQ less than 70 [16]. Despite
the high prevalence of intellectual disability in the ASD
population, LF subjects are rarely investigated [10, 17, 18]
perhaps because of the difficulty of eliciting their coopera-
tion during neuroimaging acquisition.

In view of the hypothesis that the volumes of the cerebral
cortices in ASD are different from those in typical children
and that the brain volume abnormalities are correlated to
core deficits of autism, our study was aimed at comparing
the brain volumes in LF ASD and controls using the voxel-
based morphometry (VBM)-Diffeomorphic Anatomical
Registration analysis using Exponentiated Lie algebra
(DARTEL), which is an unbiased, operator-independent
method. Multiple regression analysis was used to examine
the relationship between regional volume changes and au-
tism symptom measures. To the best of our knowledge, this
is the first study using the VBM-DARTEL analysis tech-
nique to investigate the correlation between regional volu-
metric abnormalities and autistic deficits in a LF ASD
pediatric population.

Material and Methods
Participants

Twenty-six LF ASD children without associated seizures or
other neurological diseases were recruited at the Develop-
mental Neurology Division of the Carlo Besta Neurological
Institute in Milan (Italy). Patients with known infectious,
metabolic, or genetic diseases, chromosomal abnormalities
or disintegrative disorders were excluded. Patients in whom
conventional MRI demonstrated structural abnormalities
were also excluded. Of the 26 patients (3 females; 23 males;
age range from 2 years, 7 months to 10 years,10 months;
mean, 5 years,10 months; SD, 2 years, 6 months), 18 had
been diagnosed with autism and 8 with Pervasive Develop-
mental Disorder-Not Otherwise Specified. In all cases, the
diagnosis was established in accordance with the Diagnostic
and Statistical Manual of Mental Disorders, Fourth Edition
criteria. The diagnosis was confirmed by the Autism
Diagnostic Observation Schedule-Generic (ADOS-G), a
semi-structured standardized assessment of social interaction,
communication, and play [19] and by the Autism Diagnostic
Interview-Revised (ADI-R) which is a semi-structured
standardized, investigator-based interview for parents or
caregivers [20]. These instruments continue to be the
recommended “gold standards” for the diagnosis of ASD
[21]. These tools are DSM-oriented and investigate the three
domains of typically impaired functioning in ASD:
language/communication; social interaction; and restricted,
repetitive, and stereotyped behaviors and interests. Each item
is scored on a three-point scale, with 0 indicating no evidence
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of abnormal behaviors linked to autism, 2 indicating that
abnormal behaviors are present, and 1 indicating that the
subject has shown abnormal behavior, but it is not clear if it
is sufficiently severe, frequent, or marked to warrant a 2. The
mean scores and the SD for each domain were obtained by
dividing the total score by the number of items included
(i.e., to accommodate for differences in the modules and
diagnostic algorithms which are differentiated depending
on developmental and language levels). The ADI-R
mean scores were 1.5+0.3 for social interaction; 1.44+0.4 for
language/communication; and 0.9+0.4 for restricted, repeti-
tive behaviors. The ADOS-G mean scores were 1.4+0.3 for
social interaction; 1.1+0.3 for language/communication;
and 1.1+0.5 for restricted, repetitive behaviors. Since
the ADOS-G uses only the first two domains for diagnostic
purposes, it provides a total score (language/communication+
reciprocal social interaction) that in our sample was 1.3+0.3.

The cognitive functioning of the children was assessed
using the Wechsler Intelligence Scale according to their
age, the Leiter International Performance Scale Revised
for non-verbal children, and the Griffiths Mental Develop-
mental Scale for those subjects whose chronological or
mental age was below 4 years. The IQ range was 38.7-70.1
(mean, 51.6+9.3).

The control group consisted of 21 normally developing
children (8 females; 13 males; age range from 3 years,
9 months to 10 years, 3 months; mean, 6 years,10 months;
SD, 2 years, 1 month), with normal 1Q, no sign of autistic
behavior, psychiatric or neurological disorders, and had
negative family history for neurological/psychiatric illnesses
among their first-degree relatives. The study was approved
by the local ethics committee, and all the patients’ parents
gave written informed consent.

MR Imaging Acquisition

All ASD subjects were examined under propofol sedation
(1 mg/kg). The controls under age 6 were also examined
under propofol sedation. They were recruited among inpa-
tients with suspected spinal cord abnormalities and included
in the study if the brain and spine examination was normal.
The controls over age 6 were examined without sedation;
they were recruited among the children of the medical and
technical staff involved in the study.

T1-weighted volumetric MRI images were acquired on a
1.5 T MRI system (Siemens—Erlangen, Germany) using a
magnetization-prepared gradient-echo sequence (TR=
1,640 ms, TE=2.48 ms, TI=552 ms, FOV=256%256 mm,
matrix=256x256, 160 sagittal slices, voxel size=1x1x1 mm).

Structural imaging included axial PD/T2-weighted im-
ages (TR=3,500 ms, TE=17 ms/84 ms, FOV=208 x
256 mm, matrix=208 X256, slice thickness=5 mm), coronal
turbo spin-echo T2-weighted images (TR=4,100 ms, TE=
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143 ms, FOV=324x384 mm, matrix=324%384, slice
thickness=5 mm). Structural imaging was assessed by a
senior neuroradiologist for the presence or absence of
supratentorial and infratentorial abnormalities and signal
changes, based on visual inspection. The MRI images of
the controls were similarly reviewed. Moreover, each scan
was visually inspected by a senior neuroradiologist, and
only scans deemed to have no or minimal movement arte-
facts were included in analysis.

Image Processing

Voxel-based morphometry analysis was used to investigate
the differences in the GM and white matter (WM) volumes
in the ASD and control groups studied using the SPMS
package (Welcome Trust Center for Neuroimaging, London,
UK, http://www.filion.ucl.ac.uk/spm/software/spm8/)
implemented in Matlab 2008a (Math Works, Natick, MA,
USA). The T1-weighted volumetric images were analyzed
using the VBM protocol with modulation.

The preprocessing was based on the brain probability
pediatric (5-9.5 years) templates provided by the Cincinnati
Children’s Hospital Medical Center (available at https://
irc.cchmc.org) and the DARTEL algorithm to achieve an
accurate inter-subject registration with an improved realign-
ment of small inner structures [22]. The following steps
were followed: (1) checking for scanner artifacts and gross
anatomical abnormalities for each subject; (2) setting the
image origin to the anterior commissure; (3) segmenting the
images into the GM and WM images using the SPMS
toolbox; (4) importing the parameter files produced by the
tissue segmentation in the DARTEL procedure; (5) affine
transform of segmented brain maps into the MNI space [23];
(6) the segmented images were modulated with the Jacobian
determinants derived from the spatial normalization [24];
and (7) checking for homogeneity across the sample and
using standard smoothing by an 8-mm-full width-half max-
imum Gaussian kernel. In order to exclude normalization
fails or suboptimal overlapping, a senior neuroradiologist
visually checked the normalization process results.

This preprocessing yielded the smoothed modulated nor-
malized data (in the MNI space) used for the statistical
analysis. Due to the modulation step, the final VBM statis-
tics reflected “volume” rather than “concentration” differ-
ences in the tissue segments [25].

Statistical Analysis
Comparison of Volumes
Group differences were evaluated for GM, WM, cerebrospi-

nal fluid (CSF) absolute volumes, and total intracranial
volume (TIV), obtained in the brain segmentation step of
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the VBM-DARTEL preprocessing. TIV was calculated as the
sum of the GM, WM, and CSF partitions estimated by means
of SPM Easy Volume toolbox (http://www.sbirc.ed.ac.uk/lcl/
LCL MI1.html). A ¢ test was performed to identify any
significant between group difference in the global tissue
volumes.

VBM Analysis

A general linear model based on the Gaussian field theory was
used to statistically assess differences in the normalized, mod-
ulated, and smoothed GM images in the two groups. Covar-
iates such as 1Q, age, sex, and TIV were taken into account. A
conventional VBM analysis was employed using a p<0.05
significance threshold, False Discovery Rate (FDR) corrected
with an extent threshold of 20 voxels. An absolute threshold
mask of 0.3 was used on both the GM and WM to avoid
possible edge effects around the border between the two.

Correlation Between ADI-ADOS Scores and GM Volume

Multiple regression analyses were computed in SPMS to
explore the relationship between the ADI and ADOS scores
and regional volume changes. The statistical threshold used
was p<0.05 (FDR corrected).

Results
Quantitative Structural MRI

No significant differences were found between patients and
controls with regard to total brain volumes (p=0.199), GM
(p=0.065), WM (p=0.141), and CSF (p=0.066). These re-
sults are summarized in Table 1.

Regional WM Differences

There were no regional WM volume differences in the two
groups.

Regional GM Differences

GM volume was reduced in 15 three-dimensional clusters in
the ASD subjects (significance threshold p<0.05, FDR
corrected). Both the cerebellum (crus II and vermis) and
the hippocampus showed bilateral GM reduction. There
were reduced GM volumes in the inferior and superior
frontal gyrus, occipital medial and superior gyrus, and infe-
rior temporal gyrus of the left cerebral hemisphere. There
were reduced GM volumes in the post-central and pre-
central cortex, in the rectus gyrus, and in the occipital
inferior gyrus of the right hemisphere (Table 2 and Fig. 1).

Multiple Regression Analysis

A significant negative correlation between GM volume and
autistic symptoms was found in the cerebellum. In particu-
lar, a correlation was found between reduced GM volume of
the cerebellum (bilateral hemispheric Crus II and the ver-
mis) and the total ADOS score (the sum of the social
interaction and communication; Table 3). A negative corre-
lation was also found between the same areas of cerebellum
and ADI-R communication score (Table 4).

Discussion

In this study, we applied unbiased whole brain VBM-
DARTEL method to assess neuroanatomical differences in
LF ASD children compared to normally developing controls
and we compute multiple regression analysis to correlate
ADI-R and ADOS scores with brain volume abnormalities.

The main findings of this study were: (1) absence of WM
abnormalities; (2) reduction in GM volume in several brain
areas involved in social/communication behaviors and other
symptoms typical of ASD; and (3) significant correlations
between ADI-R-communication and the total ADOS (com-
munication and interaction) scores and the reduction of GM
cerebellar volumes in the vermis and hemispheric Crus II.

The fact that there were no WM abnormalities disagrees
with data presented by Radua et al. [26], but agrees with the
findings of other investigators [11, 15, 27]. These apparently
contradictory results can be explained by the heterogeneity
of the samples studied (size, type of ASD, and ages) and the
methods employed. Diffusion tensor imaging has been
found to be more sensitive to WM abnormalities [28].

Reduction in GM volume was found in the inferior and
superior frontal gyri, the occipital medial and superior gyri
and the inferior temporal gyrus of the left hemisphere, in the
postcentral gyrus and the occipital inferior gyrus of the right
hemisphere, in the hippocampus and the cerebellum bilater-
ally. The main finding was a significant correlation between
communication/social interaction scores and brain volume
loss in the cerebellum (vermis and Crus II).

Previously considered a complex associative center for
motor coordination and execution, the cerebellum has begun
to be seen as a center involved in higher cognitive and
emotional functions even in the developing brain [29]. Its
functional specificity is linked to an internal modular orga-
nization which harmonizes cognitive and emotional behav-
iors automatically by means of a complex system of
segregated pathways between the cerebellum and other
brain regions (the cerebrocerebellar system) [30, 31]. The
cerebellum is thus incorporated into the distributed neural
circuits subserving cognition and emotion. The human cere-
bellum has a topographic organization. Cognitive impairments
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Table 1 Gray matter (GM), white matter (WM), cerebrospinal fluid (CSF) absolute volumes, and total intracranial volume in ASD and control

groups
ASD group Control group t test, p
value
Mean (SD) Range Mean (SD) Range
Total volume of GM (ml) 860.35 (144.29) 500.52-1040.11 798.94 (111.26) 626.09-1087.10 0.065
Total volume of WM (ml) 561.10 (36.52) 497.03-630.61 571.89 (31.27) 520.79-623.10 0.141
Total volume of CSF (ml) 455.90 (65.56) 343.17-588.70 484.32 (61.79) 298.35-584.79 0.066
Total intracranial volume (ml) 1877.40 (103.49) 1537.84-1982.21 1855.15 (70.67) 1706.07-1971.06 0.199

occur when posterior lobe lesions affect lobules VI and VII
(including Crus I, Crus II, and lobule VIIB), disrupting
cerebellar modulation of cognitive loops involving cerebral
associative cortices. Behavioral disorders manifest, instead,
when vermis lesions deprive cerebro-cerebellar-limbic loops
of cerebellar input [31].

The cerebellum was the first structure to be studied in
autistics and the most consistent site of MRI abnormality in
ASD patients [2, 32]. Autoptic studies found a decreased
number of Purkinje cells in the cerebellar hemispheres and
the vermis of autistic subjects [1, 4], and a 24 % decrease
has been reported in mean Purkinje cell size [33]. Two
studies measured the levels of Reelin and Bcl-2 (two sig-
naling proteins involved, respectively, in the control of
neuronal migration and apoptosis) in the cerebellar cortex.
The results showed more than 40 % reduction in Reelin and
34-51 % reduction in Bcl-2 in autistic cerebellum [34, 35].
Several recent immunological studies have suggested the

involvement of cerebellum in the pathophysiology of autism
[36-38]. Self-generated or maternally derived autoanti-
bodies against cerebellar neural cells including Purkinje
cells have been detected in the serum of ASD children
[39]. A recent study showed that children with those auto-
antibodies had a higher degree of aberrant behavior and
lower cognitive and adaptive functioning compared to chil-
dren without [40].

Studies focusing on acquired lesions in children have
uncovered behavioral features such as autistic-like stereo-
typical performance, obsessive rituals, and difficulty in un-
derstanding social cues whenever the lesion involved the
vermis [41-43]. A meta-analysis of structural MRI studies
on autism revealed that there is a reduction in the size of the
VI, VII, and VIII, X vermal lobules although with signifi-
cant heterogeneity. The slight differences found in the
vermal lobules VIII, X could not be explained by age or
1Q. Differences in the vermal lobules VI, VII were

Table 2 Grey matter regions significantly reduced (»<0.05 FDR corrected) in the ASD group by comparison with the controls

Anatomical location

Talairach coordinates center

Peak of significance Cluster size

of cluster (x, y, z) (T score) (no. of voxels)

L cerebellum Crus 2 —44, —58, —42 2.71 424
R cerebellum Crus 2 48, —57, 42 2.06 150
Vermis 8 9 6, —60, =35 221 749
L Hippocampus BA 28 —14, -4, -18 2.26 69

R Hippocampus BA 28 18, —6, —14 2.00 20

L inferior frontal gyrus pars triangularis BA 45 —48, 26, 6 3.02 327
L occipital medial gyrus BA 18 -28,-91, 13 2.99 280
L inferior temporal gyrus BA 20 -36, =7, =35 2.82 370
L occipital medial gyrus BA 19 —-30, —82, 27 2.47 109
L superior frontal gyrus BA 9 -3, 39, 40 2.30 55

L occipital superior gyrus BA 17 —-15,-99, 19 2.24 97

R occipital inferior gyrus BA 19 32,-85,-14 3.40 165
R post-central gyrus BA 2 20, —43, 64 3.34 727

All labels are derived from the Anatomical Automatic Atlas (AAL). The x, y, z coordinates are the Talairach coordinates of the center of each 3D

cluster. Brodmann areas (BA) are also provided
R right, L left

GRO @ Springer
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Fig. 1 Differences in gray
matter (GM) volume in the
ASD and control groups. GM
volume differences between
groups outlined over T1
images. The relative decrease in
GM volume found in the
autistic subjects compared with
controls is represented in a red-
orange color scale. The
statistical threshold is p<0.05
(FDR corrected)
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explained by the patients’ ages: the size of vermal lobules
VI, VII was reduced in younger autistic individuals, while
the reduction found in older ones appeared to be an artifact
of 1Q differences between case and control groups [44].
Anatomical studies have not conclusively identified the
vermis as the principal target of limbic connections. Previ-
ous physiological and behavioral studies seemed to provide
support for the postulated link between midline cerebellar
structures and emotional modulation [45, 46]. Stimulation
of the cerebellar vermis, for example, modulates firing pat-
terns in the hippocampus, amygdala, and septum nuclei
[47]. These observations suggest that there is a link between
developmental anomalies of the vermis and neurobehavior.
The contribution of the cerebellum to non-motor processes
has in recent years been increasingly recognized by different
neuroimaging techniques. Resting-state functional connec-
tivity analysis in healthy subjects has shown that activity in

Table 3 Regions derived by the correlation between gray matter
volume and ADOS total score (p<0.05, FDR corrected)

Anatomical Coordinates Peak of Cluster size
regions center of cluster significance (no. of voxels)
(T score)
Right 40, —54, —41 2.11 70
cerebellum
Crus 2
Left —38, =51, 41 2.35 104
cerebellum
Crus 2
Vermis 8 9 27, 58, —43 2.12 89

Hippocampi

=
Left inferior
temporal gyrus

Left occipital
medial and
superior gyri

Left inferior
frontal gyrus

#x

Right occipital
inferior gyrus

Right
post-central gyrus

the cerebellar anterior lobe is correlated with sensorimotor
regions of the cerebral cortex, and the activity in lobule VII
correlates with association areas in the prefrontal cortex
[48], the posterior parietal regions, and the superior and
middle temporal gyri [49]. These studies have indicated that
the anterior lobe, lobules VI and VIII are engaged in tasks
involving overt motor processing (finger tapping, articula-
tion), while activation in lobules VI and VII is evoked
during language production, spatial tasks, executive func-
tion, and affective processing [48—50]. A recent resting state
fMRI study found that there are links between vermal lob-
ules I-V, hemispheric VIII, IX and the hippocampus and
amygdale [51]. A positron emission tomography study in-
vestigating the theory of mind in normal volunteers demon-
strated that extensive cortical areas, including the vermis,
the frontal lobes, and the limbic system, are activated [52].
According to the findings of that study, the cerebellum

Table 4 Regions derived by the correlation between gray matter
volume and ADI-R communication score (p<0.05, FDR corrected)

Anatomical Coordinates Peak of Cluster size (no.
regions center of cluster significance of voxels)
(T score)

Vermis 8 9 1,-61, -39 2.55 183
Left -39, =58, —42 241 204

cerebellum

Crus 2
Right 48, —60, —42 2.15 101

cerebellum

Crus 2
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works in concert with the cerebral cortex to coordinate the
process of imagining and describing the internal state of
another person, interactively understanding, checking, and
monitoring that state. A cerebellar dysfunction could pre-
sumably lead to an impaired ability to understand other
person’s thoughts and feelings [52]. Studies examining cog-
nitive features in patients with acquired cerebellar lesions
[41, 42, 53] have described a range of deficits delineating a
typical “cerebellar cognitive affective syndrome” [54] char-
acterized by impairment of executive function, visual-spatial
memory, and verbal fluency.

Even if the cerebellum is one of the most consistent abnor-
mal brain region together with the areas connected to it, VBM
studies on autism have described controversial findings
concerning the increase [17, 55, 56] or reduction [12, 57,
58] in cerebellar volume. The contradictory findings reported
could be due to the relatively small size of the samples studied
and/or to differences in the inclusion criteria from one study to
another (e.g. in age, intelligence quotient, presence of epilep-
sy, and endophenotypes of ASD). In particular, different phe-
notypes could explain the differences found in the volume of
the vermis. Some studies have, in fact, described a more
hypoplasic vermis in subjects with mental retardation and
epilepsy and in particular when there is an involvement of
lobules VI and VII in younger subjects [44].

Another region whose volume appeared to be de-
creased according to our findings was the Crus II of
both cerebellar hemispheres. This area has never been
found to be altered in imaging studies on ASD
populations (both adults and children). Crus II is located
in the lateral-posterior lobe of cerebellar hemispheres and
is part of the cognitive cerebellum.

Together with the cerebral association areas and the ven-
tral part of the dentate nucleus, the lateral cerebellar hemi-
spheres have expanded markedly across evolution [30, 59].
Much of the lateral cerebellar region (the neocerebellum)
comprises the hemispheric extensions of lobules VI and VIIL.
A functional dichotomy has been described according to
which the anterior lobe (lobules I-V) and lobule VIII are
predominantly sensorimotor, while lobules VI and VII (in-
cluding Crus I and II and lobule VIIB) contribute to higher-
level functions [31, 45, 60]. Resting state fMRI studies
detected functional connections between lobule Crus I,
hemispheric Crus II, and the fronto-parietal network [48,
49, 51, 61]. The tractography maps indicate that the Crus I/II
in the posterior cerebellum are linked to the lateral prefrontal
areas which are activated by cognitive load increase, but this
link was not found for the anterior cerebellar lobe [62]. A
functional connectivity between the Crus II and the associa-
tive areas of the frontal and prefrontal cortex has become
evident; these areas are involved in cognitive and planning
tasks, problem solving, mental flexibility, as well as for
monitoring complex behavior [63].

GRO @ Springer

Volume loss has been found in the hippocampus bilater-
ally. The hippocampus is part of the limbic system that is
involved in memory tasks, social cognition, and affective
functions. Hippocampal volume alterations were described
by neuropathological studies carried out by Bauman and
Kemper (1985) who reported increased cell density and
reduced cell size. Data from other studies measuring hippo-
campal volume in adults and children do not appear to be in
agreement [64, 65].

Unilateral involvement of different areas of the cerebral
hemispheres was also uncovered by our findings. In accor-
dance with previous studies, we found reduction in the left
inferior frontal cortex [9, 15, 55, 57, 58] and in the left
postcentral gyrus [11, 66—68]. These areas are part of the
Mirror Neuron System, which is activated during observa-
tion and imitation of others’ actions [69, 70] and is thought
to facilitate early imitation of actions, development of lan-
guage and executive functions, i.e., precursors of the theory
of mind in children [71, 72]. Another area that seems to be
involved in those tasks is the left superior frontal gyrus.
Rarely found to be altered in individuals with ASD, it is
thought to be involved in emotion evaluation [73], in active
discrimination between the self and others [74, 75], and in
facial emotion processing [76].

Just as in our previous VMB study [68], a reduction in
GM was also found in the left inferior temporal gyrus.
According to a growing body of evidence, ASD patients
seem to be impaired in perceiving faces and objects. To-
gether with the parahippocampal and lateral occipital gyri,
the inferior temporal gyrus appears to be involved in com-
mon object perception. In autistic subjects, Schultz et al.
[77] found fMRI alterations in the inferior temporal and
fusiform gyri in face discrimination tasks.

A reduction in GM volume was also found in the right
inferior occipital gyrus. Damage to this area leads to deficits
in the recognition of facial expression [78]. Other areas
linked to visual perception and recognition of faces such
as the left occipital cortex (medial and superior gyrus, BA
17-18-19) were also found to be altered. These findings
could cast light on alterations in facial expression recogni-
tion noted in ASD patients [67, 79].

Inconsistent results of previous volumetric studies under-
line, on the one hand, the extreme heterogenity of ASD and,
on the other, differences in methodology (characteristics of the
sample and post-processing methods). For instance, the rela-
tion between alterations of the vermis and behavior in autistic
subjects using different post-processing approaches has been
analyzed, such as manual [80] or semi-automated methods
[81], which have produced contrasting results. In view of
these considerations, it is quite difficult to compare the data
from different studies, including our previous one [68]. The
two studies that examined the correlation between behavioral
scores and brain areas volumes [11, 15] investigated high-
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functioning subjects older than our patients. One used the
VBM-DARTEL method and reported a reduction in GM
volumes only in the insula and inferior frontal volumes [15].

The strength of this study includes the enrolment of a
sizeable group of young ASD LF children, highly represen-
tative of the autistic population in whom intellectual disabil-
ity is present on the average in 80 % [16]. Rigorous and
validated imaging methodologies, comprehensive clinical
and cognitive assessment of the patients, and novel image
analysis techniques (never applied before) are all strengths
of the study. The work can be considered limited because of
the lack of homogeneity with regard to the ASD
endophenotypes. Furthermore, autistic children have only
been compared to normally developing subjects, and not to
children with intellectual disability of homogenous etiology
(like Fra-X Syndrome, Joubert Syndrome, etc.).

Conclusion

The correlation found between reduced GM volumes and
ADI-R and ADOS interaction/social scores in young ASD
LF children is an extremely interesting finding, especially in
view of the cerebellum’s role in higher cognitive and social
functions, and the frequency of cerebellar alterations in ASD.
Our results not only confirm the involvement of cerebellum in
ASD but also indicate that there is a significant correlation
between reduction in cerebellar GM volume (vermis and Crus
IT) and reciprocal social communication measures.
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