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Scientific Abstract

Magnetic resonance imaging (MRI) and postmortem neuropathological studies have implicated
the cerebellum in the pathophysiology of autism. Controversy remains, however, concerning the

nature and the consistency of cerebellar alterations. MRI studies of the cross-sectional area of the
vermis have found both decreases and no difference in autism groups. VVolumetric analysis of the
vermis, which is less prone to “plane of section artifacts” may provide a more reliable assessment
of size differences but few such studies exist in the literature. Here we present the results of a
volumetric analysis of the structure of the whole cerebellum and its components in children and
adolescents with autism spectrum disorders. Structural MRI’s were acquired from 62 male
participants (7.5 to 18.5 years-old) who met criteria for the following age-matched diagnostic
groups: low functioning autism, high functioning autism, Asperger syndrome, and typically-
developing children. When compared to controls, the midsagittal area of the vermis, or of
subgroups of lobules, was not reduced in any of the autism groups. However, we did find that total
vermis volume was decreased in the combined autism group. When examined separately, the
vermis of only the high functioning autism group was significantly reduced compared to typically-
developing controls. Neither 1Q nor age predicted the size of the vermis within the autism groups.
There were no differences in the volume of individual vermal lobules or cerebellar hemispheres.
These findings are discussed in relation to the pathology of autism and to the fairly common
alterations of vermal morphology in various neurodevelopmental disorders.
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Introduction

Autism is a neurodevelopmental disorder characterized by impaired social interaction,
deficits in communication, and restricted activities or interests (American Psychiatric
Association, 1994). The potential role of the cerebellum in the pathophysiology of autism
spectrum disorders has been explored by many groups (Table 1). Subject ages and clinical
characteristics in these studies vary widely and conclusions concerning the type and
consistency of cerebellar pathology remain controversial. Some studies suggest that
cognitive functions that are mediated, in part, by the cerebellum, such as imitation, are
impaired in autism (Rogers, et al., 2003,Williams, et al., 2001).
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Previous MRI studies have found that the midsagittal area of the vermis, particularly lobules
VI-VII, is reduced in idiopathic autism and autism with co-morbid conditions, such as
Down syndrome (Courchesne, et al., 1994, Courchesne, et al., 1988, Hashimoto, et al., 1995,
Kaufmann, et al., 2003, Schaefer, et al., 1996). Other studies, however, have found no
evidence of vermal hypoplasia in autism (Holttum, et al., 1992, Kleiman, et al., 1992,
Manes, et al., 1999). A recent meta-analysis of the issue of vermal hypoplasia (Stanfield et
al., 2008) concluded that the area of lobules I-V and VI-VII of the vermis are reduced in
individuals with autism compared to controls (Stanfield, et al., 2008). Moreover, the authors
suggested that the vermal reduction was negatively associated with age and 1Q.

Postmortem neuropathological studies also suggest that the cerebellum may be abnormal in
autism; lower Purkinje cell density has been reported for both the vermis and hemispheres
(Bailey, et al., 1998, Kemper and Bauman, 2002). However, Whitney et al. (2008) recently
suggested that only about half of postmortem autism cases show a lower density of Purkinje
cells (Whitney, et al., 2008).

Part of the ambiguity related to cerebellar pathology in autism may also be due to limitations
in the strategy employed in early MRI analyses. For example, most studies measured the
midsagittal area of the vermis as well as defined lobule groups (Courchesne, et al., 1988,
Gaffney, et al., 1987, Holttum, et al., 1992). The cross-sectional area measurement is
dependent on only a single slice through the vermis. Since slight variations in the orientation
of the head can profoundly affect the size of the vermal region, so called “plane of section”
artifacts may be easily introduced. The midsaggital area measurement also does not assess
more laterally placed portions of the vermis. Recent volumetric studies of the cerebellum
have not addressed the question of vermal abnormalities (Hazlett, et al., 2005, McAlonan, et
al., 2005, Palmen, et al., 2005) but examined total volume and tissue class volume
differences.

The goal of the present study was to carry out a comprehensive MRI volumetric analysis of
the cerebellum in male children and adolescents with low and high functioning autism,
Asperger syndrome and typically-developing controls. Traditional midsaggital
measurements were carried out with careful alignment of the brain. In addition, the volume
of the vermis, vermal lobule groups and cerebellar hemispheres were measured.

A parent or guardian for each study participant gave informed consent, and children with
typical cognitive development gave their assent, to participate in these studies as approved
by the Institutional Review Board of the University of California, Davis. Study participants
were recruited through local advocacy groups and the M.1.N.D. Institute clinic. Seventy-two
male volunteers between the ages of 7.5 and 18.5 years participated in the study. All
participants were healthy volunteers who met criteria in one of four diagnostic groups: low
functioning autism (LFA, n=19), high functioning autism (HFA, n=19), Asperger syndrome
(ASP, n=16), and typically-developing controls (CON, n=18).

Diagnostic assessments were conducted at the M.1.N.D. Institute clinic. The Autism
Diagnostic Interview (ADI-R) (Lord, et al., 1994) and Autism Diagnostic Observation
Schedule (ADOS-G) (DiLavore, et al., 1995, Lord, et al., 2000) were administered by a
clinician (B.L.G.J.), who had previously obtained reliability with an author of these
measures (C. Lord). An IQ exam was administered to all participants. Depending on verbal
ability, the appropriate test was used from the following: the Wechsler Intelligence Scale for
Children, the Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999) or the non-
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verbal Leiter International Performance Scale-Revised (Roid and Miller, 1997). A full scale
1Q of 70 divided the high and low functioning autistic groups. Exclusionary criteria included
diagnosis of Fragile X, seizure disorder, tuberous sclerosis, a primary diagnosis of
obsessive-compulsive disorder, bipolar disorder, or any other major neurological illness.
Details of the diagnostic assessments are available in a previous publication that included
this cohort of subjects (Schumann, et al., 2004).

Neuroimaging

A parent or guardian for each participant was present throughout the duration of the scan in
an adjacent waiting room. Those study participants requiring anesthesia to undergo MRI
were imaged at the UC Davis Hospital on a 1.5T GE Signha NV/I system (LFA, n=19; HFA,
n=13; ASP=7). All remaining participants were scanned at the UC Davis Research Imaging
Center on a 1.5T GE Signa NV/I system (HFA, n=6; ASP, n=9; CON, n=18). These systems
were calibrated prior to scan acquisition and similar image acquisition on both scanners was
experimentally validated (Lotspeich, et al., 2004).

The protocol for scanning each participant included a three-dimensional coronal SPGR
series (TR: 35 ms, TE: 6 ms, FOV: 24 cm, matrix: 256x256, section thickness: 1.5 mm,
number of slices: 124, total scan time: 14:24 min), which was used for the volumetric
assessment of the cerebellum. In addition, a two-dimensional sagittal T1 spin echo, two-
dimensional PD/T2 interleaved double echo, and a diffusion tensor sequence were collected
on all participants for other analyses.

Upon review of the images, ten participants were excluded from the study due to excessive
movement, distorted images resulting from orthodontics, or additional diagnostic
information that precluded the series from being used (LFA, n=1; HFA, n=4; ASP=1; CON,
n=4). Within each diagnostic group, excluded participants did not differ from included
participants with respect to age, 1Q, or symptom severity.

Structural analysis

Each coronal SPGR series was imported into ANALYZE 6.0 (Robb, et al., 1989) and
converted to cubic voxel dimensions of 0.9375 mm using a cubic spline interpolation
algorithm. Images were reoriented along an axis through the anterior and posterior
commissures. Measurements of total cerebral volume used in the current study were
described in a previous report (Schumann, et al., 2004). Briefly, each series of images was
edited manually to remove non-brain structures, the brainstem, and the cerebellum. Using a
Gaussian cluster multispectral thresholding tool, the ventricles were defined and excluded.
Total cerebral volume was calculated from a mask of the remaining brain tissue.

Prior to volumetric analyses, the midsagittal area of the cerebellar vermis was measured
(Fig. 1.A). The vermis was outlined on a single section that approximated as closely as
possible the midline of the brain. The vermis was subdivided into lobule groups including
lobules I-V, VI-VII, and VII1-X along the primary and prepyramidal fissures.

The whole cerebellar volume was also measured. The total volume was segmented into a
medullary core (the central white matter and deep nuclei of the cerebellum), the hemispheres
(cortex and white matter), and the vermis (midline region of the cerebellum) (Fig. 2.A). The
vermis and hemispheres were separately subdivided into lobules I-V, VI-VII, and VIII-X
(Fig. 1 and Fig. 2.B). All structures were manually defined by a set of raters who achieved
greater than 0.96 inter- and intra-rater reliability on each of the structures. The MRI Atlas of
the Cerebellum (Schmahmann, et al., 2000) and The Human Cerebellum (Angevine, et al.,
1961) were closely consulted in the development of the region of interest tracing protocols.
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Detailed protocols for analysis of all of the cerebellar structures are provided in the
Supplemental Materials.

Statistical analyses

Results

All statistical analyses were conducted with SPSS 16.0 (SPSS Inc., Chicago, Illinois). Prior
to analysis of the anatomical data, age and 1Q were compared between groups by an analysis
of variance (ANOVA) to detect any group differences. Tukey’s post hoc test followed up on
any main effects.

Due to the small and uneven sample size of the groups, there was a potential for the data to
be distributed non-parametrically or adversely influenced by outliers. Tests of kurtosis and
skewness were conducted on each anatomical measure to determine which type of analysis
of variance should be used. The data were sufficiently normally distributed and only one
measure, medullary core, was skewed with a right-handed tail.

Since all of the data were normally distributed, univariate and multivariate general linear
models (GLM) were used to compare anatomical structures between groups. Age and total
cerebral volume were entered as covariates in each analysis. Simple contrasts were made
with the typically-developing group as the reference category. Tests were conducted at each
anatomical level. Univariate GLM was applied to vermis area and a multivariate GLM was
applied to the analysis of the area of vermal lobule groups. A univariate GLM was used for
the cerebellum volume. Separate multivariate GLM were conducted for major parts of the
cerebellum, and the lobule groups on the left and right hemispheres and vermis. A
significance level of a two-tailed alpha of 0.05 was selected a priori. These analyses were
repeated for comparison of the collective autism spectrum group to the typically-developing
group without specific contrasts.

Subregions of the cerebellum were also analyzed as a ratio to the total cerebellar volume
(i.e. normalized). Multivariate GLM, with simple contrasts, were repeated for the
normalized volumes (the major parts of the cerebellum, and the lobule groups of the left
hemisphere, right hemisphere, and the vermis).

The potential relationships between age and 1Q and the anatomical measures within each
group were evaluated by linear regression. A regression analysis was also performed for
vermis volume in which vermis area was a regressor. This regression tested the degree to
which the midsagittal area measurement predicted the volume measurement. A Pearson’s
correlation analysis between total cerebellar volume and total cerebral volume determined
whether the cerebellum was proportional to the cerebrum.

Age and IQ measures

Group demographics are summarized in Table 2. There was no difference in the mean age of
the groups at the time of MRI acquisition. There was a significant group effect for full scale
1Q (p<0.001). As expected, post hoc tests indicated that full scale 1Q for the low functioning
autism group was lower than all other groups (p<0.01). The full scale IQ for high
functioning autism and Asperger syndrome were also lower than the group of typically-
developing controls (p<0.01 and p<0.05, respectively). Both verbal and performance 1Q
were compared between the high functioning autism, Asperger syndrome and control
groups. The verbal 1Q for high functioning autism was lower than Asperger syndrome
(p<0.05) and controls (p<0.05). The performance 1Q for the high functioning group was
lower than for the control group (p<0.01).

Autism Res. Author manuscript; available in PMC 2010 December 8.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Scott et al.

Page 5

Midsagittal area of the vermis

Uncorrected areal measurements are summarized in Table 3. When all autism groups were
analyzed together, total vermis area was not reduced relative to controls (p=0.37) (Fig. 3).
Neither were there significant differences when the vermis was broken down into lobule
groups (I-V, VI-VII, VIII-X) (p>0.067). When autism groups were separated into low
functioning autism, high functioning autism, and Asperger syndrome, similar findings were
obtained. The vermis area was not reduced in any of the autism groups (p=0.38) (Fig. 4.A)
and the areas of lobule groups were not significantly different between groups (p>0.11) (Fig.
4.C-E). Age and 1Q did not predict the area of the vermis in any of the groups (for all
groups, beta<0.416, p>0.15).

Cerebellum and major subregions

VVolume measurements are summarized in Table 4. Total cerebellar volume did not differ
between the diagnostic groups (p=0.509) (Fig. 5.A). In an analysis of the major subregions
of the cerebellum (right and left hemispheres, medullary core and vermis) across each
diagnostic group, only the vermis showed a main effect of group (raw: p=0.016,
pEta2=0.166, normalized: p=0.143). The high functioning autism group in particular had a
smaller vermis volume than the control group (raw: p=0.002; normalized: p=0.022) (Fig.
4.B). When data for the collective autism group was compared to the typically-developing
group, the vermis volume was significantly smaller (raw: p=0.019, pEta2=0.091;
normalized: p=0.039, pEta?=0.071) (Fig. 3.B). Raw and normalized volumes were compared
for the lobule groups (I-V, VI-VII, and VII1-X) of the vermis (Fig. 4.F—H). None of the
lobule groups were reduced in low functioning autism, high functioning autism, or Asperger
syndrome (for all comparisons, p>0.097). When diagnostic groups were collapsed, no
differences were found in these structures (for all comparisons, p>0.062). The effects of age
and 1Q on the volume measurements were tested (Fig. 6). These were not significant
regressors for cerebellar volume in any of the groups (for all groups, beta<0.315, p>0.22).
No significant relationships between age and 1Q and vermis volume were found (for all
groups, beta<0.361, p>0.137).

Correlation analyses indicated that cerebellar and cerebral volumes were highly associated
(Pearson=0.295, p=0.02). Across all subjects, vermis volume was not predicted by the
midsagittal area of the vermis (beta=0.086, p=0.509).

Discussion

We have carried out a comprehensive MRI analysis of the whole cerebellum and its
subregions in children 7.5 to 18.5 years of age with autism spectrum disorder. Carefully
conducted midsagittal areal measurement of the vermis did not reveal any differences
between the autism groups and controls. We also found that the total cerebellar volume did
not differ between those with autism and typically-developing controls. However, the
volume of the vermis, but not any particular lobule group, was reduced in the autism
spectrum group. Somewhat surprisingly, the reduction in vermal volume was most
prominent in the high functioning autism group. This difference was not due to differences
in 1Q, as 1Q was not a significant predictor of vermal volume.

Comparison with previous findings

Hypoplasia of the vermis, especially of lobules VVI-VII, has been highlighted as a prominent
component of the neuropathology of autism (Courchesne et al, 1988). However, as indicated
in Table 1, this finding is inconsistently observed across studies. In fact, even the
Courchesne group has suggested that subgroups of individuals with autism demonstrate
either hypoplasia or hyperplasia of the vermis (Courchesne et al., 1994). Our area
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measurements of the vermis in a sample of 48 children and adolescents with autism did not
detect any reliable differences in comparison to typically developing controls. Given the
substantial heterogeneity in reports related to vermal area in autism (Stanfield, et al., 2008 -
Table 1), the conclusion that vermal hypoplasia is not consistently seen across all
individuals with autism appears to be warranted. It will be interesting to determine what
phenotypes of autism may be more consistently associated with vermal hypoplasia.

Although we did not find a difference in the midsagittal area of the vermis, we did find
evidence for a decreased volume of the vermis in the autism spectrum group. Individual
comparisons of the diagnostic groups indicated that this difference was driven primarily by a
smaller vermis in the individuals with autism and 1Q greater than 70 (high functioning
autism group). In a previous study of cerebellar volumes carried out in autistic males with a
broader age range (12-52), Hardan et al. (2001) found that hemispheric and total cerebellar
volumes were enlarged, but vermal volume was not different from controls (cross sectional
area of the vermis was not different in this study either). The authors concluded that the
enlargement of the cerebellum was in line with a more general increase in brain size that
they and others had observed. Our cohort of males (aged 8.5-17.5) did not demonstrate an
overall increased brain volume, though the volume of the cerebellum was highly correlated
with the volume of the cerebrum. The surprising finding in our study was that the high
functioning autism group was the group that had a reduction in vermal volume. Even in this
group, however, there was no difference in the midline area measurement. This must mean
that the more laterally situated portions of the vermis were smaller in this group. We have no
good explanation for why a vermal volume reduction was observed in the high functioning
autistic group and not in either those individuals with low functioning autism or Asperger
syndrome, with the caveat that the low functioning autism group also exhibited varying
levels of mental retardation, which may confound their neuropathological profile.
Additionally, the sample size in the current study is insufficient to handle the inherent
heterogeneity of the autism cohort to parcellate sub-phenotypes of autism or isolate
incidental findings.

Interestingly, vermal hypoplasia in general as well as specifically in lobules VI-VII has
been found in other neurodevelopmental disorders (Ciesielski, et al., 1997, Soto-Ares, et al.,
2003). Kaufmann and colleagues, for example, examined vermis area in autism with and
without the presence of Down syndrome or fragile X syndrome (Kaufmann, et al., 2003).
Reductions in lobules VI-VII were found in groups with single diagnoses and in the dual
diagnosis of autism and Down syndrome. Similar outcomes were observed in another study
in which vermal hypoplasia was found in both neurogenetic disorders with and without
autistic traits (Schaefer, et al., 1996). Other studies looking at developmental disabilities,
such as non-specific mental retardation and juveniles treated with radiation and
chemotherapy, also report vermis size reduction when compared to controls, particularly in
lobules VI-VII (Ciesielski, et al., 1997, Soto-Ares, et al., 2003). In fact, several studies of
non-autism neurodevelopmental disorders, including Dandy-Walker syndrome (Aldinger et
al., 2009), attention deficit/hyperactivity disorder (Curatolo et al., 09), fetal alcohlol
syndrome (Astley et al., 09) and chromosome 22q deletion syndrome (Bish et al., 2006) find
vermal hypoplasia, which indicates that this form of neuropathology is not specific to autism
but a common feature of atypical development.

IQ and Age Correlates

Previous studies have suggested that reductions in the volume of the vermis in individuals
with autism may be related to 1Q or age. Early on, 1Q was suggested to be a major factor in
vermis reductions (Piven, et al., 1992). A recent meta-analysis found that lower 1Q does
appear to be associated with greater reduction in the area of vermal lobules VI-VII in
autistic groups (Stanfield, et al., 2008). In the current study, which included individuals with
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a broad range of 1Q scores, regression analyses indicated that 1Q was not significantly
related to the vermal area or volume. We also found that none of the cerebellar measures
were correlated with age in either the control or autism groups. The human brain typically
undergoes a rapid period of growth in the first five years of life, followed by gradual growth
into adolescence (Dekaban and Sadowsky, 1978, Giedd, et al., 1996, Knickmeyer, et al.,
2008). Other studies of cerebellar volume in the age range we measured have also not
reported a correlation with age (Herbert, et al., 2003, Palmen, et al., 2005).

Conclusion

In this study of children and adolescents with autism spectrum disorders, we did not
replicate the finding of a reduced area of vermal lobules VI-VII. We did however, observe a
decrease of overall vermal volume in this population; this finding was driven primarily by
observations from the high functioning autism group. This came in the context of no global
cerebellar volume changes in the autism spectrum group. Since the vermis appears to be
vulnerable to a variety of neurodevelopmental disorders and insults, it is not surprising that
it is also pathological in some individuals with autism. However, given the current finding in
the context of previous studies, this form of neuropathology is neither a specific nor a
sensitive biological signature of autism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Sagittal series of MRI sections illustrating lobar segmentation of the cerebellum. Panels are
arranged from midsagittal (top left) to lateral (bottom right). Lobule groups: I-V, lobules
one through five; VI-II, lobules six through seven; VI1I-X, lobules eight through ten. Light
colored profiles are of vermal lobule groups; darker colors indicate hemispheric lobule
groups.
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Figure 2.

Coronal sections illustrating segmentation into whole cerebellar structures (A) and lobar
structures (B). GRAY includes the cortex of the hemispheres; WHITE includes the
medullary core and deep nuclei.

Autism Res. Author manuscript; available in PMC 2010 December 8.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Scott et al.

Page 12

A B
22 — *
14 - s —
$ . 20 —
o 13- . Q . s
0 b4 £
:t * 3 184
12 o
2 i > 16 .!-
= . 2 *
= 11 = :
d = 144
> f :2
10 *
. 12 $
.
9 * 10 — M
T T T T
ASD CON ASD CON

Figure 3.

Scatter plots with means of volumes (cm3) and areas (cm?2) of vermis structures collapsed
across autism spectrum disorder groups. ASD, autism spectrum disorder; CON, typically-
developing. (* p<0.05)

Autism Res. Author manuscript; available in PMC 2010 December 8.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Scott et al.

s sojvcee

*

PITXX TS

A 228
14 . s
- : ® 20 .
g 37 $ £
[ g ¢ 3 3 18- i
<o § & o 3 L
k] re * 164 =
- o 7]
£ ‘ . * 2
= 11 £
o ’ * = 144
> - § )
- >
104 * 124
. o
*
9+ o 10+
T T T T LILA
LFA HFA ASP CON
604 C . 454D
* * * *
* * .
. 4.0
5.5 3
- b4 s
$ s 2 3 M ‘
8 t - * Q35 ¢ §
® 50 _i s 2 < $ _g_ i
5 * s $ +
> 30 — o
-~ 454 2 - f i s ¢ P .
3 > $ o
P * . ¢
254 §
404 ¢ - . v
204 *
3.5 *
T T T T T T T T
LFA HFA ASP CON LFA HFA ASP CON
F 6.6+ G
90 . : TS
- -
LEE 6.0 i . ;
o -
Q78 ¢ i o+ ¢ g 54+ s +
§ : 2|2 + 3 2
721 5 o 3 R S48 T .
> * _;_ i = 3 * . ]
> 664 ¢ $ ¢ S 424 ¢
s * s 4 = * g
* > s
604 o $ 3 Y
* * .
54-{ o
3.0
- A4 .
4.8 T T T T T T T T
LFA HFA ASP CON LFA HFA ASP CON

Figure 4.

T
HFA ASP

T
CON

50+ E -
4.5+ *
® 3 v s
(] $ * *
i 4.0 .
> + 3 “:’ .
= s § ? . 4
> U
3.0 - i P
2.5
T T T T
LFA HFA ASP CON
54 H .
.
4.8+ *
o * * *
g RS
3 4.2+ z * . _{
> . .
x k3 —_ i *
= 364 & o *
s 8 ¢+ 3
. * [
304 e,
3
24 T T T T
LFA HFA ASP CON

Page 13

Scatter plots with means (indicated by horizontal lines) of volumes (cm?3) and areas (cm?) of
vermal structures: total vermis area and volume (top panel), vermis area of lobule groups
(middle panel), vermis volume of lobules groups (bottom panel). ASP, Asperger syndrome;
HFA, high functioning autism; LFA, low functioning autism. (* p<0.05)
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Scatter plots with means of volumes (cm3) of cerebellum and gray and white matter of the

hemispheres. (* p<0.05)
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Linear regression of total cerebellum and vermis volumes for 1Q and age variables. Solid
line, ASD; Dashed line, CON.
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Table 2

Participant Demographics

LFA (n=18) HFA (n=15) ASP (n=15) CON (n=14)

Age in years
Full scale 1Q
Verbal 1Q

Performance 1Q

13.1 (3.0) 11.7(32)  123(3.2) 12,5 (3.1)

56 (10)™* 88 (16)™" 97 17)* 113 (12)
nfa 86 (21)™* 105 (23) 110 (14)
nfa 92 (13) 98 (32) 115 (14)

*
p<0.05,

*

3
p<0.01 when compared to CON
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