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Brain morphometry volume in autistic spectrum
disorder: a magnetic resonance imaging study

of adults
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Background. Several prior reports have found that some young children with autism spectrum disorder [ASD;
including autism and Asperger’s syndrome and pervasive developmental disorder —not otherwise specified (PDD-
NOS)] have a significant increase in head size and brain weight. However, the findings from older children and adults
with ASD are inconsistent. This may reflect the relatively small sample sizes that were studied, clinical heterogeneity,

or age-related brain differences.

Method. Hence, we measured head size (intracranial volume), and the bulk volume of ventricular and peripheral
cerebrospinal fluid (CSF), lobar brain, and cerebellum in 114 people with ASD and 60 controls aged between 18 and
58 years. The ASD sample included 80 people with Asperger’s syndrome, 28 with autism and six with PDD-NOS.

Results. There was no significant between-group difference in head and/or lobar brain matter volume. However,
compared with controls, each ASD subgroup had a significantly smaller cerebellar volume, and a significantly larger

volume of peripheral CSF.

Conclusions. Within ASD adults, the bulk volume of cerebellum is reduced irrespective of diagnostic subcategory.
Also the significant increase in peripheral CSF may reflect differences in cortical maturation and/or ageing.
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Introduction

Autism spectrum disorder [ASD; comprising autism,
Asperger’s syndrome and pervasive developmental
disorder — not otherwise specified (PDD-NOS)] is be-
ing increasingly diagnosed. For example, the preva-
lence of ASD in South London was recently reported
as 116.1/100000 (Baird et al. 2006). ASD is character-
ized by stereotyped and obsessional behaviours, and
pervasive abnormalities in socio-emotional and com-
municative behaviour (Wing, 2004). There is, however,
variation in the clinical phenotype. Individuals with
autism also have delayed language development, and
are frequently intellectually disabled (mentally re-
tarded). In contrast, people with Asperger’s syndrome
have no history of language delay and have normal
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or superior intellectual abilities. The biological basis
of ASD is poorly understood and it is unknown if
classical differences in the clinical phenotype are as-
sociated with brain differences.

There is converging evidence from both post-
mortem and in vivo neuroimaging studies that some
people with ASD have a significant increase in head
size, and in brain weight and volume (e.g. see Bailey
et al. 1998; Kemper & Bauman, 1998; Courchesne
et al. 1999; Carper et al. 2002 ; Herbert et al. 2003). This
is frequently reported in young children (Sparks et al.
2002; Courchesne et al. 2003; Hazlett et al. 2005).
However, the results from studies of adolescents
and adults with ASD are inconsistent, i.e. some have
reported increased brain volume (Piven et al. 1995;
Hardan et al. 2001) but others found no difference
(Courchesne et al. 2001; McAlonan et al. 2002). One
possible explanation for these discrepant findings is
that different investigations have included different
subtypes of people with ASD. However, to date only
one study (Lotspeich et al. 2004) has examined brain
volume in subtypes of ASD. This study assessed total
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cerebral grey and white matter volume in adolescents
and found an increased volume for individuals with
autism but not with Asperger’s syndrome compared
with controls.

Alternatively, people with ASD may have differ-
ences in post-natal brain maturation, which only occur
(and/or are only detectable) at certain ages. For ex-
ample, there is preliminary evidence that people with
ASD may be born with a smaller brain (Courchesne
et al. 2003) but then have a period of pathologically
rapid growth detectable as a larger head size in early
childhood, and a subsequent ‘plateauing’ of brain
growth in ASD, so that differences in head size are not
detectable in late childhood (Redcay & Courchesne,
2005).

This suggestion is indirectly supported by other
work. For example, a recent in vivo magnetic reson-
ance imaging (MRI) study demonstrated an increase
in total brain volume, and cortical grey and white
matter in 2-year-old children with autism compared
with controls (Hazlett ef al. 2005). Also, while head size
was similar in both groups at birth, after 12 months of
age those with autism had a larger head size (Hazlett
et al. 2005) — suggesting that they have a larger brain.
However these studies require replication.

The hypothesis that people with ASD have age-
restricted differences in brain size is further supported
by other studies which reported that children, but
not adolescents and adults, with ASD have a sig-
nificantly larger brain volume than healthy controls
(Aylward et al. 2002). Also, in the same cohort, all
three age groups had a significantly increased head
circumference compared with controls. The larger
head size (i.e. intracranial volume) in adults with
ASD may have reflected an earlier larger brain vol-
ume, because head size is proportional to maximal
brain volume (Wickett et al. 2000). This suggests that
once maximal brain size (and consequently head size)
is achieved in young people with ASD, there may
be continuing subtle differences in brain maturation
which continue to remodel the brain into adulthood.
In support of this we previously reported no signifi-
cant difference in bulk brain volume between adults
with Asperger’s syndrome and controls, but did re-
port significant differences compared with controls in
age-related loss of total brain grey and white matter
(McAlonan et al. 2005).

In addition to differences in the developmental
trajectory of whole brain, it has been suggested that
there are regionally specific abnormalities in the
morphometry of lobar brain and cerebellum, and in
the anterior-posterior gradient and right-left asym-
metry. For example, differences have been described
in the anatomy of the cerebellum (Courchesne et al.
1988), fronto-temporal regions (Abell et al. 1999;
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McAlonan et al. 2005) and ventricular system (Howard
et al. 2000; Hardan et al. 2001). Most (Courchesne
et al. 2001; Sparks et al. 2002), but not all (Piven et al.
1995), studies of young children reported increased
cerebellar volume in those with ASD. In contrast,
within adolescents and adults, cerebellar volume
has been reported as increased (Piven et al. 1997),
no different (Piven et al. 1992) and decreased
(McAlonan et al. 2002). Also, an anterior—posterior
gradient has been suggested in brain volume for
both ASD children (Carper et al. 2002; Hazlett et al.
2005) and adolescents/adults (Hazlett et al. 2006),
with the frontal and temporal lobes demonstrat-
ing greater enlargement than the parietal and oc-
cipital lobes. Both increased leftward asymmetry
(Courchesne ef al. 1998) and a reversal of the normal
leftward asymmetry (Herbert et al. 2005) have
also been reported in ASD. It is unknown why such
disparate findings have been reported in cerebellar
volume, but it may reflect the relatively small sample
sizes, together with differences between studies in the
inclusion criteria of subjects [e.g. in age, intelligence
quotient (IQ), presence of epilepsy, and subcategory
of ASD].

Increased cortical thickness (Hardan et al. 2006)
and differences in cortical gyrification (Hardan et al.
2004) have been demonstrated in children with
autism, suggesting an increased cortical surface area
and thus increased grey matter in children with
autism. Further, a differential decrease in cortical
gyrification with age in ASD has also been reported
(Hardan et al. 2004). Hence, we would expect to find
differences in the volume of peripheral cerebrospinal
fluid (CSF) (as cortical gyrification and grey matter
is lost/modified) in people with ASD compared with
control subjects. However, no one has examined
peripheral CSF in ASD.

In summary, it has been suggested that people
with ASD have age-restricted differences in brain
size and perhaps also in cortical gyral maturation.
However, to date no one has examined both total and
regional brain and CSF volume in a relatively large
sample of ASD adults. We therefore used quantitative
MRI to measure head size (intracranial volume),
and the volume of ventricular and peripheral CSF,
lobar brain and cerebellum in 114 individuals with
ASD and 60 controls between 18 and 58 years. We
tested the main hypothesis that ASD adults would
not have any difference from controls in bulk brain
volume, but would have a significantly larger intra-
cranial volume (i.e. an increased head size reflecting
prior brain overgrowth) and volume of peripheral
CSF. We also tested the subsidiary hypothesis that
this would be true in all the different subtypes of
ASD we studied.
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Method
Subjects

People with ASD were recruited from our clinical
research programme [sponsored by the Medical
Research Council (MRC) UK A.LLM.S. network and the
South London and Maudsley NHS Foundation Trust].
Controls were recruited locally through advertise-
ment. We excluded subjects with a co-morbid medical
condition (e.g. epilepsy), history of head injury,
psychosis, cardiovascular disease, a genetic disorder
associated with ASD (e.g. tuberous sclerosis or
fragile X syndrome), or clinically abnormal findings
on routine MRL

The ASD sample comprised 114 ASD adults over
the age of 18 years (80 with Asperger’s syndrome,
28 with typical autism and six with PDD-NOS) and
60 healthy controls. Of these, 17 controls and 10
Asperger’s subjects were participants in a previous
study (McAlonan et al. 2002). Subjects with Asperger’s
syndrome and autism were differentiated by the
presence of abnormal phrase language development.

People with ASD were clinically diagnosed using
International Classification of Diseases (ICD)-10 re-
search criteria (WHO, 1992). This was confirmed in 69
cases where parental informants were available with
the Autism Diagnostic Interview (ADI; Lord ef al.
1994) or the Autism Diagnostic Observation Schedule
(ADOS) in 18 cases (Lord et al. 2000) if parents were
unavailable and the subject was willing to undergo
further interviewing.

We measured overall intelligence using the
Wechsler Adult Intelligence Scale — Revised (Wechsler,
1981). Research was approved by the respective
local research ethics committees, and each participant
(and/or their carer) provided written consent/assent
as appropriate. The subjects were familiarized with
the MRI scanner before imaging. No sedation was
used during the scanning process.

MRI scanning protocol

All subjects and controls underwent MRI scanning on
the same GE Signa 1.5-T MR system (General Electric,
Milwaukee, WI, USA) at the Maudsley Hospital,
London. A coronal three-dimensional spoiled grass
(SPGR) dataset covering the whole head was acquired
(124 slices, 1.5 mm slice thickness) from all subjects.
Manual tracing of brains was performed on the
reformatted SPGR dataset using MEASURE software
and using previously published anatomical defi-
nitions (Barta ef al. 1997). All image analysis was
carried out blind to subject status.

Manual tracing of brain structures was performed
on SPGR datasets, using MEASURE software (Johns
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Hopkins University, Baltimore, MD, USA). As de-
scribed previously (Murphy et al. 1992, 1996), we
traced the total intracranial volume and total brain
matter volume of cerebral hemispheres, cerebellum
and brainstem, and individual brain lobes. We also
measured the volume of ventricular CSF (the lateral
and third ventricles) and peripheral CSF [total intra-
cranial volume — (cerebral hemispheres + cerebellum +
brainstem + ventricles)]. The volume of each region
was calculated by multiplying the summed pixel
cross-sectional areas by slice thickness. Inter-rater
reliabilities were determined for all brain regions
traced by the operators and were highly significant
(r>0.90) (Bartko & Carpenter, 1976). Ten scans were
used to determine inter-rater reliability. One author
reviewed all scans (B.H.). Rater drift was assessed;
10 scans that were traced at the beginning of the
analysis were retraced at the end of the study and
intra-rater reliabilities was attained (r=0.999 for all
regions except for the brainstem, r=0.94 and cer-
ebellum, r=0.98).

Statistical analysis
MRI volumetric measurements

The analysis of manually traced volumes was carried
out using SPSS (version 14.0 for Windows; SPSS,
Inc., Chicago, IL, USA). Between-group differences
in total and regional brain volumes were calculated
using analysis of covariance with group (ASD or
controls) as the between-subject variable and total
intracranial volume as covariate. We firstly compared
all people with ASD (combined as one group) with
controls, and then compared each subtype. As IQ
is known to modulate cortical growth (Shaw et al.
2006), and was also (as expected) significantly differ-
ent between the groups (Table 1), we repeated our
analysis adding IQ as a covariate. Post-hoc testing
(Scheffé test) was used to assess for any between-
group differences in brain volume between the differ-
ent ASD subgroups.

To measure right-left asymmetry of brain regions,
we employed a symmetry index (SI) (Galaburda
et al. 1987), using the formula SI=2(L - R)/(L +R) x
100. Positive values indicate left-sided preponderance.
To classify each structure as being significantly left-
or right-asymmetrical, one-sample Student’s t tests
were used to assess the probability that the mean SI
for each structure was non-zero (significantly asym-
metrical) for both ASD individuals and controls. We
then compared ASD subjects and controls using
unpaired Student’s ¢ tests.

Also we carried out a post hoc, preliminary,
exploratory analysis on the effect of ageing. We corre-
lated (within each group) brain and CSF volumes
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Table 1. Demographics

Asperger’s

ASD syndrome Autism  PDD-NOS  Controls

(n=114) (n=80) (n=28) (n=6) (n=60)
Age (years) 32 (11) 33 (11) 29 (7) 30 (9) 32(9)
Full-scale I1Q* 98 (18) 102 (15) 85 (19) 83 (10) 114 (12)
Verbal 1Q? 97 (19) 102 (16) 83 (18) 86 (13) 114 (13)
Performance 1Q? 97 (19) 101 (17) 87 (21) 81 (7) 114 (14)
Sex, male/female 96/18 71/9 21/7 4/2 53/7

ASD, Autistic spectrum disorder; PDD-NOS, pervasive developmental

disorder — not otherwise specified ; IQ, intelligence quotient.
Values are given as mean (standard deviation).

2 Al IQ measurements are significantly lower in all groups compared with controls

(p<0.001; analysis of covariance).

with age using Pearson’s correlation coefficient. We
then investigated group differences in brain ageing
by transforming Pearson’s r coefficient into Fisher’s
Z score to test the significance of the difference
between correlations, where a Zgpservea =196 or

Zobserved <1.96 is significant (Pallant, 2001).

Results
Demographic profile

There was no between-group difference in age at
the time of MRI acquisition. There was no difference in
the male:female ratios between the different groups.
However, as expected, there was a significant group
effect for IQ in the adult group. The Asperger’s
subgroup had a higher IQ than all the other ASD
subgroups [F(2,113)=17.60, p <0.001] (Table 1).

Volumetric measurements
Cerebral hemispheres and lobar brain

There was no significant difference between the
whole ASD group and controls in head size, or volume
of whole brain or bulk lobar brain. Similarly there
was no difference in whole brain or bulk lobar brain
between each ASD subgroup and controls. There
were no significant differences in intracranial volume
or any bulk lobar volume between the ASD sub-
groups. Correcting for IQ did not change the results.

Cerebellum

The combined group of subjects with ASD had a
significantly smaller cerebellar volume than controls,
[F(1,173)=6.137, p=0.014]. This was present before
and after correcting for both intracranial volume and
IQ. Similarly, each ASD subgroup (except for those
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with PDD-NOS) had a significantly smaller cerebellar
volume than controls. However, there was no signifi-
cant difference in cerebellar volume between the
ASD subgroups (Table 2, Fig. 1).

CSF

Total peripheral CSF was significantly increased in
the whole group of people with ASD compared with
controls [F(1,173)=6.940, p=0.009] but there were
no differences in lateral ventricular volume. This
was also true when we corrected for IQ, and before
and after we removed five outliers. Removing these
outliers reduced the lateral ventricular mean value
to 16.4 cm?® and 16.3 cm® in the ASD and Asperger’s
groups respectively. Also each ASD subgroup (except
for those with PDD-NOS) had a significantly larger
volume of peripheral CSF than controls, both before
and after correcting for IQ. Lateral ventricular volume
was significantly [F(1,87)=4.807, p=0.031] larger
than controls in people with autism, but this also
became non-significant when we corrected for IQ.
There was no significant difference between the ASD
subgroups in peripheral CSF or lateral ventricular
volume (Fig. 2).

Ageing

There was no significant age-related difference
between the combined ASD group and controls in
volume of whole brain or any bulk lobar region.
A significant increase in peripheral CSF with ageing
was found in subjects with ASD (r=0.237, p=0.015)
but not in control subjects (r=0.177, p =0.257). How-
ever, there was no significant differential increase
in peripheral CSF volume with ageing in ASD in-
dividuals compared with controls (Z=0.38). We found
a similar pattern in each subgroup (Fig. 2).
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ASD
(n=114)

Asperger’s

syndrome (1 =80)

Autism
(n=28)°

PDD-NOS
(n=6)

Controls
(n=60)

Intracranial volume

Total
Right
Left

Cerebral hemispheres

Total

Right

Left
Frontal lobes

Total

Right

Left
Temporal lobes

Total

Right

Left
Parietal lobes

Total

Right

Left
Occipital lobes

Total

Right

Left
Cerebellum

Total

Right

Left
Brainstem

Total

Right

Left

Lateral ventricles

Total
Right
Left
Third ventricle

Peripheral CSF
Total
Right
Left
Hemispheric
Cerebellar

1422.40 (149.21)
706.73 (82.01)
715.67 (78.01)

1072.77 (126.66)
536.49 (64.23)
536.27 (63.54)

498.05 (70.51)
249.53 (35.98)
248.51 (35.46)

117.16 (20.97)
59.67 (11.01)
57.50 (10.69)

331.81 (52.27)
165.78 (26.10)
166.03 (26.71)

126.43 (27.09)
61.09 (13.78)
65.34 (14.29)

129.37 (19.74)*
64.87 (9.84)**
64.49 (10.00)*

27.04 (4.85)
13.05 (2.74)
13.99 (2.89)

22.57 (37.15)
9.91 (12.50)
13.45 (27.61)

0.51 (0.60)

168.67 (56.42)*
81.90 (33.87)*
86.77 (32.32)

155.61 (51.46)*
13.06 (9.03)

1436.43 (139.87)
715.72 (75.13)
720.72 (76.53)

1083.58 (118.71)
542.22 (60.40)
541.35 (59.73)

503.88 (68.03)
252.81 (34.44)
251.06 (34.53)

119.42 (19.99)
60.55 (10.68)
58.86 (10.28)

338.55 (55.49)
169.20 (27.65)
169.35 (28.24)

127.36 (26.72)
61.85 (12.90)
65.51 (15.10)

130.80 (17.98)*
65.48 (8.92)**
65.32 (9.02)**

26.87 (4.88)
12.96 (2.65)
13.90 (3.04)

20.04 (24.58)
9.73 (12.04)
10.99 (14.23)

0.52 (0.68)

171.42 (58.35)*
83.87 (34.89)
87.55 (33.69)

159.10 (53.01)
12.32 (9.28)*

1397.50 (169.49)
691.55 (94.58)
705.95 (81.72)

1055.06 (136.22)
526.98 (69.22)
528.08 (67.63)

485.60 (70.92)
241.94 (37.75)
243.66 (34.03)

113.36 (22.80)
57.73 (12.22)
55.63 (11.19)

332.33 (55.54)
166.22 (28.11)
166.12 (28.33)

125.37 (25.82)
60.84 (14.64)
64.53 (13.03)

125.56 (24.81)*
63.43 (12.31)*
62.14 (12.52)*

27.05 (5.14)
13.12 (3.11)
13.93 (2.73)

31.74 (62.67)
11.08 (14.84)
20.66 (48.07)

0.51 (0.44)

157.58 (53.24)*
76.69 (32.93)**
80.89 (28.29)

144.08 (49.08)*
13.50 (8.60)

1375.82 (176.00)
672.63 (92.38)
703.19 (86.19)

1012.82 (178.19)
504.57 (86.36)
508.25 (92.03)

488.06 (99.68)
246.78 (46.15)
241.28 (53.96)

111.02 (19.28)
58.48 (9.25)
52.53 (11.93)

293.61 (48.01)
145.98 (24.01)
147.63 (24.06)

120.55 (29.71)
5351 (19.54)
67.04 (11.81)

130.34 (14.63)
64.39 (7.84)
65.95 (6.94)

29.08 (2.60)
13.73 (2.06)
15.35 (1.60)

14.92 (6.54
6.56 (2.74
8.36 (4.25

0.40 (0.21

- o

188.25 (45.05)
83.18 (27.64)
105.07 (30.43)
168.69 (40.45)
19.56 (5.78)*

1429.70 (128.88)
708.98 (61.76)
720.72 (82.01)

1098.22 (108.69)
548.51 (54.02)
549.71 (64.23)

509.91 (47.69)
255.36 (23.47)
254.55 (25.57)

120.52 (16.61)
61.20 (9.00)
59.31 (8.46)

336.52 (55.82)
167.88 (27.74)
168.64 (28.33)

136.68 (23.64)
65.66 (12.09)
71.01 (14.31)

139.50 (16.69)
69.43 (8.67)
70.08 (8.66)

27.77 (5.31)
13.62 (2.94)
14.15 (3.13)

14.65 (9.93)
6.93 (4.90)
7.72 (6.64)

0.40 (0.32)

145.95 (41.60)
7091 (21.73)
75.04 (23.51)

136.93 (37.08)

9.02 (7.55)

CSF, Cerebrospinal fluid; ASD, autistic spectrum disorder; PDD-NOS, pervasive developmental disorder — not otherwise

specified.

Values are given as mean (standard deviation).
2 Analysis of covariance with intracranial volume and intelligence quotient as covariates in all analyses of brain volume (cm?).

b The autism group includes 20 subjects with high-functioning autism and eight with low-functioning autism.
Significantly different from the control sample: * p <0.05, ** p <0.01.
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Control  Asperger's Autism PDD-NOS

Fig. 1. Cerebellar volume in adults with autistic spectrum
disorder and controls. Values are means and 95 % confidence
intervals. PDD-NOS, Pervasive developmental disorder — not
otherwise specified.

Right-left asymmetry

There was no significant difference in asymmetry
between the combined ASD group or any subgroup
and controls.

Matched-1Q Asperger’s group

As the control subjects had a higher mean IQ than
the Asperger’s subjects, we repeated our analysis
using a subgroup of controls (n=51, mean full-scale
IQ=111, s.0.=12) and Asperger’s subjects (1=69,
mean full-scale IQ=108, s.0.=11). In the Asperger’s
subgroup, cerebellar volume was significantly re-
duced in volume [F(1,119)=5.338, p=0.023] and total
peripheral CSF was significantly increased in volume
[F(1,119)=5.768, p=0.018].

Autism subgroups

We repeated our analysis comparing individuals
with high-functioning autism (HFA) (1=20) with
controls and low-functioning autism (LFA) (n=8)
with controls. Cerebellar volume was reduced
[F(1,79)=8.092, p=0.004] and peripheral CSF was in-
creased [F(1,79)=4.916, p=0.03] in the HFA group
compared with controls. In the LFA group, left
cerebellar volume was reduced [F(1,67)=4.848,
p=0.03] and lateral ventricular volume was increased
[F(1,67)=4.842, p=0.030] compared with controls.

Discussion

We examined the bulk volume of brain and CSF in
adults with ASD using in vivo MRI and hand tracing.
We found no significant between-group difference in
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Fig. 2. Peripheral cerebrospinal fluid (CSF) in adults
with autistic spectrum disorder (®, ———, r=0.237, p=0.015)
and controls (O, —, r=0.177, p=0.257). Z=0.38.

whole-brain, lobar, or intracranial volume. However
people with ASD had a significantly smaller volume
of cerebellum and a significantly larger volume of
peripheral CSF.

Macrocephaly

Our failure to find an increased total brain volume
in ASD adults supports a number of previous reports
in older age groups (McAlonan ef al. 2002; Redcay &
Courchesne, 2005). Also our finding of no differences
in right-left asymmetry is consistent with some other
studies in both children (Hazlett et al. 2005) and adults
(Courchesne et al. 1988).

However, Redcay & Courchesne (2005) suggested
that the developmental trajectory of brain growth in
ASD is significantly different —with maximal brain
volume being achieved at a much younger age in
individuals with ASD compared with healthy con-
trols. Thus our sample may have had transient differ-
ences in brain volume compared with controls when
they were much younger, but these were not detect-
able by us at a later age. Nevertheless, our findings
do suggest that, in our sample of people with ASD,
maximal brain size (as reflected by current intracranial
volume) was never significantly greater than controls.

Cerebellum

All the subgroups of ASD (except for PDD-NOS) had
a significantly smaller bulk volume of cerebellum.
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This is consistent with a number of previous MRI
studies (Murakami et al. 1989 ; Courchesne et al. 2001).
Our tracing methodology did not allow us to deter-
mine which particular subregions, or tissue class,
were most affected. However, we previously reported
a significant reduction in both grey and white matter
in the cerebellum of adults with Asperger’s syndrome
using voxel-based morphometry (McAlonan et al.
2002). It is thus likely that our findings indicate a
reduction in both of these tissue compartments in
ASD adults.

Our findings are at odds with a number of previous
studies that have found increased cerebellar volume
in ASD (Piven et al. 1997; Hardan et al. 2001; Sparks
et al. 2002). However, these studies examined a differ-
ent patient group compared with our study. The
studies carried out by Piven ef al. (1997) and Hardan
et al. (2001) used different MRI statistical software
and examined a younger cohort, including both
adolescents and adults with mean ages of 18 and 22
years respectively, both significantly younger than
our study; whilst Sparks et al. (2002) examined only
young children.

We found evidence that all subgroups of ASD
(except for PDD-NOS, where we only had modest
numbers and thus a large variance in volume) have a
significant reduction in volume of cerebellum. Hence
this may be a common feature across the disorder in
adults, although there is no direct evidence linking
cerebellar function and higher-order functions. This
suggestion is supported by evidence that the cerebel-
lum is important in higher-order functions frequently
impaired in people across the spectrum — e.g. attention
(Allen et al. 1997), social interaction (Townsend et al.
1999) and executive functioning (Ronning et al. 2005).
In addition, autistic-like symptoms (such as social
and communicative deficits) have been demonstrated
in previously normal-functioning individuals with
acquired cerebellar lesions (Schmahann & Sherman,
1998; Levisohn ef al. 2000). Moreover, functional MRI
studies in ASD individuals have demonstrated differ-
ences in cerebellar activation as compared with con-
trols during both motor (Allen et al. 2004) and social
tasks (processing facial expressions) (Critchley et al.
2000).

CSF

We found no significant difference in volume of
ventricular CSF in people with ASD at any age, and
this is consistent with some (but not all) previous
reports (Hardan ef al. 2001). A difference in ventricular
CSF is normally assumed to be a proxy measure
for variation in development (or loss) of brain matter,
and is significantly increased in people with other
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neurodevelopmental pathologies including epilepsy
and some types of intellectual disability (mental re-
tardation) and neuropsychiatric disorders. We delib-
erately only included very healthy people with ASD
and we found that ventricular CSF was only increased
in autistic people before we corrected for IQ. Hence
prior reports that people with ASD have differences
in ventricular volume may be explained by variation
in the intellectual level and physical and mental health
characteristics of the participants.

This is the first study to examine peripheral CSF
in people with ASD. All ASD groups (except for
PDD-NOS) had significantly larger volumes of per-
ipheral CSF compared with controls, without an
associated increase in (current) bulk brain size or
total intra-cranial volume. Also we found preliminary
evidence for a differential increase in peripheral CSF
with age in ASD compared with controls — although
this difference did not reach statistical significance.

Peripheral CSF includes all non-ventricular sub-
arachnoid CSF surrounding the brain. This is gener-
ally accepted as a proxy measure for the mismatch
between current head size and maximal brain size
attained during development [because intracranial
volume (i.e. head size) is proportional to brain size
(Wickett et al. 2000)].

The cause of this increase in peripheral CSF in
ASD is unknown but may include differences in the
developmental trajectory (or ageing) of the two
groups. For example, differences in cortical thickness
have been reported in ASD which contribute to
increased grey matter volume (Hardan et al. 2006).
Normally, loss of bulk lobar brain volume affecting
both grey and white matter is associated with expan-
sion in ventricular CSF - whereas we found differ-
ences only in peripheral CSF. Hence our findings
may be partially explained by differences in neuro-
developmental processes affecting predominantly
cortical grey matter, with loss of cortical grey matter,
and/or differences in cortical gyrification being as-
sociated with expansion of peripheral CSF in ASD.
This hypothesis, however, is speculative —and we
need further studies which directly measure cortical
thickness and gyrification in ASD.

Nevertheless, if we are correct, there are several
(testable) potential explanations for any putative ab-
normalities in the developmental trajectory of cortex.
Among these are differences in neurotrophins and
apoptotic proteins. For example, some have reported
that newborns later diagnosed with autism (Nelson
et al. 2001) have a significantly increased plasma
concentration of brain-derived neurotrophic factor
(BDNF), neurotrophin-4 (NT-4), vasoactive intestinal
peptide and calcitonin-related gene peptide. Further-
more, increased BDNF levels have been demonstrated
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in post-mortem autistic brains (Nelson et al. 2001)
and both BDNF and NT-4 can decrease Purkinje cell
survival by excitotoxic methods (Morrison & Masone,
1998). Abnormalities in apoptotic proteins in ASD
include decreased levels of reelin (Fatemi ef al. 2001)
and Bcl-2 (Morrison & Masone, 1998) and increased
levels of p53 (Araghi-Niknam & Fatemi, 2003). Both
reelin and Bcl-2 are anti-apoptotic proteins, while
p53 is a key regulator of normal apoptosis (Araghi-
Niknam & Fatemi, 2003). Thus abnormalities in
neurotrophins, and/or apoptotic proteins, may par-
tially explain differences in brain maturation, and
hence expansion of peripheral CSF in people with
ASD.

Study limitations

There are a number of limitations with our study.
First, although we had a relatively large sample
size, we only had very modest numbers of individuals
with PDD-NOS. Also, our study was cross-sectional
and therefore we can only report age-related differ-
ences as opposed to differences in ageing of indi-
viduals. Further, we did not relate our volumetric
MRI findings to ADI scores (as these were not avail-
able in all subjects), and so we cannot definitively
conclude that the anatomical differences we identified
are related to the behavioural phenotype of ASD.
We did not have an ADI or ADOS available on all
individuals in this study; however, all subjects were
diagnosed using ICD-10 research criteria and our
clinical interview, screening and investigations for
each individual (excluding carrying out the ADI or
ADOS) takes an entire day to complete. We repeated
our analysis including only individuals who had an
ADI or ADOS and our volumetric findings were
unchanged. Finally, we used hand-tracing methods of
large brain regions, and not voxel-based morpho-
metry, and we did not have measures of cortical
thickness/gyrification. Hence we were unable to
measure subtle differences in grey and white matter
of whole brain and other brain regions implicated
in ASD. This is of importance because we have
previously demonstrated that brain regions which
do not differ in bulk volume do have relative differ-
ences in grey and white matter (McAlonan et al.
2005). Nevertheless this study design did allow us to
rapidly examine a large number of adults from across
a relatively wide age range, which would almost be
impossible in a longitudinal study. Also our simple
tracing approach gives volumes in millilitres that
can be easily, and rapidly, replicated by other lab-
oratories without sophisticated resources. Due to
multiple testing there was an increased risk of
type 1 errors. We carried out multiple-comparison
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procedures (Bonferroni testing) on all parametric
analysis to control for this.

Conclusions

To our knowledge this is the largest quantitative
MRI study of bulk brain volume and CSF in people
with ASD. We found no significant between-group
difference in current brain or head size, or volume of
ventricular CSF. However, the adults with ASD had
a significant reduction in cerebellar volume and an
increase in peripheral CSF. Hence, we suggest that
the ASD adults we studied never had differences
from controls in their maximal brain size, but did
have differences in cerebellar development. Our find-
ings of increased peripheral CSF in those with ASD
may be due to subtle differences in the ageing of
cortical grey gyrification.

Acknowledgements

This work was supported by the MRC UK A.LM.S.
network.

Declaration of Interest

None.

References

Abell F, Krams M, Ashburner J, Passingham R, Friston K,
Frackowiak R, Happe F, Frith C (1999). The neuroanatomy
of autism: a voxel-based whole brain analysis of
structural scans. Neuroreport 10, 1647-1651.

Allen G, Buxton R, Wong EC, Courchesne E (1997).
Attentional activation of the cerebellum independent
of motor involvement. Science 275, 1940-1943.

Allen G, Muller RA, Courchesne E (2004). Cerebellar
function in autism: functional magnetic resonance image
activation during a simple motor task. Biological Psychiatry
56, 269-278.

Araghi-Niknam M, Fatemi SH (2003). Levels of Bcl-2 and
P53 are altered in superior frontal and cerebellar cortices
of autistic subjects. Cellular and Molecular Neurobiology 23,
945-952.

Aylward EH, Minshew N]J, Field K, Sparks BG, Singh N
(2002). Effects of age on brain volume and head
circumference in autism. Neurology 59, 175-183.

Bailey A, Luthert P, Dean A, Harding B, Janota I,
Montgomery M, Rutter M, Lantos P (1998). A
clinicopathological study of autism. Brain 121, 889-905.

Baird G, Simonoff E, Pickles A, Chandler S, Loucas T,
Meldrum D, Charman T (2006). Prevalence of disorders
of the autism spectrum on a population cohort of children
in South Thames; the Special Needs and Autism Project
(SNAP). Lancet 368, 210-215.

Barta PE, Dhingra L, Royall R, Schwartz E (1997). Improving
stereological estimates for the volume of structures


https://doi.org/10.1017/S0033291708003383

identified in three-dimensional arrays of spatial data.
Journal of Neuroscience Methods 75, 111-118.

Bartko JJ, Carpenter WT (1976). On the methods and theory
of reliability. Journal of Nervous and Mental Disease 163,
307-317.

Carper RA, Moses P, Tigue ZD, Courchesne E (2002).
Cerebral lobes in autism: early hyperplasia and abnormal
age effects. Neuroimage 59, 184-192.

Courchesne E, Carper R, Akshoomoff N (2003). Evidence
of brain overgrowth in the first year of life in autism.
Journal of the American Medical Association 290, 337-344.

Courchesne E, Karns CM, Davis HR, Ziccardi R, Carper RA,
Tigue ZD, Chisum HJ, Moses P, Pierce K, Lord C, Lincoln
AJ, Pizzo S, Schreibman L, Haas RH, Akshoomoff NA,
Courchesne RY (2001). Unusual brain growth patterns
in early life in patients with autistic disorder. Neurology 57,
1106-1107.

Courchesne E, Muller RA, Saitoh O (1999). Brain weight
in autism: normal in the majority of cases,
megalencephalic in rare cases. Neurology 52, 1057-1059.

Courchesne E, Yeung-Courchesne R, Press GA, Hesselink
JR, Jernigan TL (1988). Hypoplasia of cerebellar vermal
lobules VI and VII in autism. New England Journal of
Medicine 318, 1349-1354.

Critchley HD, Daly E, Bullmore ET, Williams SC,

Van Amelscoort T, Robertson DM, Rowe A, Phillips M,
McAlonan G, Howlin P, Murphy DG (2000). The
functional neuroanatomy of social behaviour. Changes in
cerebral blood flow when people with autistic disorder
process facial expressions. Brain 123, 2203-2212.

Fatemi SH, Stary JM, Halt AR, Realmulto GR (2001).
Dysregulation of reelin and Bcl-2 proteins in autistic
cerebellum. Journal of Autism and Developmental Disorders
31, 529-535.

Galaburda A, Rosen G, Sherman G (1987). Individual
variability in cortical organization; its relationship to brain
laterality and implications for function. Neuropsychologica
28, 529-546.

Hardan AY, Jou RJ, Keshaven MS, Varma R, Minshew NJ
(2004). Increased frontal cortical folding in autism; a
preliminary MRI study. Psychiatry Research 131, 263-268.

Hardan AY, Minshew NJ, Mallikarjuhn M, Keshaven MS
(2001). Brain volume in autism. Journal of Child Neurology
16, 421-424.

Hardan AY, Muddasani S, Vemulapalli MS, Keshaven MS,
Minshew N (2006). An MRI study of increased cortical
thickness in autism. American Journal of Psychiatry 163,
1290-1292.

Hazlett HC, Poe M, Gerig G, Smith RG, Piven J (2006).
Cortical gray and white brain tissue volume in
adolescents and adults with autism. Biological Psychiatry
59, 1-6.

Hazlett HC, Poe M, Gerig G, Smith RG, Provenzale J,
Ross A, Gilmore J, Piven J (2005). Magnetic resonance
imaging and head circumference study of brain size in
autism. Archives of General Psychiatry 62, 1366-1376.

Herbert MR, Ziegler DA, Deutsch CK, O’Brien LM,
Kennedy DN, Filipek PA, Bakardjiev Al, Hodgson J,
Takeoka M, Makris N, Cavniess VS Jr (2005). Brain
symmetries in autism and developmental language

https://doi.org/10.1017/50033291708003383 Published online by Cambridge University Press

Brain morphometry in autistic spectrum disorder ~ 345

disorder: a nested whole-brain analysis. Brain 128,
213-226.

Herbert MR, Ziegler DA, Deutsch CK, O’Brien LM,

Lange N, Bakardjiev A, Hodgson J, Adrien KT, Steele S,
Makris N, Kennedy D, Harris GJ, Caviness VS Jr (2003).
Dissociations of cerebral cortex, subcortical and cerebral
white matter volumes in autistic boys. Brain 126,
1182-1192.

Howard MA, Cowell PE, Boucher P, Brooks P, Mayes A,
Farrant A, Roberts N (2000). Convergent neuroanatomical
and behavioural evidence of amygdala hypothesis of
autism. Neuroreport 11, 2931-2935.

Kemper TL, Bauman M (1998). Neuropathology of infantile
autism. Journal of Neuropathology and Experimental
Neurology 57, 645-652.

Levisohn L, Cronin-Golomb A, Schmahann JD (2000).
Neuropsychological consequences of cerebellar tumour
resection in children. Cerebellar cognitive affective
syndrome in a paediatric population. Brain 123, 1041-1050.

Lord C, Risi S, Lambrecht L, Cook EH Jr, Leventhal BL,
DiLavore PC, Pickles A, Rutter M (2000). The autism
diagnostic observation schedule-generic: a standard
measure of social and communication deficits associated
with the spectrum of autism. Journal of Autism and
Developmental Disorders 30, 205-223.

Lord C, Rutter M, Le Couteur A (1994). Autism Diagnostic
Interview-Revised : a revised version of a diagnostic
interview for caregivers of individuals with possible
pervasive developmental disorders. Journal of Autism
and Developmental Disorders 24, 659-685.

Lotspeich L], Kwon H, Schumann CM, Fryer SL,
Goodlin-Jones BL, Buonocore MH, Lammers CR,
Amaral DG, Reiss AL (2004). Investigation of
neuranatomical differences between autism and Asperger
syndrome. Archives of General Psychiatry 61, 291-298.

McAlonan GM, Cheung V, Cheung C, Suckling J, Lam GY,
Tai KS, Yip L, Murphy DGM, Chua SE (2005). Mapping
the brain in autism. A voxel-based MRI study of
volumetric differences and intercorrelations in autism.
Brain 128, 268-276.

McAlonan GM, Daly E, Kumari V, Critchley HD, Van
Amelsvoort T, Suckling J, Simmons A, Sigmundsson T,
Greenwood K, Russell A, Happe F, Howlin P, Murphy
DG (2002). Brain anatomy and sensorimotor gating in
Asperger’s syndrome. Brain 125, 1594-1606.

Morrison ME, Masone CA (1998). Granule neuron regulation
of Purkinje cell development: striking a balance between
neurotrophin and glutamate signalling. Journal of
Neuroscience 18, 3563-3573.

Murakami JW, Courchesne E, Press GA, Yeung-Courchesne
R, Hesselink JR (1989). Reduced cerebellar hemisphere
size and its relationship to vermal hypoplasia in autism.
Archives of Neurology 46, 689-694.

Murphy DG, DeCarli C, McIntosh AR, Daly E, Mentis M],
Pietrini P, Szczepanik J, Schapiro MB, Grady CL,
Horowitz B, Rapoport SI (1996). Sex differences in human
brain morphometry and metabolism: an in vivo
quantitative magnetic resonance imaging and positron
emission tomography study on the effect of ageing.
Archives of General Psychiatry 53, 585-594.


https://doi.org/10.1017/S0033291708003383

346  B. Hallahan et al.

Murphy DG, DeCarli C, Shapiro MB, Rapoport SI,
Horowitz B (1992). Age-related differences in volumes
of subcortical nuclei, brain matter, and cerebrospinal fluid
in healthy men as measured with magnetic resonance
imaging. Archives of Neurology 49, 839-844.

Nelson KB, Grether JK, Croen LA, Dambrosia JM, Dickens
BF, Jelliffe LL, Hansen RL, Phillips TM (2001).
Neuropeptides and neurotrophins in neonatal blood of
children with autism or mental retardation. Annals of
Neurology 49, 597-606.

Pallant J (2001). SPSS Survival Manual. A Step by Step Guide
on Data Analysis using SPSS for Windows Version 11. Open
University Press: Buckingham, UK.

Piven J, Arndt S, Bailey J (1995). An MRI study of brain
size in autism. American Journal of Psychiatry 152, 145-149.

Piven J, Nehme E, Simon J, Barta P, Pearlson G, Folstein SE
(1992). Magnetic resonance imaging in autism:
measurement of the cerebellum, pons, and fourth ventricle.
Biological Psychiatry 31, 491-504.

Piven ], Saliba K, Bailey J, Arndt S (1997). An MRI
study of autism: the cerebellum revisited. Neurology 49,
546-551.

Redcay E, Courchesne E (2005). When is the brain enlarged
in autism? A meta-analysis of all brain size reports.
Biological Psychiatry 1, 1-9.

Ronning C, Sundet K, Due-Tonnessen B, Lundar T,
Helseth E (2005). Persistent cognitive dysfunction
secondary to cerebellar injury in patients treated for

https://doi.org/10.1017/50033291708003383 Published online by Cambridge University Press

posterior fossa tumors in childhood. Pediatric Neurosurgery
41, 15-21.

Schmahann JD, Sherman JC (1998). The cerebellar cognitive
affective syndrome. Brain 121, 561-579.

Shaw P, Greenstein D, Lerch J, Clasen L, Lenroot R,
Gogtay N, Evans A, Rapoport J, Giedd ] (2006).
Intellectual ability and cortical development in children
and adolescents. Nature 440, 676-679.

Sparks BF, Friedman SD, Shaw DW, Aylward EH,
Echelard D, Artru AA, Maravilla KR, Giedd JN,
Munson J, Dawson G, Dager SR (2002). Brain structural
abnormalities in young children with autism spectrum
disorder. Neurology 59, 184-192.

Townsend J, Courchesne E, Covington J, Westerfield M,
Harris NS, Lyden P, Lowry TP, Press GA (1999). Spatial
attention deficits in patients with acquired or
developmental cerebellar abnormality. Journal of
Neuroscience 19, 5632-5643.

Wechsler D (1981). Wechsler Adult Intelligence Scale-Revised
(WAIS-R). The Psychological Corporation: New York.

WHO (1992). The ICD-10 classification for mental and
behavioural disorders: clinical description and diagnostic
guidelines. World Health Organization: Geneva.

Wickett JC, Vernon PA, Lee DH (2000). Relationships
between factors of intelligence and brain volume.
Personality and Individual Differences 29, 1095-1122.

Wing L (2004). The spectrum of autistic disorders. Hospital
Medicine 65, 542-545.


https://doi.org/10.1017/S0033291708003383

