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Abstract
In this study, a computational mapping technique was used to examine the three-dimensional profile of the lateral ventricles in
autism. T1-weighted three-dimensional magnetic resonance images of the brain were acquired from 20 males with autism (age:
10.1 ± 3.5 years) and 22 male control subjects (age: 10.7 ± 2.5 years). The lateral ventricles were delineated manually and
ventricular volumes were compared between the two groups. Ventricular traces were also converted into statistical threedimensional maps, based on anatomical surface meshes. These maps were used to visualize regional morphological differences in
the thickness of the lateral ventricles between patients and controls. Although ventricular volumes measured using traditional
methods did not differ significantly between groups, statistical surface maps revealed subtle, highly localized reductions in
ventricular size in patients with autism in the left frontal and occipital horns. These localized reductions in the lateral ventricles may
result from exaggerated brain growth early in life.
© 2007 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction
Autism is a developmental disorder characterized by
social deficits, impaired communication, and restricted
and repetitive patterns of behavior (American Psychia⁎ Corresponding author. London Health Sciences Centre, 800
Commissioners Road East, E2-601, London, Ontario, Canada N6C2V5. Tel.: +1 519 685 8427; fax: +1 519 685 8595.
E-mail address: Rnicolso@uwo.ca (R. Nicolson).

tric Association, 2000). There is strong evidence that
autism has a neurobiological basis, and while many
studies suggest that total brain volume is increased in
children with autism, there is disagreement about whether this enlargement in brain volume persists into adulthood or whether it is limited to childhood (Nicolson and
Szatmari, 2003).
The overall excess in brain volume in patients with
autism may result from abnormally high rates of growth
for both gray and white matter in early childhood
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(Courchesne et al., 2001; Herbert et al., 2003; Hazlett et al.,
2005, 2006). This early hypertrophy might be expected to
influence the volume or shape of the lateral ventricles, but
magnetic resonance imaging (MRI) studies of lateral
ventricular anatomy in autism have yielded inconsistent
results. Several studies have reported an increase in lateral
ventricle volume (Piven et al., 1995; Howard et al., 2000;
Palmen et al., 2005) or area (Gaffney et al., 1989), while
other studies using MRI (Filipek et al., 1992; Hardan et al.,
2001; McAlonan et al., 2002) or computed tomographic
imaging (Campbell et al., 1982; Harcherik et al., 1985;
Creasey et al., 1986; Jacobson et al., 1988) have found no
difference in the total volume of the lateral ventricles
between patients and controls. Among those studies which
controlled for group differences in brain size, a majority
found no group differences in ventricular size (Campbell
et al., 1982; Harcherik et al., 1985; Jacobson et al., 1988;
Hardan et al., 2001; McAlonan et al., 2002), although two
studies did find an increase in ventricular size even after
correcting for brain size (Gaffney et al., 1989; Palmen
et al., 2005).
Factors related to subject selection may have contributed to the inconsistency of these past studies. However, each of these studies assessed the ventricles in
autism with traditional volumetric methods, examining
only the total volume (or area) of the lateral ventricles.
Total volume measures can be insensitive to anatomical
shape variability and are unlikely to identify subtle
regional differences in anatomy between groups. As
such, regional methods, which can examine more localized abnormalities in the ventricles, may be more appropriate. These regional differences may provide important
clues about the nature and location of the aberrant brain
growth in autism. Only one study to date has used this
approach: Bigler et al. (2003) examined the temporal
horns of the lateral ventricles specifically, and noted a
non-significant trend for patients with normal head sizes
(i.e., without macrocephaly) to have smaller temporal
horns than controls (P = 0.09). Other regional methods
that can examine more highly localized abnormalities in
the ventricles may reveal irregularities that would remain
undetected by traditional volumetric analyses. Threedimensional (3D) anatomical mapping methods, which
have not previously been used in studies of the lateral
ventricles in autism, may be beneficial for detecting
subtle regional morphological abnormalities. Unlike
traditional volumetric methods, surface mesh models
and statistical maps can provide better anatomical
localization of group differences in lateral ventricular
morphology while preserving information on subtle
variability patterns within groups (Thompson et al.,
2004a,b). Surface-based anatomical modeling is com-
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plementary to voxel-based statistical methods that assess
differences in tissue types at each voxel of stereotaxic
space. The shape modeling approach works by averaging
the geometry of the anatomical models across subjects,
rather than comparing segmented images. These computational methods have detected regional alterations of
ventricular morphology in conditions such as schizophrenia and Alzheimer's disease, and have associated
ventricular shape changes with immunological decline
and psychomotor impairment in HIV/AIDS (Narr et al.,
2006; Thompson et al., 2004a, 2006). Ventricular maps
have also been used to quantify the effects of progressive
brain atrophy, and relate them to deteriorating cognitive
function in longitudinal scans of patients with dementia
(Thompson et al., 2004a).
In the present study, we used computational mapping
methods to visualize shape and volume abnormalities of
the lateral ventricles in autism. Given reports of early
rapid growth of the brain in autism (Courchesne et al.,
2001, 2003; Hazlett et al., 2005), we hypothesized that
patients with autism would have localized ventricular
abnormalities, although the direction of the effect
(smaller or larger) was not predicted a priori. Because
of the relative ease of ventricular measurement in T1weighted brain images, we were interested in determining the 3D profile of ventricular shape differences
associated with autism, which might provide important
clues regarding the nature and timing of the abnormal
neurodevelopment in the disorder.
2. Methods
2.1. Subjects
Twenty males with autism (age: 10.1 ± 3.5 years; range:
6–17 years) were included in the study. The diagnosis of
autism was made using the Autism Diagnostic InterviewRevised (ADI-R; Lord et al., 1994), the Autism Diagnostic
Observation Schedule (ADOS-G; Lord et al., 2000), and
clinical observation. All patients met DSM-IV-TR criteria
for autism (American Psychiatric Association, 2000) as
well as ADI-R and ADOS-G algorithm criteria. Patients
were also assessed using the Wechsler Intelligence Scale
for Children, 3rd Edition (WISC-III) or the Leiter
International Performance Scale. Exclusionary criteria
for patients included a non-verbal IQ below 70, a seizure
disorder or any other neurological condition, or a known
cytogenetic abnormality. All patients had a physical
examination prior to participation in this study, including
measurement of height, weight, and head circumference.
Handedness was determined by clinical observation and
the report of the patients and their parents. At the time of
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the scan, 10 patients were being treated with psychotropic
medication: six were taking stimulants, three were
receiving dopamine antagonists, two were taking selective
serotonin reuptake inhibitors, and one was being treated
with a cholinesterase inhibitor. Among the 10 patients who
were not taking medications at the time of the study, six
were medication-naïve, three had discontinued their
previous medications at least 4 weeks before imaging,
and one subject who had been treated with a stimulant had
discontinued it 1 week before his scan.
Twenty-two healthy male control subjects (age: 10.7 ±
2.5 years) were recruited from the local community
through advertisement and word of mouth. They were
assessed with the Schedule for Affective Disorders and
Schizophrenia-Childhood Version (Kaufman et al., 1997)
to ensure that none had a major psychiatric disorder.
Additionally, none had a personal history of neurological
disorders. Controls were also assessed with the WISC-III
or the Wechsler Abbreviated Scale of Intelligence, and a
full-scale IQ of less than 70 was exclusionary.
This study was approved by the Health Sciences
Research Ethics Board at the University of Western
Ontario. The parents or legal guardians of all subjects
provided written consent for participation in this study,
while the subjects provided written assent.
2.2. Magnetic resonance imaging
All subjects were scanned on a 3.0 T head-only
scanner (IMRIS, Winnipeg, Canada) with a quadrature
head coil. All patient scans and the majority of control
subject scans were acquired in the late evening.
Standard T1-weighted localizer images were acquired
initially. Images used for volumetric analysis were then
acquired using a T1-weighted 3D MP-RAGE (Magnetization Prepared Rapid Gradient Echo) sequence (TI = 200 ms,
TR = 11 ms, TE = 5 ms, flip-angle 12 degrees, total scan
time: 8 min) with 1.2-mm isotropic voxels.
2.3. Image processing and analysis
Each brain volume was corrected for intensity
inhomogeneities (Sled et al., 1998) and resliced into a
standard orientation as follows. Twenty standard anatomical landmarks were identified by a trained operator
(C.V.) in all three planes and matched with a set of
corresponding point locations defined on the ICBM53
stereotaxic brain template (Mazziotta et al., 2001).
These landmarks were used to compute a threetranslation and three-rotation rigid-body transformation
for each brain volume to align it to the standardized
coordinate system of the ICBM53 average brain

(Mazziotta et al., 2001). Each brain volume was
reoriented to correct for head alignment and resampled
to 1.0-mm isotropic voxels using trilinear interpolation.
In addition, a second set of analyses was performed to
adjust the data for overall differences in brain scale. To
do this, each brain was uniformly scaled into the
ICBM53 stereotaxic space using a 9-parameter linear
transformation, allowing the brain to be scaled to match
the standardized average brain template. Because
differences in overall brain scale were anticipated
between patients and controls, analyses were performed
both with and without global brain scaling.
2.4. Lateral ventricle modeling
The lateral ventricles were manually traced bilaterally by a single image analyst (C.V.) blind to diagnosis
and hemisphere. The lateral ventricles were manually
traced by following the CSF/gray or CSF/white tissue
boundaries in the gray scale image volumes corrected
for head-tilt and orientation (as described previously).
The ventricles were traced in successive coronal brain
slices and the digitized surface contours were displayed
simultaneously in all three viewing planes to facilitate
the accurate identification of neuroanatomic boundaries
(see Fig. 1a,b). Contours were drawn on images
magnified four-fold to allow sub-voxel precision and
faithful tracking of small-scale features. Anatomical
delineation was performed using a standardized ventricular segmentation protocol (Narr et al., 2001).
Previous studies in our laboratory have demonstrated
high interrater (Intraclass Correlation Coefficient (ICC) =
0.91) and intrarater reliability (ICC N 0.89) using this
methodology (Narr et al., 2001, 2006). Partial volume
effects of CSF with the adjacent white matter and
hippocampal gray matter in the inferior horns made it
difficult to identify them consistently; therefore,
analysis was confined to the frontal and occipital
horns of the ventricles. The posterior aspect of the
atrium of the lateral ventricles was used as the boundary
between the frontal and occipital ventricular horns.
Volumes obtained from these tracings were retained for
statistical analyses.
2.5. Anatomical surface averaging
Anatomical mesh modeling methods (Narr et al., 2001;
Thompson et al., 2004a,b) were then used to match equivalent ventricular surface points, obtained from manual
tracings, across subjects and groups (Fig. 1d,e). To match
the digitized points representing the ventricle surface traces
in each brain volume, the manually derived contours were
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Fig. 1. Ventricular surface modeling. The lateral ventricles were manually delineated on consecutive coronal magnetic resonance images (a and b) and
converted into three-dimensional parametric surface meshes (c). Surfaces made up of spatially uniform triangular tiles were averaged across subjects in the
same group to produce an average anatomical model (c). A medial curve, equidistant from each surface, was derived for each subject, and the radial size of the
ventricles measured from the centerline to each surface point (e). Arrows in (e) represent vectors from the centerline to various points on the ventricular surface.
These distance measures are then averaged across subjects at each boundary point (d) and plotted in color to produce a regional measure of radial expansion or
contraction of the ventricles.

made spatially uniform by modeling them as a threedimensional parametric surface mesh (Fig. 1c). That is, the
spatial frequency of digitized points making up the ventricular surface traces was equalized within and across brain
slices. These procedures allow measurements to be made at
corresponding surface locations in each subject that may
then be compared statistically. The matching procedures
also allow the averaging of ventricular surface morphology
across all individuals belonging to a group (Fig. 1d) and
they record the amount of variation between corresponding
surface points relative to the group averages (Fig. 1e).
2.6. Mapping radial ventricular size
The three-dimensional parametric mesh models of each
individual's lateral ventricles were analyzed to estimate the

regional specificity of any group differences in ventricular
volume. As in our prior work (Thompson et al., 2004a,
2006), a medial curve was defined as the three-dimensional
curve traced out by the centroid of the ventricular boundary
in each section (Fig. 1e). This medial curve, computed
separately for each individual, threads down the center of
each individual's ventricular model. The radial size of each
ventricle at each boundary point was assessed by
measuring the radial distances from homologous ventricular surface points to the central core of the individual's
ventricular surface model. These distances can be thought
of as a map of radial expansion or compression, assigning
numbers to each ventricular boundary point, which record
how far it is from the medial curve of the lateral ventricle
(Fig. 1e). The distances of each ventricular surface point
to its respective medial curve are represented on the
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ventricular surface as a map. Since all ventricular surfaces
are represented using the same parametric mesh structure,
corresponding surface traces can be matched across
subjects and averaged across a group, together with their
associated distance measures.
2.7. Statistical analysis and permutation tests
Age, race, handedness, height, head circumference,
the scaling factor needed to transform each brain volume
into stereotaxic space, and intelligence quotients (verbal,
non-verbal, and full-scale) were compared using t-tests
or chi-squared analyses.
Thickness measures improve the localization of
deficits but may be less sensitive to differences in the
length of the ventricles. Traditional volumetric measures
may thus be more sensitive than thickness maps for
detecting group differences in some instances, while
thickness maps may be more sensitive in others.
Therefore, we used both traditional volumetric methods
and statistical maps in order to compare the ability of
both methods to detect ventricular abnormalities among
patients with autism.
Ventricular volumes measured using traditional volumetric methods were compared between groups using
repeated measures Analysis of Variance, with diagnosis as
the between-subjects factor and side (left and right) and
ventricular region (frontal and occipital) as repeated
measures. This analysis was applied to both the raw and
scaled ventricular volumes (i.e., both before and after
controlling for group differences in brain size through
scaling; see section on brain size correction below).
Although the two groups differed significantly in IQ
scores, we chose not to use IQ scores as a covariate as
reductions in IQ may reflect the neurobiological abnormalities underlying autism (Cochrane, 1957). Further, IQ
scores were not correlated with ventricular volumes for
both groups. Although the age range in this study was
wide, we did not covary for age in the analyses as
ventricular volumes were not correlated with age in either
group or when the two groups were combined.
The possible effects of psychotropic medications on
ventricular volumes determined from traditional measures in patients with autism were assessed with a
repeated measures Analysis of Variance. This analysis
was similar to the analysis described above with the
exception that the between-groups factor consisted of
three levels (patients receiving medication, patients not
receiving medication, and controls).
To evaluate regional differences in ventricular volume as indexed by measures of ventricular radial distance, Student's t-tests were performed at equivalent

locations on the ventricular surface maps. Uncorrected
t-values and their corresponding two-tailed probability
values were mapped onto the averaged ventricular
surface models of the entire group and displayed in three
dimensions in scaled and raw space.
For tests of overall volume differences and for
statistical mapping of surface-based measures, a twotailed alpha level of P b 0.05 was used as the
significance threshold. However, for statistical mapping,
comparisons were made at thousands of ventricular
surface points. Permutation testing was therefore used to
confirm the overall significance of the statistical mapping results, adjusting for multiple comparisons. This
accounts for the spatial autocorrelation of the residuals
of the statistical model while adjusting for the multiple
comparisons implicit in conducting multiple statistical
tests at each point on a surface (Nichols and Holmes,
2002). For permutations, the assignment of subjects to
diagnostic groups was randomized 100,000 times,
performing statistical tests at each hippocampal surface
point for each random assignment. Using a threshold of
P b 0.05, uncorrected, the number of significant results
between patients with autism and controls in the actual
data was compared to the number of significant results
produced during the permutation testing to produce a
corrected overall significance value for each map. This
ensures that any reported patterns of group differences
were not observed by chance alone.
2.8. Brain size correction
For statistical mapping of ventricular surface parameters, image volumes and the ventricular contours
Table 1
Demographic characteristics of patients with autism and control
subjects
Measures

Age (years)
Race (# Caucasian)
Handedness (R:L)
Height (cm)
Head circumference
(cm)
Verbal IQ
Non-verbal IQ
Full-scale IQ

Patients

Control
subjects

Test
df
statistic

(n = 20)

(n = 22)

10.1 ± 3.5
19
14:6
145.5 ± 20.0
55.4 ± 2.7

10.7 ± 2.5
22
22:0
146.2 ± 13.1
54.9 ± 1.8

90.8 ± 11.1
97.8 ± 14.4
93.8 ± 11.9

104.8 ± 10.6 t = 3.8
101.5 ± 11.6 t = 0.9
103.0 ± 9.6 t = 2.5

P

t = 0.7 40 0.5
χ2 = 1.1 1 0.3
χ2 = 7.7 1 0.007
t = 0.1 36 0.9
t = 0.7 40 0.5
33 0.001
38 0.4
33 0.02

All continuous data presented as mean ± standard deviation. Degrees of
freedom vary across tests due to missing data for some subjects, e.g.,
the lack of a verbal or full-scale IQ for subjects tested using the Leiter
International Performance Scale.
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Table 2
Lateral ventricle volume, after scaling to control for brain size, in
patients with autism and control subjects
Measure⁎

Total brain volume
Total ventricle
Left ventricle
Right ventricle
Left frontal horn
Left occipital horn
Right frontal horn
Right occipital horn

Patients

Control subjects

(n = 20)

(n = 22)

1576.3 ± 135.3
12.0 ± 6.0
6.3 ± 3.6
5.8 ± 2.6
3.0 ± 1.6
2.8 ± 1.6
3.8 ± 3.4
2.5 ± 1.1

1572.8 ± 104.2
15.836 ± 7.7
8.4 ± 3.9
7.4 ± 4.2
4.2 ± 2.2
3.2 ± 2.1
4.7 ± 2.0
3.7 ± 2.0

⁎Volumes are given in cc. All data are presented as mean ± standard
deviation.

were mapped into stereotaxic space, adjusting for
differences in brain size. However, uncertainty exists
as to whether or not brain size corrections increase or
decrease error variance for region of interest comparisons (Arndt et al., 1991; Mathalon et al., 1993). To
allow for either possibility, we built the same anatomical
maps and performed the same comparisons using raw
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(“descaled”) ventricular volumes, which were derived
by dividing each ventricular volume by the scaling
factor used to transform it to the ICBM53 average brain.
To descale the three-dimensional maps created previously, the inverse of the global scaling transformation
matrix was applied to the ventricular surface points. A
least squares rigid transform with 6 parameters (without
scaling) was then applied to the resulting ventricular
traces to align them rigidly with the ICBM53 average
brain dataset. Maps of group differences were created
both before and after adjusting for any individual and
group differences in brain size.
3. Results
3.1. Subjects
The groups did not differ significantly in terms of
age, race, height, head circumference, or total brain
volume (see Table 1). While there was no significant
difference in non-verbal IQ between the two groups,
patients did have a significantly lower verbal IQ

Fig. 2. Scaled ventricular surface probability maps for patients with autism and controls. The upper row shows regions of volumetric reductions in
patients with autism relative to controls (a–c, red colors). Significant localized reductions in ventricular size were detected in the frontal and occipital
horns bilaterally as well as in the mid-portion of the left ventricle (d–f, white colors). After permutation testing to control for multiple comparisons,
only the regional reductions in the left frontal (P = 0.03) and occipital horns (P = 0.02) remained significant, although there was a non-significant trend
for a reduction in a portion of the right frontal horn as well (P = 0.052). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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(P b 0.0007) and full-scale IQ (P = 0.02). Consistent with
previous studies (Escalante-Mead et al., 2003), there
was a significantly greater proportion of left-handed
subjects in the patient group (P = 0.007).
3.2. Ventricular volume
Using traditional volumetric methods with the scaled
images, repeated measures ANOVA did not reveal any
significant main effects of diagnosis (F1,40 = 3.1,
P = 0.09) or interactions of diagnosis-by-ventricular
region (F1,40 = 0.2, P = 0.7), diagnosis-by-side (F1,40 =
0.7, P = 0.4), or diagnosis-by-ventricular region-by-side
(F1,40 = 1.2, P = 0.3) in the overall volumetric measures
(see Table 2). The pattern of results was similar when the
descaled (native space) images were used.
Repeated measures ANOVA used to determine the
effects of medication on the results from traditional
volumetric measurements did not reveal a significant
main effect of group (patients receiving medication,
patients not receiving medication, and controls). There
were no significant group-by-side or group-by-ventricular region-by-side interactions. There was a significant group-by-ventricular region interaction (F2,39 = 3.4,
P = 0.04), but post-hoc univariate tests did not reveal any
significant differences among the three groups.
3.3. Ventricular distance maps
The statistical maps revealed several localized group
differences in the size of the lateral ventricles after
scaling (i.e., after controlling for total brain volume; see
Fig. 2). Patients with autism exhibited localized
reductions in regional ventricular volumes in the right
and left frontal and occipital horns of the ventricles as
well as in the mid-portion of the left lateral ventricle (red
colors in Fig. 2a,b,c). Permutation tests on these specific
regions of interest to control for multiple testing
confirmed the significant local volume reduction in the
left frontal (P = 0.03) and occipital horns (P = 0.02;
white colors in Fig. 2d,e,f). Although the other regions
did not reach statistical significance after permutation
testing, there was a non-significant trend for localized
reduction in the right frontal horn to be significantly
greater among the patients (P = 0.052). The native space
maps (i.e., descaled) were essentially identical to the
scaled maps, and so are not reported here.
4. Discussion
To our knowledge, this is the first study to use computational mapping methods to investigate ventricular

abnormalities in autism. While traditional methods did
not reveal any significant group differences in total or
regional ventricular volume, computational methods
revealed highly localized reductions in volume in the
left frontal and occipital horns of the lateral ventricles in
patients with autism. This difference remained significant both with and without controlling for total brain
size. Patients also had a strong trend for a localized
deficit in volume in the right frontal horn.
As discussed earlier, previous MRI studies of the
ventricles in autism have yielded inconsistent results. In
contrast to the computational mapping methods used
here, these earlier studies examined the total volume of
the ventricles using traditional methods of analysis.
Such an approach may be less sensitive than computational methods that permit examination of regional
shape differences. As seen in previous studies of
Alzheimer's disease and HIV/AIDS (Thompson et al.,
2004a, 2006), computational maps, in conjunction with
permutation testing, have more power than traditional
volume measurements to detect group differences that
are spatially heterogeneous and that do not affect the
entire volume of a structure uniformly. If deficit patterns
are not spatially uniform, computational shape mapping
is more likely to detect deficits that volumetric measures
may miss. Therefore, computational mapping methods
make it possible to detect subtle regional abnormalities
in the lateral ventricles even in the absence of global
volumetric differences, as in the present study. The
lower power of traditional volumetric measures may
explain why studies using them have had inconsistent
results, with the majority finding no significant group
differences, as was noted here as well.
The spatial localization of volumetric abnormalities of the lateral ventricles provided by computational
mapping methods permits possible insight into the brain
regions potentially involved in the pathophysiology of
autism and the timing of the aberrant neurodevelopment
in the disorder. A highly localized reduction in the
volume of the lateral ventricles suggests compression by
associated white and/or gray matter. Aberrant, excessive
brain growth during the first few years of life would be
expected to lead to an exaggeration in head circumference, which has been reported frequently in autism
(Lord, 2006). However, if this exaggerated brain growth
continues after the sutures have closed, then a reduction
in size of the lateral ventricles would be a potential
result. This reduction in size would be most apparent in
ventricular regions anatomically related to those brain
regions with the greatest amount of aberrant growth
after the close of the sutures. While most human sutures
do not close until adulthood, the metopic, or frontal
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suture, closes by approximately age two (Cohen, 1993).
Several authors have reported that the regions with the
most abnormally increased volume in autism are frontal
gray and white matter (Carper and Courchesne, 2005;
Carper et al., 2002; Herbert et al., 2004). The regional
reduction in the volume of the frontal horn of the left
ventricle (and the strong trend to a regional reduction in
the right frontal ventricular volume) could therefore be a
reflection of excessive frontal growth. Similarly, the
regional reduction in the size of the left occipital horn
could be secondary to excessive growth of the temporal
or occipital lobes, which has been noted in some studies
of autism (Piven et al., 1996; Hazlett et al., 2006).
Alternatively, the reduction in size of the left frontal
horn could be related to abnormalities of the caudate
nucleus. While this could be secondary to the use of
antipsychotic medications by some patients (Chakos
et al., 1994), this seems unlikely given that ventricular
size did not differ between patients taking medication
and those not receiving medication. However, a recent
meta-analysis of volumetric brain imaging studies in
autism noted that patients had an increase in caudate
volume (Stanfield et al., in press), suggesting that this
also could potentially have resulted in a regional
reduction of the frontal horn of the ventricles.
Patients in this study had a larger ventricular occipital
horn on the left side, while controls showed the opposite.
While this could be related to abnormalities of asymmetry
reported in other brain imaging studies of autism (e.g.,
Herbert et al., 2002), statistical assessment of asymmetry
did not show significant group differences.
The results of this study should be interpreted
cautiously due to several limitations. The sample size
in this study was relatively small and thus there may
have insufficient power to detect group differences of
lesser magnitude than those seen here. The lack of
female subjects also limits the conclusions that can be
drawn. However, given the known gender differences in
the prevalence and severity of autism (Yeargin-Allsop et
al., 2003), and in the developmental trajectory of the
lateral ventricles (Giedd et al., 1997), the inclusion of
males only in this study may have highlighted group
differences by removing gender variables affecting the
size of the ventricles. A number of patients in the present
study were taking psychotropic medication, which could
potentially have influenced the results. This seems
unlikely, however, as MRI studies of other patient
groups taking similar medications to those used in
patients with autism have not reported reductions in the
size of the lateral ventricles (Kumra et al., 2000;
Peterson et al., 2001; Scherk and Falkai, 2006).
Additionally, control subjects in the present study did
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not differ on traditional ventricular measures from
patients receiving medication and medication-free
patients, further suggesting that the results of this
study are not solely due to the effects of psychotropic
medication. However, given the small sample size and
the diversity of medications used by the subjects in the
patient group, possible effects of medications on the
results cannot be ruled out conclusively. Although we
assessed handedness in our subjects, it was not done
using an objective measure.
The methodology used here requires some manual
interaction with the images to trace the lateral ventricles
whereas some other methods, such as voxel-based
morphometry, are completely automated. If automated
ventricular segmentation methods become as reliable as
manual tracing, these shape analysis methods may be
efficiently extended to larger samples. We are currently
validating more automated approaches for creating these
surface maps (Carmichael et al., 2007). In this study, a 9parameter global scaling transform was applied to each
individual brain, to match the standardized average
brain template. Although, in our sample, there were no
systematic group differences in overall brain volume,
we still performed brain scaling to adjust for the large
inter-individual variability in brain scale, which can
make it easier to detect subtle group differences in brain
substructures, such as the ventricles. However, it is
possible in principle that a 9-parameter scaling can
introduce effects due to possibly independent scalings
along each of the 3 cardinal axes. To examine whether
this scaling transformation may have affected the
inferences made regarding volume reductions based on
the maps, we also created non-scaled maps, as in our
past studies (e.g., Thompson et al., 2005a,b), in which
the individual datasets were brought into mutual
alignment using a rotational alignment but no scaling.
To do this, the 9-parameter scaling transformation
matrix was inverted, applied to the surface meshes,
and a 6-parameter rigid-body alignment was then
applied to align the surface meshes before averaging
and group comparison. As noted in Section 3, the nonscaled maps were essentially the same, so the maps are
not shown.
In this study, a computational mapping strategy was
used to visualize patterns of localized ventricular
contraction in children with autism. The greatest
abnormalities were noted in the left frontal and occipital
horns. Shape and computational mapping may reveal
the spatial pattern of ventricular deficits with greater
visual and statistical power than traditional volumetric
methods and may thus provide important insights into
the timing of neurodevelopmental abnormalities in
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autism. Future studies are required to confirm these
differences in larger samples, and longitudinal studies
will be needed to assess whether ongoing developmental changes in the ventricles among patients with
autism differ from those seen in typically developing
children and adolescents.
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