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PAbstract

Brain imaging studies of the hippocampus in autism have yielded inconsistent results. In this study, a computational mapping
strategy was used to examine the three-dimensional profile of hippocampal abnormalities in a group of males with autism. Twenty-
one males with autism (age: 9.5±3.3 years) and 24 male controls (age: 10.3±2.4 years) underwent a volumetric magnetic
resonance imaging scan at 3-Tesla. The hippocampus was delineated, using an anatomical protocol, and hippocampal volumes
were compared between the two groups. Hippocampal traces were also converted into three-dimensional parametric surface
meshes, and statistical brain maps were created to visualize morphological differences in the shape and thickness of the
hippocampus between groups. Parametric surface meshes and shape analysis revealed subtle differences between patients and
controls, particularly in the right posterior hippocampus. These deficits were significant even though the groups did not differ
significantly for traditional measures of hippocampal volume. These results suggest that autism may be associated with subtle
regional reductions in the size of the hippocampus. The increased statistical and spatial power of computational mapping methods
provided the ability to detect these differences which were not found with traditional volumetric methods.
© 2006 Published by Elsevier Ireland Ltd.
 RKeywords: Autism; Hippocampus; MRI
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OR1. Introduction

Autism is a severe developmental disorder character-
ized by social deficits, impaired communication, and res-
tricted and repetitive behavior patterns (American
Psychiatric Association, 2000). There is strong evidence
that autism is associated with abnormal brain develop-
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ment, but the anatomical extent of these neurobiological
abnormalities is unknown (Nicolson and Szatmari, 2003).

Abnormalities of the hippocampus and related limbic
structures have been hypothesized to be relevant to the
pathophysiology of autism because of their role in lear-
ning, social functioning, and emotion, functions that are
typically disturbed in autism (Bauman and Kemper, 1985;
DeLong, 1992; Bachevalier, 1994). One postmortem study
reported that patients with autism had small, densely pac-
ked neurons in the CA1 through CA4 hippocampal fields
and the subiculum as well as reduced complexity and
extent of dendritic arborization in the CA1 and CA4 fields
PSYN-09197; No of Pages 11
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(Bauman and Kemper, 1985; Raymond et al., 1996).
However, other histopathological studies have failed to
find similar hippocampal abnormalities (Bailey et al.,
1998).

To date, anatomic studies of the hippocampus in autism
using magnetic resonance imaging (MRI) have yielded
inconsistent results. Five studies have found no difference
in size of the hippocampus between patients and controls
(Saitoh et al., 1995; Piven et al., 1998; Haznedar et al.,
2000; Howard et al., 2000; Bigler et al., 2003). Others
reported a reduction in the ratio of hippocampal volume to
total brain volume among patients with autism (Aylward
et al., 1999), while still others have reported increased
hippocampal size in the disorder (Sparks et al., 2002;
Rojas et al., 2004; Schumann et al., 2004).

While factors related to subject selection may have
contributed to this inconsistency, the neuroanatomic de-
finition of the hippocampus may have also played a role.
Previous studies have all assessed the hippocampus in
autism using traditional volumetric methods, which can be
insensitive to anatomical shape variability and unlikely to
identify subtle regional differences in anatomy between
groups. Recently, however, computational mapping meth-
ods have been developed to examine hippocampal struc-
ture. Unlike traditional volumetric methods, the use of
surface mesh models and statistical maps permits the
examination of highly localized group differences in
hippocampal morphology while preserving subtle vari-
ability patterns within groups (Thompson et al., 2004a,b).
Although this approach is complementary to voxel-based
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 mo-
dels rather than comparing segmented images. These
computational methods have detected regional alterations
of hippocampal morphology in conditions such as schi-
zophrenia and depression, even in the absence of sig-
nificant volume reductions (Csernansky et al., 2002;
Posener et al., 2003; Narr et al., 2004).

The purpose of this study was to use computational
mapping methods to detect and visualize hippocampal
abnormalities in autism. We hypothesized that patients
with autism would have localized hippocampal abnormal-
ities, although the direction of the abnormalities (excess or
atrophy) was not predicted in advance.

2. Methods

2.1. Subjects

Twenty-one males with autism between the ages of 6
and 16 participated in this study. The diagnosis of autism
TE
D
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was made using the Autism Diagnostic Interview-Revised
(ADI-R; Lord et al., 1994), the Autism Diagnostic
Observation Schedule (ADOS-G; Lord et al., 2000), and
clinical observation. On the ADOS-G, one patient was
assessed with module 1, three patients with module 2, 10
patients with module 3, and 7 patients with module 4. 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 or a seizure disorder or any other
neurological condition. All patients had a physical exami-
nation prior to participation in this study, including height,
weight, and head circumference (defined as the maximal
frontal–occipital circumference). Handedness was deter-
mined through clinical observation and the report of the
patients and their parents. At the time of the scan, nine
patients were being treated with psychotropic medication:
six were taking stimulants, five were receiving dopamine
antagonists, two were taking SSRIs, and one being treated
with a cholinesterase inhibitor. Among the 12 patients who
were not taking medications at the time of the study, seven
were medication-naïve, four had discontinued their
previous medications at least four weeks prior to the
scan, and one subject being treated with a stimulant had
discontinued it one week before his scan.

Twenty-four males between the ages of 6 and 16,
drawn from the local community through advertisement
and word of mouth, participated as control subjects.
They were assessed with the Schedule for Affective
Disorders and Schizophrenia-Childhood Version (Kauf-
man et al., 1997) to ensure that none had an axis I
psychiatric disorder. Additionally, none had a personal
history of neurological disorders or a family history of
autism or mental retardation. Control subjects 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. Head circumference and handedness
were determined in control subjects using the same
method as in the patients.

This study was approved by the local Research
Ethics Board. 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-Tesla head-only
scanner (IMRIS, Winnipeg, Canada) with a quadrature
head coil. All patient scans and the majority of control
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subject scans were acquired during the evening. To
facilitate completion of their scans, 14 patients with
autism received sedation with oral midazolam.

Standard T1-weighted localizer images were acquired
initially. Images used for volumetric analysis were then
acquired using a T1-weighted 3-D MP-RAGE (Magneti-
zation Prepared Rapid Gradient Echo) sequence (TI =
200 ms, TR = 11 ms, TE = 5 ms, flip-angle = 12°, Field of
View=24 cm, total scan time: 8 min) with 1.2-mm
isotropic voxels.

2.3. Image processing and analysis

Each brain volume was corrected for radio frequency
field inhomogeneities (Sled et al., 1998) and resliced into a
standard orientation. Twenty standard anatomical land-
marks were identified by a trained operator (C.V.) in all
three planes andmatched with a set of corresponding point
locations defined on the ICBM53 stereotaxic brain
template (Mazziotta et al., 2001). As in previous studies
(e.g., Thompson et al., 2004a), these landmarks were used
to compute a three-translation and three-rotation rigid-
body linear transformation for each brain volume to align it
to the standardized coordinate system of the ICBM53
average brain. Each brain volumewas reoriented to correct
for head alignment and resampled to 1.0 mm isotropic
voxels using trilinear interpolation and a 6-parameter
Procrustes fit. In addition, a second set of analyses were
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 tomatch the
standardized average brain template.

2.4. Hippocampal modeling

The hippocampi were digitized bilaterally by a single
individual blind to subject data and hemisphere (data were
randomly flipped in the midsagittal plane to avoid any
possible bias). Anatomical segmentation was performed
according to criteria adapted from the detailed protocol of
Pantel et al. (2000), using a standard neuroanatomical atlas
of the hippocampus (Duvernoy and Bourgouin, 1998).
One rater (Y.S.) blind to group status traced the gray/white
or gray/CSF interfaces separating the hippocampi from
surrounding anatomy using interactive segmentation
software (Woods, 2003). Boundaries were traced on the
rigidly re-aligned gray scale brain volumes. The hippo-
campi were traced in coronal brain slices from anterior to
posterior and the digitized surface contours were displayed
simultaneously in all three viewing planes to facilitate the
accurate identification of neuroanatomic boundaries,
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particularly that between the hippocampus and amygdala
(see Fig. 1a). Contours were drawn on images magnified
four-fold to allow subvoxel precision and faithful tracking
of small-scale features. Hippocampal tracing in each
hemisphere began at the indentation of the hippocampal
sulcus, or when not visible, at the most medial point of the
hippocampus in the coronal plane. The alveus was used as
the superior boundary and the white matter of the
parahippocampal gyrus as the inferior boundary. The
inferior temporal horn of the lateral ventricle was used as
the lateral boundary and the ambient cistern as the medial
boundary. The subiculum was included in hippocampal
tracings. As suggested by Pantel et al. (2000), the use of all
three planes was critical to separating the hippocampus
from the amygdala. The alveus, as viewed in three
dimensions, was used as the border between the
hippocampus and the amygdala anteriorly. The alveus
itself was excluded from themeasurement. In mid-anterior
hippocampal regions, the invagination of the hippocampal
sulcus was followed. Hippocampal outlines were contin-
ued posteriorly until hippocampal gray matter formed an
oval mass medial to the atrium of the lateral ventricles, but
excluded the subsplenial gyrus. Volumes were obtained
from the hippocampal surface tracings for use as
dependent measures in statistical analyses. This method
has previously shown high inter- and intra-rater reliability
for hippocampal measurements (Thompson et al., 2004a).

2.5. Anatomical surface averaging

Anatomical mesh modeling methods were used to
match equivalent hippocampal surface points, obtained
from manual tracings, across subjects and groups. To
match the digitized points representing the hippocampal
surface traces in each brain volume, the manually
derived contours were made spatially uniform by mo-
deling them as a three-dimensional parametric surface
mesh (see Fig. 1). These three-dimensional parametric
surface models are indexed using two-dimensional
parameter space. The anatomical mesh modeling pro-
cedures allow the averaging of hippocampal surface
morphology across all individuals belonging to a group
and the recording of the amount of three-dimensional
variation among homologous surface points relative to
the group averages.

2.6. Surface distance mapping

The three-dimensional parametric mesh models of
each individual's hippocampi were analyzed to estimate
the regional specificity of hippocampal volume changes
in autism. A “medial curve” was defined along the
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Fig. 1. Hippocampal surface modeling. Each individual's hippocampus is traced in coronal MRI sections (a) and converted to a mesh surface
representation (b and c) in which the radial size of the hippocampus is measured from a centerline and plotted in color on the surface to index radial
atrophy. Arrows in (c) represent vectors from the centerline to various points on the hippocampal surface. These meshes are averaged across subjects
(d), and atrophy or expansion relative to the control mean is computed at each surface point (e).
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anterior–posterior axis of the hippocampus in stereo-
taxic coordinate space and the radial size of each
hippocampus at each boundary point was assessed by
measuring the radial distances from homologous
hippocampal surface points to the central core of the
individual's hippocampal surface model (Fig. 1c) (Narr
et al., 2004; Thompson et al., 2004a). Since radial
distances from the medial core to the surface boundary
are measured at thousands of points along the surface,
the resulting radial distance maps detect nonuniform
volumetric changes on a very local scale and may be
compared statistically between groups at equivalent
hippocampal surface points.

2.7. Statistical analysis

Age, race, handedness, height, head circumference,
the scaling factor needed to transform each brain volume
into stereotaxic space, and intelligence quotient (verbal,
non-verbal, and full-scale) were compared using t-tests
or chi-square analyses.

Thickness measures improve the localization of
deficits but may be less sensitive to differences in the
length of the hippocampus. Traditional volumetric mea-
sures may thus be more sensitive than thickness maps
for detecting group differences in some instances, while
TEthickness 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 hippocampal abnormalities
among patients with autism.

Right and left hippocampal volumes measured using
traditional volumetric methods were compared between
groups using Analysis of Variance, with group as the
between subjects factor. This analysis was applied to
both the raw and scaled hippocampal volumes (i.e., both
before and after controlling for group differences in
brain size through scaling; see section on brain size
correction below).

To evaluate regional differences in hippocampal
volume as indexed by measures of hippocampal radial
distance, Student's t-tests were performed at equivalent
locations on the hippocampal surface maps. Uncorrected t
values and their corresponding two-tailed probability
values were mapped onto the averaged hippocampal sur-
face 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 two-tailed alpha
level of Pb0.05 was used as the significance threshold.
However, for statistical mapping, comparisons were made
at thousands of hippocampal surface points. Permutation
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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). Using a threshold of
Pb0.05, uncorrected, the number of significant results
between patients with autism and the control subjects 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
(Thompson et al., 2004c).

2.8. Brain size correction

For statistical mapping of hippocampal surface para-
meters, image volumes and the hippocampal contours
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 (“descaled”)
hippocampal volumes, which were derived by dividing
each hippocampal 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 transformationmatrix was applied to the
hippocampal surface points. A least squares rigid
transform with 6 parameters (without scaling) was then
applied to the resulting hippocampal traces to align them
rigidly with the ICBM53 average brain dataset. Maps of
group differences were created both before and after
UN
CO

RTable 1
Demographic characteristics of patients with autistic disorder and control su

Measures Patients (n=21) Control sub

Age (years) 9.5±3.3 10.3±2.4
Race

(# Caucasian)
20 24

Handedness
(R:L)

15 :6 24 :0

Height (cm) 145.1±19.7 145.1±13.3
Head circumference (cm) 55.3±2.6 54.8±1.8
Image scaling factor a 1.3±0.1 1.4±0.1
Verbal IQ 90.9±11.3 106.3±11.3
Non-verbal IQ 98.3±14.2 104.4±14.6
Full-scale IQ 93.8±11.9 105.4±12.1

All continuous data presented as mean±standard deviation. Note that degre
including the lack of a verbal or full-scale IQ for subjects tested using the L
a The Image Scaling Factor refers to the scaling factor used to transform
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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 the scaling
factor used to transform each image volume into
stereotaxic space (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
(P=0.0003) and full-scale IQ (P=0.007). 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). Mean
ADI-R algorithm scores for subjects in the autism group
are presented in Table 2.

3.2. Hippocampal volume

Using traditional volumetric methods, patients with
autism did not differ significantly from controls in the
volume of the individual hippocampi or the combined
hippocampal volume (see Table 3). The pattern of
results was similar when either the descaled (native
space) images were used or when differences in brain
size were controlled for through the use of the scaled
images.

3.3. Hippocampal distance maps

Permutation tests on the descaled (native space) maps
of the hippocampi did not reveal any regions with
bjects

jects (n=24) Test statistic df P

t=1.0 43 0.9
χ2=1.2 1 0.3

χ2=7.9 1 0.007

t=0.01 38 0.9
t=0.6 43 0.5
t=0.6 43 0.5
t=4.0 35 0.0003
t=1.4 41 0.2
t=2.8 35 0.007

es of freedom vary across tests due to missing data for some subjects,
eiter International Performance Scale.
each image volume into stereotaxic space.
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t3:12

Table 2t2:1

Autism Diagnostic Interview-Revised (ADI-R) algorithm scores for
subjects with autism (n=21)t2:2

t2:3 Domain Score

t2:4 Social interactions 22.5±5.4
t2:5 Communication
t2:6 Verbal subjects (n=20) 15.8±3.7
t2:7 Non-verbal subjects (n=1) 14.0
t2:8 Restricted and repetitive behavior 4.2±1.0

All continuous data presented as mean±standard deviation.t2:9
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significant group differences (see Fig. 2). Small regions
of volume excess in autism (red colors, Fig. 2(a) and (c))
were visible in the anterior hippocampus, but these
changes were not significant when permutation testing
was performed.

However, when total brain size was controlled for
through the use of the scaled maps, significance maps
(Fig. 3) revealed several localized group differences.
Patients with autism had a significant reduction in
hippocampal volume in the right medial posterior
hippocampus (Fig. 3b, red color and white color) and
a regional increase in thickness in the right medial
anterior hippocampus (Fig. 3c, red color). Permutation
tests on these specific regions of interest to control for
multiple testing confirmed the significant reduction in
the right medial posterior hippocampus of patients with
autism (P=0.02), but the increase in the right medial
anterior hippocampus among patients did not reach
significance. There were no significant group differ-
ences in the left hippocampus.

4. Discussion

To our knowledge, this is the first study to use com-
putational mapping methods to investigate hippocampal
abnormalities in autism.While traditionalmethods did not
reveal any significant group differences in total hippo-
campal volume, computational methods revealed a loca-
UN
COTable 3

Hippocampal volume, with and without correction for brain size, in patients

Measure a Patients (n=21) Compariso

Native space
Left hippocampus 2654.2±348.7 2536.6±24
Right hippocampus 2730.1±333.8 2680.6±28
Total hippocampus 5384.3±657.3 5217.2±48

Scaled
Left hippocampus 3533.2±411.0 3440.7±28
Right hippocampus 3635.0±394.1 3640.0±38
Total hippocampus 7168.2±773.5 7080.7±59
a Hippocampal volumes given in mm3. All continuous data presented as m
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D
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lized reduction in volume of the right medial posterior
hippocampus in patients with autism after controlling for
total brain size. This volume reduction could be due to
specific abnormalities of the dentate gyrus, the hippo-
campal CA1 region, the CA3 region, or the CA4 region,
or a combination of these regions. Although the
methodology employed here is not able to determine
which of these regions contributes to the volumetric
deficit seen among patients, the three previous studies of
the posterior hippocampus have not detected significant
differences between patients and controls in the total
cross-sectional area of the subiculum and CA1 through
CA3 regions in patients with autism. (Saitoh et al., 1995,
2001; Bigler et al., 2003). Saitoh et al. (2001), however,
did report a reduction in cross-sectional area in the
combined CA4 and dentate gyrus (the area dentata).
While the other two studies of the posterior hippocampus
did not find significant reductions in the size of the area
dentata in autism, they both had smaller sample sizes and
also subdivided their patient groups by the presence or
absence of macrocephaly (Bigler et al., 2003) or the
presence or absence of mental retardation or seizures
(Saitoh et al., 1995), thereby further reducing the number
of subjects used in each comparison.

As noted previously, studies of the hippocampus in
patients with autism have yielded contradictory results.
This inconsistency may be due, at least in part, to factors
such as sample size, subject age and gender, specific
diagnosis (i.e., autism, Asperger's syndrome, or perva-
sive developmental disorder not otherwise specified),
and the presence or absence of mental retardation and
seizures. The neuroanatomic definition of the hippo-
campus may have also contributed to the inconsistency
seen in earlier studies. In contrast to the computational
mapping methods used here, previous studies of the
hippocampus in autism examined the total volume of the
hippocampus using traditional methods of analysis.
However, given the anatomical and functional differen-
ces of hippocampal subregions (Duvernoy and
with autism and comparison subjects

n subjects (n=24) F df P

8.4 1.7 1,43 0.2
9.5 0.3 1,43 0.6
7.8 0.9 1,43 0.3

3.0 0.8 1,43 0.4
3.6 0.1 1,43 0.9
6.3 0.2 1,43 0.7

ean±standard deviation.
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comparisons. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Bourgouin, 1998) as well as the limited diagnostic
specificity afforded by traditional methods, such an
approach may be less suitable than computational
mapping methods. Computational maps, in conjunction
with permutation testing, have more power than
traditional volumetric measurements to detect group
differences that are spatially heterogeneous and that do
not affect the entire volume of a structure uniformly
(Thompson et al., 2004b, 2005; Lin et al., 2005). As a
result, subtle regional abnormalities may be detected
with computational methods, even in the absence of
global volumetric differences, as is the case in this study.
The lower power of traditional volumetric measures
may explain why studies using them have had
inconsistent results, with many finding no significant
group differences, as was noted here.
UN
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Fig. 3. Scaled hippocampal surface probability maps of patients with autism a
(a), regions where patients showed reductions in hippocampal volume relat
regional increases in hippocampal volume relative to healthy comparison sub
the right medial posterior hippocampus (b) and an increase in regional volume
was performed to correct for multiple comparisons, the only significant grou
posterior hippocampus (red areas and white areas in (b)). (For interpretation o
the web version of this article.)
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The spatial localization of volumetric abnormalities
of the hippocampus provided by computational map-
ping methods permits a greater insight into the
hippocampal regions potentially involved in the patho-
physiology of autism. Functional brain imaging studies
have indicated the importance of the hippocampus in
facial encoding and recall (Haxby et al., 1996; Critchley
et al., 2000; Kircher et al., 2001; Gur et al., 2002;). In
particular, the right posterior hippocampus, the region
differing between patients and controls in the present
study, has been noted to be activated during the en-
coding and processing of facial emotions in adults
without developmental disorders (Haxby et al., 1996;
Critchley et al., 2000). The right hippocampus is also
involved in self-recognition, a process that may be an
index of self-awareness (Kircher et al., 2001). Similarly,
nd controls, showing regions of overall differences between the groups
ive to comparison subjects (b), and regions where patients exhibited
jects (c). Patients with autism showed a reduction in regional volume in
in the right medial anterior hippocampus (c). When permutation testing
p difference was the reduction in regional volume in the right medial
f the references to colour in this figure legend, the reader is referred to
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studies of single neuron activity have demonstrated
activity of the hippocampus during facial recognition
(Fried et al., 1997, 2002). The deficits of facial and
emotional processing and recall associated with autism
(Dawson et al., 2002) could thus reflect abnormalities of
the hippocampus.

In conjunction with other medial temporal lobe
structures, the regions of the posterior hippocampus
found to be smaller in patients with autism in this study
(the dentate gyrus and the CA1, CA3, and CA4 fields of
the hippocampus) are part of a neural circuit that is
essential to long-term memory formation and consoli-
dation (Squire et al., 2004). Abnormalities of the hippo-
campal components of this system, including the
regions differing between patients and controls in this
study, could disrupt the normal functioning of these
circuits and result in significant memory deficits (Squire
et al., 2004). While recent studies suggest aberrant spa-
tial working memory and episodic memory in patients
with autism (Salmond et al., 2005; Williams et al., in
press), some uncertainty remains about the precise
nature of memory abnormalities in autism (Tsatsanis,
2005). However, based upon the role of the hippocam-
pus in the integration, abstraction, and organization of
information constituting memories (Eichenbaum, 2000),
it has been proposed that the hippocampus is also critical
to relational memory processing. This process involves
the binding together of inputs to permit the establish-
ment of associations between items and events in a
memory and, thus, form a cohesive memory (Cohen
et al., 1999). Abnormalities of the hippocampus and its
connections with the prefrontal cortex could lead to
impairments in this process of “feature binding”, which
might be of relevance in understanding the aberrant
cognition seen in autism (Dawson et al., 2002). Frith
(1989) has suggested that autism is characterized by
“weak central coherence”, a reduction in the ability to
integrate information into a coherent and meaningful
whole. Aberrant hippocampal structure in autism, such
as that seen in this study, could lead to deficits in
relational memory processing and the ability to bind
features of various memories together and, ultimately, to
impairments in the ability to integrate information
appropriately.

In addition to identifying regional abnormalities of the
hippocampus potentially related to the pathophysiology of
autism, the spatial localization of volumetric differences by
computational mapping methods also provides important
information about the diagnostic specificity of these
hippocampal abnormalities. Studies using traditional
volumetric methods may also have limited diagnostic
specificity, in part, perhaps, because of the inability of
TE
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traditional methods to detect localized abnormalities. For
example, traditional morphometric methods have been
used to detect reductions in the total volume of the
hippocampus in many psychiatric illnesses, including
schizophrenia, depression, bipolar disorder, and post-trau-
matic stress disorder (Geuze et al., 2005). However, the
significantly enhanced spatial resolution of computational
mapping methods may provide further information about
the diagnostic specificity of hippocampal abnormalities.
Previous studies using this methodology have reported
localized volume reductions in the head of the hippocam-
pus bilaterally and the left anterolateral hippocampus in
schizophrenia (Csernansky et al., 2002; Narr et al., 2004),
the subiculum in patients with depression (Posener et al.,
2003), the left lateral head of the hippocampus in Alzhei-
mer's disease (Thompson et al., 2004a), and in the left
anterolateral hippocampus amongmethamphetamine abu-
sers (Thompson et al., 2004b). Additionally, a study of
patients with Tourette syndrome using methods similar to
those employed here reported an increase in the volume of
the dentate gyrus (Choi and Peterson, 2004). The reduction
in the right medial posterior hippocampus detected with
computational mapping methods in the present study
differs from the regions noted to be abnormal in these
studies of other neuropsychiatric disorders, suggesting that
it may be specific to autism.

The results of this study should be interpreted
cautiously due to several limitations including the small
sample size and the lack of female subjects. However,
given the known gender differences in prevalence and
severity of autism (Yeargin-Allsop et al., 2003), and in the
developmental trajectory of the hippocampus (Giedd et al.,
1996), the inclusion of males only in this study may have
highlighted group differences by removing gender vari-
ables affecting the size of the hippocampus. A number of
patients in the present study were taking psychotropic
medication, which could potentially have influenced the
results. However, studies of children and adolescents with
schizophrenia (Matsumoto et al., 2001) or bipolar disorder
(Frazier et al., 2005) have not detected significant
differences in hippocampal volume when patients who
were or were not receiving medication were compared. At
the same time, longitudinal studies of patients with
childhood-onset schizophrenia who were being treated
with antipsychotic medications have noted progressive
reductions in hippocampal volume relative to controls
(Giedd et al., 1999), although it is difficult to determine
whether these ongoing changes are due to medication or
are effects of the illness itself. Future studies with larger
samples will be required to delineate the effects of psycho-
tropic medications on the hippocampus in patients with
autism.
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In this study, a computational mapping strategy was
used to detect and visualize patterns of hippocampal
thinning in children with autism, the greatest abnor-
malities being noted in the right medial posterior
hippocampus. Shape and computational mapping may
reveal the spatial pattern of hippocampal deficits with
greater visual and statistical power than traditional
volumetric methods and may thus provide important
insights into the timing of neurodevelopmental abnor-
malities in autism as well as abnormal neural connec-
tivity in the disorder. 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 hippocampus
among patients with autism differ from those seen in
typically developing children and adolescents.
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