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Three-Dimensional Mapping of Temporo-Limbic
Regions and the Lateral Ventricles in Schizophrenia:
Gender Effects
Katherine L. Narr, Paul M. Thompson, Tonmoy Sharma, Jacob Moussai,
Rebecca Blanton, Bardia Anvar, Ahmad Edris, Rebecca Krupp, Janice Rayman,
Mohammad Khaledy, and Arthur W. Toga
Background: Local alterations in morphological parameters are poorly characterized in several brain regions
widely implicated in schizophrenia neuropathology.
Methods: Surface-based anatomical modeling was applied to magnetic resonance data to obtain three-dimensional (3D) average anatomical maps and measures of
location, shape, asymmetry, and volume for the lateral
ventricles, hippocampus, amygdala, and superior temporal gyrus in schizophrenic (n ⫽ 25; 15 male) and normal
subjects (n ⫽ 28; 15 male) matched for demographic
variables. For all regions, intra-group variability was
visualized and group differences assessed statistically to
discriminate local alterations in anatomy across sex and
diagnosis.
Results: Posterior hippocampal volumes, lengths, and
widths were reduced in patients. The right amygdala
showed volume increases in schizophrenia patients versus
controls. Ventricular enlargements, pronounced in the left
hemisphere, occurred in the superior and lateral dimensions in patients, and these effects interacted with gender.
Superior horn anterior extremes, inferior horn volumes,
and hippocampal asymmetries exhibited gender effects.
Significant group differences were absent in superior
temporal gyrus parameters. Finally, regional variability
profiles differed across groups.
Conclusions: Clear morphometric differences of the lateral ventricles, hippocampus, and amygdala indicate regional displacements and shape distortions in several
functional systems in schizophrenia. Alterations in these
structures as mapped in 3D may provide the foundation
for establishing brain abnormalities not previously defined at such a local level. Biol Psychiatry 2001;50:
84 –97 © 2001 Society of Biological Psychiatry
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Introduction

D

ecades of imaging research confirm the presence of
structural brain abnormalities in schizophrenia. Morphometric findings however, frequently lack consensus,
and the regional specificity of cerebral anomalies are
difficult to pinpoint, problems that are further complicated
by clinical heterogeneity. Structural brain abnormalities
reported in schizophrenia appear to include several functional systems, suggesting that different neurobiological
mechanisms are involved, resulting from polygenetic influences, as well as environmental factors during neurodevelopment. Furthermore, gender differences are present
in both the phenomenology and neurobiology of schizophrenia (Cowell et al 1996; DeLisi et al 1989; Narr et al
2000), suggesting that the mechanisms underlying schizophrenia involve sexually dimorphic developmental processes and that gender influences differences in brain
morphology across diagnosis. Moreover, it has been suggested that schizophrenia may involve processes that
compromise the specialization of association areas, resulting in alterations in normal structural and functional
asymmetries (Nasrallah 1986). Finally, the large interindividual variability present in normal neuroanatomic
structure makes it difficult to isolate regionally and disease-specific brain alterations in schizophrenia.
Until recently, morphometric studies have employed
mostly volumetric analyses when comparing the structure
of cortical and subcortical regions and/or alterations in
asymmetry across diagnostic groups (Harrison 1999; Lawrie and Abukmeil 1998). These studies have, in part, been
limited by the current resolution of in vivo imaging data,
labor-intensive manual delineation methods, and the unavailability of sophisticated image analysis techniques.
Notwithstanding, the most prominent morphological abnormalities reported in schizophrenia include ventricular
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enlargement and decreases in cortical and hippocampal
volumes (Harrison 1999; Lawrie and Abukmeil 1998;
Nelson et al 1998; Velakoulis et al 1999). Regions of
frontal and temporal cortices, including the superior temporal gyrus, are also widely implicated in schizophrenia
structural neuropathology (Gur et al 1998; Harrison 1999;
Petty 1999; Rapoport et al 1999) although these cerebral
abnormalities appear in other psychiatric populations.
Finer image analysis strategies are therefore needed to
isolate structural pathology specific to schizophrenia. For
example, ventricular enlargement in schizophrenic patients remaining after brain size corrections implies that
brain tissue is lost in specific regions after brain development is complete (Stevens 1997; Rapoport et al 1997). Yet
little is known about how ventricular enlargement relates
to distortions in surrounding anatomy that could help
identify disease-specific differences in morphology.
Probabilistic atlasing approaches retain information
about neuroanatomic complexity and variability in individual subjects. They may also reveal alterations in brain
morphology in diseased populations by comparisons with
imaging databases of normal anatomy (Mazziotta et al
1995; Thompson et al 1998). These methods are well
suited for isolating pathology in diseased brains that
manifests as subtle differences in regions of interest in
linked functional systems across populations. These techniques can 1) preserve information on individual variability across many complex regions in three dimensions; 2)
detect fine details in gross morphology, including very
local shape differences and asymmetries; 3) provide maps
of anatomic differences in a common stereotaxic coordinate system; 4) point to pathophysiological mechanisms that target different functional systems in schizophrenia, and that may implicate specific abnormal
neurodevelopmental or degenerative processes (Gur et al
1998; Nopoulos et al 1995; Rapoport et al 1999); and 5)
allow direct comparison of functional and structural data
that can be combined across studies.
In this study we used a probabilistic atlasing approach
(Mazziotta et al 1995; Thompson et al 1998) and methods
that generate average surface models of internal anatomy
obtained from magnetic resonance (MR) images (Thompson et al 1996a,b), to analyze cortical and subcortical
regions widely implicated in schizophrenia neuropathology. We hypothesized, based on the work of others, that
the lateral ventricles would show volume enlargements
preponderantly in the left hemisphere (Lawrie and Abukmeil 1998) and that the superior temporal gyrus, hippocampus, and amygdala would show volume decreases in
patients with schizophrenia versus controls (Nelson et al
1998). Furthermore, morphometric parameters, including
location, variability, and cerebral asymmetries, as mapped
in three dimensional (3D) stereotaxic space, were expected
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Table 1. Sample Characteristics (Mean ⫾ SD)
SZ male
(n ⫽ 15)
Age (years)
Education (years)
Parental SES
Height (inches)
Age of onset
(years)
Illness duration
(years)
Left handedness

NC male
(n ⫽ 15)

SZ female
(n ⫽ 10)

NC female
(n ⫽ 13)

32.4 ⫾ 7.9 33.0 ⫾ 10.1
12.5 ⫾ 2.3 14.1 ⫾ 5.3
2.9 ⫾ 1.5 3.1 ⫾ 0.9
69.9 ⫾ 2.2 70.7 ⫾ 3.3
20.4 ⫾ 3.9
—

39.9 ⫾ 10.2 35.2 ⫾ 9.0
12.4 ⫾ 2.5 13.6 ⫾ 3.4
2.9 ⫾ 0.6
2.7 ⫾ 0.6
65.5 ⫾ 2.9 65.5 ⫾ 2.9
19.9 ⫾ 2.7
—

12.0 ⫾ 7.8

—

20.0 ⫾ 9.8

—

(n ⫽ 1)

(n ⫽ 1)

(n ⫽ 1)

(n ⫽ 1)

Patients with schizophrenia (SZ) and normal control subjects (NC) were group
matched for the demographic and clinical variables listed above. Significant gender
effects were present for height (p ⬍ .0001) and for illness duration between male
and female patients (p ⬍ .03).
SES, socioeconomic status.

to show regional differences that would further discriminate diagnostic groups. The direction and extent of these
morphometric differences however, were not known a
priori, given that this study is among the first to assess fine
alterations in morphology at such a local level. Statistical
procedures were thus used to isolate regionally specific
and potentially disease-specific differences in anatomy
obtained from the stereotaxic parameters. Furthermore,
given that gender differences are reported in brain morphology, and that schizophrenic patients have exhibited
different patterns of neuroanatomic abnormalities across
gender (e.g., Cowell et al 1996; DeLisi et al 1989; Narr et
al 2000), we hypothesized that morphometric diagnostic
effects would be modulated by gender. Analyses were thus
performed to isolate any potential gender effects and
interactions between gender and diagnosis for all regions
of interest.

Methods and Materials
Subjects
All schizophrenic patients (n ⫽ 25; 15 male, 10 female) met
DSM-III-R (American Psychiatric Association 1987) criteria and
were not diagnosed with any other psychiatric illnesses. Two
patients were receiving clozapine. All other patients were receiving conventional antipsychotic medication. Control subjects
(n ⫽ 28; 15 male, 13 female) were screened for any personal or
family history of psychiatric illness. Male and female patient and
control groups did not differ significantly in age, years of
education, height, or parental socio-economic class (Table 1).
Socio-economic status was obtained from the Office of Population Censuses and Surveys Standard Occupational Classification
(1991) using details of “best-ever” parental occupation and
handedness was defined using the Annett Handedness scale
(Annett 1970). Exclusion criteria for all subjects included head
trauma, drug abuse, and hereditary neurological disorders. Subjects gave informed written consent for participation with ethical
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Table 2. Neuroanatomic Delineation of Subcortical Regions
Region
Superior horn
Posterior horn
Inferior horn
Anterior hippocampus
Posterior hippocampus
Amygdala

Surfaces

Anterior

Posterior

lateral, medial, and superior
lateral and medial
superior, inferior
superior, inferior
superior, inferior
superior, inferior

Frontal lobes where first discernible
Superior horn termination point
Appearance in temporal lobes
Discrimination of pes hippocampi
Termination level of anterior hippocampus
Where gray matter thickness is ⬎1.5 ⫻
larger than adjacent temporal cortex

Joining of superior and inferior horns (atrium)
Last appearance in occipital lobe
Superior horn termination point
Crus cerebri separates from the pons
Crus of the fornix
When the pyramidal shape above inferior
horn disappears (near the anterior
commissure)

The lateral ventricles were contoured in coronal slices by following cerebrospinal fluid–tissue interfaces with a mouse-driven cursor. Ventricular surfaces were digitized
separately in each hemisphere according to neuroanatomic landmarks defining the superior, inferior, and posterior horns. The hippocampus and amygdala were contoured
in oblique coronal sections using the anatomic boundaries summarized above.

permission obtained from the Bethlem & Maudsley Ethical
Committee (Research).

Image Analysis Procedures
High-resolution 3D spoiled gradient recalled (SPGR) MR images
were acquired on a GE Signa 1.5T scanner as series of 124
contiguous 1.5 mm coronal slices (256 ⫻ 256 matrix; 20 cm field
of view (FOV)). Brain volumes were corrected for signal
intensity inhomogeneities (Sled et al 1998), aligned, and linearly
scaled in each axis by placing the anterior commissure (AC) at
the origin (0, 0, 0) and the posterior commissure (PC) at
coordinate position (⫺23.5, 0, 0) in x, y, and z co-ordinates in the
midsagittal plane (Talairach and Tournoux 1988). This procedure
is used to correct for differences in head position and orientation
and places data in a common co-ordinate space that is specifically used for inter-individual and group comparisons.

Regions of Interest
The lateral ventricles, hippocampus, amygdala, and the superior
temporal gyrus were contoured in brain volumes resliced at 0.5
mm by the same technician blind to diagnosis. Previously
developed neuroanatomic delineation protocols were followed
(Bartzokis et al 1993; Jack et al 1995; Thompson et al 1996b;
Thompson and Toga 1998; and Levitt et al 2000, in preparation,
see Pruessner et al 2000 for review). Landmarks defining
boundaries for each region of interest are summarized in Table 2.
The lateral ventricles were divided into superior, posterior, and
inferior horns and contoured on coronal slices. Cerebrospinal
fluid (CSF)/tissue interfaces were digitized separately using a
mouse-driven cursor and included superior, lateral, and medial
CSF/tissue interfaces for the superior horns, and the lateral and
medial surfaces for the inferior and posterior horns (boundaries
shown in color in Figure 1).
The hippocampus was separated into anterior and posterior
regions (Table 2). Superior and inferior connecting surfaces were
digitized separately on oblique coronal slices (i.e., resliced
orthogonal to the axis connecting the superior and inferior limits
of the hippocampus). The superior temporal gyrus was contoured
in coronal slices from the superior temporal sulcus (inferior
boundary) to the anterior limit of the Sylvian fissure, at the
temporal pole. The model was continued posteriorly to the crus
of the fornix and/or the appearance of the angular gyrus.

Surface Mesh Averaging
Surface meshes were constructed for each region of interest
using a surface-based anatomical modeling approach as previously detailed (Thompson et al 1996a,b, 1997). Briefly, digitized
points representing the tissue boundaries from each region are
resampled and made spatially uniform by stretching a regular
parametric grid over each surface. Homologous grid-points from
corresponding surfaces from subjects in each group are then
matched in all three dimensions to obtain average parametric
meshes. The variation between these sets of points is calculated,
and average surface representations for each region are created in
3D stereotaxic space that index the amount of intra-group
variability present at each grid point (Figure 1). Maps of regional
displacements between groups are similarly obtained as 3D
displacement vectors between corresponding grid points from the
group averaged surface meshes. Finally, length, width, volume,
and the 3D extremes of brain regions are measured in stereotaxic
co-ordinates and included as dependent variables in statistical
analyses.

Reliability
Intra- and inter-rater reliability was assessed for region of interest
measures. For intra-rater reliability, one brain was randomly
chosen and each region of interest contoured six times. For
inter-rater reliability, six different randomly selected brains were
contoured by two independent investigators who were trained on
delineation protocols. To assess intra-rater reliability, the six
(n ⫽ 6) drawings from the same brain were averaged and the 3D
root mean square distance (r.m.s.) between equivalent points
calculated. For inter-rater reliability, the surface contours from
the six different brains are averaged separately for each investigator, and the averages are compared on a point-by-point basis to
again establish the r.m.s. distances between equivalent points.
Contouring error was ⬍1.5 mm (3D r.m.s. distance) for each
region in intra and ⬍2.0 mm in inter-rater tests. Finally,
intraclass correlation coefficients were obtained for volume
measures and ranged between .89 and .96 for regions of interest.
Total brain volumes (raw and after AC-PC normalization)
were obtained for all tissue types. Reliability in selecting
representative tissue type intensity values for each tissue class
(gray and white matter and CSF) from each brain volume was
evaluated in 10 different test brains, r ⬎ .94 for all tissue types
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(Sowell et al 1999). Finally, to cross-validate volume measurements of the lateral ventricles obtained from the surface contouring approach that were acquired in AC-PC scaled space with
volume measurements obtained from the tissue-classified brain
volumes in native space, lateral ventricle CSF voxels were
isolated in tissue classified volumes. Correlations between tissueclassified lateral ventricular CSF (both hemispheres) were highly
correlated with volume measurements obtained from the surface
modeling protocol (r ⫽ .89, p ⬍ .0001 left hemisphere
volume and r ⫽ .91, p ⬍ .0001 right hemisphere).

Statistical Analyses
Volume and morphometric parameters obtained in 3D stereotaxic space (mm or mm3) were compared using multivariate
analyses of covariance (MANCOVAs), and followed by univariate analyses and tests of simple effects when appropriate. There
is some argument in the statistical literature over whether
MANOVAs protect against inflated Type I error (e.g., Bray and
Maxwell 1982; Tabachnick and Fidel 1996). We did not employ
a Bonferroni correction however, because it is overly conservative and several of the individual ANOVAs were conducted on
dependent measures, such as group differences in regional
volumes and asymmetries that are established in the literature.
Nevertheless, only parameters of regions of interest considered
as source variables and that were hypothesized to best characterize group differences in anatomy were included as dependent
variables (see Results). Furthermore, univariate analyses involving a given factor were undertaken only when that factor was
found to be significant in the omnibus multivariate analysis, or to
interact significantly with the different dependent variables in
this same analysis.

Covariates
To compensate for linear AC-PC scaling, native AC-PC distances were cubed and assessed, along with brain volumes, as
possible covariates by examining significant associations with
the dependent variables. Only native AC-PC distances correlated
significantly with dependent measures and were included as
covariates when shown to significantly contribute to the variance
(see Results). To examine whether the groups defined by sex and
diagnosis differed in average native AC-PC distances or raw
brain volume, separate two (Gender) by two (Diagnosis) ANOVAs were performed. Significant Gender effects were found for
AC-PC distance, with men ⬎ women (p ⬍ .006; 26.84 ⫾ 0.24
and 25.72 ⫾ 0.29 mm, respectively, mean/SEM) and for brain
volume (p ⬍ .0005; men ⫽ 1270.9 ⫾ 21.5 cm3; women ⫽
1161.5 ⫾ 14.8 cm3). Finally, the effects of AC-PC scaling on
brain volume were assessed, showing that a significant Gender
effect remained in AC-PC scaled brain volumes, (p ⬍ .04;
men ⫽ 945.8 ⫾ 41.7 cm3; women ⫽ 949.0 ⫾ 30.8 cm3). The
highly significant effect of the covariate (p ⬍ .00001) suggests
AC-PC scaling largely controls for head size differences across
gender, although here its main goal is to allow group comparisons of anatomical maps in stereotaxic space. There were no
significant effects of Diagnosis for either covariate.
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Results
Summary
Subcortical regions revealed shape distortions and variability profiles that differed across diagnostic groups.
Significant asymmetries in ventricular parameters including length, volume, and posterior extremes were seen in
patients and normal control subjects. Ventricular volumes
however, were bilaterally larger in male schizophrenic
patients versus controls, although more prominently so in
the left hemisphere (LH). Enlargements were shown to
reflect significant superior and lateral displacements of
superior and posterior horn ventricular surfaces. Conversely, posterior hippocampal volumes were reduced
bilaterally in patients versus control subjects indexing
reductions in hippocampal lengths and widths. Volumes of
the right amygdala, however, were greater in patients
compared to control subjects. Significant asymmetries
were present in anterior hippocampal volumes in male
groups (right hemisphere [RH] ⬎ LH). No significant
differences were found in superior temporal gyrus parameters in groups defined by gender and diagnosis.

Lateral Ventricles
VARIABILITY AND DISPLACEMENT MAPS. Ventricular enlargement, mapped in 3D, can be observed in the
superior horns where the average surface representations
from each of the four groups defined by gender and
diagnosis are shown in color (Figure 2). Variability maps,
however, revealed similar profiles in both diagnostic
groups with greatest variability in the caudal posterior
horns (14 mm) (Figure 3). Inferior horn variability was
increased on the medial surfaces anteriorly (⬃6 mm)
(Figure 3). Maps of regional displacements between
groups show ventricular enlargement in the superior/
vertical and lateral axes in schizophrenia. This feature is
especially clear in the LH superior and posterior horns
(Figures 4 and 5a). Furthermore, differences between the
group averaged ventricular surface models are noticeable
in the vicinity of the caudate head. Finally, displacements
of the superior horn are found mirrored by surrounding
neuroanatomic regions. This is shown by including a
displacement map of the midsagittal corpus callosum
(Narr et al 2000; Figure 5).
STATISTICAL ANALYSES. Morphometric variables
from each hemisphere were used as repeated measures in
two (Gender) by two (Diagnosis) by two (Hemisphere)
analyses of covariance (ANCOVAs) for each lateral ventricle subregion. Dependent variables included 1) volume;
2) lateral; 3) superior; 4) inferior; 5) anterior; or 6)
posterior extremes of the lateral ventricles in 3D stereo-
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Figure 1. Parametric mesh construction. Contours of the lateral
ventricles and other regions of interest were outlined in image
volumes by following tissue interfaces with a mouse-driven
cursor (see insets). Region of interest were further divided into
subregions to isolate between group differences in specific
neuroanatomic regions. For example, the lateral ventricles were
divided into the superior, inferior, and posterior horns. Cerebrospinal fluid–tissue boundaries representing superior, medial, and
lateral connecting surfaces of the superior horn; lateral and
medial connecting surfaces of the posterior horn; and superior
and inferior surfaces of the inferior horn were digitized separately (shown in different colors). Inset: For each surface the
digitized points from the manual contours were regularized and
a parametric grid overlaid. To create average surface meshes,
equivalent grid points from each subject are matched. Geometric
information about the deviations between individual surfaces are
retained and can be viewed as the root mean square magnitude of
displacement vectors required for mapping each individual onto
the group average mesh.

Figure 2. Color averages of the lateral ventricles in groups
defined by sex and diagnosis. Average surface representations of
the lateral ventricles are superimposed in different colors from
each of the four groups defined by gender and diagnosis (male
groups mapped above). Maps show locally distinct enlargements
of the superior and posterior horns in male schizophrenic patients
compared to control subjects (blue: male schizophrenic patients;
green: male normal control subjects; purple: female patients;
yellow: female control subjects; RH, right hemisphere; LH, left
hemisphere).

K.L. Narr et al

Figure 3. Three-dimensional average surface representation and
variability map of the lateral ventricles. A diagonal view of the
lateral ventricles in schizophrenic patients (n ⫽ 25, SZ) and
normal control subjects (n ⫽ 28, NC) in both hemispheres.
Inset: top view. The color bar represents the root mean square
magnitude of variability in millimeters (mm). In both groups,
variability increases toward caudal tip of the posterior horn
(highest variability shown in red). In the inferior horn increased
variability can be discriminated on anterior medial surfaces in
both patient and control groups. L, left; R, right.

taxic space (mm); and 7) inferior length (rostral inferior
horn to caudal posterior horn) and 8) superior length
(rostral superior horn to caudal occipital horn). Only
native AC-PC distances were significantly associated with
the dependent measures (average r ⫽ .25, compared to
r ⫽ .08 for raw brain volume) and were included in
omnibus multivariate and appropriate univariate analyses.
Table 3 summarizes results showing highly significant

Figure 4. Three-dimensional displacement maps of the lateral
ventricles. Top view of the lateral ventricles showing regional
differences from average surface models between schizophrenic
patients (n ⫽ 25, SZ) and normal control subjects (n ⫽ 28,
NC) mapped across gender in both hemispheres. The color bar
represents the root mean square magnitude of displacements in
millimeters (mm). Diagnostic group displacements can be seen in
the left posterior horn, on superior ventricular surfaces, and in the
vicinity of the caudate nucleus (highest displacement shown in
red).
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control subjects (5.3 mm) (Figure 6). Increased variability
is present in the amygdala, with localized increases anteriorly. This feature occurs bilaterally in patients. Furthermore, variability is increased on the superior surfaces in
anterior and posterior hippocampal regions in both diagnostic groups. Displacement maps (Figure 5b) show local
stereotaxic displacements between diagnostic groups most
prominently in RH and between the medial and superior
surfaces of groups defined by diagnosis.

Figure 5. Three-dimensional (3D) displacement maps. Average
surface representations of the lateral ventricles; the hippocampus
and amygdala; the superior temporal gyrus and the corpus
callosum that show the displacement (mm) between normal (n ⫽
28) and schizophrenic groups (n ⫽ 25) mapped across gender
in the same stereotaxic space. The magnitude of the 3D displacement vectors required to match the average surface models
between diagnostic groups are encoded by the color bar (red ⫽
maximal displacement for these regions). Insets: (a) The lateral
ventricles: Displacement is greatest in the posterior tip of the left
posterior horn. Enlargement of the lateral ventricles in schizophrenic patients can clearly be discriminated in superior and
lateral dimensions in stereotaxic space. A complementary displacement can be observed in the corpus callosum (composite)
that is also found to exhibit different shape profiles in schizophrenic patients. (b) The hippocampus and amygdala: Displacement is reflected between group surface meshes in the anterior
amygdala and medial and superior surfaces of the anterior and
posterior hippocampus. (c) The superior temporal gyrus: Displacement is highest between groups in anterior regions and
continues along the superior bank of the gyrus.

ventricular enlargements in the superior and posterior
horns in male patients, more prominently in the LH, as
well as superior and lateral stereotaxic displacements of
ventricular extremes. Significant hemispheric asymmetries
in both diagnostic groups included increased LH lengths,
with LH extremes extending further posteriorly in stereotaxic space. Finally, gender differences were identified in
superior horn anterior extremes (more rostral in men) and
inferior horn volumes (larger in men).

Hippocampus/Amygdala
VARIABILITY AND DISPLACEMENT MAPS. Hippocampal variability maps show an increase in overall
variability in schizophrenic patients (6.1 mm) versus

STATISTICAL ANALYSES. The same multivariate design above was used to assess group differences in
morphometric parameters from anterior and posterior hippocampal regions and the amygdala. Dependent measures
included 1) volume; 2) width; 3) length; and 4) superior
and 5) inferior extremes. Again, raw brain volume and
AC-PC distance were examined as possible covariates.
Only AC-PC distance correlated significantly with dependent measures (average r ⫽ .34, p ⬍ .05, vs. raw brain
volume, r ⫽ .19, p ⬎ .05).
Table 4 summarizes significant results from these statistical analyses. Significant bilateral decreases in posterior hippocampal volumes, lengths, and widths were
present in patients versus control subjects. The right
amygdala, however, was significantly larger in volume
and extended more inferiorly in stereotaxic space in
schizophrenic patients. The anterior hippocampus exhibited significant hemispheric asymmetries, which interacted
with gender and diagnosis. Significant RH ⬎ LH anterior
hippocampal volumes were seen in male subjects only.

Superior Temporal Gyrus
VARIABILITY AND DISPLACEMENT MAPS. Variability was increased, and regions of high variability were
more diffuse in patients with schizophrenia (14 mm⫹)
compared to control subjects (12.5 mm) (Figure 7). Variability was greatest on dorsomedial surfaces in anterior
and posterior gyral regions in the vicinity of the anterior
planum temporale. Group displacement maps (Figure 5c)
show distributed patterns of displacement. These group
displacements were highest in the vicinity of the medial
junction of the temporal and frontal lobes (limen insula).
Multivariate analyses of superior temporal gyrus measures
did not indicate significant group or hemispheric effects.

Discussion
Advances in imaging analysis techniques have allowed us
to map in three-dimensional space, complex and detailed
morphometric differences in subjects with schizophrenia.
Statistical differences show ventricular enlargements, abnormalities in limbic structures, and alterations in struc-
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Table 3. Lateral Ventricles—Summary of Significant Results
Region
Superior horn
Multivariate effects

Volume (univariate effects)

Superior extreme

Superior length
LH anterior extreme
LH lateral extreme
Posterior horn
Multivariate effects

Volume (univariate effects)

LH volume
Posterior extreme
Inferior horn
Multivariate effects
LH volume (univariate
effects)

Mean ⫾ SEM

Effect

df

F

Asymmetry
Gender ⫻ Diagnosis
Asymmetry ⫻ Diagnosis
Gender ⫻ Diagnosis ⫻ Dependent Variables
Asymmetry ⫻ Dependent Variables
Asymmetry ⫻ Diagnosis ⫻ Dependent Variables
Asymmetry ⫻ Gender ⫻ Dependent Variables
Asymmetry ⫻ Gender ⫻ Diagnosis ⫻ Dependent Variables

(1,48)
(1,48)
(1,48)
(7,336)
(7,336)
(7,336)
(7,336)
(7,336)

5.06
8.18
10.05
8.26
10.06
3.33
2.82
2.74

p
p
p
p
p
p
p
p

⬍
⬍
⬍
⬍
⬍
⬍
⬍
⬍

.02
.006
.002
.0001
.0001
.001
.007
.009

Gender ⫻ Diagnosis
Males
LH
SZ M ⬎ NC M
RH
SZ M ⬎ NC M
Asymmetry ⫻ Diagnosis
Patients
LH ⬎ RH
Gender ⫻ Diagnosis
Males
LH
SZ M ⬎ NC M
RH
SZ M ⬎ NC M
Asymmetry
LH ⬎ RH
Gender
M⬎F
Gender ⫻ Diagnosis
Males
SZ M ⬎ NC M

(1,48)
(1,27)
(1,28)
(1,28)
(1,48)
(1,24)
(1,48)
(1,27)
(1,28)
(1,28)
(1,48)
(1,48)
(1,48)
(1,28)

8.06
10.60
8.24
5.80
9.94
16.46
9.96
24.57
29.92
17.01
11.35
4.70
5.80
6.32

p
p
p
p
p
p
p
p
p
p
p
p
p
p

⬍
⬍
⬍
⬍
⬍
⬍
⬍
⬍
⬍
⬍
⬍
⬍
⬍
⬍

.006
.003
.006
.02
.002
.004
.002
.0001
.0001
.001
.001
.03
.01
.01

(1,48)
(7,336)
(7,336)
(7,336)

5.76
2.35
5.59
4.24

p
p
p
p

⬍
⬍
⬍
⬍

.02
.03
.0001
.0004

(1,49)
(1,49)
(1,24)
(1,48)
(1,28)
(1,49)

11.50
3.52
13.55
4.09
6.60
9.80

p
p
p
p
p
p

⬍
⬍
⬍
⬍
⬍
⬍

.001
.06
.001
.04
.01
.002

(1,48)
(7,336)
(1,48)

5.00
5.59
5.57

SZ M: 6305 ⫾ 915.4
SZ M: 4742.1 ⫾ 769.8

NC M: 2639.5 ⫾ 380.3
NC M: 2588.3 ⫾ 424.2

RH: 3879.7 ⫾ 524.8

LH: 5051.6 ⫾ 663.2

SZ M: 26.64 ⫾ 0.61
SZ M: 26.23 ⫾ 0.68
RH: 80.15 ⫾ 1.56
M: 22.16 ⫾ 0.47

NC M: 22.96 ⫾ 0.46
NC M: 23.12 ⫾ 0.47
LH: 85.45 ⫾ 1.69
F: 22.04 ⫾ 0.59

SZ M: ⫺20.80 ⫾ 0.58

NC M: ⫺19.70 ⫾ 0.32

Asymmetry
Gender ⫻ Diagnosis ⫻ Dependent Variables
Asymmetry ⫻ Dependent Variables
Asymmetry ⫻ Diagnosis ⫻ Dependent Variables
Asymmetry
LH ⬎ RH
Asymmetry ⫻ Diagnosis
Patients
LH ⬎ RH
Gender ⫻ Diagnosis
Males
SZ M ⬎ NC M
Asymmetry
LH ⬎ RH
Gender
Gender ⫻ Dependent Variables
Gender
M⬎F

RH: 1873.8 ⫾ 145.1

LH: 2156.9 ⫾ 156.1

RH: 1950.0 ⫾ 198.8

LH: 2418.5 ⫾ 227.4

SZ M: 2701.1 ⫾ 311.1
RH: ⫺58.49 ⫾ 1.36

NC M: 1677.5 ⫾ 248.5
LH: ⫺63.36 ⫾ 1.48

M: 481.84 ⫾ 38.54

F: 451.42 ⫾ 31.40

p-value

p ⬍ .03
p ⬍ .0001
p ⬍ .02

Multivariate analyses using Gender, Diagnosis, and Hemisphere as independent factors were performed for subdivisions of the lateral ventricles: 1) the superior; 2)
inferior; and 3) posterior horns, in each hemisphere. Shape variables included: 1) volume; 2) lateral; 3) superior; 4) inferior; 5) anterior; or 6) posterior extremes of the lateral
ventricles in three-dimensional stereotaxic space (mm); and 7) inferior length and 8) superior length. Anterior commissure–posterior commissure distance showed significant
correlations with the dependent measures and was included as a covariate in omnibus analyses and univariate tests. M, male subjects; F, female subjects; NC, normal control
subjects; SZ, schizophrenic patients; LH, left hemisphere; RH, right hemisphere.

tural asymmetries, in patients versus control subjects.
Results indicated that gender interacts with disease processes. Female patients are less vulnerable to ventricular
enlargement and to alterations in surrounding neuroanatomic regions compared to male patients (Narr et al 2000).
Morphometric abnormalities in limbic regions, however,
were present in both male and female patients, suggesting
that disturbances in sexually dimorphic developmental
processes influence different functional systems in schizophrenia. Results also provide information about the ranges

of extremely local normal neuroanatomic variation, thus
helping to generate more refined hypotheses concerning
alterations of brain morphology in disease. Moreover,
potentially disease-specific regional structural abnormalities, such as displacements and local distortions in anatomy that may not be detected with volumetric analyses,
were isolated using the image analysis techniques described here. Specifically, displacements of the corpus
callosum are shown to be associated with lateral ventricular enlargements. The callosum also exhibits shape pro-
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Figure 6. Three-dimensional variability maps of the hippocampus and amygdala. Average surface representations and variability profiles of hippocampus and amygdala are shown (front
superior and inferior views; inset: right view) in each diagnostic
group in stereotaxic co-ordinates (NC, normal control subjects,
n ⫽ 28; SZ, schizophrenic patients, n ⫽ 25). The color bar
represents the root mean square magnitude of variability in
millimeters (mm) within each group. Variability is greatest in the
anterior amygdala (left in NC, and bilaterally in SZ) and more
pronounced in the anterior hippocampus (more diffuse in the RH
in both groups) and extends along the superior and inferior
surfaces of the posterior body.

files that are different in patients with schizophrenia
compared to other patient populations that also show
ventricular volume increases (Narr et al 2000). Our results

add to this earlier work by showing that enlargements of
the lateral ventricles in schizophrenia include significant
displacements in the superior and lateral axes, away from
midline. Finally, these results support the hypothesis that
different functional systems are structurally altered in
schizophrenia simultaneously. Cortical and subcortical
regions should therefore be studied in concert when trying
to distinguish patterns of morphology that may be population specific.
In spite of the power of the anatomical mesh modeling
approach used in this study, there are some methodological limitations that primarily concern the linear scaling
methods used to align and register AC and PC points in
each brain volume for the purposes of describing group
differences in anatomy. Nevertheless, these problems are
inherent to many techniques that rely on anatomical
averaging to describe morphological differences across
populations. For instance, nonlinear registration approaches that become increasingly complex as local size
and shape differences in morphology are eliminated may
use an average or individual target templates to control for
the enormous variability in brain size and shape across
individuals. Results are often more difficult to interpret,
however, especially given that typically the complex
relationships between pathological deformations at the

Table 4. Hippocampus and Amygdala–Summary of Significant Results
Region
Posterior hippocampus
Multivariate effects
RH volume (univariate)
RH length
RH width
LH volume
LH length
LH width
Anterior hippocampus
Multivariate effects
Volume (univariate)
Amygdala
Multivariate effects
RH volume (univariate)
RH inferior extreme
RH width

Mean ⫾ SEM

Effect

df

F

p-value

(1,48)
(4,192)

7.76
7.51

p ⬍ .007
p ⬍ .0001

(1,48)
(1,48)
(1,48)
(1,48)
(1,48)
(1,48)

7.73
5.54
4.61
6.40
6.46
9.68

p
p
p
p
p
p

Asymmetry ⫻ Gender ⫻ Diagnosis
Asymmetry ⫻ Gender ⫻ Diagnosis ⫻ Dependent Variables

(4,192)
(4,192)

4.64
4.88

p ⬍ .03
p ⬍ .0009

Asymmetry ⫻ Gender ⫻ Diagnosis
Males
RH ⬎ LH
LH: 336.85 ⫾ 26.91

(1,48)
(1,25)

4.84
6.18

p ⬍ .03
p ⬍ .01

(1,48)
(4,192)

4.91
5.23

p ⬍ .03
p ⬍ .0005

(1,48)
(1,48)
(1,48)

5.80
9.61
4.12

p ⬍ .01
p ⬍ .003
p ⬍ .04

Diagnosis
Diagnosis ⫻ Dependent Variables
Diagnosis
Diagnosis
Diagnosis
Diagnosis
Diagnosis
Diagnosis

NC ⬎ SZ
NC ⬎ SZ
NC ⬎ SZ
NC ⬎ SZ
NC ⬎ SZ
NC ⬎ SZ

SZ: 1163.36 ⫾ 56.27
SZ: 23.49 ⫾ 0.36
SZ: 21.39 ⫾ 0.36
SZ: 1202.44 ⫾ 49.60
SZ: 24.30 ⫾ 0.31
SZ: 20.86 ⫾ 0.46

NC: 1346.37 ⫾ 50.32
NC: 24.76 ⫾ 0.33
NC: 22.82 ⫾ 0.45
NC: 1374.51 ⫾ 53.12
NC: 25.56 ⫾ 0.34
NC: 22.32 ⫾ 0.40

RH: 429.47 ⫾ 23.98

Diagnosis
Diagnosis ⫻ Dependent Variables
Diagnosis
Diagnosis
Diagnosis

SZ ⬎ NC
SZ ⬎ NC
NC ⬎ SZ

SZ: 687.68 ⫾ 43.49
SZ: ⫺15.01 ⫾ 0.55
SZ: 17.83 ⫾ 0.38

NC: 588.28 ⫾ 29.71
NC: ⫺13.20 ⫾ 0.28
NC: 18.91 ⫾ 0.37

⬍
⬍
⬍
⬍
⬍
⬍

.007
.02
.03
.01
.01
.02

Multivariate analyses were performed on shape parameters from the anterior and posterior hippocampus and amygdala in each hemisphere, with dependent measures
including 1) volume (mm3); 2) width; 3) length; and 4) superior and 5) inferior extremes in stereotaxic co-ordinates (mm). Independent measures included Hemisphere,
Gender, and Diagnosis. Raw brain volume and anterior commissure–posterior commissure (AC-PC) distance (cubed) were examined as possible covariates. Only AC-PC
distance was significantly correlated with the dependent measures and included as a covariate. Univariate tests were performed only when justified by the omnibus analysis.
NC, normal control subjects; SZ, schizophrenic patients; LH, left hemisphere; RH, right hemisphere.
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other patient populations and for comparing morphometry
and cognition (Thompson et al 1996a,b, 1997, 1998; Mega
et al 1998; Thompson and Toga 1998).

Ventricular Enlargements

Figure 7. Three-dimensional variability maps of the superior
temporal gyrus. Average surface representations and withingroup variability profiles of the anterior superior temporal gyrus
(NC, normal control subjects, n ⫽ 28; SZ, schizophrenic
patients, n ⫽ 28). The color bar represents the root mean square
magnitude of variability in millimeters (mm) within each group.
Left: front view of superior temporal gyrus; right: top view of
superior temporal gyrus. Variability is highest in anterior regions
(more in right hemisphere) and posterior regions both groups,
although more diffuse along the superior surface in schizophrenic patients.

cortex and of subcortical structures are not known. Nevertheless, many sophisticated techniques are available in
the literature that have been validated for deciphering
shape variations of cortical and subcortical structures
between diseased populations (e.g., Bookstein 1989; Martin et al 1998; Toga and Thompson 2000; Thompson et al
2000b). Detailed descriptions and comparisons of these
techniques, however, are beyond the scope of this discussion. For the purposes of this study we chose to use a
two-point AC-PC registration given 1) that these points
are measured with relatively little error; 2) clinical heterogeneity in schizophrenic populations complicates the
issue of using an average anatomical template; 3) linear
AC-PC scaling can be statistically removed from the data;
4) results are easily interpreted; and 5) widely used digital
atlases rely on linear scaling to map composite MR data
into stereotaxic space (Collins et al 1994). Notwithstanding, AC-PC scaling may influence results such that displacements in AC-PC scaled space may not represent the
same displacements in real world co-ordinates, but this is
nevertheless not expected to compromise the integrity of
statistical differences in stereotaxic parameters between
groups. The main objective of this study was to assess
group differences in neuroanatomic parameters between
populations and to implement a relatively simple and
interpretable method to control for individual differences
in brain size and head orientation. Finally, these methods
have been validated for isolating structural pathology in

Although ventricular enlargement is well established in
schizophrenia (e.g., Lawrie and Abukmeil 1998; Raz and
Raz 1990), the local profiles of ventricular enlargement
and the relationships with surrounding neuroanatomic
abnormalities have not previously been mapped. For
example, regions related to specific limbic and forebrain
circuitry are in close proximity to the lateral ventricles and
include the corpus callosum, cingulate cortex, prefrontal
regions, hippocampus, amygdala, thalamus, and the striatum. Male patients in this study were shown to exhibit
significantly larger volumes of LH superior and posterior
horns and RH superior horns. Furthermore, shape parameters obtained in stereotaxic space suggest that ventricular
enlargement results from local displacements superiorly
(vertical axis) and laterally (horizontal axis) in each
hemisphere, as reflected in displacement maps between
groups where relationships between the lateral ventricle
and midsagittal callosal displacements can be discriminated (Figure 5). Decreased volumes of the posterior
hippocampus in schizophrenic patients however, do not
appear to reflect volume enlargements of the inferior horn,
although medial inferior horn surfaces show increased
patterns of variability. Furthermore, large displacements
between diagnostic groups are present in the posterior tip
of the occipital horns (Figure 3). Diagnostic effects,
however, were not present for posterior ventricular extremes, but as the variability maps show, enormous variation exists in the caudal tips of the occipital horns,
perhaps masking diagnostic differences.

Lateral Ventricle Asymmetry
Asymmetries of the lateral ventricles are present early in
development and appear to be a normal brain variant
(Achiron et al 1997; Lodin 1968). In normal adults the left
lateral ventricle is reported as wider than the right, and the
left posterior horn as longer (Petty 1999). Nevertheless,
ventricular asymmetries are extremely variable across
individuals (Shapiro et al 1986), as shown in our variability maps of ventricular morphology (Figure 3). Earlier
studies in schizophrenia report that LH ventricular volume
asymmetries are typically greater in patients (Crow et al
1989; DeLisi 1991; Lawrie and Abukmeil 1998), and
relate to age of onset (Aso et al 1995). Significant LH ⬎
RH superior and posterior horn volume asymmetries and
LH increases in ventricular lengths and posterior extremes
confirm and complement previous findings. Volume
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asymmetry, however, was shown to interact with diagnosis such that superior and posterior horn volumes were
larger (23% and 20%, respectively) in LH versus RH in
patients compared to control subjects (4% and 7% LH
larger). Ventricular volume asymmetries are therefore
more pronounced in LH in schizophrenic patients. This
finding is compatible with views of increased left hemisphere vulnerability in schizophrenia, at least at the
subcortical level (Crow 1997). Relationships between
ventricular and cortical asymmetries, especially in perisylvian regions, remain to be determined.

Hippocampus and Amygdala
The hippocampus is implicated in schizophrenia neuropathology, showing both microscopic and macroscopic alterations. Microscopic findings from postmortem studies
report 1) reduced neuronal size (Arnold et al 1995; Benes
et al 1991; Zaidel et al 1997); 2) abnormalities in neuronal
orientation (Conrad et al 1991; Kovelman and Scheibel
1984); and 3) altered neuronal density (Falkai and Bogerts
1986; Jeste and Lohr 1989; Zaidel et al 1997) although
negative reports are present (see Dwork et al 1997 for
review). Furthermore, many (e.g., Bogerts et al 1993;
Breier et al 1992; Gur et al 2000; Rossi et al 1994b;
Shenton et al 1992), though not all macroscopic studies
using imaging techniques have reported decreased volumes of the hippocampus (⬃4%) and amygdala (⬃4 –5%)
in schizophrenia (see Nelson et al 1998 for review).
Confounds, however, have included using low resolution
imaging data, sampling only parts of hippocampal and
amygdala regions, clinical heterogeneity (Bogerts 1997),
and positive publication biases. Notwithstanding, the majority of studies report effects in the same direction
(Lawrie and Abukmeil 1998; Nelson et al 1998), indicating a bilateral decrease in hippocampal volume in patients
with schizophrenia, regardless of head size corrections.
Fewer studies have investigated hippocampal shape alterations in schizophrenia (Csernansky et al 1998; Haller et al
1996), but suggest finer morphological distortions are
present that implicate specific hippocampal-cortical
connections.
In this study the hippocampus and amygdala were
modeled separately from high resolution MR data. Results
support that hippocampal volume is bilaterally reduced in
schizophrenia (Nelson et al 1998), although this effect was
seen in posterior regions as opposed to anterior regions,
where volume reductions have been reported in the minority of studies that separate the hippocampus into
anterior (including some amygdala) and posterior sections
(Bilder et al 1995; Shenton et al 1992; Suddath et al 1990;
Wienberger et al 1992). Finally, results indicate that
hippocampal lengths and widths are similarly reduced in
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schizophrenia. Other studies have reported reduced hippocampal length in patients, suggesting that this contributes to volume reductions (Bogerts et al 1990; Fukuzako et
al 1996), although different neuroanatomic criteria for
posterior boundaries were used. In general, posterior
determination points of the hippocampus could compromise results and complicate cross-study comparisons.
Morphometry of the amygdala proper is less widely
studied in schizophrenia. Increased volumes (although not
statistically significant) have been observed in patients
(Bogerts et al 1990). Significant increases in amygdala
volumes, however, have been reported in female patients
versus female control subjects (Gur et al 2000), as have
significant amygdala volume decreases in schizophrenia
(e.g., Breier et al 1992; Rossi et al 1994b). When included
with hippocampal measurements however, the amygdala
may contribute to decreased volume of the hippocampus/
amygdala complex in schizophrenia (Nelson et al 1998).
We report, however, that amygdala volume is significantly
increased in patients versus control subjects, with inferior
extremes lower (vertical axis) in patients and widths
diminished. Interestingly, amygdala volumes were also
increased in childhood-onset patients versus control subjects (Levitt et al 2000, unpublished data), although
decreases in amygdala volume are also reported in children with schizophrenia-spectrum disorders (Yeo et al
1997). These findings, however, may not be relevant to the
current study, given that subjects differed in several
clinical and demographic arenas. Childhood onset studies
may nevertheless provide some special clues to understanding the underlying neurobiology of schizophrenia.
The amygdala, potentially involved in alterations of mood,
affect, and perception of emotion in schizophrenia, connects to several regions that show structural abnormalities
in patients including the hippocampus, cingulate and
frontal cortex. Moreover, the amygdala receives moderate
dopaminergic input from mesolimbic pathways, and enlargements in amygdala volume may be related to medication effects (Yeo et al 1997), or alternatively to a lack of
pruning.
Variability maps of the hippocampus and amygdala are
complementary to those of Csernansky and colleagues
(Csernansky et al 1998). In their study a different approach
involving the principles of general pattern matching and a
template of hippocampal neuroanatomy was used to compare shape deformations in schizophrenic subjects. With
this technique, information is obtained by warping an
anatomical template to individual anatomy and details
about the warp are preserved for analysis. Although this
sophisticated approach has many advantages, the eigenvectors obtained from each individual warp are not precise
in terms of stereotaxics and are therefore more difficult to
comprehend than shape measurements obtained in stereo-
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taxic space. Nevertheless, Csernansky and co-investigators (Csernansky et al 1998) implicated the lateral aspect
of the head of the hippocampus and the medial aspect of
the body. In our study (Figure 5), we contrasted displacement between average 3D surfaces between diagnostic
groups rather than from an individual anatomical template.
We saw differences on the superior and medial surfaces of
the anterior hippocampus and a slightly smaller bilateral
difference between the medial/superior surfaces of the
posterior hippocampus. Distortions between groups, however, were most pronounced on the lateral surface of the
right amygdala and less so on the lateral surface in LH.
Furthermore, if variability may be interpreted as indicative
of pathology or vulnerability, given that schizophrenic
patients exhibit diffuse and an increased number of cerebral structural abnormalities, maps showing within-group
differences implicate increased heterogeneity in patients.
Nevertheless, methodological differences are a potential
confound when comparing studies (Figure 6).

Hippocampus and Amygdala Asymmetry
Many studies have reported decreases in hippocampal and
amygdala volume in LH in schizophrenia (e.g., Bogerts et
al 1990; Breier et al 1992; Rossi et al 1994a), and recently
RH hippocampal volumes have been associated with age
and illness duration in chronic schizophrenic patients
(Velakoulis et al 1999). Moreover, subtle RH greater than
LH hippocampal volume asymmetries are seen in normal
populations (e.g., Pruessner et al 2000). Our results suggest anterior hippocampal regions in male subjects carry
these asymmetries. When assessing percent difference in
volume across hemispheres between the two diagnostic
groups, means for the left and right amygdala were 7%
different in control subjects, and 1% different in patients
(larger in RH). The anterior hippocampus was 21% and
18% larger (RH) and the posterior hippocampus was 3%
and 4% larger (LH) in control subjects and patients,
respectively. These differences suggest volume asymmetries are pronounced in the anterior hippocampus in both
diagnostic groups, although only significant in males.

Superior Temporal Gyrus
The planum temporale is situated on the superior surface
of the superior temporal gyrus caudal to the anterior
transverse gyrus of Heschl. This region, associated with
hemispheric specialization for language, is known to
exhibit leftward asymmetries in humans (e.g., Geschwind
and Levitsky 1968; Steinmetz et al 1990). Furthermore,
language disorders and other neuropsychological deficits
implicating temporal lobe function are common in schizophrenia (Crow 1997). Several studies (e.g., Barta et al
1997; DeLisi et al 1994; Flaum et al 1995; Kikinis et al
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1994; Marsh et al 1997; Menon et al 1995; Shenton et al
1992) have implicated the superior temporal gyrus in
schizophrenia, and studies have reported altered asymmetries of the planum (e.g., Barta et al 1997; Falkai et al
1995). Our results, however, fail to replicate those reported in the literature, which could in part be due to the
landmarks chosen for defining gyral termination points.
These points were at the level of the medial appearance of
the supramarginal gyrus. Asymmetries or interactions with
diagnosis in posterior temporal regions would thus not be
detected (Ide et al 1996; Narr et al 2001; Witelson and
Kigar 1992). Furthermore, because the superior temporal
gyrus was measured as a whole, results regarding alterations in asymmetry of the planum temporale are obscured. Previous results imply that although this area may
be larger in LH, there are increases in surrounding areas in
RH (Steinmetz et al 1990). No conclusion regarding
alterations of asymmetry for the planum temporale can
thus be determined between diagnostic groups from this
study. Nevertheless, differences in the patterns of variability on the superior surface of the superior temporal gyrus
at least indicate a bilateral increase in variability and some
regional displacement in the vicinity of the planum in
patients versus control subjects (Figures 5 and 7).
The sensitive surface-based anatomical modeling techniques employed in this study were able to detect morphometric distortions and the direction of anatomical
displacements in 3D stereotaxic space in schizophrenic
patients as compared to control subjects. Ventricular
enlargement revealed displacements that indexed specific
shape alterations in surrounding anatomic regions. These
changes are not thought to reflect decreases in brain
volume, given that brain volume did not differ significantly between diagnostic groups. Further studies may
elucidate whether parameters reflecting ventricular enlargement reflect displacements, volume reductions, or
shape distortion of cingulate cortices, the thalamus, and
the striatum. Furthermore, pronounced LH ventricular
enlargement in patients supports the view that the left
hemisphere is more vulnerable in schizophrenia neuropathology. Volume reductions of the hippocampus were
accompanied by decreases in width and length. These
findings may be assessed in relation to other regions that
are connected via intricate limbic circuitry, such as prefrontal and entorhinal cortex and the thalamus. Furthermore, brain atlasing applications should incorporate clinical variables to further define alterations in structural
parameters and facilitate a better understanding of neuropathological processes that are detected at the macroscopic
level. Finally, these novel findings indicate specific morphometric arrangements of cerebral structures in schizophrenia. Future replications of these findings may ultimately serve, with the aid of sophisticated statistical
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techniques, such as principal components or discriminant
functions analyses, to characterize morphometric abnormalities that are indeed disease specific.
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