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Abstract

Evidence suggests that some structural brain abnormalities in schizophrenia are neurodevelopmental in origin.
There is also growing evidence to suggest that shape deformations in brain structure may reflect abnormalities in
neurodevelopment. While many magnetic resonance(MR) imaging studies have investigated brain area and volume
measures in schizophrenia, fewer have focused on shape deformations. In this MR study we used a 3D shape
representation technique, based on spherical harmonic functions, to analyze left and right amygdala-hippocampus
shapes in each of 15 patients with schizophrenia and 15 healthy controls matched for age, gender, handedness and
parental socioeconomic status. Leftyright asymmetry was also measured for both shape and volume differences.
Additionally, shape and volume measurements were combined in a composite analysis. There were no differences
between groups in overall volume or shape. Leftyright amygdala–hippocampal asymmetry, however, was significantly
larger in patients than controls for both relative volume and shape. The local brain regions responsible for the lefty
right asymmetry differences in patients with schizophrenia were in the tail of the hippocampus(including both the
inferior aspect adjacent to parahippocampal gyrus and the superior aspect adjacent to the lateral geniculate nucleus
and more anteriorly to the cerebral peduncles) and in portions of the amygdala body(including the anterior–superior
aspect adjacent to the basal nucleus). Also, in patients, increased volumetric asymmetry tended to be correlated with
increased leftyright shape asymmetry. Furthermore, a combined analysis of volume and shape asymmetry resulted in
improved differentiation between groups. Classification function analyses correctly classified 70% of cases using
volume, 73.3% using shape, and 87% using combined volume and shape measures. These findings suggest that shape
provides important new information toward characterizing the pathophysiology of schizophrenia, and that combining
volume and shape measures provides improved group discrimination in studies investigating brain abnormalities in
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schizophrenia. An evaluation of shape deformations also suggests local abnormalities in the amygdala–hippocampal
complex in schizophrenia.� 2002 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Magnetic resonance(MR) imaging studies of
schizophrenia, which began only in 1984(Smith
et al., 1984), have evolved from the use of 1-cm
slices that did not cover the whole brain to 1.5-
mm slices of the entire brain(for a review, see
Shenton et al., 1997, 2001; McCarley et al., 1999).
This improvement in spatial resolution was needed
to analyze small brain changes between normal
controls and schizophrenic patients. The volume
reductions observed in schizophrenia are, in fact,
relatively small, on the order of 10–20% difference
from controls and, thus, improved measurement
techniques were necessary before evidence could
be accumulated to suggest small volume reductions
in the brains of schizophrenic patients.

Such evidence has now accumulated and there
has been a proliferation of MR studies document-
ing brain abnormalities in schizophrenia(e.g. Sud-
dath et al., 1989, 1990; Barta et al., 1990; Bogerts
et al., 1990; Dauphinais et al., 1990; DeLisi et al.,
1991, 1994; Shenton et al., 1992; Andreasen et
al., 1994; Marsh et al., 1994, 1997; Rossi et al.,
1994a,b; Pearlson et al., 1997). In a recent review
of the literature, the most robust MR findings in
schizophrenia are: enlarged lateral ventricles(77%
of studies); medial temporal lobe(amygdala–
hippocampal complex andyor parahippocampal
gyrus) volume reduction(77% of studies); and
gray matter volume reduction of superior temporal
gyrus(100% of studies) (see Shenton et al., 1997,
2001; McCarley et al., 1999). There is also1

Of particular note with respect to the current study, is our1

review of 46 MRI studies of the amygdala and hippocampus
in schizophrenia(see Shenton et al., 2001), where we observed
that of four studies that evaluated the amygdala alone, three
showed reductions in the amygdala in patients with schizo-
phrenia compared with control subjects. Furthermore, of 18
MRI studies that evaluated the hippocampus alone, 12 of 18
studies showed volume reduction in patients with schizophre-
nia compared to controls. Additionally, of seven MRI studies
that evaluated the two structures separately in the same study,

growing evidence to suggest that at least some
structural brain abnormalities observed in schizo-
phrenia are neurodevelopmental in origin. The
general approach taken is to assume that if certain
brain abnormalities could only have occurred dur-
ing neurodevelopment, then an abnormal finding
at a later stage of development confirms a neuro-
developmental origin for that brain abnormality
(e.g. Frangou and Murray, 1996; Bartley et al.,
1997). For example, the sulco-gyral patterns in the
brain are largely formed during the third trimester
(e.g. Chi et al., 1977; Sadler, 1981; Ono et al.,
1990). Thus, abnormalities in the sulco-gyral pat-
tern of the temporal lobe in schizophrenic patients,
reported in both post-mortem(e.g. Southard, 1910,
1915; Brown et al., 1986; Jakob and Beckmann,
1986) and MR studies(e.g. Kikinis et al., 1994),
suggest that such alterations are the result of
neurodevelopmental abnormalities. A further
example of a neurodevelopmental abnormality in
schizophrenia is the cavum septum pellucidi
(CSP). The CSP fuses in the latter part of neural
development, and therefore a space, or ‘cavum’,
observed likely reflects deviations in neurodevel-
opment(e.g. Shaw and Alvord, 1969; Lewis and
Mezey, 1985; Rossi et al., 1989; Sarwar, 1989;
Nopoulos et al., 1996, 1997; Kwon et al., 1998).

three out of seven showed both amygdala and hippocampal
volume reduction in patients with schizophrenia compared
with controls, while four out of seven studies showed no
differences between patients with schizophrenia and controls
for either structure. Finally, of 17 MRI studies that evaluated
the amygdala-hippocampal complex, i.e. the two structures
together, seven studies showed volume reduction in the amyg-
dala-hippocampal complex in patients with schizophrenia com-
pared with controls, while four did not; four out of 17 studies
showed volume reductions in more posterior portions of the
amygdala-hippocampal complex in patients with schizophrenia
compared with controls; and three out of 17 showed volume
reductions in more anterior portions of the amygdala-hippo-
campal complex in patients with schizophrenia compared with
controls. These findings would thus suggest that both the
amygdala and the hippocampus appear to be abnormal in
schizophrenia.
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Of note, this fusion is thought to result from the
rapid growth of the corpus callosum and the
hippocampus, further suggesting that abnormalities
in these two structures may be related, at least in
part, to neurodevelopmental abnormalities(e.g.
Rakic and Yakovlev, 1968). Data from our labor-
atory confirm an association between CSP and
hippocampus; large CSP was highly correlated
with reduced hippocampal volume in chronic
patients(Kwon et al., 1998). (Parenthetically, the
hippocampus can be affected by environmental
events—see review and discussion in Gurvits et
al., 1996; McEwen and Magarinos, 1997.) Addi-
tionally, planum temporale asymmetry, an impor-
tant biological substrate of language, is established
during neural development and it, too, has been
shown to be abnormal in schizophrenia, again
suggesting the importance of neurodevelopmental
influences in the etiology of schizophrenia(e.g.
DeLisi et al., 1994; Rossi et al., 1994a,a; Barta et
al., 1995, 1997; Petty et al., 1995; Kwon et al.,
1999).

Given the importance of neurodevelopmental
influences in schizophrenia, it is of interest to note
that most studies in schizophrenia have investigat-
ed area, volume and asymmetry, but fewer(e.g.
Csernansky et al., 1998) have evaluated shape,
which may be importantly linked to neurodevel-
opmental influences. For example, there is evi-
dence to suggest that shape deformations may be
associated with the physical properties of morpho-
genetic mechanisms that directly impact on the
particular shape of brain regions during neurod-
evelopment(Van Essen, 1997; Van Essen and
Drury, 1997; Van Essen et al., 1998). The physical
tension of brain growth during neurodevelopment
may lead to shape deformations that might be
observed using shape measures of brain structures.

Thus, midbrain structures, likely implicated in
schizophrenia which, as noted above, include both
the hippocampus and corpus callosum, are impor-
tant brain regions to investigate in schizophrenia
as they may show shape deformations that reflect
neurodevelopmental anomalies. A recent study by
Thompson et al.(2000) further suggests the impor-
tance of patterns of brain growth and development,
which takes place post-natally as well, and may
lead to changes in volume, shape and asymmetry

of brain structures in both normal and abnormal
development.

In the current study, we investigated shape
deformations in the amygdala–hippocampal com-
plex in 15 male patients diagnosed with chronic
schizophrenia, and 15 male controls, group
matched for handedness, parental socioeconomic
status and age. This brain region has figured2

prominently in many MR volume findings in
schizophrenia(see reviews in Shenton et al., 1997,
2001; McCarley et al., 1999), and, as noted pre-
viously, the posterior portion of the amygdala–
hippocampal complex has been associated with
large CSP in patients diagnosed with chronic
schizophrenia(Kwon et al., 1998). This link fur-
ther suggests an anomaly in neonatal development
of midline brain structures. In the current study
we focus on shape differences in the amygdala–
hippocampal complex between groups.

Measures of shape are, nonetheless, complex.
An entire field of computer science, in fact, has
focused on quantitative descriptions of the shape
of objects (e.g. Van Essen and Maunsell, 1980;
Caviness et al., 1988; Kass et al., 1988; Bajcsy
and Kovacic, 1989; Bookstein, 1989, 1997a,b,c;
Evans et al., 1991; Cohen et al., 1992; Collins et
al., 1992; Cootes and Taylor, 1992; Brechbuhler et¨
al., 1992; Hill and Taylor, 1992; Hill et al., 1992;

Note: this data set was previously examined in our 19922

study(Shenton et al., 1992) where we reported a left anterior
amygdala-hippocampal volume reduction in patients with
schizophrenia compared with control subjects. In that study,
we separated the amygdala and hippocampus using the mam-
milary bodies. Results from our previous study showed no
overall volume reduction in the combined amygdala-hippocam-
pal complex or in the hippocampus volume between groups.
Volume reduction was, however, observed in patients with
schizophrenia compared with controls in the anterior portion
of the amygdala-hippocampal complex, which corresponded
primarily to the amygdala. In the current study, we did not
separate the amygdala and hippocampus because to do so we
would have had to draw an arbitrary line between the two
structures, which would have resulted in a flat region on both
structures. As the shape of the amygdala-hippocampal complex
is best appreciated as a continuous structure, we evaluated the
shape of the entire amygdala-hippocampal complex, and not
the amygdala and hippocampus separately. For this reason, our
comparisons in this study are slightly different as they do not
involve a separation of the amygdala and hippocampus,
because we evaluated the amygdala-hippocampal complex
(one structure) for both the volume and shape measures.
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Talbot and Vincent, 1992; Cootes et al., 1993; Gee
et al., 1993; Grenander, 1993; Christensen et al.,
1994, 1996, 1997; Attali and Montanvert, 1994;
Brechbuhler et al., 1995; Haller et al., 1996, 1997;¨
Drury et al., 1996; Szekely et al., 1996; Naf et al.,´ ¨
1996, 1997; Bookstein, 1997a,b,c; Joshi et al.,
1997; Morse et al., 1998; Pizer et al., 1998;
Angenent et al., 1999; Kelemen et al., 1999). Such
descriptions have involved the use of a skeleton
or medial axis to extract shape features(e.g. Blum,
1967, 1973; Bruce and Giblin, 1986; Talbot and
Vincent, 1992; Ogniewicz, 1993; Attali and Mon-
tanvert, 1994; Kimia et al., 1995; Naf et al., 1996,¨
1997; August et al., 1999; Golland et al., 1999).
Other approaches have included physically based
shape representations such as thin-plate-splines and
fiducials (e.g. Bookstein, 1989, 1997a,b,c; Pent-
land and Sclaroff, 1991; DeQuardo et al., 1996),
surface or contour based representations(e.g. Kass
et al., 1988; Brechbuhler et al., 1992; Cohen et¨
al., 1992; Cootes and Taylor, 1992; Cootes et al.,
1993a,b; Hill and Taylor, 1992; Brechbuhler et al.,¨
1995; Hill et al., 1992, 1993; Kelemen et al., 1997;
Pizer et al., 1998; Angenent et al., 1999), including
elastically deformable contour and surface models
(e.g. Bajcsy and Kovacic, 1989; Evans et al.,
1991; Collins et al., 1992; Gee et al., 1993;
Christensen et al., 1994, 1996, 1997; Kelemen et
al., 1999), and pattern-matching methods derived
from the theory of patterns by Grenander(1993)
(e.g. Haller et al., 1997; Csernansky et al., 1998).
A clear trend in shape analysis is toward the
movement from summary measures of whole struc-
tures or objects to measures of regional differences
in shape, thus incorporating more information
about the properties of shape than more simple
volumetric measures. Shape descriptions that are
represented as high-dimensional features(Haller
et al., 1996, 1997; Csernansky et al., 1998; Hogan
et al., 2000; Wang et al., 2001) or features derived
from a projection onto basis functions(Kelemen
et al., 1999) are examples of this trend.

In this study we used an active, flexible deform-
able shape model to segment automatically the
amygdala–hippocampal complex from MR image
data. Models were trained from a set of volumes
segmented manually by trained experts(derived
from our previous study, Shenton et al., 1992).

The surfaces of the training objects(amygdala–
hippocampal complex) were then converted into
parametric surface nets expanded into shape
descriptions using spherical harmonic expansion
(Brechbuhler et al., 1995; Szekely et al., 1996).´¨
The set of shapes characterized by parameter
vectors led to a statistical shape model describing
the average object shape and its major modes of
variation. This statistical shape model was then
used for the segmentation of new datasets. Here,
the average shape model was initialized based on
a manual selection of three anatomical landmarks
(anterioryposterior commissure and a point in the
interhemispheric fissure). This shape model was
driven by the object boundaries of the new image,
although deformation was constrained by the sta-
tistics learned from the training sample, which
significantly improves the robustness of the meth-
od (Kelemen et al., 1999). The resulting objects
were represented by a set of parameters, which
were then used as input for subsequent classical
multivariate analyses to detect group differences
in volume and in object surface descriptions(i.e.
shape).

2. Methods and materials

2.1. The sample

The patient sample consisted of 15 male, chronic
schizophrenics who were selected from among
patients at the Brockton Veterans Affairs Medical
Center. This sample has been reported in previous
publications(e.g. Shenton et al., 1992). Briefly,
13 patients were hospitalized, and two were living
in foster care homes. Their mean age was 37.6
years("9.3), mean level of education was 11.7
years, and parental socioeconomic status(PSES)
was lower middle class(3.4"0.1, based on Holl-
ingshead, 1965, classification). Mean age for onset
of illness was 22.3"2.8 years, with mean duration
of illness 15.7"8.8 years. Patients had spent 48%
of their time in the hospital since first hospitali-
zation (7.1"4.6 years). Criteria for patient selec-
tion were: (1) DSM-III-R (American Psychiatric
Association, 1987) diagnosis of schizophrenia
based on information obtained from chart reviews,
and from the administration of the Schedule for
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Affective Disorders and Schizophrenia(SADS-
Lifetime Version, Spitzer and Endicott, 1978); (2)
right handed;(3) between the ages 20 and 55
years old; (4) no history of electroconvulsive
shock treatment;(5) no history of neurological
illness; (6) no history of major alcoholydrug
dependence, and no history of alcoholydrug abuse
in the previous 5 years determined by DSM-III-R
diagnosis;(7) no medications known to affect MR
of the brain, such as steroids; and(8) verbal
intelligence quotient(IQ) equal to or greater than
70, based on the Wechsler Adult Intelligence
Scale-Revised(WAIS-R) information subscale
(Wechsler, 1981).

The normal comparison group comprised 15
male subjects who were recruited from newspaper
advertisements. These subjects were screened for
neurological and psychiatric histories, and were
matched to the patient sample on age, sex, hand-
edness and PSES. Additional criteria for the com-
parison subjects included no history of
electroconvulsant shock treatment, neurological ill-
ness, or psychiatric illness in themselves or in
their first degree relatives. Additionally, the con-
trols met the criteria of evincing no lifetime history
of drugyalcohol dependence or abuse in the pre-
vious 5 years determined by DSM-III-R diagnosis.

All subjects signed informed consent prior to
study participation. There were no differences
between the two groups on measures such as age,
weight, head circumference, PSES, or the WAIS-
R information subscale.

2.2. Clinical measures

Three instruments were used to assess type and
severity of symptoms: the Scale for the Assessment
of Positive Symptoms(SAPS, Andreasen, 1984),
the Scale for the Assessment of Negative Symp-
toms (SANS, Andreasen, 1981), and the Thought
Disorder Index (TDI, Johnston and Holzman,
1979). Based on the Andreasen classification, 11
of the 15 patients showed predominantly positive
symptoms, four showed mixed symptoms, and
none showed mainly negative symptoms. The
average score on the TDI was 60, median 40,
where normal controls generally score below 5
(see Johnston and Holzman, 1979).

2.3. Image acquisition and processing

MR scans were obtained of the entire brain
using a 1.5-T General Electric SIGNA System
(GE Medical Systems, Milwaukee, WI). Two
acquisition protocols were used. The first acquisi-
tion protocol consisted of 108 contiguous double
echo spin-echo 3-mm axial slices, which were
used to obtain total intracranial cavity contents.
The imaging parameters were: Echo Time(TE)s
30 and 80 ms; Time to Repetition(TR)s3000
ms; field of views24 cm; acquisition matrixs
256=256; and voxel dimensionss
0.9375=0.9375=3 (see Shenton et al., 1992 for
details). The second acquisition protocol consisted
of a 3-dimensional (3D) Fourier Transform
Spoiled Gradient-Recalled(3DFT SPGR) acqui-
sition in a steady state, resulting in 124 contiguous
1.5-mm coronal slices, used to delineate the amyg-
dala–hippocampal complex. The imaging para-
meters for this sequence were: TEs35 ms, on
repetition; nutation angles458; field of views24
cm; acquisition matrixs256=256=124; voxel
dimensionss0.9375=0.9375=1.5. Automated
segmentation techniques, as well as manual seg-
mentation techniques, 3D slice editing techniques
that allow reformatting in three different planes,
and 3D surface rendering techniques(MRX tools
developed in the Surgical Planning Laboratory,
Brigham and Women’s Hospital, in conjunction
with General Electric), were applied to the MR
datasets in order to calculate the volumes of whole
brain and tissue classes, as well as to delineate the
amygdala–hippocampal complex.

2.4. Building statistical 3D shape models and
automatic segmentation

2.4.1. Amygdala–hippocampal boundary
definitions

In our previous volumetric studies, we separated
the amygdala and hippocampus by using an arbi-
trary but reliable landmark for parcellating these
two structures(see Shenton et al., 1992). We
acknowledged from the outset, however, that such
measures were not perfect as they included both
amygdala and hippocampus in slices near the
mamillary bodies, the boundary that we selected
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to divide the two structures. For volume measures,
however, we believed that because we were using
the same landmarks for both patients and controls,
any group differences we found would not be the
result of measurement error with respect to the
two structures. The individual slices were then
summed to calculate the volume for the amygdala–
hippocampal complex and these values were cor-
rected for head size by using the ICC(region of
interestyICC = 100). In the current study, we
evaluated amygdala–hippocampal complex vol-
umes from our previous study(Shenton et al.,
1992; see also footnote 2), although we did not
separate the volumes of the anterior portion of the
amygdala–hippocampal complex(amygdala) from
the posterior portion of the amygdala–hippocam-
pal complex(hippocampus).

For measuring shape, the separation between
the amygdala and hippocampus would have meant
cutting a straight line between the two structures.
To place a straight line between the two structures
would result in a change in the shape of the
amygdala–hippocampal complex, with flat surfac-
es on both structures. For this reason, and because
we were interested in both the amygdala and the
hippocampus, we chose not to separate the two
structures. Accordingly, we measured the entire
amygdala–hippocampal complex in both patients
and controls for both the volume and shape
measures.

2.4.2. Statistical shape model
In this study we used an active, flexible deform-

able shape model for the automatic segmentation
of the amygdala–hippocampal complex from MR
image data. Here, volumetric binary segmentations
of the amygdala–hippocampal complex of a train-
ing set of controls and schizophrenics were proc-
essed using a surface parametrization technique
(Brechbuhler et al., 1992, 1995). More specifically,¨
object surfaces of the training objects, in this case
the manually segmented amygdala–hippocampal
complex from our previous study(Shenton et al.,
1992), were converted into parametric surface nets
and expanded into shape descriptions using spher-
ical harmonic expansion(Brechbuhler et al., 1995;¨
Szekely et al., 1996).´

This surface parametrization was then expanded

into a series of spherical harmonic functions, where
shapes are represented as weighted sums of basis
functions with varying frequencies. This technique
can be best explained by referring to the well-
known Fourier transform that represents signals in
a frequency domain. The Fourier transform decom-
poses arbitrary signals into weighted sums of
harmonic functions with a range of frequencies.
Low frequencies represent a coarse representation
of the signal in terms of waves with large wave-
length, whereas high frequencies add relevant
information in regard to finely detailed spikes or
sharp signal changes, respectively. Similarly, in the
shape description scheme presented here, low order
spherical harmonic functions represent coarse fea-
tures of the three-dimensional structure, whereas
adding higher order functions successfully adds
details of object surfaces(see Fig. 1 upper left to
lower right). The weights, also called coefficients,
determine the mixture of basis functions and form
a compact representation to describe each object.
As a result, each object is described by a set of
parameters and can be reconstructed with adjusta-
ble degrees of approximation.

We chose a maximum order of 10, resulting in
3*169 coefficients per object. All the objects were
aligned by translation to the surface centroid, and
rotation to the three axes of the first order approx-
imation, which is a 3D ellipsoid(Fig. 1 shows the
objects reconstructed with different degrees of
approximation).

We thus began our analyses by aligning MR
datasets to a standard coordinate system and by
using manual segmentation from our previous
study (Shenton et al., 1992). The surfaces of the
segmented objects were then converted into para-
metric surface nets and described by spherical
harmonic functions, resulting in a hierarchical 3D
shape representation(Fig. 1).

The mean of the population of shapes can then
be easily calculated as the mean of the vector-
valued coefficients. The large set of parameters
was then reduced by applying principal component
analysis(PCA). Based on the PCA, eigenvalues
and eigenvectors were derived that describe the
variance and eigenmodes of shape deformation,
sorted by decreasing importanceystatistical signif-
icance (Cootes et al., 1994, 1995). This whole
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procedure results in a mean model of the amyg-
dala–hippocampal complex and a description of
its major modes of deformation. This representa-
tion can be described as a statistical object, which
captures valuable information about normal and
pathologic variability of organ shape.

2.4.3. Segmentation by model deformation
The statistical shape model(above) was then

used for automatic segmentation of the amygdala–
hippocampal complex in MR images of the 15
controls and 15 patients. A detailed description of
the methodology can be found in(Szekely et al.,´
1996; Kelemen et al., 1997, 1999). The average
amygdala–hippocampus model was initialized by
manually defining three landmarks in each MRI,
the anterior and posterior commissure, and a third
point in the hemispheric fissure. An optimization
process deforms the model by attracting the model
surface to the tissue boundary in the new image.
Deformation of the model is, however, constrained
by the shape statistics learned from the training
shapes, which is a strong shape prior, and ensures
a robust segmentation even in the presence of
weak or non-existent boundary sections. Fig. 2
shows the initialization of the shape model(left
images, blue contour and blue surface) and the
resulting shapes after elastic deformation(right
images, blue contour and blue surface). The result
of the manual rater’s segmentation is overlaid for
comparison(green contour and red surface, respec-
tively). The top row illustrates a region of interest
of a sagittal cut through the three-dimensional MR
image with overlay of the boundaries. The bottom
row shows three-dimensional surfaces of the
objects before(left) and after(right) elastic defor-
mation(blue surfaces), with overlay of the manual
expert’s (i.e. manual regions of interest from the
Shenton et al., 1992 study) result(red surfaces).

The automatic segmentation takes approximate-
ly 20 minutes on a standard UNIX workstation,
which is a significant improvement considering
the 2–3 hours of manual segmentation by an
expert human rater. We tested the performance of
the automatic segmentation by comparison to man-
ual segmentations obtained by highly reliable
human experts(from our previous study). The
human segmentation was our ‘gold standard’

(albeit imperfect), and we compared this with the
surface parametrization methods by testing the
resulting volumes and average shape surface dis-
tance(see Fig. 3). Here, however, we faced the
important question of training and testing. Given
the small sample set of 15 patients with schizo-
phrenia and 15 control subjects, we could not
apply the common strategy to split the dataset into
half for training and half for testing. Leave-one-
out, on the other hand, had to be excluded due to
computation time limitations of repeated 3D shape
modeling with varying sample collections and
testing on excluded subjects. As a simplified solu-
tion, we selected 21 shapes as a mixture of normal
controls and patients in order to train the shape
model. This model was then tested to segment the
nine remaining shapes. Finally, it was used to
segment all the 30 shapes using a fixed set of
parameters to ensure consistency. We are aware of
inherent limitations of the applied scheme, and we
plan to use larger datasets in future studies.

The correlation between manual segmentation
(from our previous 1992 study) and machine
segmentation of the 21 left and right amygdala–
hippocampal structures(ns42) wasrs0.978,P-
0.001. Unbiased intra-class correlation was calcu-
lated asrs0.977,P-0.001(Fig. 4 illustrates the
correlation between manual and automatic segmen-
tation, and shows that the automatic segmentation
comes very close to a human-expert segmentation,
but has the advantage of improved efficiency and
optimal reproducibility). The result of segmenta-
tion by model deformation is not only a new
object but at the same time a set of parameters
representing this object. This parametric descrip-
tion was then used as input for subsequent shape
analysis.

2.5. Analysis of group differences

2.5.1. Overall volume differences
We used analysis of variance measures to com-

pare differences between groups for overall volume
of the amygdala–hippocampal complex(total, and
left and right). (Note: the shape measure is based
on 3*369 parameters, and for this reason a simple
t-test or ANOVA cannot be computed; see below.)
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Fig. 1. Hierarchical Fourier surface representation of the amygdala–hippocampal complex. This figure shows reconstructions up to
order 1(top left), 3 (bottom left), 7 (top right) and 12(bottom right). Of note, more and more details are added with increasing
order(i.e., from 1 to 12). The first order representation is an ellipsoid and is used for a spatial alignment of shapes by translation
and rotation.

Fig. 2. Automatic segmentation of 3D amygdala–hippocampal complex using surface-based model-deformation(3D Fourier snake).
Figures in the left panel show the 3D initialization based on Talairach coordinates(blue contour, blue surface), and a manual rater’s
segmentation(green contour, blue surface). Figures in the right panel show the resulting segmentation after 3D model deformation.

2.5.2. Volume asymmetry
The volume difference indexNRyLNy(RqL)

measures the magnitude of the right–left volume
difference normalized by the sum. For a statistical
analysis we needed to consider that the magnitude
and the ratio of the volume difference index creates
non-Gaussian distributions, which might violate

basic assumptions for parametric Studentt-tests.
We, therefore, used statistical techniques to deal
with this problem, first by applying a monotonic
transformation to the measures to create Gaussian
distributions, and second by using a non-paramet-
ric method for testing the mean difference(Bradley
and James, 1968).
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Fig. 3. Shape distance measures are displayed for the segmen-
tations of the left amygdala–hippocampal complex for 21 indi-
viduals. The plot illustrates quantitative evaluation of the shape
differences for the manual slice-by-slice segmentation and the
automated segmentation. The horizontal axis displays the 21
individual cases, and the vertical measurement displays the
square root of the mean square distance in millimeters between
the surfaces of the 3D object pairs. The light gray bars repre-
sent the shape distance at model initialization, and the dark red
bars represent the shape distance after model-based segmen-
tation by elastic model deformation.

Fig. 4. Correlation between manual and model-based 3D segmentation of the left and right amygdala–hippocampal complex for 21
subjects. The correlation coefficient for the volumetric results is 0.98.

We also used a measure more sensitive for
discrimination than theP-values; classification
rate, i.e. the percentage of correctly classified
subjects after determining a discrimination func-
tion. A classification rate of 1 would indicate

perfect classification, whereas 0.5 is only as good
as a guess in a two-group classification. We cal-
culated the maximum-likelihood ratio between the
two groups to calculate the classification rate.
Furthermore, we applied a leave-one-out analysis
to determine the unbiased classification perform-
ance, which is a very important test for robustness
in view of the small sample size.

2.5.3. Shape analysis
The methodology applied in this article para-

meterizes the surface of single objects and provides
a point-by-point correspondence between homolo-
gous surface points. The shape representation by
spherical harmonics is a hierarchical representa-
tion, i.e. a coarse to fine representation. We use
this feature for a coarse alignment of objects prior
to calculation of shape difference. Brain shapes
suitable for this method(and actually shapes
already studied) include: hippocampus; lateral ven-
tricles; head of the caudate; thalamus; putamen;
and globus pallidus, all simply shaped closed
structures. Shapes are represented by a large set of
parameters, in general several hundred, which
differs from analyzing volumes represented by one
scalar value. Therefore, any shape analysis requires
a processing step for reducing dimensionality, e.g.
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principal component analysis(PCA) as used by
Csernansky et al.(1998). Our method could be
used similarly to reduce major shape effects to a
few coefficients(major modes of shape variation)
before studying group differences. This article
studies asymmetry, i.e. the degree of structural
difference between the left and right objects, in
order to evaluate whether or not the disease process
affects left and right structures to a different extent.

2.5.4. Shape asymmetry
After automatic segmentation, left and right

shapes for each subject were not only segmented
but also parameterized. More specifically, since
the segmentation is obtained by deformation of a
parametric surface model, shape parameters were
automatically derived for the newly segmented
objects, and expressed as a weighted sum of
spherical harmonics, as explained previously.

For the shape asymmetry measures, rather than
using the controls as a reference, each subject
served as his own control, and deviations from
overlapping the left and right amygdala–hippo-
campal surfaces were quantified for each subject
in each group, and then the deviations in milli-
meters between the left and right surface overlap
were compared between groups.

To align shapes in a coordinate system for
comparison purposes, we first took advantage of
the mirrored symmetry of the amygdala–hippo-
campal complex by mirroring the right shapes at
the mid-sagittal plane, determined by manual
selection of the anterior and posterior commissure
and a third landmark, the interhemispheric fissure.
The process of shape comparison further required
a spatial alignment of objects by translation and
rotation to a common coordinate system. This is
illustrated in Fig. 1, upper left, which shows that
the first order shape representation of all the
objects is an ellipsoid with major, middle and
minor axes centered at the origin of the coordinate
system. These axes are used to align all the shapes
with the centroid located at the origin, and the
three axes of the first order ellipsoid aligned with
the x, y and z axes. After alignment, objects can
be superimposed to calculate pairwise shape dif-
ferences. We chose the mean square difference
(MSD) between corresponding surface points of

the left and mirrored right amygdala–hippocampal
shapes as a shape difference metric. Thus, the
MSD provides information about the distance
between overlaid left and right amygdala–hippo-
campal shapes measured at corresponding points.
The integrated measure, however, does not provide
information about whether the left or right is
anomalous, only the degree to which the left and
right are symmetrical.

An important question in shape analysis is not
only the alignment of the object, as described
above, but also the normalization of size, since
objects of different size can still have similar or
identical shape. The shape difference metric,
described above, is sensitive to any size changes.
For this reason, we scaled each object individually
to normalize for size. Thus, we derived a metric
that measures the residual shape difference after
scaling all objects for unit size.

Finally, similar to the volume analysis, above,
we determined the unbiased classification perform-
ance based on the maximum-likelihood ratio.

2.5.5. Shape differences based on combined anal-
ysis of volume and shape

In addition to the statistical analysis of lefty
right volume and shape asymmetry, we also tested
a composite analysis of both measures. This com-
bined analysis is motivated by the observation that
volume asymmetry and shape asymmetry(after
normalization for volume differences) may show
significant group differences. We used a technique
that is common in multivariate data analysis. Each
subject is characterized by two measures, the lefty
right volume difference and the leftyright shape
difference. The two measures are then plotted in a
two-dimensional joint histogram to illustrate pos-
sible correlations. Standard statistical analysis cal-
culates first and second order statistics, here mean
and covariance matrix, for each group(see quartile
ellipsoids in Fig. 5, in the bottom panel) and tests
the mean difference by a multivariate classifica-
tion. This test assumes distributions to be approx-
imated by parametric multidimensional Gaussian
distributions. We then calculate the log likelihood
ratio for each subject, which is used for standard
mean difference tests and for unbiased classifica-
tion performance based on leave-one-out tests.
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Fig. 5. Statistics of LyR volume index(upper left panel), LyR shape index(upper right panel), and a combined two-dimensional
feature space(bottom panel) with volume index(horizontal axis) and shape index(vertical axis). The ellipsoids represent the
quantiles of the two-dimensional distributions for controls(black triangles) and for the schizophrenics(open squares). The two-
dimensional plot demonstrates the improved group discrimination obtained by combining the two features.

3. Results

3.1. Volume analysis

Volumes were normalized by total intracranial
volume (ICV) to control for individual head size.
An ANOVA showed no differences between
groups on total amygdala–hippocampal complex
(Fs1.74; d.f.s1,56; Ps0.19), no differences in
left or right amygdala–hippocampal complex(Fs
0.74, d.f.s1, 56, Ps0.39), and no group by side

interaction(Fs0.001; d.f.s1,56; Ps0.072) (see
also t-tests in Table 1). wNote: in our earlier study
(Shenton et al., 1992), differences in volume were
reported between groups for left amygdala, but
this was based on a separation of the amygdala
and hippocampus, and not based on the amygdala–
hippocampus combined, as is the case in the
current study. See also Fig. 2.x

When evaluating leftyright asymmetry, however,
differences were statistically significant between
the two groups(Fs10.40; d.f.s1,28;P-0.0032)
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Table 1
Volume and shape features of amygdala–hippocampal complex

Features Left volumes Right volumes Total volume Volume difference Relative volume difference Shape asymmetry

Group NCL SZ NCL SZ NCL SZ NCL SZ NCL SZ NCL SZ
Feature Vol mm3 Vol mm3 Vol mm3 Vol mm3 Vol mm3 Vol mm3 Vol diff Vol diff Rel vol diff Rel vol diff Shape Shape

Left Left Right Right RqL RqL RyL RyL y(RqL)Z ZRyL y(RqL)Z ZRyL asymmetry asymmetry
Sqrt (MSD) Sqrt (MSD)
(mm) (mm)

6195 5466 6347 4750 12543 10216 151 y716 0.012 0.070 5.65 11.76
6588 4554 6998 5033 13586 9587 409 478 0.030 0.050 6.65 6.39
5837 5868 6114 5083 11952 10951 277 y785 0.023 0.072 6.94 4.08
6321 6454 6230 6671 12551 13126 y90 217 0.007 0.017 5.55 6.08
6161 5537 6484 5864 12646 11401 323 327 0.026 0.029 6.68 8.63
5804 5001 5788 5998 11592 10999 y16 997 0.001 0.091 5.09 9.32
5829 4928 5883 4804 11712 9733 54 y123 0.005 0.013 5.53 4.71
6719 3876 7257 5518 13976 9394 538 1641 0.038 0.175 5.10 13.69
4832 5419 4767 6376 9600 11795 y65 957 0.007 0.081 6.90 8.74
6765 6415 6597 4807 13363 11223 y167 y1608 0.013 0.143 6.38 4.89
5865 5529 6951 7050 12817 12579 1085 1521 0.085 0.121 6.44 8.09
4169 5288 3636 4430 7805 9719 y533 y858 0.068 0.088 7.66 3.28
4499 5308 5072 5953 9572 11261 573 645 0.060 0.057 3.88 7.35
4565 6835 5021 6568 9587 13404 456 y267 0.048 0.020 4.60 8.48
4968 3961 4817 4627 9786 8588 y151 666 0.015 0.078 5.34 9.06

Average 5674 5363 5864 5569 11539 10932 189 206 0.029 0.074 5.89 7.64
S.D. 854 843 1013 846 1832 1411 395 928 0.026 0.047 1.02 2.85
CV (%) 15 15 17 15 15 12 208 450 87.67 63.38 17.31 37.27
Statistics Fs1.01,P-0.32 Fs0.75,P-0.37 Fs1.03,P-0.32 Fs0.00,P-0.95 Fs10.40,P-0.0032 Fs5.00,P-0.034

The columns(left to right) list the absolute volumes(left to right) for NCL and SZ, the total volumes, the signed volume difference, the relative volume difference
and finally the shape asymmetry. The statistics include the mean, standard deviation and coefficient of variation. The final row presents the mean difference statistics
between the normal controls and schizophrenia groups. The group difference for the ‘relative volume difference’ between groups was significant at the 1% level of
significance(0.0032), whereas the group difference for the ‘shape asymmetry difference’ between groups was significant at the 5% level(0.0335).
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Table 2
Statistics of leftyright shape difference analysis of amygdala–hippocampal complex using the surface representation

Volume Shape Volume and shape

Rel. L–R diff MSD surfaces

Studentt-testP Fs10.4,P-0.0032 Fs5.0, P-0.034 Fs11.19,P-0.0024
Classification 70% 73% 87%(SVM)

Classification is poor and not significantly better than a guess for volume and shape only, whereas the combined analysis shows
a very good classification rate despite the small numbers of 15 controls and 15 schizophrenics. Classification of the two-dimensional
features was carried out with a support-vector-machine technique and leave-one-out.

(see columns labeled as ‘relative volume differ-
ence’ in Table 1 and plotted in Fig. 5, on the left).
This finding demonstrates a larger difference
between the left and right volumes in the patients
compared to the controls. Finally, the unbiased
classification performance was 70%(21 out of
30), which is better than chance(50%) (see Table
2).

3.2. Summary of volume and shape asymmetry

In testing group asymmetry differences(see
Table 1), we evaluated relative RyL volume dif-
ference and RyL shape difference, where we clear-
ly show that the patient group has increased
asymmetry in both measures(see also plot in Fig.
5, on the right). These measures demonstrate
increased asymmetry of schizophrenia compared
to control subjects.

3.2.1. Shape analysis
We calculated shape differences between groups

using the mean square difference(MSD) between
corresponding points of pairs of surfaces, after
normalizing all shapes to unit volume. The choice
of this measure was motivated by the speculation
that a pathological process might result in a defor-
mation of a structure in addition to a size change
in that structure.

In order to evaluate deformation of a structure,
independent of volume, we normalized shape by
unit volume. Of note, results showed statistically
significant group differences in the shape index
(Fs5.00; d.f.s1,28; P-0.034). More specifical-
ly, the distance between left and right shape sur-
faces, expressed in millimeters, was larger in the

patient than in the control group(see Fig. 5,
middle), suggesting that amygdala–hippocampal
shapes are less similar in schizophrenics than in
controls. This result is of particular interest since
we first normalized for volume differences before
measuring shape asymmetry, suggesting that the
shape asymmetry provides additional information
to volume for studying group differences. The
unbiased classification performance was 73.3%
(22 out of 30), which is slightly better than the
volume analysis(see Table 2).

An example of the difference between left and
right amygdala–hippocampal average shapes for
both controls and patients with schizophrenia can
be seen in Fig. 6. Here, a graphical visualization
is presented for leftyright asymmetry. Shapes were
uniformly scaled for normalized volumes, and the
color figures display group averages of individual
pairwise leftyright difference calculations. These
averages were obtained by mirroring the right
shapes to the left, and then overlaying the individ-
ual pairs of the amygdala–hippocampal surfaces.
The signed local surface distances are mapped
onto the reference shape as color, ranging from
dark blue(maximum inside, the right object sur-
face is inside the left) to red (maximum outside,
the right object surface is outside the left). The
green color signifies perfect overlap. A comparison
between the two groups shows that the major local
regions responsible for the leftyright shape differ-
ences in patients with schizophrenia are in the tail
of the hippocampus and in portions of the amyg-
dala body. More specifically, deformations of the
hippocampus for the patients appear to be in the
inferior aspect, adjacent to the parahippocampal
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Fig. 6. A graphical visualization is presented for the leftyright asymmetry of the amygdala–hippocampal complex for healthy controls
(top row) and patients with schizophrenia(bottom row). The left and right columns show sagittal and posterior–anterior viewing
directions(i.e., viewing from the tail of the hippocampus). The color figures display group averages of individual pairwise leftyright
difference calculations. These averages are obtained by mirroring the right shapes to the left, and then overlaying the individual
pairs of the amygdala–hippocampus surfaces. Shapes were uniformly scaled for normalized volumes as described in the text. Signed
local surface distances are mapped onto the reference shape as color, ranging from dark blue(maximum inside) to red(maximum
outside). At dark blue locations, the right object surface is inside with respect to the left object, whereas at locations of red regions,
the right object is outside. Green signifies perfect overlap. The color range is adjusted to plusyminus 1.4 mm for maximum inside
and outside. A comparison between the healthy control group(top row) and schizophrenic group(bottom row) illustrates that the
major local regions responsible for the shape difference are the tail and portions of the amygdala body. The maximum surface
distances for healthy controls and for schizophrenics were 1.3 and 2.1 mm, respectively. Please note that the colors do not indicate
significance byP-value but instead they indicate the magnitude of inside–outside distance between group means. The figures are
intended to give preliminary insight into the nature and localization of the quantitative shape asymmetry as described in this article.

gyrus, and in the superior aspect, adjacent to the
lateral geniculate nucleus and more anteriorly to
the cerebral peduncles. Furthermore, deformations
in the shape of the amygdala for the patients
appear to be in the anterior–superior aspect of the
amygdala, adjacent to the basal nucleus region
(Peter Ratiu, M.D., expert in computational neu-
roanatomy and 3D rendering of neuroanatomy

reviewed this figure with us). These findings
suggest a major shape difference in the amygdala
and in the global bending of the hippocampus in
patients with schizophrenia that is not observed in
controls. This information thus provides prelimi-
nary insight into the nature and localization of the
quantitative shape asymmetry as described else-
where in this study.
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3.2.2. Combination of volume and shape features
Our volumetric analysis and the analysis of

shape, normalized for individual volume, suggests
that both measures should be combined for a group
difference analysis. Fig. 5, on the right, shows the
two-dimensional feature space with the volume
index on the horizontal axis and the shape index
on the vertical axis. This figure suggests that a
combination of the two measures will likely
improve the discrimination between patients and
controls, and this is borne out using multivariate
analyses, which highlight the optimal discrimina-
tion function.

More specifically, the ellipses overlaid on the
data points express the quartiles of the two-dimen-
sional Gaussian distributions fitting the data. We
calculated a log likelihood ratio that gives each
data point a likelihood to be in either one of the
two groups (Fs11.19; d.f.s1,28; P-0.0024).
This finding demonstrates that a combination of
both features(volume and shape) results in an
improved discrimination between groups. The clas-
sification performance can be determined, similar
to the single variable as described above, by
calculating the maximum-likelihood ratio between
the two distributions. However, in view of the
small sample size, and the difficulty in getting
robust estimates of the two-dimensional distribu-
tion functions, we decided to apply another clas-
sifier, called support vector machine(SVM,
Vapnik 1995, 1998). This classifier uses both
features, the volume asymmetry index and the
shape asymmetry index, to calculate the best sep-
arating discrimination function in the two-dimen-
sional feature space as shown in Fig. 5, on the
right. Again, leave-one-out was applied to get an
unbiased classification performance. The unbiased
classification performance, using support vector
machine classification, increased to 87%(26 out
of 30), which is significantly better than the
classification rate obtained using either the volume
or shape index alone(see above). This increase in
performance is clearly visible in the right plot in
Fig. 5, where the quartile ellipses give a visual
impression of group separation, which can also be
seen in Table 2.

The plot in Fig. 5, on the right, suggests yet

another finding. The horizontally aligned quartile
ellipsoids of the control group demonstrate that
leftyright volume differences are smaller in con-
trols compared to schizophrenics(Fs10.40; d.f.s
1,28; P-0.0032). The leftyright shape differences
calculated from volume-normalized shapes, pre-
sented along the vertical axis, demonstrate smaller
differences compared to schizophrenics(Fs5.00;
d.f.s1,28; P-0.034). The quartile ellipses visu-
ally suggest smaller variability for controls than
for patients with schizophrenia.

One possible explanation for this finding is that
controls have a natural leftyright volume difference
in the amygdala–hippocampal complex, but that
their volume-normalized shapes are highly sym-
metric. On the other hand, patients with schizo-
phrenia showed a much larger leftyright volume
lateralization but also a much larger leftyright
shape difference, which showed a trend for increas-
ing linearly with increasing volume difference
(correlationrs0.31; P-0.13).

3.3. Clinical correlates of volume and shape

We were interested in whether or not negative
symptoms measured using the SANS, positive
symptoms measured using the SAPS, andyor dis-
organized thinking measured using the TDI would
be correlated with our volume or shape measures.
As these were exploratory analyses, we were
conservative and used two-tailedt-tests. Volume
asymmetry was correlatedrs0.42 (ns8, Ps
0.14) with total negative symptoms,rs0.37 (ns
8, Ps0.26) with total positive symptoms, andrs
0.472 (ns12, Ps0.058) with total thought dis-
order. Shape asymmetry was correlatedrs0.601
with total negative symptoms(Ps0.051), rs
0.098 with total positive symptoms(Ps0.41), and
rs0.348(Ps0.13) andry0.463(Ps0.062) with
total TDI and total TDIlog, respectively. A com-
bined shape and volume measure correlatedrs
0.366 (Ps0.18) with total negative symptoms,
rs0.393(Ps0.16) with total positive symptoms,
and rs0.476 (Ps0.060) with total TDI. As the
sample sizes here are quite small, albeit with
moderate effect sizes for total negative symptoms
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and TDI (i.e., 0.4 or more), confirmation of these
findings in a new sample is needed.

4. Discussion

We evaluated volume and shape differences in
the amygdala–hippocampal complex between
patients diagnosed with schizophrenia and normal
comparison subjects. We found no differences in
overall amygdala–hippocampal volume between
groups, but we did report both volume and shape
asymmetry differences, which were significantly
larger in the patient than in the control group.
More specifically, we observed a closer correspon-
dence between the shapes of the left and right
amygdala–hippocampal complex in normal con-
trols than we observed in patients with schizophre-
nia. In the patient group, there was a greater mean
square difference(MSD) between corresponding
points of pairs of surfaces, after normalizing all
shapes to unit volume, between the left and right
amygdala–hippocampal shapes than was observed
for the control group.

Findings of laterality differences in schizophre-
nia in the amygdala–hippocampal complex have
been reported by other groups evaluating volume
(see discussion and citations in Section 1 and see
also the footnotes), and thus our finding is consis-
tent with what has been reported in the literature.
Our findings of shape differences in the amygda-
la–hippocampal complex in schizophrenic patients
are also consistent with the findings reported for
the hippocampus by Csernansky et al.(1998),
although these investigators reported deformations
in the hippocampal head on both the left and the
right sides in schizophrenic patients. These find-
ings indicate that morphology reflects a patholog-
ical process. The measures presented in this article,
however, do not fully explain the nature and the
precise location and lateralization of this effect,
although there is preliminary evidence to suggest
that the tail of the hippocampus and portions of
the amygdala body are abnormal in schizophrenia.

The leftyright asymmetry findings in this study
can be compared to recent findings by Wang et al.
(2001), with the difference being that we studied
the amygdala–hippocampal complex rather than
the hippocampus alone. In comparison to shape

analysis by high-dimensional warping(Csernansky
et al., 1998; Wang et al., 2001; Hogan et al., 2000;
Joshi et al., 1997), we used a completely different
methodology that extracts and parameterizes indi-
vidual objects, determines spatial alignment and
normalization, and then calculates a shape differ-
ence metric(mean square distance between cor-
responding surfaces) to express shape difference.
A new component is the individual normalization
by volume before calculation of the shape differ-
ence. We observed that most shape difference
metrics can be sensitive to volume changes, which
means that even identical shapes with different
volumes would present a shape difference. In the
application described herein, leftyright volume dif-
ferences have been found as one discriminating
feature. As a logical consequence, we decided to
calculate shape differences that were ‘orthogonal’
to volume.

The shape lateralization in our study shows more
lateralization for schizophrenics than controls. The
result is significant at less than the 5% level(Fs
5.00; d.f.s1,28; P-0.034). This finding, in itself,
suggests that the shape of this structure is altered
in patients diagnosed with schizophrenia. A signif-
icant improvement in the separation between
groups was demonstrated by combining both vol-
ume and shape features, resulting in an increase
of the classification performance from 70 to 73 to
87%. This result corroborates the fact that shape
information in addition to volume analysis
improves group discrimination and potentially
helps to explain pathology. The combined measure
turns out to be a more sensitive and critical
measure of neural abnormalities, which are not
fully captured by volume or by shape measures
alone.

Correlations of volume and shape asymmetry
showed moderate correlations for total negative
symptom scores and for total thought disorder,
suggesting that anomalies in amygdala–hippocam-
pal asymmetry may be correlated with both nega-
tive symptoms and disorganized thinking. Though
intriguing, the sample size is small, and the anal-
yses were exploratory in nature, thus necessitating
confirmation in a new sample.

The overlaid average left and mirrored right
amygdala–hippocampal shapes for each group are
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shown in Fig. 6. This overlap suggests a shape
difference in the amygdala and in the global
bending of the hippocampus in patients with schiz-
ophrenia that is not observed in controls. Future
studies will likely provide an intuitive shape
description using natural language terms(length,
bending, local width, local curvature) in order to
explain shape and shape changes in a more ana-
tomically meaningful way.

In summary, the development of automated
measures of shape for brain structures is important
as it may lead to a deeper understanding of the
role of neurodevelopment in the pathophysiology
of schizophrenia. Such an understanding may also
further our appreciation of static vs. progressive
brain changes in brain disorders such as schizo-
phrenia and may lead to more informed pharma-
cological treatment. Studies that focus on
delineating more local regions of shape difference
and automated measures of both shape and volume
using template-driven automated segmentation
techniques will enable us to evaluate a large
number of brain regions in a large population of
patients.
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