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Structural neuroimaging has substantially advanced the neurobiologi-
cal research of schizophrenia by describing a range of focal brain
alterations as possible neuroanatomical underpinnings of the disease.
Despite this progress, a considerable heterogeneity of structural
findings persists that may reflect the phenomenological diversity of
schizophrenia. It is unclear whether the range of possible clinical
disease manifestations relates to a core structural brain deficit or to
distinct structural correlates. Therefore, gray matter density (GMD)
differences between 175 schizophrenic patients (SZ) and 177 matched
healthy control subjects (HC) were examined in a three-step approach
using cross-sectional and conjunctional voxel-based morphometry
(VBM): (1) analysis of structural alterations irrespective of sympto-
matology; (2) subdivision of the patient sample according to a three-
dimensional factor model of the PANSS and investigation of structural
differences between these subsamples and healthy controls; (3) analysis
of a common pattern of structural alterations present in all patient
subsamples compared to healthy controls. Significant GMD reductions
in patients compared to controls were identified within the prefrontal,
limbic, paralimbic, temporal and thalamic regions. The disorganized
symptom dimension was associated with bilateral alterations in
temporal, insular and medial prefrontal cortices. Positive symptoms
were associated with left-pronounced alterations in perisylvian regions
and extended thalamic GMD losses. Negative symptoms were linked to
the most extended alterations within orbitofrontal, medial prefrontal,
lateral prefrontal and temporal cortices as well as limbic and
subcortical structures. Thus, structural heterogeneity in schizophrenia
may relate to specific patterns of GMD reductions that possibly share a
common prefrontal-perisylvian pattern of structural brain alterations.
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Introduction

Over the last decade, neuroimaging revealed a growing number
of structurally altered brain regions in schizophrenic patients.
Recent meta-analyses (Honea et al., 2005; Wright et al., 2000)
identified the main foci of these alterations in frontal, temporal and
limbic regions as well as the ventricular system. Despite this sub-
stantial progress, evidence for neuroanatomical abnormalities
remains considerably heterogeneous.

The debate about structural heterogeneity in schizophrenia has
been inspired by the disease’s psychopathological diversity and has
contributed to many different disease models, representing either a
more “monistic” or “pluralistic” neurobiological perspective. One
important concept is the hypothesis of a single, unifying patho-
physiological process that underlies different disease phenotypes.
Based on this concept, Andreasen (1999) integrated the diverse
clinical phenomenology into the heuristic model of “cognitive
dysmetria” by suggesting a disruption of the cortico-cerebellar-
thalamo-cortical circuit (CCTCC) as the main cause for the
disassociation of mental activity. This model has received support
from previous MRI studies of schizophrenic patients that detected
alterations in the three key nodes (prefrontal cortex, thalamus,
cerebellum) of the CCTCC (Schlösser et al., 2003; Volz et al., 2000;
Gaser et al., 1999).

Beside these brain regions, further structural alterations were
identified in the temporal, limbic and paralimbic areas of schi-
zophrenic patients by means of Region-of-Interest (ROI) tech-
niques (Shenton et al., 2001;Wright et al., 2000). Recently,
whole-brain VBM and deformation-based morphometric studies
(Davatzikos et al., 2005; Gaser et al., 2004, 1999; Hulshoff Pol
et al., 2001) confirmed and extended these findings, thus providing
an insight into the complex, distributional nature of cortical alte-
rations involved in the neurobiology of the disorder. These results
may strengthen the hypothesis of a core fronto-temporo-limbic
chopathological symptom dimensions in schizophrenia: A voxel-based
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disconnectivity as the neural substrate of the diverse schizophrenic
symptomatology.

In contrast to these models, the “pluralistic” perspective sug-
gests that the broad clinical syndrome of schizophrenia is sub-
divided into different nosological entities. Carpenter et al. (1988)
identified a “separate disease” within the syndrome of schizo-
phrenia characterized by enduring negative and less severe positive
symptoms. Sigmundsson et al. (2001) applied the VBM methodol-
ogy to a homogeneous sample of schizophrenic patients selected for
these “deficit symptoms” and identified two clusters of left-
lateralized GMD reductions in the perisylvian/opercular and the
medial temporal region, as well as bilateral reductions in the medial
prefrontal cortices.

Exploring the associations between clinical phenotypes and the
underlying neurobiology may be an appropriate strategy for testing
the validity of these different disease models. In this context, several
authors observed correlations between positive symptoms and mor-
phometric alterations in the orbitofrontal cortex, the insula, the
temporal pole and superior temporal gyrus using ROI or VBM
techniques (Makris et al., 2006; Pressler et al., 2005; Gaser et al.,
2004; Crespo-Facorro et al., 2004, 2000; Matsumoto et al., 2001;
Flaum et al., 1995). Associations between disorganized symptoms
and volume reductions have been described for the amygdala–hip-
pocampus–complex (AHC), the parahippocampus and the STG
(Suzuki et al., 2005; Rajarethinam et al., 2001; Shenton et al.,
1992). Interestingly, many of these cortical structures belong to the
“paralimbic brain”—a higher-order, multimodal association net-
work potentially involved in the pathophysiology of schizophrenia
(Mesulam and Mufson, 1986).

A sensible strategy to study the links between psychopathology
and neurobiology assumes that specific pathophysiological pro-
cesses are associated with clusters of psychopathological items,
that can be described as patterns of co-occurring symptoms re-
vealed by means of factor analysis. This technique has been con-
sistently applied in order to study the phenotypical heterogeneity of
schizophrenia. Using factor analysis of the PANSS and SANS/
SAPS scales, a large number of studies have provided strong
evidence for a dimensional model of schizophrenic psychopa-
thology with (at least) three symptom dimensions (Grube et al.,
1998).

In contrast to earlier phenomenological distinctions of paranoid,
hebephrenic or katatonic schizophrenia, factorial models emphasize
that different symptom dimensions are independent, but also share
overlapping clinical features, and, therefore, may not be regarded as
clinical subtypes or syndromes of the disease (Andreasen et al.,
1995). These models enabled researchers to study the relationships
between specific symptom constellations and their underlying
neural substrates. However, up to now only few authors (Pressler
et al., 2005; Crespo-Facorro et al., 2004; Flaum et al., 1995) have
applied this promising approach to structural neuroimaging in
schizophrenia. First, Flaum et al. (1995) described associations
between ventricular and temporal lobe volumes and positive and
negative symptom clusters derived from a three-factor model of the
SANS/SAPS consisting of negative, positive and disorganized
symptom dimensions (Arndt et al., 1991).

Based on a factorial model of schizophrenic psychopathology,
the present VBM study explored the phenotypical and structural
heterogeneity of schizophrenia by examining the associations
between different symptom dimensions and possible underlying
structural brain correlates in a large, cross-sectionally recruited
database of patients compared to matched healthy controls. The
Please cite this article as: Koutsouleris, N., et al., Structural correlates of ps
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following hypotheses were tested: (1) Different symptom dimen-
sions relate to selective patterns of structural brain alterations:
negative symptoms may be linked to prominent alterations of the
fronto-temporo-limbic system. Positive symptoms may be asso-
ciated with left-hemispheric alterations of the frontal and
perisylvian structures, the limbic system and the thalamus, whereas
disorganized symptoms may relate to alterations of the temporal,
paralimbic and limbic structures. (2) A significant overlap between
these patterns exists, possibly representing a core neurobiological
substrate of all symptom dimensions. Therefore, a three-step ap-
proach was implemented. First, structural alterations were ex-
amined irrespective of symptomatology in the entire patient sample
compared to healthy volunteers. Secondly, a factor analysis was
employed for dividing the patients into three subsamples according
to the prevailing individual symptom dimension. Structural alter-
ations were examined within these subsamples compared to
healthy controls. Thirdly, a conjunctional VBM analysis was
performed in order to evaluate possible core alterations across all
subsamples.

Methods

Subjects

One hundred seventy-five patients with the DSM-IV diagnosis
of schizophrenia from the Department of Psychiatry and Psycho-
therapy at Ludwig-Maximilians University, Munich, Germany and
177 healthy controls matched for age, gender and handedness
participated in this study (Table 1). No statistical differences were
observed between both samples concerning age, gender and han-
dedness. As expected, SZ had significantly less educational years
than HC.

All participants provided their written informed consent prior to
MRI and clinical examination. Patient recruitment was performed
by trained clinical investigators and consisted of a Structured
Clinical Interview for DSM-IV-Axis I Disorders (SCID-I), a
standardized clinical interview for the assessment of medical and
psychiatric history, the review of patients’ records and the
evaluation of disease severity and psychopathology by means of
the PANSS (Kay et al., 1987). A consensus diagnosis of schizo-
phrenia was achieved by two experienced psychiatrists based on the
DSM-IV criteria and the SCID. Age of disease onset was defined
retrospectively as the first time patients experienced psychotic
symptoms in the context of a general decline in social and cognitive
functioning as reported by the first physician or psychologist in
charge. The interval between age of disease onset and the first
reported prescription of antipsychotic agents defined duration of
untreated psychosis. For every patient, the dose of antipsychotic
agents at scan time was converted to chlorpromazine equivalents
(CPZ-eq) (Lambert et al., 2004). One hundred fifty-three patients
received at least one neuroleptic agent, with a mean (SD) of 316.7
(351.5) mg CPZ-eq (Table 1). The most commonly prescribed
antipsychotics were risperidone, haloperidole, clozapine, amisul-
pride, olanzapine, perazine, pimozide and flupentixole.

Exclusion criteria were other psychiatric and/or neurological
diseases, past or present regular alcohol abuse and/or consumption
of illicit drugs as reported by the study participants, their relatives
and/or the patients’ records, as well as past head trauma with loss of
consciousness or electro-convulsive treatment. HC with a positive
familial history for mental illnesses (1st degree relatives) were also
excluded.
ychopathological symptom dimensions in schizophrenia: A voxel-based
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Table 1
Statistical analysis of sociodemographic, clinical and global anatomical parameters of HC and the entire SZ group, as well as of the three factor subgroups SZ-
NEG, SZ-POS and SZ-DIS

Variable Whole groups Factor subgroups

HC SZ T/χ2 p SZ-NEG SZ-POS SZ-DIS F/χ2 p

Sociodemographic
N 177 175 59 61 55
Age at scan (SD) 31.5 (9.2) 31.7 (10.2) −0.21 0.836 32.8 (10.3) 32.7 (9.9) 29.4 (10.2) 2.06 0.131
Gender (male/female) 123/54 130/45 1.00 0.317 50/9 43/18 37/18 5.26 0.072
Handedness (right/left/ambi) 164/12/1 162/11/2 0.38 0.828 58/1/0 55/5/1 49/5/1 4.37 0.359
Educational years (SD) 11.6 (1.7) 10.5 (2.1) 5.08 0.000* 10.6 (1.9) 10.6 (2.2) 10.4 (2.2) 0.35 0.709

Clinical
Age of disease onset (SD) 27.4 (9.7) 25.5 (9.6) 30.5 (10.6) 26.3 (7.9) 4.58 0.012*
Duration of untreated psychosis (SD) 1.6 (2.5) 1.9 (2.7) 1.6 (2.8) 1.1 (2.1) 1.18 0.312
CPZ-eq at scan (SD) (mg) 316.7 (351.5) 372.8 (377.3) 315.2 (343.8) 256.5 (326.4) 1.42 0.246
No antipsychotic 24 6 12 6 8.14 0.228
≥ 1 typical antipsychotic 41 12 13 16
≥ 1 atypical antipsychotic 97 33 33 31
≥1 both 3 8 3 2
PANSS sum score (SD) 83.3 (28.8) 80.1 (18.8) 90.0 (35.4) 79.3 (28.4) 2.61 0.077
PANSS positive score (SD) 19.0 (7.8) 13.0 (4.7) 24.4 (8.0) 19.2 (5.3) 49.44 0.000*
PANSS negative score (SD) 22.3 (9.8) 26.6 (7.4) 19.0 (9.7) 21.5 (10.5) 10.32 0.000*
PANSS general score (SD) 42.0 (16.2) 40.3 (10.1) 46.6 (19.7) 38.7 (16.4) 4.04 0.019*

Global brain volumes (mm3)
Gray matter volume (SD) 632.7 (81.2) 610.5 (80.5) 2.58 0.010* 613.8 (73.0) 591.8 (87.3) 627.7 (77.2) 3.02 0.052
White matter volume (SD) 534.6 (65.7) 531.5 (61.3) 0.46 0.650 544.5 (52.6) 524.1 (68.9) 525.8 (59.9) 2.03 0.134
Cerebro-spinal fluid (SD) 485.7 (93.2) 521.7 (100.7) −3.48 0.001* 539.2 (89.0) 516.5 (106.2) 508.6 (105.3) 1.45 0.238
Total intracranial volume (SD) 1653.0 (181.7) 1663.7 (171.0) −0.57 0.571 1697.5 (143.7) 1632.4 (193.7) 1662.1 (167.5) 2.21 0.113
Squared distance to mean voxel value

in GMD (SD) * 103
4.4 (2.2) 4.2 (2.5) 0.62 0.537 4.0 (1.7) 4.4 (3.3) 4.0 (2.1) 0.59 0.555

Significance threshold defined at pb0.05. Abbreviations: ambi, ambidextruous; T, T value of Student's t test; F, F value of one-way analysis of variance; χ2,
Pearson's χ2-test; CPZ-eq, chlorpromazine equivalents.
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Psychopathology and factor analysis

Psychopathological symptoms were assessed by trained clinical
investigators using the PANSS at scan time (Table 1). Using the R
software package (R Project for Statistical Computing), the
patterns of co-occurring symptoms were analyzed by employing
a maximum-likelihood factor analysis on the PANSS items using
three, four and five factor models. As symptom dimensions might
be correlated, the oblique PROMAX rotation method was used.
The three-dimensional model consisting of a negative, positive and
disorganized symptom dimension was chosen for subsequent
VBM analysis (see Discussion). The internal consistency of
symptom factors was measured by Cronbach’s α and inter-factor
correlations were calculated. Every SZ was assigned to one of the
three symptom dimensions according the maximum individual
factor score (Supplementary Fig. 12), resulting in a negative (SZ-
NEG), positive (SZ-POS) and disorganized factor (SZ-DIS)
sample.

MRI data acquisition

MR images were obtained on a 1.5 T Magnetom Vision scanner
(Siemens, Erlangen, Germany). Subjects were scanned with a T1-
weighted 3D-MPRAGE sequence (TR, 11.6 ms; TE, 4.9 ms; field
of view, 230 mm; matrix, 512×512; 126 contiguous axial slices of
1.5 mm thickness; voxel size, 0.45×0.45×1.5 mm). Data analysis
was performed using the VBM2 toolbox (http://dbm.neuro.uni-
Please cite this article as: Koutsouleris, N., et al., Structural correlates of psy
morphometric study, NeuroImage (2007), doi:10.1016/j.neuroimage.2007.10.02
jena.de), an extension of the SPM2 package (Wellcome Department
of Cognitive Neurology, London, UK).

MRI data preprocessing

The VBM2 toolbox implementing the optimized VBM approach
(Good et al., 2001) was used for data preprocessing. Optimized
VBM consists of a two-step procedure starting with the construction
of a study-specific, whole brain template and tissue priors account-
ing for the magnetic field properties of the scanner as well as for the
anatomical properties of the study cohorts. In the second step, the
customized template and tissue priors were used for data segment-
ation, registration to and re-segmentation in standard space. Thus,
inter-subject global brain size differences were removed and homo-
logous brain regions were brought into alignment.

The VBM2 toolbox extends the existing optimized VBM
algorithms as it increases the quality of segmentation by applying a
Hidden Markov Field (HMRF) model (Bach Cuadra et al., 2005) to
the segmented tissue classes at both steps of the protocol. The
HMRF algorithm provides spatial constraints based on neighboring
voxel intensities within a 3×3×3 voxel cube. It removes isolated
voxels which are unlikely to be a member of a certain tissue class
and also closes holes in a cluster of connected voxels of a certain
class resulting in a higher signal-to-noise ratio of the final tissue
probability maps. In this study, only gray matter density (GMD)
maps were used for statistical analysis after smoothing with a
12 mm FWHM Gaussian kernel.
chopathological symptom dimensions in schizophrenia: A voxel-based
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Table 2
Results of exploratory maximum-likelihood factor analysis of the data of
175 SZ: factor loadings of PANSS items and cumulative variance (CumVar)
explained by three extracted factors F1, F2 and F3

Item Loadings Description

F1 F2 F3

Factor 1
N2 0.987 Emotional withdrawal
N4 0.951 −0.189 Passive/apathetic social

withdrawal
N1 0.899 −0.225 Blunted affect
G16 0.856 0.226 −0.238 Active social avoidance
G15 0.765 0.358 −0.247 Preoccupation
G13 0.709 −0.213 Disturbance of volition
N3 0.696 0.255 Poor rapport
G6 0.563 0.254 −0.323 Depression
G7 0.504 0.200 0.214 Motor retardation
N6 0.449 0.419 Lack of spontaneity and

flow of conversation
N7 0.441 0.319 Stereotyped thinking

Factor 2
P7 0.768 Hostility
G3 0.761 Guilt feelings
P6 −0.238 0.741 Suspiciousness/

persecution
P4 −0.237 0.701 0.182 Excitement
P5 0.690 Grandiosity
G9 0.204 0.675 Unusual thought content
P1 −0.432 0.660 Delusions
G14 0.136 0.648 Poor impulse control
G2 0.646 Anxiety
G4 0.622 0.108 Tension
G1 0.170 0.615 Somatic concern
G5 0.170 0.562 0.155 Mannerisms and

posturing
N5 0.293 0.448 Difficulty in abstract

thinking
G8 0.174 0.399 0.275 Uncooperativeness
P3 −0.240 0.396 Hallucinatory behaviour

Factor 3
P2 −0.305 0.255 0.729 Conceptual

disorganization
G11 0.139 0.607 Poor attention
G10 0.387 0.389 Disorientation
G12 0.205 Lack of judgement

and insight
CumVar 0.22 0.44 0.51
Chronbach's α 0.93 0.91 0.64

Factor correlation matrix
F1 1.000 0.396 0.396
F2 0.396 1.000 0.543
F3 0.396 0.543 1.000
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Additional calculations were performed using the “Tools”
algorithms of the VBM2 toolbox: Global gray matter, white matter
and CSF volumes as well as total intracranial volumes were com-
puted for the HC and the entire SZ group, as well as for the factor
samples. Anatomical homogeneity in each factor sample was as-
sessed by calculating the squared distances to the mean voxel value
of the individual GMD maps (Table 1).

Statistical analysis

Within the framework of the General Linear Model, a univariate
analysis of variance between HC and SZ samples was performed.
Effects of age and gender on brain structure were modeled as
covariates of no interest (Supplementary Fig. 1). As normalization
to standard space removed the effects of global brain volume dif-
ferences in the GMD maps, this parameter was not entered as
nuisance variable in the statistical design. After parameter esti-
mation, group differences were assessed using Gaussian Random
Field theory. False positive errors were minimized by a family-wise
error-corrected (FWE) height threshold of Pb0.05. Significant,
suprathreshold voxels and local maxima were assigned to
anatomical regions by means of Automated Anatomical Labeling
(Tzourio-Mazoyer et al., 2002).

In the first step of the analysis, two T contrasts were constructed
in order to examine regional GMD increases/decreases between the
HC and entire SZ group (Supplementary Fig. 1). Secondly, sig-
nificant GMD increments/decrements were assessed between HC
and the three PANSS factor samples, respectively. The effect size of
significant regional GMD differences was quantified using Cohen’s
d (Supplementary Figs. 3–5). Additionally, between-factor differ-
ences were computed by calculating the percental difference maps
for the contrast images of the factor sample comparisons (Sup-
plementary Fig. 6). Thirdly, a conjunctional VBM analysis was
performed using the T contrasts of the second analysis step. Con-
junction enables inferences about one or more effects across study
populations (Friston et al., 2005). We were interested in the con-
junction that all three subsamples showed significant GMD
reductions compared to HC.

In an additional VBM analysis, factor samples were dichot-
omized into “high” and “low loading” subsamples using the median
split of the individual factor scores. The rationale of this analysis
was to test the hypothesis that factor subsamples consisting of high
loaders show larger anatomical differences compared to low load-
ers. This analysis was reported as supplementary material (Supple-
mentary Figs. 9–11).

Finally, effects of age of onset and medication at scan (CPZ-eq)
on brain structure were assessed in supplementary VBM analyses.
Therefore, reduced statistical designs were constructed containing
only the data of the SZ subsamples and the respective parameters
as covariates of interest. F tests were performed at Pb0.001,
uncorrected.

Results

Factor analysis

Factor analysis provided a three-, four- and five-factor model of
the PANSS explaining a cumulative variance of 51%, 53% and 56%
in the data. The three-factor model gave factor sample sizes of
N1,2,3=59, 61, 55. The four-factor model produced N1,2,3,4=35, 47,
31, 62 and the five-factor solution resulted in N1,2,3,4,5=27, 32, 26,
Please cite this article as: Koutsouleris, N., et al., Structural correlates of ps
morphometric study, NeuroImage (2007), doi:10.1016/j.neuroimage.2007.10.02
45, 45. The three-dimensional model was chosen for subsequent
analysis (see Discussion). The highest factor loadings in the first,
“negative” factor were attained by “emotional withdrawal”, “pas-
sive/apathetic social withdrawal” and “blunted affect” (Table 2). In
the second, “positive” factor “hostility”, “guilt feelings” and “suspi-
ciousness/persecution” obtained highest loadings. In the third, “dis-
organized” factor, the maximum loadings were reached by “con-
ceptual disorganization”, “poor attention” and “disorientation”. The
ychopathological symptom dimensions in schizophrenia: A voxel-based
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internal consistencies of the negative, positive and disorganized
symptom dimensions were α=0.93, 0.91 and 0.64 (Table 2). Factor
samples did not differ significantly regarding age at scan, educ-
ational years, handedness, duration of untreated psychosis, type of
medication (no medication, typicals, atypicals, both), dose (CPZ-
eq) at time of scan and anatomical sample homogeneity (Table 1).
Trend differences were found in SZ-NEG regarding global gray
matter volume and gender distribution. Age of disease onset was
significantly different between factor samples.

VBM analysis of HC versus SZ

GMD reductions were identified in frontal, temporal, parietal
and limbic structures in 175 SZ compared to 177 HC (Fig. 1). Large
clusters of reductions were found bilaterally in the perisylvian
regions comprising insula, temporal poles, STG, supramarginal and
inferior frontal gyri. Reductions extended to the lateral orbito-
frontal, middle, superior frontal and inferior parietal gyri, as well as
to the middle, inferior temporal and fusiform gyri. The frontal
interhemispheric region showed reductions within the medial
orbitofrontal, anterior cingulate (ACC) and dorsomedial prefrontal
cortex. Further reductions were identified in limbic, occipital,
subcortical and cerebellar structures. No significant GMD increases
were observed in this or the following analyses.

VBM analysis of HC versus SZ factor samples

HC versus SZ-NEG
This sample showed the most extended GMD reductions (Figs.

2 and 3) and largest effect sizes (Supplementary Fig. 3) of all
factor samples. Bilateral reductions were mainly located in five
cortical areas: the frontal interhemispheric region (subgenual
cortex, ACC), the perisylvian regions (Rolandic operculum, insula,
STG, supramarginal and inferior frontal gyri), the lateral frontal
cortices, the lateral and inferior temporal structures and the limbic
lobe.

HC versus SZ-POS
This sample showed GMD reductions within the left perisylvian

region and the left medial orbitofrontal, the lateral prefrontal cortex
and the thalamus bilaterally (Figs. 2 and 3). Reductions within the
left STG and supramarginal gyrus as well as the thalamus were
larger, the prefrontal clusters were smaller compared to SZ-NEG. In
contrast to SZ-NEG, no reductions were observed in limbic
structures. The largest effect sizes (range: 0.5–0.7) were observed
predominantly on the left hemisphere within the STG, the anterior
insula and the ventrolateral and dorsolateral prefrontal cortex (Sup-
plementary Fig. 4).

HC versus SZ-DIS
This sample showed GMD reductions in three cortical areas

(Figs. 2 and 3): the perisylvian regions (bilateral: anterior insula,
posterior STG, inferior frontal, supramarginal gyri; left hemi-
sphere: temporal pole, anterior STG), the medial orbitofrontal
cortices, bilaterally and the left limbic system (amygdala). The
effect sizes in these areas ranged between 0.5 and 0.7. The GMD
reductions overlapped with, but did not reach the extent of GMD
alterations in SZ-NEG. In contrast to SZ-POS, the perisylvian
reductions were mainly bilaterally localized. Additional alte-
rations were observed in the lateral and inferior temporal
structures.
Please cite this article as: Koutsouleris, N., et al., Structural correlates of psy
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Conjunctional VBM analysis

GMD reductions across all PANSS factor groups occupied
mainly three cortical areas and the thalamus (Supplementary Fig. 7
and 8): (1) bilateral perisylvian clusters (Insula, Rolandic oper-
culum, inferior frontal, supramarginal gyri, STG, temporo-polar
cortex); (2) left-hemispheric clusters in the middle and inferior
temporal cortex; (3) bilateral clusters within the orbitofrontal areas,
the medial prefrontal cortices, the ACC and the lateral prefrontal
regions.

Supplementary analysis

No significant interactions between GMD, age of onset or med-
ication dose were observed in the factor samples.

Discussion

Factor analysis

The three-dimensional factor model of the PANSS was con-
sistent with well established previous models identifying a negative,
positive and disorganized symptom dimension of schizophrenic
psychopathology with a variety of symptom scales (review by
Grube et al., 1998). Recent factor-analytic studies reported that
pentagonal models and even hexagonal models may better account
for the dimensional structure of the PANSS compared to earlier
three-dimensional models (Van den Oord et al., 2006). However, we
refrained from employing our tetra- or pentagonal models for the
subsequent VBM analysis as they accounted only for small
additional increases in variance information and because they
produced significantly smaller and unequally sized factor samples.
Nevertheless, these analyses should be conducted with significantly
larger sample sizes in the future.

Methodological criticism may concern the categorization of
patients into factor samples according to their maximum factor
scores. This approach may introduce artificial boundaries within a
spectrum of coexisting and overlapping symptom dimensions.
Therefore, a regression analysis of factor loadings and VBM data
may better model the dimensional structure and possible overlaps
between different symptom components. However, this approach
excludes a healthy reference group for whom no psychopatholo-
gical data are available. Moreover, it is limited to the analysis of
linear relations between the variables of interest. In contrast, the
favored approach allowed for higher degrees of freedom necessary
for the detection of subtle structural differences associated with the
three symptom dimensions.

Due to our cross-sectional study design, the described symptom
dimensions were derived only from a cutout of the individual
courses of our patients. Psychopathology may vary intra-individu-
ally over time and it is therefore necessary to discuss the results of
this study in the light of the dynamics of psychopathological pattern
changes. Using longitudinal factor analysis in a prospective, 2-year
follow-up study, Arndt et al. (1995) reported that the three symptom
dimensions observed at baseline tended to “change in unison and
independently from one another”. Similarly, Van der Does et al.
(1995) showed that their four-dimensional factorial symptommodel
remained stable during a follow-up period of 15 months. Recently,
Marengo et al. (2000) observed stability of a four-dimensional
factor model during a 10-year period, but found relative inde-
pendence concerning the courses of individual symptom dimen-
chopathological symptom dimensions in schizophrenia: A voxel-based
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Fig. 1. Regions showing GMD losses in 175 SZ versus 177 HC (pb0.05, FWE) after statistically correcting for age and gender effects.
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sions. McGlashan (1998) showed that schizophrenic subtypes were
relatively stable only during the first years of the clinical course and
that changes occurred in the direction of more frequent negative and
disorganized phenotypes. These data suggest stability of the
described symptom dimensions during the first years of the disease
process. Nevertheless, only longitudinal studies combining psy-
chopathological and structural brain data collected over different
Please cite this article as: Koutsouleris, N., et al., Structural correlates of ps
morphometric study, NeuroImage (2007), doi:10.1016/j.neuroimage.2007.10.02
disease stages may validly investigate the temporal dynamics of
clinical phenotypes and their structural brain correlates.

Whole-group VBM analysis

Regardless of the clinical diversity of our patient population, we
found significant GMD reductions within the frontal, temporal,
ychopathological symptom dimensions in schizophrenia: A voxel-based
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Fig. 2. Overview of VBM results. By means of AAL, suprathreshold voxels (pb0.05, FWE corrected) were assigned to anatomical structures after evaluating GMD differences using the contrasts HCNSZ (white),
HCNone (red), HCNSZ-POS (green), HCNSZ-DIS (blue box). The number of significant voxels (k) is listed for every structure, hemisphere (L/R) and contrast, if available. Additionally, for every cluster of
significant voxels, the maximum number of three local voxel significance peaks was extracted by SPM and assigned to the corresponding anatomical structure by AAL with T and p values, as well as anatomical
coordinates in MNI space (Montreal Neurological Institute). Local voxel peaks were highlighted by gray-scaled bars, defined by the T value scale at the right bottom of the figure.
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Fig. 3. Regions showing GMD losses in SZ-NEG (red), SZ-POS (green) and SZ-DIS (blue clusters) versus HC (pb0.05, FWE) after statistically correcting for
age and gender effects.
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parietal and limbic lobes, as well as several subcortical structures of
the entire SZ group compared to HC. The anatomical loci of our
findings are consistent with a recent meta-analysis of 15 VBM
studies (Honea et al., 2005). Over 30% of these studies reported
alterations in the medial and lateral temporal lobe structures as well
as in the inferior frontal and medial frontal cortices. In contrast to
our bilateral perisylvian, limbic and paralimbic findings, a majority
of VBM studies reported mainly left-hemispheric alterations for
these regions. However, our observations agree with the to-date
largest VBM study of 159 patients and 158 healthy control subjects
(Hulshoff Pol et al., 2001) that identified primarily bilateral brain
abnormalities. The inconsistencies regarding the laterality of
findings may relate to highly divergent sample sizes or to different
prevailing phenotypes across study populations.

Honea et al. (2005) listed also less frequently reported brain
regions including the insular, anterior cingulate, orbitofrontal and
parietal cortex, as well as subcortical structures (thalamus, caudate
nucleus, cerebellum). In this context, the results of our whole-
group analysis provide further support for significant structural
alterations in these brain regions.

PANSS factor samples

TheVBM analysis of the three factor samples identified selective
patterns of structural differences between the symptom dimensions.
We measured medium to large effect sizes for the suprathreshold
voxels across all factors samples (Supplementary Figs. 3–5).
Moreover, the supplementary VBM analysis revealed increasing
structural differences in the GMD reduction patterns of high-loading
versus low-loading subgroups compared to HC (Supplementary
Figs. 9–11). Moreover, no significant interactions between GMD
and age of onset and medication dose at scan time were found.
Anatomical sample homogeneity was not significantly different
between factor samples (Table 1).

SZ-NEG patients
This factor sample showed the most prominent and extended

alterations affecting prefrontal, temporal, limbic and subcortical
regions. In contrast to the other factor samples, SZ-NEG
patients showed significant bilateral limbic and prefrontal GMD
reductions.

Although our negative symptom dimension may not completely
overlap with the definition of “deficit schizophrenia”, it matched
important core items of this concept (Kirkpatrick et al., 2001). This
model defines a separate clinical subtype of schizophrenia cha-
racterized by the presence of “primary and stable negative sym-
ptoms” leading to poorer social functioning already before and at
the onset of psychosis. These deficit symptoms are consistent with
core features of the negative symptom dimension including high
factor loadings on PANSS items like “emotional withdrawal” or
“blunted affect” reflecting social and emotional dysfunction.

The limbic system has been in the focus of neurobiological
research in schizophrenia since earlier postmortem studies (Bogerts,
1997). Beside the established role of the hippocampus in mnemonic
functions, the amygdala and other brain areas involved in emotional
processing have received growing scientific attention, as they may
subserve deficient affective processing in schizophrenic patients
(Phillips et al., 2003). This “emotional brain” may include the
anterior insula, the ACC, as well as medial prefrontal and temporal
structures. Consistent with our findings, these regions have been
repeatedly found to be altered in schizophrenia (Makris et al., 2006;
Please cite this article as: Koutsouleris, N., et al., Structural correlates of psy
morphometric study, NeuroImage (2007), doi:10.1016/j.neuroimage.2007.10.02
Shurman et al., 2005; Suzuki et al., 2005; Yücel et al., 2003;
Sanfilipo et al., 2000).

Our results support the VBM study by Sigmundsson et al.
(2001) that examined a clinically homogeneous group of 27 patients
with enduring negative symptoms following the criteria for “deficit
schizophrenia” (Kirkpatrick et al., 2001). These patients were add-
itionally characterized by the PANSS, with scores nearby identical
to our SZ-NEG sample. The authors detected GMD alterations
within medial prefrontal, perisylvian, limbic and paralimbic brain
areas compared to healthy volunteers. In contrast to our bilateral
observations, their findings of perisylvian and paralimbic/limbic
GMD reductions were primarily left-lateralized. However, the au-
thors observed also right-sided GMD reductions in corresponding
anatomical regions at a less stringent significance level. We could
not replicate their results of GMD increments in several left-hemi-
spheric subcortical structures (putamen, globus pallidus, nucleus
accumbens) which previously have been attributed to hypertrophic
effects of neuroleptic medication (Chakos et al., 1994). Instead, we
identified left-hemispheric GMD reductions in the caudate nucleus
and the thalamus.

Although a number of functional neuroimaging studies have
consistently reported reduced DLPFC activations in cognitive tasks
(Glahn et al., 2005), only few structural studies have been per-
formed in deficit versus non-deficit patients with inconsistent
results: Turetsky et al. (1995) reported smaller total prefrontal
volumes in deficit versus non-deficit patients. In contrast, Buchanan
et al. (1993) observed smaller prefrontal white matter volumes in
non-deficit versus deficit patients. Taken together, our own findings
of extended GMD reductions within the lateral prefrontal cortices,
along with the medial prefrontal, perisylvian and limbic observa-
tions, support our hypothesis of a fronto-temporo-limbic pattern of
structural alterations in this factor sample.

SZ-POS patients
In line with our hypothesis, this factor sample showed mainly

left-lateralized structural alterations in language-related cortical
areas and lateral prefrontal regions as well as the thalamus, bila-
terally. These alterations did not reach the extent of the SZ-NEG
group and did not, in contrast to our initial hypothesis, affect the
limbic system. Thalamic GMD reductions were more pronounced
compared to the other factor samples.

Previous studies using the SANS/SAPS scales reported high
factor loadings for hallucinations and delusions (Arndt et al., 1991).
However, we observed more “unspecific” symptoms like “hosti-
lity”, “excitement” and “guilt feelings” among the high-loading
items of the positive symptom dimension. The mixture of general
psychopathology items reflecting the acute psychotic state and
“typical” positive symptoms may contribute to a higher phenoty-
pical heterogeneity in this symptom dimension (Supplementary
Fig. 12).

Alterations of the thalamic nuclei in schizophrenia have been
investigated by a considerable number of neuroimaging studies
(Sim et al., 2006). Some studies reported thalamic abnormalities in
line with a potentially disturbed gating function of the thalamus and
a disruption of normal information processing within thalamo-
cortical networks. However, these results have been difficult to
replicate as recent postmortem and MRI studies reported primarily
negative results (Danos et al., 2005; Cullen et al., 2003; Bagary
et al., 2002; Deicken et al., 2002). Our findings of extended
thalamic GMD losses in patients with predominant positive
symptoms may strengthen the hypothesis of thalamic dysfunction
chopathological symptom dimensions in schizophrenia: A voxel-based
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in overt psychosis. However, more research is needed in order to
elucidate the relationships between thalamic alterations and clinical
parameters in schizophrenia.

Using ROI techniques, Barta et al. (1990) first described a cor-
relation between volumetric STG alterations and auditory halluci-
nations in schizophrenic patients. Consistent with this finding,
Flaum et al. (1995) showed a correlation between left-lateralized
volumetric reductions of the STG and greater severity of
hallucinations. Gaser et al. (2004) reported correlations between
morphometric alterations of perisylvian and prefrontal structures
and auditory hallucinations. Recently, Hubl et al. (2004) suggested
a disconnection of the perisylvian language network as a substrate
for hallucinatory behavior using DTI. Finally, all these findings
including our own results are consistent with functional neuroima-
ging studies showing an impaired activation of temporal areas
involved in the monitoring of inner speech (McGuire et al., 1995;
Dierks et al., 1999).

To date, few correlation studies have investigated the links bet-
ween delusional beliefs and morphometric brain alterations. Flaum
et al. (1995) failed to find an inverse correlation between delusions
and STG volume. Pressler et al. (2005) found a positive correlation
between ROI measurements of the insula and the positive symptom
dimension of their factor-analytic approach. However, within this
symptom dimension, delusions and ROI measurements were not
significantly correlated.

Up to now, there is only one VBM study available that, differ-
ently to our approach, examined a clinically homogeneous sub-
group of 35 patients with paranoid schizophrenia (Ha et al., 2004).
In comparison to our SZ-POS sample, the PANSS positive sum
score of these patients attained comparable scores. Interestingly, our
structural VBM findings fit very well to the results of Ha et al.
(2004) that were localized to the medial prefrontal regions, the
anterior cingulate and the perisylvian regions, as well as the
dorsolateral prefrontal and insular cortex of the left hemisphere.

SZ-DIS patients
The GMD reductions in this factor sample were more extended

than expected by our hypothesis and included the perisylvian struc-
tures, the middle temporal gyrus and the medial orbitofrontal
cortex, bilaterally. Left-hemispheric alterations were identified in
the medial temporal lobe structures (amygdala, hippocampus, para-
hippocampus) and the ACC.

The item distribution of the disorganized symptom dimension
was consistent with many previous factor-analytic studies identify-
ing a disorganized factor within three-, four- or five-factor models
of schizophrenic psychopathology across highly heterogeneous
patient populations (Van den Oord et al., 2006; von Knorring and
Lindstrom, 1995; Bell et al., 1994a; Lindenmayer et al., 1994;
Peralta and Cuesta, 1994; Arndt et al., 1991; Kay and Sevy, 1990).
The internal consistency of the disorganized component was
moderate, but in line with the studies of Bell et al. (1994a) and
Kay and Sevy (1990). Moreover, previous reports showed a strong
concurrent validity with established neuropsychological and
neurological measures (Bryson et al., 1999; Bell et al., 1994b;
Liddle and Morris, 1991; Liddle, 1987).

Bleuler (1911) related disorganized symptoms to a fundamental
disturbance of thought processes. Due to the intimate connections
between thought- and language-related processes, ROI investiga-
tions of schizophrenic patients have focused on the temporal lobe
structures as the neural substrate of disorganized symptoms, but
their findings are inconsistent: Shenton et al. (1992) observed an
Please cite this article as: Koutsouleris, N., et al., Structural correlates of ps
morphometric study, NeuroImage (2007), doi:10.1016/j.neuroimage.2007.10.02
inverse correlation between formal thought disorder (FTD) and
volumetric losses in the left posterior STG. Rajarethinam et al.
(2001) found a significant negative correlation between left-sided
AHC volume and the severity of the BPRS item “conceptual dis-
organization”. However, a recent ROI study by Subotnik et al.
(2003) failed to replicate these AHC findings using the BPRS and
the Bizarre-Idiosyncratic Thinking Scale (BIZ). The authors report-
ed bilateral inverse correlations between volume losses in the
posterior STG and the BIZ scale. In contrast to these findings,
Flaum et al. (1995) and Pressler et al. (2005) did not find any
significant correlations between the disorganized symptom dimen-
sion and any ROI measurements including the STG and the insula.

Our VBM results in this symptom dimension may point to
structural alterations within a cortical network that may form a
neural substrate of FTD and disorganized symptoms (Goldberg
et al., 1998; Aloia et al., 1998). This network involves the
perisylvian structures, the parahippocampus, the DLPFC and ACC
as well as the inferior parietal cortex. Recent fMRI studies have
shown deficient activation patterns in these structures during the
processing of semantic information and object recall stimuli in
schizophrenic patients (Assaf et al., 2006; Kircher et al., 2002;
McGuire et al., 1998).

Structural correlates of psychopathological symptom dimensions

In view of the considerable clinical and neurobiological hetero-
geneity, it is still a matter of debate whether schizophrenia re-
presents a clinical syndrome rather than a single disease entity
(Andreasen, 2000). In the 1980s, this debate was inspired by the
“positive-negative” dichotomy (Crow, 1980) that distinguished
type-I from type-II schizophrenia. Later on, the dichotomy was
criticized for not capturing the full syndromal structure of the
disease (Arndt et al., 1991). Hence, “disorganization” was intro-
duced as third syndromal cluster based on converging results from
different factor-analytic studies (Grube et al., 1998). External
validity to this model was provided by several neuropsychological
and neurobiological investigations (Harris et al., 1999; Bryson
et al., 1999; Bell et al., 1994b; Liddle and Morris, 1991). Neverthe-
less, Andreasen et al. (1995) and Arndt et al. (1995) reconsidered
schizophrenic symptomatology from a dimensional point of view,
regarding independent, but overlapping and coexisting symptom
dimensions as the constituents of the disease’s phenotypical
diversity.

What contribution may our data make to this ongoing debate?
Comparison of the three PANSS factor samples versus the healthy
control group revealed selective patterns of structural alterations
associated with the negative, positive and disorganized symptom
dimension. However, the percental differences between the factor
samples were subtle compared to the size of GMD differences
between HC and the entire SZ group (Supplementary Figs. 2 and 6).
Moreover, the conjunctional analysis identified a considerable
overlap of GMD reduction patterns among the factor samples. In
this context, the delineation of relatively “pure” phenotypes in our
supplementary VBM analysis (Supplementary Figs. 9–11) in-
creased the between-factor differences, possibly by reducing the
remaining phenotypical and structural heterogeneity within the
factor groups. This heterogeneity may be determined by a number
of important limitations, including (1) the methodology of VBM
(see Davatzikos, 2004, and Bookstein, 2001, for critical comments),
(2) different measurability, sensitivity and specificity of the PANSS
items, (3) our factor-analytic approach (numbers of factors) and (4)
ychopathological symptom dimensions in schizophrenia: A voxel-based
9

http://dx.doi.org/10.1016/j.neuroimage.2007.10.029


11N. Koutsouleris et al. / NeuroImage xx (2007) xxx–xxx

ARTICLE IN PRESS
the clinical state of the patients (acute versus remitted, first-episode
versus chronic patients).

In summary, our results describe a pattern of structural al-
terations within the prefrontal, perisylvian, temporal, limbic and
subcortical brain regions based on the MRI data of a large and
heterogeneous patient group compared to a matched healthy control
group. The approach of combining VBM with factor analysis of
psychopathological measurements revealed selective structural
correlates of negative, positive and disorganized symptom dimen-
sions. The differences between these correlates indicate that the
structural heterogeneity in schizophrenia may relate to the
phenotypical diversity of the disease. Conjunctional analysis
identified a significant overlap between these structural correlates
suggesting a unifying pattern of alterations inherent in all symptom
clusters. In the future, further cross-sectional and longitudinal
replication studies are needed in order to quantify the extent of
structural differences and overlaps between the different symptom
dimensions of schizophrenia.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.neuroimage.2007.10.029.
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