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Background: Schizophrenia is a multifaceted mental dis-
order characterized by cognitive, perceptual, and affective
symptom dimensions. This heterogeneity at the phenom-
enological level may be subserved by complex and het-
erogeneous patterns of structural abnormalities. Thus,
delineating such patterns may improve the insight into the
variability of disease and facilitate future magnetic reso-
nance imaging-based diagnosis. Methods: We aimed to
identify structurally complex signatures that directly dif-
ferentiate patients with predominantly negative (pNEG),
positive (pPOS), and disorganized (pDIS) symptoms
using Optimally-Discriminative Voxel-Based Analysis
(ODVBA). ODVBA is a new analytical framework for
group analysis, which showed to have superior sensitivity
and specificity over conventional voxel-based morphomet-
ric approaches, thus facilitating the identification of subtle
neuroanatomical signatures delineating different subgroups.
Results: pPOS were characterized by pronounced gray mat-
ter (GM) volume reductions in the ventromedial prefrontal
cortex (vmPFC), which herein is defined to include the orbi-
tofrontal cortex, and in occipitotemporal GM and parts of
the lingual gyrus. pNEG was found to have vimPFC reduc-
tion but to a lesser degree than pPOS and with a relative
sparing of the more medial vmPFC regions, compared to
pDIS; it also had significantly less cerebellar GM. pDIS
showed relatively highest GM volume preservation among
three subtypes. Conclusions: Although a common prefronto-
perisylvian GM reduction pattern was present at the whole-
group level, marked morphometric differences emerged
between the three subgroups, including reduced cerebellar
GM in pNEG and reduced vmPFC and occipitotemporal
GM in pPOS. Besides deepening our insight into the neu-
robiological underpinnings of clinical heterogeneity, these
results also identify important imaging biomarkers that
may aid patient stratification.

Key words.: volume reduction/ODVBA/voxel-based
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Introduction

The clinical heterogeneity of schizophrenia has seriously
impeded efforts to uncover the pathophysiology behind
this mental disorder. Hence, it was suggested!= that the
diverse clinical syndromes of schizophrenia should be
subdivided into different nosological entities based on
distinct symptom profiles of the disorder. Classical fac-
tor analytic studies of schizophrenic symptoms have
generally agreed upon a 3-axes model of schizophrenic
symptomatology*® consisting of negative, positive, and
disorganized symptom dimensions, which may provide a
valid top-down approach for defining more homogeneous
subgroups characterized by distinct neural signatures.
Associated neuropsychological studies’® also demon-
strated that these 3 distinct schizophrenic syndromes are
associated with different patterns of neurocognitive per-
formance. Already early neuroimaging studies employing
regions of interest (ROI) approaches’!” measured the
associations between circumscribed brain regions and
these symptom domains. However, the ROI approaches
are limited by high dependency on the prior knowledge
and loss of the complex structural information inside the
defined regions.

Voxel-based morphometry (VBM),*2° a neuroimaging
technique that does not need to define ROI and is capa-
ble of discovering regionally specific alterations in brain
volumes, has been extensively applied*? in the monistic
analysis of schizophrenia based on the hypothesis of a
single, unifying pathophysiological process. Additionally,
some studies utilized voxel-wise regression analyses’*32
to examine the associations between cerebral alterations
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and symptoms scores in patients with schizophrenia.
Nevertheless, there are only few magnetic resonance
imaging (MRI) studies**** that employed VBM to delin-
eate the neuroanatomical underpinnings of clinically
defined subgroups within schizophrenia: Sigmundsson
et al’ found mainly prefrontal volumetric alterations in a
homogeneous sample of schizophrenic patients with pre-
dominant and enduring negative symptoms compared to
healthy controls. More recently, 2 studies**** aimed at elu-
cidating the neuroanatomical surrogates of the disease’s
clinical heterogeneity by comparing a group of healthy
controls with 3 patient subgroups, representing the nega-
tive, positive, and disorganized symptom dimensions, as
determined by factor analytic approaches. Importantly,
these studies tried to identify group-level anatomical dif-
ferences between each psychopathological subgroup and
healthy controls using univariate statistical methods,
thus not directly addressing the question whether subtle
differentiating patterns can be detected when directly
comparing psychopathologically defined subgroups of
schizophrenia (eg, negative vs positive, negative vs disor-
ganized, positive vs disorganized). Modeling these poten-
tially fine-grained neuroanatomical differences between
distinct dimensions of schizophrenic symptomatology
using novel multivariate analytical methods would allow
us to better understand the heterogeneity of schizophre-
nia and hence enable us to build more appropriate diag-
nostic tools for this complex disorder in the future.

Thus, we aimed at identifying structurally distributed
signatures that directly differentiate patients with predomi-
nant negative, positive, and disorganized schizophrenic
symptoms by means of Optimally-Discriminative Voxel-
Based Analysis (ODVBA).** ODVBA is a recently proposed
imaging pattern analysis framework for group comparisons
that utilizes a spatially adaptive analysis scheme, which
accounts for the interrelatedness of spatial information in
the brain, and thus provides superior sensitivity and speci-
ficity compared to conventional VBM approaches, which
employ spatially fixed Gaussian smoothing plus general
linear modeling (GLM).>” ODVBA has been extensively
validated in both the simulated data, in which the ground
truth is known*® and real structural MRI data from vari-
ous studies.’*® Thus, ODVBA may provide the level of
sensitivity required to detect subtle structural brain pat-
terns that directly differentiate subgroups of patients with
schizophrenia. To the best of our knowledge, this is the
first voxel-based morphometric study to investigate the
direct group differences on measures of brain structures
between distinct subgroups within schizophrenia.

Materials and Methods

Subjects

The subjects of this study were recruited at the Department
of Psychiatry and Psychotherapy at Ludwig-Maximilians
University, Munich, Germany, and included 163 patients
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with an established DSM-IV diagnosis of schizophrenia
and 163 matched normal controls (NC).

All participants provided their written informed con-
sent prior to MRI and clinical examination. Patient
recruitment was performed by trained clinical investiga-
tors and consisted of a structured clinical interview for
DSM-IV-axis I disorders (SCID-I), a standardized clini-
cal interview for the assessment of medical and psychiatric
history, the review of patients’ records, and the evalua-
tion of disease severity and psychopathology by means
of the Positive and Negative Syndrome Scale (PANSS)*
at scanning time. All subjects were diagnosed based on a
consensus between 2 experienced psychiatrists who used
the DSM-IV criteria and the SCID-I. Participants were
excluded if they had other psychiatric and/or neurologi-
cal diseases, past or present regular alcohol abuse, and/or
consumption of illicit drugs, as well as past head trauma
with loss of consciousness or electroconvulsive treatment.

Factor Analysis and Subgroup Information

Patterns of co-occurring symptoms were analyzed by
employing a maximum-likelihood factor analysis (R soft-
ware package and the oblique PROMAX rotation) on the
PANSS items using a 3-factor model of schizophrenic
symptomatology. The 3-dimensional model consisted of
negative, positive, and disorganized symptom dimensions.
The internal consistency of symptom factors was measured
by Cronbach’s o, and interfactor correlations were calcu-
lated. Each patient was assigned to one of the 3 symptom
dimensions* according to the maximum individual factor
score, resulting in a negative (pNEG, 55 subjects), posi-
tive (pPOS, 57 subjects), and disorganized factor (pDIS,
51 subjects) sample. Finally, in order to better put these
intergroup comparisons into perspective with respect to
the overall structural profile of the patient cohort, we also
used 163 matched NC involved in this study.

Demographics and raw psychopathology scores of
these subgroups are provided in table 1. The duration
of untreated psychosis is defined by the interval between
age of disease onset and the first reported prescription
of antipsychotic agents. No statistical differences were
observed between the samples concerning age, gender,
handedness, or education.

Imaging Protocol and Processing

T1-weighted 3D-magnetization-prepared rapid acquisition
with gradient echo sequences (repetition time, 11.6ms; echo
time, 4.9ms; field of view, 230 mm; matrix, 512 X 512; 126
contiguous axial slices of 1.5mm thickness; voxel size, 0.45
%X 0.45 % 1.5mm) were acquired ona 1.5 T Magnetom Vision
scanner (Siemens, Erlangen, Germany). The images were
first preprocessed by means of the VBMS toolbox (publi-
cally available at http://dbm.neuro.uni-jena.de/vbm8/)—an
extension of the Statistical Parametric Mapping software
(SPM, publically available at http://www.fil.ion.ucl.ac.uk/
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spm/software/spm8/) for skull stripping, bias correction,
and segmentation.* The skull-removed partial volume esti-
mation images were then spatially registered to the respec-
tive partial volume image of the single-subject Monteal
Neurological Institute (MNI) template through a robust
method for elastic registration called deformable registra-
tion via attribute matching and mutual-saliency weight-
ing.*! The deformation field resulting from this spatial
registration was then applied to the segmented images in
order to generate mass-preserved volumetric maps (often
referred as tissue density maps), named Regional Analysis
of Volumes Examined in Normalized Space (RAVENS)
maps® of the gray matter (GM), white matter, and cerebro-
spinal fluid segments. In these RAVENS maps, the tissue
density reflects the amount of tissue present in each subject’s
image at a given location after mapping to the standardized
template space. For example, a region of decreased density
indicates a reduced volume in this structure. In this study,
we investigated the brain volume changes in terms of the
RAVENS values on the GM images.

Statistical Analysis

ODVBA?* is a novel method based on regional multi-
variate pattern analysis, aiming to optimally detect the
between-group differences in brain volumes by estimat-
ing the spatially adaptive filtering of the data prior to
statistical analyses. ODVBA thereby transcends the limi-
tations of the mass univariate GLM method that applies
a predefined and fixed Gaussian filter (typically 8 mm),
which lacks of the spatial adaptivity to the shape and the
spatial extent of group differences. The framework of
ODVBA mainly contains 3 phases: regional nonnegative
discriminative projection, determining each voxel’s sta-
tistic, and permutation tests.*” The details on implemen-
tation of ODVBA can be found in the published article.?
ODVBA has been extensively validated in both simulated
data and real data.’** It has shown to not only improve
sensitivity of detection of the subtle structural abnormi-
ties but also to better delineate regions of abnormality.
This contrasts with conventional smoothing approaches,
such as Gaussian filter,>” which always blur the structure
of the true differences and dilute the signal from regions
of interest with signals from regions that do not display
a group difference.

In this study, the parameter of ODVBA is set as
same as those used on the real data in the article.* We
used 5000 permutations to derive statistical significance
maps. The resulting maps of significance are partitioned
and analyzed according to the Automated Anatomical
Labeling package.* On each anatomical region, we cal-
culated the cluster size and the ¢ statistic (based on means
of RAVENS values on the detected area per region).
Moreover, to address the multiple comparison problem,
we also conducted the cluster-wise family-wise error
(FWE) correction based on nonparametric permutation
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testing.** At the voxel level, p value threshold was
defined at .001 uncorrected, and for the cluster-wise
analysis, an FWE threshold of p <.05 was used.

Results

Significant group differences were detected in four com-
parisons between schizophrenia subgroups: (1) pNEG <
pPOS; (2) pNEG < pDIS; (3) pPOS < pNEG; and (4)
pPOS < pDIS. The 3D rendering of the results are shown
in figure 1. Respective comparisons with controls are
shown in figure 2. Anatomical regions and the associated
statistical information are listed in table 2. There were no
significant differences between groups when we performed
the comparisons: (1) pDIS < pNEG:; (2) pDIS < pPOS.

pPNEG < pPOS

The patients with negative symptoms showed reduced
GM in the cerebellum when compared to the patients
with positive symptoms; these differences reached sig-
nificance on the right side of the cerebellum, after FWE
correction, however the trend was pronounced through-
out most of the cerebellum.

pPNEG < pDIS

The comparison between patients with negative and dis-
organized symptoms revealed significantly lower GM
volumes in the pNEG subgroup, which were predomi-
nantly located in the left inferior orbitofrontal cortex,
and the right thalamus (no FWE correction).

pPOS <pNEG

The results mainly revealed some regions showing sig-
nificant volume reduction in patients with positive
symptoms vs negative symptoms: the bilateral inferior
orbitofrontal cortex, the left gyrus rectus, and an occipi-
totemporal region (no FWE correction) in the vicinity of
the right lingual gyrus.

pPOS < pDIS

Schizophrenia patients with positive symptoms showed
significantly reduced volumes relative to those with dis-
organized symptoms mainly in the bilaterally inferior
orbitofrontal cortex, the left middle orbitofrontal cor-
tex, the right temple pole, and the left insular cortex and
trends in the right occipitotemporal region (no FWE
correction).

A summary of the ODVBA results on statistically
significant differences between the 3 schizophrenia sub-
groups after FWE correction is shown in figure 3.

Discussion

Schizophrenia is a heterogenecous mental disorder in
which different symptom dimensions could be linked
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Detected significant regions
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Trends towards significance

Fig. 1. 3D surface renderings of the ODVBA results, obtained from on gray matter (GM) group comparisons of (A) pNEG < pPOS;
(B) pNEG < pDIS; (C) pPOS < pNEG:; (D) pPOS < pDIS. Hot color represents the trends (uncorrected p < .05) toward significance,
indicated by —log(p) value. Green color represents the detected significant regions with FWE corrected p <.05.

with distinct neural surrogates. Recent neuroimaging
studies have suggested specific patterns of structural
brain alterations to be related to subgroups/syndromes
of schizophrenia. However, the strategy commonly
applied so far to study this heterogeneity is based on the
univariate VBM comparison between each subgroup of
patients and matched health controls. To the best of our
knowledge, the present study is the first to investigate the
direct differences between psychopathologically defined
patient subgroups using an advanced morphometric
analysis method. Our results may deepen the insight into
the neurobiological architecture of the disorder’s clinical
heterogeneity.
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More specifically, our results revealed widespread pat-
terns of structural differences exist between pairs of sub-
groups, which reached statistical significance in certain
regions. Interestingly, the pNEG subgroup was charac-
terized by cerebellar volume reductions compared to the
pPOS and pDIS subgroups. The cerebellum plays a major
role in establishing coordination and motor control but
has also been involved* with higher order cognitive
functions as a part of the cortico-subcortico-cerebellar
circuitry. Recent literature?’ further demonstrated that
patients with predominantly negative symptoms have
pronounced neuropsychological deficits across multiple
cognitive domains, including executive functioning as
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Detected significant regions

0 10

Trends towards significance

Fig. 2. 3D surface renderings of the ODVBA results, obtained from on gray matter (GM) group comparisons of (A) pNEG < NC; (B)
pPOS < NC; (C) pDIS < NC. Hot color represents the trends (uncorrected p < .05) toward significance, indicated by —log(p) value. Green
color represents the detected significant regions with FWE corrected p <.05.

well as attentional and social cognitive processes. Our
cerebellar findings are largely in agreement with previ-
ous studies: an early ROI-based neuroimaging study'
showed that negative symptoms were more inversely
related to cerebellar size compared to positive and disor-
ganized symptoms. Subsequently, 2 VBM-based correla-
tion analyses®'*> have also reported a significant inverse
correlation between cerebellar volume and PANSS nega-
tive scores. In a further VBM-based subgroup compari-
son study,™ patients with negative symptoms were the
only subgroup to demonstrate significant volume reduc-
tions in the cerebellum compared to healthy controls.
Moreover, our cerebellar results agree with studies on

cerebellar soft signs,*# which revealed that the presence
of cerebellar signs in schizophrenia patients was asso-
ciated with more severe negative symptoms and smaller
cerebellar volumes, but not with positive symptoms.
More generally, the neurological soft signs (NSS)>!
have also shown significant correlation with cerebellar
volume reduction, and the association between NSS and
negative symptoms has been observed>>>* much more
consistently across previous studies than links between
NSS and positive symptoms.

Relative to disorganized symptoms, negative symptoms
seem to be associated with significantly lower volumes
in a number of brain regions covering the ventromedial
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Table 2. The Results on the GM Group Comparisons

GLM ODVBA
Comparisons Anatomical Regions Side N t N t Cluster-wise FWE Correction
pNEG < pPOS Cerebellum R \ \ 59 4.27 Yes
pNEG < pDIS Inferior orbitofrontal cortex L 91 4.53 198 4.98 Yes
Thalamus R \ \ 110 4.08 No
pPOS < pNEG Inferior orbitofrontal cortex L 57 3.83 97 4.53 Yes
Middle occipital gyrus R 62 4.54 90 5.27 No
Inferior orbitofrontal cortex R 60 3.77 78 4.01 Yes
Gyrus rectus L \ \ 65 4.24 Yes
pPOS < pDIS Inferior orbitofrontal cortex L 280 6.02 658 6.83 Yes
Inferior orbitofrontal cortex R 53 4.35 164 6.56 Yes
Middle orbitofrontal cortex L \ \ 105 4.26 Yes
Temporal pole R \ \ 76 5.22 Yes
Insular cortex L \ \ 51 3.01 Yes

Note: “\” means no significant findings in the voxel level analysis. NV denotes the number of significant voxels in each anatomical

region. ¢ denotes the ¢ value calculated. “Yes” means the region survives the cluster-wise FWE correction; “No” indicates the contrary.
FWE = family-wise error; GM = gray matter; GLM = general linear model; L = left; ODVBA = Optimally-Discriminative Voxel-Based
Analysis; pDIS= predominantly disorganized; pNEG= predominantly negative; pPOS = predominantly positive; R = right.

Negative

vmPFC (Orbitofrontal)
Temporal Pole
Insular Cortex

Positive Disorganized

None

Fig. 3. Summary of the results on significant differences between
three subgroups in schizophrenia. 4 — B means 4 had lower GM
volume than B in some specific regions, and 4 < B means B had
lower GM volume than 4. A and B indicate any two subgroups.

prefrontal cortex (vmPFC) and the orbitofrontal cortex,
as well as the thalamus, as parts of the cortico-subcor-
tico-cerebellar circuitry.*® Within this brain network,
neurofunctional abnormalities have been shown to be
systematically related to negative symptoms by means of
positron emission tomography.>*> Earlier structural MR1
studies have also reported associations of negative symp-
toms with GM volume reductions in this circuit, includ-
ing the orbitofrontal cortex'>!* and the thalamus.?
When comparing the pPOS with the pNEG sub-
groups, in addition to the aforementioned cerebellar vol-
ume reduction of the pNEG subgroup, we found that the
pPOS subgroup had significantly less GM volume mainly
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in the vmPFC (including the bilateral orbitofrontal cor-
tex). The vmPFC mediates a number of higher level func-
tions, including complex sensory integration tasks,”
decision making,” and expectation.®® Some studies have
suggested that neural networks in the vmPFC develop
during adolescence and young adulthood and regulate
emotion through the amygdala.®' The orbitofrontal cor-
tex also seems to mediate the understanding of expected
punishments and rewards of an action.®”” The dense con-
nections between the vmPFC and various association
and limbic areas, as well as subcortical structures, indi-
cate the involvement of this part of the brain in a num-
ber of brain systems and higher order cortical functions,
many of which may be seriously impaired in patients with
pronounced positive symptoms of schizophrenia. Our
findings of vmPFC volume reductions in patients with
pronounced positive symptoms are in accordance with
several previous neuroimaging studies: A specific ROI
analysis' on the orbitofrontal cortex has reported a trend
toward significant inverse correlations between the orbi-
tofrontal cortex volumes and positive symptom scores,
but negative symptoms scores did not show such a trend.
The VBM studies®>* which investigated group differ-
ences between paranoid/positive schizophrenia patients
and healthy controls revealed GM volume reductions in
the medial and inferior frontal gyrus. Another neuroim-
aging study® demonstrated decreased cortical thickness
in the left orbitofrontal cortex and other brain regions,
which were related to positive, but not negative symp-
toms. A recent ROI study'¢ revealed that the volume of
the left orbitofrontal cortex was inversely correlated with
positive, rather than negative symptom severity in psy-
chotic disorders including schizophrenia, schizoaffec-
tive, and psychotic bipolar I disorders. More specifically,



hallucinations have also been repeatedly reported® ° to
be significantly associated with orbitofrontal and infe-
rior frontal volume reductions. Interestingly, studies on
violent behavior®” also suggested significant association
between volume reduction in vmPFC and violent and
aggressive behaviors as often encountered in patients
with acute psychosis.

The pattern of GM reductions revealed by our analysis
is strikingly consistent with the topography of the dopa-
minergic pathways in the brain, and in particular of the
mesolimbic and mesocortical pathways, which include
projections from the ventral tegmental area to the limbic,
frontal, and insular cortices. The dopaminergic system
has been widely implicated in schizophrenia, and in fact
core neural “nodes” (eg, basal ganglia) within this system
are the main targets of antipsychotics drugs effects and
have been shown to be affected very early during the dis-
ease process as attenuated psychotic symptoms emerge.®

An interesting observation that emerged from the data is
that occipitotemporal brain regions were mainly affected
in the pPOS group, as shown both by the intergroup
comparisons (figure 1) and the comparison between sub-
groups and controls (figure 2). These regions have not been
widely reported in the literature, albeit previous reports
have identified brain volume reductions in Brodmann area
19 and the lingual gyrus, which largely overlap with the
regions found herein. The lingual gyrus, in particular, is
believed to play an important role in vision and dreaming.
Volume reductions in these regions have been previously
reported to be involved in positive symptoms like hallu-
cinations.®® Visual memory dysfunction and visuo-limbic
disconnection have been shown in cases where the lingual
gyrus has been damaged (due to stroke or other traumatic
brain injuries). Further, impaired visual memory is related
to either damage to this region or disconnections between
the lingual gyrus and other brain structures.®

Significant GM volume reduction in patients with pro-
nounced positive symptoms compared to patients with
disorganized were mainly located in the orbitofrontal
cortex, the temporal pole, and the insular cortex, all of
which are major hubs in the paralimbic circuitry.”” The
temporal pole in particular may be an important node
of this circuit, in which structural abnormalities can lead
to disturbances of perceptual integration processes, and
have been demonstrated'””" to be associated with posi-
tive symptoms.

Our findings are in agreement with many of previous
related studies; however, they are also inconsistent with
some previous studies. Regarding the cerebellum, a pre-
vious study®* comparing the 3 symptom subgroups to
healthy controls reported that the disorganized subgroup
had more pronounced alterations in this region than
the other subgroups. Regarding the orbitofrontal cor-
tex, earlier studies'>'* showed that lower volume in this
region was associated with more severe negative, but not
positive symptoms in patients with schizophrenia. These

Heterogeneity of Brain Changes in Schizophrenia

discrepancies may stem from the different experimental
strategies and methods used in these studies. However,
the novel multivariate analysis technique employed in
our study could be more sensitive in identifying the spa-
tial extent and direction of structural differences between
these three syndrome subgroups.

Regarding the clinical characteristics of the patients
subgroups (table 1), it is worth noting that the pNEG
patients had longer illness duration than other groups,
as the disease commenced earlier in this subgroup. This
observation is in line with previous neuropsychological
studies™ " reporting a pronounced association between
an early disease onset and predominant negative symp-
toms in the clinical phenotype of the disorder. Moreover,
there is substantial evidence that patients with predomi-
nant negative symptoms are characterized by a higher
risk for chronic,”®”” as well as relapsing disease courses
and poor disease outcomes.”” In agreement with these
findings, our clinical data also show that the pNEG group
involved a higher proportion of patients with recurrent
disease courses compared to the other subgroups (table 1).

In the affective symptoms domain, both pNEG and
pPOS patients had significantly higher PANSS depres-
sion scores compared to the pDIS group (table 1). For
each subgroup contrast, we calculated the correla-
tion between the obtained ODVBA results (means of
RAVENS values on the detected area per region) and
the PANSS depression scores. According to the results
listed in supplementary table 1, generally the volumes
in the detected regions were not significantly correlated
with depression scores in the group comparisons of
pPNEG < pPOS and pPOS < pNEG, while the 2 variables
were associated in pNEG < pDIS and pPOS < pDIS.

In DSM-V,® the DSM-IV subtypes of schizophrenia
(ie, paranoid, disorganized, catatonic, undifferentiated,
and residual types) were eliminated due to their limited
diagnostic stability and low reliability. Instead, a dimen-
sional approach was introduced to assess the severity of
the core symptoms of schizophrenia across patients. It
is worth noting that our 3 subgroups investigated in this
paper are different from the DSM-IV subtypes, since
they are determined by means of factor analysis: they
are distinguishable, but nonetheless to a certain degree
co-occurring.’* Importantly, these 3 subgroups have
been consistently identified by previous factor analytic
studies, thus reflecting the phenotypic heterogeneity of
schizophrenia. Thus, identifying neuroanatomical surro-
gates of this phenotypic heterogeneity may pave the way
to more accurate diagnostic and prognostic biomark-
ers of the disorder’s multifaceted clinical phenotypes.
Furthermore, future neuroimaging studies combin-
ing the cross-sectional symptom-based decomposition
of the disorder with prospective evaluations of illness
course may foster biomarker-driven approaches to allow
early identification and treatment of patients at risk of
enduring negative symptoms and poor disease outcomes.
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A limitation of our study, which is common to imag-
ing studies, is that the underlying microstructural abnor-
malities that lead to changes measured by imaging
cannot be uniquely determined. For example, our analy-
sis revealed several regions of reduced GM. However,
this finding does not necessarily imply lower number of
neurons, but it could be related to differences in myelina-
tion or synaptic formation, which might change the
amount of tissue perceived in T1-weighted images as
GM. Additional analyses we performed to these images
indicated that the cerebellar finding in particular might
reflect altered MR signal, rather than volumetric differ-
ences. Histopathological studies would therefore be nec-
essary to evaluate the macrostructural changes in greater
depth. Imaging studies, including ours, can guide such
more detailed tissue analysis by directing efforts to spe-
cific brain regions.

Besides adding to our knowledge of the biological
underpinnings of schizophrenia, these patterns of struc-
tural differences between subgroups may serve in the
future as early biomarkers of disease subtypes, hence
for biomarker-based patient stratification in clinical
psychiatry. Part of our future work will investigate the
use of these distinctive imaging patterns in conjunction
with machine learning algorithms,?#? to identify disease
subtypes on an individual patient basis. Our future work
also includes investigating the heterogeneous changes
in the volumes of white matter, jointly with the diffu-
sion anisotropy measures, eg, the fractional anisotropy,
which can well reflect the degree of myelination in the
white matter.
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