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Abstract
There is growing evidence that schizophrenia (SZ) and bipolar disorder (BD) overlap significantly
in risk factors, neurobiological features, clinical presentations, and outcomes. SZ is characterized
by well documented gray matter (GM) abnormalities in multiple frontal, temporal and subcortical
structures. Recent voxel-based morphometry (VBM) studies and meta-analyses in BD also report
GM reductions in overlapping, albeit less widespread, brain regions. Psychosis, a hallmark of SZ,
is also experienced by a significant proportion of BD patients and there is evidence that psychotic
BD may be characterized by specific clinical and pathophysiological features. However, there are
few studies comparing GM between SZ and psychotic BD. In this study we compared GM
volumes in a sample of 58 SZ patients, 28 BD patients experiencing psychotic symptoms and 43
healthy controls using whole-brain voxel-based morphometry. SZ patients had GM reductions in
multiple frontal and temporal regions compared to healthy controls and in the subgenual cortex
compared to psychotic BD patients. GM volume was increased in the right posterior cerebellum in
SZ patients compared to controls. However, psychotic BD patients did not show significant GM
deficits compared to healthy controls or SZ patients. We conclude that GM abnormality as
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measured by VBM analysis is less pronounced in psychotic BD compared to SZ. This may be due
to disease-specific factors or medications used more commonly in BD.
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Introduction
Although schizophrenia (SZ) and bipolar disorder (BD) have been classically
conceptualized as dichotomous, these two conditions overlap in their genetic and
developmental risk factors, have common clinical presentations and treatments, and display
qualitatively similar neuropsychological profiles, suggesting that they may lie on a single
disease continuum or may be differential expressions of a common pathology (Craddock
and Owen, 2005; van Os, 2009). One of the best characterized brain abnormalities in SZ is
gray matter (GM) reductions, consistently reported by numerous morphometric studies using
region of interest (ROI) or whole-brain voxel-based morphometry (VBM) analyses. On the
other hand, the majority of structural neuroimaging studies in BD are ROI based and this
literature consists of a small number of studies examining a limited number of structures
with small sample sizes (Kempton et al. 2008). Though VBM studies in BD are increasing
in number in recent years, findings remain contradictory (Ellison-Wright and Bullmore,
2010). Nonetheless, two of the three recent meta-analyses of VBM studies in BD revealed
GM reductions in the insula and anterior cingulate cortex (ACC) (Bora et al., 2010; Ellison-
Wright and Bullmore, 2010). A third meta-analysis reported GM reductions in bilateral
frontal cortices, cingulate gyrus, left middle temporal gyrus, and thalamus, and increases in
the basal ganglia and right pre/postcentral gyri (Yu et al., 2010). GM reductions are typically
more extensive in SZ than in BD patients (Ellison-Wright and Bullmore, 2010) even when
SZ studies are selected to match the mean age of onset and illness duration of BD studies
(Yu et al., 2010).

Psychotic symptoms are a hallmark of SZ, but, they are also experienced by a significant
proportion of patients with BD (Pope and Lipinski, 1978). There is evidence that BD with
psychotic features differs from non-psychotic BD in family history (Potash et al., 2001),
clinical course and outcome (Bellivier et al., 2001; Coryell et al., 2001), cognitive functions
(Glahn et al., 2007) and biological signature as identified by electrophysiological and
neuroimaging studies (Olincy and Martin, 2005; Strasser et al., 2005). Intriguingly, deficits
in executive function and working memory, electrophysiological disturbances and white
matter deficits in psychotic BD were similar to SZ in some studies, suggesting cross-
diagnostic abnormalities shared by psychotic disorders (Bora et al., 2008). On the other
hand, there are few morphometric studies comparing psychotic BD patients to healthy
controls, and these are mainly ROI based. Majority of these studies report no volumetric
abnormalities in the examined regions including the amygdalohippocampal complex (see
Velakoulis et al., 1999 for an exception), thalamus, left planum temporale and Heschl’s
gyrus, fusiform gyrus, superior temporal gyrus (STG) and insula (Bora et al., 2008). Volume
reductions were reported only in the subgenual cingulate cortex (Hirayasu et al., 1999), left
temporal lobe (Kasai et al., 2003a) and inferior temporal gyrus (Kuroki et al., 2006) while
one study reported increased striatal volume (Getz et al., 2002). However, VBM studies in
psychotic BD are sparse and report discrepant findings including no difference (Kubicki et
al., 2002; McDonald et al., 2005), decreases (Cui et al., 2010; Tost et al., 2009) or increases
(Cui et al., 2010). Furthermore, these studies are characterized by several limitations,
including small sample sizes (Farrow et al., 2005), or inclusion of heterogeneous patient
groups with affective psychosis (Morgan et al., 2007),
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Taken together, the literature suggests that GM volume abnormalities are pronounced and
widespread in SZ but inconsistently found in BD with psychotic features. In addition, there
are few studies using an unbiased VBM approach and examining patients with both
conditions in the same study. Therefore, it is currently not clear whether the negative
findings in the BD literature are a result of sample selection and technical issues or represent
a true biological pattern. In this study we compared the GM volume of patients with BD
currently experiencing psychotic symptoms with a sample of patients with SZ and
schizoaffective disorder, and with healthy controls. We hypothesized that the SZ group
would show decreased GM compared with controls in a distributed set of brain regions
consistent with previous studies. We also hypothesized that the BD patient group would
show GM volume reductions in overlapping frontal and temporal regions but these would be
in a limited distribution and less significant in magnitude than those seen in SZ.

Materials and Methods
Subjects

Sixty-one patients with DSM-IV diagnosed schizophrenia, 32 patients with bipolar I
disorder, and 45 normal control subjects (NC) participated in this study. Subjects were
drawn from samples recruited for 3 separate studies, from the Psychotic Disorders Division,
McLean Hospital. There were no changes in the software or hardware of the scanner
between studies. Controls and SZ patients were recruited from all three studies and BD
patients from two of them. Usable data were obtained from 58 SZ, 28 BD and 43 NC
subjects. SZ group included 21 schizoaffective (SZA) patients hospitalized for psychotic
symptoms who were not in a current mood episode. All patients were experiencing
psychotic symptoms and treated with medication at the time of the scan. The BD group
consisted primarily of patients in a manic episode (n=18), but also included patients in
mixed (n=5) and depressive (n=1) episodes, as well as euthymic patients with residual
psychotic features (n=4). Exclusion criteria included: 1) being ≥ 60 or ≤ 18 years old; 2)
having contraindication for magnetic resonance (MR) scanning; and 3) having a history of
neurological disorder, mental retardation or head trauma.

Subjects were recruited following approval by the McLean Hospital Instutional Review
Board. Patients were assessed with the Structured Clinical Interview for DSM-IV (SCID),
Positive and Negative Syndrome Scale (PANNS), Young Mania Rating Scale (YMRS), and
Montgomery-Asberg Depression Rating Scale (MADRS) on scan day. We did not have the
information on YMRS and MADRS scores (n=14) and antipsychotic and anticonvulsant
drug doses (n=12) for one set of SZ patients. In addition, handedness information was
missing for several participants (n=22). Normal controls were assessed by the SCID and no
axis I disorder was identified. The demographic and clinical variables are in Table 1.

Image Acquisition
All subjects underwent a structural MRI scan in a single Siemens 3 Tesla Trio scanner
(Erlangen, Germany) with a quadrature radio frequency (RF) coil (Bioengineering, Inc.,
Minneapolis, Minnesota) using three dimensional (3-D) inversion-prepared sagittal fast low-
angle shot (FLASH) sequence. Echo time/repetition time/time to inversion (TE/TR/TI) were
2.74 msec/2.1 sec/1.1 sec; echo spacing 6.3 msec; 12° flip angle. Field of view (FOV) was
256 mm with 1×1 mm pixels and 1.33 mm slices.

VBM and Statistical Analysis
T1 image files were converted to analyze format using MRicro
(http://www.sph.sc.edu/comd/rorden/mricro.html). All images were then visually inspected.
Optimized VBM was carried out with FSL-VBM analysis software v1.1 (Good et al. 2001).
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First, non-brain structures were removed by brain extraction tool (BET) v2.1
(http://www.fmrib.ox.ac.uk/fsl/bet2/index.html). Next, extracted images were segmented
into GM, white matter and cerebrospinal fluid and GM images were aligned to the
ICBM-152 template via non-linear registration. The registered GM images were averaged to
create a study specific template at 2×2×2 mm3 resolution and the native GM images were
non-linearly registered to this template. ‘Modulation’ was introduced to compensate for the
arising enlargement or contraction of the GM volume during normalization by dividing by
the Jacobian of the warp field. Modulated GM images were then smoothed with a full width
at half maximum (FWHM) ~12 mm isotropic Gaussian kernel. FWHM ~7 mm kernel was
used in repeat analysis for the contrasts with negative results because smaller kernels are
better suited to studying abnormalities in smaller structures (Honea et al., 2005).

GM differences were analyzed by voxelwise general linear model implemented in FSL,
using an analysis of covariance (ANCOVA) model controlling for age, gender and total GM.
Permutation-based non-parametric testing (5000 permutations) FWE-corrected for multiple
comparisons was used with threshold-free cluster enhancement (TFCE); statistical
significance was set at p < 0.05. Finally, we carried out an additional analysis of the SZ
group excluding individuals diagnosed with SZA. The threshold masked images were then
visualized on the MNI-152 template.

Between-group differences in demographic and clinical variables were calculated using
analysis of variance (ANOVA), t-tests, and chi-square tests as appropriate. Statistical
significance was set at p < 0.05, two-tailed.

Results
There were no between-group differences in age, gender and handedness. BD patients had
significantly higher YMRS scores (p<0.001) than the SZ and NC groups, and there were
more patients in the BD group using lithium (p=0.006) and anticonvulsant drugs (p=0.035).
No other clinical variable was different between groups (Table 1).

The voxelwise comparison between SZ and NC revealed decreased GM volume in multiple
prefrontal and temporal regions distributed in three clusters (Table 2, Figure 1A). The
regions included bilateral ACC (dorsal, ventral and subgenual), bilateral orbitofrontal cortex,
bilateral inferior frontal gyri, bilateral insula, bilateral precentral gyrus extending to middle
frontal gyrus, bilateral planum temporale with parietal operculum cortex, right STG, left
superior, middle and inferior temporal gyri and right precuneal cortex. SZ patients had
increased GM volume in a single brain region, the right cerebellum, posterior lobe (Figure
1C). When compared with BD patients, SZ patients had decreased GM in bilateral
subgenual cortex (Figure 1B). Excluding SZA patients revealed decreased GM in
overlapping regions in the right precentral gyrus with middle frontal gyrus and right frontal
operculum with inferior frontal gyrus in the Controls>SZ contrast. (Figure 2).

By contrast, the BD patients did not show any significant GM volume differences when
compared with controls or SZ patients.

No brain region in either patient group showed a correlation between GM volume and
PANSS positive scores, or chlorpromazine dose equivalents of antipsychotic medications.

Finally, whole-brain GM was compared between lithium users (n=18) and non-users (n=22)
in the subsample of patients with BD and schizoaffective disorder bipolar subtype. These
two groups matched in all clinical and demographic variables. No significant GM
differences were found in this analysis.
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Discussion
Using a whole-brain VBM approach in a cross-diagnostic sample of patients with psychotic
disorders, we found that SZ patients showed GM volume reductions in multiple cortical
regions compared to controls and BD patients, whereas psychotic BD patients did not. All of
the regions with decreased GM compared to controls were previously highlighted by several
VBM studies according to a pooled data meta-analysis of VBM studies in SZ (Honea et al.,
2005). Our findings also match the results in the recent coordinate-based meta-analyses
(Chan et al., 2009; Ellison-Wright and Bullmore, 2010; Ellison-Wright et al., 2008; Glahn et
al., 2008; Yu et al., 2010). We did not find abnormalities in some of the regions reported in
previous studies (e.g. hippocampus) possibly due to differences in sample characteristics and
methodological variances in this literature.

SZ patients had decreased GM only in the subgenual cortex compared to BD patients. This
result is in line with an ROI study that found a trend level decrease in the GM in the
subgenual cortex of first episode SZ patients compared to first episode affective psychosis
patients (predominantly manic) (Hirayasu et al., 1999). Other studies report GM deficits in
SZ compared to affective psychosis patients in several frontal, temporal, parietal and
subcortical structures by VBM or ROI analysis (Cui et al., 2010; Hirayasu et al., 2000; Kasai
et al., 2003b; Kasai et al., 2003c; Kubicki et al., 2002; Lee et al., 2002; McCarley et al.,
2002; McDonald et al., 2005), no difference in the ACC (Koo et al., 2008). However, except
the report by Cui et al. all of these studies were in first episode samples and given the
differences in the progress of the GM abnormalities in these disorders (Kasai et al., 2003b)
comparisons in first episode samples may differ from chronic samples. Our patients were
primarily chroncially ill, but unlike the Cui et al. study we did not recruit only patients with
a family history of SZ or BD, and the threshold and the correction methods were also
different in our analysis which may explain the discrepant findings.

We also report higher GM volume in the right cerebellum in the SZ group compared to
controls. There are now several lines of evidence supporting that cerebellar pathology
contributes to the cognitive, affective, perceptual and motor deficits seen in SZ (Picard et al.,
2008). However, morphometric studies measuring the volume or GM volume of this region
have given conflicting results, showing a decrease (Chua et al., 2007; Tanskanen et al.,
2008), an increase (Ha et al., 2004; Suzuki et al., 2002), or no difference (Hulshoff Pol et al.,
2002; James et al., 2004) in SZ patients. In one particular study reporting increased GM in
the cerebellum (Ha et al., 2004), only patients with paranoid SZ were included. Although we
did not restrict our sample to any subtype, the majority of our patients were of the paranoid
subtype. Further studies are needed to clarify the determinants of GM volume in the
cerebellum in SZ.

We did not find significant GM volume abnormalities in bipolar patients with psychotic
symptoms. This is consistent with the majority of the morphometric studies examining
medial and lateral temporal lobe structures, insula and thalamus in psychotic BD
(summarized in the introduction section) and some of the earlier VBM studies in BD with or
without psychotic features (Bruno et al., 2004; Kubicki et al., 2002; McDonald et al., 2005;
Scherk et al., 2008). However, several other VBM studies have reported decreased (Almeida
et al., 2009; Ha et al., 2009; Haldane et al., 2008; Lyoo et al., 2004; McIntosh et al., 2004;
Nugent et al., 2006; Stanfield et al., 2009; Tost et al., 2009) and increased (Adler et al.,
2007; Adler et al., 2005; Haldane et al., 2008; Kempton et al., 2008) GM in a variety of
brain regions in BD. Unlike most of the above mentioned VBM studies, our sample
consisted exclusively of psychotic BD I patients, with the majority of patients in a manic or
mixed episode. To our knowledge, there are six previous VBM studies that included bipolar
patients with psychotic features and compared the GM volume with healthy controls. One of
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these studies included only 8 bipolar patients (Farrow et al., 2005) and another did not
separately report the results for bipolar patients included in the affective psychosis patient
group (Morgan et al., 2007). Consistent with our results, in a sample of 25 SZ and 37 BD I
patients with a history of psychotic symptoms, McDonald et al. found no regions of GM
abnormality in the BD group, while SZ patients had widespread reductions in the
frontotemporal neocortex, insula, medial temporal lobe and thalamus (McDonald et al.,
2005). In a first episode psychosis study, affective psychosis patients who were
predominantly in a mixed or manic episode (n=14/16) had no significant GM alterations in
the whole-brain VBM analysis, while first episode SZ patients had widespread reductions in
frontal, temporal and parietal areas (Kubicki et al., 2002). In the other two studies,
reductions were found in the middle frontal gyrus, lateral prefrontal cortex, cingulate cortex,
middle and superior temporal gyri, occipital cortex and caudate nuclei (Cui et al., 2010; Tost
et al., 2009), and in one study, GM was increased in the cerebellum and right putamen (Cui
et al., 2010).

There are several limitations associated with this study. First, all except one bipolar and four
SZ patients were using antipsychotic medications at scan time. However, it is unlikely that
our findings can be explained by antipsychotic effects because the patient groups did not
differ in chlorpromazine equivalents of antipsychotics used and there were no correlations
between GM volume and antipsychotic dose. By contrast, almost half of the BD patients
(13/28) were using lithium and/or anticonvulsants. We compared the whole-brain GM
between lithium users and non-users in a subsample composed of BD patients and SZA
disorder bipolar subtype patients and found no difference. Although the size of the
subsample was small, this result implies that lithium effects do not explain our BD findings.
Nevertheless, we cannot exclude the effect of mood stabilizers on our results as lithium and
anticonvulsants have documented trophic effects on GM (Manji et al., 2000). Moreover, our
study did not account for any potential effects of chronic antipsychotic use on GM volume,
which have been recently reported (Ho et al., 2011). A second limitation was that the SZ
patients were grouped with SZA patients (n=21). When we excluded SZA patients
significant GM reductions were found in an overlapping but more limited distribution
(Figure 2). The presence of patients with affective syndromes would be expected to make
the results more similar to those in the BD group. The absence of such an effect suggests
that our findings were not obscured by the addition of SZA patients. Finally, our sample size
for the BD group was at the cusp of what is acceptable for VBM analyses and it is possible
that the sample size was not large enough to detect clinically relevant GM abnormalities. For
example, the BD group had no significant differences except higher GM volume in
subgenual cortex compared to SZ patients. This may suggest that the BD group has reduced
GM volume, but not as severe as that seen in SZ. Nonetheless, recruiting psychotic BD
patients for neuroimaging studies is challenging and our BD sample size was larger than that
of most published morphometric studies with this population.

Recruiting patients all of whom were experiencing active psychotic symptoms, we
uncovered discrepant patterns in GM between psychotic BD and SZ suggesting that GM
volume alterations are a more prominent feature of SZ. The lack of GM abnormalities in
psychotic BD may reflect disease-specific pathophysiology but we cannot rule out the
effects of mood-stabilizing medications. A key difference between BD and SZ is the disease
course, with BD characterized by non-psychotic baseline between exacerbations. The lack of
GM differences in BD could be a reflection of the lesser cumulative burden on an
underlying circuit that is selectively taxed during psychotic episodes. Alternatively, the
absence of observed GM abnormalities in BD may be causally related to illness course, with
an intact circuit functioning to protect the individual from a persistent psychotic state.
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Figure 1.
Regions with decreased GM in schizophrenia patients for controls>SZ (A) and BD>SZ (B)
contrasts and increased GM for SZ>controls (C) contrast.
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Figure 2.
Regions with significant gray matter reductions in the schizophrenia group after excluding
schizoaffective patients are displayed (blue) and superposed on the analysis with the original
schizophrenia patient group (yellow).
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