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Abstract
Neuroimaging studies in bipolar disorder report gray matter volume (GMV) abnormalities in neural
regions implicated in emotion regulation, including ventral/orbital medial prefrontal cortex
(OMPFC) GMV decreases and, more inconsistently, amygdala GMV increases. We aimed to
examine OMPFC and amygdala GMV in bipolar disorder, type 1 patients (BPI) versus healthy control
participants (HC), and examine potential confounding effects of gender, clinical and illness history
variables and psychotropic medication upon any group differences that were demonstrated in
OMPFC and amygdala GMV. Images were acquired from 27 BPI (17 euthymic, 10 depressed) and
28 age- and gender-matched HC in a 3T Siemens scanner. Data were analyzed with SPM5 using
voxel-based morphometry to first examine main effects of diagnostic group and gender upon whole
brain (WB) GMV. Post hoc analyses were subsequently performed to examine the extent to which
clinical and illness history variables and psychotropic medication contributed to GMV abnormalities
in BPI in a priori and non-a priori regions demonstrated by the above VBM analyses. Here, SPPSS
was used to examine the effects of these variables on magnitude of GMV in these a priori and non-
a priori regions in BPI versus HC. BPI showed reduced GMV in two regions established a priori:
bilateral posteromedial rectal gyrus (PMRG), but no amygdala GMV abnormalities. BPI also showed
reduced GMV in two non-a priori regions: left parahippocampal gyrus and left putamen. For left
PMRG GMV, there was a significant group by gender by trait anxiety interaction. GMV was
significantly reduced in male low trait anxiety BPI versus male low trait anxiety HC, and in high
versus low trait anxiety male BPI. Our findings show in BPI significant effects of male gender and
high trait anxiety on GMV reduction in left PMRG, part of the OMPFC medial prefrontal network
implicated in visceromotor and emotion regulation.
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1. Introduction
Bipolar disorder (BP) is a psychiatric disorder associated with severe mood dysregulation and
significant morbidity (Drevets, 2000; Strakowski et al., 2000; Phillips et al., 2003b; Farrow et
al., 2005). Two key neural regions are implicated in mood regulation: the medial network of
the orbital medial prefrontal cortex (OMPFC) and the amygdala (Phillips et al., 2003b). The
former comprises Brodmann areas (BA) 24, 25, 32, the rectal gyrus (BA14, medial regions of
BA11 and 13) and a small part of the agranular anterior insula (Ongur et al., 2003), and regulates
the amygdala response to emotionally-salient stimuli (Ghashghaei and Barbas, 2002; Phillips
et al., 2003b; Swanson, 2003). These regions have therefore been a focus of study in mood-
disordered populations, including BP and unipolar depression.

In unipolar depression, structural abnormalities in OMPFC and amygdala have been reported
(Sheline, 2000; Bremner et al., 2002). Specifically, one study found volume reduction in the
rectal gyrus of the OMPFC in individuals with major depression but not in other frontal cortical
regions (Bremner et al., 2002). Reduction in amygdala core nuclei (consisting of the lateral,
basal, and accessory basal nuclei) volume has also been reported in individuals with recurrent
major depression (Sheline, 2000); whereas amygdala gray matter volume (GMV) reduction
was observed in drug naïve females with major depression (Tang et al., 2007); and total
amygdala volume reduction was observed in females but not males with major depression
(Hastings et al., 2004). Other studies have shown no difference in either core, noncore
(remaining nuclei, which include the central, medial, and periamygdaloid nuclei; Munn et al.,
2007) or total (Macmaster et al., 2007) amygdala volume between individuals with major
depression or a group at risk for depression. In BP, while OMPFC gray matter volume (GMV)
decreases have been reported (Lopez-Larson et al., 2002; Lyoo et al., 2004; Blumberg et al.,
2006; Nugent et al., 2006), the location of these GMV decreases within OMPFC is unclear.
GMV reductions have been reported within the lateral OMPFC in adult (Lopez-Larson et al.,
2002; Lyoo et al., 2004; Nugent et al., 2006) and adolescent (Blumberg et al., 2006), but not
in first episode BP (Farrow et al., 2005). BP postmortem studies have, however, indicated glial
cell number reductions in medial OMPFC (Ongur et al., 1998). Studies have found increased
amygdala GMV in adult BP (Altshuler et al., 1998; Brambilla et al., 2003), although others
have found reduction in amygdala volume or neuron number in patients with BPI (Berretta et
al., 2007) including first episode patients (Rosso et al., 2007). Decreased amygdala structural
volumes have been demonstrated in adolescent BP (DelBello et al., 2004; Chang et al., 2005)
relative to age-matched healthy controls (HC). The undetermined location of the OMPFC
GMV decreases and discrepant findings regarding amygdala GMV in BP are possibly due to
different methodologies and populations recruited in different studies. Further examination of
GMV in these neural regions using a standardized methodology, including an appropriate test
of its specificity to detect GMV abnormalities in BP, is therefore required to clarify the nature
of GMV abnormalities in these regions in BP.

Findings also indicate a significant effect of gender upon GMV in several neural regions.
Cortical gray matter development, follows an “inverted U” course in frontal cortices (peaking
at 11.0 years in girls and 12.1 years in boys; Lenroot and Giedd, 2006), in temporal cortices
(peaking at 16.7 years in girls and 16.2 years in boys), and in parietal cortices (peaking at 10.2
years in girls and 11.8 years in boys; Giedd et al., 2006). These findings indicate gender
differences in gray matter development in OMPFC and amygdala, but the extent to which there
are differential effects of gender upon GMV in these regions in adults with BP relative to
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healthy adult remains unclear. No studies to date have reported gender differences in GMV in
either OMPFC or amygdala in bipolar disorder. Further examination of the extent to which
gender differences in GMV may impact abnormalities in GMV in BP is, therefore, required.

Potential factors, other than diagnosis of BP per se, that may contribute to abnormalities in
OMPFC and amygdala GMV in BP include clinical and illness history variables in BP (for
example, age of illness onset, illness duration, mood state at the time of examination, comorbid
anxiety) and psychotropic medication. Although one study reported an inverse relationship
between illness duration and left prefrontal GMV in BP (Lopez-Larson et al., 2002), another
showed no effect of illness history variables on prefrontal cortical GMV (Hirayasu et al.,
1999). An association between psychotropic medication with increases (Blumberg et al.,
2006) and decreases (Nugent et al., 2006) in ventral prefrontal cortical GMV has been reported,
as has decreased right inferior prefrontal cortical GMV in BP adults taking antidepressants
(Lopez-Larson et al., 2002). Amygdala volumes have been negatively correlated with illness
duration, but positively associated with lifetime antidepressant exposure (DelBello et al.,
2004). Larger amygdala GMV has been associated with previous use of lithium or sodium
valproate (Chang et al., 2005). Other studies show no effect of medication (Brambilla et al.,
2003) on regional GMV in BP, or have not specifically examined this effect (Altshuler et al.,
1998; Blumberg et al., 2005). No studies to date have examined potential effects of mood state
at time of scan or trait anxiety upon OMPFC or amygdala GMV in BP.

To help resolve these inconsistent findings, we first aimed to examine GMV in our a priori
regions of interest, namely, OMPFC and amygdala, in adults with the conventional BP type 1
(BPI). We used voxel-based morphometry (VBM) to examine the main effect of diagnosis
(BPI versus HC) upon whole brain (WB) GMV in BPI versus healthy control participants (HC),
as in previous studies (Lyoo et al., 2004). VBM allows the examination of neural regions voxel-
by voxel in an automated fashion, avoiding potential biases that may occur in region-of-interest
(ROI) based methods. We also examined the main effect of gender upon WB GMV in this
VBM analysis, as previous findings highlighted above have demonstrated a significant effect
of gender upon GMV in many brain regions, including some of our a priori regions in the
present study. We also included a test of the specificity of VBM to detect GMV abnormalities
in BPI (see Section 2).

We secondly aimed to examine the potential effects of gender, trait anxiety, clinical and illness
history variables and psychotropic medication that may have contributed to any group
differences observed in GMV in our a priori (and non-a priori) regions of interest by examining
relationships between these factors and GMV in a priori and non-a priori regions showing
GMV abnormalities in BPI in the above VBM WB analyses.

2. Methods
2.1. Participants

Twenty-seven patients (17 euthymic; 10 in depressed episode) fulfilling DSM-IV criteria for
bipolar disorder, type 1 (BPI) based on the Structured Clinical Interview for DSM-IV Axis I
Disorders (SCID-I; First et al., 1995) were recruited from the Western Psychiatric Institute and
Clinic, Mood Disorders Treatment and Research Program, University of Pittsburgh. Exclusion
criteria were: borderline personality disorder (using SCID-II criteria for borderline personality
disorder); history of head injury or neurological disease; current alcohol and illicit substance
abuse; non-right handedness; and failure to meet screening criteria for magnetic resonance
imaging (MRI), including the presence of metal clips, heart pacemakers, claustrophobia and
possibility of pregnancy for women of child-bearing age. Twelve BPI had current or lifetime
comorbid anxiety disorder. Ten BPI had a previous history of substance abuse. For
demographic and clinical information on BPI and HC refer to Table 1. Twenty-eight HC
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without personal history of psychiatric illness, using DSM-IV criteria as assessed by the SCID-
I, and without history of medical illness or family history of psychiatric illness, were selected
using the same exclusion criteria.

We used the Spielberger Trait Anxiety Inventory (Spielberger, 1988) to obtain trait anxiety
scores as a quantitative measure of comorbid anxiety on all BPI and most HC. Written informed
consent was obtained from all participants after explanations of procedures according to
University of Pittsburgh Institutional Review Board guidelines.

2.2. MRI Acquisition and Image Processing
MRI structural brain images were acquired using a 3.0 Tesla Siemens Allegra MRI scanner at
the University of Pittsburgh/CMU Brain Imaging Research Center (BIRC). Three dimensional
sagittal high-resolution MPRAGE scans were acquired (TE: 3.04 ms, TR:1570 ms, slice
thickness: 1 mm, 192 slices flip angle: 8°, FOV:200 mm, inversion time (IT): 800 ms and image
matrix 256 by 256 that covered the entire brain. In fifteen participants (10 HC and 5 BPI) there
were small differences in the acquisition parameters: TE: 2.48, TR: 1630 ms, slice thickness:
0.8 mm, 224 slices that had been implemented by the MR physicist. Image contrast is mostly
determined by TI, which was the same in both acquisitions. We nevertheless used this
difference in scan acquisition parameters as a factor in additional analyses (see below).

2.3. Statistical analysis
Processing and VBM were performed with SPM5 (Statistical Parametric Mapping, Version 5;
Wellcome Department of Imaging Neuroscience, London, UK;
http://www.fil.ion.ucl.ac.uk/spm), executed in Matlab 7.2 (Mathworks, Sherborn,
Massachusetts). DICOM files were converted to NIFT-1 (http://nifti.nimh.nih.gov) format.
Converted files were then segmented into gray and white matter and normalized to standard
international consortium for brain mapping template using a unified model. In older versions
of SPM, image registration and tissue classification had a circularity problem because the tissue
classification required an initial registration with tissue probability maps and the registration
required an initial tissue classification. A unified segmentation model (Ashburner and Friston,
2005), combining both parameters in a single generative model is included in SPM5, leading
to a better probability image than earlier SPM versions. Standard SPM values were selected
to bias regularization (0.0001) and FWHM cutoff (60 mm). Voxel values were modulated by
the Jacobian determinants derived from the spatial normalization: brain structures that had
volumes reduced after spatial normalization thereby had total counts decreased by an amount
proportional to the degree of volume discounted. The final voxel resolution after normalization
was 2×2×2mm. Images were smoothed with a 12-mm Gaussian kernel.

To examine the main aims of our study, and thereby determine the specificity of the diagnostic
group effect upon GMV in a priori and non-a priori regions of interest, our analytic framework
comprised the following four stages.

1. We first examined main effects, and interactions between, diagnostic group (BPI
versus HC) and gender (males versus females) upon WB GMV, covarying for the
total amount of GMV. Both diagnostic group and gender have been previously
demonstrated to have significant effects upon WB GMV, and our study was
sufficiently powered to detect significant effects of these factors on GMV in a priori
regions of interest (see Section 4). This analysis allowed us, therefore, to determine
in which a priori and which non-a priori regions there was a significant effect of
group, but not gender, upon GMV.

2. We secondly examined the specificity of VBM as a method to detect a priori region
GMV abnormalities in BPI. Here we re-assigned each participant (from all BPI and
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HC) to membership of one of two groups in which there were equal numbers of age-
matched BPI and HC.

3. We next examined the extent to which factors common to both BPI and HC (i.e.,
gender, acquisition parameters, trait anxiety) may have further contributed to, and
interacted with, abnormalities in GMV in BPI in a priori and non-a priori regions in
GMV in BPI (relative to HC) demonstrated in the first stage of our analyses above.
Here, we performed an ANOVA, including diagnostic group, gender, acquisition
parameters and high vs. low trait anxiety as fixed factors, covarying for age and total
amount of GMV, upon GMV extracted from the a priori and non-a priori regions
showing abnormalities in GMV in BPI (relative to HC) demonstrated in the WB VBM
analyses above.

4. We finally examined the extent to which factors specific to BPI (i.e., depressed versus
euthymic mood state, age of illness onset, illness duration and medication load) may
have contributed to the abnormalities in GMV in a priori and non-a priori regions in
BPI demonstrated by the first stage of our analyses above. Here, we performed post
hoc, t-tests and correlational analyses as appropriate to examine relationships between
these BPI-specific variables and GMV values extracted from these a priori and non-
a priori regions.

For the first stage of our analytic framework, we used a general linear model to examine main
effects of diagnostic group and gender, the group by gender interaction, and subsequent
pairwise WB between-group and between-gender comparisons, with a correction for multiple
comparisons based on random field theory. Only voxels with values above an absolute gray
matter (GM) threshold of 0.05 entered the analyses (Bassitt et al., 2006), resulting in a search
volume of approximately 256,000 voxels. A measure of the total whole brain (WB) GMV, the
total number of. voxels within each participant’s GM compartment, was entered as a covariate
in an analysis of covariance (Good et al., 2001; Bassitt et al., 2006), to control for inter-
individual differences in total GMV that may confound between-group analyses. VBM
analyses were performed with and without age as a covariate because of the potential
confounding effect of age on GMV (Good et al., 2001). Resulting statistics at each voxel were
transformed to Z scores and displayed on a glass brain in standard Montreal Neurological
Institute space (threshold of Z=3.31; corresponding to a statistical (uncorrected) voxel-wise
threshold of p<0.001 for WB analyses). Small Volume Correction (SVC using Family-wise
error, FWE; p<0.05; cluster extent threshold=5voxels) was performed on a priori regions
emerging from these WB analyses, using a standardized anatomical template as defined in the
WFU-Pickatlas (Maldjian et al., 2003) for regions such as BA47 and BA11. Anatomical
templates have been used in previous studies to define SVC regions (Dragnaski at al., 2006).
To determine the magnitude of our between-group findings, we calculated the effect size with
the following formula: Cohen’s d = 2t/√df); where t is the t-test value and df is the degree of
freedom.

In the second stage of our analyses, as tests of the specificity of VBM analyses to detect GMV
differences between BPI and HC in our a priori regions, we created and compared two groups,
each comprising both an BPI and an age-matched HC (group A with 14 HC and 14 BPI, and
group B with 14 HC and with 13 BPI). We used WB VBM analyses to examine between-group
differences in GMV.

In the third and fourth stages of our analyses, to examine potential effects of, gender, trait
anxiety, change in acquisition parameters, their interaction with diagnostic group (stage 3),
and illness variables and medication (stage 4) upon GMV in a priori and non-a priori regions
in which GMV abnormalities had been demonstrated in BPI from the first-stage VBM WB
analyses above, we performed the following procedures. Mean GMV values were first
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extracted from a priori and non-a priori regions in which GMV abnormalities were observed
in BPI from the VBM WB analyses. Mean GMV values were then entered into the Statistical
Package for the Social Sciences ed.13 (SPSS) to perform the following analyses. Here, we first
employed an analysis of variance (ANOVA), with diagnostic group, gender, acquisition
parameters and high versus low trait anxiety as fixed factors, covarying for age and total amount
of GMV, testing these main effects, and interactions between these factors, upon GMV
extracted from a priori and non-a priori regions in which GMV abnormalities were observed
in BPI from the above VBM WB analyses. Post hoc tests examining any significant main
effects and interactions were performed with Bonferroni corrections for multiple comparisons.
In all BPI, relationships between GMV in a priori and non-a priori regions in which GMV
abnormalities were observed in BPI from the above VBM WB analyses and mood state were
then examined by comparing euthymic versus depressed BPI on GMV in these neural regions.
Relationships in all BPI between a priori and non-a priori regions in which GMV abnormalities
were observed in BPI from the above VBM WB analyses and age of illness onset, illness
duration and medication load were examined using correlational analyses, using a corrected
statistical threshold of P=0.01 to control for multiple tests.

The calculation of medication load is a novel approach for the study of medication effects in
neuroimaging studies of bipolar populations (see Phillips et al., 2008 see Phillips et al., in
press). It has the advantage over the study of medicated versus unmedicated individuals, as
bipolar individuals (particularly BPI) who tolerate being medication free are unlikely to be
matched for illness severity with those who require medication. It also has the advantage over
the examination individuals taking, versus those not taking, each class of psychotropic
medication, as this latter approach involves multiple comparisons of smaller numbers of
individuals in each subgroup. The computation of a composite measure of total medication
load, reflecting both the dose and variety of different medications taken, is, therefore, an
approach that is preferable to existing strategies, and allows inclusion into neuroimaging
studies BPI who are representative of the bipolar population in general, who have been
medicated in real-world contexts, and typically treated with a number of different medications
and medication combinations.

To compute an index of medication load for each bipolar participant, we first coded the dose
of each antidepressant, mood-stabilizer, antipsychotic and anxiolytic medication as absent (0),
low (1) or high (2). For antidepressants and mood-stabilizers we converted each medication
into low- or high-dose groupings using a previously employed approach (Sackeim 2001).
Individuals on levels 1 and 2 of these criteria were coded as low-dose, those with levels 3 and
4 as high-dose. We added a no-dose subtype for those not taking these medications. We
converted antipsychotic doses into chlorpromazine dose equivalents, and coded as 0, 1 or 2,
for no medication, chlorpromazine equivalents dose equal or below, or above, the mean
effective daily dose (ED50) of chlorpromazine as defined by Davis and Chen (Davis and Chen,
2004). Lorazepam dose was similarly coded as, 0, 1 or 2, with reference to the midpoint of the
Physician’s Desk Reference-recommended daily dose range. We generated a composite
measure of total medication load, reflecting dose and variety of different medications taken,
by summing all individual medication codes for each medication category for each individual
bipolar participant. We used Pearson correlational analyses to examine associations between
total medication load and GMV. As lithium in particular has been associated with enlarged
regional GMV, particularly in ventral prefrontal cortex (Drevets et al., 1997; Moore et al.,
2000), we also examined separately associations between lithium and GMV in a priori and
non-a priori regions in which GMV abnormalities were observed in BPI from the above VBM
WB analyses by comparing GMV in these regions in BPI taking versus those not taking lithium.
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3. Results
3.1.1. Examination of main effects of diagnostic group and gender upon WB GMV

WB ANOVA with diagnostic group (BPI versus HC) and gender (males versus females) as
main effects, covarying for total GMV and age, revealed a significant main effect of group in
our a priori regions: right OMPFC (P=0.04, corrected); and in one non-a priori region: left
parahippocampal gyrus (P=0.02, corrected; Table 2).

There was a significant main effect of gender in several regions that did not overlap with any
of the regions in which there was a significant main effect of group. Regions showing a main
effect of gender included: the right pre-cuneus (BA7; P=0.018); left ventrolateral prefrontal
cortex (BA47; P=0.011); left cuneus (BA18; P=0.023); and left middle temporal gyrus (BA21;
P=0.034 Table 2). There was no significant group by gender interaction.

3.1.2. Effect of diagnostic group on WB GMV
Post hoc pair wise WB VBM analyses were performed to further examine the main effect of
diagnostic group upon WB GM, covarying for total GMV. These analyses again revealed
significantly reduced GMV in BPI relative to HC in two of our a priori regions: bilateral
OMPFC, specifically, bilateral posteromedial rectal gyrus (PMRG), centered on BA14 and
medial BA13 (Table 3a; Cohen’s d effect size: L=0.97 and R=0.93; P=0.01 and P=0.015,
respectively; Fig. 1). WB VBM analyses additionally covarying for age revealed the same
between-group differences as before with a larger cluster size (left: 32 voxels; right: 21 voxels)
and effect size (Cohen’s d: L=1.04, P=0.023; R=1.0, P=0.034).

GMV was also reduced in BPI in two non-a priori regions: the left parahippocampal gyrus
(Cohen’s d: 1.18, P=0.008) and left putamen (Cohen’s d: 1.0, P=0.017; see Table 3a). WB
VBM analyses additionally covarying for age revealed the same between-group differences as
before with a larger cluster size and effect size (Cohen’s d: L=1.28, P=0.002 and Cohen’s d:
L=1.06, P=0.01, respectively; Table 3a). There were no significant increases in WB GMV in
BPI relative to HC.

3.1.3. Effect of gender on WB GMV
Post hoc pairwise WB VBM analyses were performed to further examine the main effect of
gender upon WB GM, covarying for age and total GMV. These analyses revealed GMV
differences between all males and all females in regions other than those showing differences
in GMV between BPI and HC. Males had increased GMV in bilateral cuneus (BA18; R:
Cohen’s d=1.09, P=0.03; L: Cohen’s d=1.18, P=0.01), bilateral ventrolateral prefrontal cortex
(BA47; R: Cohen’s d=1.03, P=0.03; L: Cohen’s d=1.2, P=0.01) and left inferior frontal gyrus
(BA45; Cohen’s d=1.08, P=0.01). Females had increased GMV in the left ventromedial
prefrontal cortex, but not in the PMRG (BA11; Cohen’s d=1.07, P=0.02), left middle temporal
gyrus (BA21; Cohen’s d=1.03, P=0.03), left precuneus (BA7; Cohen’s d=1.13, P=0.02) and
left superior parietal lobule (BA7; Cohen’s d=1.12, P=0.02; Table 3b).

3.2. Specificity of VBM to detect a priori region GMV abnormalities in BPI
There were no significant GMV differences (P<0.001, uncorrected) between groups
comprising an approximately equal number of BPI patients and HC in any a priori regions.
Between-group differences were observed in non-a priori regions, but did not survive WB
FWE correction for multiple comparisons.
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3.3. Examining potential effects of gender, change in acquisition parameters and trait anxiety
upon GMV in a priori and non-a priori regions showing between-group differences in GMV

To further examine the extent to which factors common to both BPI and HC (i.e., gender,
acquisition parameters, trait anxiety) may have contributed to, and interacted with, the
reduction in GMV in BPI in a priori regions, i.e., bilateral PMRG, we performed an ANOVA,
including diagnostic group, gender, acquisition parameters and high vs. low trait anxiety as
fixed factors, covarying for age and total amount of GMV, on extracted GMV values in bilateral
PMRG in all BPI and HC (Tables 4a and b).

In the right PMRG there were no significant main effects or interactions (all F<2.6, P>0.1). In
the left PMRG a trend toward significance was found with a main effect of trait anxiety (F
[1,36]=3.79, P=0.06). Here, larger GMV was associated with lower trait anxiety in all BPI and
HC (low trait anxiety: mean left PMRG GMV=0.3355; high trait anxiety: mean left PMRG
GMV=0.3305). A significant interaction of group by gender by trait anxiety (F [2,36]=3.97,
P=0.03) was found. No other significant main effects or interactions were found (all F<3,
P>0.05; Table 4a).

Post-hoc analyses to examine the above significant three-way interaction revealed a significant
effect of group in all low trait anxiety participants (F[1,22]=15.39, P<0.001), and a significant
group by trait anxiety two-way interaction in all male participants (F[1,16]= 7.59, P=0.01), but
not in females (Table 4b).

The significant effect of group in all low trait anxiety participants resulted from all low trait
anxiety BPI having smaller left PMRG GMV than all low trait anxiety HC (low trait anxiety
BPI: mean left PMRG GMV=0.33; low trait anxiety HC: mean left PMRG GMV=0.34). Post-
hoc tests to explore the above two-way interaction of group x trait anxiety in all male
participants first revealed a significant effect of group in low- but not high-trait anxiety males
(F[1,10]=43.63, P<0.001), with low trait anxiety male BPI showing smaller left PMRG GMV
than low trait anxiety male HC (low trait anxiety male BPI: mean left PMRG GMV=0.34; low
trait anxiety male HC: mean left PMRG GMV=0.36). There was also a main effect of trait
anxiety in all male BPI (F[1,6]=37.2, P<0.001): high trait anxiety male BPI had smaller left
PMRG GMV than low trait anxiety male BPI (high trait anxiety male BPI: mean left PMRG
GMV=0.344; low trait anxiety male BPI: mean left PMRG GMV=0.345). No other significant
main effects or interactions were found from these post-hoc analyses (F<6; P>0.03; Table 4b).

To further examine the extent to which factors common to both BPI and HC may have
contributed to, and interacted with, the reduction in GMV in BPI in non-a priori regions, i.e.,
left parahippocampal gyrus and left putamen, we performed an ANOVA, including diagnostic
group, gender, acquisition parameters and high vs. low trait anxiety as fixed factors, covarying
for age and total amount of GMV, on extracted GMV values in these regions in all BPI and
HC. No significant main effects or interaction on GMV were found in either region. There was
only a weak trend for a three-way group by gender by trait anxiety interaction (P=0.09) in the
left putamen (Table 4b).

3.4. Examination of illness variables and medication load in BPI a priori and non-a priori
regions

We performed additional post hoc, t-tests and correlational analyses as appropriate upon GMV
values extracted from bilateral PMRG to examine the extent to which illness variables specific
to BPI (i.e,. depressed vs. euthymic mood state, age of illness onset, illness duration and
medication load) may have contributed to the reduction in GMV in these a priori regions in
BPI. There was no significant difference in either left or right PMRG GMV volume between
euthymic and depressed BPI (Table 5a). There were no significant relationships between either
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left or right PMRG GMV and age of illness onset, disease duration, or medication load in all
BPI, although there were trends for negative correlations between medication load and bilateral
PMRG GMV in all BPI (r=−0.4, P<0.05; Table 5a). There was no significant difference
between either left or right PMRG GMV between BPI taking versus those not taking lithium
(Table 5a).

We performed similar analyses to examine the extent to which illness variables specific to BPI
may have contributed to the reductions in GMV in non-a priori regions in BPI, i.e., left
parahippocampal gyrus and left putamen. There were trends for negative correlations between
medication load and left putamen (r=−0.45, P=0.02) and left parahippocampal gyrus (r=
−0.451, P=0.02; Table 5b).

4. Discussion
The goal of our study was to increase understanding of pathophysiologic neural mechanisms
of BP by examining GMV in two key neural regions implicated in mood regulation. We aimed
first to localize OMPFC GMV abnormalities and determine the nature of amygdala GMV in
BPI. We used VBM as an objective mean of examining regional GMV, and included a test of
the specificity of this methodology to detect GMV abnormalities in BPI. Our main finding of
reduced GMV in OMPFC in BPI is consistent with previous findings (Blumberg et al., 2006;
Lopez-Larson et al., 2002; Lyoo et al., 2004; Nugent et al., 2006), and, additionally, we have
localized this to the posteromedial rectal gyrus (PMRG). This region, in the medial prefrontal
network of the OMPFC, is important for visceromotor and emotion regulation (Ongur et al.,
2003), and is implicated in reappraisal of emotional stimuli in both children (Levesque et al.,
2004) and adults (Phan et al., 2004). Decreased PMRG GMV may, therefore, be associated
with mood dysregulation in BPI. We did not demonstrate any amygdala GMV abnormality in
BPI, in contrast to functional neuroimaging studies, that have demonstrated abnormally
increased amygdala activity to emotional stimuli in BPI (Blumberg et al., 2005; Altshuler et
al., 2005). Our findings therefore suggest that decreased amygdala GMV may not underlie the
abnormal amygdala activity observed in BPI. It is, however, possible that a type II error led to
our findings regarding amygdala GMV in BPI versus HC in this study.

To distinguish between potential effects of diagnosis and gender upon WB GMW we examined
the effect of gender, covarying for total amount of GMV and age, on WB GMV in all BPI and
HC. Our analyses revealed a significant effect of gender upon GMV in regions other than those
in which a significant effect of diagnostic group was observed. Specifically, all males,
regardless of diagnosis, had increased GMV relative to all females in a variety of bilateral
prefrontal and occipital cortical regions. Females showed GMV increases relative to males in
different prefrontal, visual and temporal cortical regions. These findings may reflect the
different patterns of development of cortical regions in male and females that have been
previously observed (e.g. Lenroot and Giedd, 2006; Giedd et al., 2006). Importantly, there was
no overlap between findings regarding the effect of diagnostic group and effect of gender upon
WB GMV. These findings therefore indicate distinct effects of diagnostic group and gender
upon WB GMV in the participants in our study.

Additional VBM analyses on two subject groups, each comprising similar numbers of BPI and
HC, demonstrated no significant effect of group upon GMV in a priori regions, and therefore
allowed us to be confident that the PMRG GMV decrease demonstrated in BPI was not an
artifact of VBM analyses.

Post-hoc analyses examining the potential effects of gender, changes in acquisition parameters
and trait anxiety upon PMRG GMV in BPI relative to HC revealed a significant interaction
only between diagnostic groups, gender and trait anxiety upon left PMRG GMV. Here, we
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found a significant GMV reduction in left PMRG in all low trait anxiety BPI versus low trait
anxiety HC, and, more specifically, in low trait anxiety male BPI versus low trait anxiety male
HC. We also found significant GMV reduction in left PMRG in high versus low trait anxiety
male BPI, and a trend overall for reduced left PMRG GMV in all high versus low trait anxiety
HC and BPI. The PMRG role in emotion regulation has been indicated previously (Ongur et
al., 2003; Ongur and Price 2000; Phillips et al., 2003a). Reduced GMV in PMRG may therefore
be associated with the emotion dysregulation of BPI. Our findings further suggest that GMV
reduction in this region and relationship with emotion dysregulation may be specific to male
BPI. The significant reduction in PMRG GMV evident for low, but not high, trait anxiety male
BPI relative to their healthy male counterparts may have resulted from the fact that in all high-
trait anxiety individuals there was a trend, relative to all low trait anxiety individuals, for
decreased left PMRG GMV. Thus significant decreases in left PMRG GMV in male BPI may
manifest more in the low trait anxiety subgroup.

We employed a novel method for examination of potential contribution of total medication
load, rather than separate effects of individual psychotropic medication classes, to
abnormalities in GMV in BPI. There were trends for negative correlations between medication
load and GMV in bilateral PMRG, consistent with previous findings showing an association
between psychotropic medication and decreases (Nugent et al., 2006) in ventral prefrontal
cortical GMV, and between antidepressants and decreased right inferior prefrontal cortical
GMV, in BP adults Lopez-Larson et al., 2002). Our findings are not consistent with other
findings, however, showing a potential effect of either lithium or sodium valproate in protecting
against glial loss in amygdala (Chang et al., 2005; Bowley et al., 2002) and ventromedial
prefrontal cortex (Moore et al., 2000; Manji et al., 2001), and an association between increased
inferior prefrontal cortical GMV and psychotropic medication use (Blumberg et al., 2006). We
showed no significant relationship in BPI between any illness history variable and PMRG
GMV, in support of previous findings (Brambilla et al., 2003). Other studies have, however,
shown an inverse relationships between illness duration and left prefrontal GMV (Lopez-
Larson et al., 2002), and between amygdala volume and illness duration (DelBello et al.,
2004), in BPI. Possible reasons for the discrepancy between our findings and those of other
studies are differences in age at scan, illness duration and lithium exposure in our adult BPI
relative to the younger populations in some earlier studies. It is also possible that complex
relationships between illness duration and lithium exposure may underlie the finding of normal
amygdala GMV in the BPI in our study.

There were two non-a priori findings in BPI: decreased left-sided parahippocampal gyrus and
putamen GMV. The parahippocampal gyrus has multiple, direct connections with the
hippocampus and the amygdala (Altshuler et al., 2005). A dynamic functional relationship
between amygdala and parahippocampal gyrus may be protective against potentially harmful
experiences (McNaughton and Corr, 2004). The parahippocampal gyrus has, furthermore, been
implicated in the response to emotional stimuli (e.g. Lang et al., 2003; Surguladze et al., 2006),
and decreased parahippocampal gyral activity to emotional words has previously been reported
in BP (Malhi et al., 2007); however our finding regarding the parahippocampal gyrus was left-
rather than right-sided. The putamen, together with other subcortical limbic regions, is
important in the response to rewarding emotional stimuli (Surguladze et al., 2005), and greater
activity in the putamen has previously been demonstrated in BPI relative to HC (e.g. Lawrence
et al, 2004). There are, however, inconsistent findings regarding striatal volumes in BP that
may be related to inconsistencies in data acquisition and age effects (Bonelli et al., 2006). Our
findings of reduced parahippocampal gyral and putamen GMV in BPI may underlie the
dysfunctional regulation of emotional experiences in BPI. We also observed a trend toward
negative correlations with psychotropic medication load and GMV in both left putamen and
left parahippocampal gyrus in BPI. Together with findings regarding medication load on
bilateral PMRG GMV, these findings suggest an effect of medication load per se on reducing
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GMV in BPI. Further examination of effects of clinical variables and medication upon GMV
in these regions should be the focus of future studies in BPI.

Interestingly, the majority of our significant findings regarding GMV reductions in a priori –
and non-a priori - regions in BPI were localized to the left hemisphere, and were more
prominent in males in the left PMRG. The well-documented anterior/posterior, i.e., fronto-
occipital, asymmetry in humans, with larger right than left frontal cortex (Weinberger et al.,
1982), occurs to a greater extent in males relative to females (Bear et al, 1986), and may be
more prominent in right-handers (Narr et al., 2007). The greater right than left-sided frontal
cortical GMV therefore expected in right-handed male HC and BPI in the present study may
have led to any reduction in frontal cortical GMV in male BPI to be manifest more prominently
in the left hemisphere. The greater right than left-sided anterior relative to posterior cortical
GMV expected in all (right-handed) participants in the present study may also have led to any
reduction in GMV in anterior limbic and paralimbic structures, including the parahippocampal
gyrus and putamen, being more prominent in the left hemisphere in BPI. A recent VBM study,
however, showed increased rather than decreased gray matter in BPI in the left
parahippocampal gyrus (Chen et al., 2007)

We had a large effect size of 0.98 for between-group differences in bilateral PMRG GMV.
With this effect size, and the number of participants we recruited, our study was adequately
powered (using P=0.05) to detect between-group differences in a priori ROIs (Kraemer and
Kupfer, 2006). The number of participants recruited was also similar to that in previous
structural neuroimaging studies in BP (Blumberg et al., 2006). While a possible limitation of
our study was the employment of VBM because of the potential problem with spatial
normalization (Oakes et al., 2007), VBM has been employed previously in the examination of
volumetric abnormalities in BP (e.g., Chen 2007). Furthermore, many potential concerns
regarding registration were alleviated because of the unified segmentation model in SPM5,
which leads to a better probability image than earlier SPM versions. An interesting
methodological focus for future studies in bipolar – and other psychiatric – populations would
be to compare findings from region-of-interest tracing and whole brain VBM-based analytic
methodologies.

Other potential limitations to the study included the inclusion of BPI with previous substance
abuse and different medication histories, and the inherent difficulties in distinguishing
medication effects from effects of illness severity. We did, however, examine separately the
main effects of illness history variables and medication load upon GMV abnormalities in the
BPI in our study. Our approach for the examination of medication load is preferable to existing
strategies that examine effects of different types of psychotropic medication separately, and
also allows inclusion into neuroimaging studies BPI who are representative of the bipolar
population in general, who have been medicated in real-world contexts, and typically treated
with a number of different medications and medication combinations. It is clearly extremely
difficult to recruit medication-naïve BP, particularly BPI, unmedicated BPI or BPI matched
for medication history into neuroimaging studies. Recruitment of medication-naïve or
unmedicated BPI may bias selection of participants to those with less severe illness, who can
tolerate being medication-free, but who are not representative of the bipolar population as a
whole (Phillips et al., 2008 Phillips et al., in press).

We demonstrate reduced OMPFC GMV in BPI, and are the first to localize this abnormality
to the PMRG, part of the OMPFC medial cortical network implicated in emotion regulation,
that appear to be specific to male BPI and to high trait anxiety individuals. We do not show
abnormalities in amygdala GMV. Our findings indicate that structural abnormalities,
specifically within the OMPFC medial network, may underlie the affective instability in BPI,
particularly male BPI. Future studies in BPI should examine further effects of gender, trait
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anxiety, and psychotropic medication upon development of these regional GMV abnormalities
throughout the course of the illness.
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Fig. 1. Bilateral decrease in GMV in PMRG in BPI vs. HC
A. Glass brain with arrow in the right PMRG
B. Anatomical localization of bilateral GMV reduction in PMRG in BPI. Right: cluster size
19 voxels, z=3.2, P=0.015 (x=12, y=14, z=−21). Left: cluster size 19 voxels, z=3.31, P=0.01
(x=−13, y=12, z=−21).
C. Mean and standard deviation of PMRG GMV in BPI and HC.
BPI: patients with bipolar disorder type I, HC: healthy controls. SE: standard error of the mean.
Statistical threshold=P<0.05, using small volume correction
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Table 1
Demographic information and BPI characteristics, including illness duration; age of illness onset, and medication
information.

BPI (n=27) HC (n=28)

GenderA
Male 10 13

Female 17 15

Mean ageB 31.89 (SD:7.3) 30.82 (SD:10.56)

Mood state
BPe 17

n/a
BPd 10

Mean age of illness onset 20.33 (SD:6.1) n/a

Mean illness duration 11.1 (SD:7.04) n/a

Spielberger trait anxietyC 46.6 (SD:15.5) 31.5 (SD:11.9)D

Medication: 24 BPI were taking medication and 3 were drug free

Mood stabilizers
(n=14)

Lithium (n=12)
Lamotrigine (n=1)

Valproate Sodium (n=1)
n/a

Antidepressants
(n=10)

Bupropion (n=2)

n/a

Sertraline (n=2)

Nortriptyline (n=1)

Venlafaxine (n=1)

Mirtazapine (n=1)

Citalopram (n=1)

Fluoxetine (n=1)

Duloxetine (n=1)

Antipsychotics
(n=16)

Aripiprazole (n=7)

n/a
Risperidone (n=4)

Quetiapine (n=4)

Chlorpromazine (n=1)

Anxiolytics/
benzodiazepines
(n=7)E

Lorazepam (n=6)
n/a

Alprazolam (n=1)

Numbers are means; standard deviations in parentheses; BPI: bipolar I disorder patient, HC: healthy controls;

A
BPI and HC did not differ significantly in gender ratio (χ2=0.5, P=0.48);

B
BPI and HC did not differ significantly in age (z=−0.95, p=0.34);

C
BPI had significantly greater trait anxiety scores than HC (t (51)=3.97, P<0.001);

D
For two HC, data were missing;

E
BPI had significantly greater trait anxiety scores than HC, both BPI taking, and those not taking, anxiolytics (t (31)=3.5 and t (44)=3.4, P<0.002,

respectively).
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