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a b s t r a c t

In this study, we examined the morphology of the basal ganglia and thalamus in bipolar disorder (BP),
schizophrenia-spectrum disorders (SCZ-S), and healthy controls (HC) with particular interest in
differences related to the absence or presence of psychosis. Volumetric and shape analyses of the basal
ganglia and thalamus were performed in 33 BP individuals [12 without history of psychotic features
(NPBP) and 21 with history of psychotic features (PBP)], 32 SCZ-S individuals [28 with SCZ and 4 with
schizoaffective disorder], and 27 HC using FreeSurfer-initiated large deformation diffeomorphic metric
mapping. Significant volume differences were found in the caudate and globus pallidus, with volumes
smallest in the NPBP group. Shape abnormalities showing inward deformation of superior regions of the
caudate were observed in BP (and especially in NPBP) compared with HC. Shape differences were also
found in the globus pallidus and putamen when comparing BP and SCZ-S groups. No significant
differences were seen in the nucleus accumbens and thalamus. In summary, structural abnormalities in
the caudate and globus pallidus are present in BP and SCZ-S. Differences were more apparent in the
NPBP subgroup. The findings herein highlight the potential importance of separately examining BP
subgroups in neuroimaging studies.

& 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Differentiating bipolar disorder (BP) and schizophrenia (SCZ) is
challenging, particularly with their overlap in symptomatology
such as psychosis. Neuroimaging studies, including those that
directly compare BP and SCZ, indicate both overlapping and
disparate abnormalities between BP and SCZ; however, identifica-
tion of biomarkers that clearly differentiate between the two
disorders remains elusive due to complicating factors such as
varying medication exposure and clinical heterogeneity (McIntosh
et al., 2008a, 2008b; Arnone et al., 2009; Hamilton et al., 2009;
Ellison-wright and Bullmore, 2010; Hall et al., 2010; Ongür et al.,
2010; Rimol et al., 2010; Brown et al., 2011; Sui et al., 2011).

Studying brain structure in non-psychotic and psychotic sub-
groups of BP individuals may mitigate challenges related to clinical
heterogeneity in BP, and could elucidate underlying mechanisms of

psychosis when these BP subgroups are compared with SCZ. However,
studies comparing psychotic and non-psychotic BP subgroups with
SCZ are scarce (Strasser et al., 2005). Yet, preliminary evidence does
support the potential for such approaches to enhance our under-
standing of psychosis. Recent studies suggest unique and shared
abnormalities among affective psychosis and schizophrenia-
spectrum disorders (SCZ-S) (De Castro-Manglano et al., 2011; Ivleva
et al., 2012). Differences in brain structure and function, as well as
dopamine receptor density and ventricular volume, have been found
between non-psychotic and psychotic affective disorders (Pearlson
et al., 1995; Wang and Ketter, 2000; Strasser et al., 2005; Garrett et al.,
2011; Busatto, 2013).

Potential key regions involved in psychosis include the basal
ganglia and thalamus. Both these regions have been increasingly
implicated in emotional and cognitive processing, particularly via
cortico-basal ganglia and cortico-thalamic circuits, and appear to play
important roles in executive functions that are commonly impaired in
psychotic conditions (Byne et al., 2009; Haber and Calzavara, 2009;
Marchand and Yurgelun-Todd, 2010). Moreover, the basal ganglia and
thalamus are rich in dopaminergic innervation (Byne et al., 2009),
which are significant in light of the evidence implicating the critical
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role of dopamine in psychosis (Howes and Kapur, 2009). Structural
abnormalities in the basal ganglia and thalamus have been observed
in psychosis (Brandt and Bonelli, 2008; Byne et al., 2009; Smith et al.,
2011). Volume abnormalities in the basal ganglia and thalamus have
been more consistently found in SCZ than BP, when compared with
controls (Byne et al., 2009; Ellison-Wright and Bullmore, 2010;
Marchand and Yurgelun-Todd, 2010; Radenbach et al., 2010). Most
studies have found increased basal ganglia and decreased thalamic
volumes in SCZ, whereas findings have been quite variable in BP. The
inconsistencies in BP may possibly relate to clinical heterogeneity
within samples (e.g., inclusion of BP individuals with and without
psychotic features).

Shape analysis of specific brain regions could provide more
refined discrimination of structural differences between groups
and localize structural abnormalities within a brain region, thus
complementing volumetric analyses (Csernansky et al., 1998;
Csernansky et al., 2002; Csernansky et al., 2004). Shape abnorm-
alities in the basal ganglia and thalamus have been found in BP
and SCZ, although such studies are limited and have largely
focused on SCZ (Harms et al., 2007; Mamah et al., 2007; Coscia
et al., 2009; Smith et al., 2011; Ong et al., 2012). We are not aware
of any morphometric neuroimaging studies directly comparing BP
and SCZ in the basal ganglia and thalamus.

In this study, we examined the volume and shape of basal
ganglia structures and the thalamus in BP, SCZ-S, and healthy
controls (HC) using FreeSurfer-initiated large deformation diffeo-
morphic metric mapping (FSþLDDMM), a fully automated brain-
segmentation methodology (Khan et al., 2008). We hypothesized
that structural abnormalities in these regions would vary across
clinical subgroups as follows: (1) for basal ganglia volumes, SCZ-
S4bipolar disorder with psychotic features (PBP)4bipolar dis-
order without psychotic features (NPBP) and healthy controls
(HC); (2) for thalamic volume, HC and NPBP4PBP4SCZ-S; and

(3) shape abnormalities in the basal ganglia and thalamus would
be most prominent in SCZ-S and intermediate in PBP.

2. Methods

2.1. Participants

Written informed consent was obtained from all participants in accordance
with the institutional review boards at Washington University School of Medicine
and Northwestern University Feinberg School of Medicine.

Participants included 33 adults with BP [12 without history of psychotic
features (NPBP) and 21 with history of psychotic features (PBP)], 32 adults with
SCZ-S [28 with SCZ and 4 with schizoaffective disorder (SAD)], and 27 healthy
controls (HC). Participants were recruited at two sites, Washington University (St.
Louis, MO) [WU] and Northwestern University (Chicago, IL) [NU], through adver-
tisements in the community and mental health centers/clinics, and through
research participant registries. The BP participants were recruited at WU. The
SCZ-S and HC participants were selected to match in age, gender, and race with the
BP participants from a larger study sample recruited at WU and NU. For the SCZ-S
group, 18 participants were recruited at WU, and 14 were recruited at NU. For the
HC group, eight participants were recruited at WU, and 19 were recruited at NU. For
each participant at his or her respective sites, DSM-IV Axis I diagnoses were
determined through consensus between a research psychiatrist and trained
research clinicians using the Structured Clinical Interview for DSM-IV Axis I
Diagnoses (SCID) and an independent psychiatric evaluation by a research
psychiatrist. Individuals were excluded if they had neurological disorders, unstable
medical disorders, head injury with loss of consciousness, or contraindication to
magnetic resonance imaging (e.g., metal implant or claustrophobia). In addition, to
minimize clinical heterogeneity within the BP group, only participants with a
history of euphoric mania (versus mania characterized by primarily irritable mood)
were included in the study.

Demographic and clinical characteristics of the participants are detailed in
Table 1. The SCID was used to identify participants with lifetime substance use
disorders for alcohol, cannabis, cocaine, stimulants, hallucinogens, sedatives, and
opioids. Substance use disorders were defined as meeting lifetime DSM-IV-TR criteria
for abuse or dependence. Participants did not have a history of substance dependence
within past 6 months, except for one BP participant with cannabis dependence.
Results were unchanged when volume analyses were performed excluding the BP

Table 1
Participant demographic profiles and characteristics.

Control (n¼27) SCZ-S (n¼32) BP (n¼33) NPBP (n¼12) PBP (n¼21) F/χa pa F/χb pb

Mean agen 25.5 (4.3) 25.8 (4.1) 25.5 (3.9) 27.0 (3.8) 24.6 (3.7) 0.1 0.9 1.0 0.4
Gender 0.2 0.9 2.6 0.5

Female 14 (51.9) 17 (53.1) 16 (48.5) 8 (66.7) 8 (38.1)
Male 13 (48.1) 15 (46.9) 17 (51.5) 4 (33.3) 13 (61.9)

Race 3.0 0.5 6.7 0.4
Black 6 (22.2) 11 (34.4) 9 (27.3) 1 (8.3) 10 8 (38.1)
Caucasian 15 (55.6) 17 (53.1) 21 (63.6) (83.3) 1 11 (52.4)
Other 6 (22.2) 4 (12.5) 3 (9.1) (8.3) 2 (9.5)

Handedness 0.2 0.9 4.4 0.2
Right 26 (96.3) 30 (93.8) 31 (93.9) 10 (83.3) 21 (100)
Left 1 (3.7) 2 (6.3) 2 (6.1) 2 (16.7) 0 (0)

Lifetime substance use
Alcohol 0 (0) 10 (31.2) 18 (54.6) 5 (41.7) 13 (61.9) 20.9 o0.0001 22.3 o0.0001
Cannabis 0 (0) 16 (50.0) 12 (36.4) 2 (16.7) 10 (47.6) 18.1 0.0001 21.6 o0.0001
Cocaine 0 (0) 5 (15.6) 3 (9.1) 1 (8.33) 2 (9.5) 4.5 0.1 4.5 0.2
Stimulant 0 (0) 4 (12.5) 0 (0) 0 (0) 0 (0) 7.8 0.01 7.8 0.05
Sedative 0 (0) 0 (0.0) 2 (6.1) 0 (0) 2 (9.5) 3.6 0.2 6.9 0.07
Hallucinogen 0 (0) 1 (3.1) 3 (9.1) 0 (0) 3 (14.3) 3.1 0.2 6.6 0.07
Opiate 0 (0) 0 (0) 3 (9.1) 0 (0) 3 (14.3) 5.5 0.06 10.5 0.01

Antipsychotic use in past 2 yearsnn 0.02n 0.9n 0.6n 0.7n

FGA only N/A 0 (0) 0 (0) 0 (0) 0 (0)
SGA only N/A 26 (81.2) 22 (66.7) 5 (41.7) 15 (71.4)
Both FGAþSGA N/A 3 (9.4) 2 (6.1) 0 (0.0) 2 (9.5)

SCZ: Schizophrenia-spectrum disorders; BP: Bipolar disorder; NPBP: Non-psychotic bipolar disorder; PBP: Psychotic bipolar disorder.
Values are given as number of participants (percentages), unless stated otherwise.

a F statistic, chi-square statistic or p Value for 3-group analysis comparing control, SCZ-S, and BP
b F statistic, chi-square statistic or p Value for 4-group analysis comparing control, SCZ-S, NPBP, and PBP
n Mean age is expressed in years with standard deviation in parentheses.
nn For antipsychotic use, controls were excluded from the analysis.
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participant with cannabis dependence in the past 6 months. Table 1 lists comorbid
substance use disorders for each group. With respect to other Axis I comorbid
disorders, in the BP group, four participants had current generalized anxiety disorder,
one had current agoraphobia without panic disorder, one had lifetime but not current
panic disorder with agoraphobia, three had current social phobia, one had current
obsessive-compulsive disorder (OCD), one had lifetime but not current OCD, three
had current post-traumatic stress disorder (PTSD), three had current social phobia,
one had lifetime but not current social phobia, three had current specific phobia,
three had lifetime but not current anorexia nervosa (AN), and two had lifetime but
not current bulimia nervosa; in the SCZ-S group, three participants had lifetime but
not current major depressive disorder, one had lifetime but not current depressive
disorder – not otherwise specified, one had current social phobia, two had current
PTSD, six had lifetime but not current PTSD, one had current specific phobia, and one
had lifetime but not current AN; in the HC group, one participant had lifetime but not
current PTSD. Current comorbidity was defined as having symptoms that met DSM-IV
criteria within the past month.

Total psychotic symptoms equaled the number of symptoms rated as “3” on the
SCID Module B “Psychotic and Associated Symptoms” for the following: delusions
of reference, persecutory delusions, grandiose delusions, delusion of external
control (including thought insertion and thought withdrawal), thought broad-
casting, auditory hallucinations, and visual hallucinations. Antipsychotic use in
2 years preceding the time of scan was assessed using retrospective self-reports.

2.2. Magnetic resonance imaging (MRI) and surface mapping

Magnetic resonance (MR) scans were obtained using a Siemens 3-Tesla Tim-
TRIO scanner for each participant at his or her respective site using the same
acquisition protocol at each of the two sites. Quality-assurance studies, which were
conducted using standardized and traveling human phantoms, strongly supported
the compatibility between scanners at the two sites. MPRAGE scans were collected
from two traveling human phantoms at both sites, with each pair of scans being
within 1 month of each other. For subject 1, the stretch factors between the two
scanners were 1.0031, 1.0003 and 0.9953 in the x, y and z directions, respectively,
with an overall scaling of 0.9987 (or 0.13% relative volume change). For subject 2,
the stretch factors between the two scanners were 1.0035, 1.0006 and 0.9948 in the
x, y and z directions, respectively, with an overall scaling of 0.9989 (or 0.11% relative
volume change).

Two-to-four structural images were acquired for each participant using a 3D
T1-weighted sagittal magnetization-prepared radiofrequency rapid gradient-echo
(MPRAGE) sequence (repetition time¼2400 ms, echo time¼3.16 ms, flip angle¼8
degrees, voxel resolution¼1 mm3). Scans for each participant were aligned with
the first scan and averaged to create a low-noise image (Buckner et al., 2004).

Surface mapping for all participants was performed at NU. Surfaces of the
caudate, putamen, globus pallidus, nucleus accumbens, and thalamus were auto-
matically generated using FSþLDDMM. For full details, refer to Khan et al. (2008).
In brief, this method combines a probabilistic voxel-based classification method of
FreeSurfer (Desikan et al., 2006) and a deformable template-based method of large
deformation diffeomorphic metric mapping (LDDMM) (Beg et al., 2005). The initial
subcortical segmentations for the caudate, putamen, globus pallidus, nucleus
accumbens, and thalamus were obtained from FreeSurfer version 5.1.0, followed
by image registration with LDDMM that produced smooth transformations for each
region of interest (ROI). The template was a healthy participant used previously
(Wang et al., 2008), obtained from the same source as the other participants but
not included in the data analysis. Each ROI volume was calculated as the enclosed
volume of the mapped surface. Cortical gray matter volume was obtained directly
from the FreeSurfer pipeline output.

2.3. Statistical analysis

Analyses were performed to compare within diagnostic groups (BP, SCZ-S, and
HC) and clinical subgroups (NPBP, PBP, SCZ-S, and HC).

Multivariate analysis of variance (MANOVA) was initially performed for
combined volumes of the basal ganglia structures (i.e., caudate, putamen, nucleus
accumbens and globus pallidus) and thalamus with group as an independent factor
and covariates of age, gender, and cortical gray matter volume to examine omnibus
effects and to address concerns for multiple comparisons. MANOVA was then
followed by repeated measures analyses of variance (ANOVA) for volumes of
individual structures with group and hemisphere as fixed effects and covariates of
age, gender, and cortical gray-matter volume. Exploratory analyses were also
performed to examine the effects of typical (first generation) antipsychotic use
and total psychotic symptoms on the volumes of individual structures. The effects
of typical antipsychotic use were examined using repeated measures analyses as
described above with an additional covariate of typical antipsychotic use. The
effects of total psychotic symptoms were explored using Pearson correlation
analyses in the BP and SCZ-S groups. All analyses were performed using the
Statistical Analysis Software (SAS) version 9.3 (SAS Institute, Cary, NC, USA). P
values o0.05 were considered significant.

To visualize potential regional shape changes, surface displacement maps were
first generated by computing the surface-normal component of the displacement of

each surface vertex relative to the overall average for every participant. An analysis
of covariance (ANCOVA) was then performed at each vertex with group as an
independent factor and covariates of age, gender, and cortical gray matter volume.
Last, contrasts for pairwise group comparison (i.e., SCZ-S vs. HC, etc.) were
performed within this model, providing least square means of these surface vertex
displacements for each group. For each pairwise group comparison, significant
differences of these least square means between the two selected groups were
displayed as a color map. Significance was corrected for multiple comparisons
across surface vertices using a false discovery rate (FDR) threshold of 5% (i.e.,
q¼0.05).

3. Results

3.1. Demographic and clinical characteristics

There were no significant differences in age, gender, race, or
handedness between the participant groups. There were no
significant differences in the frequency of antipsychotic use
between the patient groups (BP and SCZ-S; and NPBP, PBP, and
SCZ-S). There were significant differences in alcohol, cannabis, and
opiate use disorders between the participant groups (Table 1).

3.2. Overall effects of diagnostic group and clinical subgroup

There was a significant effect of diagnostic group [λ¼0.68, F(20,
154)¼1.64, p¼0.05] and a trend-level effect of clinical subgroup
[λ¼0.59, F(30, 224)¼1.47, p¼0.06] on combined volumes.

3.3. Caudate volume and shape

A trend-level effect of diagnostic group (F(2, 86)¼2.63, p¼
0.08) on caudate volume was observed, while a significant effect of
clinical subgroup (F(3, 85)¼2.91, p¼0.04) was found (Table 2). As
the effect of diagnostic group was only trend level, post hoc
comparisons of the diagnostic groups were exploratory. Volumes
of the left caudate were significantly smaller in the BP group than
in the SCZ-S and HC groups (po0.05). A trend-level difference was
seen in the right caudate between the BP and SCZ-S groups
(p¼0.08), with smaller volumes in the BP group. Post hoc
comparisons of the clinical subgroups showed significantly smaller
bilateral caudate volumes in the NPBP group than in the SCZ-S and
HC groups (po0.02). Differences in bilateral caudate volumes
between the NPBP and PBP groups were of trend-level significance
(po0.09), with smaller volumes in the NPBP group (Fig. 1).

Significant differences in caudate shape were found when
comparing diagnostic groups and clinical subgroups, and some
differences remained significant after FDR correction (Fig. 2).
Specifically, in a comparison with the HC group, a region of inward
deformation was observed in the superior surface of the left
caudate in the BP group (Fig. 2). When the NPBP group was
compared with the HC group, a larger area of inward deformation
was observed bilaterally in the superior caudate, but particularly
on the left. No significant shape differences were observed
between the BP and SCZ-S groups, and the NPBP and PBP groups.

3.4. Putamen volume and shape

There were no significant effects on putamen volume by
diagnostic group or clinical subgroup (Table 2).

There were no significant differences in putamen shape when
comparing BP and SCZ-S groups with the HC group, or among the
clinical subgroups. Significant differences in putamen shape were
observed when comparing the BP and SCZ-S groups, after FDR
correction. Regions of outward deformation were largely in the
posterio-inferior tip in the SCZ-S group, compared with the BP
group (Fig. 3A).
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3.5. Globus pallidus volume and shape

The effects of diagnostic group [F(2, 86)¼5.3, p¼0.007] and
clinical subgroup [F(3, 85)¼5.9, p¼0.001] on globus pallidus
volume were significant (Table 2). Post hoc comparisons of the
diagnostic groups showed significantly smaller bilateral globus
pallidi volumes in the BP group compared with the SCZ-S and HC
groups (po0.03), while such comparisons of the clinical sub-
groups found significantly smaller bilateral globus pallidi volumes
in the NPBP group compared with the SCZ-S and HC groups
(po0.04). The NPBP group had significantly smaller volumes in
the right globus pallidus compared with the PBP group (p¼0.008).
Differences between the NPBP and PBP groups were of trend-level
significance in the left globus pallidus (p¼0.06), with smaller
volumes in the NPBP group. The SCZ-S group had significantly
larger left globus pallidus volumes compared with the PBP and HC
groups (po0.02). (Fig. 1)

No significant shape differences were observed in comparisons
of the BP and SCZ-S groups with the HC group or among the
clinical subgroups. However, several regions of outward deforma-
tion in the globus pallidus were observed in the SCZ-S group,
compared to the BP group, anterio-superiorly and intermittently
along the inferior surface, after FDR correction (Fig. 3B).

3.6. Nucleus accumbens volume and shape

No significant effects of diagnostic or clinical group on nucleus
accumbens volume (Table 2) or shape were observed.

3.7. Thalamus volume and shape

There were no significant effects of diagnostic group or clinical
subgroup on thalamus volume (Table 2) or shape.

3.8. Antipsychotic use and total psychotic symptoms

Findings were similar to those as described above when
analyses also included typical antipsychotic use as a covariate.
There were no significant effects of typical antipsychotic use in
either the diagnostic or clinical subgroup analyses.

Across the BP and SCZ-S participants, significant positive
correlations between total psychotic symptoms and left (r¼0.30,
p¼0.01) and right globus pallidus volume (r¼0.25, p¼0.05) were
found. There were no significant correlations observed between
total psychotic symptoms and right or left volumes of the caudate,
putamen, nucleus accumbens or thalamus.

4. Discussion

In this study, we found significant group differences in the
caudate and globus pallidus, particularly in the clinical subgroup
comparisons. Our results suggest that the caudate and globus
pallidus are smallest in the NPBP group compared with the PBP,
SCZ-S, and HC groups. Volume differences were complemented by
differences found in shape analyses. Inward deformation of the
superior caudate was found in BP when compared to HC, with
more prominent deformation in NPBP. Outward deformations

Table 2
Absolute mean volumes (mm3) for basal ganglia structures and the thalamus.

Control (n¼27) SCZ-S (n¼32) BP (n¼33) F(2,86) p

Caudate 2.6 0.08
Left caudate 3906 (473) 3786 (520) 3722 (470)
Right caudate 3743 (481) 3626 (489) 3600 (455)

Putamen 1.1 0.3
Left putamen 4923 (564) 4932 (562) 4900 (596)
Right putamen 5269 (614) 5223 (610) 5202 (692)

Globus pallidus 5.3 0.007n

Left globus pallidus 1494 (148) 1546 (198) 1448 (162)
Right globus pallidus 1654 (177) 1687 (229) 1636 (206)

Nucleus accumbens 0.2 0.8
Left nucleus accumbens 514 (72) 497 (74) 512 (65)
Right nucleus accumbens 467 (38) 444 (73) 462 (77)

Thalamus 1.0 0.4
Right thalamus 7484 (626) 7203 (654) 7299 (758)
Left thalamus 7523 (639) 7329 (716) 7378 (725)

Control (n¼27) SCZ-S (n¼32) NPBP (n¼12) PBP (n¼21) F(3,85) p

Caudate 2.9 0.04n

Left caudate 3906 (473) 3786 (520) 3498 (397) 3851 (468)
Right caudate 3744 (481) 3626 (489) 3363 (408) 3736 (432)

Putamen 1.7 0.2
Left putamen 4923 (564) 4932 (562) 4634 (625) 5053 (535)
Right putamen 5269 (614) 5223 (610) 4883 (535) 5384 (599)

Globus pallidus 5.9 0.001n

Left globus pallidus 1494 (148) 1546 (198) 1356 (204) 1501 (105)
Right globus pallidus 1654 (177) 1687 (229) 1500 (201) 1713 (168)

Nucleus accumbens 0.1 1.0
Left nucleus accumbens 514 (72) 497 (74) 500 (77) 519 (58)
Right nucleus accumbens 467 (38) 444 (73) 442 (89) 474 (70)

Thalamus 0.9 0.4
Right thalamus 7484 (626) 7203 (654) 7096 (886) 7414 (670)
Left thalamus 7523 (639) 7329 (716) 7139 (912) 7523 (574)

SCZ-S: Schizophrenia-spectrum disorders; BP: Bipolar disorder; NPBP: Non-psychotic bipolar disorder; PBP: Psychotic bipolar disorder.
Mean volumes are expressed in mm3 with standard deviations in parentheses. F and p Values for the effects of diagnostic group and clinical subgroup are shown.

n denotes significant p Values.
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were found in the SCZ-S compared to BP in superior and inferior
regions of the globus pallidus in SCZ-S, as well as in the posterio-
inferior region of the putamen. No significant volume or shape
differences were found in the nucleus accumbens and thalamus.

One obvious potential explanation for our results is that the
structural differences in the caudate and globus pallidus found
herein may be attributed to antipsychotic effects on the brain.
Typical antipsychotics, which have primarily D2-type dopaminer-
gic receptor antagonistic effects, are associated with enlargement
of basal ganglia structures (Corson et al., 1999; Boonstra et al.,
2011); however, the effects of atypical antipsychotics on these
structures are less clear. In general, atypical antipsychotics do not
appear to affect basal ganglia structures, although increases,
decreases, and no change in caudate volume have been associated
with atypical antipsychotic use (Tauscher-Wisniewski et al., 2002;
Boonstra et al., 2011). The majority of our study participants were
exposed to only atypical antipsychotics during the 2 years before
scanning (Table 1). The NPBP group had a lower frequency of

atypical antipsychotic exposure and no exposure to typical anti-
psychotics compared with the PBP and SCZ-S groups, although
antipsychotic exposure in the 2 years before scanning was not
found to be significantly different among the patient groups
(Table 1). Furthermore, the NPBP group was observed to have
significantly smaller caudate and globus pallidus volumes even
when compared with the HC group, which did not have anti-
psychotic exposure. It appears less likely that our findings were
primarily driven by antipsychotic effects; however, antipsychotic
exposure that may have occurred earlier than the 2 years preced-
ing scanning was not evaluated in this study. Further characteriza-
tion of antipsychotic exposure is needed in future studies to better
understand the relationship between antipsychotics and basal
ganglia structure.

Although antipsychotic effects may have, at least in part, con-
tributed to our findings, there is evidence that supports an associa-
tion between basal ganglia structure and psychosis itself. Increased
basal ganglia volumes, particularly in the caudate, have been

Fig. 1. LS means volume with standard error bars for (A) diagnostic group and (B) clinical subgroup analyses. Diagnostic groups consist of bipolar disorder (BP),
schizophrenia-spectrum disorders (SCZ-S), and healthy controls (HC). Clinical subgroups consist of nonpsychotic bipolar disorder (NPBP), psychotic bipolar disorder (PBP),
SCZ-S, and HC.
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Fig. 2. Shape analysis of the caudate. The figures show displacement maps
generated from mean caudate surfaces in (A) bipolar disorder (BP) group, relative
to healthy controls (HC), and (B) nonpsychotic bipolar disorder group (NPBP),
relative to HC. Red shading denotes significant regions of outward deformity before
FDR correction. Purple shading denotes significant regions of inward deformity
after FDR correction (q¼0.05). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 3. Shape analysis of the globus pallidus and putamen. The figures show the
displacement maps generated from (A) the mean putamen surface and (B) the
mean globus pallidus surface in the schizophrenia spectrum disorders (SCZ-S)
group relative to the bipolar disorder (BP) group. Red shading denotes significant
regions of outward deformity in SCZ-S relative to BP after FDR correction (q¼0.05).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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associated with behavioral abnormalities and cognitive deficits, and
have also been found in neurodevelopmental disorders such as
autism and velocardiofacial syndrome, both of which have demon-
strated increased risk for psychosis (Kates et al., 2004; Hollander et
al., 2005; Voelbel et al., 2006; Toal et al., 2009; Hallahan et al., 2011).
Abnormalities in prefrontal-basal ganglia functional connectivity
have been observed in SCZ and schizoaffective disorder (Yoon et
al., 2013). Earlier work by Mamah et al., 2008 found shape abnorm-
alities in the basal ganglia, including the caudate and globus pallidus,
with most pronounced changes in SCZ participants and similar
changes of lesser magnitude in their unaffected siblings, compared
with controls. These findings suggest potential genetic influences
related to a predisposition for psychosis on the basal ganglia.
Furthermore, Gur et al. (1998) demonstrated a positive association
between psychotic symptom severity and basal ganglia volumes in
previously treated and neuroleptic-naïve patients with SCZ. While
they found a positive correlation between negative symptom severity
and caudate volumes and between positive symptom severity and
globus pallidus volumes in previously treated patients, they also
observed a positive correlation between positive symptom severity
and caudate volumes in neuroleptic-naïve patients. These correla-
tions persisted even after accounting for antipsychotic dose, duration
of treatment, age, age at onset, and duration of illness. A later study
of neuroleptic-naïve SCZ patients found a negative correlation
between global symptom severity and globus pallidus volume but
did not find a significant correlation between severity of specific
psychotic symptom domains (i.e., positive, negative, and disorga-
nized) and globus pallidus volume (Spinks et al., 2005). Other basal
ganglia structures, including the caudate, were not examined in the
study. In this present study, a positive correlationwas found between
total psychotic symptoms and globus pallidus volume. However, our
characterization of clinical symptoms was limited to only positive
symptoms. More in-depth assessment of clinical symptoms would
include examining positive, negative, and disorganization symptoms,
correlation between psychotic symptoms and mood episodes, and
the duration of active psychotic symptoms, and such an examination
should be included in future studies.

While we found larger caudate and globus pallidus volumes
in the psychotic subgroups (PBP and SCZ-S), interestingly, we
observed the smallest volumes in the nonpsychotic patient subgroup
(NPBP), even when compared with the HC group. Smaller caudate
volumes have been shown in unipolar depression (Parashos et al.,
1998; Kim et al., 2008; Matsuo et al., 2008; Butters et al., 2009;
Koolschijn et al., 2009; Pizzagalli et al., 2009; Bora et al., 2012),
suggesting an association between caudate volumes and depressive
symptoms. The smaller caudate volumes in the NPBP group may
relate to a particular vulnerability to depression in this group.
Unfortunately, details regarding mood symptoms among the study
participants were limited in this study.

Alterations in the basal ganglia may also relate to interconnec-
tions with other structures such as the anterior cingulate (AC) and
dorsolateral prefrontal cortex (DLPFC). Studies have implicated
significant connections between the caudate and AC and DLPFC
(Beckmann et al., 2009; Verstynen et al., 2012), and reductions in
caudate volumes have shown following anterior cingulotomy in
humans (Rauch et al., 2000). In addition, a correlation between
dopamine D1 receptor density in the caudate and DLPFC-parietal
functional connectivity during a working memory task has also
been demonstrated (Rieckmann et al., 2011). Differences in dopa-
mine receptor density in the caudate between psychotic groups
(PBP and SCZ) and nonpsychotic groups (NPBP and controls) have
been previously reported (Pearlson et al., 1995). Interestingly, the
regions of significant shape differences that were found in this
study between BP and HC, and NPBP and HC receive substantial
projections from the DLPFC (Verstynen et al., 2012). Future studies
examining the caudate and interconnected regions, such as the AC

and DLFPC, may provide further insight into the role of the caudate
in BP and SCZ.

The specific involvement of the globus pallidus and putamen in
emotion and cognition are not clearly understood. Hence, poten-
tial explanations for the volume and shape differences observed in
these regions are less apparent. However, the association of lesions
in the globus pallidus with depression and apathy, as well as
diminished reward effects of drugs of abuse, suggest roles in
reward and motivation (Strub, 1989; Levy and Dubois, 2006;
Miller et al., 2006; Singh et al., 2011). The globus pallidus is
connected with structures in the reward circuitry of the brain,
such as the habenula, nucleus accumbens, and the ventral teg-
mental area (Miller et al., 2006; Hong and Hikosaka, 2008), but its
specific roles in this circuitry need to be further elucidated.

Findings may have been limited by the small sample sizes in the
NPBP and PBP groups, and future studies with larger sample sizes are
warranted to draw more definitive conclusions. Nevertheless, differ-
ences in findings between the two classification approaches in this
study, diagnostic groups versus clinical subgroups, indicate the need
for careful consideration in determining acceptable within-group
heterogeneity in studies. They also highlight the potential impor-
tance of classification of bipolar disorder based on psychotic history.
Such an approach may reduce inconsistencies in findings among
studies. Results of our study may also have been influenced by
recruitment of diagnostic groups from different sites. However,
similar protocols for recruitment and clinical characterization were
used in obtaining clinical data across both sites, and the identical
scanners and protocols were used in obtaining the MRI data. Quality-
assurance studies indicated compatibility between the scanners at
the two sites. Thus, the effect of this on our results would be
expected to be minimal. High reliability across scanners of the same
model and field strength has been previously described for auto-
mated segmentation of subcortical regions (Nugent et al., 2013). In
addition, comorbid disorders, which were present in all groups to
varying extents, could also contribute to alterations in basal ganglia
and thalamus morphology. In particular, attention-deficit hyperactiv-
ity disorder (ADHD) and BP have been shown to have independent
effects on basal ganglia structure with differential alterations in
children and adolescents with ADHD only, BP only, and comorbid
ADHD and BP (Liu et al., 2011). Unfortunately, comorbid ADHD was
not assessed in our study sample.

In summary, we found structural abnormalities in the caudate
and globus pallidus in BP and SCZ-S patients, with findings more
prominent in the NPBP group. The observed group differences
between may be, in part, attributed to disparity in antipsychotic
exposure, although this was not overtly evident in the present
study. Future studies in larger samples, and with more extensive
medication histories, may provide greater insight into the etiology
of observed group differences. In addition, our findings suggest
that examining BP subgroups may be important and useful in
understanding the underlying mechanisms of BP and SCZ.
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