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a b s t r a c t

Subcortical gray matter regions have been implicated in mood disorders, including Major Depressive
Disorder (MDD) and Bipolar Disorder (BD). It is unclear, however, whether or how these regions differ
among mood disorders and whether such abnormalities are state- or trait-like. In this study, we
examined differences in subcortical gray matter volumes among euthymic BD, MDD, remitted MDD
(RMD), and healthy (CTL) individuals. Using automated gray matter segmentation of T1-weighted MRI
images, we estimated volumes of 16 major subcortical gray matter structures in 40 BD, 57 MDD, 35 RMD,
and 61 CTL individuals. We used multivariate analysis of variance to examine group differences in these
structures, and support vector machines (SVMs) to assess individual-by-individual classification. Ana-
lyses yielded significant group differences for caudate (p ¼ 0.029) and ventral diencephalon (VD) vol-
umes (p ¼ 0.003). For the caudate, both the BD (p ¼ 0.004) and the MDD (p ¼ 0.037) participants had
smaller volumes than did the CTL participants. For the VD, the MDD participants had larger volumes than
did the BD and CTL participants (ps < 0.005). SVM distinguished MDD from BD with 59.5% accuracy.
These findings indicate that mood disorders are characterized by anomalies in subcortical gray matter
volumes and that the caudate and VD contribute uniquely to differential affective pathology. Identifying
abnormalities in subcortical gray matter may prove useful for the prevention, diagnosis, and treatment of
mood disorders.

© 2015 Published by Elsevier Ltd.
1. Introduction

Mood disorders are among the most prevalent and severe of all
psychiatric disorders (Kessler et al., 2005; WHO, 2012). Whereas
both Major Depressive Disorder (MDD) and Bipolar Disorder (BD)
are characterized by the presence of depressive episodes, BD is also
associated with manic or hypomanic episodes. Because BD often
presents clinically as a depressive episode, patients experiencing
this disorder can bemisdiagnosed asMDD, leading to inappropriate
treatment and prolonged distress (Singh and Rajput, 2006). We
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know little about neurobiological differences between BD andMDD
(de Almeida and Phillips, 2013), which limits effective prevention,
diagnosis, and treatment of these disorders.

Subcortical gray matter structures are involved in cognitive
processing and emotion generation and regulation (Lindquist
et al., 2012; Ochsner et al., 2012); not surprisingly, therefore,
investigators have implicated anomalies in these structures in
mood disorders (Savitz and Drevets, 2009). More specifically,
individuals diagnosed with mood disorders have been found to
be characterized by structural and functional abnormalities in the
amygdala, hippocampus, caudate and putamen, pallidum, nucleus
accumbens, and thalamus (Savitz and Drevets, 2009; Hamilton
et al., 2012).

Usingmeta-analytic methods, Kempton et al. compared regional
brain volumes in MDD and BD participants and found that the
caudate, corpus callosum cross-sectional area, putamen, pallidum,
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and hippocampus are smaller in MDD than in BD (Kempton et al.,
2011). Importantly, these results were limited to common brain
regions previously studied in bothMDD and BD, and are susceptible
to biases resulting from a wide range of participant inclusion
criteria and neuroimaging and statistical methods across studies.
Moreover, the broad comparisons of MDD versus BD did not ac-
count for heterogeneous disease states, including influences from
BD I and BD II, euthymic, manic, hypomanic and depressed BD, and
current and remitted MDD. Finally, Kempton et al.'s results may be
confounded by differences in illness severity betweenMDD and BD.
It is important, therefore, that investigators directly compare MDD
and BD individuals in different states with comparable illness
history.

To date, few studies have examined differences in brain struc-
ture between individuals diagnosed with MDD and BD. The results
of these studies indicate that, compared to MDD, BD is associated
with greater deep white matter hyperintensities (Dupont et al.,
1995; Silverstone et al., 2003), reduced fractional anisotropy of
the left superior longitudinal fasciculus (Versace et al., 2010),
decreased habenula volume (Savitz et al., 2011), reduced cortical
thickness in caudal middle frontal cortex, inferior parietal cortex,
and precuneus (Lan et al., 2014), and increased thalamic volume
(Dupont et al., 1995). In addition, Redlich et al. found clusters of
reduced gray matter that spanned the hippocampal formation,
amygdala, putamen, insula, and temporal pole in depressed BD
compared to MDD individuals, and a cluster in anterior cingulate
that was reduced in MDD compared to depressed BD individuals
(Redlich et al., 2014).

Recently, investigators have begun to examine characteristics of
MDD and BD that may persist beyond the clinical episode of
depression or mania. For example, researchers have found that
individuals with BD who are currently in remission exhibit
impairment on tests of visuospatial recognition memory
(Rubinsztein et al., 2000). Similarly, in a review of studies of
cognitive impairment in individuals who had recovered fromMDD,
Hasselbach et al. (2011) found that in 9 of 11 of these studies
remitted depressed participants exhibited impaired performance
on at least one neuropsychological test (Hasselbalch et al., 2011).
Researchers have also found that individuals continue to experi-
ence impairment in social and occupational functioning following
remission of MDD or BD (e.g., Fagiolini et al., 2005; Romera et al.,
2010). Importantly, investigators have documented abnormalities
in regional brain volumes in individuals who have remitted from
MDD and BD. For example, individuals with euthymic BD have
lower metabolic rates than do healthy controls and depressed BD
individuals (Yildiz et al., 2001). Similarly, individuals with remitted
MDD have smaller total and posterior hippocampal volumes than
do healthy controls (Neumeister et al., 2006; for review see
Lorenzetti et al., 2009). Understanding temporary (i.e., state) vs.
enduring (i.e., trait) characteristics of affective disorders will facil-
itate the identification of targets for prevention and treatment. This
is particularly important for MDD and BD, given that improved
characterization of remitted MDD and euthymic BD may allow for
greater differentiation of these topographically similar states and
help to avoid maladaptive consequences of misdiagnosis (Singh
and Rajput, 2006).

In this study we directly compare, for the first time, subcortical
volumetric differences between individuals diagnosed with BD
who are currently euthymic and individuals diagnosed with MDD.
In addition, to examine the state versus trait nature of volumetric
anomalies in mood disorders, we included a sample of individuals
with remitted Major Depression (RMD), in addition to a group of
healthy (CTL) individuals. We used FreeSurfer's automated seg-
mentation to assess regional subcortical gray matter volumes of
the accumbens area, amygdala, caudate, hippocampus, pallidum,
putamen, thalamus, and ventral diencephalon (VD; including hy-
pothalamus). To assess the relation of volumetric abnormalities to
the severity of impairment in data-to-day functioning across dis-
orders, we related these volumes to individuals' level of global
functioning (Global Assessment of Functioning [GAF]; Endicott
et al., 1976). Finally, we used support vector machines (SVMs) to
examine whether identified abnormal volumes can be used to
classify participants on an individual-by-individual basis (Cortes
and Vapnik, 1995).

We hypothesized that MDD individuals would have smaller
volumes than would BD and CTL individuals in the regions iden-
tified in Kempton et al.'s meta-analysis, including caudate, pal-
lidum, putamen and hippocampus. In addition, based on Redlich
et al.’s findings with currently depressed BD individuals (Redlich
et al., 2014), we hypothesized MDD-related reductions in amyg-
dala relative to BD individuals. Although Kempton et al. did not
find significant differences between BD and CTL participants in
these regions, Redlich et al. found BD-related abnormalities that
spanned hippocampus, amygdala, caudate, putamen, and thal-
amus; thus, we hypothesized that BD individuals would be
distinguishable from CTLs in these regions. We also hypothesized
that volumes of the RMD participants would fall between those of
MDD and BD, and MDD and CTL participants. Finally, we hypoth-
esized that using SVMs, the identified abnormal regions would
successfully classify the MDD versus BD and both the MDD and BD
versus CTL groups.
2. Materials and methods

2.1. Participants and clinical information

Participants were 193 individuals: 40 diagnosed with BD (Bi-
polar I Disorder, all currently euthymic); 57 diagnosed with MDD;
35 diagnosed with past but not current MDD (RMD); and 61 CTLs.
All individuals participated in studies at Stanford University in
which MRI data were acquired. The Structured Clinical Interview
for DSM was administered by trained interviewers to all partici-
pants in order to obtain DSM-IV-TR Axis I diagnoses (First et al.,
2004). Our team of interviewers have demonstrated high inter-
rater reliability in our samples for these diagnoses (ks > 0.9; e.g.,
Levens and Gotlib, 2010; Victor et al., 2011; Johnson et al., 2012). No
participant met diagnostic criteria for substance or alcohol abuse or
dependence within six months prior to MRI scanning. CTL in-
dividuals did not meet diagnostic criteria for any current psychi-
atric disorder or past mood disorder. Interviewers also assessed
level of global functioning, using the GAF scale (Endicott et al., 1976)
and number of lifetime Major Depressive episodes (MDEs) and
lifetime manic episodes. Scores on the GAF scale range from 1 to
100 (lowest to highest level of functioning), indexing individuals’
level of occupational, psychological, and social functioning. Partic-
ipants in all four groups were assessed with the GAF; relating this
measure to volumetric abnormalities might offer insight into how
such abnormalities are related to the day-to-day functioning of
individuals with affective disorders. Written informed consent was
obtained from each participant; the Stanford University Institu-
tional Review Board approved the study.
2.2. MRI data acquisition

All data were collected using the same 1.5 T magnetic resonance
imaging (MRI) system and no major scanner upgrades that would
influence SPGR images were undertaken. Further details are
included in the Supplemental Information.
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2.3. Subcortical segmentation

We used the FreeSurfer software suite for the automated seg-
mentation of subcortical volumes from the T1w images (Fischl
et al., 2002). The FreeSurfer automatic segmentation has been
shown to be reliable and to have accuracy comparable to that of
manual labeling techniques (Fischl and Dale, 2000; Fischl et al.,
2002), please see the Supplemental Information for additional
details concerning FreeSurfer reliability. The FreeSurfer automated
segmentation has been widely applied to measure subcortical
regional volumes. We analyzed data from left and right accumbens
area, amygdala, caudate, hippocampus, pallidum, putamen, thal-
amus, and VD. For each region, we regressed out the following
covariates of non-interest: age at scan, gender, and estimated
intracranial volume (ICV). All subsequent analyses were conducted
on the resulting model residuals. Further details are included in the
Supplemental Information.

2.4. Assessing group differences in volume

A two-way (group repeated over hemisphere) multivariate
analysis of variance (MANOVA) was conducted using the SPSS
Statistics software package (IBM Corporation, Armonk, USA) to
identify regional subcortical volumetric differences among the four
diagnostic groups (BD, MDD, RMD, and CTL). Significant multivar-
iate effects were followed up with appropriate univariate analyses.
Finally, after identifying neural regions for which there were sig-
nificant group differences, we subjected volumes of these regions
to individual-by-individual classification using machine learning,
specifically, linear SVMs (Cortes and Vapnik, 1995) with and
without Recursive Feature Elimination (RFE; De Martino et al.,
2008). Details concerning our machine learning methods are pre-
sented in the Supplemental Information.

2.5. Relation of subcortical volumes to level of global functioning

For each region that significantly differentiated the four groups
in the MANOVA, we computed Pearson correlation coefficients to
assess the relation between volume in the region and scores on the
GAF.

3. Results

3.1. Demographic and clinical characteristics

Demographic and clinical characteristics of the participants in
the four groups are presented in Table 1, medications are presented
in Supplement Table S2, and comorbidity information is presented
Table 1
Demographic and clinical information. The remitted depressed (RMD) group was older a
Assessment of Functioning (GAF) scores (one CTL and one BD individual did not have GA
RMD, Bipolar Disorder (BD), and Major Depressive Disorder (MDD) groups.

BD (N ¼ 40) MDD (N ¼
Age in years (yrs; MjSD) 37.8a 9.6 37.1a
Gender (count Fj% F) 21a 52.5 34a
ICV (1*10^6 mm3 MjSD) 1.46 0.13 1.42
GAF (MjSD) 70.0 13.4 51.7
Total number of lifetime MDEs* 10.7 12.8 12.1
Total number of lifetime manic episodes 8.8 11.1
Duration of current MDE (months) 12.1

M ¼ mean; SD ¼ standard deviation; MDE ¼ Major Depressive episode; BD¼ Bipolar D
Depressive group; CTL ¼ healthy control group; yrs ¼ years; F ¼ female; ICV ¼ intracra
participant responded “too many to count”) were set to 25; Age in years, ICV, GAF, and to
Gender was compared across groups using chi-square; groups with the same subscript w
tests for ANOVA and two-group chi-square tests.
in Supplement Table S3. The RMD group had significantly more
female (c2(3) ¼ 12.186, p ¼ 0.007) and older (F(3,189) ¼ 3.076,
p¼ 0.029) participants than did the other three groups, who did not
differ significantly from each other (LSD post-hoc tests and two-
group chi-square tests p > 0.05). One CTL and one BD individual
did not have GAF scores, and two MDD and four BD individuals did
not have number of lifetime MDE information. The four groups also
differed significantly in GAF scores (F(3,187) ¼ 152.893, p < 0.001);
as expected, participants in the CTL group had the highest GAF
scores, followed by the RMD, BD, andMDD groups (all LSD post-hoc
tests p < 0.05). The four groups did not differ with respect to ICV
(F(3,189) ¼ 0.9, p ¼ 0.442), and the three clinical groups did not
differ in the number of lifetime MDEs (F(2,122) ¼ 1.7, p ¼ 0.195).

3.2. Subcortical volumetric differences among groups

A two-way (group repeated over hemisphere) MANOVA con-
ducted on the eight regional volume residuals in each hemisphere
yielded a significant main effect for group (F(24, 528.5) ¼ 1.634;
p ¼ 0.03; Wilks’ L ¼ 0.812; partial h2 ¼ 0.067); neither the main
effect for hemisphere nor the interaction of group and hemisphere
was significant (ps > 0.1). Follow-up univariate (by group)
repeated-measures (over hemisphere) analyses of variance
(ANOVAs) conducted for each region yielded significant effects for
group for volumes of the caudate (F(3, 189) ¼ 3.081, p ¼ 0.029;
partial h2 ¼ 0.047) and VD (F(3, 189) ¼ 4.832, p ¼ 0.003; partial
h2 ¼ 0.071; see Fig. 1 panels C and D). LSD post-hoc tests indicated
that for caudate volumes, the CTL group had significantly larger
volumes than did the BD (p ¼ 0.004) and MDD (p ¼ 0.037) groups
(Fig. 2 panel A). For the VD, the MDD group had significantly larger
volumes than did the BD (p ¼ 0.001) and CTL (p ¼ 0.004) groups,
and the RMD group had marginally larger volumes than did the BD
group (p ¼ 0.068; Fig. 2 panel B).

We used SVMs to assess whether regions that were identified
in the MANOVA could be used to classify group membership.
Using left and right caudate and VD volume residuals, we were
able to classify the MDD vs. CTL (average accuracy across
subsamples ¼ 62.44% without RFE and 62.76% with RFE; ps < 0.01)
and the MDD vs. BD (average accuracy across subsamples ¼ 59.45%
with RFE; p < 0.05) groups on an individual-by-individual basis. See
the Supplemental Information (Table S4) for additional findings,
including complete classification results and measures related to
sensitivity and specificity.

3.3. Relation between subcortical volumes and GAF scores

To assess the relation between subcortical volumes that were
identified in the ANOVAs and participants’ global level of
nd had more females than did the other groups. The four groups differed in Global
F scores): participants in the CTL group had the highest GAF scores, followed by the

57) RMD (N ¼ 35) CTL (N ¼ 61) p-value

10.1 42.9 8.6 37.2a 10.4 0.029
59.7 31 88.6 37a 60.7 0.007
0.16 1.41 0.14 1.45 0.17 0.442
7.8 75.4 10.4 87.3 5.0 <0.001

10.6 8.1 8.6 0.195
NA

15.0 NA

isorder group; MDD ¼ Major Depressive Disorder group; RMD ¼ Remitted Major
nial volume; GAF ¼ Global Assessment of Functioning scale; * extreme values (e.g.,
tal number of lifetime MDEs were compared across groups using one-way ANOVA;
ithin rows do not differ from each other at p < 0.05 as computed using LSD post-hoc



Fig. 1. Subcortical regions of interest (ROIs) and regional analysis of variance (ANOVA) results. A) whole brain image from ventral orientation with transparent brain and colored
subcortical structures and panels with superior and ventral views of subcortical structures. B) Subcortical structures with labels. C) p-values for one-way analysis of variance
(ANOVA) for each region over groups. D) Subcortical regions with statistical significance of ANOVAs indicated: caudate (p ¼ 0.029) and ventral diencephalon (p ¼ 0.003).
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functioning, we computed correlations between GAF scores and
mean caudate volume residuals and mean VD volume residuals
within each of the three disordered groups. GAF scores were found
to be positively correlated with VD volume within the MDD group
(r ¼ �0.294; p ¼ 0.026) and negatively correlated with caudate
volume within the BD group (r ¼ �0.385; p ¼ 0.014).

4. Discussion

The goal of this study was to identify subcortical volumes that
differentiate participants diagnosed with MDD and BD, RMD par-
ticipants, and healthy CTL participants, and to use the identified
subcortical brain volumes to classify disorder status on an
individual-by-individual basis. We found that the BD and MDD
groups had smaller caudate volumes than did the CTL group, and
that the VD was larger in the MDD group than in the BD and CTL
groups, andmarginally larger in the RMD than in the BD group. GAF
scores were inversely correlated with caudate volume in the BD
group andwith VD volume in theMDD group, suggesting that these
volumetric abnormalities are related to the severity of impairment
in day-to-day functioning. Finally, using SVMs, we were able to
differentiate the MDD from the CTL and BD groups.

Although traditionally the basal ganglia (composed of the
caudate, putamen, pallidum, subthalamic nucleus, and substantia
nigra) were conceptualized as a central component of motor pro-
cesses, increasing evidence suggests that these regions play a role
in affective processing (Savitz and Drevets, 2009). Indeed, the
caudate is one of the two components of the striatum, which is a
critical component of the cortico-striato-pallido-thalamic (CSPT)
and amygdalo-striato-pallido-thalamic (ASPT) loops. These circuits
have been posited to form the core of the neural systems associated
with abnormality in mood disorders (Price and Drevets, 2009,
2012). Specifically, these neural systems are involved in reward-
seeking behaviors including reward anticipation and evaluation
(Kawagoe et al., 1998; Gold, 2003). Importantly, a core symptom of
depression is anhedonia, or the inability to experience pleasure;
consequently, the CSPT and ASPT have been of considerable interest
to researchers studying this disorder. Our observation in the pre-
sent study of reduced caudate volumes in MDD and BD suggests
that this structure is implicated in reward-related abnormalities in
affective disorders.

Studies have been inconsistent in their findings of caudate
volumetric abnormalities in MDD. Whereas several researchers
have reported reduced caudate volumes in individuals with MDD
(e.g., Kim et al., 2008 [although there was some overlap with par-
ticipants in the present study]; Krishnan et al., 1992, 1993), other
investigators have not found such effects (e.g., Pillay et al., 1998;
Lenze and Sheline, 1999). Similarly, reports of abnormalities in
caudate volumes in BD have been inconsistent, with some studies
reporting increased caudate volume in BD (e.g., Aylward et al.,1994;
Noga et al., 2001), others reporting decreased caudate volume (e.g.,
Beyer et al., 2004), and still others that report no BD-associated
differences in caudate volume (e.g., Dupont et al., 1995; Brambilla
et al., 2001; Ong et al., 2012). Although a meta-analysis of effect
sizes from separate studies of MDD and BD suggested that the
caudate is smaller in MDD (Kempton et al., 2011), we did not find



Fig. 2. Group differences in volumes and relations to global functioning. A) Caudate: greater volumes in the control (CTL) group compared to the Major Depressive Disorder (MDD;
p ¼ 0.037) and Bipolar Disorder (BD; p ¼ 0.004) groups. B) ventral diencephalon (VD): greater volumes in the MDD group compared to the BD (p ¼ 0.001) and CTL (p ¼ 0.004)
groups. Marginally larger VD volumes were found in the remitted depression (RMD) group than in the BD group (p ¼ 0.068). Error bars indicate standard error of the mean. C) BD
group scores on the global assessment of functioning (GAF) scale were negatively correlated with mean (M) caudate volumes; D) MDD group scores on the GAF scale were
negatively correlated with M VD volumes.
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evidence for this differentiation in comparing these two disorders
directly. It is noteworthy that Dupont et al. (1995) did not find
volumetric abnormalities differentiating caudate volumes in MDD,
BD, and CTL individuals, but did find abnormal thalamus volumes in
MDD and BD individuals (Dupont et al., 1995). These discrepancies
may be due to the indirect meta-analytic method used by Kempton
et al. that may be biased by the diverse neuroimaging and analytic
methods of the included studies. Moreover, in the present study we
included only currently euthymic BD I individuals, whereas
Kempton et al. also included data from individuals diagnosed with
BD II in a range of disease states (e.g., depressed, manic, euthymic);
the disease state of the BD individuals in Dupont et al.’s study is not
clearly stated, and their groups are also considerably smaller than
those in the present study.

The VD is not typically studied in the context of mood disorders;
indeed, the present study is only the second to implicate this
structure in these disorders. The first study found that VD volume
was a top-ranked endophenotype related to recurrent depression in
a large cohort of Mexican-American individuals (Glahn et al., 2012).
As segmented in the current study, the VD includes the hypothal-
amus (Makris et al., 2008; Glahn et al., 2012), a primary component
of the hypothalamic-pituitary-adrenal (HPA) axis, which is involved
in neuroendocrine and neurovegetative processes (Nestler et al.,
2002). Neurons located in the paraventricular nucleus of the hy-
pothalamus secrete corticotropin-releasing factor (CRF), which
causes the anterior pituitary to release adrenocorticotropin (ACTH),
which in turn causes the adrenal cortex to release the glucocorticoid
cortisol (Nestler et al., 2002). Cortisol powerfully influences
behavior through its action with a number of brain regions,
including the hippocampus. Both MDD and BD have been hypoth-
esized to be associated with stress-related hyperactivity of the hy-
pothalamus (and HPA axis) through enhanced CRF transmission
and/or hypercortisolism (Nestler et al., 2002; Daban et al., 2005).
Our findings involving the VD suggest that abnormality of the hy-
pothalamus is related to MDD but not to BD. Pituitary gland vol-
umes have previously been used to study HPA-axis dysfunction
(Daban et al., 2005); interestingly, researchers have found larger
pituitary gland volume in BD but not in MDD individuals, relative to
controls (Sassi et al., 2001). Investigators have also found higher
cortisol concentration in BD than in MDD individuals during
depressive episode and remission (Rybakowski and Twardowska,
1999). More generally, abnormal HPA functioning appears to more
consistent during depression in BD than in MDD (see Daban et al.,
2005). Taken together, BD and MDD may have unique HPA axis-
related abnormalities; thus, future research should focus on delin-
eating the roles of specific HPA-axis nodes (e.g., the hypothalamus
and pituitary gland) in these disorders. In this context, Dupont et al.
(1995) did not report MDD- or BD-related abnormalities in the
volume of an anterior diencephalic region that included mammil-
lary bodies, hypothalamic gray matter, and septal nucleus (Dupont
et al., 1995). This discrepancy may be explained by the greater
statistical power in our study than in their investigation. Thus, VD
and pituitary volumes may prove useful as diagnostic markers that
specifically differentiate persons with these two disorders from
healthy individuals. Our ability to classify MDD vs. BD using VD and
caudate volumes, and our finding of an inverse relation of GAF and
VD volume within the MDD group, provides further support for the
importance of VD in the pathophysiology of affective disorder.
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Given the results of Kempton et al.'s meta-analysis (Kempton
et al., 2011), it is noteworthy that we did not find that volumetric
abnormalities of the hippocampus, pallidum, and putamen differ-
entiated the MDD, BD, and CTL groups, nor did we find differences
between theMDD and CTL groups in volume of the thalamus. These
discrepancies may be due to the heterogeneity of disease states
across diagnostic groups in Kempton et al.'s meta-analysis. For
example, Kempton et al. included studies of euthymic, manic and
depressed BD, in addition to BD I and BD II; in contrast, in the
present study we included only euthymic BD I participants. Future
research may be able to resolve this discrepancy by assessing
subtypes of BD and MDD, or Research Domain Criteria (RDoC)
constructs instead of diagnostic categories, whichwould permit the
prediction of continuous outcomes rather than of binary classifi-
cations of disorder (Insel et al., 2010). It is also possible that het-
erogeneous neuroimaging or analytic methods contributed to these
discrepancies. For example, the FreeSurfer automated segmenta-
tion has been posited to perform better than FSL/FIRST with respect
to hippocampal segmentation (Morey et al., 2009). Relatedly, Han
et al. (2006) found that field strength (i.e., 1.5 T versus 3 T), and
pulse sequence parameters influence FreeSurfer's cortical thickness
estimates (Han et al., 2006). Thus, this methodological heteroge-
neity may contribute to the discrepancies observed between our
findings and previous work (Kempton et al., 2008, 2011). Further-
more, Kempton et al.'s results may have been influenced by dif-
ferences in disease history across studies, whereas the disordered
groups in this study did not differ from each other with respect to
number of previous MDEs. Finally, although we did not find ab-
normalities of the whole hippocampus, given the potential role of
hippocampal subfields in MDD (Small et al., 2011) and BD (Haukvik
et al., 2014; Otten andMeeter, 2014), future research should benefit
from comparing hippocampal subfield volumes in different forms
of mood disorders.

Redlich et al. used voxel-based morphometry (VBM) to assess
differences in whole-brain gray matter volume between MDD and
BD individuals and found that individuals diagnosed with BD had
smaller gray matter volumes than did MDD individuals in bilateral
hippocampal formation, amygdala, and thalamus (Redlich et al.,
2014). We did not replicate these findings in our study. It is
notable, however, that Redlich et al.’s findings are also inconsistent
with those reported in Kempton et al.'s meta-analysis (Kempton
et al., 2011), in which MDD individuals were characterized by
smaller volumes of the hippocampus, caudate, putamen and pal-
lidum, and no differences were found for the thalamus. One
possible explanation for the discrepancies between the current
findings and Redlich et al.’s results involves the methods used in
the two studies to assess graymatter volumes. Specifically, whereas
Redlich et al. used VBM, we used FreeSurfer's automated segmen-
tation. There are several important differences between FreeSurfer
and VBM. For example, VBM was not designed to assess specific, a
priori defined, subcortical structures (Makris et al., 2008; Cerasa
et al., 2009), but instead, is a voxel-based procedure in which
clusters may not entirely cover single regions and may also overlap
multiple regions. Thus, Redlich et al. may have capitalized on the
ability of VBM to assess intra-regional effects, finding effects that
are spatially dispersed across subcortical structures. Our imple-
mentation of FreeSurfer was limited to a priori specified structures,
which may have led us to obtain results that were not sufficiently
consistent through an entire structure to yield significant group
differences. In this context, it is noteworthy that in our study the
absolute magnitude of group mean volumetric residuals of the
hippocampus, amygdala, and thalamus are in the same direction as
those reported by Redlich et al. Finally, we should note that
whereas Redlich et al. assessed BD I individuals who were in a
depressive episode, we assessed BD I individuals who were
euthymic. Thus, it is possible that our findings are related to
trait-like characteristics of BD, whereas Redlich et al.’s findings
represent a combination of both trait- and state-like neural char-
acteristics of BD.

The results of this study have further implications for under-
standing state versus trait characteristics of subcortical volumes in
mood disorders. While the BD and MDD groups both exhibited
reduced caudate volume compared to the CTL group, the RMD
group did not differ from the CTL group. Thus, caudate volume
may normalize with remission of MDD (perhaps as a marker of
CSPT and/or ASPT circuit normalization) and represent a state
characteristic of this disorder; in contrast, given that we found
abnormal caudate volume in currently euthymic BD individuals,
reduced volume in this structure may be a trait characteristic of
BD. Thus, these findings offer new possibilities for differentiating
MDD and BD during euthymic and remitted states. Furthermore,
we found the VD to be marginally larger in the RMD than in the
BD group, while there was no difference in VD volume between
the RMD and MDD or CTL groups. Thus, the VD may be useful for
differentiating BD individuals in a euthymic state from remitted
MDD individuals. It is possible that currently manic or depressed
BD individuals would exhibit abnormalities distinct from those
that characterize currently depressed or remitted MDD in-
dividuals. It will be important in future research to extend the
scope of assessment of abnormalities to disease states other than
those examined in the current study, and to further inspect how
the length of remission may influence such state-versus trait-type
volumetric characteristics.

Although the individual-by-individual classifications for both
MDD versus CTL and MDD versus BD groups were significant, the
observed successful classifier performances (range 59.5e62.8%)
were not high enough to have clinical utility. It is important to note
that the machine learning paradigm used subsampling in order to
maintain balance between groups. Such balancing reduces the
available information for classifier training; thus, larger balanced
datasets may allow for improved classification facilitated by more
training examples. Additional improvement to classificationmay be
achieved by identifying neural features that differentiate groups
more effectively that do those features identified in this study,
perhaps by increasing the signal-to-noise and spatial resolution of
the T1-weighted MRI scan, by including features from multiple
neuroimaging modalities (e.g., structural and functional MRI), or by
utilizing different discriminative (e.g., logistic regression, artificial
neural network) and generative (e.g., naïve Bayes, Gaussianmixture
model) classification methods.

Angst et al. (2005) found that the risk of MDD converting to
BD increases across the entire lifetime as the number of
depressive episodes increases (Angst et al., 2005). Similarly,
Goldberg and Harrow (2001) found that individuals with previ-
ous hospitalizations related to MDD converted to BD at a rate of
30% (Goldberg and Harrow, 2001). Thus, one limitation of the
current study is that, even though they are all adults, some of the
participants in the MDD group may go on to convert to BD. If this
is the case, this would reduce the likelihood of obtaining differ-
ences in neural structure between the MDD and BD groups.
Tempering this possibility, Angst et al. reported that fewer than
2% of individuals convert from MDD to BD; similarly, Goldberg
and Harrow were studying individuals with histories of severe
MDD. Thus, it is unlikely that the current findings are confounded
by a ‘mixing’ of disorders by including individuals who may later
convert from MDD to BD. To address this issue, future studies
might assess individuals who are initially diagnosed with MDD
but who later develop BD. The results of such studies will
contribute to our understanding of unique and shared neural
characteristics of these two disorders.
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We should note four other limitations of the current study.
First, the clinical groups differed in their medication use, notably
in the greater use of mood stabilizers, antipsychotics, and ben-
zodiazepines in the BD group (see Supplementary Table S2).
Because neuroleptic and lithium treatment have been found to be
related to increases in gray matter volume (Moore et al., 2000;
Scherk and Falkai, 2006), it is unlikely that neuroleptic medica-
tions led to the observed decreased caudate volumes in the BD
group (the only group with individuals who were taking anti-
psychotic and lithium medications). Second, the clinical groups
also differed in their rates of comorbidity (Table S3). Given Lenze
and Sheline's (1999) finding that non-comorbid depressed in-
dividuals did not exhibit abnormalities in caudate volume (Lenze
and Sheline, 1999), it is possible that our findings are influenced
by psychiatric comorbidity; future studies should address this
possibility more explicitly. Third, we used a cross-sectional design
in this study. Although including euthymic BD and remitted MDD
participants is an important step in understanding the trait versus
state nature of volumetric abnormalities in affective disorders,
conducting longitudinal studies of subcortical brain volume as
individuals move from currently disordered to remitted status
would strengthen our conclusions in this area. Finally, the inverse
relation between GAF scores and caudate volumes in the BD
group was unexpected given our finding that BD was associated
with smaller caudate volume compared to controls. We did not
predict this relation, and it will be important, therefore, that these
findings be replicated and extended with samples of MDD and BD
participants.

In conclusion, we found that caudate volumes differentiated
MDD and BD individuals from CTLs, and that VD volumes differ-
entiated MDD from CTL and BD, and RMD from BD individuals. In
addition, we were able to use caudate and VD volumes to classify
MDD versus BD and CTL individuals. These results provide impor-
tant new insights concerning subcortical volumetric differences
among individuals who are experiencing different forms of mood
disorders and the relations of these volumetric differences to state
and trait characteristics of these disorders. Future research will
benefit from improved identification of neuroanatomical features
for classification, further explication of HPA-axis dysfunction in
these disorders, and identification of neural markers of the tran-
sition fromMDD to BD. Finally, utilizing larger datasets that include
additional subtypes of affective disorder, or that use an RDoC
approach, will provide important information concerning the bio-
logical foundations of disorders of mood.
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