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Abstract

Previous brain-imaging studies have reported thatmajor depressive disorder (MDD) is characterized by decreased volumes of several
cortical and subcortical structures, including the hippocampus, amygdala, anterior cingulate cortex, and caudate nucleus. The purpose of
the present study was to identify structural volumetric differences between MDD and healthy participants using a method that allows a
comparison of gray andwhite matter volume across the whole brain. In addition, we explored the relation between symptom severity and
brain regionswith decreased volumes inMDDparticipants. The study group comprised 22 women diagnosed withMDD and 25 healthy
women with no history of major psychiatric disorders. Magnetic resonance brain images were analyzed using optimized voxel-based
morphometry to examine group differences in regional gray and white matter volume. Compared with healthy controls, MDD
participants were found to have decreased gray matter volume in the bilateral caudate nucleus and the thalamus. No group differences
were found for white matter volume, nor were there significant correlations between gray matter volumes and symptom severity within
the MDD group. The present results suggest that smaller volume of the caudate nucleus may be related to the pathophysiology of MDD
and may account for abnormalities of the cortico–striatal–pallido–thalamic loop in MDD.
© 2008 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Major depressive disorder (MDD) is among the most
prevalent of all psychiatric disorders. It is estimated that
between 8 and 18 percent of the general population will
experience at least one clinically significant episode of
depression during their lifetime (Kessler et al., 2003).
Major depression can be both chronic and recurrent.
Kessler (2002), for example, has estimated that between
⁎ Corresponding author. Tel.: +1 650 725 9216; fax: +1 650 725
5699.

E-mail address: ian.gotlib@psych.stanford.edu (I.H. Gotlib).

0925-4927/$ - see front matter © 2008 Elsevier Ireland Ltd. All rights rese
doi:10.1016/j.pscychresns.2007.12.020
one-half and two-thirds of people who have ever been
clinically depressed will be in an episode in any given
year over the remainder of their lives (Kessler, 2002).
This high chronicity and recurrence of depression, com-
bined with its significant prevalence, personal loss, and
societal costs, make it imperative that we identify and
elucidate factors that are involved in the onset and
maintenance of, and recovery from, MDD.

Over the past decade investigators working to specify
neurobiological aspects of depression have assessed
differences between depressed and nondepressed indivi-
duals in the volume of specific neural structures. Re-
cently, researchers have examined depression-associated
rved.
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anomalies in the volume of several structures that
constitute the affective division of the cortico–striatal–
pallidal–thalamic (CSPT) loop (Alexander et al., 1986;
Botteron et al., 2002; Bremner et al., 2000; Pillay et al.,
1998; Sheline et al., 1998). This circuit is thought to
mediate reward-seeking behaviors, as well as anticipation
and evaluation of rewarding stimuli (e.g., Gold, 2003;
Kawagoe et al., 1998). Given that anhedonia is a cardinal
symptom in depression, it is not surprising that the
affective division of the CSPT loop has been the focus of
considerable research. In this context, investigators have
found that, compared with their nondepressed counter-
parts, depressed individuals have smaller volumes in the
hippocampus (e.g., Sheline, 2000; Videbech and Ravn-
kilde, 2004), amygdala (e.g., Sheline et al., 1998), and
subgenual anterior cingulate cortex (ACC; e.g., Caetano
et al., 2006), all of which provided input to the CSPT
circuit. The striatum (composed of the caudate and
putamen), which receives input from these cortical and
allocortical inputs, has also been found to have decreased
volume in depression (e.g., Krishnan et al., 1992;
Parashos et al., 1998). The globus pallidus and thalamus,
which complete the CSPTcircuit, have not been the focus
of as much empirical work, and there are not reported
volumetric decreases in these structures associated with
depression.

It is important to note that the magnetic resonance
imaging (MRI) volumetric studies described above have
used a region-of-interest (ROI) technique, in which inves-
tigators trace the brain region under study and then
calculate its volume in depressed and nondepressed par-
ticipants. Given the effort involved in manual tracing
techniques, assessing the volume of more than one or two
structures is prohibitive; indeed, very few volumetric
studies have examined more than two structures in de-
pressed participants. Further, no study has assessed
whether all of the structures comprising the CSPT loop
show volumetric decreases within a given sample of de-
pressed individuals. In order to conduct a thorough
assessment of the integrity of theCSPT loop in depression,
in the present study, we used voxel-based morphometry
(VBM), a systematic imaging analysis tool for evaluating
gray and white matter density and volume across multiple
ROIs (Ashburner and Friston, 2000). Unlike conventional
ROI approaches, VBMcan detect tissue density changes in
small or anatomically ill-defined brain regions (Ashburner
and Friston, 2000). In fact, other investigators using VBM
have now reported volumetric decreases associated with
depression in the hippocampus (Bell-McGinty et al., 2002;
Shah et al., 1998), superior frontal gyrus (Taki et al., 2005),
middle frontal gyrus (Bell-McGinty et al., 2002), and
superior and inferior temporal gyri (Shah et al., 1998).
One way to further improve the use of VBM to exam-
ine brain abnormalities in depression is to take into ac-
count differences between healthy and psychiatric samples
in structural morphology during the brain image registra-
tion process, which would decrease the risk of biased
estimates (Ashburner and Friston, 2001; Bookstein,
2001). Indeed, imperfect registration of the brain images
by affine and low-order registration algorithms used in
conventional VBMmight be falsely aliased as volumetric
group differences in gray or white matter (Ashburner and
Friston, 2001; Bookstein, 2001; Mechelli et al., 2005). To
overcome this and other issues with the use of conven-
tional VBM, an optimized version of VBM has been
developed (Good et al., 2001). Optimized VBM registers
gray and white matter separately to a study-specific
template rather than registering the whole brain to a
common template during the normalization process,
thereby helping to ensure the quality of image registration.

The purpose of the present study was to examine
volumetric differences between currently depressed and
never-depressed women in the structures comprising the
affective division of the CSPT loop using an unbiased
estimation technique that provides adequate control of
family-wise Type-I error. We used optimized VBM to
compare gray matter volume of depressed and never-
depressed women within the hippocampus, amygdala,
subgenual ACC, caudate, putamen, globus pallidus, and
thalamus. We predicted that depressed women would
have significantly lower gray matter volume in these
structures than would their never-depressed counterparts.
We hypothesized further that, within the group of MDD
participants, symptom severity would be inversely cor-
related with gray matter volume in these structures.

2. Methods

2.1. Participants

Participants were recruited from two outpatient psy-
chiatry clinics in a university teaching hospital and through
advertisements posted in numerous locations within the
local community. A phone screen established that
participants were fluent in English and were between 18
and 60 years of age. Participants were excluded for severe
head trauma, learning disabilities, current panic disorder,
current social phobia, psychotic symptoms, bipolar dis-
order, and alcohol or substance abuse within the past six
months. Eligible individuals were invited to come to the
laboratory, where trained interviewers administered the
StructuredClinical Interview for the DSM-IV (SCID; First
et al., 1997). This interview schedule assesses Diagnostic
and StatisticalManual ofMental Disorders, 4th ed. (DSM-
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IV; American Psychiatric Association, 1994) current and
lifetime diagnoses for anxiety, mood, psychotic, alcohol
and substance use, somatoform, and eating disorders. The
SCID has demonstrated good reliability for the majority of
the disorders covered in the interview (Skre et al., 1991).
The SCID interviewers achieved excellent inter-rater
reliability for a diagnosis of MDD (κ=0.93) and for the
“nonpsychiatric control” diagnosis (i.e., the absence of
current or lifetime psychiatric diagnoses, according to the
DSM-IV criteria (Gotlib et al., 2004). Participants also
completed the Beck Depression Inventory-II (BDI; (Beck
et al., 1996), a 21-item, self-report measure of the severity
of depressive symptoms. The high reliability and validity
of the BDI has been well documented (Beck et al., 1988).
Handedness was determined with the Edinburgh Handed-
ness Inventory.

Participants were included in the depressed group if
they met DSM-IV criteria for MDD, and in the never-
disordered control group if they had no current DSM-IV
diagnosis and no history of any Axis I disorder.
Participants comprised 22 women who met criteria for
MDD (mean age: 38.5 years; range 21–55) and 25 never-
disordered control women (mean age: 35.3 years; range
23–56).

2.2. Image acquisition

All structural brain images were acquired using a 1.5 T
GE magnetic resonance imaging (MRI) scanner (GE
Medical Systems Signa, Milwaukee, WI). AT1-weighted
three-dimensional spoiled gradient echo pulse sequence
was used to acquire 116 1.5 mm-thick contiguous sagittal
images (TR=100ms, TE=7ms, flip angle=90°, matrix=
256×256, field of view=22 cm, in plane resolution=
0.859375×0.859375 mm).

2.2.1. Optimized voxel-based morphometry
VBM analyses were performed with Statistical Para-

metric Mapping 2 (SPM2) software (The Wellcome
Institute of Imaging Neuroscience, London, UK). An
optimized version of VBM, originally introduced by
Good et al. (2001), was used to assess differences between
depressed and control participants in gray and white
matter volume. First, brain images of all 47 participants
were processed to create a study-specific template image.
Using a study-specific template image rather than a
standard template image helps mitigate error associated
with the normalization process. All 47 of these brain
images were segmented into gray and white matter, and
normalization parameters were estimated by matching
gray matter images to a common gray matter template.
The normalization parameters rendered were then applied
in warping the original whole brain images. These images
were then averaged and smoothed with a Gaussian kernel
(full-width at half maximum=8 mm). All brain images
were used to create the template in order to prevent sample
bias in the normalization process.

Next, the original whole brain images were segmented
into gray and white matter images. Unconnected non-
brain voxels (i.e., voxels not containing graymatter, white
matter, or cerebrospinal fluid) were then extracted from
these segmented images (Good et al., 2001). Because
VBM can alias image distortions, brought about by such
extra-experimental factors as excessive motion, as
changes in white or gray matter (Mechelli et al., 2005),
group differences in these extra-experimental factors can
result in the detection of spurious group differences in
structure volume or density. Consequently, we screened
the structural MR images for the presence of artifacts and
eliminated any images containing noticeable artifacts from
the study.

Extracted and segmented gray and white matter images
were then renormalized, preventing any contribution of
non-brain voxels to the normalization process and
affording optimal spatial normalization of gray and white
matter images. Then, optimized normalization parameters
derived from the previous step were reapplied to all 47
original whole brain images. They were normalized to the
template using a 12 parameter affine transformation and
nonlinear warping using 7×8×7 basis functions to a voxel
size of 2×2×2 mm. These normalized images were then
segmented into gray matter, white matter, and cerebrosp-
inal fluid. An additional processing step, using the
Jacobian determinants derived from spatial normalization,
was applied to all gray and white matter images in order to
acquire volume information from the voxels. All images
were smoothed using a Gaussian kernel (full-width–half
maximum=12 mm) to increase the signal-to-noise ratio.

2.3. Statistical analysis

Voxel-wise comparisons were conducted to assess
differences between depressed and control participants in
both gray and white matter volume in structures com-
prising the CSPT loop. Anatomical ROI masks for the
hippocampus, amygdala, subgenual ACC, caudate, puta-
men, globus pallidus, and thalamuswere selected from the
Automated Anatomical Labeling system and applied to
the data (Tzourio-Mazoyer et al., 2002). An analysis of
covariance model was used to examine group differences
in gray and white matter with age as a covariate. In ad-
dition, voxel-wise correlational analyses were conducted
on these images with BDI scores within the MDD group.
A family-wise error (FWE) corrected significance level of



Table 1
Demographic and clinical characteristics of the participants

MDD participants Never-disordered participants

(n=22) (n=25)

Mean (n) S.D. (%) Mean (n) S.D. (%)

Demographic variables
Age (years) 38.5 9.70 35.3 11.25
Education (years) 16.5 2.13 15.7 4.24
Handedness (right) 19 86.36 21 84

Clinical variables
Years since first depressive episode 17.4 10.01 – –
Currently on psychotropic medication 10 45.45 – –
Number of depressive episodes 6.5 3.33 – –
BDI ⁎ 22.3 13.61 3.5 7.74

Handedness data were not available for 3 MDD participants; ⁎Pb0.001; MDD = major depressive disorder; BDI = Beck Depression Inventory-II.
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Pb0.05 was adopted to correct for multiple comparisons
across the set of voxels included in the ROIs.

3. Results

3.1. Demographic and clinical characteristics

Demographic and clinical characteristics of the
MDD and never-disordered participants are presented
in Table 1. There were no significant differences
between the two groups with respect to age or years of
Fig. 1. A. Coronal sections showing suprathreshold voxels in comparison ofVB
and thalamus showed significant (Pb0.05, FWE corrected for each search volum
the whole brain showing the results in sagittal, coronal, and axial views. An unc
localized in the caudate and thalamus regions even at a relatively liberal threshold
participants in suprathreshold voxels in caudate and thalamus. Notes: MDD
standard error; FWE = family-wise error; VBM = voxel-based morphometry.
education (age: t(45)=1.03, P=0.31; years of education:
t(45)=0.71, P=0.48). As expected, the MDD partici-
pants had significantly higher BDI scores than did the
never-disordered controls, t(45)=5.91, Pb0.001. Ten of
the depressed participants were stabilized on antidepres-
sant medication at the time of assessment.

3.2. VBM analyses

Compared with the never-disordered controls, the
MDD participants had lower gray matter volume in the
Mgraymatter volume estimates inMDD andCTRLparticipants. Caudate
e) volumetric reduction inMDDparticipants. B.Group differences across
orrected Pb0.001 was used here to show that the group differences were
. C. Average VBMvolume coefficients (±95% S.E.) ofMDD andCTRL
= major depressive disorder; CTRL = never-disordered control; S.E. =



Table 2
Regions with significantly smaller gray matter volumes in MDD than
in never-disordered participants (Pb0.05, FWE corrected for each
search volume)

Region MNI coordinates Number of
contiguous voxels

t
(45)

X Y Z

Left caudate −10 −5 +16 1318 5.90
Left thalamus −10 −8 +15 3563 5.55
Right caudate +13 −5 +16 386 4.11
Right thalamus +1 −15 +4 2602 4.03

MDD = major depressive disorder; FWE = family-wise error;
MNI=Montreal Neurological Institute.
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bilateral caudate body extending into the anterior
nucleus of the thalamus (see Fig. 1 and Table 2). The
extent of these regions was larger in the left than in the
right hemisphere. No gray matter volume reductions
were found in the controls relative to the MDD par-
ticipants, nor were there group differences in white
matter volume. Finally, no group differences were
obtained within the amygdala, hippocampus, subgenual
ACC, globus pallidus, and putamen. Voxel-wise cor-
relational analyses assessing relations between volume
estimates within the a priori ROIs and BDI scores did
not yield significant results.

4. Discussion

In this study we used VBM to conduct voxel-by-voxel
volumetric comparisons of structures comprising the
CSPT loop in women diagnosed with MDD and a sample
of never-disordered control women. We found that,
compared to their never-disordered counterparts, women
diagnosed with MDD were characterized, most promi-
nently, by significantly smaller volumes in the medial
aspect of the bilateral caudate body and a small contiguous
portion of the anterior nucleus of the thalamus. These
volumetric differences were identified using a technique
that is not susceptible to the biases to which both
conventional voxel-based morphometric and structural
tracing techniques are subject. While it is possible that the
automated segmentation process used by VBM techni-
ques does not distinguish tissue types as well as manual
segmentation might, it is unlikely that this affected our
interpretation of the depression-associated difference in
caudate volume found in this study given that automated
segmentation of the easily-defined caudate is not as prone
to bias as it is in other, less easily defined, structures.

The finding of reduced caudate volume in this
sample of currently depressed women is consistent with
results from previous studies using structural tracing
techniques that reported decreased caudate volume in
major depression (Krishnan et al., 1992, 1993; Parashos
et al., 1998). It is important to note, however, that other
studies have not found smaller caudate volume in de-
pressed patients than in nondepressed controls (Green-
wald et al., 1997; Lacerda et al., 2003; Pillay et al.,
1998). There do not appear to be systematic differences
between studies that found caudate volume differences
in depression and studies that did not with respect to
dimensions relevant to brain structure volume (e.g., age,
size, and gender composition of samples, depression
severity). The fact that all investigations had relatively
small samples (∼25 participants per group) leaves open
the possibility that the discrepant findings are a function
of variation in population sampling. Our finding of de-
creased volume in the anterior nucleus of the thalamus
in depression is the first report of a difference between
depressed and nondepressed participants in thalamus
volume obtained using an MRI-derived technique. This
both confirms and adds specificity to the findings of
decreased total thalamus volume in depression reported
by Bielau et al. (2005) using postmortem tissue samples
from depressed individuals (Bielau et al., 2005). Indeed,
given recent reports linking the anterior portion of the
thalamus to the experience of affect (e.g., Young et al.,
2000; Zubieta et al., 2001), the localization of thalamic
abnormality in the present study to the anterior nucleus
of this structure in depression contributes to emerging
neural models of depression that highlight the nature of
the relation between dorsal and limbic structures (Gotlib
and Hamilton, 2008).

The finding of a greater spatial extent of left-sided than
of right-sided caudate and thalamus volumetric reduction
in depression warrants comment. One explanation for this
asymmetry involves the greater availability dopamine, a
neurotransmitter shown to have neuroprotective effects,
in the right than in the left caudate (Bobrov et al., 2006;
Shih et al., 2007; Vernaleken et al., 2007). It is possible
that the increased dopamine in the right caudate reduces
the vulnerability of this structure to the stress-induced
neurotoxic damage associated with depression. It would
be useful in future research to examine this possibility
more explicitly.

We did not replicate findings from previous volume
tracing studies that have reported volumetric decreases in
the amygdala, hippocampus, and subgenual ACC in
depression. Meta-analyses of volume tracing studies of
the hippocampus and amygdala in depression provide a
potential explanation for these discrepancies. These meta-
analyses show that volumetric decreases in the hippo-
campus (Videbech and Ravnkilde, 2004) and amygdala
(Hamilton et al., in press) correlate with total duration of
depressive illness, such that decreased volume appears to
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be a function of increased number of depressive episodes.
It is possible that the 6.5 episodes of depression, on
average, experienced by our sample were insufficient to
detect changes in amygdala or hippocampus volume.
Consistent with this formulation, we found in a post-hoc
analysis that the right hippocampus volume (peak voxel:
21, −31, −9; Pb0.05, FWE corrected) was significantly
smaller in the depressed individuals in our sample who
had experienced 10 or more episodes of depression (n=9)
than it was in those depressed participants who had
experienced four or fewer episodes (n=8), in the absence
of any demographic differences between these two
subsamples. This finding underscores the importance of
carefully assessing history of depression in studies
examining structural volume in this disorder.

It is not yet clear whether volume reduction in the
caudate plays a causal role in depression or is simply a
neural correlate of the disorder. The formulation that
caudate pathology can influence the onset of depression is
consistent with the results of investigations indicating that
damage to the caudate nucleus elicits depressive symp-
toms beyond those associated with brain damage more
generally. For example, damage to the caudate resulting
from calcification (Gluck-Vanlaer et al., 1996), gliosis
(Bhatia et al., 1993), and cerebrovascular disease (Mendez
et al., 1989), in the absence of other neural anomalies, has
been found to result in symptoms of depression. Further,
other findings suggest that smaller caudate volume in
depression ismediated by a specific genotype.Hickie et al.
(2007), for example, recently reported that within a sample
of depressed participants, the short allele polymorphismof
the serotonin transporter gene was associated with smaller
caudate volumes, but not with differential amygdala or
hippocampal volumes.

Structural and functional abnormalities in the caudate
are also apparent in other disorders that are characterized
by anomalies in mood. For example, both schizophrenia
(e.g., Levitt et al., 2004) and bipolar disorder (e.g.,
Blumberg et al., 2000) have been found to be associated
with atypical caudate structure and/or function. Volu-
metric studies of the caudate in schizophrenia have
yieldedmixed results, with some studies reporting smaller
caudate and thalamus volumes in schizophrenia (Gaser
et al., 2004; Jayakumar et al., 2005; Staal et al., 1998), and
others showing larger caudate volume associatedwith this
disorder (Hokama et al., 1995; Hulshoff Pol et al., 2001).
Importantly, bipolar disorder has more consistently been
found to be associated with increased caudate volume
(Aylward et al., 1994; Strakowski et al., 1999).

It is also noteworthy that in Huntington's and
Parkinson's Diseases, both of which have been found
to be associated with caudate abnormality (e.g., Almeida
et al., 2003; Aylward et al., 2004), diagnoses of
comorbid unipolar depression are common. Patients
with Huntington's Disease, which is associated with cell
death in the dorsomedial striatum (Lawrence et al.,
1998) (the same part of the striatum that was found to be
affected in the present depressed sample), often present
with a clinically significant episode of depression that
precedes the uncontrollable and repetitive choreoform
movements that characterize the disorder (Folstein et al.,
1979; Mendez et al., 1989). Similarly, individuals with
Parkinson's Disease, another disorder that is associated
with striatal pathology, also often report debilitating
depression prior to onset of more characteristic motor
and cognitive symptoms (Ayd, 1995; Mindham, 1970).

It is important to consider limitations of this study and
alternative explanations for the obtained results. It is
possible, for example, that the depression-associated
decrease in caudate volume found in the present analysis
is due, in part, to medication effects, given that several of
the depressed participants in this study were taking
antidepressant medication. In this context, it is important
to note that while antidepressants have been shown to
influence metabolism in the caudate (Henry et al., 2003),
they have not been found to affect caudate volume. In fact,
in structures in which antidepressant medication has been
shown to affect volume (Banasr et al., 2006; Malberg
et al., 2000), a volumetric increase, rather than a decrease,
has been reported. We should also note that only female
participants were included in the present study, which
limits the generalizability of our findings. Nevertheless, if
the decrease in caudate volume in depression is due to
hypercortisolemic damage, including males in the study
would likely yield similar results given that males are, if
anything, more susceptible than females to the neurode-
generative effects of hypercortisolemia (Liu et al., 2006;
Wagner et al., 2004).

While the present voxel-based morphometric study
does point, along with previous volumetric studies of
depression, to structural anomalies associated with this
disorder, additional work is required to map connections
between the structural pathology noted here and depres-
sive symptomatology. Although studies documenting the
onset of depression following damage to the caudate
(Bhatia et al., 1993; Gluck-Vanlaer et al., 1996) help to
establish the sufficiency of caudate damage for depres-
sion, it is still unclear exactly what role the caudate
nucleus plays within the CSPT loop such that damage to
this structure results in depression. A small literature
indicating that lesions of the globus pallidus are associated
with depression (Lauterbach et al., 1997a,b) supports the
formulation that compromising the affective CSPT loop
more generally can lead to depressive symptomatology.
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Nevertheless, additional andmore systematic work, likely
using animal models, is necessary to elucidate the precise
roles of the components of the CSPT loop in contributing
to the development and maintenance of major depressive
disorder.
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