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Abstract: Depression is very common in multiple sclerosis (MS) but the underlying biological mecha-
nisms are poorly understood. The hippocampus plays a key role in mood regulation and is implicated
in the pathogenesis of depression. This study utilizes volumetric and shape analyses of the hippocam-
pus to characterize neuroanatomical correlates of depression in MS. A cross-section of 109 female
patients with MS was evaluated. Bilateral hippocampi were segmented from MRI scans (volumetric
T1-weighted, 1 mm3) using automated tools. Shape analysis was performed using surface mesh model-
ing. Depression was assessed using the Center for Epidemiologic Studies-Depression (CES-D) scale.
Eighty-three subjects were classified as low depression (CES-D 0–20) versus 26 subjects with high
depression (CES-D � 21). Right hippocampal volumes (P ¼ 0.04) were smaller in the high depression
versus the low depression groups, but there was no significant difference in left hippocampal volumes.

Stefan M. Gold and Mary-Frances O’Connor contributed equally
to the manuscript

Contract grant sponsor: National Institutes of Health; Contract
grant numbers: NIH R01 MH59708, R01-HD043323, K01EB013633;
Contract grant sponsor: Cousins Center for
Psychoneuroimmunology and the National Institute on Aging;
Contract grant number: K01 AG028404; Contract grant sponsor:
Marie Curie grant from the European Union; Contract grant
number: MC FP7-PEOPLE-2010-RG268381; Contract grant
sponsor: Skirball Foundation; Contract grant sponsor: Department
of Defense; Contract grant number: W81XWH-10-1-0882.

*Correspondence to: Nancy L. Sicotte, MD, 8730 Alden Drive,
Thalians, Rm 216E, Los Angeles, CA 90048.
E-mail: nancy.sicotte@cshs.org

Received for publication 30 January 2012; Revised 1 May 2012;
Accepted 7 June 2012

DOI: 10.1002/hbm.22154
Published online 30 July 2012 in Wiley Online Library
(wileyonlinelibrary.com).

VC 2012 Wiley Periodicals, Inc.



Surface rendering analysis revealed that hippocampal shape changes in depressed patients with MS
were clustered in the right hippocampus. Significant associations were found between right hippocam-
pal shape and affective symptoms but not vegetative symptoms of depression. Our results suggested
that regionally clustered reductions in hippocampal thickness can be detected by automated surface
mesh modeling and may be a biological substrate of MS depression in female patients. Hum Brain
Mapp 35:30–37, 2014. VC 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Depression often coexists with chronic diseases and the
comorbid state of depression incrementally worsens health
compared with either disorder alone [Moussavi et al.,
2007]. Depression is particularly frequent in patients with
multiple sclerosis (MS): In a large population-based study,
the 12-month prevalence for major depressive disorder
(MDD) in MS has been estimated at 25% [Patten et al.,
2003]. The underlying cause for the high frequency of
depression is unknown but likely involves biological and
psychological factors [Feinstein, 2011].

The neuroanatomical correlates of MS depression are
poorly understood. However, smaller volumes in several
brain areas have been reported in psychiatric patients with
MDD including well-documented reductions in hippocam-
pal volumes [Koolschijn et al., 2009]. Interestingly, hippo-
campal damage has also been described in a number of in
vivo and post-mortem studies in MS [Dutta et al., 2011;
Geurts et al., 2006, 2007; Roosendaal et al., 2010; Sicotte
et al., 2008] as well as in its animal model [Ziehn et al.,
2010]. Several papers have reported associations between
MS-associated depression and decreased regional gray
matter volumes, in particular in the temporal lobe [Fein-
stein et al., 2004; Zorzon et al., 2001, 2002]. Structural
abnormalities of normal-appearing white and gray matter
as measured by diffusion tensor imaging in frontal and
temporal regions have also been linked to depression in
MS [Feinstein et al., 2010]. Within the temporal lobe, recent
evidence points to hippocampal volume reductions as a
potential substrate of MS depression [Gold et al., 2010; Kiy
et al., 2011]. Thus, damage to temporal structures involved
in mood regulation such as the hippocampus may contrib-
ute to the high frequency of depression in MS.

Importantly, depression is characterized by a cluster of

symptoms comprised of affective (such as depressed

mood and loss of interest), vegetative (such as psychomo-

tor slowing, fatigue, changes in sleep pattern), and inter-

personal components. Patients with MS often suffer from

disease-related fatigue [Stuke et al., 2009], which may

resemble vegetative symptoms of depression. Fatigue itself

has been linked to lower regional volumes in basal ganglia

and frontal or parietal cortical regions in MS [Leocani

et al., 2008]. Thus, the overlap of vegetative symptoms of

depression and MS-related fatigue may potentially impede

the identification of anatomical substrates. However,

precise analyses of neuroanatomical correlates of affective

versus vegetative aspects of depression in MS have not

been done so far.
In the present cross-sectional study, we sought to char-

acterize the role of hippocampal substructures in MS-asso-
ciated depression using automated volumetric and shape
analyses in a large sample of patients with MS. In addi-
tion, we aimed to dissect the affective, vegetative, and
psychosocial components of MS depression and their rela-
tive association with hippocampal subregions.

MATERIALS AND METHODS

Subjects

Patients with MS were recruited from three sites at the
University of California San Francisco (UCSF), Evergreen
Hospital Medical Center in Seattle Washington (Evergreen),
the Feinberg School of Medicine at Northwestern University
(NU), and through local chapters of the National Multiple
Sclerosis Society. Recruitment began in May 2005 and was
completed in January 2008. Eligible patients had to be diag-
nosed with MS according to the revised McDonald criteria
[Polman et al., 2005]. All participants were at least 18 years
of age, and were able to speak and read English. Patients
were excluded if they had received a corticosteroid treat-
ment in the past 28 days, or were treated with a cytotoxic
agent (e.g., mitoxantrone, cyclophosphamide, azathioprine,
methotrexate) or natalizumab. Patients were excluded if
they had other autoimmune or endocrine disorders, were
pregnant or planning pregnancy, diagnosed with any seri-
ous psychiatric pathology or dementia, or were currently
receiving or planning to begin psychotherapy.

Standard Protocol Approvals, Registrations,

and Patient Consent

The research reported in this article was conducted in
compliance with the Code of Ethics of the World Medical
Association (Declaration of Helsinki). Institutional review
boards at each participating center approved the protocol,
and signed consent was obtained from each participant.
Subjects were enrolled as part of the Stress Intervention
in MS (SIMS) study (ClinicalTrials.gov identifier:
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NCT00147446). All data used in the current study were
obtained during the baseline visit of the SIMS study, prior
to randomization and intervention. From initially screened
n ¼ 777 patients, n ¼ 638 were not consented (n ¼ 362 did
not meet inclusion criteria, n ¼ 205 declined to participate
in the study, mostly due to demands of MRI and stress
intervention protocols and/or distance to the study
centers, n ¼ 48 could not be reached, and n ¼ 23 did not
participate for other reasons).

Clinical Measures

During the neurological examination, we obtained
standard disability rating (Expanded Disability Status
Scale [EDSS]) [Kurtzke, 1983], disease course and duration,
and current medication.

Magnetic Resonance Imaging

Lesion quantification and whole brain fraction

‘‘Dummy’’ scans were performed at each site prior to
first subject enrollment and subsequent images were sent
to a primary central MRI reading unit (UCSF, San Fran-
cisco) for quality control. Magnetic resonance imaging
(MRI) of the brain (T2/T1-weighted images) with injection
of a single-dose of gadolinium was performed according
to a standardized protocol using a 3.0-Tesla magnet at
each site. T2 lesion volume analysis was performed using
a semi-automated thresholding method and manual edit-
ing with simultaneous view access to both T2 and proton
density weighted slices. Normalized whole brain fraction
values were derived from the output of the SIENAX analy-
sis. All MRI analyses were performed by an expert rater
blind to clinical characteristics of the subject.

Hippocampal volume and shape analysis

For hippocampal analyses, we analyzed T1-weighted
images obtained from volumetric high-resolution (1 mm3,
160 slices) gradient-echo pulse sequences (Echo Time (TE)
2.0, Repetition time (TR) 15.0, Flip angle 22, Field of View
(FOV) 26 cm, matrix 256) on a 3.0-Tesla magnet at each
site. Volumetric images were then electronically trans-
ferred to UCLA for post-processing. The right and left hip-
pocampi were auto-segmented using FIRST, a component
of FSL tools [Patenaude et al., 2011] and volumes corrected
for head size using the SIENAX generated volume scaling
factor prior to statistical analysis. For the shape analysis,
surface maps of the extracted right and left hippocampal
volumes were constructed using a surface mesh procedure
previously described [Shi et al., 2007]. Averages were con-
structed from individual surface maps for group compari-
sons and differences assessed using Laplace–Beltrami
eigen-features derived from software developed in-house
[Shi et al., 2009]. Briefly, we first generated a regular mesh
representation of the group atlas surface with 2,000 verti-
ces. Using the maps computed, we projected the triangular

mesh of the atlas onto the generated surfaces for subse-
quent statistical analysis. This method uses spectral geome-
try to model hippocampal geometry and is reliable from
the first principle since the Laplace–Beltrami eigenfunctions
are ‘‘isometry invariant,’’ which means our method is invar-
iant to pose and scale differences, and robust to deforma-
tion [Shi et al., 2007, 2009].

Assessment of Depression

Depression was assessed using the Center for Epidemio-
logic Studies-Depression (CES-D) scale, a scale with excel-
lent validity and reliability for measuring depressive
symptoms [Radloff, 1977], especially in medical settings.
The sample was split into two groups: low depression
(CES-D 0–20), and high depression (CES-D score 21 or
higher). Although the cut-off of 16 is sometimes used with
the CES-D for probable depression, scores tend to be
higher in a population with chronic health problems
because the CES-D includes somatic symptoms [Knight
et al., 1997]. It has been demonstrated that a cut-off score
of 21 is a better predictor of MDD in patients with co-mor-
bid medical illness [Schulberg et al., 1985]. This was also
shown in a study of 739 patients with MS [Chwastiak
et al., 2002]. Therefore, we split our sample based on
Chwastiak and coworkers use of a CES-D score of 21 or
higher for moderate to severe depression.

In addition to using the total score, we further divided
the CES-D into its four subscales: depressive affect, posi-
tive affect, somatic, and interpersonal. This reflects the
originally intended structure [Radloff, 1977], which was
later replicated in a large sample [Knight et al., 1997].

Statistical Analysis

Clinical and demographic descriptors and hippocampal
measures were compared between high depression and
low depression patients with MS using independent sam-
ples t tests. If Levene’s test indicated a violation of the
equality of variance assumption (P < 0.10), degrees of free-
dom were adjusted accordingly. Values of P < 0.05 were
considered statistically significant. All statistical analyses
were conducted using Predictive Analytics Software
(PASW) Statistics 18.0 for Macintosh.

To localize hippocampal volume reductions, we defined a
thickness measure at each vertex of the mapped surfaces [Shi
et al., 2009]. At each vertex, a one-tailed t-test was applied to
compare hippocampal shape between the depressed group
and the group with low depressive symptoms. Correlations
of CESD subscales with thickness measures were computed
using Spearman’s rank correlation. The resulting P-value
maps were plotted onto the mean shape of the entire group.
Permutation analysis was used to correct for multiple
comparisons of the hippocampal surface mapping results.

r Gold et al. r

r 32 r



RESULTS

This study is a secondary analysis of the baseline data
from a randomized controlled trial examining the effects
of a stress management intervention among patients with
MS [Mohr et al., in press].

Sample Characteristics

A total of 138 subjects were eligible. Because there was
only a small portion of male subjects (n ¼ 26) and these
had significantly bigger absolute hippocampal volumes
(P ¼ 0.001) but significantly smaller head-size corrected
hippocampal volumes (P ¼ 0.04), the analyses were con-
ducted in the female group only. Of the 112 female
patients, MRI scans and/or CES-D scores were not avail-
able from 3 women so that a total of 109 female patients
were analyzed for this study.

Based on the cut-off defined above, 83 participants were
classified as low depression (CES-D 0–20) vs. 26 partici-
pants classified with high depression (CES-D 21 or higher).
High and low depression groups did not differ with
regard to age, disease duration, the use of disease modify-
ing treatment, or disability as measured by the EDSS (see
Table I). Importantly, the groups also did not differ on
normalized whole brain fraction, number of contrast-
enhancing lesions (Gdþ lesions), or T2 lesion volume (see
Table I). As expected, a higher percentage of depressed
subjects were receiving antidepressive medication.

Hippocampus Volume Differences

The high depression group showed a significantly
smaller right hippocampal volume (P < 0.04). However, the
two groups did not differ in left hippocampus (P ¼ 0.67),
or total hippocampal volumes (P ¼ 0.19) (see Fig. 1). Impor-
tantly, the groups did not differ in global volume

(SIENAX) as measured by brain percentage, indicating that
brain volume differences were specific to the hippocampus.

Localization of Hippocampal Volume Differences

Surface rendering analysis revealed that the high
depression group showed strongest inward hippocampal
shape changes (i.e., smaller volumes) in several areas of
the hippocampus including larger clusters suggestive of
CA2-3 region (see Fig. 2) and the posterior subiculum.
Corroborating the findings of the volumetric analysis,
group differences were only seen in the right but not the
left hippocampus.

Hippocampal Shape Differences are Linked to

Affective Symptoms

Next, we aimed to dissect the contribution of subcompo-
nents of depression (i.e., depressive affect, positive affect,
somatic, and interpersonal symptoms) to hippocampal

shape differences. Significant (albeit small) correlations

were seen between depressive affect and right hippocam-

pus (r ¼ �0.23; P ¼ 0.02) and total hippocampal volume

(r ¼ �0.22; P ¼ 0.02) but not left hippocampus (r ¼ �0.15;

P ¼ 0.12). No significant associations were seen with the

positive affect, somatic, or interpersonal symptom sub-

scales and hippocampal volumes (all coefficients r < 0.10).
Confirming the volumetric data, only the depressive

affect subscale was significantly associated with

TABLE I. Clinical characteristics of MS patients with

low levels of depressive symptoms (CES-D 0–20) or high

levels of depression (CES-D 21 or higher)

Low
depression

(n ¼ 83)

High
depression

(n ¼ 26)
P

(2-tailed)

Age 43.0 � 1.08 42.4 � 1.92 0.77
EDSS 3.08 � 0.184 3.36 � 0.258 0.42
Whole brain fraction 0.85 � 0.003 0.85 � 0.007 0.74
Number of Gdþ lesions 0.63 � 0.32 0.38 � 0.18 0.67
T2 lesion volume (cm3) 9.7 � 1.77 8.2 � 1.76 0.67
Disease duration (years) 6.86 � 0.90 8.58 � 1.85 0.40
CES-D 9.6 � 0.55 30.6 � 1.56 <0.001
SSRI treatment (%) 36.1% 57.7% 0.05

EDSS: Expanded Disability Status Scale; Gdþ lesions: Gadolin-
ium-enhancing lesions; SSRI selective serotonin reuptake inhibitor.
Data are presented as mean � standard error of mean (SEM).

Figure 1.

Hippocampal volume in MS patients with low depression (CES-D

0–20) and high depression (CES-D 21 or higher). Depressed MS

patients had significantly smaller right hippocampal volumes (P ¼
.04) while no significant volume differences were seen in left hip-

pocampus. Data are corrected for head size and given as mean �
standard error of mean (SEM). Group differences were tested

using two-tailed independent samples t test.
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Figure 3.

Subregional hippocampal shape changes are selectively associated with depressed affect but not

somatic symptoms. Statistical maps show significant correlations between regional hippocampal

thickness and the affective mood subscale of the CES-D (A) or somatic symptoms on the CES-

D (B). For all statistical maps, the color bar encodes the probability values for the observed

effects. All statistical tests were performed one-tailed with adjustment for multiple comparisons.

Figure 2.

Localization of hippocampal thickness differences between low

depression (CES-D 0–20) and high depression (CES-D 21 or

higher) MS patients. Statistical maps comparing hippocampal

surface deformation/expansion indicate decreased thickness in

depressed patients (A). The high depression group showed

strongest inward hippocampal shape changes (i.e., smaller

volumes) in several areas of the hippocampus including larger

clusters suggestive of CA2-3 region and the posterior subicu-

lum (B). For statistical maps, the color bar encodes the proba-

bility values for the observed effects. All statistical tests were

performed one-tailed with adjustment for multiple

comparisons.



deformations in the hippocampus (Fig. 3). The strongest
associations were observed between hippocampal thickness
and depressive affect (see Fig. 3A). In contrast, no associa-
tions were seen for somatic symptoms, (Fig. 3B), positive
affect, or interpersonal symptoms. The addition of clinical
and imaging variables including EDSS, gadolinium lesion
numbers, T2 lesion volume, age, and BPF into the regres-
sion model as potential confounding factors did not alter
the results.

DISCUSSION

In this study, we provide evidence for an association
between smaller hippocampal volumes and depressive
symptoms in a large sample of female patients with MS.
Importantly, using the subscales of the CES-D, we demon-
strated that the affective component of depression is linked
to hippocampal shape changes while vegetative or interper-
sonal symptoms are not. Thereby, we extend our previous
findings in a study employing manual tracings of anatomi-
cally defined hippocampal subregions, which indicated that
depression in MS is associated with smaller volumes specif-
ically in the CA2-3 subregion of the hippocampus [Gold
et al., 2010]. We obtained these results using automated vol-
umetric and surface mapping techniques with easily obtain-
able 1 mm3 T1-weighted MRI scans, in contrast to the labor-
intensive manual tracings requiring special high resolution
T2-weighted sequences. Thus, this methodology is suitable
for large-scale studies where specialized imaging sequences
might not be available, and could be used to better under-
stand the differential associations of hippocampal subfields
with affective disorders in the medically ill.

Patients with medical disorders and especially those
with inflammatory diseases such as MS frequently suffer
from fatigue that can resemble vegetative symptoms of
depression. Thus, using the total scores of questionnaires
such as the BDI or the CES-D in these populations may
make it more difficult to identify biological substrates of
mood disturbances. In our study, we found smaller hippo-
campal volume associated with depressed affect but not
the somatic/vegetative or interpersonal components of
depression. In line with a role for neuroendocrine-limbic
pathways for mood dysregulation in MS (as opposed to
vegetative symptoms), recent evidence suggests that ele-
vated salivary cortisol levels are associated with depressed
mood [Gold et al., 2010, 2011; Kern et al., 2011] but not
fatigue [Gold et al., 2011] in MS. This suggests that while
fatigue and depression often co-occur in MS, they may be
mediated by different biological mechanisms.

One inherent limitation of surface mapping techniques
is that only structures on the outside of the brain region in
question can be examined. In addition, the thickness mea-
sure obtained uses distance from the midline as a refer-
ence point. Thus, a clustering of volume changes on a
three-dimensional structure may be due to decreased vol-
ume of the surface area, in substructures underneath or

changes in volume at the opposite side. Therefore, in the
current analysis, inferences about a selective association of
depression with anatomically defined hippocampal sub-
fields are not possible. However, some of the clusters iden-
tified are consistent with shape changes in cornu ammonis
2-3. Given that these subfields were also implicated in our
previous study [Gold et al., 2010] using anatomically
defined manual tracings that circumvent the limitations of
shape analyses, together, these studies provide evidence
that there might be subregional clustering of hippocampal
volume differences in MS-depression.

In the current study, we found significant differences in
the right but not the left hippocampus. A possible hemi-
spheric laterality has been proposed for idiopathic depres-
sion [Guinjoan et al., 2010]. However, data on a
lateralization of structural brain changes are inconclusive.
An early meta-analysis of studies on the hippocampus in
MDD found significant associations between number of
depressive episodes only on the right [Videbech and Rav-
nkilde, 2004] but a later meta-analysis did not find evi-
dence for lateralization [McKinnon et al., 2009]. More
recent studies using surface renderings found no laterali-
zation [Ballmaier et al., 2008; Posener et al., 2003] or
reported the right hippocampus to be more severely
affected in MDD [Cole et al., 2010]. Thus, laterality find-
ings might be simply due to chance or depend on the
method used. However, one recent study in a sample
including only female patients with familial depression
showed reduced volumes of the right but not the left hip-
pocampus [Nifosi et al., 2010]. The authors interpret this
finding as an indication for sex-specific associations
between lateralized hippocampal volumes and depression.
In line with this hypothesis, our previous study including
both male and female patients with MS with depression
showed significant differences on both right and left hip-
pocampus [Gold et al., 2010] while our current analysis
including only female patients indicated hippocampal
volume reductions only on the right. Whether or not there
is indeed a sex-specific hippocampal lateralization in MS-
depression remains to be elucidated in larger samples
including both male and female subjects.

In addition, correlations between the hippocampus and
depressive affect, while statistically significant, were com-
paratively low. Bivariate biopsychological associations are
often low since functions such as mood regulation are
highly complex and likely not determined by a single
brain structure. Indeed, brain abnormalities in MDD have
also been reported in frontal regions such as the anterior
cingulate and the orbitofrontal cortex in several studies
(see [Koolschijn et al., 2009] for review). However, smaller
hippocampal volumes are among the most consistently
documented neuroanatomical substrates of major depres-
sion. Hippocampal volume is also one of the few brain
abnormalities that distinguish unipolar depression from
bipolar disorder [Kempton et al., 2011]. In addition, a bio-
logical rationale for the importance of the hippocampus in
depression is provided by a large body of evidence from
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clinical and preclinical studies [Macqueen and Frodl,
2011]. Recent studies on MS depression have shown asso-
ciations with the hippocampus [Gold et al., 2010; Kiy
et al., 2011] and other temporal as well as frontal areas
[Feinstein et al., 2010]. Future studies should therefore aim
to dissect the individual contribution of these areas to MS-
depression to better understand the complex neuroana-
tomical network underlying depressive symptomatology
in this population.

It is interesting to note that the correlations between related
biological functions in this context tend to be stronger. For
example, in our previous report, the correlation between corti-
sol levels and smaller subregional hippocampal volumes was
stronger than the associations of either of those two biological
components with depression severity [Gold et al., 2010].
Thus, future studies on the pathogenesis of depression in MS
should include additional mechanistic markers.
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