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Abstract

Objectives—Smaller hippocampal volumes are observed in depression but it remains unclear
how antidepressant response and persistent depression relate to changes in hippocampal volume.
We examined the longitudinal relationship between hippocampal atrophy and course of late-life
depression.

Setting—Academic medical center.
Participants—Depressed and never-depressed cognitively intact subjects age 60 or older.

Measurements—Depression severity was measured every three months with the Montgomery-
Asberg Depression Rating Scale (MADRS). Participants also completed cranial 1.5T MRI every
two years. We compared two-year change in hippocampal volume based on remission status, then
in expanded analyses examined how hippocampal volumes predicted MADRS score.

Results—In analyses of 92 depressed and 70 never-depressed subjects, over two years the cohort
whose depression never remitted exhibited greater hippocampal atrophy than the never-depressed
cohort. In expanded analyses of a broader sample of 152 depressed elders, depression severity was
significantly predicted by a hippocampus by time interaction where smaller hippocampus volumes
over time were associated with greater depression severity.
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Conclusions—Hippocampal atrophy is associated with greater and persistent depression
severity. Neuropathological studies are needed to determine if this atrophy is related to the toxic
effects of persistent depression or related to underlying Alzheimer’s disease.
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INTRODUCTION

Substantial evidence implicates the hippocampus in the pathophysiology of major
depressive disorder (MDD). Such work began with the recognition that hippocampal
volumes are smaller in patients with MDD, particularly in those individuals with a longer
duration of depression.22 These findings support a neurotoxicity hypothesis %> proposing
that stress-related increases in glucocorticoids and decreases in neurotrophic factors
adversely affect hippocampal neurons and result in hippocampal volume loss. However,
other evidence supports that smaller hippocampi may create a predisposition or vulnerability
to MDD.® Genetic or early environmental influences may adversely affect hippocampal
structure and function, in turn increasing vulnerability to stress-related psychiatric
disorders.” Thus there is potentially a reciprocal relationship between depressive episodes
and hippocampal structure.8:9

This picture is even more complicated in older adults with MDD, or late-life depression
(LLD). As in younger and midlife adults, compared to nondepressed cohorts, LLD is
associated with smaller hippocampal volumes 10-12 and greater reductions in hippocampal
volume over time.13-14 Smaller hippocampal volumes in LLD are also associated with
greater depression severity,1° while incident depressive episodes and greater depression
severity are associated with a greater longitudinal reduction in hippocampal volume over 6
to 7 years.16 Factors contributing to smaller hippocampal volumes in LLD include the same
factors contributing to smaller hippocampi in younger adults. However, depression is
considered a risk factor for or early symptom of Alzheimer’s disease (AD),1719 itself
characterized by progressive hippocampal atrophy.20-21

A number of studies also demonstrate that hippocampal volume is associated with poor
response to antidepressant treatment. Studies in both general adult MDD populations and
LLD specifically demonstrate that smaller baseline hippocampal volumes are associated
with poorer acute response to antidepressants.22-24 Similarly, smaller hippocampal volumes
at baseline can predict poorer long-term antidepressant treatment outcomes of up to three
years.25-28 The longitudinal relationship between change in hippocampal volume and
antidepressant outcomes is less well studied. This is a crucial issue as studies examining
animal models demonstrate that antidepressants may alleviate the effects of stress on the
hippocampus while also improving neurogenesis.®29-31 Such antidepressant effects on the
hippocampus could be seen using MRI in human populations, as demonstrated in studies
investigating post-traumatic stress disorder (PTSD).32:33 However, results from studies in
MDD are mixed, with reports that antidepressant treatment either increases 34:3° or has no
effect on hippocampal volumes.3® Similarly, a study by Frodl and colleagues demonstrated
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that individuals who took antidepressants consistently over three years showed increases in
hippocampal volumes.28 However, they did not find significant differences in hippocampal
volumes in the broader sample of depressed and nondepressed subjects.

Although incident depression and greater depression severity in older adults is associated
with greater hippocampal atrophy, 6 the relationship between change in hippocampal
volume and treatment course has not been well addressed. The purpose of this study is to
examine the longitudinal relationship between the persistence of depression and change in
hippocampal volume. We hypothesized that, over the study period, greater hippocampal
atrophy would be associated with poorer antidepressant treatment outcomes and higher
levels of depression severity. As antidepressant effects on hippocampal neurogenesis decline
with age 37 and as hippocampal atrophy occurs both in normal aging and with
neurodegenerative processes,38 we did not expect to observe any statistically significant
increases in hippocampal volumes over the study period.

METHODS AND MATERIALS

Study Participants

Participants entered this longitudinal study through several mechanisms at Duke University
Medical Center. Starting in 1994, participants began enrolling in the National Institute of
Mental Health (NIMH)-sponsored Mental Health Clinical Research Center for the study of
Depression in Later Life and its longitudinal sister study. In 2001, these programs
transitioned to the Conte Center for the Neuroscience of Depression in the Elderly and the
companion Neurocognitive Outcomes of Depression in the Elderly (NCODE) longitudinal
study.

Eligible depressed subjects were aged 60 years or older and met diagnostic criteria for
MDD, single episode or recurrent episodes. Diagnosis was based on the NIMH Diagnostic
Interview Schedule (DIS) 39 and confirmed by clinical interview. Exclusion criteria included
other major psychiatric illnesses, including bipolar disorder and lifetime alcohol or
substance abuse or dependence. Individuals with primary neurologic illnesses that could
affect structural brain MRI scans were excluded, including dementia, Parkinson disease,
multiple sclerosis, and seizure disorders. Contraindications for magnetic resonance imaging
(MRI) were also an exclusion criterion. Although individuals meeting diagnostic criteria for
anxiety disorders were excluded, participants with comorbid anxiety symptoms were
included, as long as major depressive disorder was judged by the study psychiatrist to be the
primary diagnosis.

Nondepressed comparison subjects were recruited through the Center for Aging Subject
Registry at Duke University, which includes community-dwelling elders in central North
Carolina. Eligible comparison subjects were age 60 years or older, had a honfocal
neurologic examination, no self-report of neurologic disease or depressive disorder, and no
evidence of depression based on the DIS.39

The study was approved by the Duke University Medical Center Institutional Review Board.
All study participants provided written informed consent prior to enrollment. We have
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previously published longitudinal results from this cohort examining the relationship
between change in hippocampal volume, stress,% and subsequent cognitive decline.14:41
These prior studies did not examine the relationship between hippocampal volume and
course of depression severity with treatment.

Clinical evaluation and treatment

At baseline, a study geriatric psychiatrist interviewed each depressed subject and completed
standardized assessments, including the Montgomery-Asberg Depression Rating Scale
(MADRS).*2 Nondepressed participants were not evaluated with the MADRS. Al
participants completed the Mini-Mental State Examination (MMSE) 43 at baseline, and
individuals who scored below 25 were excluded from the study. Clinical assessments of
depressed participants with repeat MADRS scoring was performed every three months and
when clinically indicated. All study psychiatrists are trained on completion of the MADRS
with high interrater reliability (x > 0.9).

Depressed subjects were treated according to the Duke Somatic Treatment Algorithm for
Geriatric Depression.** This algorithm engages a stepwise approach that allows broad use of
commercially available antidepressant modalities. Although the majority of depressed
subjects were prescribed sertraline on study entry, the antidepressant regimen differed across
the sample based on depression severity, past treatments, medication tolerability, and
response. Switching antidepressant medications and augmentation strategies were allowed
as necessary for subjects who did not respond to initial treatment. Participants were
evaluated at least every three months and were seen more frequently as necessary as
clinically indicated. Although not routinely recommended to all subjects, psychotherapy and
electroconvulsive therapy were also treatment options. However, no participants in the
current study received electroconvulsive therapy.

MRI Acquisition and Analysis

After screening for contraindications, cranial MRI was performed using a 1.5 Tesla, whole-
body MRI system (Signa, GE Medical Systems, Milwaukee, W1) using the standard head
(volumetric) radiofrequency coil. Alignment was confirmed by a rapid sagittal localizer scan
and then two dual-echo, fast spin-echo acquisitions were obtained: the first in the axial plane
for morphometry of cerebral structures and the second in a coronal oblique plane for
morphometry of the hippocampus. Our MRI acquisition protocol has been previously
described.1045 MRI was repeated on the same scanner approximately every two years.
However, the coronal acquisition was added after study initiation, so not all participants had
hippocampal volume measures at study entry.

Image processing occurred at the Duke Neuropsychiatric Imaging Research Laboratory
(NIRL). Tissue segmentation and measurement of total cerebral volume was performed
using previously described methods.*® This segmentation process utilized the different
image contrasts to identify differing tissues (white matter, gray matter, CSF) and identified
and allowed for quantification of white matter hyperintensity (WMH) volume. Total
cerebral volume included total white and gray matter, WMH and CSF volumes in both
hemispheres.#>
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The hippocampus was delineated using previously described methods.1? Beginning with the
most posterior coronal slice and moving anteriorly, analysts measured the hippocampus on
each side where the pulvinar nucleus of the thalamus obscured the crura fornicis. Both the
fimbria and the thin strip of gray matter along the medial border of the hippocampus were
cut at their narrowest points. Tracing continued around the hippocampal body to the starting
point. The amygdala-hippocampal transition zone appeared as a diffuse area of gray matter
between the anterior portion of the hippocampus and the posterior portion of the amygdala,
and was also transected at its narrowest point. The anterior border of the hippocampus was
defined as the slice on which the inferolateral ventricle appeared horizontally without any
body of gray matter visible below it.

All analysts received extensive training. Reliability was established by repeated
measurements separated by at least a week on multiple MRIs before raters were approved to
process study data. Intraclass correlation coefficients were: left hippocampus=0.8; right
hippocampus=0.7; left WMH = 0.988; right WMH = 0.994; and total cerebral
volume=0.997.

Analytic Plan

We planned two sets of analyses involving different samples. First, we tested for differences
in change in hippocampal volume over two years based on diagnosis and antidepressant
response. We limited these analyses to those participants who had hippocampal measures at
both study entry and at the 2-year assessment. Second, we examined the longitudinal
relationship over time between depression severity, measured by MADRS, and hippocampal
volume. These analyses were limited to depressed subjects as the nondepressed cohort did
not have MADRS data. However, we did not limit the analyses only to subjects with
baseline and 2-year hippocampal data. We also included subjects who had baseline-only
measures and longitudinal hippocampal measures, but no baseline hippocampus measure.
Missing baseline measures were due to subject enrollment prior to initiation of the coronal
MRI acquisition needed for hippocampus measures or subject inability to complete MRI. All
analyses were conducted using SAS version 9.2 (Cary, NC).

For the two-year analyses, we divided the sample into four cohorts. This included a) never
depressed comparison subjects, b) depressed subjects who achieved and maintained
remission (defined as achieving a MADRS < 5 for two consecutive assessments), )
depressed subjects who remitted but later relapsed (subsequent MADRS > 10), and d)
depressed subjects who never remitted. We limited these analyses to subjects who had
hippocampal data at baseline study entry. For univariate analyses of demographic and
neuroimaging data, we used ANOVA for continuous variables and chi square tests for
categorical analyses.

This set of analyses used mixed models (PROC MIXED). Our dependent variable was
change in hippocampus volume, included as a repeated measure to account for right or left
hemisphere. For our primary models, covariates included diagnostic cohort, total cerebral
volume, hemisphere, age, and time between scans. For secondary models, we planned to
incorporate demographic variables that differed significantly among the diagnostic cohorts.
We additionally included WMH volume as a covariate, as change in WMH volume is
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associated with depression outcomes.*6 If change in hippocampus volume was significantly
associated with diagnostic cohort, we anticipated using least square means analyses to test
for pairwise comparisons of the adjusted means. For these analyses, we conducted
uncontrolled t-tests.

The second set of analyses examining the relationship between depression severity and
hippocampal volumes used mixed models (PROC MIXED) to predict MADRS scores over
the study period. Covariates included hippocampus volume, cerebral volume, hemisphere,
baseline MADRS, WMH volume, sex, age, and time. Hippocampus volume was a repeated
measure, both in hemisphere and in time. In these models we were specifically interested in
an interaction between time and hippocampus volume, examining how change in
hippocampus volume over time predicted MADRS scores over the study period.

Diagnostic status and two-year change in hippocampal volume

Initial analyses tested for differences in two-year change in hippocampal volume between
diagnostic cohorts. These analyses included data on 162 elderly individuals, consisting of 47
depressed individuals who achieved and maintained remission, 18 who remitted but then
relapsed, 27 who never achieved remission, and 70 never-depressed comparison subjects.
Most demographic variables did not differ between the cohorts (Table 1). Exceptions
included education, wherein the never-depressed cohort was significantly more educated
than all depressed cohorts, and sex representation, where the never-depressed cohort had a
higher representation of women.

In univariate comparisons, unadjusted hippocampal volume measures at both baseline and
year 2 did not significantly differ between the cohorts (Table 2). To determine if year 2
measures differed significantly from baseline measures, we conducted two-tailed t-tests
comparing these measures within each cohort. There were no significant differences
between baseline and year 2 hippocampal measures for any cohort (data not shown) except
in the nonremitting cohort, where year 2 measures were significantly smaller than baseline
measures for the total hippocampus volume (t = 2.17, 26df, p = 0.0385) and left hemisphere
volume (t = 2.43, 26df, p = 0.0218) but not right hippocampus (t = 1.65, 26df, p = 0.1107).

We then used models to test for cohort differences in change in hippocampus volume (Table
3). The a priori parsimonious model (Model 1) included baseline cerebral volume, age,
hemisphere (left or right hippocampus), and time between scans as covariates. A secondary
model (Model 2) incorporated WMH volume but also sex and education as covariates as
these variables differed among cohorts in univariate analyses (Table 1). In Model 1, change
in hippocampal volume was significantly predicted by cohort assignment. Through pairwise
comparisons of adjusted means, this finding was due to a significant difference between the
nonremitted subjects and the never-depressed subjects (uncorrected t-test, t = 2.81, 163df, p
= 0.0055). Although we did not plan on controlling for multiple comparisons, this difference
remains statistically significant after a Bonferroni correction (6 comparisons, resulting in an
adjusted significance level of 0.0083). No other cohort comparisons demonstrated
statistically significant differences. However, in Model 2, hippocampal volume change did
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not significantly differ by cohort after controlling for sex, education, and WMH volume.
None of the added variables significantly predicted change in hippocampus volume.

Longitudinal Depression severity and hippocampus volume change

Subsequent analyses examined if longitudinal hippocampus volume measures predicted
depression severity. For these analyses, we included an additional 60 depressed subjects
with hippocampal data. These individuals either had a baseline-only MRI or had
longitudinal hippocampal data but with baseline scans prior to initiation of the coronal
acquisition needed for hippocampal measurement. Including the 92 depressed subjects
examined in our 2-year analyses described above, this resulted in an expanded cohort of 152
depressed adults. Subjects had a mean age at study entry of 69.7y (SD = 6.9y, range 60—
88y). The cohort was 63% (N=96) women and 85% (N=129) Caucasian, with the majority
of the other subjects being African-American. Other demographic characteristics of this
expanded cohort were comparable to those displayed in Table 1. Participants were in the
study from 0 days (baseline-only assessments) to 3,123 days, with a mean duration of
participation of 942 days (SD=902 days).

We examined mixed models predicting MADRS score over the course of study
participation. Covariates included baseline MADRS, age, education, sex, and time.
Hippocampus volume, WMH volume, and cerebral volume were included as repeated
measures, using hemisphere as a variable to discriminate between the left and right
hippocampus. As we hypothesized we would see a relationship between MADRS score and
change in hippocampus over time, we examined an interaction term between time and
hippocampus volume (Table 4). Examination of this interaction term showed that
individuals with smaller hippocampal volumes over time demonstrated increasing or non-
decreasing MADRS trajectories. Notably, there was no direct effect of WMH volumes on
MADRS scores. We also examined an interaction term between WMH volume and time, but
as this did not reach a threshold of statistical significance, it was removed from the model
and is not reported.

DISCUSSION

Although smaller hippocampal volumes have previously been associated with LLD and
poorer antidepressant response in LLD, to our knowledge this is the first report to associate
progressive hippocampal atrophy with persistence of depressive symptoms in LLD. Our
primary finding is that in a cohort with LLD, persistent depression severity is associated
with hippocampal atrophy.

Importantly, our two analytic models resulted in similar conclusions. Compared with the
never-depressed cohort, in parsimonious models the nonremitting cohort had greater atrophy
of the hippocampus bilaterally (Table 3). Similarly, smaller hippocampal volumes over time
were associated with increasing or non-decreasing depression severity (Table 4). The
consistency of our findings is important as in the full model (Table 3), cohort differences in
hippocampal volume change were not statistically significant after controlling for sex,
education, and WMH volume. Although this difference between models necessitates caution
when interpreting the results, we feel confident in relying on the parsimonious model as

AmJ Geriatr Psychiatry. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Taylor et al.

Page 8

none of the additional covariates added to the full model were significantly associated with
change in hippocampal volume. Our finding is largely concordant with past work
associating smaller hippocampal volumes with poorer long-term course of depression.2>-28
Moreover, our findings are concordant with population studies finding that depression in
older adults is associated with brain atrophy, including volumetric differences in the
hippocampus.12:16

Although not the focus of this report, WMH volumes were not significantly associated with
the dependent variables in either model. The lack of a significant association between
change in WMH volume and hippocampal volume change (Table 3) is concordant with past
reports that did not find significant associations between these measures in other elderly
populations with cognitive impairment.47:48 Although we have previously reported a
relationship between change in WMH volume and course of antidepressant response in
LLD,*8 in this study we did not find a significant relationship between WMH volumes and
longitudinal depression severity. Given differences in the analytic approach used across
these studies, this requires more study. It is possible that WMHSs may influence response to
antidepressants, but are less associated with fluctuations in mood over the course of
treatment. As we have previously proposed, it is also possible that the effects of WMH on
depression and the antidepressant response depend on hyperintensity location.4

In contrast to past reports in MDD and PTSD,32-34 we did not observe statistically
significant increases in hippocampal volume in any cohort. One explanation for these
discrepant findings may that the antidepressant effect on hippocampal neurogenesis declines
with age,37 thus limiting our ability to observe a positive effect of antidepressants on
hippocampus structure. However, as some other studies in MDD have also not found an
effect of antidepressant treatment on hippocampal volume,3® there may not be a measurable
effect to observe. When considering this issue, it is important to recognize that we examined
an elderly cohort over two years. It is possible that the effect of aging on hippocampus
structure may counterbalance the acute effects of antidepressants on neurogenesis and
hippocampal morphology, particularly if neurogenesis is reduced with aging.

Our study has clinical implications. If replicated, it is possible that a reduction in
hippocampal volume is an important biomarker associated with antidepressant nonresponse
in LLD. Moreover, hippocampal atrophy is followed by cognitive decline and conversion to
AD in both nondepressed 21:50.51 and depressed elders.13:14 Thus we are observing a
phenomenon wherein a failure to remit with antidepressant treatment is associated with
greater hippocampal atrophy. Such atrophy is then associated with subsequent cognitive
impairment. This is an important subgroup requiring further study that may benefit from
targeted interventions.

The study’s limitations include issues related to antidepressant treatment. Although
participants met diagnostic criteria for MDD at entry, many depressed participants were
taking antidepressants at enrollment. However, duration of depressive symptoms and
duration of antidepressant use prior to enrollment was not available. Moreover,
antidepressant treatment varied in the population over the course of the study, reflecting
real-world concerns of working to provide participants with the best chance possible of
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achieving remission. Although addressed clinically, antidepressant treatment compliance
was not quantified, and so it is possible that individuals who were less compliant had a
poorer treatment response and also greater hippocampal atrophy. These issues complicate
interpretation of study data, but do not diminish the importance of our primary finding and
the variability in antidepressant use reflects clinical practice for refractory patients.

Other limitations relate to the imaging methods. These data were acquired on 1.5T MRI,
resulting in lower resolution of structures that likely contributed to the lower ICCs (0.7 —
0.8). Finally, this study was focused solely on the hippocampus. Atrophy or changes in the
prefrontal cortex, cingulate gyrus, or entorhinal cortex could also affect treatment
outcomes.®2 We could not examine that issue as we did not have volumetric data for discrete
gray matter regions. Additionally, we do not have discrete data on the presence or severity
of vascular risk factors that are associated with hippocampal volumes, such as hypertension,
diabetes, or smoking.>3 Finally, our initial models are limited by a relatively small sample
size in some cohorts. However, we address this concern by combining all depressed subjects
in our additional models examining depression severity.

In conclusion, hippocampal atrophy is associated with greater depression severity in older
adults over two years. Such hippocampal atrophy may potentially serve as a biomarker
predicting both reduced likelihood of response to antidepressants but also risk of cognitive
decline. Future research should investigate this relationship further by also including probes
of Alzheimer pathology, such as amyloid imaging. Depressed elders are an important
population to study further to determine what treatments may improve both affective and
cognitive symptoms.
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<// ~+-Remitted
N Relapsed

-*~Nonremitted

=*Never Depressed

Baseline Year 2

Two-year change in proportional hippocampus volumes

Total hippocampal volumes at baseline and year two. Presented are adjusted means for each
time point, controlling for age and baseline cerebral volume. After controlling for these
covariates in addition to time and hemisphere, hippocampal volume change differed
significantly between cohorts (Table 3). This was primarily related to differences between
the nonremitted and never-depressed cohorts. Other cohort comparisons did not demonstrate
statistically significant differences.
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Models examining cohort differences in hippocampal volume change over 2 years

Table 3

Model 1 Model 2
Variable F value p value F value p value
« Cohort Fais=279 | 00385 | Fj316,=2.23 | 0.0866
« Age F1163=0.19 | 0.6606 | F1164=0.02 | 0.8862
« Hemisphere Fi163=045 | 05045 | F16,=045 | 05045
* Cerebral volume | F;163=0.10 | 0.7551 | F6,=0.64 | 0.4248
« Time F1163=0.00 | 09738 | F116,=0.01 | 0.9427
* Sex - - F1164=1.05 | 03077
 Education - - F1164=050 | 0.4817
« WMH volume F1164=0.46 | 0.5003

Page 16

These mixed models predict two-year change in hippocampus volume. Parsimonious Model 1 was developed according to our a priori plan. Model
2 includes sex, education, and WMH developed as those demographic variables differed between diagnostic cohorts or had previously been
associated with hippocampal volumes. Time refers to time between scans; hemisphere refers to right or left hippocampus. WMH = white matter
hyperintensity volume.
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Models predicting longitudinal relationship between hippocampus volume and MADRS score

Variable F value p value
Hippocampus Volume F 15603 =18.03 | <0.0001
Cerebral volume F 15603 = 0.99 0.3206
WMH volume F 15603 = 0.05 0.8183
Baseline MADRS F 15603 =0.03 | 0.8664
Sex F1ss03=076 | 0.6362
Age Fisss=076 | 0.3823
Education F 15603 = 0.02 0.8865
Time F 15603 = 7.42 0.0065
Hemisphere F 15603 =0.29 0.5876
Hippocampus * Time interaction | F ;5603 =24.68 | <0.0001

Table 4
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This repeated measure mixed model analysis includes 152 depressed elders who had hippocampal volume measures at any time during their study
participation. This analysis includes the 92 depressed participants included in the previous analyses detailed in Tables 1-3. Time refers to time in

the study; hemisphere refers to right or left hippocampus. WMH = white matter hyperintensity volume. MADRS = Montgomery-Asberg

Depression Rating Scale.
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