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Abstract

Depressive symptoms are more prevalent in persons with HIV (PWH) than HIV-
uninfected individuals. In HIV-uninfected individuals, depression has been associated
with atrophy in the hippocampus and other brain regions. In the present study, we
investigated the impact of depression on brain structure in PWH. One hundred PWH
participated in a cross-sectional study (56.6 + 6.4 yrs, range 41-70 yrs, 24 females,
63 African Americans). The Beck's Depression Inventory-Il (BDI-Il) was used to assess
depressive symptoms. Structural MRI images were collected. Both the voxel-based
morphometry (VBM) technique and a region of interest (ROI) based approach were
used to examine the relationship between hippocampal gray matter volume (GMv)
and depressive symptoms. The impact of HIV CD4 nadir and antidepressants was
also investigated. Both VBM and ROI approaches revealed that higher BDI-Il scores
(implicating more severe depressive symptoms) were associated with loss of hippo-
campal GMy, especially in the right hippocampus and the right entorhinal cortex.
Low CD4 nadir predicted additional hippocampal volume loss independent of depres-
sive symptoms. Taking antidepressants did not have a detectable effect on hippo-
campal volume. In summary, having more depressive symptoms is associated with
smaller hippocampal volume in PWH, and a history of severe immunosuppression
(i.e., low CD4 nadir) correlates with additional hippocampal volume reduction. How-
ever, the impact of depression on hippocampal volume may be independent of HIV-

disease severity such as low CD4 nadir.

KEYWORDS
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1 | INTRODUCTION

Major depressive disorder (MDD) is a leading cause of disability
worldwide (Ferrari et al., 2013). Theories of depression have proposed
important roles of the frontal, limbic, and subcortical networks in
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MDD (Disner, Beevers, Haigh, & Beck, 2011; Jacobs, van Praag, &
Gage, 2000; Price & Duman, 2020), including the amygdala, anterior
cingulate cortex (ACC), medial temporal lobe (MTL) (especially the hip-
pocampus), prefrontal cortex (PFC), striatum, and thalamus. Different
modalities of brain imaging studies have provided converging evi-
dence supporting the involvement of these brain regions and circuits
in depression (Gray, Miiller, Eickhoff, & Fox, 2020). Structural MRl is a
standard procedure to detect and assess brain atrophy in both clinical
practice and basic research. Using structural MRI techniques, numer-
ous studies have shown that depression is associated with atrophy in
the ACC, MTL, PFC, striatum, and thalamus (Bora, Fornito, Pantelis, &
Yicel, 2012; Kempton et al., 2011; Koolschijn, van Haren, Lensvelt-
Mulders, Hulshoff Pol, & Kahn, 2009; Schmaal et al., 2016; Schmaal
et al., 2017; Zhao et al., 2014). In particular, hippocampal volume loss
has been the most frequently replicated brain imaging observation
associated with depression (Arnone et al., 2016; Bora et al., 2012;
Campbell, Marriott, Nahmias, & MacQueen, 2004; Kempton
et al,, 2011; Schmaal et al., 2016; Videbech & Ravnkilde, 2004).

In persons with HIV (PWH), the prevalence of lifetime MDD is
approximately two to three times higher than in the general popula-
tion (Rezaei et al., 2019). A recent comprehensive review estimates a
prevalence of 24% for current MDD and 42% for lifetime MDD in
PWH (Rubin & Maki, 2019). The high prevalence of depression is
likely due to a combination of both psychosocial (e.g., early life stress,
socioeconomical status, etc.) and biological factors (e.g., neurotoxicity
due to HIV disease and antiretroviral treatment, chronic neu-
roinflammation, etc.) (Arseniou, Arvaniti, & Samakouri, 2014). Depres-
sion in PWH is linked to worse outcomes, including higher mortality
rate (Ickovics et al., 2001; Pence et al., 2018), antiretroviral (ARV) non-
adherence/virological failure (Gokhale et al., 2019), reduced quality of
life (Rooney et al., 2019), cognitive impairment (Rubin & Maki, 2019)
and steeper cognitive decline (Paolillo et al., 2020; Rubin & Maki,
2019). The most commonly affected cognitive domains are similar to
those impacted by depression in the general population (Rock, Roiser,
Riedel, & Blackwell, 2014), including executive function, learning and
memory, processing speed, and motor function (Rubin & Maki, 2019).
Several brain-imaging studies have provided evidence supporting the
involvement of the frontal, limbic, and subcortical regions in PWH
with depression. Diffusion tensor imaging reveals increased fractional
anisotropy (FA) in white matter in the frontal, temporal, cingulate,
thalamus, striatum, and ventral tegmental area in PWH with depres-
sion (Smith et al., 2008; Stubbe-Drger et al., 2012). Using a region-of-
interest (ROI) based approach, three studies investigated the relation-
ship between depression and the volume of several subcortical
regions in PWH. Of the three studies, two reported null finding: one
study reported no significant correlation between depressive symp-
toms and the volume of caudate or nucleus accumbens (Paul et al.,
2005); the other study found no difference in basal ganglia volume
between PWH with depression versus PWH without depression
(Davison et al., 1997). In the third study, Kallianpur and colleagues
investigated the relationship between depression and seven subcorti-
cal regions, including the caudate, hippocampus, nucleus accumbens,

and other subcortical regions (Kallianpur et al., 2016). They found

marginal negative correlations between depressive symptoms and the
volume of the hippocampus (p = .053) and caudate (p = .046), but not
the nucleus accumbens or any other regions (Kallianpur et al., 2016).
Resting state functional connectivity technique revealed altered func-
tional connectivity (FC) between regions within the frontal, limbic, and
subcortical networks, especially the ACC and amygdala, in both chronic
(Mclntosh et al., 2018) and acute infection patients (Philippi et al., 2020).
Data from positron emission tomography (PET) scan with ((})C)DASB—a
radiopharmaceutical for 5-hydroxytryptamine transporter (5-HTT)—
suggests that synaptic serotonin levels are altered in PWH with depres-
sion (Hammoud et al., 2010). The association between altered serotonin
levels and depression in PWH is further supported by the data from SIV-
infected rhesus macaques (Shah et al., 2019). However, overall brain
imaging studies of depression in PWH have been limited and many ques-
tions remain to be addressed.

In this study, we aimed to investigate the relationship between
depression and gray matter volume (GMv) in adults with HIV, using
the voxel-based morphometry (VBM) technique as well as an ROI-
based approach. The impact of antidepressants on hippocampal vol-
ume was investigated. In addition, we examined whether HIV clinical
factors (i.e., current and nadir CD4 counts) affected brain structure by

interacting with depression.

2 | METHODS

21 | Participants

One hundred and four PWH from the Washington, DC area were rec-
ruited for this study. All participants completed a brief phone screen-
ing and an hour-long in-person screening to determine eligibility (41-
70 years old, at least 8 years of education, not claustrophobic, safe for
MRI scan, no drug use in at least 3 months, no history of serious brain
injury or psychotic disorders). During the in-person screening visit and
prior to enrollment, a written consent form, approved by the George-
town University's Institutional Review Board, was obtained from each
participant. Eligible participants completed (a) an extensive, seven-
domain, neuropsychological test battery (Blackstone et al., 2012;
Hassanzadeh-Behbahani et al., 2020); (b) a MRI scanning session; (c) a
hospital visit for measurement of vital signs and blood counts of CD4,
CD8, and HIV viral load; (d) self-report measures of lifetime substance
use, depression, mania, HIV history (including self-reported lifetime
nadir CD4 count), and current medications (including date of last use);
and (e) an examination-day urine drug screen. Previous studies have
shown that self-reported nadir CD4 is reliable and strongly correlated
with available medical records (Buisker, Dufour, & Myers, 2015; Ellis
et al,, 2011). Two participants were excluded due to MRI abnormali-
ties (McCune-Albright Syndrome [n = 1], suspected benign tumor
[n = 1]). The Beck's Depression Inventory (BDI-II) total score was used
to determine which participants had current depression (total BDI-II
210, n = 30). The cut-off score of 10 has been used by several other
studies with clinical patient populations (Low & Hubley, 2006;
Moullec, Plourde, Lavoie, Suarthana, & Bacon, 2015) and was chosen in
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the present study as previous studies suggest that hippocampal volume
reduction may emerge early on, that is, while depressive symptoms are
still rather mild (Kallianpur et al., 2016). In addition, we conducted a sen-
sitivity analysis using a cut-off score of 14 and obtained similar results.
Two BDI-ll outliers (total BDI-Il > 3 SDs above the mean) were excluded,
leaving a total sample of 100. Three participants were not able to provide
a sufficient blood sample during the visit, so current CD4, CD8, and HIV
viral load counts are based on 97 participants (current depression
n = 29, without current depression n = 68). One participant (without
current depression) did not remember his nadir CD4, so self-report nadir
CD4 group differences were calculated using data from 99 participants.
One participant in the currently depressed group was not prescribed
combination antiretroviral therapy (cART) medication and was left out of
the cART adherence analysis (for a complete breakdown of ARV medica-
tions used by the participants, see Figure S1). As in our previous study
(Hassanzadeh-Behbahani et al., 2020), HAND status was determined for
each participant based on performance on cognitive testing and the
number of impairments reported on the Activities of Daily Living ques-
tionnaire. In order to determine the potential impact of antidepressant
use on the relationship between depression and GMy, a list of generic
and brand name antidepressants (57 total, Table S1) was crosschecked

against each participant's self-reported current medications.

2.2 | Neuropsychological testing

All participants underwent a comprehensive neuropsychological
assessment comprising 12 standardized tests that assessed seven
neurocognitive domains, including speeded information processing,
verbal fluency, learning, memory, executive function, working mem-
ory, and motor abilities (Table S2). Additionally, participants com-
pleted the Lawton and Brody Activities of Daily Living questionnaire
(1969) in which they self-reported any declines on everyday tasks
(e.g., managing finances, managing medications, etc.). A global deficit
score (GDS) was computed for each participant to determine
neurocognitive impairment based on a previously published algorithm
(Blackstone et al., 2012; Carey et al., 2004), with a higher GDS indicat-
ing a worse global neurocognitive function. The GDS and the daily
function were then used for HAND diagnosis using the standard Fras-
cati guideline (Antinori et al., 2007).

2.3 | MRI acquisition

MR images were obtained at the Georgetown University Medical
Center using a 3-Tesla Siemens (Erlangen, Germany) Magnetom Trio
with a 12-channel head coil (n = 58) or a 3-Tesla Siemens Prisma-Fit
scanner with a 20-channel head coil (h = 42). The same MR collection
parameters were used on both scanners to acquire high-resolution
T1-weighted images (Siemens 3D-MPRAGE): 1 mm? isotropic resolu-
tion, TR/TE = 1900/2.52 ms, flip angle = 9°, 160 contiguous 1 mm
sagittal slices, FoV = 256 mm (256 x 256 matrix). The effect of differ-

ent scanners was modeled as a nuisance categorical variable for all

statistical tests and additional analyses without the nuisance categori-
cal variable did not change the determination of significance for any
reported results. MRI, blood samples, and other data were collected at

the same visit on the same day.

24 | MRI preprocessing and data analysis

SPM12 (https://www.fil.ion.ucl.ac.uk/spm/) and the Computational
Anatomy Toolbox (CAT12, version 12.5) (www.neuro.uni-jena.de/cat/)
were used for preprocessing and analyzing MRI data using the default
pipelines and parameters. Briefly, the pipeline for processing structural
MR images in CAT12 includes bias-field correction, spatial-adaptive
Non-Local Means denoising, and simultaneous skull-stripping (includ-
ing adaptive maximum a posteriori estimation) and tissue type seg-
mentation with partial volume estimation. VBM was performed to
analyze group differences in GMv between subjects with and without
current depression. In all MRI analyses, age, education (self-reported
number of years), sex at birth, race (grouped as African-American or
non-African-American), total intracranial volume (TIV), lifetime depres-
sion (grouped as greater than or less than 1 year), and MR scanner
(see Section 2.3) were included as covariates of no interest. Similar
results were observed when lifetime depression was simply coded as
yes or no (regardless of duration). One participant was biracial (African
American/Hispanic) and was coded as African American in this analy-
sis. Voxelwise clusters that showed a significant difference in GMv
(FWE cluster-level correction p < .05, voxelwise threshold p < .001)
were extracted for follow-up analyses with antidepressant use, blood
test results, and self-reported nadir CD4.

Given that the hippocampus and other regions in the medial tem-
poral lobe (MTL) have a complex shape and anatomical variability that
complicates voxelwise alignment between subjects, high resolution
subject-specific parcellations of six MTL subregions (bilateral anterior
hippocampus, posterior hippocampus, and entorhinal cortex) were
obtained using the Automatic Segmentation of Hippocampal Subfields
(ASHS) software package (https://www.nitrc.org/projects/ashs)
(Yushkevich et al., 2015). The GMv of the six ROIls was extracted for

additional between-group comparison.

2.5 | Data analysis

All statistical analyses other than VBM analyses were conducted in
SPSS 25.0 (Chicago, IL) and included nuisance covariates for age, edu-
cation, race, and sex. For analyses that included GMv, TIV and scanner
were also included as nuisance variables. Two-sample t-tests were
used to identify group differences in continuous variables (age, educa-
tion, disease duration, and Total BDI-Il); whereas, chi-square tests
were used to test for group differences in categorical demographic
variables (proportion male, African-American, with detectable viral
load, adhering to cART regimen within 2 days prior to visit, using anti-
depressants, with a history of alcohol, tobacco, and marijuana use). A

significance threshold of p < .05 was used for all analyses of group
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differences. For non-normally distributed demographic counts (cur-
rent and nadir CD4), Wilcoxon rank sum tests were used to compare
distributions between groups. Separate ANCOVAs modeled with lin-
ear effects were run to investigate the potential effect of education
and lifetime depression as well as the impact of antidepressant use on
the relationship between current depression and ROl GMv. Linear
ANCOVAs were also used to test for differences in GMv within each
of the six MTL subregions. Correction for multiple comparisons of the
six MTL subregions output was performed using Benjamini and
Hochberg FDR-correction as implemented by the online SDM soft-
ware library calculator (https://www.sdmproject.com/utilities/?
show=FDR). Partial Pearson correlations were used to examine the
relationship between current and nadir CD4 and ROl GMuv. A Fisher's
z-test was conducted using an online calculator based on Eid et al.'s
work to compare the correlation of nadir CD4 with right hippocampal
GMv between groups (https://www.psychometrica.de/correlation.
html#fisher). SPSS's Binary Logistic Regression model was used to cal-
culate the odds ratios for having a detectable viral load due to current
depression. A moderation analysis was run using SPSS PROCESS v3.4
and examined effect of nadir CD4 on the relationship between GMv
and Total BDI-II. For data visualization (Figures 1, 3, and 4, Figures S4
and S5), unstandardized residualized values for ROl GMv, MTL subre-
gion GMys, Total BDI-Il, and current and nadir CD4 were calculated
after accounting for effects of nuisance covariates using SPSS's linear

regression model without mean centering.

3 | RESULTS

3.1 | Demographics

No significant difference was observed between groups (with depres-

sion vs. without depression) for most demographics (age, sex, race) or

FIGURE 1
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FIGURE 2 Lower gray matter volume in right ERC among

participants with current depression. Gray matter volume
(residualized values) in MTL subregions between currently depressed
and not currently depressed participants. Right ERC had significantly
less GMv for those with current depression. **FDR-corrected

p = .006. *uncorrected p = .02. Error bars show 95% Cl

any clinical (nadir CD4, estimated HIV disease duration, current CD4,
having a detectable HIV viral load) factor. Additionally, there were no
significant group differences in the proportion of participants adhering
to their cART regimen or taking antidepressants. There was a signifi-
cant difference in education between groups — those with current
depression averaged 1.4 fewer years of education than those without
current depression (p = .02). However, we conducted additional anal-
ysis to confirm that education did not affect the conclusion of the
study (see below).

There was no significant difference in neurocognitive per-
formance between the two groups (see Table S2 for a complete
list), nor in the lifetime use of tobacco, alcohol, or marijuana
(Table 1).

R2=.16
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Total BDI

20 30

Lower gray matter volume in participants with current depression. (a) Voxelwise locations of greater gray matter volume in

nondepressed than currently depressed subjects, uncorrected p < .001, at least 300 contiguous voxels. Only the right hippocampal cluster
(3,289 mm?) survived cluster-level significance correction for multiple comparisons (FWE p = .038). (b) Residualized values for total BDI-Il and
GMy of the right hippocampal cluster in Figure 1a. The scatter plot is for illustration purpose only
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FIGURE 3 Nadir CD4 is correlated with right hippocampal gray

matter volume. There was no significant difference between groups in
correlation with nadir CD4 (with current depression: (r[22] = .44,

n = 30, p = .03); without current depression: (r[61] = .27, n = 69,

p = .03; z=0.86, p = .20). Residualized values for nadir CD4 and
GMv. R Hip GMy, the GMVv of the right hippocampal cluster in

Figure 1a. Fitted lines: all participants (black solid line), participants
with current depression (red loosely dashed line), and participants
without current depression (blue densely dashed line)
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FIGURE 4 No difference in right hippocampal gray matter
volume within groups based on antidepressant use. Residualized
values for right hippocampal ROI gray matter volume. With current
depression: F(1,22) = 0.43, p = .52. Without current depression: F
(1,62) = 0.89, p = .35. Error bars show 95% Cl

3.2 | Voxel-based morphometry

Uncorrected VBM results revealed decreased GMv in bilateral hippo-
campus and left orbitofrontal cortex among those with current
depression compared to those without (Figure 1a, Table S3). The right
hippocampal cluster survived correction for multiple comparisons
(clusterwise FWE p < .05) and GMv was extracted from this cluster
for subsequent statistical analyses of demographic and clinical factors.

Figure 1b shows a scatterplot of GMv of the right hippocampal cluster

against the BDI-Il score (after controlling for age and other factors,
see Methods). Within the subset of PWH with current depression,
there was a marginal correlation between GMv of the right hippocam-
pal cluster and the BDI-Il score (p = .054). The two BDI-II-based out-
liers (see Section 2.1) were removed for this analysis; however,
including them did not change the determination of significance (-
Table S3). Additionally, education was not significantly correlated with
GMyv of the right hippocampal cluster (F[1,92] = 0.001, p = .98). For
the GMv of the right hippocampal cluster, the difference between
groups was not due to a history of lifetime depression (F[1,90] = .20,
p = .66; Figure S2), and VBM produced similar results after removing
history of lifetime depression as a covariate (data not shown).

3.3 | MTL subregion gray matter volume

We analyzed GMyv in six MTL subregions: bilateral anterior hippocam-
pus, posterior hippocampus, and entorhinal cortex (ERC) (Figure S3).
Only right ERC contained greater GMv in nondepressed compared to
depressed subjects (F(1,93) = 11.76, p(unc.) = .001, p(FDR) = .006);
though, right anterior hippocampus showed a similar trend (F
(1,93) = 5.65, p(unc.) = .02, p(FDR) = .06, Figure 2). Left anterior hip-
pocampus (H(93) = —.24, p(unc.) = .02, p(FDR) = .03) and right poste-
rior hippocampus (r(93) = —.25, p(unc.) = .02, p(FDR) = .03) GMv
each correlated with Total BDI-II (Table S4) but did not show signifi-
cant depression-group differences (left anterior F(1,93) = 3.18, p
(unc.) = .08; right posterior F(1,93) = 2.82, p(unc.) = .10).

34 | NadirCD4

Nadir CD4 correlated with the right hippocampal cluster's GMv
(Figure 3) (r[91] = .23, n = 100, p = .03; Figure 3) but not with total
BDI-Il (p = .43; Figure S4) and did not have a moderating effect on
the relationship between total BDI-Il and right hippocampal GMv
(model summary: F(9,89) = 18.3, p <.001, R? = .65; interaction of
total BDI-Il and nadir CD4 on right hippocampal GMv: AR? = .003,
b= -0.01, t(89) = —0.92, p = .36).

3.5 | CurrentCD4
There was no observed correlation between current CD4 and GMv of

the right hippocampal cluster or total BDI-II (Figure S5).

3.6 | Detectable viral load

Most participants had an undetectable viral load (79/97 or 81.4%),
and there was no significant group difference in observing a detect-
able viral load (with depression = 27.6%, without depression = 14.7%,
X?[1,97] = 2.23, p = .14). Including depression in a binary logistic
regression model did not increase prediction of a detectable viral load
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TABLE 1 Demographics and clinical factors

With depression

n=30

M (SD)
Age (yrs) 56.6 (6.4)
Education (yrs) 13.3(2.4)
Male (%) 73.3
African American (%) 66.7
Nadir CD4 (cells/uL)? 185.5 (2-850)
HIV disease duration (yrs) 28.1(9.0)

Current CD4 (cells/pL)?

595 (167-1,093)

Detectable VL (%) 27.6
cART adherence (%) 96.6
Using antideps (%) 33.3
Alcohol use (%) 96.7
Tobacco use (%) 60.0
Marijuana use (%) 63.3
With HAND (%) 20.0
Total BDI-II 14.4 (4.1)

Without depression

- @ n p
n=70

M (SD)

56.6 (6.4) 100 .98
14.7 (3.1) 100 .02*
771 100 .68
61.4 100 .62
200 (2-800) 99 74
25.1(9.3) 100 .13
732.5(31-1,798) 97 12
14.7 97 .14
97.1 99 .88
20.0 100 15
95.7 100 .82
529 100 .51
54.3 100 40
25.7 100 .54
4.1(2.7) 100 <.001**

Note: Age = at last birthday; Education = full time years completed; Male = sex at birth; African American = participants who self-identify as any part
African American; Nadir CD4 = self-reported lifetime nadir; Disease Duration = years since self-reported year of first positive test; Current

CD4 = obtained during visit; Detectable VL = plasma viral load (VL) of <20 copies/mL was considered undetectable; Alcohol/Tobacco/Marijuana

Use = self-reported use of the substance more than five times in one's lifetime; With HAND = participants diagnosed with HIV-associated Neurocognitive
Disorders; cART adherence = self-reported use of combination antiretroviral therapy within 2 days prior to visit. p values are uncorrected.

®Median and range.
*p <.05.**p < .01.

compared to an intercept-only model (overall model fit: X?[5] = 3.68,
p = .60; depression as a predictor: b = 0.66, Wald's X?[1] = 1.44,
p =0.23,0R = 1.94 [95% CI: 0.66, 5.73]).

3.7 | Impact of antidepressants

Twenty-four participants were using antidepressants at the time of
their visit (10 with vs. 14 without current depression). There was no
significant interaction between the effects of current depression and
antidepressant use on the GMv of the right hippocampal cluster (F
[1,90] = 0.38, p = .54; Figure 4).

4 | DISCUSSION

We examined the relationship between gray matter volume (GMv)
and depression in adults with HIV using structural MRI techniques.
These middle- to advanced-aged, predominantly African American
PWH participants (41-70 y.o.) were relatively healthy—the majority
of them were on stable cART and had undetectable viral load
(Table 1). Our results suggest that current depression is associated
with loss of hippocampal GMv in PWH, and the association is not

affected by whether or not they are currently taking an

antidepressant medication. The effect might be stronger for the right
hippocampus. In addition, low CD4 nadir is associated with further
GMv reduction in the hippocampus, but there was no interaction
between CD4 nadir and depression—suggesting the two factors may
be independently associated with hippocampal GMv.

The hippocampus is a critical region affected in MDD and gray
matter loss in hippocampus is frequently reported in depression stud-
ies within the general population (Arnone et al, 2016; Bora
et al., 2012; Campbell et al., 2004; Kempton et al., 2011; Schmaal
et al., 2016; Videbech & Ravnkilde, 2004), including in individuals with
a first episode of major depression (Cole, Costafreda, McGuffin, &
Fu, 2011). By contrast, the association between depression and hip-
pocampal atrophy in PWH has not been well established. To the best
of our knowledge, only one published study has reported a marginal
effect of depression on hippocampal GMv in PWH (Kallianpur
et al., 2016). In that study, a region-of-interest (ROI) based approach
was used to examine the relationship between depression and GMv
of the hippocampus and six other subcortical ROIs. A linear regression
analysis (controlling for TIV) revealed a negative correlation between
hippocampal GMv and total BDI-Il scores (8 = —0.32, p = .053),
suggesting a potential link between hippocampal atrophy and depres-
sion in PWH. By contrast, in the present study, using a voxelwise
approach and a more stringent statistical threshold to control for false

positives (FWE-corrected at a cluster level), we provided further
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evidence supporting the association between depression and hippo-
campal GMv in PWH. However, only the right hippocampal cluster
survived the correction for multiple comparisons (FWE at a cluster-
level), suggesting that the effect might be stronger in the right hippo-
campus, which is consistent with the findings of meta-analysis studies
within the general population (Arnone et al., 2016; Cole et al., 2011;
Du et al, 2012; Santos, Bezerra, Carvalho, & Brainer-Lima, 2018;
Videbech & Ravnkilde, 2004). Moreover, using the ASHS software
that is capable of segmenting hippocampal subfields, we investigated
the relationship between depression and GMv of six hippocampal
subfields (including bilateral entorhinal cortex, anterior hippocampus,
and posterior hippocampus). Results suggest a strong effect in the
right entorhinal cortex (and, to a lesser degree, the right anterior hip-
pocampus) (Figure 2 and Table S3)—furthering support for a stronger
association with depression in the right rather than the left hippocam-
pus (Malykhin, Carter, Seres, & Coupland, 2010; Sawyer, Corsentino,
Sachs-Ericsson, & Steffens, 2012). The greater loss of GMv in the
entorhinal cortex and the anterior hippocampus may reflect the func-
tional specialization of these subfields (i.e., emotion and the anterior
hippocampus; Poppenk, Evensmoen, Moscovitch, & Nadel, 2013) and
may contribute to the high prevalence of learning/encoding impair-
ment (compared to memory impairment) in PWH in the era of cART
(Heaton et al., 2011).

Theories of depression have proposed a critical role of the hippo-
campus in depression (Disner et al., 2011; Jacobs et al., 2000; Price &
Duman, 2020). Hippocampal volume has been shown to be predictive
of response to antidepressants (Colle et al., 2018) and electroconvul-
sive therapy (Joshi et al., 2016), with smaller hippocampal volumes
predicting a lower response rate. Based on the neuropil theory of
depression, the loss of hippocampal volume in depression is mainly
driven by a reduction in neuropil (Czéh & Lucassen, 2007), as shown
in both stress-based animal models (Lucassen et al., 2014) and human
postmortem studies (Stockmeier et al., 2004) (which also revealed a
decrease in pyramidal neuron soma size). Elevated levels of glucocorti-
coids as well as decreased levels of brain derived neurotrophic factor
(BDNF) and other neurotropic factors are key factors responsible for
the reduction in neuropil (Castrén, Véikar, & Rantamaki, 2007; Czéh &
Lucassen, 2007). These neural mechanisms likely also underlie the loss
of hippocampal volume in PWH with depression in the present study,
at least partially. HIV-disease can add additional injury to these com-
plex systems, including HIV and ARV neurotoxicity, persisting chronic
neuroinflammation, past and current immunosuppression, and com-
mon comorbidities in PWH (such as substance abuse). A combination
of these factors can result in a loss of hippocampal volume (Jernigan
et al., 2005; Kuhn et al., 2017; Pfefferbaum et al., 2014) and may con-
tribute to the high prevalence of depression in PWH (Arseniou
et al., 2014).

CD4 nadir is the lowest ever lymphocyte CD4 count and a strong
predictor of neurocognitive impairment in PWH in the cART era (Ellis
et al., 2011; Valcour et al., 2006). The impact of low CD4 nadir is gen-
erally referred to as an important “legacy event” effect. That is, the
depth of immune suppression associated with low CD4 nadir may

have caused irreversible neural injury that persists years later. We and

others have demonstrated that low CD4 nadir is associated with corti-
cal thinning as well as cortical and subcortical volume reduction
(Cohen et al., 2010; Guha et al., 2016; Hassanzadeh-Behbahani
et al, 2020; Hua et al, 2013; Mac Duffie et al.,, 2018; Sanford
et al, 2017), including in the hippocampus (Cohen et al., 2010;
Gongvatana et al., 2014). In the present study, we also found a corre-
lation between CD4 nadir and GMv of the right hippocampal cluster
in both PWH with depression and PWH without depression. Critically,
there is no interaction between CD4 nadir and depression in regards
to hippocampal volume, suggesting that depression and low CD4
nadir may independently (and additively) affect the hippocampus and
corresponding cognitive functions in PWH (Rubin & Maki, 2019).

Antidepressant medication is the current standard of treatment
for MDD. By targeting important signaling pathways that are
affected in MDD, antidepressant medication has shown to be
effective in treating MDD (compared to a placebo) in many clinical
trials. In addition, antidepressant treatment is shown to result in an
increase in hippocampal volume in two studies - one in the anterior
hippocampus (Arnone et al., 2013) and the other in the posterior
hippocampus (Schermuly, Wolf, Lieb, Stoeter, & Fellgiebel, 2011),
although other studies did not find such an effect (for a review, see
Enneking, Leehr, Dannlowski, & Redlich, 2020). In the present
study, taking antidepressants did not have a significant effect on
hippocampal volume, in line with many other studies (Enneking
et al., 2020). The lack of group difference in taking antidepressants
could be explained by greater mood-stabilizing effects of antide-
pressants in the without current depression group and the rela-
tively short timeframe for depressive symptoms (2 weeks prior to
completion) that the BDI-II captures. In addition, another probable
explanation is that the magnitude of benefits from antidepressants
depends on the severity of baseline symptoms, with a greater bene-
fit in patients with more severe depression versus a negligible to
nonexistent benefit for those with mild or moderate symptoms
(Fournier et al., 2010). Accordingly, in the present study, symptoms
were rather mild in the majority of PWH in the depressed group
(i.e., total BDI-11210). Furthermore, as a cross-sectional study, the
present study was not designed to directly investigate the impact
of antidepressants on hippocampal volume.

There are several limitations of this study. First, this is a cross-
sectional study without control participants and without longitudinal
data, thus the actual relationship (i.e., causation) between depression
and hippocampal volume remains to be investigated—as does the
three-way relationship among depression, hippocampal volume, and
HIV-disease. Future longitudinal studies with patients and controls
are necessary to tackle this important question (ideally with both
acute and chronic infection patients). Second, all participants in this
study have chronic HIV-disease (with a mean duration of 26 years).
Therefore, it remains to be examined whether the association
between depression and hippocampal atrophy is present or emerges
in PWH with acute infection and if so, whether hippocampal volume
reduction during acute infection is predictive of severity of future
symptoms or response to antidepressants. This is an important ques-

tion as depression is prevalent and affects known mood pathways in
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PWH with acute infection (Philippi et al., 2020) and hippocampal vol-
ume reduction is present in individuals with a first episode of major
depression (Cole et al., 2011). Third, there are known gender differ-
ences in depression, including in neural mechanisms (Labonté
et al,, 2017) and prevalence (with a higher prevalence in females than
in males in both the general population [Salk, Hyde, & Abramson,
2017] and in PWH [Jain et al., 2020]). In the present study, sex at
birth was always included as a covariate, but we did not have a suffi-
cient number of female participants to vigorously investigate the
potential difference in gender. Fourth, in the present study, the defini-
tion of current depression is solely based on the BDI-II total score.
While the BDI-Il is a widely used depressive symptom inventory, and
has been shown to correlate with MDD severity (Steer, Brown,
Beck, & Sanderson, 2001), it is not explicitly designed as a diagnostic
tool. Ideally, our study would be confirmed with a clinical diagnosis of
major depressive disorder, which was not available or feasible in the
present study. Therefore, the results in the present study should be
interpreted with caution: our cutoff for depression was chosen to
include those with mild depressive symptoms, as even mild symptoms
of depression may be related to brain changes and the brain changes
may make PWH susceptible to future worse depressive symptoms
and potentially cognitive impairment. It remains to be tested whether
greater HIV disease severity or a more severe presentation of depres-
sion would evidence a smaller hippocampus and/or more widespread
hippocampal atrophy (i.e., in the posterior hippocampus). Fifth, even
though the BDI-Il only assesses the depressive symptoms in the past
2 weeks, the symptoms might reflect a long-lasting and chronic mood
disturbance, as supported by the findings of hippocampal volume
reduction in individuals with a first episode of major depression (Cole
et al, 2011). However, a longitudinal study is needed to directly
answer this question.

5 | CONCLUSIONS

Current depression, regardless of antidepressant use, was associated
with smaller hippocampal gray matter volume in PWH. Low CD4 nadir
contributed to additional volume reduction in the hippocampus inde-

pendent of depression.
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