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ABSTRACT

Objectives: Geriatric depression (GD) is associated with significant medical comorbidity, cognitive
impairment, brain atrophy, premature mortality, and suboptimal treatment response. While apathy and
anxiety are common comorbidities, resilience is a protective factor. Understanding the relationships between
brain morphometry, depression, and resilience in GD could inform clinical treatment. Only few studies have
addressed gray matter volume (GMV) associations with mood and resilience.

Participants: Forty-nine adults aged >60 years (38 women) with major depressive disorder undergoing
concurrent antidepressant treatment participated in the study.

Measurements: Anatomical T1-weighted scans, apathy, anxiety, and resilience data were collected. Freesurfer
6.0 was used to preprocess T1-weighted images and qdec to perform voxel-wise whole-brain analyses. Partial
Spearman correlations controlling for age and sex tested the associations between clinical scores, and general
linear models identified clusters of associations between GMV and clinical scores, with age and sex as
covariates. Cluster correction and Monte-Carlo simulations were applied (corrected alpha= 0.05).

Results: Greater depression severity was associated with greater anxiety (r= 0.53, p = 0.0001), lower resilience
(r= − 0.33, p= 0.03), and greater apathy (r= 0.39, p= 0.01). Greater GMV in widespread, partially
overlapping clusters across the brain was associated with reduced anxiety and apathy, as well as increased
resilience.

Conclusion: Our results suggest that greater GMV in extended brain regions is a potential marker for resilience
in GD, while GMV in more focal and overlapping regions may be markers for depression and anxiety.
Interventions focused on improving symptoms in GDmay seek to examine their effects on these brain regions.
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Introduction

Ten to fifteen percent of adults over the age of 60 years
suffer from clinical depression (Ismail et al., 2013).
Geriatric depression (GD) is characterized by more
treatment-resistant depressive and cognitive symp-
toms, as well as alterations in brain structure,
compared to that for depression at a younger age
(Dillon et al., 2009; Mackin et al., 2014; Sachs-
Ericsson et al., 2013). Some of its debilitating

consequences include lower remission rates and
poorer treatment prognosis, comorbid cognitive
impairment, and impaired daily functioning leading
to an increased risk of injuries and falls requiring
hospitalization (Carpenter et al., 2014; Tunvirachai-
sakul et al., 2018).Only approximately 70%of patients
respond favorably to selective serotonin reuptake
inhibitors after 2–3 months (Chen et al., 2011), and
even fewer achieve remission (only 30–40%) (Nelson
et al., 2008).

Apathy and anxiety are common comorbid
symptoms in GD and can further complicate
successful recovery (Funes et al., 2018;
Groeneweg-Koolhoven et al., 2016), while psy-
chological resilience is a protective factor and is
counter-correlated with various stress response
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measures (Charney, 2004; Laird et al., 2019a;
Southwick et al., 2005; Stainton et al., 2018). For
example, higher resilience is associated with
reduced mortality and depression onset and
higher well-being in older age (MacLeod et al.,
2016; Zeng and Shen, 2010). More resilient
individuals are more likely to respond to treat-
ment, as we previously demonstrated (Laird et al.,
2018a, 2018b, 2019). Therefore, resilience is a
potentially modifiable protective factor and a
promising target for depression prevention and
intervention.

GD is associated with cortical atrophy across
large portions of the frontal, temporal, and parietal
lobes, although some regions show increases in
gray matter volume (GMV) (Mackin et al., 2013).
Several meta-analyses report reductions in
regional GMV in GD, including the hippocam-
pus, amygdala, right lentiform nucleus and
portions of the parahippocampal region, medial
frontal and orbitofrontal cortices, right subcallosal
gyrus, putamen, and thalamus compared to
healthy older adults (Du et al., 2014; Sexton
et al., 2013). The functional significance of
cortical gray matter changes is less clear in GD.
That is, while most studies report differences
compared to healthy controls, only few find
correlations between GMV and symptom severity
(Szymkowicz et al., 2016). In a large, mixed
sample of treated and untreated patients with GD,
we previously found that lower GMV in the insula
was associated with increased anxiety and depres-
sion (Laird et al., 2019b). Neural correlates of
apathy in depression are largely unknown, even in
younger populations. However, we previously
found associations between GMV and depression
in bilateral orbitofrontal cortices and reduced
anterior cingulate GMV in those with higher
apathy (Lavretsky et al., 2007). Only few studies
using functional and structural (white matter
connectivity) imaging methods have found asso-
ciations with apathy and resilience (Laird et al.,
2019b; Robert et al., 2021; Vlasova et al., 2018).
Investigating both the complicating comorbid
symptoms and the protective factors of GD in
the same sample population can demonstrate both
the overlapping and distinct representations of
each variable in the brain.

In order to better understand the relationship
between regional GMV and the most common
comorbid symptoms and protective factors of GD,
we investigated the relationships between GMV
and resilience, depression, anxiety, and apathy in a
group of older adults with major depressive
disorder. In addition, we aimed to demonstrate
brain regions of overlap between the clinical
scores, as well as score-specific regions.

Methods

Participants
Forty-nine older adults over the age of 60 years
diagnosed with major depressive disorder and on
stable antidepressant treatment (Table 1 and
supplementary Table 1) for at least the prior 4
months participated in this study. This subsample
was part of a larger clinical trial (NCT02460666)
(Lavretsky et al., 2022). Eligibility criteria were as
follows: (1) a score of ≥ 14 on the 24-itemHamilton
Depression Rating Scale (HAMD-24; Hamilton,
1960, 1967), moderate to severe depression; (2) a
Mini-Mental State Examination (MMSE) score
greater than 24 (Folstein et al., 1975); (3) sufficient
English proficiency to follow the testing procedures
and main trial interventions (a minimum of an
eighth grade reading level on the word reading
subtest of the Wide Range Achievement Test-IV;
Wilkinson and Robertson, 2006); (4) the mental
capacity to provide informed consent; and (5) on
stable antidepressant treatment for at least 4 months
prior to participation. Exclusion criteria included
(1) a history of other psychiatric conditions, such as
drug or alcohol dependence, psychosis, bipolar
disorder, or a neurological disorder; (2) a severe
visual or hearing impairment that could prevent
participation in the study; (3) insufficient English
proficiency; (4) a diagnosis of dementia; (5) an
MMSE score below 24; (6) current effective
antidepressant treatment or psychotropic medica-
tion; and (7) a HAMD score below 14. Additionally,
MRI exclusion criteria included unsafe or unverifi-
able metallic implants, tattoos in the head and neck
region, permanent makeup, and claustrophobia. All
participants signed written informed consent to
participate in the trial as approved by the UCLA
Institutional Review Board. This study was con-
ducted in accordance with the Declaration of
Helsinki of 1975.

Clinical and cognitive measures
Depressive symptom severity was assessed using the
HAMD-24 (Hamilton, 1960, 1967), anxiety using
theHamilton Anxiety Scale (Hamilton, 1967;Maier
et al., 1988), apathy using the Apathy Evaluation
Scale (AES) (Marin et al., 1991), and resilience
using the Connor–Davidson Resilience Scale (CD-
RISC) (Connor and Davidson, 2003). Higher AES
scores represent lower apathy. Higher CD-RISC
scores represent greater resilience.

Procedure
Participants underwent an initial phone screening
and proceeded to in-person screening if theymet the
inclusion criteria. The baseline visit began with the
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participant signing their written informed consent,
and baseline measures were taken, including mood
and cognitive assessments, as well as vital signs
(pulse rate, systolic blood pressure, body weight,
and electrocardiogram). If the participant qualified
for the study, an MRI scan was performed.

MRI acquisition and analysis
Structural 3D T1-weighted multi-echo
magnetization-prepared rapid gradient-echo
sequence (MEMPRAGE) images were acquired at
the Ahmanson & Lovelace Brain Mapping Center at
UCLA using a Siemens 3T Prisma system (Siemens,
Erlangen, Germany) with a 32-channel head coil
(TEs= 1.74, 3.6, 5.46, and 7.32ms; TR= 2,530 ms;
TI= 1,260 ms; flip angle= 7°; voxel size= 1mm3;
double GRAPPA and matrix size= 256× 192;
acquisition time= 5:18min). Freesurfer 6.0 (http://
surfer.nmr.mgh.harvard.edu/) was used to perform
cortical reconstruction. Preprocessing involved mag-
netic field inhomogeneity corrections, non-brain
tissue removal from the image, and parcellation
and segmentation of cortical and subcortical gray
matter from white matter and cerebrospinal fluid.
The resulting scans were visually inspected for tissue
misclassifications. Manual corrections were per-
formed wherever necessary. Resulting cortical
maps were smoothed with a Gaussian kernel of
10mm full-width half-maximum. First, whole-brain
volume-based voxel-wise general linear models
(GLMs) were performed for each hemisphere using
qdec (www.surfer.nmr.mgh.harvard.edu). We per-
formed whole-brain voxel-wise GLMs on GMV with
depressive symptom severity, anxiety, apathy, and
resilience as continuous variables. Age and sex served
as covariates in all models. We applied a cluster-wise
correction for multiple comparisons (Hagler et al.,

2006) and Monte-Carlo simulation corrected cluster
thresholds of p< 0.05 for bidirectional effects (Greve
and Fischl, 2018). In addition, to demonstrate the
inverse relationship between mood symptoms
(depression, apathy, anxiety) and resilience, we
performed partial Spearman correlations between
clinical scores using age and sex as covariates and an
unadjusted alpha of 0.05.

Results

Participant demographics and clinical scores are
listed in Table 1. Greater depressive symptom
severity was associated with greater anxiety
(r= 0.53, p= 0.0001) and lower resilience
(r= − 0.33, p= 0.03), but not apathy (r= − 0.07,
p= 0.6). Resilience correlated inversely with apathy
(r= 0.39, p= 0.01).

Gray matter volume
Greater GMVwas associated with reduced anxiety
in the left caudal frontal cortex, stretching across
the precentral toward the postcentral cortex; the
left postcentral cortex from superior to inferior,
with a branch crossing the supramarginal cortex;
the left lingual to pericalcarine cortex; the right
medial superior part of the superior frontal cortex,
with a tip in the medial orbitofrontal cortex
(OFC); the right inferior parietal to lateral
occipital cortex; and the right border of the caudal
and rostral middle frontal to pars opercularis
(Figure 1; all clusters are listed in Supplementary
Table 2).

Greater GMV was also associated with reduced
apathy in the left superior frontal cortex, stretch-
ing into the paracentral, precuneus, and posterior
cingulate cortex (PCC); the left postcentral
cortex, with a small branch crossing the precentral
cortex; a smaller region in the left lateral occipital
cortex; the right medial OFC; right superior,
middle, and inferior temporal cortices; and the
right lingual-to-isthmus cingulate cortex and
precuneus (Figure 2).

Greater GMV was associated with increased resil-
ience in the left superior tocaudalmiddle frontalcortex,
reaching into the superior precentral cortex; the length
of the postcentral cortex, dipping into the superior
parietal and supramarginal cortices; the left insula,
transverse, and superior temporal cortices; a small
regionof the lateral anda largerpartof theventromedial
OFC;theanterior tipof themiddle temporalcortexand
the inferior middle and inferior temporal cortices; the
rightventromedialOFC;theright inferiorposteriorand
isthmus cingulate, reaching into the lingual and
posteriorparahippocampalcortices;andtherightinsula

Table 1. Demographics and clinical variables

N= 49 MEAN STANDARD DEVIATION
...........................................................................................................................................................

Sex 38 women/11 men
Age (years) 67.98 6.12
Education 15.98 1.98
BMI 26.52 6.20
Age of depression onset 42.8 18.3
MMSE 29.0 1.16
HAMD 18.57 3.51
HAMA 10.84 3.60
AES 54.33 7.82
CD-RISC 61.35 14.09

Means and standard deviations are shown.
BMI= body mass index, HAMD=Hamilton Depression Rating
Scale, MMSE=Mini-Mental State Examination, HAMA=
Hamilton Anxiety Scale, AES=Apathy Evaluation Scale,
CD-RISC=Connor–Davidson Resilience Scale.
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and supramarginal cortices, with a thin branch into the
pars opercularis. The latter cluster continued into the
right superior andmiddle temporal cortices, including

the transverse temporal cortex (Figure 3). Figure 4
depicts the overlap between anxiety, resilience, and
apathy clusters.

Figure 1. Greater GMV was associated with reduced anxiety. Six clusters across both hemispheres indicated an association between GMV and
anxiety scores.

Figure 2. Greater GMV was associated with reduced apathy. There were seven clusters in which GMV was associated with apathy.
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Discussion

In 49 older adults with major depression, we found
that those with higher depressive symptom severity
also suffered from increased anxiety and reduced
resilience. Apathy, however, was not associated with
depression severity. Higher resilience was further
associated with reduced apathy. We were able to
demonstrate regions in which GMV correlated with
individual clinical scores, in addition to being able to
show the overlap in these correlations for anxiety,
apathy, and resilience within the same sample.
Subsequently, we will discuss both individual scores
and overlap in detail.

Anxiety
At the neuroanatomical level, lower GMV in frontal,
parietal, and occipital regions (but not temporal
cortices) was associated with greater anxiety; there

was no symmetry between the hemispheres. Anxiety
specifically showed associations with GMV in the
bilateral posterior cingulate cortices. Other anxiety
regions included the left posterior superior frontal
cortex, the middle-to-inferior somatosensory cor-
tex, primary visual, and an extensive cluster from the
medial anterior superior cortex reaching all the way
toward the medial posterior parietal cortex. Unique
to the right hemisphere were the right middle-to-
anterior medial superior frontal and mid-anterior
lateral superior frontal, precentral-to-caudal middle
frontal, and superior occipital cortices. We previ-
ously found that greater subclinical anxiety symp-
toms were associated with lower GMV in the
bilateral insula in GD (Laird et al., 2019b). In older
adults with a history of depression, greater trait
anxiety was associated with reduced cortical thick-
ness in the amygdala, anterior cingulate cortex
(ACC), insula, OFC, and temporal cortices, as

Figure 3. Greater GMV was associated with increased resilience. There were seven clusters in which GMV was associated with resilience scores.

Figure 4. Overlap between GMV clusters for anxiety, apathy, and resilience. Greater GMV was associated with lower anxiety (blue), apathy (red),
and increased resilience (yellow) in various large regions of both hemispheres.
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found by a region of interest study (Potvin et al.,
2015). A recent meta-analysis in depression across
the lifespan found increased amygdala volume in
those with comorbid anxiety, while those without
anxiety showed reduced volume in the hippocam-
pus, putamen, globus pallidus, and thalamus
(Espinoza Oyarce et al., 2020). However, these
regions do not necessarily correlate with symptom
severity, and subcortical regions were not examined
in the current study.

Apathy
Reduced GMV in various extended clusters of all
four lobes was also associated with greater apathy.
We previously demonstrated that older depressed
adults present with reduced GMV in the OFC
compared to that in non-depressed older adults, and
that higher apathy is associated with reduced GMV
in the right ACC across both depressed and non-
depressed older adults (Lavretsky et al., 2007).
Presently, we did not find a correlation between
GMV in the ACC and apathy; however, the current
study included only older adults diagnosed with
major depression. In younger depressed adults,
higher apathy has been shown to be associated with
increased fractional anisotropy (a measure of white
matter connectivity) in the anterior and posterior
cingulum and bilateral internal capsules, increased
functional activity in the ACC during a congruent
affect task with greater apathy, and greater right
functional connectivity between the Dorso-Lateral
Prefrontal Cortex (DLPFC) and the ACC during an
attention affect task (Robert et al., 2021). The
cingulum consists of far-reaching fibers from the
ACC, running along the length of the cingulate
gyrus and bending into the entorhinal cortex,
passing the posterior end of the corpus callosum.
Our results show associations between GMV and
apathy scores in the PCC bilaterally, across the
isthmus cingulate that ends in the parahippocampal
cortex and at its tip the entorhinal cortex. The
internal capsule projects to the motor cortex,
including our left inferior cluster, which represents
the face control area. In another of our previous
studies, we found that apathy in older adults with
and without dementia was associated with reduced
hippocampal and cortical gray matter, smaller white
matter volume, and increased lacunar volumes in
the white matter (Lavretsky et al., 2008). In
Parkinson’s disease, a different neurodegenerative
disorder characterized by altered brain connectivity,
it was found that increased glucose metabolism
measured using positron emission tomography
correlated with poorer emotional face recognition
in the bilateral PCC and bilateral superior frontal
gyri (Robert et al., 2014). These regions correlated

with apathy in our current study. In addition, the
Parkinson’s study found a positive correlation, that
is, decreased glucose metabolism, between the right
precuneus and left inferior occipital cortex and
emotional face recognition. Similarly, we found
these regions to correlate with apathy in our current
sample of older adults with depression.

Resilience
Lastly, greater GMV was associated with greater
resilience in extensive regions across the cortex and
the effects were similar in both hemispheres. These
included widespread clusters in bilateral insulae,
lateral temporal and orbitofrontal cortices, and
middle cingulate-to-parahippocampal cortices.
Associations in the left superior frontal, medial
parietal, medial primary visual, and somatosensory
cortices tended a more right-lateralized represen-
tation. We found no clusters where GMV corre-
lated with depression severity. In healthy younger
adults, resilience measured using the CD-RISC
correlates positively with GMV in the sub-parietal
sulcus and negatively with GMV in the inferior
parietal cortex (Gupta et al., 2017). Both regions
(bilateral sub-parietal sulci and the left inferior
parietal cortex) were also found to show associa-
tions in the current study. We previously demon-
strated a relationship between the CD-RISC and
white matter fractional anisotropy, brain activity
within the amygdala, and amygdala to default mode
network activity in GD (Leaver et al., 2018; Vlasova
et al., 2018). However, to our best knowledge, this
is the first study in GD investigating the relation-
ship between cortical GMV and resilience in GD
based on the CD-RISC.

Anxiety, apathy, and resilience
All three measures showed associations with GMV
in the inferior primary somatosensory cortex. The
primary somatosensory cortex is a common cluster
found in structural and functional studies in
depression, potentially due to its role in emotion
regulation (Kropf et al., 2019) or perhaps indicating
a dysfunctional integration of sensory information.
This might explain the involvement of this large
region found in the current study.

Anxiety and resilience
The left primary somatosensory cortex and a smaller
isolated cluster in the caudal middle frontal cortex
were associated with anxiety and resilience in
overlapping regions. In addition, another region
of overlap was observed in a cluster across the left
pericalcarine and lingual cortex.
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Apathy and resilience
Furthermore, the left middle-to-posterior superior
frontal cortex showed great overlap between resil-
ience and apathy, as did the medial primary
somatosensory cortex, left posterior primary visual
cortex, right OFC, right isthmus cingulate/lingual/
precuneus region, and right middle and slightly
inferior temporal cortices. Only a few of these
overlapping clusters were mirrored in the contralat-
eral hemisphere; the somatosensory cortex only
showed clusters in the left but not the right
hemisphere. Similarly, the superior frontal cortex
only showed extensive clusters in the left, but not
right hemisphere, for apathy.

Depressive symptoms
While a multitude of studies report voxel-wise group
differences between depressed and non-depressed
adults, fewer studies have reported correlations
between GMV and depressive symptom severity,
particularly in older populations. It is possible that
our mood measures were less sensitive to the
underlying neuro-morphometric correlates to detect
associations with GMV. In addition, a variety of
depressive symptommeasures are available, possibly
leading to a less consistent understanding of the
neuroanatomical phenotype of mood in GD.

Limitations
The current study had several limitations. While the
parent clinical trial included a much larger sample,
the reported findings are for a subsample consisting
of only 49 participants, since many older adults did
not qualify for MRI scanning due to implant safety
criteria and claustrophobia. Additionally, while we
applied corrections for multiple comparisons within
each model, we did not correct for the number of
models we performed (i.e. for anxiety, apathy,
resilience, and depression). Furthermore, our
models did not control for intracranial volume or
head size. Lastly, the cross-sectional design of the
study precludes drawing causal relationships
between brain structure and mood and resilience
symptoms.

Conclusion

Nevertheless, the current study suggests that greater
GMV in extended and partially overlapping clusters
across both hemispheres is associated with reduced
anxiety and apathy, as well as increased resilience.
GMV in these regions is therefore a potential marker
for these clinical symptoms and resilience in GD.

Future studies should also examine the effects of
treatments on GMV in these regions.
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