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Abstract

Background—->Previous studies suggest that low emotional resilience may correspond with
increased or over-active amygdala function. Complementary studies suggest that emotional
resilience increases with age; older adults tend to have decreased attentional bias to negative
stimuli compared to younger adults. Amygdala nuclei and related brain circuits have been linked
to negative affect, and depressed patients have been demonstrated to have abnormal amygdala
function.

Methods—In the current study, we correlated psychological resilience measures with amygdala
function measured with resting-state arterial spin-labelled (ASL) and blood-oxygenation-level-
dependent (BOLD) functional magnetic resonance imaging (fMRI) in older adults with and
without depression. Specifically, we targeted the basolateral, centromedial, and superficial nuclei
groups of the amygdala, which have different functions and brain connections.

Results—High levels of psychological resilience correlated with lower basal levels of amygdala
activity measured with ASL fMRI. High resilience also correlated with decreased connectivity
between amygdala nuclei and the ventral default-mode network independent of depression status.
Instead, lower depression symptoms were associated with higher connectivity between the
amygdalae and dorsal frontal networks.
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Limitations—Future multi-site studies with larger sample size and improved neuroimaging
technologies are needed. Longitudinal studies that target resilience to naturalistic stressors will
also be a powerful contribution to the field.

Conclusions—Our results suggest that resilience in older adults is more closely related to
function in ventral amygdala networks, while late-life depression is related to reduced connectivity
between the amygdala and dorsal frontal regions.
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INTRODUCTION

In psychological terms, resilience refers to a person’s ability to resist the deleterious effects
of life stress on mental and physical health (Lavretsky and Irwin 2007; Lavretsky 2014).
Resilience is often described and studied in the context of depression and post-traumatic
stress disorder; however, it is increasingly studied as a construct independent of any single
mental health condition (Russo et al. 2012).

The neurobiology underlying resilience (or nonresilience) to negative events is thought to
involve brain networks associated with stress response, negative affect, and emotional
control (Russo et al. 2012). For example, resilience is associated with circuits underlying
regulation of the stress response, including the hypothalamic-pituitary-adrenal (HPA) axis,
limbic circuitry, and self-regulation networks (Russo et al. 2012; van der Werff et al. 2013).
The amygdala and its associated networks are central to many neurobiological models of
resilience, and recent studies have linked increased amygdala reactivity and amygdala-
frontal connectivity to resilience to early life stress (Gee et al. 2013; Yamamoto et al. 2017).

These reported links between the amygdala and resilience correspond well with an existing
literature associating amygdala function with negativity bias in healthy and depressed
individuals (e.g., a greater tendency to attribute negative affect to neutral stimuli)
(Dannlowski, Ohrmann, Bauer, Kugel, Arolt, Heindel, and Suslow 2007; Dannlowski,
Ohrmann, Bauer, Kugel, Arolt, Heindel, Kersting, et al. 2007) as well as amygdala
hyperactivity in depression (Sheline et al. 2001, 2010; Siegle et al. 2002). However, the
extent to which the neurobiology underlying resilience and depressive symptoms overlap, or
not, remains unclear. In many older adults, the volume of amygdala, medial temporal lobe,
and some cortical structures may decrease over time (Good et al. 2001b; Allen et al. 2005),
which would suggest a greater risk for depression and mental health problems. However,
reports also indicate a decrease in negativity bias and a hypothesized “positivity bias” that
increases with age (Charles et al. 2003; Reed and Carstensen 2012). The issue becomes
further complicated when considering that memory can decline with age, which has been
associated with medial temporal lobe atrophy (Good et al. 2001a; Duara et al. 2008) and,
perhaps related to these neuroanatomical changes, a greater risk for depression (Ismail et al.
2017).
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In the current study, we examined the relationship between resilience and amygdala function
in older adults with and without depression. We targeted amygdala function measured with
ASL and BOLD functional MRI measured “at rest” to capture basal levels of activity and
connectivity in varied amygdala subnuclei and amygdala-prefrontal networks. Our main
hypothesis was that resilience and depressive symptoms would have dissociable
relationships with amygdala function. As such, we applied a dimensional analysis (Insel et
al. 2010) to our fMRI data, including resilience (Connor-Davidson Resilience Scale; CD-
RISC) and depression (Hamilton Depression Rating Scale; HAMD) scores within the same
statistical model irrespective of depression diagnosis in order to examine their individual
effects on different aspects of amygdala function. Recognizing the complexity of amygdala
function and connectivity, we targeted three groups of amygdala nuclei, the basolateral,
centromedial, and superficial nuclei groups as defined using the Jilich histological atlas
(Amunts et al. 2005). In each nucleus, we measured basal function with ASL-fMRI and
connectivity with prefrontal networks with BOLD-fMRI. Finally, when relationships
between resilience and amygdala function were identified, post-hoc analyses also examined
potential contributions of depression status to these effects. In this way, we hoped to
determine how different aspects of amygdala function relate to resilience and depressive
symptoms as independent (and as potentially interdependent) dimensional constructs.

METHODS

Subjects

Older adults (age = 55 years, Table 1) were recruited via advertisements from UCLA
outpatient clinics and UCLA Longevity Center Program from 2014 to 2015. All participants
underwent IRB-approved informed consent procedures prior to enrolling in the study.
Seventeen volunteers (n=17, NCT01902004) had major depression according to DSM-5
criteria as confirmed by the Hamilton Depression Rating Scale (HAMD 24 item; score =
16); the remaining volunteers were not depressed (n=31).

For depressed volunteers, inclusion criteria were as follows: (1) current episode of unipolar
MDD according to DSM-5 criteria; (2) Hamilton Depression Rating Scale (HDRS-24)
score=16; (3) Mini-Mental State Exam (MMSE) score =24; and (4) subjective memory
complaints. Exclusion criteria were: (1) history of any other psychiatric disorders (other than
unipolar MDD); (2) severe or acute unstable medical illness; (3) acute suicidal, violent
behavior or history of suicide attempt within the last year; or (4) any other central nervous
system diseases. Subjects were free of psychotropic medications for at least two weeks
before participating in the study.

For healthy volunteers, inclusion criteria were: (1) Mini-Mental State Exam (MMSE) score
>24; (2) subjective memory complaints; (3) no current, or history of, depression. Exclusion
criteria were: (1) history of any psychiatric disorders or dementia; (2) severe or acute
unstable medical illness; (3) any other central nervous system diseases; (4) no psychotropic
medications use.
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Clinical Measurements

Clinical measurements of main interest to the current study included the Hamilton
Depression Rating Scale 24-item (HAMD-24) and the Connor-Davidson Resilience Scale
(CD-RISC). Additional measurements included the Mini-Mental State Examination
(MMSE), and others reported elsewhere (Eyre, Acevedo, et al. 2016; Eyre, Yang, et al. 2016;
Yang et al. 2016).

MRI Acquisition

MRI data were acquired on a 3.0 Tesla TIM Trio scanner (Siemens, Germany) using a 32-
channel head coil, and head motion was minimized with the adjacent placement of firm
cushions. We instructed participants to close eyes and stay awake during image acquisition.
Avrterial spin-labelled (ASL) images were acquired using a pCASL pulse sequence, post
label delay 1200ms, 80 volumes with repetition time 5 seconds, echo time 27 ms, flip angel
90°, field of view 256 x 256 mm?, acquisition matrix 128 x 128, voxel size 2 x 2 x 5, 20
slices (20% dist. factor). Resting-state functional images were acquired with a multi-band
gradient-echo echo-planar imaging (EPI) sequence sensitive to BOLD contrast effects. We
acquired 275 contiguous EPI resting-state volumes, and the parameters for functional
imaging were repetition time 1.24 seconds, echo time 38.2 ms, flip angle 65°, field of view
21.2 x 21.2 cm?, acquisition matrix 118 x 118, 1.8 mms3 iso-voxel size (no gap), 78 slices,
and 6 bands. We also acquired anatomic images with 3-dimensional MPRAGE sequence
(acquisition matrix 256 x 256 with 1 mm thick contiguous slices) for co-registration with the
functional data.

MRI Preprocessing

ASL fMRI images were pre-processed in FSL (FMRIB Software Library, FSL,
www.fmrib.ox.ac.uk/fsl) and using the ASLtoolbox (Wang et al. 2008). First, images were
corrected for motion in FSL. Then, cerebral blood flow (CBF) was quantified voxelwise
using ASLtoolbox using simple subtraction. Images were then registered to each volunteer’s
T1-weighted MRI scan, and normalized to MNI space using FSL. Global CBF was
quantified using a gray-matter mask, and averaging CBF values across all voxels within that
mask.

BOLD fMRI images were pre-processed in FSL for motion correction, high-pass filter (0.01
Hz), image normalization and 5 mm?3 Gaussian spatial smoothing. MELODIC (Multivariate
Exploratory Linear Decomposition into Independent Components, a tool of FSL) was used
to remove significant head motion, scanner, and physiological artifacts using ICA. The
processed functional data from all participants were temporally concatenated to form a 4-
dimensional data set, which was decomposed into group-level independent components
(ICs) using ICA. The MELODIC automated dimensionality estimate was used to determine
the number and order of the ICs (Beckmann and Smith 2004). Each component includes
brain structures that share the same temporal pattern of signal after mixture modeling was
applied. The dual regression approach was subsequently used to back-reconstruct individual-
specific connectivity maps associated with each group-level component, which been shown
to be an effective and reliable approach to analyses of resting state fMRI data. This approach
yielded 36 ICs; 26 of these overlapped grey matter and were considered biologically
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plausible. Of these 26, we isolated 10 ICs with maps overlapping prefrontal cortex for
further analysis (Supplementary Figure 1).
Amygdala Subnuclei

Amygdala nuclei groups were defined using the Jilich atlas (Amunts et al. 2005) for each
hemisphere with a threshold of 40%. The atlas was masked such that only voxels with
reasonable ASL-CBF data were present for all volunteers (thresholded as per standard
procedure in ASLtoolbox (Wang et al. 2008)). Functional metrics were averaged across all
voxels within each region, and subjected to further analysis as described below.

Statistical Analyses

RESULTS

In analyses of fMRI data, general linear models were executed in R software, and p-values
were corrected for multiple comparisons using the False Discovery Rate (FDR) to corrected
p < 0.05. Student’s t tests, chi-squared tests, and linear regression models also examined
differences in demographic and clinical variables between depressed and nondepressed
volunteers, also executed in R.

Our primary aim was to identify the independent contributions of resilience and depression
symptoms on brain function (if any), measured in a dimensional manner (i.e., not binarized
or according to depression diagnosis/status). Thus, linear models examined relationships
between functional metrics for each nucleus group, with resilience (CD-RISC) and
depression (HAMD) scores as factors of interest, and with age and hemisphere as nuisance
factors. Global CBF served as an additional nuisance factor in ASL-CBF analyses. In ASL-
CBF analyses, we performed an additional test post-Aoc where all amygdala nuclei were
considered as a repeated within the same model with, the identical covariates as described
above.

In cases were significant effects of resilience were identified, we executed follow-up
analyses to determine whether this effect was related to binarized depression status (HAMD
score > 16 for depressed status). This statistical model targeted a resilience-by-depression-
status interaction, with other nuisance regressors including depression scores (HAMD),
hemisphere, age, and global CBF (the latter for ASL-CBF only). Because depression status
and depression scores are highly correlated (and this multicolinearity could make the beta
estimates of these statistical models unstable), we confirmed that results were consistent
when removing depression scores as an additional factor in each case.

Relationships between Resilience, Depressive Symptoms, and Depression Status

The main goal of the present study was to examine the independent contributions of
resilience and depression symptoms to brain function. As such, we first examined the
relationships amongst resilience scores (CD-RISC), depression symptoms (HAMD), and
depression status (diagnosis). Depressed volunteers exhibited lower mean resilience scores
(CD-RISC) and higher mean depression scores (HAMD) than age-matched controls (Table
1). Resilience scores and depression scores were also negatively correlated, such that
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volunteers with high resilience tended to have lower depression scores (Pearson’s r= —0.60,
p<0.0001); depression scores explained 35% of the variance in resilience scores. Notably,
age was not correlated with depression or resilience scores (p> 0.50 for both; note also the
limited age range of the current sample).

Amygdalar Cerebral Blood Flow (CBF, ASL-fMRI)

In our combined resilience-depression dimensional models, resilience scores were
negatively correlated with ASL-CBF in the basolateral amygdala (prpr < 0.05, Table 2);
similar trends were also present for centromedial and superficial groups. Indeed, when
combining all nuclei in a single repeated-measures statistical model, resilience scores were
negatively correlated with ASL-CBF (uncorrected p = 0.04). No significant relationships
between amygdalar ASL-CBF and depression scores (HAMD) were detected. In post-hoc
tests of depression status, modest interactions were present between resilience and
depression status in basolateral amygdala (beta = —0.64, t = —2.32, p = 0.02) and when
combining all nuclei (beta = -0.72, t = —2.92, p = 0.004), suggesting that the relationship
between resilience and amygdalar CBF was stronger in depressed patients than in
nondepressed volunteers (Figure 2). Indeed, when applying the same model separately for
depressed and nondepressed groups, resilience was significantly correlated with CBF in
basolateral nuclei in depressed patients (beta = —-0.79, t = -3.61, p = 0.002), but not in
nondepressed volunteers (beta = -0.05, t = -0.24, p = 0.81).

We identified a single potential outlier, who met the criterion for depressed status (HAMD =
16) and also scored high on the resilience scale (CD-RISC = 99). When removing this
potential outlier, a similar pattern of the results described above was detected, in some cases
approaching (but not meeting) our criterion for statistical significance in the basolateral
amygdala (resilience beta = -0.18, t = -1.12, p = 0.27; resilience-depression interaction beta
=-0.61, t =-1.63, p = 0.11). When combining nuclei, the resilience-depression interaction
(beta = —0.48, t = —1.48, p = 0.14) still suggested a stronger effect of resilience in patients;
however, correlation between resilience and CBF was not present (beta = -0.08, t = -0.60, p
= 0.55). The fact that a similar pattern of results was present in this post hoc analysis
suggests that this outlier may not be driving all observed effects, and perhaps that the
characteristics of our sample (e.g., small sample size, few depressed volunteers with high
resilience) negatively impacted statistical power.

Amygdalar Functional Connectivity with Prefrontal Networks (BOLD-fMRI)

In the combined resilience-depression dimensional models, connectivity between the
superficial group and the ventral default mode network was negatively correlated with
resilience scores (pepr < 0.05, Table 3 and Figure 3A); volunteers with lower resilience
exhibited higher connectivity between superficial amygdala nuclei and ventral DMN. In
post-hoc tests, no interaction with depression status was present (pgpr > 0.05; beta =
-0.006, t = —1.34, p = 0.18), suggesting that this negative relationship existed for both
depressed and nondepressed volunteers.

Resilience-depression models also detected a negative relationship between depression
scores (HAMD) and functional connectivity between a bilateral frontal resting-state network
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and the centromedial group of amygdala nuclei (pppr < 0.05, Table 3 and Figure 3B). Here,
volunteers with higher depression scores tended to have low connectivity between this
frontal network and centromedial amygdala nuclei.

We performed additional tests post hoc after removing the same outlier discussed above.
When removing this potential outlier, again the same effects remained, yet were diminished.
Resilience remained negatively correlated with connectivity between the superficial nuclei
and ventral DMN (beta = —0.13, t = —2.87, p = 0.005), and there was again no interaction
between resilience and depression status (beta = 0.008, t = 0.12, p = 0.9). Depression scores
remained negatively correlated with connectivity between the centromedial nuclei and
bilateral frontal RSN (beta = —-0.34, t = -2.92, p = 0.004).

DISCUSSION

Our results suggest that different aspects of amygdala function are associated with
psychological resilience and depression in older adults. Specifically, high resilience was
associated with lower amygdala function (CBF) at rest. This effect appeared to be strongest
in the basolateral amygdala, and in volunteers with late-life depression. High levels of
resilience were also associated with lower connectivity between the amygdala and ventral
self-referential networks (i.e., DMN (Sheline et al. 2009)). By contrast, low depression
scores were associated with greater connectivity between dorsal frontal networks and the
centromedial amygdala, suggesting greater top-down control of negative affect. Taken
together, these results suggest that psychological resilience may be more closely tied to
ventral limbic networks associated with “bottom-up” generation of emotional state, while
depression may be more closely related to the dysregulation of emotions by fronto-limbic
circuits.

The role of the amygdala in resilience and depression

The amygdala has been repeatedly linked to negative affect, fear, and emotion in human
neuroimaging and in animal models, both in the context of healthy function and in affective
disorders (Murray 2007; Siegle et al. 2007; Pessoa and Adolphs 2010). Amygdala
hyperactivity is thought to be reflective of overall hyperactivity within ventral limbic circuits
in depression and anxiety, perhaps responsible for generating negative affect and/or mood
(Mayberg 1997; Drevets 2000; Koenigs and Grafman 2009). Correspondingly, amygdala
volume tends to be decreased in patients with depression (Hamilton et al. 2008), including
older adults (Burke et al. 2011), and may be affected in other mood and anxiety disorders as
well (De Bellis et al. 2000; Woon and Hedges 2009).

One might suspect that resilient individuals would exhibit the opposite pattern, specifically
lower amygdala function at rest. Indeed, we report a negative correlation between resilience
scores and basal CBF in amygdala nuclei, particularly the basolateral group. Notably,
however, a significant interaction between resilience scores and depression status suggests
that this effect was driven by depressed patients; depressed older adults with high resilience
tended to have lower amygdala basal activity (CBF). These results suggest a complex
relationship between amygdala activity, resilience, and late-life depression, where the impact
of resilience on amygdala function and structure may depend on disease state. This may
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explain why previous studies have not shown a clear relationship between resilience and
amygdala structure and function (van der Werff et al. 2013), and may reflect the influence of
brain aging on these relationships in the context of late-life depression (Steffens 2012).

Amygdala networks, resilience, and depression

The amygdala is a complex structure, including several subnuclei, each of which have a
unique set of intrinsic and extrinsic connections.(Amunts et al. 2005) The basolateral group
receives input from sensory cortices and other areas, while the centromedial and superficial
groups tend to have greater extrinsic connections with frontal cortex and other regions
(Amunts et al. 2005; Solano-Castiella et al. 2010). Thus, although on the whole the
amygdala can be seen to play a role in the processing of affect, emotion (positive emotion),
fear, and related phenomena (Pare and Duvarci 2012; Veinante et al. 2013), its network
architecture suggests that its subregions may play differing roles in those and other
phenomena.

The circuit-level neurobiology of depression is often described as an imbalance between
overly active ventral circuits and under-active dorsal circuits, characterized by decreased
top-down regulation of negative emotion/affect leading to depressed mood (Mayberg et al.
1999; Gotlib and Joormann 2010). Our data support this overall pattern, with high
depression scores linked to decreased connectivity between dorsal frontal networks and the
centromedial amygdala group, while controlling for resilience scores. This is consistent
previous MRI studies which have identified decreased function and decreased tissue volume
in dorsal frontal brain regions including the dorsolateral and dorsomedial prefrontal corticies
(Galynker et al. 1998; Siegle et al. 2007; Amico et al. 2011; Leaver et al. 2015), which is
influenced by antidepressant treatment. Network connectivity of the dorsolateral prefrontal
cortex has been repeatedly linked to cognitive and self control (Berman et al. 2013). Our
results support the model of late-life depression as a “failure” of top-down regulation of
ventral limbic circuits by the dorsal prefrontal cortex and associated regions.

Resilience in aging adults, on the other hand, was more closely associated with ventral
limbic networks in our study. Specifically, low-resilience individuals exhibited increased
connectivity between the amygdala and a ventral default-mode network. This suggests that,
when statistically controlling for the presence of depressed symptoms, low resilience is
linked with limbic hyperactivity. This complements and perhaps also explains previously
reported links between hyperactivity in ventral limbic regions and networks in depression
and other affective/mood disorders, where resilience is often not measured or studied as a
separate construct (Mayberg 1997; Mayberg et al. 1999; Drevets 2000; Koenigs and
Grafman 2009; Gotlib and Joormann 2010; Leaver et al. 2015). This also complements the
link we describe above between increased amygdalar CBF in volunteers with low resilience.
Taken together, these results also support the idea that lower basal levels of amygdala
activity may associate with a greater available range of responsivity, which in turn may
increase one’s ability to respond to stressful events (Yamamoto et al. 2017).

Notably, the reported results overlap brain structures known to be influenced by brain aging,
cognitive decline, and depression, particularly the medial temporal lobe. Late-life depression
may be associated with its own unique set of neuropathophysiological processes (Ajilore et
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al. 2014; Tadayonnejad and Ajilore 2014; Eyre, Yang, et al. 2016; Yang et al. 2016).
However, whether our findings are specific to resilience and depression in later life or can be
generalized to younger adults remains to be determined.

Limitations & Conclusions

Our pilot study contributes to a growing body of research demonstrating network
disturbances in individuals with late-life depression (Ajilore et al. 2014; Eyre, Yang, et al.
2016). Specifically, we present data suggesting that the neurofunctional architecture
underlying emotional resilience is similar to, but not completely overlapping with, the brain-
basis of depression in older adults. Taken together, our results could indicate that resilience
is more associated with function in ventral “bottom-up” limbic networks, while depression is
more closely linked with “top-down” emotion-regulation networks. However, there are
several limitations that should be considered. We took a dimensional analysis approach
(Insel et al. 2010), constructing a statistical model that measured effects associated with
resilience scores while controlling for depression scores, and vice versa. However,
recruitment for the current study was not dimensional with respect to resilience, and
therefore the design was somewhat imbalanced: depressed patients had on average lower
resilience scores than nondepressed volunteers. Although the overlap in resilience scores
between these groups was substantial (e.g., see Fig 2), future studies should attempt to
recruit a larger sample with a full range of scores (e.g., depressed volunteers with high and
low resilience) to measure the brain correlates of resilience with greater statistical power.
Future studies could also use MRI sequences with improved temporal and spatial resolution
measure amygdala function with more precision. All volunteers for this study also endorsed
having subjective memory complaints, which is common in older adults. And finally, our
measure of psychological resilience was a widely-used self-report questionnaire;
longitudinal studies that measure biomarkers associated with resilience to significant
naturalistic stressors (e.g., combat, childbirth, losing a job or loved one) will be better able to
understand why some people develop mental disorders and others do not. In the increasingly
stressful world, further research into the neurobiology and cultivation of resilience is
urgently needed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Psychological resilience and depression are correlated, yet non-overlapping
domains
. High resilience associated with lower amygdala function
. High resilience was linked with decreased ventral amygdala-frontal
connectivity
. Depressed patients showed decreased dorsal amygdala-frontal connectivity
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Figure 1. Amygdala subnuclei
The Julich histological atlas was used to locate groups of amygdala subnuclei. The

basolateral, centromedial, and superficial groups are displayed for each hemisphere, with
color key given at lower left.
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Figure 2. Resilience Scores Correlate with Amygdala Function Measured with ASL fMRI
Mean cerebral blood flow (CBF, y axis) is plotted for the basolateral (left), centromedial

(middle), and superficial (right) nuclei for each volunteer with respect to resilience scores (x
axis), averaged across hemisphere. Depressed and nondepressed groups are shown in open
and closed circles respectively. Regression fit lines are also displayed for depressed and
nondepressed groups in dotted and solid lines respectively. Note that a potential outlier was
identified, and is marked by an enclosing dotted circle.
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Figure 3. Resilience and Depression Measures Correlate with Amygdala Connectivity Measured

with BOLD fMRI

A A significant correlation was identified between resilience and connectivity between the
Superficial Group of amygdala nuclei (left) and the Ventral Default Mode Network (middle).
The location of the Superficial Group as identified in the Juelich atlas is outlined in black.
Regions with resting-state BOLD fMRI timecourses most correlated with the ventral DMN
are shown in orange and blue, which indicate opposing functional relationships (i.e., activity
in orange voxels is negatively correlated with activity in blue voxels in this network). At
right, functional connectivity scores (superficial amygdala nuclei vs. ventral DMN) are
plotted against resilience scores (RISC) for each depressed (open circles) and hondepressed
(gray circles) volunteer. B. Depression scores (HAMD) were negatively correlated with
connectivity between the centromedial group of amygdala nuclei (left) and a Bilateral
Frontal Network (middle). At right, this functional connectivity between CM amygdala and
this Bilateral Frontal Network is plotted for volunteers with low (open circles) and high
(gray circles) resilience scores. Note that a potential outlier is indicated by an enclosing
circle (dotted line); this volunteer met the criterion for depressed status and had a high

resilience score.
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