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Resilience is the ability to adequately adapt and respond to homeostatic perturbations. Although
resilience has been associated with positive health outcomes, the neuro-biological basis of
resilience is poorly understood. The aim of the study was to identify associations between regional
brain morphology and trait resilience with a focus on resilience-related morphological differences
in brain regions involved in cortico-limbic inhibition. The relationship between resilience and
measures of affect were also investigated. Forty-eight healthy subjects completed structural MRI
scans. Self-reported resilience was measured using the Connor and Davidson Resilience Scale.
Segmentation and regional parcellation of images was performed to yield a total of 165 regions.
Gray matter volume (GMV), cortical thickness, surface area, and mean curvature were calculated
for each region. Regression models were used to identify associations between morphology of
regions belonging to executive control and emotional arousal brain networks and trait resilience
(total and subscales) while controlling for age, sex, and total GMV. Correlations were also
conducted between resilience scores and affect scores. Significant associations were found
between GM changes in hypothesized brain regions (subparietal sulcus, intraparietal sulcus,
amygdala, anterior mid cingulate cortex, and subgenual cingulate cortex) and resilience scores.
There were significant positive correlations between resilience and positive affect and negative
correlations with negative affect. Resilience was associated with brain morphology of regions
involved in cognitive and affective processes related to cortico-limbic inhibition. Brain signatures
associated with resilience may be a biomarker of vulnerability to disease.

Graphical abstract

The relationship between resilience measures and morphology of regions involved in cognitive and
affective processes are demonstrated, consistent with previous suggestions that individuals with
low resilience may have compromised cortico-limbic inhibition, increasing their vulnerability to
stress related morbidity. Higher resilient individuals have a better ability to bounce back from
adverse events, have greater emotional and cognitive control, and are more persistent.
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INTRODUCTION

Resilience is the process of adapting and coping with stress and adversity (Russo et al. 2012;
Southwick and Charney 2012). Compromised adaptive responses to adversity (low
resilience) can increase vulnerability to illness (Karatsoreos and McEwen 2013b). Exposure
to trauma can lead to stress-related pathologies such as anxiety, depression, post-traumatic
stress disorders (PTSD) (Sexton et al. 2015), and physical illnesses (Gupta et al. 2014), but
not everyone exposed to adversity develops these disorders (lacoviello and Charney 2014;
Yehuda and LeDoux 2007). Multiple factors contribute towards the development of disease
after exposure to adversity, including timing of exposure relative to critical periods of
neurodevelopment such as prenatal and adolescence, developmental history, severity and
number of traumatic events, social support, cognitive flexibility, locus of control, and
environment (Kalisch et al. 2014; Karatsoreos and McEwen 2013a; Wu et al. 2013).
However, the definition of resilience as a lack of disease following adversity limits the scope
of resilience to an observable phenomenon after some acute or chronic adverse event, and
focuses on an active process or mechanism (Kalisch et al. 2015a).

A recent paradigm shift in operationalizing resilience has moved away from the focus on the
non-emergence of pathology or symptoms after exposure to adversity, to include “resilient-
conductive” factors such as personality traits, confidence, flexibility, optimism, or emotional
lability, which can help promote positive subjective appraisal, negotiation, adaptation, or
management of adverse situations with increased coping (Kalisch et al. 2015b; Windle et al.
2011). Psychosocial and spiritual factors play an important role in enhancing resilience
(Haase et al. 2014b; Johnson et al. 2014; Pietrzak et al. 2010; Southwick et al. 2014;
Southwick and Charney 2012). Individual differences, beyond personality traits such as
subjective well-being (both hedonic or eudaimonic) could also be protective factors against
adversity (Di Fabio and Palazzeschi 2015). Hedonic well-being refers to cognitive evaluation
of life satisfaction and positive affect, whereas eudaimonic well-being is related to the
determination of life-meaning and self-actualization (Di Fabio and Palazzeschi 2015);
resilience is related to both types of well-being (He et al. 2013; Smith and Hollinger-Smith
2015). Positive affect is thought to facilitate resilience by broadening one’s attention and
coping abilities (Fredrickson and Branigan 2005), and by decreasing susceptibility to disease
through increased vagal control (Oveis et al. 2009). The overlap between measures of
positive affect and resilience has also been observed in various conditions such as chronic
pain (Montpetit et al. 2010; Strand et al. 2006; Xing and Sun 2013; Zautra et al. 2005).
Positive (or negative) affect is typically conceptualized as a state variable that can both
promote resilience to an incoming stressor as well as index resilience in terms of ability to
respond to a stressor (Lu et al. 2014). Resilience as a trait measure can be differentiated from
current affect levels in that it should be predictive of affective and biological responses to a
range of stressors (Lu et al. 2014; Robinson et al. 2014; Schilling and Diehl 2014). In this
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context, although an individual’s resilience can be evidenced by examining the physical or
mental state following specific stressors, it can also be assessed directly as a general trait
based on self-report responses to common stressors (McEwen 2016; Osorio et al. 2016).
Moreover, the use of measures that tap into these resilience-related conductive traits, offer
the opportunity to gain insights into broader aspects of resilience not captured by the
traditional model focused on the degree of psychopathology following adversity (Windle et
al. 2011).

The brain is continuously adapting to perturbations in bodily homeostasis. To date, little
information exists regarding the neurobiology of resilience in the absence of disease or
traumatic adversity (van der Werff et al. 2013c; Wu et al. 2013). Resilience is likely
determined by adaptive responses in brain systems that regulate behaviors associated with
coping, fear, attention, cognitive flexibility, and emotional regulation (Baratta et al. 2013;
Feder et al. 2009; Fleshner et al. 2011; Russo et al. 2012; van der Werff et al. 2013a). High
resilience individuals display more effective modulation of brain circuits involved in
emotion and fear (Southwick and Charney 2012).

A few neuroimaging studies have investigated the response to adversity as a “proxy” of
resilience, and have reported resilience-related differences in brain structure (DeYoung et al.
2010), responses to acute experimental paradigms (Daniels et al. 2012; Peres et al. 2011;
Reynaud et al. 2013; Vythilingam et al. 2009; Waugh et al. 2008), and in resting-state brain
activity (Kunisato et al. 2011). These studies demonstrated impaired cortico-limbic
inhibition in response to trauma, suggesting that executive control and emotional arousal
networks may play a critical role in the mediation of low resilience or vulnerability to
disease. Identification of neurobiological endophenotypes associated with resilience may be
a critical first step in the identification of individuals with increased vulnerability to develop
diseases.

In order to avoid confounding effects of trauma and illness, the main aim of this study was to
identify self-reported resilience-related brain morphological signatures. The hypotheses of
the study were: 1) Resilience-related structural differences will be observed in brain regions
belonging to the executive control and emotional arousal networks, and in regions involved
in cortico-limbic inhibition. 2) Regional brain morphology will show differential
associations with specific sub-dimensions of resilience. As a secondary aim, the relationship
between resilience and positive affect was investigated in order to discover how resilience-
related structural differences differ from those related to current positive/negative affect. The
hypothesis for this aim is that some areas will overlap between resilience and positive affect
but that resilience specific alterations will also be evident.

MATERIALS AND METHODS

Subjects

A total of 48 male and female healthy subjects were recruited from the community through
advertisements. Subjects were screened by medical examination for absence of significant
health conditions. Exclusionary criteria for all subjects included pregnancy or lactation,
substance abuse, tobacco dependence (smoked half a package of cigarettes or more daily),
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current or past psychiatric illness, extreme strenuous exercise (exercise more than one hour
per day), and major medical or neurological conditions. In addition, subjects with current
use of analgesic drugs (including narcotics, opioids, and a2-8 ligands) were excluded.
Subjects did not meet any criteria for current anxiety or depressive symptoms as measured
by the Hospital Anxiety and Depression (HAD) scale, a 14-item self-report instrument
(Zigmond and Snaith 1983). All subjects were right-handed and female subjects were
premenopausal as confirmed by self-report. Due to the modulation of brain activity,
structure, and function by gonadal steroid hormones (Comasco and Sundstrom-Poromaa
2015), females were scanned during the follicular phase of their menstrual cycle as
determined by the number of days since last menstrual period. All procedures were
performed after approval from the University Institutional Review Board and all subjects
provided written informed consent in accordance with the Declaration of Helsinki.

Behavioral Measures

Questionnaires were administered before MRI scanning—The most widely used
measure of trait resilience is the Connor-Davidson Resilience (CD-RISC), a 25-item
instrument (Connor and Davidson 2003d) which measures resilience as the ability to cope
with stress and adversity. The total CD-RISC score ranges from 0 to 100 and also yields
individual factor subscale scores (both 4- and 5-factor solutions have been described and
used in various studies) (Connor and Davidson 2003a; Lamond et al. 2008). Subscales for
the 5factor solution represent the following: self-efficacy, high standards, and tenacity
(Factor 1); emotional and cognitive control under pressure, trust in one’s intuition (Factor 2);
adaptability/ability to bounce back (Factor 3); sense of control of one’s life (Factor 4); and
faith (Factor 5) (Connor and Davidson 2003a). Specific items on the Factor 1 subscale (8
items) measures an individual’s approach to challenges, ability to not give up when things
seem hopeless, ability to achieve goals, and pride in achievements. Specific items on the
Factor 2 subscale (7 items) measure an individual’s ability to think clearly and focus under
pressure, ability to manage unpleasant feelings, and the ability to see the good in bad
situations. Specific items on the Factor 3 subscale (5 items) include the ability to deal with
life as it comes, the ability to adapt to change, and ability to recover after illness or hardship.
Specific items on the Factor 4 subscale (3 items) measure the presence of a support system,
control in life, and a sense of confidence. Specific items on the Factor 5 subscale (2 items)
measure whether an individual believes that things happen for a reason, and that fate or God
plays a role in their life (Connor and Davidson 2003a). For this analysis, we used a 4-factor
structure, consisting of the original Factors 1-3 (persistence, emotional and cognitive control
under pressure, and the ability to bounce back), and combining Factors 4 and 5 (control of
one’s life and faith) due to their similarity in previous factor analyses (Bitsika et al. 2010;
Lamond et al. 2008; Singh and Yu 2010). The CD-RISC has been successfully used in the
general healthy population, in clinical trial studies, in psychiatric outpatients, and in patients
with medical conditions, showing good psychometric properties such as internal consistency,
test-retest reliability, and convergent and divergent validity (http://www.cd-risc.com/).
Studies have also shown that resilience scores on the CD-RISC are moderately negatively
associated with early adverse life events and with current psychiatric symptoms (Campbell-
Sills et al. 2006). Treatment effects have also been shown in PTSD patients with improved
resilience scores on the CD-RISC (Davidson et al. 2005).
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The Positive Affect Negative Affect (PANAS) was used to measure both positive (attentive,
interested, alert, excited, enthusiastic, inspired, proud, determined, strong, and active) and
negative affect (distressed, upset-distressed, hostile, irritable-angry, scared, afraid-fearful,
ashamed, guilty, nervous, and jittery) (Crawford and Henry 2004; Watson et al. 1988).

History of childhood traumatic events was measured using the Early Trauma Inventory Self
Report (ETI-SR), a 27-item questionnaire that investigated four areas of traumatic and
adverse life events that occur before the age of 18 years: general trauma (11 items), physical
punishment (5 items), emotional abuse (5 items), and sexual abuse (6 items) (Bremner et al.
2007b). In addition to calculating subscale scores, the number of items receiving a positive
response was calculated for each subject, resulting in a total ETI-SR score (range 0-27). The
ETI-SR has been found to have good internal consistency (Cronbach a=.70) (Bremner et al.
2007a).

Structural MRI Acquisition

High-resolution T1-weighted brain images were acquired using a Siemens 3 Tesla Trio with
a magnetization-prepared rapid gradient echo (MP-RAGE) sequence with the following
scanning parameters: TR = 2200 ms, TE = 3.26 ms, flip angle = 9°, slice thickness = 1 mm,
176 slices, 256 x 256 voxel matrices, and 1.0 x 1.0 x 1.0 mm voxel size.

Structural MRI Preprocessing

Segmentation and regional parcellation of the T1-image was performed using Freesurfer
according to the nomenclature described in Destrieux et al. (Destrieux et al. 2010). Based on
the Destrieux and Harvard-Oxford atlases, 74 bilateral cortical structures, 7 subcortical
structures, the cerebellum and the brainstem (a midline structure) were processed and
parcelled out for a complete set of 165 regions for the entire brain. Four representative
morphological measures were computed for each cortical parcellation: grey matter volume
(GMV), surface area (SA), cortical thickness (CT), and mean curvature (MC). Using
Freesurfer Freeview (http://surfer.nmr.mgh.harvard.edu/) each brain reconstruction was
visually inspected and assessed based on various quality control measures including correct
segmentation of gray and white matter and cerebral spinal fluid, and the absence of artifacts
and anomalies such as motion, clipping, and atrophy. Scans with such errors were omitted
from further analyses.

Region of Interest Analysis

We selected regions of interest (ROI) based on previous studies examining resilience to
psychological trauma (Baratta et al. 2013; Franklin et al. 2012; Ganzel et al. 2008; Haase et
al. 2014a; Johnson et al. 2014; Kasai et al. 2008; Thom et al. 2014; Wu et al. 2013). These
ROIs were also selected based on review articles regarding models of resilience (Southwick
et al. 2014; Southwick and Charney 2012). These ROIs included regions in the executive
control network. dorsal lateral prefrontal cortex (dIPFC), dorsal medial prefrontal cortex
(dmPFC), and posterior parietal cortex (PPC), and the emotional arousal network. cingulate
subregions (anterior cingulate cortex [ACC], anterior mid cingulate cortex [aMCC],
subgenual anterior cingulate cortex [sQACC]), amygdala, hippocampus (Figure 1, Table 1).
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Statistical Analysis

Subject Characteristics—A summary of the various demographic and behavioral
measures (age, Positive Affect and Negative Affect (PANAS-current scores) and CD-RISC
total and subscale scores were evaluated. For descriptive purposes, the percentage of
subjects scoring in the high resilience vs. low resilience range (cut off score = 80 on the total
score) was also calculated, based on the average score for the general United States
population (http://www.cd-risc.com/).

Regional Anatomical Changes Using ROI Analysis—1. Resilience-related
differences in the four structural metrics of each ROI (grey matter volume, cortical
thickness, mean curvature, and surface area) were evaluated using a linear regression model
against the resilience total score and each resilience subscale score (Factor 1: persistence,
Factor 2: emotional and cognitive control under pressure, Factor 3: ability to bounce back,
and Factor 4: control of one’s life and faith), for a total of 5 models. Age, sex, and total gray
matter volume (TGMV) were included as covariates.

If there was a significant main effect for a ROI within the executive control network (Table
3) or the emotional arousal network (Table 4) for any of the resilience measures, then main
effects for “age” or “sex” were also tested. If a significant sex main effect was found, it
would suggest differences in brain structures between males and females. In order to assess
if age and/or sex moderated the relationship between resilience and brain structure,
secondary analyses were run to test for interaction effects of resilience with age and sex. If a
significant sex*resilience score interaction effect was found, it would suggest that the
association between resilience and the ROI brain structure differed between males and
females. If a significant age*resilience score interaction effect was found, it would suggest
that the association between resilience and the ROI brain structure differed by age. In order
to clarify the effect of age on brain regions, the dataset was stratified into two groups, those
individuals below 25 years old (N=26) and those individuals above 25 years old (N=22) and
linear regressions were rerun for only the aMCC and the personal/spiritual meaning
resilience subscale, which showed significant age*resilience-related differences in the
previous analysis. In addition, we investigated the effect of positive affect as measured by
the PANAS on morphological measurements.

Bivariate correlations were conducted between resilience total and subscale scores and
measures of affect (Positive Affect and Negative Affect (PANAS-current scores).
Significance was considered at p < .05, uncorrected, but we emphasized effect size in this
sample, where r = .30 (r2 = .09) is considered a moderate effect and r = .50 (r2 = .25) is
considered a large effect. In addition, standardized betas values were reported in order to aid
with interpretation of the effect sizes.

All analyses were done in SPSS v22 (IBM Corp., Armonk, NY). In total, 5 emotional
arousal and 2 executive control (6 subdivisions) regions were tested. Permuted probability
values were corrected using an FDR adjusted p value, where a FDR q <0.05 was considered
significant (Benjamini and Hochberg 2000; Benjamini et al. 2006). This correction was
performed within each network (emotional, executive control), for each morphological
metric (volume, cortical thickness, surface area, mean curvature), and by laterality.
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RESULTS

Subject Characteristics

A summary of subjects’ clinical and behavioral data is presented in Table 2. The mean age
of all subjects was 26.3 years old (SD=7.0, range=18-46). Based on the total score of the
CD-RISC and using a cut off of 80, there were 27 low resilience subjects (mean total
score=69.89, SD=7.55; 7 males and 20 females) and 21 high resilience subjects (mean total
scores=88.48, SD=6.95; 8 males and 13 females). There were no significant differences in
CD-RISC total scores between males and females. The mean resilience total score for all
subjects was 78.02 (SD=11.69, range=53-100), and mean subscale scores included the
following: Factor 1 (Persistence)=26.19 (SD=4.23, range=17-32), Factor 2 (Emotional
Cognitive Control)=20.78 (SD=3.67, range=12-28), Factor 3 (Bounce Back)=16.63
(SD=2.83, range=9-20), and Factor 4 (Personal and Spiritual Meaning=14.55 (SD=3.01,
range=8-20). There were no statistically significant resilience-group differences in the early
trauma total or subscale scores and there was very little spread in scores.

Resilience total scores had large positive correlations with positive affect scores (r=.62, p=.
001), but no significant correlations between resilience total scores and negative affect
scores were found. Considering the resilience subscale scores, there were moderate to high
correlations with positive affect scores (Factor 1/Persistence: r=.47, p=.021; Factor 2/
Emotional and cognitive control under pressure: r=.77, p=.001; Factor 4/Control of one’s
life and faith: r=.62, p=.002). On the other hand, current negative affect had large negative
correlations with resilience Factor 2/Emotional and cognitive control under pressure (r=—.49,
p=.019) and with Factor 3/Ability to bounce back (r=—.69, p=.009).

Morphological changes in regions of the executive control network associated with
resilience total and subscale scores

Significant unstandardized beta weights (B) and standardized beta weights (8), with
corresponding p-values for the ROIs in the executive control network with the resilience
total score and each resilience subscale score are reported in Table 3 and represented in
Figure 2.

Resilience Total Score—Greater resilience scores were associated with observed
increased morphological differences in the right subparietal sulcus (a subregion of the PPC)
(SA: B(4,43)=4.17, p=.29 se=1.93, n=48, q=.04).

Sex Effects: There were no significant main sex or sex*resilience total score interaction
effects for the SA of the right subparietal sulcus.

Aqge Effects: There were no significant main age or age*resilience total score interaction
effects for the SA of the right subparietal sulcus.

Persistence resilience (Factor 1 subscale)—Greater persistence scores were
associated with observed morphological differences in the subparietal sulcus: Increased
GMV bilaterally (Left (B(4,43)=29.12, f=.29 se=12.04, n=48, q=.04), Right
(B(4,43)=28.58, p=.30, se=12.61, n=48, q=.04), and increased SA bilaterally (Left
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(B(4,43)=10.23, p=.26, se=4.79, n=48, g=.03; Right (B(4,43)=13.68, p=.35, se=5.17, n=47,
q=.04).

Sex Effects. There were no significant main sex effects for the GMV or the SA of the
bilateral subparietal sulcus. However, there was a significant sex*persistence score
interaction effect for the SA of the left subparietal sulcus (p=.02).

Age Effects: There were no significant main age or age*persistence score interaction effects
for the GMV or the SA of the left subparietal sulcus.

Trust in One’s Intuition (Factor 2 subscale)—No significant associations were found
between brain morphology and the trust in one’s intuition subscale scores.

Bounce Back (Factor 3 subscale)—Greater bounce back scores were associated with
increased GMV and SA in the right subparietal sulcus (GMV: B(4,43)=39.36, p=.28,
se=19.03, n=48, g= .04; SA: B(4,43)=17.39, p=.30, se=7.91, n=48, g=.03).

Sex Effects: There were no significant main sex or sex*bounce back score interaction
effects for the GMV or the SA of the right subparietal sulcus.

Aqge Effects: There were no significant main age or age*bounce back score interaction
effects for the GMV or the SA of the right subparietal sulcus.

Personal/Spiritual Meaning (Factor 4 subscale)—Greater personal/spiritual meaning
scores were associated with decreased GMV and SA of the left intraparietal sulcus, a
subregion of the PPC (GMV: B(4,42)=-74.05, p=-.25, se=30.41, n=47, g=.029; SA:
B(4,42)=-27.12, p=-.30, se=13.31, n=47, q=.04).

Sex Effects: There were no significant sex*personal/spiritual meaning score interaction
effects for the GMV or the SA of the left intraparietal sulcus. However there was a
significant main effect of sex on the left intraperietal sulcus SA (p=.02).

Age Effects: There were no significant main age or age*personal/spiritual meaning score
interaction effects for the GMV or the SA of the left intraparietal sulcus.

Morphological changes in regions of the emotional arousal network are associated with
resilience total and subscale scores

Significant unstandardized beta weights (B) and standardized beta weights (8), with
corresponding p-values for the ROIs in the emotional arousal network with the resilience
total score and each resilience subscale score are reported in Table 4 and represented in
Figure 3.

Resilience Total Score—No significant associations were found between brain
morphology and the resilience total scores.
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Persistence resilience (Factor 1 subscale)—Increased persistence scores were
associated with greater GMV in the right amygdala (B(4,43)=13.98, p=.24, se=6.87, n=48,
g=.04).

Sex Effects: There were no significant main sex or sex*persistence score interaction effects
for the GMV of the right amygdala.

Age Effects: There were no significant main age or age*persistence score interaction effects
for the GMV of the right amygdala.

Trust in One’s Intuition (Factor 2 subscale)—No significant associations were found
between brain morphology and the trust in one’s intuition scores.

Bounce Back (Factor 3 subscale)—Higher scores on the bounce back scores were
positively associated with increased CT in the right ACC (B(4,43)=0.02, p=.24, se=0.01,
n=48, q=.03), and decreased SA in the left SJACC (B(4,43)=-9.82, p=—.28, se=4.71, n=48,
g=.04).

Sex Effects: There were no significant main sex or sex*bounce back score interaction
effects for the CT of the right ACC and the SA of the left sgACC.

Age Effects: There were significant main age effects for the CT of the right ACC (p=.04)
and the SA of the left sgACC (p=.02). However, there were no significant age*bounce back
score interaction effects for the CT of the right ACC or the SA of the left sgACC.

Personal/Spiritual Meaning (Factor 4 subscale)—Higher personal/spiritual meaning
scores were associated with decreased CT in the right aMCC (B(4,42)=-0.02, p=-.36,
se=0.01, n=47, g=.03).

Sex Effects. There were no significant main sex or sex*personal/spiritual meaning score
interaction effects for the CT of the right aMCC.

Age Effects: There was not a significant main age effect for the CT of the right aMCC, but
there was a significant age*personal/spiritual meaning interaction effect for the CT of the
right aMCC (p=.03).

Above 25 years old group. No significant associations were found for personal/
spiritual meaning resilience subscale scores with the CT of the right aMCC.

Below 25 years old group: A significant association was found for personal/spiritual
meaning resilience subscale scores and decreased CT of the right aMCC (p=.01).

Effects of Positive Affect on Brain Morphology

When investigating the association between positive affect (PANAS) and brain morphology,
we found that in the executive control network, there was an association with increases in
the MC of the right intraparietal sulcus, a subregion of the PPC (B(4,44)=.0013, B=.75, se=.
0004, n=48, p=.001). In the emotional arousal network, there was an association between
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positive affect and decreased CT of the left aMCC (B(4,44)=-.01, p=-.57, se=.004, n=48,
p=.01).

DISCUSSION

Resilience helps to promote health by protecting against stress or trauma, and by improving
the recovery from such adverse events. In this study, we aimed to identify regional brain
morphological differences associated with increased or decreased trait resilience in
individuals without any previous or current major psychiatric or medical disease. The main
findings were: 1. Subjective measures of resilience were significantly associated with
morphological changes in subregions of the parietal cortex, cingulate subregions and in the
amygdala. 2. Significant differential associations were observed between subdimensions of
resilience and these brain regions. 3. Self-report measures of resilience were positively
associated with positive affect. To our knowledge, this is the first study to use parcellation
techniques to examine hypotheses regarding regional morphological alterations associated
with resilience in healthy subjects.

Resilience-related morphological differences in the parietal cortex

Higher levels of resilience total scores were related to greater GMV and SA of the
subparietal sulcus, and the same brain regions showed positive correlations with persistence
resilience subscale scores. We also showed evidence for a negative association between
GMV and SA of the left inferior parietal cortex and personal/spiritual meaning resilience
subscale scores.

Several human studies have shown an association between experiences of trauma with
decreased function of the parietal cortex (Bremner et al. 1999; Rauch et al. 1996; Shin et al.
1997; Shin et al. 1999). Retrieval of emationally valenced words in females with histories of
early abuse has been linked to decreased blood flow in the inferior parietal cortex (Bremner
et al. 2001; Bremner et al. 2003). In an emotional Stroop task, there was decreased parietal
cortex activity in females with histories of PTSD and abuse (Bremner et al. 2004). Since
resilience has rarely been studied in non-trauma exposed healthy subjects, disease
populations such as those with PTSD and depression are often used as a proxy for the
interpretation of resilience. Although, these functional studies measured alterations in
individuals with PTSD or abuse/trauma histories, they provide indirect support for the
observed resilience related structural alterations within the parietal cortex.

The parietal cortex is a key region of the executive control network, and is associated with
inhibitory control, attention, working memory, planning, and response (Uddin et al. 2011).
Therefore, the findings are consistent with the hypothesis that high resilient individuals may
be better able to engage the executive control network, including its role in inhibitory
functions in relation to real or perceived threats in homeostasis.

Resilience-related morphological differences in subregions of the cingulate and the

amygdala

We found greater GMV of the right amygdala was associated with increased persistence
resilience subscale scores.
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This is consistent with findings from several neuroimaging studies, which show that
amygdala volume is reduced in individuals who have been exposed to early adverse life
events or maltreatment. For example, smaller amygdalae have been observed in individuals
exposed to childhood poverty (Luby et al. 2013) and in adolescents having histories of
childhood maltreatment (Edmiston et al. 2011). Another study also found smaller amygdala
volumes in individuals exposed to childhood adversities such as physical abuse, neglect, or
being raised in poor households (Hanson et al. 2015). Consistent findings of reduced
amygdala volumes have been found in PTSD populations compared to healthy controls
(Depue et al. 2014; Lanius et al. 2001; Rauch et al. 2003; Shin et al. 2004). The findings of
reduced amygdala volume in these studies are opposite to some other studies that have found
increased amygdala volume (Mitra et al. 2005; Padival et al. 2013; Vyas et al. 2006; Vyas et
al. 2002), or where there was functional hyperactivity of the amygdala (Padival et al. 2013;
Rosenkranz et al. 2010) in populations exposed to adversity. However, it is possible that
these morphological and activity alterations found in the amygdala could be secondary
changes related to trauma or adversity. For example, several studies have demonstrated that
hyperactivity of the amygdala early in life can result in apoptosis of amygdala cells later in
life following repeated exposure to stress or trauma (Ding et al. 2010; Hodel et al. 2015;
McEwen 2003; Sheline et al. 1998). This suggests that the time since the trauma could be
important in accessing morphological changes.

The amygdala plays a key role in emotional processing and arousal, and fear conditioning,
and increased amygdala responses are associated with reduced inhibitory control and
decreased regulation of learned responses to fearful conditions (Klenowski et al. 2015;
Rauch et al. 2003; Shin et al. 2004). Results from these earlier animal studies are consistent
with the smaller amygdala volumes found with lower levels of resilience in our study. One
may speculate that the reduced volumes associated with low resilience may develop in
individuals with compromised inhibitory control.

Previous studies have found that reduced volumes (Woodward et al. 2006; Yamasue et al.
2003) and abnormal shape (Corbo et al. 2005) of the ACC were seen in patients with PTSD
(Sherin and Nemeroff 2011), and that these morphological measures were correlated with
PTSD symptom severity scores. A study investigating 40 pairs of identical twins (Vietnam
veterans exposed to trauma versus their twins who were not exposed to trauma) found that
the loss of GMV in the ACC was only evident in the veterans who were exposed, and was
absent in the twins who were not exposed (Kasai et al. 2008). This observed reduced volume
of the ACC could be an acquired feature in response to trauma exposure versus a
predisposing risk factor. It is also possible that alterations and dysfunction in the ACC in
PTSD patients may be related to secondary neuronal loss (Bremner et al. 1999; Lanius et al.
2001; Shin et al. 2001).

In our study we found that the thickness of the right ACC was positively associated with
bounce-back resilience subscale scores. The findings from our study related to resilience are
interesting in that the ACC is involved in emotion regulation (Devinsky et al. 1995),
attention (Cohen et al. 2000), and extinction of fear responses (Sherin and Nemeroff 2011).
When viewed together with the observed structural alterations in the parietal cortex, these
findings of increased CT of the ACC suggest that a common feature of more resilient
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individuals may be a greater ability to engage feedback inhibition of the amygdala, limiting
the extent and the duration of stress circuit activations.

We found reduced SA of the left sgACC with increasing bounce back resilience subscale
scores, and reduced CT of the right aMCC with increasing personal/spiritual meaning
subscale resilience scores. The mPFC (which includes the sgACC/subcallosal gyrus) can
modulate emotional responses to stimuli by attenuating amygdala responses (Bremner
2006). Various neuroimaging studies, which have shown that PTSD patients usually do not
activate the sgACC when exposed to traumatic stimuli that remind them of their experienced
trauma (Bremner et al. 1999; Lanius et al. 2001; Lanius et al. 2003; Liberzon et al. 1999;
Shin et al. 2004). In fact, individuals with PTSD or abuse histories displayed decreased
activity in these regions during attention tasks (Semple et al. 2000) and during an emotional
Stroop task (Bremner et al. 2001; Bremner et al. 2004; Shin et al. 2001), which measures
cognitive flexibility during exposure to emotionally valenced words. Taken together with our
results these studies suggest that high resilient individuals demonstrate morphological
alterations that may be responsible for the modulation of emotional or fearful responses.

Associations between resilience and affect

As hypothesized, self-reported resilience was positively associated with current positive
affect and negatively associated with negative affect from the PANAS. Positive affect was
also associated with increased morphology of the intraparietal sulcus and the aMCC similar
to that of several resilience scales. However, morphological changes in the subparietal
sulcus, anterior cingulate cortex, subgenual anterior cingulate cortex, and amygdala were
found for higher resilience, but were not found for greater positive affect or less negative
affect. This is consistent with some but not complete overlap of brain networks associated
with current affect and general resilience to stress. Other psychological mechanisms
involved in resilience such as life satisfaction, coping, and hope may be related to these
other brain networks. Since resilience is associated with adaptive responses in cortico-limbic
inhibition to environmental adversity, would suggest that it plays an important role in
decreasing the vulnerability to illness (Baratta et al. 2013; Feder et al. 2009; Fleshner et al.
2011; Karatsoreos and McEwen 2013b; Russo et al. 2012; van der Werff et al. 2013a). It
appears that more effective modulation of brain circuits involved in emotion and fear, which
are characteristic of highly resilient individuals (Southwick and Charney 2012), could lead
to adaptive changes in the brain that are moderated by affect.

Study Limitations

Larger longitudinal studies will be important for both replication and determination of the
extent these morphological changes are protective against disease or are associated with
resilience operationalized as recovery from a specific trauma or challenge. Network analyses
in larger datasets would help to identify if the observed regional changes are associated with
more extensive alterations in network architecture and function, and provide a better
understanding of how functional and anatomical connections relate to morphological
changes. Although few interactions were found between participant’s sex and the resilience
measures, the current sample was unbalanced with fewer males than females. Future studies
with larger samples are needed to further investigate sex differences related to resilience.
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Although there was a wide range in age in the current sample, there was only one significant
interaction finding between participant’s age and personal/spiritual meaning subscale
resilience measures on a region of the emotional arousal network. Future studies with large
stratified samples based on age will be needed to more specifically test for possible age-
related changes in brain circuits involved in resilience. Additionally, future investigations
with more diverse samples could further test for the influence of various covariates (e.g.
adult adversity and stress, early life adversity and stress, etc.) on these associations. The
assessment of resilience was based on a validated self-report questionnaire, and could
therefore be influenced by reporting bias. However, previous studies have demonstrated that
the CD-RISC resilience questionnaire used in this study has acceptable psychometric
properties and it has been validated against more extensive interview measures of resilience
(Campbell-Sills and Stein 2007; Connor and Davidson 2003d; Gonzalez et al. 2015;
Rodriguez-Rey et al. 2016). The current data explored common and differential brain
morphology for general trait resilience and a single measure of current positive/negative
affect. Further studies using other measures of resilience and affect will be important to
examine more specifically the overlap of brain mechanisms involved. Finally, it needs to be
determined if the observed structural differences related to resilience are a consequence of
learned behaviors or skills, or represent a trait influenced by genetic/epigenetic factors,
which would have to be confirmed using longitudinal studies.

Conclusions and Clinical Implications

This study demonstrates that higher levels of resilience are related to distinct morphological
alterations in brain regions involved in executive control and emotional arousal networks,
suggesting individuals with low resilience may have compromised cortico-limbic inhibition,
making them more vulnerable to stress related morbidity. Higher resilient individuals have a
better ability to bounce back from adverse events, have greater emotional and cognitive
control, and are more persistent. Our results also indicate that resilience scores varied with
regard to a sense of control over personal and spiritual life. Brain signatures of low resilience
in healthy individuals have the potential to serve as biomarker of vulnerability to stress-
related diseases. Prophylactic interventions in the form of training in more effective coping
styles and stress management may decrease the risk of future morbidity in such individuals.
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Significance Statement

This manuscript demonstrates the relationship between resilience measures and
morphology of regions involved in cognitive and affective processes, consistent with
previous suggestions that individuals with low resilience may have compromised cortico-
limbic inhibition, increasing vulnerability to stress-related morbidity. Higher-resilient
individuals have a better ability to bounce back from adverse events, have greater
emotional and cognitive control, and are more persistent. The findings from this study
have implications for using brain signatures of resilience as a biomarker of vulnerability
to stress-related diseases and have implications for the development of training
interventions that increase effective coping and stress management.
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Executive Control Network Emotional Arousal Network

Subgenual
Cingulate Cortex

Figure 1. Regionsin the Salience, Executive Control and Emotional Arousal Networks
Executive Control Network. Dorsal-lateral Prefrontal Cortex (dIPFC), Posterior Parietal

Cortex (PPC)

Emotional Arousal Network. Anterior Cingulate Cortex (ACC), Anterior Mid-Cingulate
Cortex (aMCC), Subgenual Anterior Cingulate Cortex (sgACC), Amygdala (AMYG),
Hippocampus (Hipp)
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Figure 2. Morphological Differencesin Executive Control Network are Associated with
Resilience

Findings showing significant morphological association with regions in the executive control
network have been represented (standardized bets)

Abbreviations: EC, executive control; V, volume; SA, surface area

Resilience Scale Factors: CD-RISC, Connor-Davidson Resilience Scale; Factor 1:
Persistence; Factor 2: Intuition-Trust; Factor 3: Bounce Back; Factor 4: Personal/Spiritual
Meaning

Regions. SbPS, subparietal sulcus; IntPS/TrPS, intraparietal sulcus (interparietal sulcus) and
transverse parietal sulci
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Regions: Left SbCag SA = Left subcallosial gyrus surface area; Right MACgG CT = Right Middle-anterior part of the cingulate gyrus and
sulcus (aMCC) cortical thickess; Right Amg V = Right amygdala volume Right ACC CT = Right anterior cingulate cortex cortical thickness

Figure 3. Morphological Differencesin Emotional Arousal Network are Associated with
Resilience

Findings showing significant morphological association with regions in the emotional
arousal network have been represented (standardized bets)

Abbreviations: EA, emotional arousal; V, volume; SA, surface area; CT, cortical thickness
Resilience Scale Factors: Resilience CD-RISC Total scores; Factor 1: Persistence; Factor 2:
Intuition-Trust; Factor 3: Bounce Back; Factor 4: Personal/Spiritual Meaning

Regions: ShCag, subcallosial gyrus; MACgG, middle-anterior part of the cingulate gyrus
and sulcus; amg, amygdala; ACC, anterior cingulate cortex
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Table 1

List of brain regions of interest and their representative Destrieux regions

Region Full Destrieux Name Destrieux L abel
Emotional Arousal Network
Anterior Cingulate Cortex (ACC) Anterior part of the cingulate gyrus and sulcus ACgG
Subgenual Anterior Cingulate (sgACC) Subcallosal area, subcallosal gyrus ShCag
Middle Anterior Cingulate (aMCC) Middle-anterior part of the cingulate gyrus and sulcus MACgG
Amygdala (AMYG) Amygdala Amg
Hippocampus (Hipp) Hippocampus Hip
Executive Control Network
Dorsal Lateral Prefrontal Cortex (dIPFC) | Middle frontal gyrus (F2) MFG
Inferior Frontal Sulcus InfFS
Posterior Parietal Cortex (PPC) Superior Parietal Lobule SupPL
Parieto-occipital sulcus (or fissure) Pocs
Subparietal Sulcus SbhPS
Intraparietal sulcus (interparietal sulcus) and transverse parietal sulci | IntPS/TrPS

Executive Control Network. Dorsal-lateral Prefrontal Cortex (dIPFC), Posterior Parietal Cortex (PPC)

Page 25

Emotional Arousal Network. Anterior Cingulate Cortex (ACC), Anterior Mid-Cingulate Cortex (aMCC), Subgenual Anterior Cingulate Cortex

(sgACC), Amygdala (AMYG), Hippocampus (Hipp)
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Table 2

Study Demographics and Clinical/Behavioral Measures

Mean | SD | Range N

Sex 15 Males and 33 Females | 48
%High Resilience 44% 48
Age (yrs) 26.31 | 6.96 | 18-46 | 48
Early Traumatic Inventory (ETI)

General 1.38 1.23 0-6 | 48

Physical 1.26 1.64 0-5 | 47

Emotional 40 .99 0-5 | 47

Sexual .30 .93 0-4 | 47

Total 3.39 3.29 0-15 | 47
Positive Affect Negative Affect (PANAS)

Positive Affect (Current) 33.17 8.70 15-50 | 40

Negative Affect (Current) 12.21 4.23 10-29 | 40
Resilience Measure
Connor & Davidson Resilience Scale (CD RISC)

Persistence (Factor 1) 26.19 4.23 17-32 | 48

Emotional Cognitive Control (Factor 2) 20.78 3.67 12-28 | 46

Bounce Back (Factor 3) 16.63 2.83 9-20 | 48

Personal and Spiritual Meaning (Factor 4) | 14.55 3.01 8-20 | 47

Total CD RISC Score 78.02 | 11.69 | 53-100 | 48

Abbreviations: Subject Number (N), Standard Deviation (SD)
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Questionnaires: Early Traumatic Inventory (ETI); Positive Affect Negative Affect Scale (PANAS Current); Connor & Davidson Resilience Scale

(CD RISC)

Groups: Low resilience, High resilience (A score = 80 was used as a cutoff to determine percentage of high vs. low resilience)

J Neurosci Res. Author manuscript; available in PMC 2018 March 01.



Page 27

Gupta et al.

AWDL pue xas ‘afe 01 anp S108448 UTeW Se ||3M Se S3|eIsqNS Pue 8109S 210} DSIH-AD UMM S108449 Utew Juedijiubis MOys Jeyl YI0MIBN |0J1U0D SAIINISXT 8y Ul Suoifial siuasalday

200000 €87  SS0 000 1000 AWDL
G600 TTLT  ¢6T0  008°€6T  009TEE X3S
2€9'0  €8Y'0  SS00  0SOET  90€9 aby
v00'0 GeEY'Z- 6/20- OIF0E  0S0¥.- yel A SdiL/SdI
1000 TLLE  2S#0  T000 2000 ANSDL
GT00 ¥25C  ¥0E0 0088  00T'¥IC X33
v68'0 GET'0- 9T00- TILS 690~ aby
G000 8€0C- TSZ0- OTEET  0CT/2- uol VS SdiL/Sdwl
8000 26LC  9/€0  ¥0000 €000 L9T€  9TF0 #0000 7000 G000 886'C  20V0 Y0000 TOO0 ANSDL
906'0 6IT0 9100  020°8¥ Geg'0 0TZ0 8200  0SOZy /986  OV80 €020 8200  0Zr8y 6186 X8s
[ST0 0STT- 9ST0-  OvZ€ 690 606'0- TZT0- 69T'E  088'C- €EEV0 26L0- 80TO0- 6SC€  085C- aby

2000 86TC 9620  0T62 2000 S¥9Z  8¥E0  ELTS 089'€T 9000 [9T'C  ¥620  926T  vLTY Wby
€00000 0597  0/50  €0000 2000 AWDL
€290 96¥'0 1900  029Er  0297TC X3S
297’0 Tvl0- 2600- 886 1I8T'C- aby
v000 2€TZ  29¢0  96L¥ 0€2°0T yel VS Sdas
9000 T/8C 88€0 1000 €000 8LT€  ¥er0 71000 €000 ANSDL
8G6'0 €500 2000  009'GTT 916'0  90T0  ¥T00  00LYIT 02Tl X3s
TPE0 +96°0- TET0-  06L2 997’0 GELO0- 6600- LZLL  8L9G- by

G000 2907 6120 0€0'6T €000 9927 €0€0  0T92T  0858C Wby
€00000 9/9% 2950  T00°0 000 ANSDL
€60 2/00 6000  00S'60T 668 x8s
0960 0S00- 9000- GLEL  69€0- aby
2000 6Tz €620  Ov0'CT 02162 yol ASdas
d 1 d as | d 1 d as 1 g s g d ! d e | d 1 d 8 g akydsiweH 104

(ev =4Q) v Joloed (€v = 4Q) € Jo1oed mmwsu_mm_v (ev =4Q) T Joloed (ev =4Q) OS14¥-AdD

AHOMLIN TOH4LINOD IAILNDOIXT

Author Manuscript

Author Manuscript

€31avl

Author Manuscript

YI0MISN |01U0D BAIINIAXT BY) Ul 80UB1|ISaY 10 198443 JuRdILIuUBIS

Author Manuscript

J Neurosci Res. Author manuscript; available in PMC 2018 March 01.



Page 28

Gupta et al.

GO' > d 1e paIapISU0 sem 3ourdlIUBIS BoURdIIUBIS
19|ns [e1aLied aslansuel) pue (snans [elsLiediaiui)snoins [elariedenu] = SdJ1/Sdiul ‘snajns [eleledgns = Sdqs suoibey

Buiues| femids/jeuosiad (i 10108 ‘oeg 8aunog :g 10108 1SNJ1 -UoINIU| :Z 10108 ‘80Uslsislad T 010e 8]eas
30U31[1S9Y UOSPIABQ-I0UUO0D ‘DSIY-AD ‘Wopaaiy 40 seaibap ‘4 yBiam eiaq pazipiepuels ‘d ‘1yblam e1aq paziplepueisun ‘g ‘awWnjoA ‘A ‘2INJeAInd uesll ‘DAl 'SSBUXIIYY [2I110D ‘| D ‘eale 30R4INS ‘WS ‘aWnjoA Jalew AelB [e10) ‘AND L ‘1S8481ul JO uoiBal ‘|OY SuoIeIAS IgqY

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Neurosci Res. Author manuscript; available in PMC 2018 March 01.



Page 29

Gupta et al.

G0 > d Je paIapISuod sem aauediIuBIS BoUedJIUBIS
elepbAwy = By {(DDNe) snojns pue sniAB apenBuld ays Jo Led JoLsue-3IppIN = OBDVIA {(0DVHS) ealy [e1so|eagns = Fedds (D) snajns pue sniAB arenbuid ays jo 1ed Jousiuy = DBV suoifey

Buruesp [eniLIdS/[euosiad i 101064 oeg 80unog :§ 101064 ‘SNni] -UOINNIU| g 10108 ‘80Ua)SISIad T J01oe ‘a[eas

30UB1[1S9Y UOSPIAB-I0UUOD ‘DSIY-AD ‘Wopaaiy 40 seaibap ‘4 yblam eiaq pazipiepuels ‘d ‘1yblam e1aq paziplepueisun ‘g ‘awWnjoA ‘A ‘aInjeAInd uesll ‘DAl 'SSBUYIIY} [2O110D ‘| D) ‘eale 30R4INS ‘WS ‘aWinjoA Jalew AelB [810) ‘AN L ‘1sa481ul JO uoibal ‘|OY SuoIteIAS IgqY

AWOL pue Xas ‘afe 01 anp S108)8 Urew Se [|9M Se S3|eIsgNS pue 109S (810} DSIH-AD YHM S193443 Ulew Juedubls Moys Jey} YJ0MIBN [eSN0Jy [BUOROWT 3y} Ul suoifial siussalday

€000000 9¥€'S  ¢I90  ¥0000 2000 AWODL
2900 V16T  T2C0 0TY'SS  00T'90T X8s
2500 09T T- VETO-  TELE  TEEV- abv
¥00'0 0S0C  GEZ'O 2609  06v'CT wbry A Buy
v0T'0 299T- 6220- 0000000 90000000 AWDL
LS00 8S6T- T.ZO- 9700 060°0- X8
7820 ¢60T  €STO €000 €000 abv
G000 6¢S¢- LSE0- L00°0 810°0- wery 10 96ovIN
G/00 Le8T  9vg0 20000 70000 AWOL
96,0 0920- GEO0- 0298C  Tvvl- X85
1200 €6€C  Ge€0 7€6'T 129 aby
v00'0 €80°C- T8Z0- €LY  08'6- IR VS Bedas
20000000 8€9'9  €0L0  ¥000°0 2000 AWOL
6,90 LIF0  9¥0°0 00505  0V0'TZ X8s
LE00 TSTT  T¥CO T07°€ oze’L abv
6000 TOLO  €¥Z0 1100  T¥200 wbry 10 0bov
d } d & g d 1 d ES g d 1 g s g d 1 d ES a d 1 g s g apydiuweH
(ev =4Q) v Joled (ev = 4Q) € Joloed Ty =4Q) (ev =4Q) T Joloed v =
¢ Joyoed 4Q) oS 1¥-ad 10d

MHOMIAN TOHLNOD IAILNDIXT

Author Manuscript

3JOMISN [eSN0JY [eUOIIOWT aY) Ul 92Ul ISy 4O S1091F JuedIubis

¥ 31avlL

Author Manuscript Author Manuscript Author Manuscript

J Neurosci Res. Author manuscript; available in PMC 2018 March 01.



	Abstract
	Graphical abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Subjects
	Behavioral Measures
	Questionnaires were administered before MRI scanning

	Structural MRI Acquisition
	Structural MRI Preprocessing
	Region of Interest Analysis
	Statistical Analysis
	Subject Characteristics
	Regional Anatomical Changes Using ROI Analysis


	RESULTS
	Subject Characteristics
	Morphological changes in regions of the executive control network associated with resilience total and subscale scores
	Resilience Total Score
	Sex Effects
	Age Effects

	Persistence resilience (Factor 1 subscale)
	Sex Effects
	Age Effects

	Trust in One’s Intuition (Factor 2 subscale)
	Bounce Back (Factor 3 subscale)
	Sex Effects
	Age Effects

	Personal/Spiritual Meaning (Factor 4 subscale)
	Sex Effects
	Age Effects


	Morphological changes in regions of the emotional arousal network are associated with resilience total and subscale scores
	Resilience Total Score
	Persistence resilience (Factor 1 subscale)
	Sex Effects
	Age Effects

	Trust in One’s Intuition (Factor 2 subscale)
	Bounce Back (Factor 3 subscale)
	Sex Effects
	Age Effects

	Personal/Spiritual Meaning (Factor 4 subscale)
	Sex Effects
	Age Effects


	Effects of Positive Affect on Brain Morphology

	DISCUSSION
	Resilience-related morphological differences in the parietal cortex
	Resilience-related morphological differences in subregions of the cingulate and the amygdala
	Associations between resilience and affect
	Study Limitations
	Conclusions and Clinical Implications

	References
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Table 2
	TABLE 3
	TABLE 4

