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Abstract

Background: Studies have searched for neurobiological markers of trauma exposure,

posttraumatic stress disorder (PTSD) diagnosis, and resilience to trauma to identify

therapeutic targets for PTSD. Despite some promising results, findings are

inconsistent.

Aims: The present study adopted a data‐driven approach to systematically explore

whether structural brain markers of trauma, PTSD, or resilience emerge when all are

explored.

Materials & Methods: Differences between clusters in the proportion of PTSD,

healthy controls (HC), and trauma‐exposed healthy controls (TEHC) served to

indicate the presence of PTSD, trauma, and resilience markers, respectively. A total

of 129 individuals, including 46 with PTSD, 49 TEHCs, and 34 HCs not exposed to

trauma were scanned. Volumes, cortical thickness, and surface areas of interest

were obtained from T1 structural MRI and used to identify data‐driven clusters.

Results: Two clusters were identified, differing in the proportion of TEHCs but not

of PTSDs or HCs. The cluster with the higher proportion of TEHCs, referred to as

the resilience cluster, was characterized by higher volume in brain regions implicated

in trauma exposure, especially the thalamus and rostral middle frontal gyrus. Cross‐

validation established the robustness and consistency of the identified clusters.
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Discussion & Conclusion: Findings support the existence of structural brain markers

of resilience.

K E YWORD S

posttraumatic stress disorder, resilience, structural MRI, trauma

1 | INTRODUCTION

Studies have searched for neurobiological markers of posttraumatic

stress disorder (PTSD), trauma exposure, and resilience to trauma to

better understand the pathophysiology of PTSD and possibly identify

potential targets for treatment. Yet, the meaning of structural

differences between individuals, the extent to which they correspond

to clinical differences, and whether they signify abnormality have

been the subject of growing debate. Such structural differences have

been interpreted as marking the presence of PTSD, the traces of

exposure to trauma (Ahmed et al., 2012), or the resilience of

individuals who have been exposed to trauma but did not develop

PTSD (Ohashi et al., 2019).

It has been speculated that PTSD is associated with regionally

specific structural changes in the brain, so that the brain of individuals

developing PTSD following a traumatic event is different from that of

trauma‐exposed healthy controls (TEHC) who experience trauma but

do not develop PTSD, and of healthy controls (HC) who never

experienced trauma (Wang et al., 2021). A meta‐analysis comparing

individuals with PTSD and controls (both TEHC and HC) identified

PTSD markers characterized by smaller volumes of the insula,

superior frontal gyrus, temporal gyri, anterior cingulate, rostral

anterior cingulate, hippocampus, and amygdala (Bromis et al.,

2018). Of these regions, the hippocampus and amygdala received

most attention and are considered to play a central role in the

pathophysiology of PTSD (Karl et al., 2006; Kitayama et al., 2005;

Logue et al., 2018; O'Doherty et al., 2015; Smith, 2005). The

hippocampus is implicated in the contextual modulation of behavior

and in fear learning and suppression (Garfinkel et al., 2014; Maren

et al., 2013), and is sensitive to the effects of elevated glucocorticoids

(Sapolsky et al., 2000). The amygdala is interconnected with the

hippocampus, especially in the modulation of emotional memory

(Phelps, 2004), and is implicated in fear learning and expression (Etkin

& Wager, 2007; Paré et al., 1995). Although there are some

indications that alteration in the hippocampus and amygdala may

serve as markers of PTSD, inconsistencies were found between

studies: some reported smaller hippocampus volume in PTSD

(Hedges et al., 2003; Morey et al., 2012; Pavić et al., 2007; Villarreal

et al., 2002), whereas others did not (Fennema‐Notestine et al., 2002;

Golier et al., 2005; Jatzko et al., 2006; Pederson et al., 2004; Schuff

et al., 2001). Similarly, several studies showed a smaller volume of the

amygdala in PTSD (Morey et al., 2012), whereas others found a larger

volume (Kuo et al., 2012). In searching for PTSD markers, some

studies used longitudinal designs in which structural MRI features

and PTSD symptoms were assessed immediately after a traumatic

event and again at several follow‐up points. These studies have

presented some evidence of alteration of the rostral anterior

cingulate cortices (Ben‐Zion et al., 2020), but not of the hippocampal

volume (Bonne et al., 2001), as potential PTSD markers. It has been

suggested that an important reason for the inconsistencies across

studies is the confounding effect of potential markers of trauma

exposure (O'Doherty et al., 2015). If trauma exposure per se changes

brain structure, differentiating TEHCs from HCs, different blends of

these groups in a given control group may yield different results.

Previous studies exploring the effects of trauma exposure have

documented smaller hippocampal (Bromis et al., 2018), insula, and

cingulate gyrus (Ahmed et al., 2012) volume in individuals who were

exposed to trauma (whether or not they developed PTSD) than in

those who were not. Such findings may indicate that exposure to a

traumatic event in itself, even if the exposed individual did not

develop PTSD, may be associated with structural changes in the

brain, specifically with volume reduction in the hippocampus. It has

been suggested that at least some of the structural changes following

trauma are caused by trauma exposure, rather than clinical‐level

PTSD (Kühn et al., 2021).

Complementing this line of research, the differences in brain

structure between those who were exposed to trauma and developed

PTSD and those who did not, have recently prompted studies to focus

on markers of resilience in the face of exposure to trauma, comparing

PTSD and TEHC participants (Rakesh et al., 2019). Resilience can be

defined as the capacity to maintain adaptive functioning in the face of

trauma and significant adversity (Charney, 2004; van der Werff et al.,

2013). Identifying markers of resilience is of particular interest given

that most individuals exposed to trauma do not develop PTSD

(Bonanno, 2005). Several studies have found structural differences

between those exposed to trauma who did and those who did not

develop PTSD (Ohashi et al., 2019; Sun et al., 2018). The most

prevalent findings in these studies are greater hippocampal (Gilbertson

et al., 2002; Koch et al., 2021), anterior cingulate cortex (ACC)

(Woodward et al., 2006), and medial prefrontal cortex (PFC) volume in

resilient individuals (Bolsinger et al., 2018; Eckart et al., 2011; Morey

et al., 2016). Amygdala (Kuo et al., 2012; Morey et al., 2012, 2016),

with the insular cortex volume (Chen et al., 2006; Kasai et al., 2008)

were also been identified as potentially signaling resilience (Bolsinger

et al., 2018; Dedovic et al., 2009). Yet, results concerning these regions

are mixed (Bolsinger et al., 2018).

To shed light on the mixed results of studies searching for

structural brain markers of PTSD, trauma exposure, and resilience, it

is critical to evaluate their presence while all three are given the

opportunity to emerge simultaneously and competitively (Figure 1).
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Most studies to date focused only on one of the three types of

potential markers. For example, studies comparing individuals with

PTSD and TEHC cannot detect neurobiological markers of trauma

exposure. Similarly, studies comparing individuals with PTSD and HCs

cannot disentangle trauma exposure from PTSD diagnosis to identify

resilience markers. The fact that most studies compared only three

out of the two groups makes it impossible to determine which of the

three is most responsible for the variability between individuals that

appears in structural MRI (Bolsinger et al., 2018). In addition, most

studies that included all three groups performed comparisons

between them rather than using data‐driven methods to mine

heterogeneity by identifying markers. Consequently, these studies

produced mixed results, regarding structure abnormalities in the

hippocampus (Bremner et al., 2003; H. J. Chen et al., 2020; Fennema‐

Notestine et al., 2002; Freeman et al., 2006; Golier et al., 2005;

Gurvits et al., 1996; Pederson et al., 2004; Winter & Irle, 2004; Zhang

et al., 2021), the amygdala (Gurvits et al., 1996; Morey et al., 2016),

and the anterior cingulate cortex (Eckart et al., 2011). All three groups

(PTSD, TEHC, and HC) need to be scanned and data‐driven methods

need to be used to allow the three markers to compete against one

another.

The present study used a data‐driven approach to identify

clusters that differ in structural abnormalities in MRI data of PTSD,

TEHC, and HC individuals. We focused a priori on regions considered

to be implicated in trauma, PTSD, and resilience (Bolsinger et al.,

2018): subcortical regions/the limbic system, including the cingulate

cortex (posterior cingulate cortex, anterior cingulate cortex; Bremner

et al., 2007; Etkin et al., 2011; Karl et al., 2006), accumbens, amygdala

(Funayama et al., 2001), caudate, hippocampus (Lyons et al., 2007;

Woon et al., 2010), pallidus, putamen, thalamus; cortical regions,

including the frontal cortex (caudal middle frontal, lateral orbito-

frontal, medial orbitofrontal, superior frontal, rostral middle frontal,

pars orbitalis, pars opercularis, pars triangularis; Fonzo et al., 2017;

Phelps, Delgado, et al., 2004), and the insula cortex (Manoliu et al.,

2014). Based on the literature, we considered three main alternatives

(Figure 1), expecting to find, in each case, two data‐driven clusters

that differ in the proportion of individuals with (a) PTSD, (b) HCs, or

(c) THECs, depending on whether the markers most instrumental for

understanding structural variability between individuals are those of

(a) PTSD, (b) trauma exposure, or (c) resilience, respectively. This

setup also allows identifying more than two data‐driven clusters,

signaling different markers based on the possibilities listed above. For

example, both resilience and PTSD markers may emerge. Transdiag-

nostic clusters may also emerge, which cannot be differentiated by

group membership (i.e., showing no differences in PTSD, TEHC, and

HC membership)(Romer et al., 2021). Significant differences between

the clusters in PTSD symptoms are expected only if a PTSD signature

is identified, resulting in two clusters that differ on PTSD proportion,

with the PTSD cluster showing more severe symptoms than the non‐

PTSD cluster. In the case of resilience or trauma exposure signatures,

these differences in PTSD symptoms between the two clusters are

not expected because different rates of HC or TEHC individuals are

not expected to meaningfully affect symptoms level.

2 | METHODS

2.1 | Participants

We combined data from two studies conducted at the New York

State Psychiatric Institute (NYSPI) and approved by the NYSPI

Institutional Review Board, with all participants providing written

informed consent after receiving an explanation of the procedures.

After the exclusion of 10 participants who failed the imaging quality

control check, the analyses were based on a total of 129 individuals

who underwent MRI scanning: 46 with PTSD, 49 TEHC, and 34 HC.

F IGURE 1 A data‐driven approach to distinguishing between neurobiological markers of posttraumatic stress disorder (PTSD) versus trauma
exposure versus resilience to traumatic events.
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Of those, 83 were scanned with a GE 750, and 47 with a GE Signa

because of technical constraints (scanner upgrading) at the MRI

center. Detailed inclusion and exclusion criteria for each study appear

inTable S1. Briefly, all participants in the PTSD and TEHC, but not the

HC, met DSM criterion A for adult traumatic events. Clinical

evaluators administered the Structured Clinical Interview for DSM‐

IV Axis I Disorders (SCID) (First et al., 1996) and the Clinician‐

Administered PTSD Scale (CAPS) (Weathers et al., 2001). Exclusion

criteria for participants in the TEHC and HC groups consisted of

current or past Axis I disorders, including substance use disorders and

the use of any psychotropic medications. Exclusion criteria for all

groups included any condition that would rule out MRI scanning.

2.2 | Neuroimaging

We obtained a structural T1 image (TE/TR = 3ms/6.5 ms, TI = 450

ms, flip angle = 12°, voxel size=1 × 1 × 1mm, 180 contiguous slices,

total acquisition time =4min) for all participants. We obtained

subcortical volumetric and cortical surface measurements from T1

weighted scans using Freesurfer 6.0. Reconstructed images were

visually inspected for quality control by a well‐trained research

assistant. The technical details of the freesurfer pipeline have been

described extensively in previous publications (Fischl et al., 1999).

Briefly, using the standard freesurfer processing pipeline (Reuter

et al., 2010), we performed motion correction, skull stripping,

Talairach transformation, segmentation of the subcortical white

matter and gray matter volumetric structures (Fischl et al., 2002),

correction of the topology of cortical surfaces, and intensity

normalization. Region of interest (ROI)‐specific cortical thickness,

surface area, and volume measures were extracted from the

automated anatomical parcellation, using the Desikan‐Killiany Atlas

(Desikan et al., 2006) for cortical ROIs and the aseg atlas for

subcortical ROIs. This process created 68 ROIs, of which we a priori

selected a set of 29 T1 features, based on the literature (see above)

(Bolsinger et al., 2018). Consistent with the literature, for cortical

regions, the measure of cortical volume was broken down into the

separate and almost orthogonal components of cortical thickness and

surface area. Thickness measures may provide indication of under-

lying neuronal loss, reduced size of neuronal cell bodies, or

degradation; surface area measures may reflect underlying white

matter fibers (Van Essen, 1997), where tension or shrinkage of these

fibers leads to deeper sulci and extended area measures.

2.3 | Overview of statistical analyses

We conducted a set of multiple linear regressions to adjust all a priori

selected 29 T1 features for age, sex, and estimated intracranial

volume (eTIV). This procedure resulted in 29 residual scores (also

referred to as adjusted features), to be used in further analysis.

Positive values of adjusted features mean higher scores than what

can be anticipated based on age, sex, and eTIV. To divide individuals

into homogeneous clusters according to common neuroimaging‐

based characteristics, we used an unsupervised machine learning

algorithm, based on the k‐means clustering method, developed by

Hartigan and Wong (1979). K‐means clustering seeks to identify

clusters in which the total within‐cluster variation is minimized. Total

within‐cluster variation is defined as the sum of squared Euclidean

distances between items and the corresponding centroid. Each

observation is assigned to a given cluster in such a way that the

sum of squared distances of the observation to their assigned cluster

centers is minimized. The K‐means clustering method was chosen

because of its many advantages, including the fact that it is not

model‐based and applies optimization algorithms to define patient

assignment to clusters (Wu, 2012; Yuan & Yang, 2019). We

implemented the k‐means clustering on the 29 adjusted features,

and used the average silhouette method to determine the optimal

number of clusters that best fit the data (Rousseeuw, 1987), which

computes the average silhouette of observations for different values

of k. The optimal number of clusters k is the one that maximizes the

average silhouette over a range of possible values for k. We used the

R function kmeans in package stat for clustering.

We used the following three steps to characterize the clusters

and identify the features that best differentiate between them: (a) we

conducted a two‐sample t‐test to compare the two clusters on

demographic and clinical characteristics; (b) we performed impor-

tance analyses using the random forest R package (mean decrease

GINI) (Archer & Kimes, 2008) to identify the top 10 T1 features that

best differentiate between clusters; and (c) we built a classification

tree using the party R package (Maechler et al., 2013) to predict

cluster membership. We built a machine learning classification tree

analysis, using random forest variable selection and Monte Carlo

simulation for multiple testing adjustment (Strasser & Weber, 1999).

To assess robustness and consistency within this sample, we

cross‐validated the procedure described above using the validation

set approach (Hastie et al., 2009). In this method, the data set is

divided randomly into training and validation sets. The number of

clusters is determined by the silhouette results. Next, we identified

the determined number of k‐means clusters for each training sample,

and built classification trees for that number of clusters. The training

sample is based on P = 20%, 30%, …, 90% of all participants. We used

the data of the other individuals (P − 100%) as a validation sample to

classify them to the new clusters based on the newly created

classification tree.

3 | RESULTS

3.1 | Demographic and clinical characteristics

As shown inTable S2, the three groups did not differ in age, race, and

sex. The PTSD and the TEHC groups did not differ in age at trauma

(exact age or childhood vs. adult trauma), time since trauma, or

severity. As expected, the three groups differed in PTSD and

depression symptom severity.

698 | ZILCHA‐MANO ET AL.
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3.2 | Cluster identification

The average silhouette method suggested that two clusters best fit

the data (Figure S1). Two clusters were identified using the k‐means

clustering method: Cluster 1 (N = 51) and Cluster 2 (N = 78). Two‐

sample t‐test analyses suggested that the two clusters did not differ

in the proportion of PTSD (Table 1), providing no support for PTSD

markers. Similarly, the two clusters did not differ in the proportion of

HC, providing no support for trauma exposure markers. By contrast,

the two clusters significantly differed in the proportion of TEHC, with

Cluster 2 having a higher proportion of TEHCs, suggesting markers of

resilience in the face of trauma.

3.3 | Cluster robustness and consistency

For each percentage P = (20%, 30%… 90%) of all participants to be

used as a training sample, the other (100 − P)% of individuals were

used as a validation sample, and were classified as the new clusters

based on the newly created classification tree. Table S3 presents the

mean percentage (and 95% confidence interval [CI]) of individuals

classified by the smaller trees (of the validation set) into the original

clusters built from the full data. For example, when the algorithm was

applied to a training set of 40% of the individuals, 87% of the

validation sample was classified as the original clusters (on average).

Table S3 suggests that the clusters are robust and consistent within

the sample.

3.4 | Cluster characteristics

The clusters differed significantly in the volume of 21 of the selected

29 T1 features (Figures 2 and 3 and Table S4) so that for the vast

majority of the features, Cluster 2 (high resilience) had a higher

volume than Cluster 1 (low resilience). In Cluster 2 (high resilience),

the scores had a positive value, suggesting that they were higher than

what can be anticipated based on eTIV, sex, and age. Next, we

examined the importance of the 29 residual features that were used

TABLE 1 Proportion of TEHC, PTSD, and HC in Cluster 1 (low resilience) and Cluster 2 (high resilience)

Cluster 1
(low resilience;
N = 51)

Cluster 2
(high resilience;
N = 78) Z

Effect
size h

Significance
(p value)

TEHC 13 (25.5%) 36 (46.2%) −2.36 0.44 .018

PTSD 20 (39.2%) 26 (33.3%) 0.83 0.12 .40

HC 18 (35.3%) 16 (20.5%) 1.99 0.33 .05

Note: Z = Z‐score test for proportion comparison between two groups. Effect size h = Cohen's h effect size, 0.2‐small; 0.5‐medium, 0.8‐large.

Abbreviations: HC, healthy controls; PTSD, posttraumatic stress disorder TEHC, trauma‐exposed healthy controls.

Caudal middle frontal

Lateral orbitofrontal

Medial orbitofrontal

parsorbitalis

parstriangularis

Superior frontal

insula

Rostral middle frontal

parsopercularis

Rostral anterior cingulate

Posterior cingulate

Caudal anterior cingulate

F IGURE 2 Brain maps of the structural differences between the two clusters. Posterior cingulate (blue green), rostral anterior cingulate (light
green), and caudal anterior cingulate (blue) are shown at the bottom left figure. Superior frontal (violet), pars triangularis (red), rostral middle
frontal (white), lateral orbitofrontal (light green), pars orbitalis (green), medial orbitofrontal (mauve), insula (orange), caudal middle frontal (yellow),
and pars opercularis (light blue) are shown in the figure to the right.
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for building the clusters, employing a mean decrease importance

index (GINI). The 10 most significant features differentiating between

the clusters appear in Figure S2, and the top five include the thalamus

(importance = 12.96), the rostral middle frontal gyrus area (impor-

tance = 6.51), the hippocampus (importance = 5.21), the superior

frontal gyrus area (importance = 4.70), and the pars triangularis area

(importance = 3.60).

To further crystalize the features contributing most to differen-

tiating between the two clusters, we conducted a classification tree

analysis. The results of the classification tree indicate a significant

split in the thalamus, with individuals scoring −232.7 or less showing

a higher tendency to be in Cluster 1. By contrast, individuals with a

score greater than −232.7 and a rostral middle frontal gyrus

area > −490 showed a higher tendency to be in Cluster 2 (Figure S3).

Table 2 presents the sample demographic and clinical characteristics

by clusters, showing that the clusters cannot be discriminated based on

trauma characteristics (age, time since trauma, and severity of trauma) or

by clinical characteristics (CAPS, HAM‐D). Clusters cannot be differenti-

ated either by most of the demographic characteristics (sex, education),

with the exception of proportion of White race. These findings support

the unique contribution of the structural markers differentiating those

with high versus low resilience in the face of trauma.

3.5 | Sensitivity analyses

Repeating our analysis with the latent class analysis (LCA) approach

resulted in similar findings. The optimal LCA solution yielded two

clusters. To investigate the extent to which these clusters are similar

to those obtained using the k‐means, we compared the patient

groupings derived independently by the two methods to investigate

patterns of commonality and dissimilarity. Next, we checked the

overlap between grouping methods. We found that 85% of patients

defined as Cluster 2 in LCA were also defined as high resilience by

k‐means. In Cluster 1, there was 83% agreement between the two

methods. The two clusters obtained by the LCA also showed a

significantly different proportion of TEHC, with 13 individuals in the

low‐resilience and 36 in the high‐resilience cluster.

F IGURE 3 A box plot of the structural differences between the two clusters.
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4 | DISCUSSION

The present study used a data‐driven approach to unravel the effect

of trauma exposure, PTSD, and resilience, and explore which markers

receive the most support in a sample that includes PTSD, TEHC, and

HC groups. This enabled the different neurobiological markers to

compete with one another. The findings support the presence of

neurobiological markers of resilience, distinguishing between two

clusters that differed in the proportion of individuals who were

exposed to trauma but did not develop PTSD. Specifically, one

cluster, the high‐resilience cluster, had 1.8 times more trauma‐

exposed healthy controls than did the low‐resilience cluster.

The two emerging clusters were found to be robust, consistent

within the sample and across two distinct clustering approaches, and to

differ significantly in the volume of critical features previously identified

as implicated in PTSD and trauma exposure. Specifically, the high‐

resilience cluster was characterized by larger volumes in the thalamus, the

hippocampus, and the PFC than was the low‐resilience cluster. Critically,

demographic, clinical, and other characteristics were not sufficient to

distinguish between the two clusters. The only exception was race, for

which, consistent with the literature, the high‐resilience cluster showed a

high proportion of white race (Shonkoff et al., 2021). Trauma

characteristics (age, duration, and severity) failed to differentiate between

the two clusters. These findings attest to the importance of structural

differences in distinguishing those showing high versus low resilience in

the face of trauma. The findings are partially consistent with another

study identifying data‐driven subgroups in recent trauma survivors using

structural measures, which stressed the importance of the rostral anterior

cingulate cortices (Ben‐Zion et al., 2020). Conversely, the findings diverge

from those of studies that focused on task‐based activation rather than

on structural measures (Kundu et al., 2021; Sellnow et al., 2020).

The five most significant features differentiating between the

clusters are consistent with accumulating literature, being implicated

in confronting trauma (Bromis et al., 2018; Karl et al., 2006; Kitayama

et al., 2005; O'Doherty et al., 2015; Ohashi et al., 2019; Smith, 2005;

Woon et al., 2010): the thalamus, the rostral middle frontal gyrus

area, the hippocampus, the superior frontal gyrus area, and the pars

triangularis area. For example, reduced volume of the hippocampus is

TABLE 2 Demographics by clusters

N

Cluster 1
(low resilience;
N = 51)

Cluster 2
(high resilience;
N = 78) T(df)/χ(df) Effect size

Significance
(p value)

Race 129 8.9(3) 0.24 .028

Asian 1 (1.96%) 5 (6.41%)

Black 27 (52.9%) 32 (41.0%)

Other 13 (25.5%) 10 (12.8%)

White 10 (19.6%) 31 (39.7%)

Education 117 14.9 (2.79) 14.7 (2.43) 0.4 (89) 0.07 .71

Childhood versus
adult trauma

77 4.1 (2) 0.19 .337

Adult 17 (65.4%) 40 (78.4%)

Childhood 9 (34.6%) 11 (21.6%)

Sex 129 0.0 (1) 0.00 1

F 23 (45.1%) 35 (44.9%)

M 28 (54.9%) 43 (55.1%)

Age 129 37.9 (13.6) 38.5 (11.1) −0.3 (92) 0.05 .769

Scanner 129 0.9 (3) 0.08 .436

Trauma age 60 17.5 (4.93) 20.8 (22.0) −0.9 (57) 0.20 .342

Trauma duration 43 8.38 (20.9) 26.5 (73.6) −1.3(39 0.33 .218

Trauma severity 64 1.13 (0.35) 1.29 (0.54) −1.3 (36) 0.35 .209

CAPS 108 18.7 (16.6) 17.0 (16.9) 0.5(77) 0.10 .61

HAM‐D 128 6.60 (8.84) 6.88 (7.83) −0.2(95) −0.04 .853

Note: Categorical variables were compared using the χ2 test. Continuous variables were compared using two sample t‐tests. Two sample t‐test effect
sizes: Cohen's d effect size, 0.1‐small; 0.5‐medium, 0.8‐large. χ2 test effect size: Cohen's w effect size, 0.1‐small; 0.3‐medium, 0.5‐large.

Abbreviation: CAPS, Clinician‐Administered PTSD Scale.
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commonly perceived as a generalized marker of mental health

disorders and is associated with chronic hypercortisolemia (Axelson

et al., 1993; Bremner et al., 1995) and with neurocognitive deficits,

such as poor memory performance (Scott et al., 2015; Stricker et al.,

2017). Furthermore, reduced volume in the thalamus, the hippocam-

pus, and the PFC, all involved in relaying sensory information,

memory (Halassa & Kastner, 2017), and executive functions (Ouhaz

et al., 2018; Tanji & Hoshi, 2008), has been associated with PTSD

(O'Doherty et al., 2017). This pattern suggests that the neuro-

biological markers of resilience may involve efficacious cognitive

control and sensory and memory processing, allowing for spontane-

ous recovery following trauma. Future studies should investigate the

association between sensory processing and resilience. More effica-

cious sensory processing may promote resilience through heightened

glucose metabolism in the anterior insula regions (Jeong et al., 2019),

and less resilience may be associated with an increased risk of

sensory processing deficits (Yochman & Pat‐Horenczyk, 2020).

Whereas the vast majority of areas showed a larger volume in

the high–than in the low‐resilience cluster, two of the 21 areas

showing significant differences between the two clusters indicated a

smaller volume in the high‐resilience cluster: the medial‐orbito frontal

and the rostral anterior cingulate. This finding is consistent with

previous reports of decreased cortical thickness and volume in rostral

anterior cingulate cortex in remitters following prolonged exposure

treatment (Helpman, Papini, et al., 2016) and decreased post-

treatment activation in these regions, compared with pretreatment,

during a fear extinction recall task (Helpman, Marin, et al., 2016).

The findings demonstrate the potential of data‐driven approaches

to contribute new insights about the alterations associated with the

neurobiology of resilience (Neria, 2021). The main limitation of the

present study lies in its small sample size. Therefore, we cannot

exclude the possibility that additional types of neurobiological markers

may be identified in larger samples, where significant differences may

emerge in HC proportion as well. If future longitudinal studies support

the existence of two clusters that meaningfully differ in both HC and

TEHC proportion, two potential explanations can be offered. First, if

resilience develops as a result of exposure to trauma, it may suggest

that in the face of trauma both a trauma signature and a potential

signature of growth may be apparent. Second, if resilience to trauma

exists irrespective of trauma exposure, several HC individuals may not

be resilient and could develop PTSD following exposure to future

traumatic events. Furthermore, it is not clear whether the resilience

cluster represents general resilience against stressors (a genetic

predisposition), so that the same characteristics may protect indivi-

duals from other mental health disorders, such as depressive ones

(Bromis et al., 2018), or specific protective qualities against traumatic

events. Third, although some studies sought to demonstrate causality

(Gilbertson et al., 2002; Kasai et al., 2008; Kremen et al., 2012; Kühn

et al., 2021), in the present study it is not possible to determine

whether the volumetric differences between the clusters preceded the

trauma exposure or were acquired as the result of confronting trauma

without developing PTSD. The differences between the clusters in

race may reflect the way in which social determinants of mental health

may shape health inequalities, for example by causing added risk, then

leading to lower resilience (Alegría et al., 2018; Bailey, 2015). This is

consistent with the concept of the “social gradient,” according to which

individuals from certain groups in society face greater health risks and

lower life expectancy than those from other groups. Finally, future

studies should explore which neuroimaging markers emerge when

using multimodal neuroimaging features (Kundu et al., 2021).

5 | CONCLUSION

The findings suggest the existence of resilience neurobiological

markers, defined as high levels of TEHC in the face of trauma,

characterized by a higher volume in structural features previously

shown to be implicated in PTSD. Distinguishing between the brains

of those developing PTSD following trauma and those showing

resilience can shed light on the neurobiology of resilience and

indicate which populations are less at risk when determining profiles

of individuals for serving in special units to be deployed in a war zone.
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