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We investigated the extent of cortical thinning in U.S. Veterans exposed to combat who varied in 

the severity of their posttraumatic stress disorder (PTSD) symptoms. In addition, we explored the 

neural correlates of PTSD symptom dimensions and the interactive effects of combat exposure and 

PTSD upon cortical thickness. Sixty-nine combat exposed Veterans completed high-resolution 

magnetic resonance imaging (MRI) scans to estimate cortical thickness. The Clinician 

Administered PTSD Scale (CAPS) and Combat Exposure Scale (CES) assessments were 

completed to measure current PTSD and historical combat severity, respectively. PTSD symptom 

dimensions (numbing, avoidance, reexperiencing, anxious arousal, and dysphoric arousal) were 

studied. Vertex-wise whole cerebrum analyses were conducted. We found widespread negative 

correlations between CAPS severity and cortical thickness, particularly within the prefrontal 

cortex. This prefrontal correlation remained significant after controlling for depression severity, 

medication status, and other potential confounds. PTSD dimensions, except anxious arousal, 

negatively correlated with cortical thickness in various unique brain regions. CES negatively 

correlated with cortical thickness in the left lateral prefrontal, regardless of PTSD diagnosis. A 

significant interaction between CES and PTSD diagnosis was found, such that CES negatively 

correlated with cortical thickness in the non-PTSD, but not in the PTSD, participants. The results 

underscore the severity of cortical thinning in U.S. Veterans suffering from high level of PTSD 

symptoms, as well as in Veterans with no PTSD diagnosis but severe combat exposure. The latter 

finding raises considerable concerns about a concealed injury potentially related to combat 

exposure in the post-9/11 era.
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1. Introduction

Posttraumatic stress disorder (PTSD) is a disabling illness affecting approximately 7% of the 

adult U.S. population and up to 25% of combat exposed US Veterans, depending on cohort 

(Kessler et al., 2005). Yet, the understanding of the pathophysiology of PTSD is limited, 

with few effective pharmacological treatments. These under-addressed clinical needs are 

especially relevant to U.S. Veterans, with more than 2.6 million military personnel deployed 

to war zones in the post-9/11 era and an estimated 23% prevalence of PTSD among US 

Veterans (Fulton et al., 2015). Better insight into the neural correlates of combat exposure 

and PTSD symptoms may contribute to rational drug development of novel effective 

therapeutics. In this study of U.S. Veterans, we examined the relationship between PTSD 

symptoms, combat exposure, and cortical thickness, a measure of gray matter (GM) 

integrity. The models and design of the study focus on brain correlates of dimensional 

symptoms and trauma exposure while attempting to address some of the limitations of prior 

PTSD GM research, especially regarding the generalizability of results to the Veteran 

population.

Accumulating evidence implicates synaptic dysconnectivity in the pathophysiology of 

trauma and chronic stress (Pitman et al., 2012; Popoli et al., 2012; Reul and Nutt, 2008). It 

has been proposed that stressors initially activate glutamate circuits and trigger 
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proinflammatory processes, which initiate a cascade of neural events that impair synaptic 

connectivity, contributing to the chronic effects of trauma and stress (Abdallah et al., 2015b; 

Averill et al., 2016). In this model, trauma and chronic stress impair glutamate 

neurotransmission and increase extrasynaptic glutamate levels, which precipitate 

excitotoxicity and affect synaptic integrity, as evidenced by a reduction of synaptic density 

and strength, as well as dendritic retraction and reduced arborization, in prefrontal and 

hippocampal circuits regulating emotion and stress responses (Abdallah et al., 2015a). In 

susceptible individuals subjected to major trauma, these stressor-induced synaptic deficits 

interact with predisposing vulnerabilities (e.g., amygdala reactivity, cortisol/NPY 

dysregulation) to impair fear and learning regulation and precipitate a constellation of PTSD 

symptoms, which further perpetuate the vicious effects of trauma and chronic stress 

(Abdallah et al., 2017; Averill et al., 2016). This synaptic model predicts that current PTSD 

symptoms and the severity of trauma history, as two major stressors, would negatively affect 

GM integrity. This stress-based model is most consistent with the “sustained threat” or 

“chronic stress” construct of the Negative Valence Systems in NIMH’s Research Domain 

Criteria (RDoC).

Structural Magnetic Resonance Imaging (MRI) can provide an indirect measure of GM 

integrity by estimating the volume or shape of a brain region. Preclinical evidence has 

demonstrated that stress induced changes in GM structure reflect underlying alterations in 

synaptic microstructure and density (Kassem et al., 2013). Extensive literature utilizing MRI 

methods over the past 2 decades has shown impaired GM integrity in patients diagnosed 

with PTSD. For example, meta-analyses in PTSD have reported reduced GM volume in the 

hippocampus, anterior cingulate cortex (ACC), and medial prefrontal cortex (PFC) (Kuhn 

and Gallinat, 2013; O’Doherty et al., 2015); structures that are broadly part of networks 

supporting emotion processing and the acquisition and extinction of fear. Several studies 

have reported reduced cortical thickness in various brain regions in PTSD patients (Geuze et 

al., 2008b; Hunter et al., 2011; Liu et al., 2012; Mueller et al., 2015; Qi et al., 2013; 

Woodward et al., 2009; Xie et al., 2013), but also see (Landre et al., 2010; Li et al., 2016). 

Some studies demonstrated a negative correlation between cortical thickness and PTSD 

severity (Corbo et al., 2014; Lindemer et al., 2013; Liu et al., 2012; Sadeh et al., 2016). 

Greater cortical thickness was previously associated with resilience and enhanced recovery 

from PTSD symptoms (Dickie et al., 2013; Lyoo et al., 2011; Nilsen et al., 2016), although 

not without inconsistencies (Helpman et al., 2016).

To date, MRI studies in PTSD have provided essential insight into putative 

pathophysiological pathways of the disorder (Bremner et al., 1995; Morey et al., 2012; 

Woodward et al., 2006; Woodward et al., 2009). However, additional state-of-the-art design 

and methods are still needed to complement prior evidence and begin to map GM 

abnormalities to the clinical characteristics of PTSD, as well as to the distinctive effects of 

trauma exposure. In particular, it is essential to investigate the effect of combat exposure on 

GM integrity in Veterans with and without PTSD. A recent report found a negative 

correlation between combat severity and cortical thickness in Veterans with chronic pain 

(Corbo et al., 2016). In this study, we focused on determining the association between 

combat severity and GM integrity, while attempting to address some of the gaps of prior 

evidence. For example, pioneering studies have primarily investigated GM integrity in case-
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control studies of those with a diagnosis of PTSD versus those without a diagnosis (Kuhn 

and Gallinat, 2013; O’Doherty et al., 2015). Though this approach has the strength of 

creating a large contrast, it also creates a potentially artificial dichotomization, especially if 

traumatic effects and related psychopathology are on a continuum of biological 

abnormalities and clinical severity. Therefore, we included combat exposed Veterans 

regardless of their PTSD diagnosis, aiming to capture a linear spread of PTSD symptom 

characteristics and severity, consistent with a dimensional approach such as RDoC. In 

addition, our study exclusion criteria were carefully selected to enhance the generalizability 

of the results to a clinical Veteran population.

In a cohort of 69 combat exposed US Veterans, we measured PTSD severity using the 

Clinician Administered PTSD Scale (CAPS) and confirmed that CAPS scores were 

continuously spread between low and high severity (Fig. S1). Our primary analysis 

examined the relationship between total CAPS scores and cortical thickness throughout the 

cerebrum, followed by region of interest (ROI) analysis of the prefrontal cortex (PFC) 

thickness. The PFC ROI analysis was used 1) based on the predictions of the synaptic model 

described above, 2) because the PFC plays a critical role in the pathophysiology of PTSD, 

and 3) because gray matter integrity within the PFC were previously correlated with PTSD 

pathology and recovery (Dickie et al., 2013; Lyoo et al., 2011; Woodward et al., 2006; 

Woodward et al., 2013). The PFC ROI analysis permitted the examination of several putative 

confounds, as well as reducing type I error due to multiple comparisons. Secondary analyses 

investigated the association between cortical thickness and five dimensions of PTSD 

symptoms (i.e., reexperiencing, anxious arousal, dysphoric arousal, numbing, and 

avoidance) (Pietrzak et al., 2012).

We also investigated whether combat exposure severity is directly related to cortical 

thickness or interacts with PTSD pathology. Consistent with the synaptic model of chronic 

stress, we predicted a negative correlation between PTSD severity and cortical thickness, in 

particular in the PFC. We hypothesized that combat exposure scale (CES) would negatively 

affect cortical thickness regardless of psychopathology and that CES would have an additive 

or synergistic effect in combination with PTSD pathology, such that the negative correlation 

between CES and thickness would be more robust in those with PTSD. This hypothesis was 

tested by first correlating CES with cortical thickness controlling for PTSD diagnosis (i.e., 

CES effects). Then, we studied the interaction between CES and PTSD.

2. Experimental Procedures

Participants

Sixty-nine combat exposed U.S. Veterans were recruited from the VA Connecticut 

Healthcare System (VACHS) and local Veteran communities (Abdallah et al., 2017). The 

study received IRB approval from the VACHS Human Subjects Subcommittee and Yale 

University Human Research Protection Program. All subjects completed written informed 

consent prior to participating in study procedures.

Participants ranged in age from 21 to 60 (mean ±SEM = 34.7 ±1.1) and had been deployed 

on at least one combat tour. Individuals were excluded from the study if they met any of the 
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following criteria: a diagnosis of bipolar disorder or psychotic disorder, as assessed by the 

Structured Clinical Interview for the DSM-IV (SCID-IV) (First et al., 2002); current 

benzodiazepine use; a history of ADHD, learning disorder, moderate or severe traumatic 

brain injury (TBI), brain tumor, epilepsy, or a neurological disorder; current inpatient status; 

or an MRI contraindication. Given their high co-occurrence with PTSD in Veterans, stable 

antidepressants and comorbid mild TBI, depression, anxiety, and alcohol/substance 

disorders were not excluded to ensure the external validate of the study and the 

generalizability of the findings to the target population. These putative confounds were 

examined as covariates in post-hoc analyses.

Behavioral and Functional Assessments

PTSD diagnosis and symptom severity were assessed using the CAPS-IV (Blake et al., 

1995; Weathers et al., 2001). A trained and certified clinical psychologist or master’s level 

clinician administered the CAPS-IV to assess PTSD symptoms. CAPS training included 

review of online training materials, observation of at least four CAPS sessions conducted by 

experienced clinicians, and rating of audio recordings for establishing inter-rater reliability. 

Kappa coefficients were between .80 and .90 for all interviewers. Psychiatric comorbidities 

were assessed using the SCID-IV (First et al., 2002). CES (Keane, 1989) was used to assess 

the extent of self-reported combat experiences. The Beck Depression Inventory (BDI), 

Second Edition (Beck, 1996) was used as a standardized measure of self-reported depressive 

symptomatology. The Beck Anxiety Inventory (BAI) was used as a self-report measure of 

anxiety symptoms (Beck, 1993). A neuropsychologist independently assessed TBI severity 

using American Congress of Rehabilitation Medicine criteria (Kay, 1993). The Wechsler 

Test of Adult Reading (WTAR) was administered as a measure of premorbid intellectual 

functioning (Holdnack, 2001).

Neuroimaging Methods

MRI scans were collected at 3.0 Tesla using a Siemens TIM Trio scanner with a 32-channel 

head coil. After localization, 2 × T1-weighted sagittal magnetization-prepared, rapid 

acquisition gradient-echo (MPRAGE; TR=2530ms; TE=2.71ms; TI=1200ms; Flip=7°) and 1 

× T2-weighted (TR = 3200 ms; TE = 419 ms; Flip = 120°) scans were acquired with an 

isotropic voxel size of 1mm3. Cortical thickness estimates were computed using the fully 

automated Freesurfer package (http://surfer.nmr.mgh.harvard.edu; version 5.3; (Fischl, 

2012)), as described in our previous studies (Abdallah et al., 2012). The standard Freesurfer 

methods, along with references, are provided in the Supplements. The structural scans were 

processed as follow: “recon-all –s $subject –i $first_T1_scan –i $second_T1_scan –

T2 $T2_scan –all –T2pial -qcache”. Visual inspections for quality assurance were 

completed; no manual interventions were necessary. All image processing, parcellation, and 

quality control procedures were conducted while blinded to participants’ demographic and 

clinical characteristics.

Data Analysis

Demographic and psychiatric variables are presented in Table S1 & S2. Prior to conducting 

each analysis, the distribution of outcome measures was examined using probability plots 

and test statistics. Transformations and non-parametric tests were used as necessary. Whole-
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brain vertex-wise General Linear Modeling (GLM) was performed on the surface maps 

using Freesurfer’s QDEC package. Our primary GLM analysis examined the effects of 

CAPS total score on cortical thickness while controlling for age. Comparable GLMs were 

constructed to examine the effects of each of the 5 symptom dimensions on cortical 

thickness while controlling for age. To determine the effects of putative confounds, we first 

extracted the average cortical thickness of the anatomically defined PFC of each subject, as 

parcellated by Freesurfer. The PFC was selected for the post-hoc analyses because it was the 

primary brain region correlating with CAPS in the vertex-wise analysis. Then we conducted 

partial correlation analyses covarying for age and each of the following demographic and 

clinical measures: WTAR, BDI, BAI, and TBI and alcohol or substance use disorder status. 

To examine the effects of CES, we constructed a GLM with cortical thickness as outcome, 

diagnosis (PTSD) as a discrete variable, CES as a continuous variable, and age as a 

covariate. This GLM examined the main effect of CES and the interaction between PTSD 

diagnosis and CES. Average cortical thickness in each cluster that showed significant 

interaction was extracted per subject. To ascertain the direction of significant interactions, 

post-hoc analyses with FDR correction examined the slopes of the best-fit line relating CES 

and average thickness in each diagnostic group, controlling for age. Type I error correction 

for whole brain analyses was conducted based on cluster extent using Monte-Carlo 

simulation, as implemented in Freesurfer (Hagler et al., 2006), which provided a cluster 

corrected α < 0.01. Vertex thresholds used p values of 0.01 for the primary GLMs (i.e., 

CAPS and CES) and 0.001 for the secondary analyses (i.e., each of the 5 PTSD symptom 

dimensions).

3. Results

PTSD Symptoms

Following correction for multiple comparisons, we found significant negative correlations 

between CAPS scores and cortical thickness in 11 clusters (Fig. 1, Table 1). Participants 

with high symptom severity showed widespread reduced cortical thickness primarily in the 

left hemisphere and the PFC, including bilateral ventrolateral PFC, bilateral superior PFC, 

left dorsal ACC (dACC), left dorsolateral PFC, left anterior insula, right lateral occipital 

cortex, right fusiform, and right posterior cingulate. No positive correlations were found 

between CAPS and cortical thickness. The correlation between CAPS and PFC cortical 

thickness maintained significance (p < 0.05) after controlling for various demographic and 

clinical variables (see Methods).

Secondary analyses examining the effects of PTSD symptom dimensions found the 

following associations (Fig. 2): I. Dysphoric Arousal negatively correlated with cortical 

thickness clusters in left dorsolateral PFC, left superior PFC, right lateral occipital cortex, 

right posterior cingulate, left lingual gyrus and precuneus (Fig. 2A). II. Anxious Arousal did 

not correlate with cortical thickness. III. Reexperiencing negatively correlated with cortical 

thickness in the bilateral ventrolateral PFC and bilateral superior PFC (Fig. 2B). IV. 

Numbing negatively correlated with left dACC, left dorsolateral and ventrolateral PFC, and 

left inferior parietal cortex (Fig. 2C). 5. Avoidance negatively correlated with a cluster in the 
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left lateral orbitofrontal cortex (Fig. 2D). No positive correlations were found between 

PTSD symptom dimensions and cortical thickness.

Combat Exposure

We found a main effect of CES, such that participants with more severe combat exposure – 

regardless of PTSD status – showed significant reductions in cortical thickness in a cluster in 

the lateral rostral middle frontal gyrus (Fig. 3, Table 1). The GLM also revealed an 

interaction between CES and diagnosis in 7 clusters (Fig. 4, Table 1). To delineate the 

pattern of interaction, we performed a linear fit between CES and cortical thickness, 

controlling for age, in each cluster and group (7 clusters × 2 groups). Following correction 

for multiple comparisons, 5 slopes remained significant, showing negative association 

between CES and cortical thickness in the non-PTSD participants in the left superior frontal 

cortex, bilateral paracentral gyri, and bilateral cuneus. In contrast, CES was not associated 

with cortical thickness in the PTSD participants (all corrected p values > 0.05). Conducting 

a multivariate analysis in which the 7 clusters were included as dependent measures with 

CES, CAPS, and CES-by-CAPS interaction as independent terms, showed comparable 

results of interaction between CES and CAPS effects [F(7,54) = 2.39, p = 0.03], such as 

Veterans with low PTSD symptoms showed more negative correlations between CES and 

cortical thickness.

4. Discussion

Though prior studies have examined associations between PTSD and quantitative 

measurements of brain structure, few have examined the independent and interactive effects 

of trauma exposure and dimensional PTSD symptoms on cortical thickness, a robust 

measure of gray matter integrity. Consistent with our study hypothesis, we found that 

cortical thickness negatively correlated with total PTSD symptom severity in a number of 

brain regions relevant to emotional inhibition and emotion-cognition interactions. Secondary 

analyses of the relationship between cortical thickness and dimensional symptoms of PTSD 

also lent support to the hypothesis that different symptom dimensions would map onto 

different cortical regions. Moreover, we found that combat exposure was related to 

reductions in cortical thickness independent of age and PTSD diagnosis, partially supporting 

our third hypothesis. However, contrary to our prediction, we did not observe an additive 

effect of combat exposure and PTSD diagnosis in relationship to cortical thickness. In fact, 

the severity of combat exposure did not correlate with cortical thickness in the PTSD group, 

suggesting that the ongoing suffering from PTSD has confounded the brain effects of the 

historical stressor as measured by CES. Taken together, these results suggest that reduced 

cortical integrity within certain brain regions may be associated with severe trauma exposure 

and influence the expression of trauma-related symptoms. More importantly, the results 

highlight the brain sequelae of combat exposure, even in Veterans without PTSD.

Consistent with prior evidence, we found that ventrolateral and dorsolateral PFC, as well as 

left dorsal ACC, and right posterior cingulate, among other brain regions, showed significant 

reductions with increasing trauma-related symptom severity. Changes in cortical thickness 

may result from dendritic spine loss and/or glial dysfunction (Geuze et al., 2008a). To the 
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extent that reduced cortical thickness may relate to reduced functioning, our findings may 

have relevance for models of brain functioning in PTSD. These brain regions overlap with 

networks that broadly support emotion processing, emotion regulation, and executive 

control, all of which are impacted in PTSD (Fitzgerald et al., 2016; Scott et al., 2016).

While highlighting the exploratory nature of the PTSD dimensional analysis, we note two 

observations that merit further assessment in future studies. First, there was relatively limited 

overlap between brain regions associated with each of the PTSD dimensions, putatively 

supporting the prospect of dimension-specific brain abnormalities. Second, the reduction in 

dACC thickness was associated with the numbing dimension (symptoms comparable to 

depression), but not arousal or reexperiencing (symptoms related to anxiety and fear 

expression). This observation is intriguing considering that activation of the dACC has been 

previously related to arousal and expression of conditioned fear (Fonzo et al., 2010; Mechias 

et al., 2010). Hyperactivation of the dACC was also proposed as predisposing vulnerability 

present in healthy twins of PTSD patients (Admon et al., 2013; Shin et al., 2011; Shin et al., 

2009). Thus, the study results raise the question for future longitudinal investigations to 

determine whether the structural deficit in dACC contributes to a pathological behavioral 

shift from arousal and reexperiencing dimensions to depressive numbing –and perhaps 

dissociative– symptomatology.

The interaction effect observed in our combat exposure analysis is particularly interesting, as 

it shows that combat exposure is inversely related to cortical thickness in non-PTSD 

Veterans. Combat exposure requires sustained periods of heightened arousal and awareness, 

rapid processing of information, and assessment of threat, with high stakes. When not on 

combat missions or patrols, soldiers who live in a combat zone are at risk for potential harm, 

as attacks on bases can occur randomly and unpredictably. It has been consistently reported 

that chronic, unpredictable stress has adverse neurobiological effects (Arnsten, 2015). For 

example, animal models examining the impact of chronic stress show loss of dendrites and 

spines in pyramidal cells of the prefrontal cortex, which relate to working memory, attention, 

and cognitive flexibility. Similar findings have been reported in human research, whereby 

lower gray matter volume in the prefrontal cortex is observed in individuals with trauma 

exposure. In addition, alterations in prefrontal connectivity and dysregulation of the 

amygdala have been reported, which result in an emphasis on habitual or primitive 

responding versus flexible, goal-directed thinking (Ansell et al., 2012; Liston et al., 2009; 

Soares et al., 2013).

Our finding of reduced cortical thickness in combat exposed non-PTSD Veterans supports 

the notion that the effects of combat exposure may be associated with reductions in 

structural integrity outside of the context of PTSD. It also raises a critical question whether 

pre-deployment cortical thickness could serve as a biomarker of resilience to the impact of 

combat exposure. Consistent with this model, the cortical thickness of non-PTSD Veterans 

in the current study was affected negatively by the severity of combat exposure. However, 

these individuals were resilient to PTSD as well as retained a larger cortical thickness 

compared to Veterans with severe PTSD, as evident by the negative correlation between 

CAPS scores and cortical thickness. Initial evidence shows that individuals with higher 

prefrontal cortical thickness show enhanced emotional regulation and fear extinction 

Wrocklage et al. Page 8

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



compared than those with less cortical density (Bruehl et al., 2013; Hartley et al., 2011; 

Milad et al., 2005). A recent longitudinal study showed that individuals with greater gray 

matter volume in the ACC presented with fewer PTSD symptoms after experiencing a 

natural disaster (Sekiguchi et al., 2013). Similarly, greater cortical thickness was associated 

with reduced commission errors in a Go/No-GO task (Sadeh et al., 2015). Thus, future 

studies should examine whether pre-exposure cortical integrity confers resilience to trauma-

related psychopathology.

There are several features of our study that make it notable. A somewhat unique feature of 

our study includes the examination of PTSD symptoms in relation to cortical thickness on a 

continuum (i.e., trauma-related stress symptom severity). Prior research has classified 

subjects into groups categorically, depending on whether subjects were diagnosed with 

PTSD. Categorical classification of PTSD creates logistical challenges, particularly when 

the comparison group has a relatively high degree of PTSD symptomology (e.g. 

subthreshold) despite not meeting DSM criteria and/or falling below a pre-determined 

symptom severity cut-score. Our approach also highlights the dimensional nature of stress 

exposure and PTSD symptoms, in line with the NIMH RDoC initiative (Cuthbert, 2014; 

Schutzwohl and Maercker, 1999).

In addition, to our knowledge, no studies have examined cortical thickness as it relates to 

symptom dimensions outlined in the five-factor model of PTSD. PTSD is a multi-faceted 

diagnosis that, like many mental disorders, manifests differently between individuals in the 

general population. For example, one individual may suffer primarily from hyperarousal 

symptoms early on in the illness course whereas another may experience numbing as a 

primary concern (Schell et al., 2004). Exploration of the relationship between different 

symptom presentations and potential neurobiological markers may assist in identifying 

pharmacological treatments that more effectively target dimensional PTSD symptoms.

Furthermore, much of the prior literature has focused primarily on neurobiological 

associations with PTSD, while limited studies have investigated independent contributions 

from combat exposure (Schnurr and Spiro, 1999; Taft et al., 1999). Early findings suggest an 

indirect relationship between combat exposure and physical health, and a stronger 

relationship between PTSD and physical health (Schnurr and Spiro, 1999; Taft et al., 1999). 

While the effects of PTSD and combat exposure are somewhat difficult to disentangle, the 

effects of combat exposure warrant further investigation given that some soldiers who 

experience combat do not develop PTSD. A high percentage of U.S. Veterans experience a 

variety of medical conditions and psychological distress (Agha et al., 2000; Kang et al., 

2009). The mechanisms underlying the incidence of these conditions in the U.S. Veteran 

population could be investigated within a construct accounting for the detrimental neural 

effects of chronic combat stress.

Limitations of the study include a predominately male, moderately sized sample. Future 

studies would benefit from a larger and more representative sample of the U.S. Veteran 

population. Broadening the sample population would allow investigation of potential sex and 

racial differences in the neural consequences associated with combat exposure and stress-

related psychopathology. Moreover, the use of a cross-sectional research design prevents 
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conclusions about whether the group differences represent acquired neurobiological changes 

versus pre-existing vulnerabilities. For example, one twins’ study suggested that smaller 

hippocampal volume in PTSD could predate trauma and psychopathology (Gilbertson et al., 

2002). However, a cortical twins’ study suggested that medial PFC GM deficit is putatively 

an acquired pathology in PTSD (Kasai et al., 2008). Although depression severity, 

medication and TBI status, alcohol/substance use comorbidities and other potential 

confounds did not affect the significant relationship between PTSD symptoms and GM 

integrity, many of the individuals within our sample had comorbidities, including mild TBI 

and substance use disorders, that limit our conclusions about etiology and vulnerability to 

neurobiological changes secondary to combat exposure. These comorbidities were not 

excluded because individuals with trauma and stress-related pathology often have multiple 

comorbidities, and excluding individuals with these diagnoses would have reduced the 

external validity and generalizability of our findings. Another limitation is that this dataset 

does not include information regarding early life stressors or number and duration of combat 

tours, which may contribute to the observed alterations in cortical thickness (Corbo et al., 

2014; Yehuda et al., 2001). Finally, our sample was solely comprised of U.S. combat 

Veterans and may not generalize to other types of trauma exposure.

In conclusion, our results suggest that combat exposure is associated with reduced cortical 

thickness in multiple brain regions, even in individuals with low PTSD symptoms. To our 

knowledge, this is the first study to examine the interaction between combat exposure and 

PTSD effects on cortical thickness. Our study also explored the correlation between cortical 

thickness and PTSD symptoms dimensionally. Future research should include an exploration 

of the relationship between the neurobiological findings reported herein and functional 

outcome variables, such as cognition. In addition, future studies should investigate potential 

treatments for reversing or impeding the process of cortical thinning that is associated with 

combat exposure.
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Figure 1. 
Correlation between cortical thickness and PTSD severity. PTSD symptom severity as 

measures by CAPS showed a widespread negative correlation with cortical thickness (blue 

clusters), but not positive correlation. CAPS = Clinician Administered PTSD Scale.
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Figure 2. 
Correlation between cortical thickness and the 5 dimensions of PTSD symptoms. Four 

dimensions showed negative correlation with cortical thickness (blue clusters), but no 

positive correlations. The 5th dimension, anxious arousal, did not correlate with cortical 

thickness.
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Figure 3. 
Correlation between cortical thickness and combat exposure severity. Historical self-report 

measure of combat exposure severity negatively correlated with cortical thickness in the left 

lateral prefrontal cortex (blue cluster), after controlling for age and PTSD status. There were 

no positive correlations between cortical thickness and combat exposure severity.
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Figure 4. 
Interaction between combat exposure severity (CES) and PTSD diagnosis. Five clusters 

showed a significant interaction between CES and PTSD status (red-yellow clusters; A). 

Post-hoc analyses revealed significant negative association between CES and cortical 

thickness in the combat control group (B–E). There was no significant association between 

CES and cortical thickness in the PTSD group.
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