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ARTICLE INFO ABSTRACT

Keywords: Background: Post-traumatic stress disorder (PTSD) is a psychiatric disorder that afflicts many individuals, yet the
Post-traumatic stress disorder neuropathological mechanisms that contribute to this disorder remain to be fully determined. Moreover, it is
Mild traumatic brain injury unclear how exposure to mild traumatic brain injury (mTBI), a condition that is often comorbid with PTSD,
Diff“SiO" MRI particularly among military personnel, affects the clinical and neurological presentation of PTSD. To address
x;cl;c;ztructure these issues, the present study explores relationships between PTSD symptom severity and the microstructure of

limbic and paralimbic gray matter brain regions, as well as the impact of mTBI comorbidity on these re-
lationships.

Methods: Structural and diffusion MRI data were acquired from 102 male veterans who were diagnosed with
current PTSD. Diffusion data were analyzed with free-water imaging to quantify average CSF-corrected frac-
tional anisotropy (FA) and mean diffusivity (MD) in 18 limbic and paralimbic gray matter regions. Associations
between PTSD symptom severity and regional average dMRI measures were examined with repeated measures
linear mixed models. Associations were studied separately in veterans with PTSD only, and in veterans with
PTSD and a history of military mTBI.

Results: Analyses revealed that in the PTSD only cohort, more severe symptoms were associated with higher FA
in the right amygdala-hippocampus complex, lower FA in the right cingulate cortex, and lower MD in the left
medial orbitofrontal cortex. In the PTSD and mTBI cohort, more severe PTSD symptoms were associated with
higher FA bilaterally in the amygdala-hippocampus complex, with higher FA bilaterally in the nucleus

Abbreviations: ANTS, Advanced Normalization Tools; BAT-L, Boston Assessment of TBI-Lifetime; CAPS-CSS, CAPS-DX Current Symptom Severity; CAPS-DX,
Clinician-Administered PTSD Scale-Diagnostic Version for DSM-IV; CSF, cerebrospinal fluid; DASS21, Depression Anxiety Stress Scales; dMRI, diffusion magnetic
resonance imaging; DSM-IV, Diagnostic and Statistical Manual of Mental Disorders, 4th Edition; DTI, diffusion tensor imaging; FA, fractional anisotropy; FDR, false
discovery rate; FLIRT, FMRIB's Linear Image Registration Tool; LDH, Lifetime Drinking History; LMM, linear mixed model; MD, mean diffusivity; MRI, magnetic
resonance imaging; mTBI, mild traumatic brain injury; OEF, Operation Enduring Freedom; OIF, Operation Iraqi Freedom; OND, Operation New Dawn; PTSD, post-
traumatic stress disorder; RDoC, Research Domain Criteria; REML, restricted maximum likelihood; ROI, region of interest; SCID, Structured Clinical Interview for
DSM-IV-TR Axis I Disorders; TBI, traumatic brain injury; TMS, transcranial magnetic stimulation; TRACTS, Translational Research Center for TBI and Stress
Disorders; VA, Veterans Affairs
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accumbens, with lower FA bilaterally in the cingulate cortex, and with higher MD in the right amygdala-hip-

pocampus complex.

Conclusions: These findings suggest that the microstructure of limbic and paralimbic brain regions may influence
PTSD symptomatology. Further, given the additional associations observed between microstructure and
symptom severity in veterans with head trauma, we speculate that mTBI may exacerbate the impact of brain
microstructure on PTSD symptoms, especially within regions of the brain known to be vulnerable to chronic
stress. A heightened sensitivity to the microstructural environment of the brain could partially explain why
individuals with PTSD and mTBI comorbidity experience more severe symptoms and poorer illness prognoses
than those without a history of brain injury. The relevance of these microstructural findings to the con-
ceptualization of PTSD as being a disorder of stress-induced neuronal connectivity loss is discussed.

1. Introduction

Approximately 23% (Fulton et al., 2015) of military service mem-
bers deployed to Iraq (Operation Iraqi Freedom, OIF; Operation New
Dawn, OND) and Afghanistan (Operation Enduring Freedom, OEF)
experience deployment-related physical or emotional trauma and are
subsequently diagnosed with post-traumatic stress disorder (PTSD), a
psychiatric disorder associated with hyperarousal, avoidance behaviors,
trauma re-experiencing, and alterations in cognition and mood. Despite
this high prevalence, the pathogenesis of PTSD remains largely un-
known, hindering prevention and treatment efforts. Further, although
populations at high risk for PTSD (e.g., military populations) have a
high incidence of exposure to traumatic brain injury (TBI), additional
work is needed to fully characterize the ways in which TBI can affect
the clinical and neurological presentation of PTSD (Spadoni et al.,
2018; Tanev et al., 2014; Vasterling et al., 2009).

MRI studies of PTSD have reported changes in the macrostructure
(i.e., volume, thickness, density) of limbic and paralimbic brain struc-
tures (Chao et al.,, 2013; O'Doherty et al., 2015; Bremner, 2007;
Meng et al., 2014, 2016). These structures are thought to contribute to
PTSD symptomatology due to their involvement in relevant affective
and cognitive processes such as emotion regulation, self-referential
processing, motivation, memory, and attention. Indeed, PTSD symptom
load appears to influence the magnitude of limbic/paralimbic macro-
structural brain alterations (Bing et al., 2013; Lindemer et al., 2013;
Meng et al.,, 2016; O'Doherty et al., 2017; Rogers et al., 2009;
Wrocklage et al.,, 2017), with greater symptom severity correlating
with, for example, reduced hippocampal volumes (Nelson and
Tumpap, 2017; O'Doherty et al., 2017) and reduced thickness of the
cingulate cortex (Bing et al., 2013; Wrocklage et al., 2017). In addition,
increased PTSD severity is associated with greater decrements in psy-
chosocial functioning (Crowson et al., 1998; MacDonald et al., 1999),
increased physical health concerns (Hoge et al., 2007; Pacella et al.,
2013), and more severe neurocognitive deficits (Cohen et al., 2013;
Twamley et al., 2009). Taken together, these findings suggest that PTSD
symptoms and corresponding psychosocial, cognitive, and neurological
changes occur along a continuum, further suggesting that PTSD may
best be characterized and studied as a dimensional mental illness
(Palm et al., 2009). This notion is supported by taxometric analyses that
reveal a dimensional latent structure of PTSD (i.e., a continual rather
than a taxonic structure) (Broman-Fulks et al., 2006; Forbes et al.,
2005; Ruscio et al., 2002). This notion also fits well with the general
Research Domain Criteria (RDoC) framework, which emphasizes the
importance of studying clinical and biological variables along a spec-
trum (Insel et al., 2010). Adopting a dimensional approach to study
PTSD may thus prove important for identifying neurological features
that contribute to PTSD severity.

Exposure to mild TBI (mTBI), the “signature wound” of the Iraq and
Afghanistan wars (Snell and Halter, 2010), may also impact PTSD se-
verity. Not only is TBI often comorbid with, and potentially a risk factor
for PTSD (Chemtob et al., 1998; Hoge et al., 2008; Lippa et al., 2015;
Schneiderman et al., 2008; Yurgil et al., 2014), but individuals with
PTSD and a history of mTBI often exhibit more severe PTSD symptoms

(Chemtob et al., 1998; Vanderploeg et al., 2009), poorer neurocognitive
functioning, worse long term recovery (Vanderploeg et al., 2009), and
more severe neurological changes (Lindemer et al., 2013;
Spielberg et al., 2015) than those who have not sustained a mTBL In
OEF/OIF/OND populations, where approximately 12-35% of service
members have sustained a TBI (the vast majority being mild)
(Fortier et al., 2014; Lindquist et al., 2017; O'Neil et al., 2013;
Schneiderman et al., 2008), it becomes critical to consider mTBI history
when trying to obtain a comprehensive and accurate picture of neu-
rological changes that contribute to PTSD symptomatology.

While structural MRI studies have provided evidence of macro-
structural brain alterations in PTSD, such studies cannot provide in-
formation about microstructural processes that can impact symptom
severity. Diffusion MRI (dMRI), on the other hand, can be used to ex-
amine brain microstructure (Alexander et al., 2017; McNab et al., 2013;
Pasternak et al., 2018). For example, when applied to gray matter (e.g.,
Bouix et al., 2013; Bozzali et al., 2002; McKinstry et al., 2002;
Rathi et al., 2014; Seitz et al., 2018; Weston et al., 2015), dMRI can
provide insight into changes in tissue composition (e.g. atrophy
(Laitinen et al., 2015) and glial changes (Budde et al., 2011;
Seehaus et al., 2015; Sizonenko et al., 2007)) and morphological
complexity (e.g. alterations in dendritic arborization (Bock et al., 2010;
Dean et al., 2013; Leigland et al., 2013)), thereby offering information
that is complimentary to structural MRI. Yet only a few studies
(Lei et al., 2015; Waltzman et al., 2017; Xie et al., 2015) have utilized
dMRI to probe gray matter abnormalities in PTSD. The present study
employs dMRI in veterans diagnosed with PTSD to investigate how
PTSD symptom severity relates to microstructural properties of limbic
and paralimbic gray matter structures. Importantly, this study differs
from previous related dMRI investigations (Lei et al.,, 2015;
Waltzman et al., 2017; Xie et al., 2015) in a number of ways. First, our
study takes a dimensional approach to investigating PTSD symptoms,
rather than utilizing a typical case-control design. We chose this ap-
proach because case-control studies may be less suitable for the study of
veterans with PTSD, as some trauma-exposed individuals in the control
group may still exhibit sub-diagnostic threshold PTSD symptoms
(Grubaugh et al, 2005; Palm et al, 2009; Schiitzwohl and
Maercker, 1999; Stein et al., 1997), which are associated with inter-
mediate levels of neurological changes (Herringa et al, 2012;
Lobo et al., 2015; Wrocklage et al., 2017). This can thereby decrease the
power of case-control studies to detect PTSD-associated abnormalities.
Second, we examine relationships between PTSD symptoms and brain
microstructure in individuals who did and did not sustain a mTBI
during military deployment, thus evaluating the impact of brain injury
on the clinical and neurological presentation of PTSD. Third, the pre-
sent analysis examines a large number of limbic/paralimbic regions of
the brain given a priori hypotheses of their involvement in the neuro-
circuitry of PTSD. This differs from past studies that employed either
whole-brain approaches (Lei et al., 2015; Xie et al., 2015), or that
limited analyses to the caudate and the hippocampus (Waltzman et al.,
2017). Fourth, and finally, we analyze dMRI data with free-water
imaging, a dual compartment diffusion modeling approach that offers
enhanced biological specificity compared to conventional diffusion
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tensor imaging (DTI) (Pasternak et al., 2009). The main goals of this
study are to (1) elucidate the extent to which limbic/paralimbic gray
matter microstructural features contribute to PTSD symptom severity,
and to (2) examine whether or not brain-symptom relationships are
altered by mTBIL

2. Materials and methods
2.1. Participants

Participants were 102 male OEF/OIF/OND veterans diagnosed with
current PTSD (mean age=31.6 =+ 7.4 years) assessed at the
Translational Research Center for TBI and Stress Disorders (TRACTS) at
the VA Boston Healthcare System Jamaica Plain Campus. The TRACTS
sample is a convenience sample recruited from the Boston area (see
details in McGlinchey et al., 2017). The TRACTS sample has been
shown to be representative of OEF/OIF/OND veterans who use the VA
Healthcare System with regards to age, sex, and branch of military
service (McGlinchey et al., 2017). The 102 participants included in this
study were obtained from the first 384 consecutively recruited parti-
cipants assessed as part of the larger TRACTS sample. All participants
gave written informed consent. Study procedures were approved by the
VA Boston Healthcare System Institutional Review Board.

Initial inclusion criteria for this study included availability of
complete imaging data (T1l-weighted and diffusion imaging data)
(N = 300 of 384 participants available) and consent to share data with
investigators who are not core TRACTS faculty (N = 278 of 300 par-
ticipants with imaging data). Exclusion criteria applied to the 278 eli-
gible cases included a history of seizures or neurological illness un-
related to traumatic brain injury (1 excluded), a current DSM-IV
diagnosis of a cognitive disorder, bipolar disorder, or a psychotic dis-
order (1 excluded), a history of moderate or severe traumatic brain
injury (9 excluded), a history of anoxia (21 excluded), a history of
meningitis or encephalitis (2 excluded), a history of brain surgery (2
excluded), exposure to neurotoxic chemicals (9 excluded), pre-deploy-
ment status (i.e., not yet deployed; 13 excluded), missing clinical data
(10 excluded), MRI data that failed quality control procedures due to
excessive motion or image artifacts (26 excluded), and female sex (5
excluded). Females were excluded given that the number of females
was too small to provide meaningful data for comparisons with males,
and neuroimaging studies have provided evidence of sex differences in
the brain's response to trauma (Helpman et al., 2017; Panchal et al.,
2018; Sollmann et al., 2018). These inclusion and exclusion criteria
resulted in a sample of 179 eligible participants. Of these 179 partici-
pants, 102 had a current diagnosis of PTSD and were included in this
study (see also Table 1 for a list of inclusion/exclusion criteria).

2.2. Demographic and clinical measures

Demographic and deployment information was obtained using self-
report questionnaires. Depression and anxiety symptoms were assessed
using the 21-item Depression Anxiety Stress Scales (DASS21)
(Lovibond and Lovibond, 1996). A doctoral-level psychologist ad-
ministered the Clinician-Administered PTSD Scale-Diagnostic Version
for DSM-IV (CAPS-DX) (Blake et al., 1995), the Boston Assessment of
TBI-Lifetime (BAT-L) (Fortier et al., 2014), and the Structured Clinical
Interview for DSM-IV-TR Axis I Disorders-Patient Edition (SCID)
(First et al., 2002), and reviewed the Lifetime Drinking History (LDH)
semi-structured interview (Skinner and Sheu, 1982).

All 102 participants received a diagnosis of current PTSD via the
CAPS-DX using DSM-IV criteria for PTSD+ (Weathers et al., 1999).
Additionally, the CAPS-DX was used to assess the current frequency
(scaled from 0-4) and intensity (scaled from 0-4) of 17 PTSD symp-
toms: intrusive recollections, distressing dreams, re-experiencing,
trauma reminder-induced distress, trauma reminder-induced physical
reaction, avoidance of trauma-associated thoughts or feelings,
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avoidance of trauma-associated activities or situations, inability to re-
call the trauma, diminished interest in activities, detachment, restricted
affect, sense of a foreshortened future, difficulty sleeping, difficulty
concentrating, irritability, hypervigilance, and exaggerated startle re-
sponse. Frequency and intensity scores for all 17 symptoms were
summed to calculate a CAPS-DX Current Symptom Severity Score
(CAPS-CSS score), which ranges from 0-136, thus capturing the spec-
trum of PTSD severity. The CAPS-DX has robust convergent validity
with DSM-IV PTSD diagnoses (Foa and Tolin, 2000) and high internal
consistency for the 17 item severity scores (Blake et al., 1995).

The BAT-L was administered to determine blast exposure history,
lifetime history of mild, moderate, and severe TBI, and the number of
mild TBIs sustained during deployment or military service (military
mTBIs). A mild TBI was defined as a blow (or blast) to the head re-
sulting in an altered mental state for <24 h, a loss of consciousness for
<30 min, and/or post-trauma amnesia for <24 h. Diagnosis of a cur-
rent mood, anxiety, or substance use disorder was made via the SCID.
Information about alcohol consumption over one's lifetime was col-
lected with the LDH, and a weight-corrected lifetime drinking score was
calculated for each participant.

2.3. MRI acquisition

Structural and diffusion data were acquired on a Siemens 3T TIM
Trio scanner at the VA Boston Jamaica Plain Campus between July
2010 and June 2014. Acquisition parameters for the T1-weighted (T1w)
MPRAGE scan included: 256 slices, TI = 1000 ms, TR = 2530 ms,
TE = 3.32 ms, voxel size = 1 mm? flip angle = 7°,
FOV = 256 X 256 mm?>. Diffusion scans were acquired using a single
shot echo planar sequence with a twice-refocused spin echo pulse. Sixty
gradient directions with b = 700 s/mm? and 10 additional scans with
b = 0 were acquired. Additional parameters included: 64 slices, TR/
TE = 10000 ms/103 ms, flip angle = 90°, voxel size = 2 mm?>
FOV = 256 x 256 mmZ

2.4. MR image processing

Imaging data for all participants passed rigorous quality control
procedures. Diffusion images were corrected for motion and eddy cur-
rent distortions by registering all gradient volumes to an undistorted
b = 0 volume with an affine registration (FLIRT) (https://fsl.fmrib.ox.
ac.uk/fsl/fslwiki/) (Greve and Fischl, 2009; Jenkinson et al., 2002);
gradient directions were correspondingly modified. In scanner head
motion was quantified during this step. The dMRI data were then
analyzed with free-water imaging (Pasternak et al., 2009) using in-
house software. Free-water imaging is a two-compartment diffusion
model that estimates an isotropic free water compartment and a tissue

Table 1
Study Inclusion and Exclusion Criteria. Criteria applied to all available
TRACTS data to generate the current study sample.

Inclusion Criteria Exclusion Criteria

« T1-weighted and diffusion
imaging data available.

« A current diagnosis of PTSD.

« Consent to share data.

« A current diagnosis of bipolar disorder,
schizophrenia, or any psychotic disorder.
« A cognitive disorder.

« History of seizures or neurological illness.
« History of moderate or severe TBI.

- History of anoxia.

« History of meningitis or encephalitis.

« History of brain surgery.

« Exposure to neurotoxic chemicals.

« Pre-deployment status.

* MRI data that failed quality control
procedures.

« Missing clinical data of interest.

+ Female sex.
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compartment in each voxel; the tissue compartment is modeled by a
single diffusion tensor. The two compartment model parameters are
estimated using a regularized non-linear minimization process. Free-
water imaging was applied to remove signal arising from CSF (i.e., the
free water compartment) and to generate CSF-eliminated fractional
anisotropy (FA) maps and mean diffusivity (MD) maps. This dual
compartment approach was employed to minimize partial volume ef-
fects at the gray matter-CSF boundary.

Tlw images were anatomically parcellated with FreeSurfer 5.1
(https://surfer.nmr.mgh.harvard.edu/) and parcellations were visually
inspected. When necessary, edits were made by a trained research as-
sistant to the gray matter-white matter boundary and the gray matter-
pial surface boundary, and the parcellation procedure was rerun.
Parcellations were used to delineate 18 limbic/paralimbic regions of
interest (ROIs, 9 per hemisphere): amygdala-hippocampus complex,
cingulate gyrus, entorhinal cortex, insula, lateral orbitofrontal cortex,
medial orbitofrontal cortex, nucleus accumbens, parahippocampal
gyrus, and temporal pole (Fig. 1). The amygdala and hippocampus were
analyzed as a single complex given prior research demonstrating that
the complex represents a more accurate, methodologically rigorous
FreeSurfer segmentation (Guenette et al., 2018). FreeSurfer parcella-
tions were mapped onto FA and MD maps by non-linearly registering
Tlw images to a diffusion b = 0 scan using Advanced Normalization
Tools (ANTS) and applying the transformations to parcellations. The
average FA and MD in each of the 18 ROIs was then calculated.

2.5. Statistical analysis

Statistics were performed with IBM-SPSS Statistics (Version 24). The
sample (N = 102) was subdivided into a cohort with a current diag-
nosis of PTSD and no history of military mTBI (PTSD only; N = 54) and
a cohort with a current diagnosis of PTSD and a positive history of
military mTBI (PTSD+TBI; N = 48). To estimate the effect of CAPS-
CSS score on FA in the 18 limbic/paralimbic ROIs, a linear mixed model
(LMM) with repeated measures (ROI FA) was conducted. CAPS-CSS
score, age, and number of close range (<10 meter) blast exposures
were included in the model as fixed effects. The number of close range
blasts was included given that non-concussive blast exposure is pre-
valent in the military (McGlinchey et al., 2017), and it can affect brain
structure and function (Robinson et al., 2015; Trotter et al., 2015). The
LMM was fit using the restricted maximum likelihood (REML) approach
with an unstructured covariance matrix and applied separately to data
from the PTSD only cohort and the PTSD + TBI cohort, in order to ex-
amine associations between PTSD symptoms and microstructure in
veterans who did and did not sustain at least one military mTBI. As
LMMs are linear regression-based models, they produce a t-statistic and
a corresponding p-value to describe the association between CAPS-CSS
score and FA for each of the 18 regions. To control for multiple com-
parisons within each model across the 18 regions, the Benjamini-
Hochberg procedure (Benjamini and Hochberg, 1995) was used for
false discovery rate (FDR) correction, and statistical significance was set
at p < 0.05. The Satterthwaite approximation (Satterthwaite, 1946)
was used to estimate degrees of freedom, and partial R values were
calculated from t-values and degrees of freedom. LMMs controlled for
age and blast exposure were additionally conducted independently in
the PTSD only cohort and in the PTSD+ TBI cohort to examine asso-
ciations between CAPS-CSS scores and MD in the 18 ROIs. FDR cor-
rection was performed.

Because PTSD severity was significantly greater in the PTSD + TBI
cohort, we performed a secondary analysis with a subset of the PTSD
only cohort (CAPS-CSS scores >40) so that the PTSD only cohort (now
N = 48) did not differ from the PTSD + TBI cohort in CAPS-CSS score or
sample size. An FDR-corrected repeated measures LMM controlled for
age and number of close range blasts was conducted (as detailed above)
with the symptom-equilibrated PTSD only subgroup of 48 individuals,
to examine CAPS-CSS score-FA associations across the 18 ROIs. The
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goal of this secondary analysis was to differentiate between the effects
of greater PTSD symptom severity versus the effects of mTBI on brain
microstructure-symptom severity relationships.

Because this study did not exclude participants diagnosed with a
current mood, anxiety, or substance use disorder, secondary analyses
were additionally conducted to examine whether depression severity,
anxiety severity, or lifetime alcohol use had significant effects on FA in
the 18 ROIs. Three independent LMMs with repeated measures con-
trolled for age were conducted using the entire sample to examine the
association between ROI FA and DASS21 Anxiety Total scores, DASS21
Depression Total scores, and weight-corrected LDH scores. (Two in-
dividuals did not have data for the LDH and were not included in this
model). The 3 LMMs were again fit with the REML approach using an
unstructured covariance matrix, and FDR-corrected. The goal here was
to better ascertain whether the CAPS-CSS findings were specific to
PTSD symptoms or influenced by overall affective symptom load or
lifetime alcohol use.

Of note, we were not able to examine potential effects of mTBI
history only on ROI FA. An analysis of a “TBI only” cohort was not
included because, of the 179 participants eligible for this study, only 16
had a history of military mTBI but no PTSD diagnosis, thus the sample
size was not sufficient.

3. Results
3.1. Sample characteristics

Demographic, military branch, and clinical characteristics of the
PTSD only and PTSD +TBI cohorts are shown in Table 2. The PTSD
+TBI cohort had significantly greater CAPS-CSS scores
(tog.o = —2.777,p = 0.007) and more military mTBIs (t47o = —5.531,
p < 0.001) than the PTSD only cohort. The two cohorts did not sig-
nificantly differ on any other demographic, deployment, or clinical
variables (see Table 2). Age and CAPS-CSS scores were not significantly
correlated.

Within the PTSD + TBI cohort, the average time since last TBI was
4.9 ( = 3.3) years. This timeframe is more consistent with chronic in-
jury, rather than the acute phase of TBI. An FDR-corrected LMM con-
trolled for age did not identify any significant associations between
time since last TBI and FA for any of the 18 ROIs. Additionally, time
since last TBI did not correlate with CAPS-CSS scores.

3.2. Associations between dMRI FA and CAPS-CSS scores

Across the entire study sample, head motion in the scanner did not
correlate with FA in any of the 18 ROIs. The average FA across the

Fig. 1. Limbic and Paralimbic Gray Matter Structures. 3D model of the
FreeSurfer-delineated limbic and paralimbic structures, shown from medial
(left) and superior (right) views. Yellow: accumbens area, light pink: amygdala-
hippocampus complex, purple: cingulate, red: entorhinal cortex, green: insula,
light blue: lateral orbitofrontal cortex, dark blue: medial orbitofrontal cortex,
orange: parahippocampal gyrus, pink: temporal pole.
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Table 2

Cohort Characteristics. Demographic, deployment, and clinical characteristics
of the PTSD only and PTSD + TBI cohorts. *indicates significance; “Independent
samples t-test; " Fisher's exact test.

PTSD Only PTSD + TBI p-value
Age 32.7 (= 7.5) 304(x7.1) 0.123"
Years of Education 13.6 (£1.9) 13.7(*1.8) 0.925"
Race (Caucasian) 77.8% 83.3% 0.619*
Branch of Service (Army) 53.7% 54.2% 1.000%
Branch of Service (Marines) 31.5% 37.5% 0.539%
CAPS-DX Current Symptom 60.2 (= 18.8) 69.6 ( = 15.0) 0.007"*
Severity Score
Current Mood Disorder 27.8% 29.6% 0.216*
Current Anxiety Disorder 16.7% 18.8% 0.801*
Current Substance Use 14.8% 22.9% 0.320*
Disorder
DASS21 Anxiety Symptoms 6.6 (£7.2) 9.5(=%7.6) 0.054"
Total Score
DASS21 Depression 9.9 (+9.2) 13.0 (+ 8.8) 0.081"
Symptoms Total Score
LDH Weight-Corrected 2109.6 1917.4 0.651"
Lifetime Drinking Score (+2391.4) (+1829.3)
Number of Military Mild TBIs 0.0 ( = 0.0) 19 (+2.3) <0.001"*
Number of Close Range Blasts 1.8 ( = 7.6) 12.3 (£ 59.8) 0.232"

(<10 m)

entire study sample is listed in Table 3 for each of the ROIs. Regional
mean FA did not differ significantly between the PTSD only cohort and
the PTSD + TBI cohort in any of the 18 ROIs. We examined the asso-
ciation between CAPS-CSS scores and FA for the 18 limbic/paralimbic
ROIs (9 per hemisphere) independently in the PTSD only and PTSD
+TBI cohorts using repeated measures LMMs (Fig. 2).

3.2.1. PTSD only cohort

In the PTSD only cohort, there was a significant positive association
between CAPS-CSS scores and FA for the right amygdala-hippocampus
complex (t444 = 3.134, p = 0.027, estimate= 0.00048), i.e., higher
symptom severity scores were associated with higher FA. There was
also a significant negative association between CAPS-CSS scores and
right cingulate FA (t4;.; = —3.179 p = 0.027, estimate = —0.00031),
i.e., higher symptom scores were associated with lower FA (Fig. 2,
Table 4).

3.2.2. PTSD+ TBI cohort

In the PTSD + TBI cohort, there was a significant positive association
between higher CAPS-CSS score and higher FA for the amygdala-hip-
pocampus complex, bilaterally (left: tzg> = 5.972, p < 0.0001, esti-
mate = 0.00093; right: t3o3 = 5.375, p < 0.0001, esti-
mate = 0.00092) and for the accumbens, bilaterally (left: t49 » = 3.488,
p = 0.006, estimate = 0.00069; right: t493 = 3.335, p = 0.007, esti-
mate = 0.00071). A significant negative association was observed be-
tween higher CAPS-CSS score and lower FA, bilaterally, for the cingu-
late cortex (left: t4y53 = —2.890, p = 0.018, estimate = —0.00026;
right: ts;5 = —2.890, p = 0.018, estimate = —0.00029) (Fig. 2,
Table 5). Note that an estimate of, e.g., 0.00093 for the left amygdala-
hippocampus complex indicates that a 1 point CAPS-CSS score increase
corresponds to a predicted 0.00093 increase in FA in this region, on
average. Hence, a 30 point CAPS-CSS score increase corresponds to a
predicted 0.028 increase in right amygdala-hippocampal FA. When
compared to the cohort mean FA of 0.358 in this region, a 0.028 in-
crease in FA represents a 7.8% increase.

3.2.3. Associations between dMRI FA and CAPS-CSS scores in cohorts
matched on symptom severity

Given that the PTSD + TBI cohort had significantly higher CAPS-CSS
scores than the PTSD only cohort, it is difficult to know whether the
findings reported in the main LMMs are due to the effects of increased
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PTSD symptom severity in the PTSD + TBI cohort, or to the effects of
mTBI history in the PTSD + TBI cohort. To distinguish between the two,
a secondary analysis was conducted with 48 (out of the original 54)
individuals in the PTSD only cohort who had the highest CAPS-CSS
scores (>40). Importantly, there was no significant difference in CAPS-
CSS scores between this PTSD only subgroup (now N = 48) and the
PTSD + TBI cohort (N = 48).

This secondary analysis examined CAPS-CSS score-FA associations
across the 18 ROIs in the PTSD only subgroup. After correcting for
multiple comparisons, a negative association was observed between
CAPS-CSS scores and FA for the right cingulate cortex, at trend level
(t377 = —3.044, p = 0.076, estimate = —0.00034). In this smaller
PTSD only sample (sample size reduced by >10%), the association
observed between right amygdala-hippocampus complex FA and CAPS-
CSS score was no longer statistically significant. Importantly, this
analysis strongly supports that the additional associations observed in
the PTSD + TBI cohort between regional FA and CAPS-CSS score do not
arise due to overall differences in symptom severity between the two
cohorts.

3.3. Associations between dMRI FA and DASS21 and LDH scores

There were no statistically significant associations between DASS21
Depression Total scores and FA, DASS21 Anxiety Total scores and FA,
or LDH weight-corrected lifetime drinking scores and FA, for any of the
18 ROIs.

3.4. Associations between dMRI MD and CAPS-CSS scores

We additionally examined associations between CAPS-CSS scores
and MD in the 18 ROIs (Fig. 2). In the PTSD only cohort, there was a
significant negative association between CAPS-CSS scores and MD for
the left medial orbitofrontal cortex (ts;.3 = —3.366, p = 0.026, esti-
mate= —0.00028). In the PTSD + TBI cohort, there was a significant
positive association between CAPS-CSS scores and MD for the right
amygdala-hippocampus complex (tsy;> = 3.180, p = 0.043, esti-
mate = 0.00020).

4. Discussion

In this study of veterans with current PTSD, PTSD symptom severity
was shown to be associated with the microstructure of limbic and
paralimbic gray matter brain regions, as evinced by dMRI. Specifically,
in the PTSD only cohort, more severe PTSD symptoms were associated

Table 3
Regional FA. Average fractional anisotropy in the 18 limbic and paralimbic
brain regions.

Brain Region FA

Right amygdala-hippocampus complex 0.36 ( = 0.02)
Left amygdala-hippocampus complex 0.36 ( = 0.02)
Right cingulate cortex 0.26 ( = 0.01)
Left cingulate cortex 0.25 (= 0.01)
Right entorhinal cortex 0.31 (= 0.03)
Left entorhinal cortex 0.31 ( = 0.03)
Right insula 0.28 (= 0.01)
Left insula 0.28 (= 0.01)
Right lateral orbitofrontal cortex 0.28 ( = 0.02)
Left lateral orbitofrontal cortex 0.28 ( = 0.02)
Right medial orbitofrontal cortex 0.25 (= 0.02)
Left medial orbitofrontal cortex 0.27 (= 0.02)
Right nucleus accumbens 0.34 (= 0.03)
Left nucleus accumbens 0.33 (= 0.03)
Right parahippocampal gyrus 0.28 (= 0.03)
Left parahippocampal gyrus 0.29 (= 0.03)
Right temporal pole 0.29 (= 0.02)
Left temporal pole 0.28 (= 0.02)
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PTSD ONLY
COHORT

PTSD + TBI
COHORT

BOTH
COHORTS

LH medial orbitofrontal
cortex MD |

LH amygdala-
hippocampus FA 1

RH amygdala-

LH cingulate cortex FA |
hippocampus FA 1

LH nucleus

RH cingulate cortex FA | accumbens FA 1

RH nucleus
accumbens FA 1

RH amygdala-
hippocampus MD 1

Fig. 2. Associations Between PTSD Symptom Severity and Microstructural
dMRI Measures. A Venn diagram showing the brain regions wherein associa-
tions between gray matter microstructural measures and symptom severity
were observed, in the PTSD only and PTSD + TBI cohorts. Upward arrow 1 in-
dicates that greater PTSD symptom severity was associated with higher frac-
tional anisotropy or higher mean diffusivity in the indicated region. Downward
arrow | indicates that greater PTSD symptom severity was associated with
lower fractional anisotropy or lower mean diffusivity in the indicated region.
FA: fractional anisotropy; LH: left hemisphere; MD: mean diffusivity; RH: right
hemisphere.

Table 4

Associations Between Brain Region FA and PTSD Symptom Severity: PTSD
Only Cohort. Regions showing a significant effect of CAPS-CSS score on frac-
tional anisotropy in the repeated measures linear mixed model applied to data
from the PTSD only cohort. False Discovery Rate (FDR)-corrected p-values and
corresponding partial R values are reported.

PTSD ONLY COHORT

Brain Region Partial R FDR-corrected p-value
Right amygdala-hippocampus complex 0.426 0.027
Right cingulate cortex —0.442 0.027

Table 5

Associations Between Brain Region FA and PTSD Symptom Severity: PTSD
+TBI Cohort. Regions showing a significant effect of CAPS-CSS score on
fractional anisotropy in the repeated measures linear mixed model applied to
data from the PTSD + TBI cohort. False Discovery Rate (FDR)-corrected p-values
and corresponding partial R values are reported.

PTSD +TBI COHORT

Brain Region Partial R FDR-corrected p-value
Right amygdala-hippocampus complex 0.651 <0.0001

Left amygdala-hippocampus complex 0.695 <0.0001

Right cingulate cortex —0.356 0.018

Left cingulate cortex —0.394 0.018

Right nucleus accumbens 0.429 0.007

Left nucleus accumbens 0.445 0.006

with higher right amygdala-hippocampal FA, lower right cingulate
cortex FA, and lower left medial orbitofrontal MD. In the PTSD and
military mTBI cohort, more severe PTSD symptoms were associated
with microstructural measures in more widespread regions of the brain,
specifically with higher bilateral amygdala-hippocampus complex and
nucleus accumbens FA, with lower bilateral cingulate cortex FA, and
with higher right amygdala-hippocampal MD. These findings provide
preliminary evidence that mTBI may exacerbate the effects of limbic/
paralimbic system microstructure on PTSD symptoms. This increased
sensitivity to the microstructural environment of the brain may par-
tially explain why mTBI comorbidity in PTSD is associated with
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increased symptom severity and a poorer illness prognosis
(Chemtob et al., 1998; Vanderploeg et al., 2009). Importantly, the
aforementioned findings could not be solely attributed to greater PTSD
symptom severity in the TBI comorbidity group, further supporting the
notion that mTBI history per se may impact associations between tissue
structure and symptomatology. We speculate below that these asso-
ciations could arise due to heightened dendritic atrophy, reduced cell
density, and an overall loss of neuronal connectivity in those with
greater PTSD symptoms.

4.1. Microstructural underpinnings of dMRI-symptom associations

Although dMRI is a technique that is highly sensitive to differences
in the microstructural tissue environment, the precise microstructural
underpinnings of the present findings are difficult to establish, given
that FA and MD are not specific measures of any single cell type or
neuropathology (Alexander et al., 2017; Pasternak et al., 2018). FA
differences in gray matter, for example, can reflect differences in: (1)
dendrites (Bock et al., 2010; Dean et al., 2013; Leigland et al., 2013;
Leigland and Kroenke, 2011; Leuze et al., 2014); (2) cell density
(Jonkman et al., 2016); (3) glia cells (Budde et al., 2011; Seehaus et al.,
2015; Sizonenko et al., 2007; Stolp et al., 2018); and/or (4) axonal
processes that connect to gray matter (Edwards et al, 2018;
Leuze et al., 2014; McNab et al., 2013). Nonetheless, the direction of
each association (i.e., positive versus negative) provides some insight
into the nature of structural changes. Thus, although the resolution of
dMRI does not allow us to differentiate experimentally between the
aforementioned microstructural features, below we offer hypotheses,
based on the literature, as to what structural features may underlie the
associations observed in the current study with PTSD symptom severity.

4.1.1. Amygdala-hippocampus complex

Greater PTSD symptom severity correlated with higher amygdala-
hippocampus complex FA, unilaterally (right hemisphere) in the PTSD
only cohort, and bilaterally in the PTSD + TBI cohort. Given that core
PTSD symptoms include memory disturbances and hypervigilance, it is
not surprising that the microstructure of the hippocampus and amyg-
dala, regions involved in memory retrieval (Eldridge et al., 2000;
Wiltgen et al., 2010) and threat detection (Ohman, 2005), respectively,
contribute to PTSD symptomatology. Based on diverse studies demon-
strating that reduced dendritic morphological complexity (i.e., de-
creased dendritic branch number or length) is associated with higher
gray matter FA (Bock et al., 2010; Dean et al., 2013; Leigland et al.,
2013; Leigland and Kroenke, 2011; Molet et al., 2016; Yu et al., 2016),
this positive symptom severity-FA association may indicate that those
with more PTSD symptoms exhibit reduced amygdala-hippocampal
dendritic arborization. This interpretation is supported by the following
converging lines of evidence from human and animal model studies of
PTSD: (1) exposure to stressful events or environments in animals re-
sults in hippocampal dendritic atrophy (Han et al, 2013;
Magarinos and McEwen, 1995; McKittrick et al., 2000; Molet et al.,
2016; Watanabe et al., 1992; Woolley et al., 1990); (2) smaller volume
of the hippocampus (Hull, 2002; Karl et al., 2006; Kitayama et al.,
2005; Kiithn and Gallinat, 2013; Logue et al., 2018; Smith, 2005;
Wang et al., 2010; Woon et al., 2010) and the amygdala (Karl et al.,
2006; Logue et al., 2018; Morey et al., 2012; O'Doherty et al., 2017;
O'Doherty et al., 2015) are consistently found in human neuroimaging
studies of PTSD; and (3) as recently demonstrated by
Molet et al. (2016), rodents exposed to chronic stress exhibit a coupling
of these neural features—decreased hippocampal volume, reductions in
hippocampal dendritic length, and, critically, higher hippocampal FA
(note, the amygdala was not examined by Molet et al.). The finding of
higher MD in the right amygdala-hippocampus complex in those with
more severe symptoms corroborates this interpretation, as substantial
dendritic arborization reductions should co-occur with increases in
water diffusivity in the surrounding extracellular space (i.e., with
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increases in MD).

4.1.2. Cingulate cortex

Contrary to findings in the amygdala-hippocampus complex, greater
PTSD symptomatology was associated with lower FA in the cingulate
cortex (lower right cingulate FA in those with PTSD only, lower bi-
lateral cingulate FA in those with PTSD and mTBI), suggesting that the
neuropathological mechanisms that contribute to PTSD may be dif-
ferent in these two brain regions. The cingulate, a cortical region in-
volved in emotion regulation, attention, and cognition (Bush et al.,
2000; Etkin et al., 2011; Leech and Sharp, 2014), has consistently been
shown to have lower volume, thickness, and density in structural MRI
studies of PTSD (Chen et al., 2012; Kiihn and Gallinat, 2013;
Meng et al, 2014; Nardo et al., 2010; O'Doherty et al., 2015;
Wrocklage et al., 2017). Magnetic resonance spectroscopy has ad-
ditionally revealed that the concentration of N-acetylaspartate, a pu-
tative marker of neuronal cell density, is decreased in this region in
individuals with PTSD symptoms (Quadrelli et al., 2018). Considering
evidence that FA is higher in gray matter regions with higher cell
density (Jonkman et al., 2016), it is quite possible that lower cingulate
cell density in veterans with more PTSD symptoms underlies the ne-
gative FA-symptom severity association identified here. We point out,
however, that no significant relationships were identified between
CAPS-CSS scores and cingulate cortex MD—a diffusion measure that is
believed to be affected by gray matter cell density. Hence, differences in
other components of tissue microstructure may be accounting for the
observed associations.

More specifically, changes in glia cells or axons that occur in PTSD
could contribute to our findings. Animals exposed to stress exhibit de-
creased glial integrity and astrocyte loss (Averill et al., 2017;
Sanacora and Banasr, 2013), microstructural alterations that will de-
crease regional FA (Budde et al., 2011; Stolp et al., 2018). The finding
that veterans with more symptoms have lower cingulate FA may thus
offer a dMRI correlate of cortical glial loss in PTSD. There is, further-
more, evidence of cingulum bundle abnormalities in PTSD (Fani et al.,
2016, 2012; Kim et al., 2006; Sanjuan et al., 2013), and in and ex vivo
studies of the human brain have established that axons contribute sig-
nificantly to anisotropic diffusion in the cortex (Edwards et al., 2018;
Gulban et al., 2018; Leuze et al., 2014). Accordingly, reductions in the
packing density, myelination, or organizational coherence of axons
with connections in the cingulate gyrus (i.e., structural changes that
decrease FA) may be more severe in those who are more symptomatic.
We note that while these explanations constitute viable hypotheses,
additional neuroimaging and post-mortem studies are required to va-
lidate or refute them.

4.1.3. Nucleus accumbens

In the PTSD + TBI cohort, greater symptom severity correlated with
higher bilateral accumbens FA. Given that this association was ob-
served in only those with a history of mTBI, this finding raises the
possibility that the nucleus accumbens is a brain region particularly
vulnerable to the interaction of TBI and PTSD-related pathologies.

Indeed, research has shown that the accumbens is susceptible to
damage induced by both physical injury and psychological stress.
Following brain injury, reductions in the volume of the accumbens have
been observed (Hellstrom et al., 2017; Shah et al., 2012), as have
changes in the release and reuptake of dopamine in this region
(Chen et al., 2017). One consequence of these alterations is affect-re-
lated symptomatology, including diminished reward responsiveness
and reduced motivation—symptoms that can contribute directly to
overall PTSD severity, or that can decrease resilience (Taubitz et al.,
2015) and thus one's ability to cope with PTSD. Independent of brain
injury, PTSD is additionally associated with functional changes in the
nucleus accumbens, primarily with diminished activity in response to
positive and rewarding stimuli (Elman et al., 2009; Felmingham et al.,
2014; Sailer et al., 2008). In light of this prior research, we hypothesize
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that brain injury-related alterations in the nucleus accumbens may
compound those that are already occurring in PTSD in a manner that
strengthens the relationship between regional microstructure and
symptom severity. However, this cannot be definitively concluded from
this study and future studies are needed for clarification.

The microstructural features that contribute to these nucleus ac-
cumbens findings are difficult to define. There is some evidence that in
rodents, chronic stress can induce dendritic hypertrophy in the nucleus
accumbens (Bessa et al., 2013), a stress-induced change that would
decrease, rather than increase, regional FA. Yet the pattern of dendritic
changes observed in animal models is hard to reconcile with findings
from human studies, which have consistently shown reductions in nu-
cleus accumbens activity in stress-related disorders. Additional studies
examining accumbens microstructure in animal models and patient
post-mortem tissue are therefore needed to better inform a structural
interpretation of this result.

4.1.4. Additional considerations

The microstructural hypotheses discussed here—dendritic atrophy
in the amygdala-hippocampus complex, reduced neuronal/glial density
and axonal connectivity in the cingulate cortex, a change in the struc-
tural composition of the nucleus accumbens—align well with recent
conceptualizations of PTSD as being a disorder of stress-induced sy-
naptic connectivity loss (Averill et al., 2017; Krystal et al., 2017). Not
all regions of the brain are equally vulnerable to the damaging effects of
stress, however; the amygdala, hippocampus, striatum, and prefrontal
cortex indeed typically exhibit the most stress-related neuropathology
(Krystal et al., 2017). Although an association between left medial or-
bitofrontal MD and symptom severity was found in the PTSD only co-
hort, it is perhaps surprising that, given this prefrontal vulnerability to
stress, additional associations between PTSD symptom severity and
tissue microstructure were not found within e.g. the orbitofrontal
cortex and insula. One possible source of this lack of statistically sig-
nificant findings may be that multifaceted microstructural changes are
occurring in these regions in PTSD (in a manner that scales with
symptom severity), yet the effects of these changes on the diffusion
signal are in opposition. For example, dendritic retraction and glia loss,
both of which occur in the prefrontal cortex following chronic stress
(Averill et al., 2017; Krystal et al., 2017), will increase and decrease
gray matter FA, respectively. Alternatively, it is feasible that the dif-
fusion acquisition and modeling approaches utilized here were not
sensitive to some microstructural features that contribute to sympto-
matology, and that acquisitions with higher b-values, or the application
of other multi-compartment or signal-based dMRI methods, may pro-
vide additional insight in the future (Pasternak et al., 2018).

4.2. The role of mTBI comorbidity

In addition to providing evidence of microstructural correlates of
symptom severity in PTSD, the present analysis suggests that mTBI can
intensify PTSD symptomatology and affect relationships between brain
microstructure and PTSD symptom severity. Brain injury may influence
brain-symptom relationships in PTSD in a number of ways. It is pos-
sible, for example, that the sequelae of mild physical injuries and psy-
chological injuries converge in stress-vulnerable brain regions (i.e.,
limbic/paralimbic regions), thereby increasing sensitivity to neurolo-
gical changes in these regions. In other words, brain injury may pro-
duce a state of heightened neurological vulnerability, one that man-
ifests itself clinically in more severe symptomatology. Additionally,
mild TBI may decrease cognitive reserve, making individuals more
susceptible to the effects of PTSD-related neuropathology (Stein and
McAllister, 2009). Finally, brain injury may increase an individual's
overall symptom load (including non-PTSD symptoms) in a manner that
affects psychological stress, stress-related brain changes, and their as-
sociation.

Although our results suggest that mTBI may impact both symptoms
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and their neurological correlates in PTSD, we emphasize that these
findings should be considered preliminary, rather than conclusive.
Additional studies with larger sample sizes, as well as those with
healthy control and “TBI only” cohorts, are needed to validate these
early data, and to assess the generalizability of these findings.

4.3. Predisposing factors or disorder sequelae?

The present study cannot discriminate between whether the iden-
tified neuroimaging correlates of more severe PTSD symptoms are se-
quelae of the disorder or, rather, predisposing risk factors for PTSD
development. Support for the former comes from prospective, long-
itudinal, and twin studies showing that PTSD is associated with ac-
quired brain alterations (Admon et al., 2013a; Carrion et al., 2007;
Kasai et al., 2008; Metzger et al., 2008; Sekiguchi et al., 2013). It is
possible, however, that variation in tissue microstructure existed prior
to trauma exposure and influenced PTSD development, especially in
light of studies linking brain structure to PTSD risk (Admon et al.,
2013b; Gilbertson et al., 2002). It is therefore of interest for future
longitudinal studies to ascertain whether limbic and paralimbic region
FA and MD are altered following trauma, or whether these measures
could be informative of PTSD risk.

4.4. Clinical implications

The treatment of PTSD is often difficult, and it can be complicated
by low engagement and treatment-resistance. Identifying the treatment
most likely to be helpful for a given individual, and increasing treat-
ment adherence, is therefore critical. Findings from this study offer a
few insights relevant to the effective treatment of PTSD.

First, this study demonstrates the importance of obtaining an ac-
curate head trauma history from individuals presenting clinically with
symptoms of PTSD, as having a history of mTBI may, as demonstrated
here, impact clinical presentation and underlying disorder patho-
mechanisms. Integrating strategies typically employed following a TBI,
such as cognitive rehabilitation or psychostimulant pharmacotherapy,
into treatment plans may thus prove to be constructive for decreasing
PTSD symptoms in those with mTBI comorbidity. By improving cog-
nitive abilities, for example, TBI-focused treatments may help in-
dividuals better engage with and benefit from cognitive-based PTSD
therapies such as exposure therapy, cognitive processing therapy, or
mindfulness-based therapies. More generally, future clinical studies
may consider investigating whether the efficacy of PTSD treatments
differs between individuals with and without mTBI history.

Our findings of associations between the microstructure of specific
brain regions and PTSD severity additionally suggest that treatments
that modulate these regions could be valuable in PTSD. Transcranial
magnetic stimulation (TMS), for example, is able to affect activity in
particular regions of interest in the brain (based on TMS coil place-
ment), and it has been shown to be beneficial for some PTSD patients
(Boggio et al., 2010; Cohen et al., 2004; Watts et al., 2012). Findings
from the current study support that TMS protocols that alter activity in
the amygdala, the hippocampus, the nucleus accumbens, and/or the
cingulate may be particularly effective for diminishing PTSD symptoms.
Although these brain regions cannot be directly modulated by TMS
(given their subcortical and medial locations), there is promising evi-
dence that downstream functional changes can be elicited in subcortical
regions through neuromodulation of cortical regions they are strongly
functionally connected to (Oathes et al., 2018).

Finally, this study provides neuroimaging metrics that could be used
to monitor the neurological impact of PTSD treatments, especially
treatments that alter regional microstructure. Ketamine and other glu-
tamate-targeting treatments (Krystal et al., 2017), for example, are
promising fast-acting therapeutics for PTSD (Averill et al., 2017;
Feder et al., 2014) that are understood to change local microstructure
via increasing spine formation, dendritic arborization, and synaptic
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connectivity (Krystal et al., 2017; Li et al., 2011, 2010). These micro-
structural changes seem to be accompanied by concomitant changes in
the macrostructure of the hippocampus and the nucleus accumbens in
humans (Abdallah et al., 2017). Examining gray matter microstructural
dMRI measures before and after the administration of glutamatergic
psychotropics (e.g., ketamine) could thus provide an improved under-
standing as to whether they exert beneficial effects in PTSD by eliciting
microstructural remodeling in stress vulnerable brain regions.

4.5. Limitations

We note several study limitations. (1) mTBI history was determined
based on self-recall of head injuries. As military record verification of
head injury history was not available, the determination of mTBI his-
tory could be susceptible to self-report inaccuracies. (2) Previous re-
search indicates that close range, non-concussive blasts can affect brain
structure and function (Robinson et al., 2017; Robinson et al., 2015;
Taber et al., 2015). We attempted to mitigate the potential effects of
blast on brain region FA by controlling for this variable in the LMMs.
However, the interplay between the neurological effects of blast ex-
posure, mTBI, and PTSD may be quite complex, potentially necessi-
tating more than just a statistical control. Unfortunately, an analysis
excluding individuals with close range blast exposure was not feasible
with the available sample. (3) The interaction between PTSD and mTBI
on brain microstructure was not tested in one overarching model in this
work. Hence, future studies prospectively designed to delineate and to
test the direct interaction between PTSD and mTBI on neuroimaging
metrics of brain structure and function are needed. These will be critical
in substantiating the current hypothesis that mTBI may exacerbate
PTSD. (4) Accurately identifying the boundaries of the cortex in dMRI
images is difficult. We addressed this methodological limitation by
using structural MRI data to delineate the cortex, warping the cortical
parcellation to artifact-corrected diffusion images, and employing a
diffusion model that minimizes partial volume effects. (5) This study
was diagnostically inclusive as we did not exclude individuals with a
current mood, anxiety, or substance use disorder diagnosis. Conse-
quently, neurological changes associated with these disorders could, in
theory, influence associations between CAPS-CSS scores and FA. How-
ever, we did not find any significant associations between DASS21
Anxiety Total scores, DASS21 Depression Total scores, or LDH weight-
corrected lifetime drinking scores and FA, suggesting that the present
findings are likely not attributable to overall affective symptom load or
lifetime alcohol use. We chose not to exclude individuals with mood,
anxiety, and substance use disorders as this would greatly diminish
generalizability to typical veteran populations, where psychiatric co-
morbidity is high.

5. Conclusions

This study of a representative OEF/OIF/OND veteran population
provides insight into the pathomechanisms of PTSD, implicating mi-
crostructural differences in the amygdala-hippocampus complex, the
cingulate, the prefrontal cortex, and the nucleus accumbens in disorder
severity. Importantly, this study also suggests that mTBI may affect
relationships between the brain and the severity of symptoms that are
experienced by patients with PTSD. Further research on PTSD and mTBI
comorbidity is needed to help elucidate how mTBI impacts the neu-
ropsychosocial consequences of PTSD, and to determine how to ap-
proach treatment for individuals who both do and do not have a history
of brain injury. The present findings additionally warrant studies in-
vestigating the use of dMRI measures as neuroimaging biomarkers of
neuropathology or neurodegeneration in PTSD, especially given the
potential of such biomarkers to provide insight into treatment me-
chanisms, and to improve long-term monitoring of patient health.



V.J. Sydnor, et al

CRediT authorship contribution statement

Valerie J. Sydnor: Conceptualization, Data curation, Formal ana-
lysis, Methodology, Software, Visualization, Writing - original draft,
Writing - review & editing. Sylvain Bouix: Software, Supervision,
Writing - review & editing. Ofer Pasternak: Funding acquisition,
Methodology, Software, Writing - review & editing. Elisabeth Hartl:
Methodology, Validation. Laura Levin-Gleba: Data curation, Software.
Benjamin Reid: Data curation, Validation. Yorghos Tripodis: Formal
analysis, Methodology. Jeffrey P. Guenette: Conceptualization,
Methodology. David Kaufmann: Methodology. Nikos Makris:
Methodology. Catherine Fortier: Investigation, Supervision. David H.
Salat: Resources, Supervision. Yogesh Rathi: Software. William P.
Milberg: Funding acquisition, Investigation, Methodology, Resources,
Supervision, Writing - review & editing. Regina E. McGlinchey:
Funding acquisition, Investigation, Methodology, Resources,
Supervision, Writing - review & editing. Martha E. Shenton:
Conceptualization, Funding acquisition, Supervision, Writing - original
draft, Writing - review & editing. Inga K. Koerte: Conceptualization,
Methodology, Supervision, Writing - original draft, Writing - review &
editing.

Declaration of Competing Interest
None.
Acknowledgements

Funding: This research was supported by the TRANSLATIONAL RESEARCH
CENTER FOR TBI AND STRESS DISORDERS (TRACTS) via a VA Rehabilitation
Research and Development National Network Research Center for
Traumatic Brain Injury Grant (B9254-C) to Regina McGlinchey, a VA
Merit Award I01RX000928-01A2 to Martha E. Shenton (supporting
MES, VJS, SB, YR), and a NATIONAL INSTITUTES OF HEALTH NEUROIMAGE ANALYSIS
cenTER grant NIH P41EB015902 (OP).

References

Abdallah, C.G., Jackowski, A., Salas, R., Gupta, S., Sato, J.R., Mao, X., Coplan, J.D.,
Shungu, D.C., Mathew, S.J., 2017. The nucleus accumbens and ketamine treatment in
major depressive disorder. Neuropsychopharmacology 42, 1739-1746. https://doi.
org/10.1038/npp.2017.49.

Admon, R., Leykin, D., Lubin, G., Engert, V., Andrews, J., Pruessner, J., Hendler, T.,
2013a. Stress-induced reduction in hippocampal volume and connectivity with the
ventromedial prefrontal cortex are related to maladaptive responses to stressful
military service. Hum. Brain Mapp. 34, 2808-2816. https://doi.org/10.1002/hbm.
22100.

Admon, R., Milad, M.R., Hendler, T., 2013b. A causal model of post-traumatic stress
disorder: disentangling predisposed from acquired neural abnormalities. Trends
Cogn. Sci. 17, 337-347. https://doi.org/10.1016/j.tics.2013.05.005.

Alexander, D.C., Dyrby, T.B., Nilsson, M., Zhang, H., 2017. Imaging brain microstructure
with diffusion MRI: practicality and applications. NMR Biomed. https://doi.org/10.
1002/nbm.3841.

Averill, L.A., Purohit, P., Averill, C.L., Boesl, M.A., Krystal, J.H., Abdallah, C.G., 2017.
Glutamate dysregulation and glutamatergic therapeutics for PTSD: evidence from
human studies. Neurosci. Lett. 649, 147-155. https://doi.org/10.1016/j.neulet.2016.
11.064.

Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J. R. Stat. Soc. Ser. B Methodol. 57, 289-300.

Bessa, J.M., Morais, M., Marques, F., Pinto, L., Palha, J.A., Almeida, O.F.X., Sousa, N.,
2013. Stress-induced anhedonia is associated with hypertrophy of medium spiny
neurons of the nucleus accumbens. Transl. Psychiatry 3https://doi.org/10.1038/tp.
2013.39. e266.

Bing, X., Ming-guo, Q., Ye, Z., Jing-na, Z., Min, L., Han, C., Yu, Z., Jia-jia, Z., Jian, W.,
Wei, C., Han-jian, D., Shao-xiang, Z., 2013. Alterations in the cortical thickness and
the amplitude of low-frequency fluctuation in patients with post-traumatic stress
disorder. Brain Res 1490, 225-232. https://doi.org/10.1016/j.brainres.2012.10.048.

Blake, D.D., Weathers, F.W., Nagy, L.M., Kaloupek, D.G., Gusman, F.D., Charney, D.S.,
Keane, T.M., 1995. The development of a clinician-administered PTSD scale. J.
Trauma. Stress 8, 75-90. https://doi.org/10.1002/jts.2490080106.

Bock, A.S., Olavarria, J.F., Leigland, L.A., Taber, E.N., Jespersen, S.N., Kroenke, C.D.,
2010. Diffusion tensor imaging detects early cerebral cortex abnormalities in neu-
ronal architecture induced by bilateral neonatal enucleation: an experimental model
in the ferret. Front. Syst. Neurosci. 4. https://doi.org/10.3389/fnsys.2010.00149.

NeuroImage: Clinical 26 (2020) 102190

Boggio, P.S., Rocha, M., Oliveira, M.O., Fecteau, S., Cohen, R.B., Campanha, C., Ferreira-
Santos, E., Meleiro, A., Corchs, F., Zaghi, S., Pascual-Leone, A., Fregni, F., 2010.
Noninvasive brain stimulation with high-frequency and low-intensity repetitive
transcranial magnetic stimulation treatment for posttraumatic stress disorder. J. Clin.
Psychiatry 71, 992-999. https://doi.org/10.4088/JCP.08m04638blu.

Bouix, S., Pasternak, O., Rathi, Y., Pelavin, P.E., Zafonte, R., Shenton, M.E., 2013.
Increased gray matter diffusion anisotropy in patients with persistent post-concussive
symptoms following mild traumatic brain injury. PLoS ONE 8, e66205. https://doi.
org/10.1371/journal.pone.0066205.

Bozzali, M., Cercignani, M., Sormani, M.P., Comi, G., Filippi, M., 2002. Quantification of
brain gray matter damage in different ms phenotypes by use of diffusion tensor MR
imaging. Am. J. Neuroradiol. 23, 985-988.

Bremner, J.D., 2007. Neuroimaging in posttraumatic stress disorder and other stress-re-
lated disorders. Neuroimag. Clin. N. Am. 17, 523-538. https://doi.org/10.1016/j.nic.
2007.07.003. ix.

Broman-Fulks, J.J., Ruggiero, K.J., Green, B.A,, Kilpatrick, D.G., Danielson, C.K., Resnick,
H.S., Saunders, B.E., 2006. Taxometric investigation of PTSD: data from two na-
tionally representative samples. Behav. Ther. 37, 364-380. https://doi.org/10.1016/
j-beth.2006.02.006.

Budde, M.D., Janes, L., Gold, E., Turtzo, L.C., Frank, J.A., 2011. The contribution of
gliosis to diffusion tensor anisotropy and tractography following traumatic brain
injury: validation in the rat using Fourier analysis of stained tissue sections. Brain
134, 2248-2260. https://doi.org/10.1093/brain/awr161.

Bush, G., Luu, P., Posner, M.I., 2000. Cognitive and emotional influences in anterior
cingulate cortex. Trends Cogn. Sci. 4, 215-222. https://doi.org/10.1016/51364-
6613(00)01483-2.

Carrion, V.G., Weems, C.F., Reiss, A.L., 2007. Stress predicts brain changes in children: a
pilot longitudinal study on youth stress, posttraumatic stress disorder, and the hip-
pocampus. Pediatrics 119, 509-516. https://doi.org/10.1542/peds.2006-2028.

Chao, L., Weiner, M., Neylan, T., 2013. Regional cerebral volumes in veterans with
current versus remitted posttraumatic stress disorder. Psychiatry Res 213, 193-201.
https://doi.org/10.1016/j.pscychresns.2013.03.002.

Chemtob, C.M., Muraoka, M.Y., Wu-Holt, P., Fairbank, J.A., Hamada, R.S., Keane, T.M.,
1998. Head injury and combat-related posttraumatic stress disorder. J. Nerv. Ment.
Dis 186, 701-708. https://doi.org/10.1097/00005053-199811000-00007.

Chen, Y., Fu, K., Feng, C., Tang, L., Zhang, J., Huan, Y., Cui, J., My, Y., Qi, S., Xiong, L.,
Ma, C., Wang, H., Tan, Q., Yin, H., 2012. Different regional gray matter loss in recent
onset PTSD and non PTSD after a single prolonged trauma exposure. PLOS ONE 7,
e48298. https://doi.org/10.1371/journal.pone.0048298.

Chen, Y.-H., Huang, E.Y.-K., Kuo, T.-T., Hoffer, B.J., Miller, J., Chou, Y.-C., Chiang, Y.-H.,
2017. Dopamine release in the nucleus accumbens is altered following traumatic
brain injury. Neuroscience 348, 180-190. https://doi.org/10.1016/j.neuroscience.
2017.02.001.

Cohen, B.E., Neylan, T.C., Yaffe, K., Samuelson, K.W., Li, Y., Barnes, D.E., 2013.
Posttraumatic stress disorder and cognitive function: findings from the mind your
heart study [CME]. J. Clin. Psychiatry 74, 1063-1070. https://doi.org/10.4088/JCP.
12m08291.

Cohen, H., Kaplan, Z., Kotler, M., Kouperman, 1., Moisa, R., Grisaru, N., 2004. Repetitive
transcranial magnetic stimulation of the right dorsolateral prefrontal cortex in
posttraumatic stress disorder: a double-blind, placebo-controlled study. Am. J.
Psychiatry 161, 515-524. https://doi.org/10.1176/appi.ajp.161.3.515.

Crowson Jr., J.J., Frueh, B.C., Beidel, D.C., Turner, S.M., 1998. Self-reported symptoms of
social anxiety in a sample of combat veterans with posttraumatic stress disorder. J.
Anxiety Disord. 12, 605-612. https://doi.org/10.1016/50887-6185(98)00037-1.

Dean, J.M., McClendon, E., Hansen, K., Azimi-Zonooz, A., Chen, K., Riddle, A., Gong, X.,
Sharifnia, E., Hagen, M., Ahmad, T., Leigland, L.A., Hohimer, A.R., Kroenke, C.D.,
Back, S.A., 2013. Prenatal cerebral ischemia disrupts MRI-Defined cortical micro-
structure through disturbances in neuronal arborization. Sci. Transl. Med. 5. https://
doi.org/10.1126/scitranslmed.3004669.

Edwards, L.J., Kirilina, E., Mohammadi, S., Weiskopf, N., 2018. Microstructural imaging
of human neocortex in vivo. Neuroimage 182, 184-206. https://doi.org/10.1016/j.
neuroimage.2018.02.055.

Eldridge, L.L., Knowlton, B.J., Furmanski, C.S., Bookheimer, S.Y., Engel, S.A., 2000.
Remembering episodes: a selective role for the hippocampus during retrieval. Nat.
Neurosci. 3, 1149-1152. https://doi.org/10.1038/80671.

Elman, I., Lowen, S., Frederick, B.B., Chi, W., Becerra, L., Pitman, R.K., 2009. Functional
neuroimaging of reward circuitry responsivity to monetary gains and losses in
posttraumatic stress disorder. Biol. Psychiatry 66, 1083-1090. https://doi.org/10.
1016/j.biopsych.2009.06.006.

Etkin, A., Egner, T., Kalisch, R., 2011. Emotional processing in anterior cingulate and
medial prefrontal cortex. Trends Cogn. Sci. 15, 85-93. https://doi.org/10.1016/j.tics.
2010.11.004.

Fani, N., King, T.Z., Jovanovic, T., Glover, E.M., Bradley, B., Choi, K., Ely, T., Gutman,
D.A., Ressler, K.J., 2012. White matter integrity in highly traumatized adults with
and without post-traumatic stress disorder. Neuropsychopharmacology 37,
2740-2746. https://doi.org/10.1038/npp.2012.146.

Fani, N., King, T.Z., Shin, J., Srivastava, A., Brewster, R.C., Jovanovic, T., Bradley, B.,
Ressler, K.J., 2016. Structural and functional connectivity in posttraumatic stress
disorder: associations with FKBP5. Depress. Anxiety 33, 300-307. https://doi.org/10.
1002/da.22483.

Feder, A., Parides, M.K., Murrough, J.W., Perez, A.M., Morgan, J.E., Saxena, S., Kirkwood,
K., Aan Het Rot, M., Lapidus, K.A.B., Wan, L.-B., losifescu, D., Charney, D.S., 2014.
Efficacy of intravenous ketamine for treatment of chronic posttraumatic stress dis-
order: a randomized clinical trial. JAMA Psychiatry 71, 681-688. https://doi.org/10.
1001/jamapsychiatry.2014.62.

Felmingham, K.L., Falconer, E.M., Williams, L., Kemp, A.H., Allen, A., Peduto, A., Bryant,


https://doi.org/10.1038/npp.2017.49
https://doi.org/10.1038/npp.2017.49
https://doi.org/10.1002/hbm.22100
https://doi.org/10.1002/hbm.22100
https://doi.org/10.1016/j.tics.2013.05.005
https://doi.org/10.1002/nbm.3841
https://doi.org/10.1002/nbm.3841
https://doi.org/10.1016/j.neulet.2016.11.064
https://doi.org/10.1016/j.neulet.2016.11.064
http://refhub.elsevier.com/S2213-1582(20)30027-9/sbref0006
http://refhub.elsevier.com/S2213-1582(20)30027-9/sbref0006
https://doi.org/10.1038/tp.2013.39
https://doi.org/10.1038/tp.2013.39
https://doi.org/10.1016/j.brainres.2012.10.048
https://doi.org/10.1002/jts.2490080106
https://doi.org/10.3389/fnsys.2010.00149
https://doi.org/10.4088/JCP.08m04638blu
https://doi.org/10.1371/journal.pone.0066205
https://doi.org/10.1371/journal.pone.0066205
http://refhub.elsevier.com/S2213-1582(20)30027-9/sbref0013
http://refhub.elsevier.com/S2213-1582(20)30027-9/sbref0013
http://refhub.elsevier.com/S2213-1582(20)30027-9/sbref0013
https://doi.org/10.1016/j.nic.2007.07.003
https://doi.org/10.1016/j.nic.2007.07.003
https://doi.org/10.1016/j.beth.2006.02.006
https://doi.org/10.1016/j.beth.2006.02.006
https://doi.org/10.1093/brain/awr161
https://doi.org/10.1016/S1364-6613(00)01483-2
https://doi.org/10.1016/S1364-6613(00)01483-2
https://doi.org/10.1542/peds.2006-2028
https://doi.org/10.1016/j.pscychresns.2013.03.002
https://doi.org/10.1097/00005053-199811000-00007
https://doi.org/10.1371/journal.pone.0048298
https://doi.org/10.1016/j.neuroscience.2017.02.001
https://doi.org/10.1016/j.neuroscience.2017.02.001
https://doi.org/10.4088/JCP.12m08291
https://doi.org/10.4088/JCP.12m08291
https://doi.org/10.1176/appi.ajp.161.3.515
https://doi.org/10.1016/S0887-6185(98)00037-1
https://doi.org/10.1126/scitranslmed.3004669
https://doi.org/10.1126/scitranslmed.3004669
https://doi.org/10.1016/j.neuroimage.2018.02.055
https://doi.org/10.1016/j.neuroimage.2018.02.055
https://doi.org/10.1038/80671
https://doi.org/10.1016/j.biopsych.2009.06.006
https://doi.org/10.1016/j.biopsych.2009.06.006
https://doi.org/10.1016/j.tics.2010.11.004
https://doi.org/10.1016/j.tics.2010.11.004
https://doi.org/10.1038/npp.2012.146
https://doi.org/10.1002/da.22483
https://doi.org/10.1002/da.22483
https://doi.org/10.1001/jamapsychiatry.2014.62
https://doi.org/10.1001/jamapsychiatry.2014.62

V.J. Sydnor, et al

R.A., 2014. Reduced amygdala and ventral striatal activity to happy faces in PTSD is
associated with emotional numbing. PLoS ONE 9, €103653. https://doi.org/10.
1371/journal.pone.0103653.

First, M.B., Spitzer, R.L., Gibbon, M., Williams, J., B.W., 2002. Structured clinical inter-
view for DSM-IV-TR Axis I disorders, research version, Patient Edition With Psychotic
Screen (SCID-I/P W/ PSY SCREEN). New York State Psychiatric Institute, New York:
Biometrics Research.

Foa, E.B., Tolin, D.F., 2000. Comparison of the PTSD symptom scale-interview version
and the clinician-administered PTSD scale. J. Trauma. Stress 13, 181-191. https://
doi.org/10.1023/A:1007781909213.

Forbes, D., Haslam, N., Williams, B.J., Creamer, M., 2005. Testing the latent structure of
posttraumatic stress disorder: a taxometric study of combat veterans. J. Trauma.
Stress 18, 647-656. https://doi.org/10.1002/jts.20073.

Fortier, C.B., Amick, M.M., Grande, L., McGlynn, S., Kenna, A., Morra, L., Clark, A.,
Milberg, W.P., McGlinchey, R.E., 2014. The boston assessment of traumatic brain
injury-lifetime (BAT-L) semistructured interview: evidence of research utility and
validity. J. Head Trauma Rehabil. 29, 89-98. https://doi.org/10.1097/HTR.
0b013e3182865859.

Fulton, J.J., Calhoun, P.S., Wagner, H.R., Schry, A.R., Hair, L.P., Feeling, N., Elbogen, E.,
Beckham, J.C., 2015. The prevalence of posttraumatic stress disorder in Operation
Enduring Freedom/Operation Iraqi Freedom (OEF/OIF) veterans: a meta-analysis. J.
Anxiety Disord. 31, 98-107. https://doi.org/10.1016/].janxdis.2015.02.003.

Gilbertson, M.W., Shenton, M.E., Ciszewski, A., Kasai, K., Lasko, N.B., Orr, S.P., Pitman,
R.K., 2002. Smaller hippocampal volume predicts pathologic vulnerability to psy-
chological trauma. Nat. Neurosci. 5, 1242-1247. https://doi.org/10.1038/nn958.

Greve, D.N., Fischl, B., 2009. Accurate and robust brain image alignment using boundary-
based registration. Neuroimage 48, 63-72. https://doi.org/10.1016/j.neuroimage.
2009.06.060.

Grubaugh, A.L., Magruder, K.M., Waldrop, A.E., Elhai, J.D., Knapp, R.G., Frueh, B.C.,
2005. Subthreshold PTSD in primary care: prevalence, psychiatric disorders,
healthcare use, and functional status. J. Nerv. Ment. Dis. 193, 658-664. https://doi.
0rg/10.1097/01.nmd.0000180740.02644.ab.

Guenette, J.P., Stern, R.A., Tripodis, Y., Chua, A.S., Schultz, V., Sydnor, V.J., Somes, N.,
Karmacharya, S., Lepage, C., Wrobel, P., Alosco, M.L., Martin, B.M., Chaisson, C.E.,
Coleman, M.J., Lin, A.P., Pasternak, O., Makris, N., Shenton, M.E., Koerte, L.K., 2018.
Automated versus manual segmentation of brain region volumes in former football
players. NeuroImage Clin 18, 888-896. https://doi.org/10.1016/j.nicl.2018.03.026.

Gulban, O.F., De Martino, F., Vu, A.T., Yacoub, E., Ugurbil, K., Lenglet, C., 2018. Cortical
fibers orientation mapping using in-vivo whole brain 7 T diffusion MRI. Neuroimage
178, 104-118. https://doi.org/10.1016/j.neuroimage.2018.05.010.

Han, F., Yan, S., Shi, Y., 2013. Single-prolonged stress induces endoplasmic reticulum-
dependent apoptosis in the hippocampus in a rat model of post-traumatic stress
disorder. PLOS ONE 8https://doi.org/10.1371/journal.pone.0069340. e69340.

Hellstrom, T., Westlye, L.T., Sigurdardottir, S., Brunborg, C., Soberg, H.L., Holthe, @.,
Server, A., Lund, M.J., Andreassen, O.A., Andelic, N., 2017. Longitudinal changes in
brain morphology from 4 weeks to 12 months after mild traumatic brain injury: as-
sociations with cognitive functions and clinical variables. Brain Inj 31, 674-685.
https://doi.org/10.1080/02699052.2017.1283537.

Helpman, L., Zhu, X., Suarez-Jimenez, B., Lazarov, A., Monk, C., Neria, Y., 2017. Sex
differences in trauma-related psychopathology: a critical review of neuroimaging
literature (2014-2017). Curr. Psychiatry Rep. 19, 104. https://doi.org/10.1007/
511920-017-0854-y.

Herringa, R., Phillips, M., Almeida, J., Insana, S., Germain, A., 2012. Post-traumatic stress
symptoms correlate with smaller subgenual cingulate, caudate, and insula volumes in
unmedicated combat veterans. Psychiatry Res 203, 139-145. https://doi.org/10.
1016/j.pscychresns.2012.02.005.

Hoge, C.W., McGurk, D., Thomas, J.L., Cox, A.L., Engel, C.C., Castro, C.A., 2008. Mild
traumatic brain injury in U.S. Soldiers Returning from Iraq. N. Engl. J. Med. 358,
453-463. https://doi.org/10.1056/NEJMo0a072972.

Hoge, C.W., Terhakopian, A., Castro, C.A., Messer, S.C., Engel, C.C., 2007. Association of
posttraumatic stress disorder with somatic symptoms, health care visits, and ab-
senteeism among Iraq war veterans. Am. J. Psychiatry 164, 150-153. https://doi.
org/10.1176/ajp.2007.164.1.150.

Hull, A.M., 2002. Neuroimaging findings in post-traumatic stress disorder. Systematic
review. Br. J. Psychiatry J. Ment. Sci. 181, 102-110. https://doi.org/10.1192/bjp.
181.2.102.

Insel, T., Cuthbert, B., Garvey, M., Heinssen, R., Pine, D.S., Quinn, K., Sanislow, C., Wang,
P., 2010. Research domain criteria (RDoC): toward a new classification framework
for research on mental disorders. Am. J. Psychiatry 167, 748-751. https://doi.org/
10.1176/appi.ajp.2010.09091379.

Jenkinson, M., Bannister, P., Brady, M., Smith, S., 2002. Improved optimization for the
robust and accurate linear registration and motion correction of brain images.
Neuroimage 17, 825-841. https://doi.org/10.1006/nimg.2002.1132.

Jonkman, L.E., Klaver, R., Fleysher, L., Inglese, M., Geurts, J.J., 2016. The substrate of
increased cortical FA in MS: a 7T post-mortem MRI and histopathology study. Mult.
Scler. Houndmills Basingstoke Engl. 22, 1804-1811. https://doi.org/10.1177/
1352458516635290.

Karl, A., Schaefer, M., Malta, L.S., Dorfel, D., Rohleder, N., Werner, A., 2006. A meta-
analysis of structural brain abnormalities in PTSD. Neurosci. Biobehav. Rev. 30,
1004-1031. https://doi.org/10.1016/j.neubiorev.2006.03.004.

Kasai, K., Yamasue, H., Gilbertson, M.W., Shenton, M.E., Rauch, S.L., Pitman, R.K., 2008.
Evidence for acquired pregenual anterior cingulate gray matter loss from a twin study
of combat-related posttraumatic stress disorder. Biol. Psychiatry 63, 550-556.
https://doi.org/10.1016/j.biopsych.2007.06.022.

Kim, S.J., Jeong, D.-U., Sim, M.E., Bae, S.C., Chung, A., Kim, M.J., Chang, K.H., Ryu, J.,
Renshaw, P.F., Lyoo, LK., 2006. Asymmetrically altered integrity of cingulum bundle

10

NeuroImage: Clinical 26 (2020) 102190

in posttraumatic stress disorder. Neuropsychobiology 54, 120-125. https://doi.org/
10.1159/000098262.

Kitayama, N., Vaccarino, V., Kutner, M., Weiss, P., Bremner, J.D., 2005. Magnetic re-
sonance imaging (MRI) measurement of hippocampal volume in posttraumatic stress
disorder: a meta-analysis. J. Affect. Disord. 88, 79-86. https://doi.org/10.1016/j.jad.
2005.05.014.

Krystal, J.H., Abdallah, C.G., Averill, L.A., Kelmendi, B., Harpaz-Rotem, 1., Sanacora, G.,
Southwick, S.M., Duman, R.S., 2017. Synaptic loss and the pathophysiology of PTSD:
implications for ketamine as a prototype novel therapeutic. Curr. Psychiatry Rep. 19,
74. https://doi.org/10.1007/s11920-017-0829-z.

Kiihn, S., Gallinat, J., 2013. Gray matter correlates of posttraumatic stress disorder: a
quantitative meta-analysis. Biol. Psychiatry, Struct. Funct. Activity Stress Anxiety 73,
70-74. https://doi.org/10.1016/j.biopsych.2012.06.029.

Laitinen, T., Sierra, A., Bolkvadze, T., Pitkidnen, A., Grohn, O., 2015. Diffusion tensor
imaging detects chronic microstructural changes in white and gray matter after
traumatic brain injury in rat. Front. Neurosci. 9. https://doi.org/10.3389/fnins.2015.
00128.

Leech, R., Sharp, D.J., 2014. The role of the posterior cingulate cortex in cognition and
disease. Brain 137, 12-32. https://doi.org/10.1093/brain/awt162.

Lei, D., Li, L., Li, L., Suo, X., Huang, X., Lui, S., Li, J., Bi, F., Kemp, G.J., Gong, Q., 2015.
Microstructural abnormalities in children with post-traumatic stress disorder: a dif-
fusion tensor imaging study at 3.0T. Sci. Rep. 5, 8933. https://doi.org/10.1038/
srep08933.

Leigland, L.A., Budde, M.D., Cornea, A., Kroenke, C.D., 2013. Diffusion MRI of the de-
veloping cerebral cortical gray matter can be used to detect abnormalities in tissue
microstructure associated with fetal ethanol exposure. Neuroimage 83, 1081-1087.
https://doi.org/10.1016/j.neuroimage.2013.07.068.

Leigland, L.A., Kroenke, C.D., 2011. A comparative analysis of cellular morphological
differentiation within the cerebral cortex using diffusion tensor imaging (eds) In:
Raber, J (Ed.), Animal Models of Behavioral Analysis. Neuromethods. Humana Press,
Totowa, NJ, pp. 329-351. https://doi.org/10.1007/978-1-60761-883-6_13. vol 50.

Leuze, C.W.U., Anwander, A., Bazin, P.-.L., Dhital, B., Stiiber, C., Reimann, K., Geyer, S.,
Turner, R., 2014. Layer-Specific intracortical connectivity revealed with diffusion
MRI. Cereb. Cortex 24, 328-339. https://doi.org/10.1093/cercor/bhs311.

Li, N., Lee, B., Liu, R.-J., Banasr, M., Dwyer, J.M., Iwata, M., Li, X.-Y., Aghajanian, G.,
Duman, R.S., 2010. mTOR-dependent synapse formation underlies the rapid anti-
depressant effects of NMDA antagonists. Science 329, 959-964. https://doi.org/10.
1126/science.1190287.

Li, N., Liu, R.-J., Dwyer, J.M., Banasr, M., Lee, B., Son, H., Li, X.-Y., Aghajanian, G.,
Duman, R.S., 2011. Glutamate N-methyl-p-aspartate receptor antagonists rapidly
reverse behavioral and synaptic deficits caused by chronic stress exposure. Biol.
Psychiatry 69, 754-761. https://doi.org/10.1016/j.biopsych.2010.12.015.

Lindemer, E.R., Salat, D.H., Leritz, E.C., McGlinchey, R.E., Milberg, W.P., 2013. Reduced
cortical thickness with increased lifetime burden of PTSD in OEF/OIF Veterans and
the impact of comorbid TBI. NeuroImage Clin 2, 601-611. https://doi.org/10.1016/j.
nicl.2013.04.009.

Lindquist, L.K., Love, H.C., Elbogen, E.B., 2017. Traumatic brain injury in Iraq and
Afghanistan veterans: new results from a national random sample study. J.
Neuropsychiatry Clin. Neurosci. 29, 254-259. https://doi.org/10.1176/appi.
neuropsych.16050100.

Lippa, S.M., Fonda, J.R., Fortier, C.B., Amick, M.A., Kenna, A., Milberg, W.P.,
McGlinchey, R.E., 2015. Deployment-Related psychiatric and behavioral conditions
and their association with functional disability in OEF/OIF/OND veterans. J. Trauma.
Stress 28, 25-33. https://doi.org/10.1002/jts.21979.

Lobo, I., Portugal, L.C., Figueira, I., Volchan, E., David, 1., Garcia Pereira, M., de Oliveira,
L., 2015. EEG correlates of the severity of posttraumatic stress symptoms: a sys-
tematic review of the dimensional PTSD literature. J. Affect. Disord. 183, 210-220.
https://doi.org/10.1016/j.jad.2015.05.015.

Logue, M.W., van Rooij, S.J.H., Dennis, E.L., Davis, S.L., Hayes, J.P., Stevens, J.S.,
Densmore, M., Haswell, C.C., Ipser, J., Koch, S.B.J., Korgaonkar, M., Lebois, L.A.M.,
Peverill, M., Baker, J.T., Boedhoe, P.S.W., Frijling, J.L., Gruber, S.A., Harpaz-Rotem,
1., Jahanshad, N., Koopowitz, S., Levy, 1., Nawijn, L., O’Connor, L., Olff, M., Salat,
D.H., Sheridan, M.A., Spielberg, J.M., van Zuiden, M., Winternitz, S.R., Wolff, J.D.,
Wolf, E.J., Wang, X., Wrocklage, K., Abdallah, C.G., Bryant, R.A., Geuze, E.,
Jovanovic, T., Kaufman, M.L., King, A.P., Krystal, J.H., Lagopoulos, J., Bennett, M.,
Lanius, R., Liberzon, 1., McGlinchey, R.E., McLaughlin, K.A., Milberg, W.P., Miller,
M.W., Ressler, K.J., Veltman, D.J., Stein, D.J., Thomaes, K., Thompson, P.M., Morey,
R.A., 2018. Smaller hippocampal volume in posttraumatic stress disorder: a multisite
ENIGMA-PGC study: subcortical volumetry results from posttraumatic stress disorder
consortia. Biol. Psychiatry 83, 244-253. https://doi.org/10.1016/j.biopsych.2017.
09.006.

Lovibond, S.H., Lovibond, P.F., 1996. Manual For the Depression Anxiety Stress Scales.
Psychology Foundation of Australia.

MacDonald, C., Chamberlain, K., Long, N., Flett, R., 1999. Posttraumatic stress disorder
and interpersonal functioning in vietnam war veterans: a mediational model. J.
Trauma. Stress 12, 701-707. https://doi.org/10.1023/A:1024729520686.

Magarinos, A.M., McEwen, B.S., 1995. Stress-induced atrophy of apical dendrites of
hippocampal CA3c neurons: involvement of glucocorticoid secretion and excitatory
amino acid receptors. Neuroscience 69, 89-98. https://doi.org/10.1016/0306-
4522(95)00259-L.

McGlinchey, R.E., Milberg, W.P., Fonda, J.R., Fortier, C.B., 2017. A methodology for
assessing deployment trauma and its consequences in OEF/OIF/OND Veterans: the
tracts longitudinal prospective cohort study. Int. J. Methods Psychiatr. Res. 26.
https://doi.org/10.1002/mpr.1556.

McKinstry, R.C., Mathur, A., Miller, J.H., Ozcan, A., Snyder, A.Z., Schefft, G.L., Almli,
C.R., Shiran, S.I., Conturo, T.E., Neil, J.J., 2002. Radial organization of developing


https://doi.org/10.1371/journal.pone.0103653
https://doi.org/10.1371/journal.pone.0103653
https://doi.org/10.1023/A:1007781909213
https://doi.org/10.1023/A:1007781909213
https://doi.org/10.1002/jts.20073
https://doi.org/10.1097/HTR.0b013e3182865859
https://doi.org/10.1097/HTR.0b013e3182865859
https://doi.org/10.1016/j.janxdis.2015.02.003
https://doi.org/10.1038/nn958
https://doi.org/10.1016/j.neuroimage.2009.06.060
https://doi.org/10.1016/j.neuroimage.2009.06.060
https://doi.org/10.1097/01.nmd.0000180740.02644.ab
https://doi.org/10.1097/01.nmd.0000180740.02644.ab
https://doi.org/10.1016/j.nicl.2018.03.026
https://doi.org/10.1016/j.neuroimage.2018.05.010
https://doi.org/10.1371/journal.pone.0069340
https://doi.org/10.1080/02699052.2017.1283537
https://doi.org/10.1007/s11920-017-0854-y
https://doi.org/10.1007/s11920-017-0854-y
https://doi.org/10.1016/j.pscychresns.2012.02.005
https://doi.org/10.1016/j.pscychresns.2012.02.005
https://doi.org/10.1056/NEJMoa072972
https://doi.org/10.1176/ajp.2007.164.1.150
https://doi.org/10.1176/ajp.2007.164.1.150
https://doi.org/10.1192/bjp.181.2.102
https://doi.org/10.1192/bjp.181.2.102
https://doi.org/10.1176/appi.ajp.2010.09091379
https://doi.org/10.1176/appi.ajp.2010.09091379
https://doi.org/10.1006/nimg.2002.1132
https://doi.org/10.1177/1352458516635290
https://doi.org/10.1177/1352458516635290
https://doi.org/10.1016/j.neubiorev.2006.03.004
https://doi.org/10.1016/j.biopsych.2007.06.022
https://doi.org/10.1159/000098262
https://doi.org/10.1159/000098262
https://doi.org/10.1016/j.jad.2005.05.014
https://doi.org/10.1016/j.jad.2005.05.014
https://doi.org/10.1007/s11920-017-0829-z
https://doi.org/10.1016/j.biopsych.2012.06.029
https://doi.org/10.3389/fnins.2015.00128
https://doi.org/10.3389/fnins.2015.00128
https://doi.org/10.1093/brain/awt162
https://doi.org/10.1038/srep08933
https://doi.org/10.1038/srep08933
https://doi.org/10.1016/j.neuroimage.2013.07.068
https://doi.org/10.1007/978-1-60761-883-6_13
https://doi.org/10.1093/cercor/bhs311
https://doi.org/10.1126/science.1190287
https://doi.org/10.1126/science.1190287
https://doi.org/10.1016/j.biopsych.2010.12.015
https://doi.org/10.1016/j.nicl.2013.04.009
https://doi.org/10.1016/j.nicl.2013.04.009
https://doi.org/10.1176/appi.neuropsych.16050100
https://doi.org/10.1176/appi.neuropsych.16050100
https://doi.org/10.1002/jts.21979
https://doi.org/10.1016/j.jad.2015.05.015
https://doi.org/10.1016/j.biopsych.2017.09.006
https://doi.org/10.1016/j.biopsych.2017.09.006
http://refhub.elsevier.com/S2213-1582(20)30027-9/sbref0073
http://refhub.elsevier.com/S2213-1582(20)30027-9/sbref0073
https://doi.org/10.1023/A:1024729520686
https://doi.org/10.1016/0306-4522(95)00259-L
https://doi.org/10.1016/0306-4522(95)00259-L
https://doi.org/10.1002/mpr.1556

V.J. Sydnor, et al.

preterm human cerebral cortex revealed by non-invasive water diffusion anisotropy
MRI. Cereb. Cortex 12, 1237-1243. https://doi.org/10.1093/cercor/12.12.1237.

McKittrick, C.R., Magarifnos, A.M., Blanchard, D.C., Blanchard, R.J., McEwen, B.S., Sakai,
R.R., 2000. Chronic social stress reduces dendritic arbors in CA3 of hippocampus and
decreases binding to serotonin transporter sites. Synap. N. Y. N 36, 85-94 10.1002/
(SIC1)1098-2396(200005)36:2 < 85::AID-SYN1 > 3.0.CO;2-Y.

McNab, J.A., Polimeni, J.R., Wang, R., Augustinack, J.C., Fujimoto, K., Stevens, A.,
Triantafyllou, C., Janssens, T., Farivar, R., Folkerth, R.D., Vanduffel, W., Wald, L.L.,
2013. Surface based analysis of diffusion orientation for identifying architectonic
domains in the in vivo human cortex. Neuroimage 69, 87-100. https://doi.org/10.
1016/j.neuroimage.2012.11.065.

Meng, L., Jiang, J., Jin, C., Liu, J., Zhao, Y., Wang, W., Li, K., Gong, Q., 2016. Trauma-
specific grey matter alterations in PTSD. Sci. Rep. 6. https://doi.org/10.1038/
srep33748.

Meng, Y., Qiu, C., Zhu, H., Lama, S., Lui, S., Gong, Q., Zhang, W., 2014. Anatomical
deficits in adult posttraumatic stress disorder: a meta-analysis of voxel-based mor-
phometry studies. Behav. Brain Res. 270, 307-315. https://doi.org/10.1016/j.bbr.
2014.05.021.

Metzger, L.J., Pitman, R.K., Miller, G.A., Paige, S.R., Orr, S.P., 2008. Intensity dependence
of auditory P2 in monozygotic twins discordant for Vietnam combat: associations
with posttraumatic stress disorder. J. Rehabil. Res. Dev. 45, 437-449. https://doi.
org/10.1682/JRRD.2007.07.0100.

Molet, J., Maras, P.M., Kinney-Lang, E., Harris, N.G., Rashid, F., Ivy, A.S., Solodkin, A.,
Obenaus, A., Baram, T.Z., 2016. MRI uncovers disrupted hippocampal microstructure
that underlies memory impairments after early-life adversity. Hippocampus 26,
1618-1632. https://doi.org/10.1002/hipo.22661.

Morey, R.A., Gold, A.L., LaBar, K.S., Beall, S.K., Brown, V.M., Haswell, C.C., Nasser, J.D.,
Wagner, H.R., McCarthy, G., 2012. Amygdala volume changes with posttraumatic
stress disorder in a large case-controlled veteran group. Arch. Gen. Psychiatry 69,
1169-1178. https://doi.org/10.1001/archgenpsychiatry.2012.50.

Nardo, D., Hogberg, G., Looi, J.C.L., Larsson, S., Hillstrom, T., Pagani, M., 2010. Gray
matter density in limbic and paralimbic cortices is associated with trauma load and
EMDR outcome in PTSD patients. J. Psychiatr. Res. 44, 477-485. https://doi.org/10.
1016/j.jpsychires.2009.10.014.

Nelson, M.D., Tumpap, A.M., 2017. Posttraumatic stress disorder symptom severity is
associated with left hippocampal volume reduction: a meta-analytic study. CNS
Spectr 22, 363-372. https://doi.org/10.1017/51092852916000833.

Oathes, D.J., Zimmerman, J., Duprat, R., Cavdaroglu, S., Scully, M., Rosenberg, B.,
Flounders, M.W., Long, H., Elliott, M., Shandler, G., Shinohara, R.T., Linn, K.A., 2018.
Individualized non-invasive brain stimulation engages the subgenual anterior cin-
gulate and amygdala. bioRxiv 503441. 10.1101/503441.

O’Doherty, D.C.M., Chitty, K.M., Saddiqui, S., Bennett, M.R., Lagopoulos, J., 2015. A
systematic review and meta-analysis of magnetic resonance imaging measurement of
structural volumes in posttraumatic stress disorder. Psychiatry Res. Neuroimag. 232,
1-33. https://doi.org/10.1016/j.pscychresns.2015.01.002.

O’Doherty, D.C.M., Tickell, A., Ryder, W., Chan, C., Hermens, D.F., Bennett, M.R.,
Lagopoulos, J., 2017. Frontal and subcortical grey matter reductions in PTSD.
Psychiatry Res. Neuroimag. 266, 1-9. https://doi.org/10.1016/j.pscychresns.2017.
05.008.

Ohman, A., 2005. The role of the amygdala in human fear: automatic detection of threat.
Psychoneuroendocrinology 30, 953-958. https://doi.org/10.1016/j.psyneuen.2005.
03.019.

O'Neil, M.E., Carlson, K., Storzbach, D., Brenner, L., Freeman, M., Quifiones, A.,
Motu'apuaka, M., Ensley, M., Kansagara, D., 2013. Complications of Mild Traumatic
Brain Injury in Veterans and Military Personnel: A Systematic Review, VA Evidence-
based Synthesis Program Reports. Department of Veterans Affairs (US),

Washington (DC).

Pacella, M.L., Hruska, B., Delahanty, D.L., 2013. The physical health consequences of
PTSD and PTSD symptoms: a meta-analytic review. J. Anxiety Disord. 27, 33-46.
https://doi.org/10.1016/j.janxdis.2012.08.004.

Palm, K.M., Strong, D.R., MacPherson, L., 2009. Evaluating symptom expression as a
function of a posttraumatic stress disorder severity. J. Anxiety Disord. 23, 27-37.
https://doi.org/10.1016/j.janxdis.2008.03.012.

Panchal, H., Sollmann, N., Pasternak, O., Alosco, M.L., Kinzel, P., Kaufmann, D., Hartl, E.,
Forwell, L.A., Johnson, A.M., Skopelja, E.N., Shenton, M.E., Koerte, L.K., Echlin, P.S.,
Lin, A.P., 2018. Neuro-Metabolite changes in a single season of university ice hockey
using magnetic resonance spectroscopy. Front. Neurol. 9, 616. https://doi.org/10.
3389/fneur.2018.00616.

Pasternak, O., Kelly, S., Sydnor, V.J., Shenton, M.E., 2018. Advances in microstructural
diffusion neuroimaging for psychiatric disorders. Neurolmage, Microstruct. Imag.
182, 259-282. https://doi.org/10.1016/j.neuroimage.2018.04.051.

Pasternak, O., Sochen, N., Gur, Y., Intrator, N., Assaf, Y., 2009. Free water elimination
and mapping from diffusion MRI. Magn. Reson. Med. 62, 717-730. https://doi.org/
10.1002/mrm.22055.

Quadrelli, S., Mountford, C., Ramadan, S., 2018. Systematic review of in-vivo neuro
magnetic resonance spectroscopy for the assessment of posttraumatic stress disorder.
Psychiatry Res. Neuroimag. 282, 110-125. https://doi.org/10.1016/j.pscychresns.
2018.07.001.

Rathi, Y., Pasternak, O., Savadjiev, P., Michailovich, O., Bouix, S., Kubicki, M., Westin, C.-
F., Makris, N., Shenton, M.E., 2014. Gray matter alterations in early aging: a diffusion
magnetic resonance imaging study. Hum. Brain Mapp. 35, 3841-3856. https://doi.
org/10.1002/hbm.22441.

Robinson, M.E., Clark, D.C., Milberg, W.P., McGlinchey, R.E., Salat, D.H., 2017.
Characterization of differences in functional connectivity associated with close-range
blast exposure. J. Neurotrauma 34, S53-S61. https://doi.org/10.1089/neu.2016.
4709.

11

NeuroImage: Clinical 26 (2020) 102190

Robinson, M.E., Lindemer, E.R., Fonda, J.R., Milberg, W.P., McGlinchey, R.E., Salat, D.H.,
2015. Close-range blast exposure is associated with altered functional connectivity in
Veterans independent of concussion symptoms at time of exposure. Hum. Brain
Mapp. 36, 911-922. https://doi.org/10.1002/hbm.22675.

Rogers, M.A., Yamasue, H., Abe, O., Yamada, H., Ohtani, T., Iwanami, A., Aoki, S., Kato,
N., Kasai, K., 2009. Smaller amygdala volume and reduced anterior cingulate gray
matter density associated with history of post-traumatic stress disorder. Psychiatry
Res 174, 210-216. https://doi.org/10.1016/j.pscychresns.2009.06.001.

Ruscio, A.M., Ruscio, J., Keane, T.M., 2002. The latent structure of posttraumatic stress
disorder: a taxometric investigation of reactions to extreme stress. J. Abnorm. Psychol
111, 290-301. https://doi.org/10.1037/0021-843X.111.2.290.

Sailer, U., Robinson, S., Fischmeister, F.P.S., Konig, D., Oppenauer, C., Lueger-Schuster,
B., Moser, E., Kryspin-Exner, 1., Bauer, H., 2008. Altered reward processing in the
nucleus accumbens and mesial prefrontal cortex of patients with posttraumatic stress
disorder. Neuropsychologia 46, 2836-2844. https://doi.org/10.1016/j.
neuropsychologia.2008.05.022.

Sanacora, G., Banasr, M., 2013. From pathophysiology to novel antidepressant drugs:
glial contributions to the pathology and treatment of mood disorders. Biol. Psychiatry
73, 1172-1179. https://doi.org/10.1016/j.biopsych.2013.03.032.

Sanjuan, P.M., Thoma, R., Claus, E.D., Mays, N., Caprihan, A., 2013. Reduced white
matter integrity in the cingulum and anterior corona radiata in posttraumatic stress
disorder in male combat veterans: a diffusion tensor imaging study. Psychiatry Res
214, 260-268. https://doi.org/10.1016/j.pscychresns.2013.09.002.

Satterthwaite, F.E., 1946. An approximate distribution of estimates of variance compo-
nents. Biom. Bull. 2, 110-114. https://doi.org/10.2307/3002019.

Schneiderman, A.L, Braver, E.R., Kang, H.K., 2008. Understanding sequelae of injury
mechanisms and mild traumatic brain injury incurred during the conflicts in Iraq and
Afghanistan: persistent postconcussive symptoms and posttraumatic stress disorder.
Am. J. Epidemiol. 167, 1446-1452. https://doi.org/10.1093/aje/kwn068.

Schiitzwohl, M., Maercker, A., 1999. Effects of varying diagnostic criteria for posttrau-
matic stress disorder are endorsing the concept of partial PTSD. J. Trauma. Stress 12,
155-165. https://doi.org/10.1023/A:1024706702133.

Seehaus, A., Roebroeck, A., Bastiani, M., Fonseca, L., Bratzke, H., Lori, N., Vilanova, A.,
Goebel, R., Galuske, R., 2015. Histological validation of high-resolution DTI in
human post mortem tissue. Front. Neuroanat. 9. https://doi.org/10.3389/fnana.
2015.00098.

Seitz, J., Rathi, Y., Lyall, A., Pasternak, O., Re, E.C., Niznikiewicz, M., Nestor, P.,
Seidman, L.J., Petryshen, T.L., Mesholam-Gately, R.I., Wojcik, J., McCarley, R.W.,
Shenton, M.E., Koerte, I.K., Kubicki, M., 2018. Alteration of gray matter micro-
structure in schizophrenia. Brain Imag. Behav 12, 54-63. https://doi.org/10.1007/
511682-016-9666-7.

Sekiguchi, A., Sugiura, M., Taki, Y., Kotozaki, Y., Nouchi, R., Takeuchi, H., Araki, T.,
Hanawa, S., Nakagawa, S., Miyauchi, C.M., Sakuma, A., Kawashima, R., 2013. Brain
structural changes as vulnerability factors and acquired signs of post-earthquake
stress. Mol. Psychiatry 18, 618-623. https://doi.org/10.1038/mp.2012.51.

Shah, S., Yallampalli, R., Merkley, T.L., McCauley, S.R., Bigler, E.D., MacLeod, M., Chu,
Z., Li, X., Troyanskaya, M., Hunter, J.V., Levin, H.S., Wilde, E.A., 2012. Diffusion
tensor imaging and volumetric analysis of the ventral striatum in adults with trau-
matic brain injury. Brain Inj. 26, 201-210. https://doi.org/10.3109/02699052.2012.
654591.

Sizonenko, S.V., Camm, E.J., Garbow, J.R., Maier, S.E., Inder, T.E., Williams, C.E., Neil,
J.J., Huppi, P.S., 2007. Developmental changes and injury induced disruption of the
radial organization of the cortex in the immature rat brain revealed by in vivo dif-
fusion tensor MRI. Cereb. Cortex N. Y. N 1991 17, 2609-2617. https://doi.org/10.
1093/cercor/bhl168.

Skinner, H.A., Sheu, W.J., 1982. Reliability of alcohol use indices. the lifetime drinking
history and the mast. J. Stud. Alcohol 43, 1157-1170. https://doi.org/10.15288/jsa.
1982.43.1157.

Smith, M.E., 2005. Bilateral hippocampal volume reduction in adults with post-traumatic
stress disorder: a meta-analysis of structural mri studies. Hippocampus 15, 798-807.
https://doi.org/10.1002/hipo.20102.

Snell, F.I,, Halter, M.J., 2010. A signature wound of war: mild traumatic brain injury. J.
Psychosoc. Nurs. Ment. Health Serv. 48, 22-28.

Sollmann, N., Echlin, P.S., Schultz, V., Viher, P.V,, Lyall, A.E., Tripodis, Y., Kaufmann, D.,
Hartl, E., Kinzel, P., Forwell, L.A., Johnson, A.M., Skopelja, E.N., Lepage, C., Bouix,
S., Pasternak, O., Lin, A.P., Shenton, M.E., Koerte, I.K., 2018. Sex differences in white
matter alterations following repetitive subconcussive head impacts in collegiate ice
hockey players. NeuroImage Clin 17, 642-649. https://doi.org/10.1016/j.nicl.2017.
11.020.

Spadoni, A.D., Huang, M., Simmons, A.N., 2018. Emerging approaches to neurocircuits in
PTSD and TBI: imaging the interplay of neural and emotional trauma. Curr. Top.
Behav. Neurosci. 38, 163-192. https://doi.org/10.1007/7854_ 2017 _35.

Spielberg, J.M., McGlinchey, R.E., Milberg, W.P., Salat, D.H., 2015. Brain network dis-
turbance related to posttraumatic stress and traumatic brain injury in veterans. Biol.
Psychiatry 78, 210-216. https://doi.org/10.1016/j.biopsych.2015.02.013.

Stein, M.B., McAllister, T.W., 2009. Exploring the convergence of posttraumatic stress
disorder and mild traumatic brain injury. Am. J. Psychiatry 166, 768-776. https://
doi.org/10.1176/appi.ajp.2009.08101604.

Stein, M.B., Walker, J.R., Hazen, A.L., Forde, D.R., 1997. Full and partial posttraumatic
stress disorder: findings from a community survey. Am. J. Psychiatry 154,
1114-1119. https://doi.org/10.1176/ajp.154.8.1114.

Stolp, H.B., Ball, G., So, P.-.W., Tournier, J.-.D., Jones, M., Thornton, C., Edwards, A.D.,
2018. Voxel-wise comparisons of cellular microstructure and diffusion-MRI in mouse
hippocampus using 3D bridging of optically-clear histology with neuroimaging data
(3D-BOND). Sci. Rep. 8, 4011. https://doi.org/10.1038/541598-018-22295-9.

Taber, K.H., Hurley, R.A., Haswell, C.C., Rowland, J.A., Hurt, S.D., Lamar, C.D., Morey,


https://doi.org/10.1093/cercor/12.12.1237
http://refhub.elsevier.com/S2213-1582(20)30027-9/sbref0078
http://refhub.elsevier.com/S2213-1582(20)30027-9/sbref0078
http://refhub.elsevier.com/S2213-1582(20)30027-9/sbref0078
http://refhub.elsevier.com/S2213-1582(20)30027-9/sbref0078
https://doi.org/10.1016/j.neuroimage.2012.11.065
https://doi.org/10.1016/j.neuroimage.2012.11.065
https://doi.org/10.1038/srep33748
https://doi.org/10.1038/srep33748
https://doi.org/10.1016/j.bbr.2014.05.021
https://doi.org/10.1016/j.bbr.2014.05.021
https://doi.org/10.1682/JRRD.2007.07.0100
https://doi.org/10.1682/JRRD.2007.07.0100
https://doi.org/10.1002/hipo.22661
https://doi.org/10.1001/archgenpsychiatry.2012.50
https://doi.org/10.1016/j.jpsychires.2009.10.014
https://doi.org/10.1016/j.jpsychires.2009.10.014
https://doi.org/10.1017/S1092852916000833
https://doi.org/10.1016/j.pscychresns.2015.01.002
https://doi.org/10.1016/j.pscychresns.2017.05.008
https://doi.org/10.1016/j.pscychresns.2017.05.008
https://doi.org/10.1016/j.psyneuen.2005.03.019
https://doi.org/10.1016/j.psyneuen.2005.03.019
https://doi.org/10.1016/j.janxdis.2012.08.004
https://doi.org/10.1016/j.janxdis.2008.03.012
https://doi.org/10.3389/fneur.2018.00616
https://doi.org/10.3389/fneur.2018.00616
https://doi.org/10.1016/j.neuroimage.2018.04.051
https://doi.org/10.1002/mrm.22055
https://doi.org/10.1002/mrm.22055
https://doi.org/10.1016/j.pscychresns.2018.07.001
https://doi.org/10.1016/j.pscychresns.2018.07.001
https://doi.org/10.1002/hbm.22441
https://doi.org/10.1002/hbm.22441
https://doi.org/10.1089/neu.2016.4709
https://doi.org/10.1089/neu.2016.4709
https://doi.org/10.1002/hbm.22675
https://doi.org/10.1016/j.pscychresns.2009.06.001
https://doi.org/10.1037/0021-843X.111.2.290
https://doi.org/10.1016/j.neuropsychologia.2008.05.022
https://doi.org/10.1016/j.neuropsychologia.2008.05.022
https://doi.org/10.1016/j.biopsych.2013.03.032
https://doi.org/10.1016/j.pscychresns.2013.09.002
https://doi.org/10.2307/3002019
https://doi.org/10.1093/aje/kwn068
https://doi.org/10.1023/A:1024706702133
https://doi.org/10.3389/fnana.2015.00098
https://doi.org/10.3389/fnana.2015.00098
https://doi.org/10.1007/s11682-016-9666-7
https://doi.org/10.1007/s11682-016-9666-7
https://doi.org/10.1038/mp.2012.51
https://doi.org/10.3109/02699052.2012.654591
https://doi.org/10.3109/02699052.2012.654591
https://doi.org/10.1093/cercor/bhl168
https://doi.org/10.1093/cercor/bhl168
https://doi.org/10.15288/jsa.1982.43.1157
https://doi.org/10.15288/jsa.1982.43.1157
https://doi.org/10.1002/hipo.20102
http://refhub.elsevier.com/S2213-1582(20)30027-9/sbref0114
http://refhub.elsevier.com/S2213-1582(20)30027-9/sbref0114
https://doi.org/10.1016/j.nicl.2017.11.020
https://doi.org/10.1016/j.nicl.2017.11.020
https://doi.org/10.1007/7854_2017_35
https://doi.org/10.1016/j.biopsych.2015.02.013
https://doi.org/10.1176/appi.ajp.2009.08101604
https://doi.org/10.1176/appi.ajp.2009.08101604
https://doi.org/10.1176/ajp.154.8.1114
https://doi.org/10.1038/s41598-018-22295-9

V.J. Sydnor, et al.

R.A., 2015. White matter compromise in veterans exposed to primary blast forces. J.
Head Trauma Rehabil. 30, E15-E25. https://doi.org/10.1097/HTR.
0000000000000030.

Tanev, K.S., Pentel, K.Z., Kredlow, M.A., Charney, M.E., 2014. PTSD and TBI co-mor-
bidity: scope, clinical presentation and treatment options. Brain Inj 28, 261-270.
https://doi.org/10.3109/02699052.2013.873821.

Taubitz, L.E., Pedersen, W.S., Larson, C.L., 2015. BAS reward responsiveness: a unique
predictor of positive psychological functioning. Personal. Individ. Differ. 80,
107-112. https://doi.org/10.1016/j.paid.2015.02.029.

Trotter, B.B., Robinson, M.E., Milberg, W.P., McGlinchey, R.E., Salat, D.H., 2015. Military
blast exposure, ageing and white matter integrity. Brain 138, 2278-2292. https://doi.
org/10.1093/brain/awv139.

Twamley, E.W., Allard, C.B., Thorp, S.R., Norman, S.B., Cissell, S.H., Berardi, K.H.,
Grimes, E.M., Stein, M.B., 2009. Cognitive impairment and functioning in PTSD re-
lated to intimate partner violence. J. Int. Neuropsychol. Soc. 15, 879-887. https://
doi.org/10.1017/5135561770999049X.

Vanderploeg, R.D., Belanger, H.G., Curtiss, G., 2009. Mild traumatic brain injury and
posttraumatic stress disorder and their associations with health symptoms. Arch.
Phys. Med. Rehabil. 90, 1084-1093. https://doi.org/10.1016/j.apmr.2009.01.023.

Vasterling, J.J., Verfaellie, M., Sullivan, K.D., 2009. Mild traumatic brain injury and
posttraumatic stress disorder in returning veterans: perspectives from cognitive
neuroscience. Clin. Psychol. Rev., Posttraumatic Stress Disorder Wars Afghanistan
Iraq 29, 674-684. https://doi.org/10.1016/j.cpr.2009.08.004.

Waltzman, D., Soman, S., Hantke, N.C., Fairchild, J.K., Kinoshita, L.M., Wintermark, M.,
Ashford, J.W., Yesavage, J., Williams, L., Adamson, M.M., Furst, A.J., 2017. Altered
microstructural caudate integrity in posttraumatic stress disorder but not traumatic
brain injury. PLoS ONE 12https://doi.org/10.1371/journal.pone.0170564.
e€0170564.

Wang, Z., Neylan, T.C., Mueller, S.G., Lenoci, M., Truran, D., Marmar, C.R., Weiner,
M.W., Schuff, N., 2010. Magnetic resonance imaging of hippocampal subfields in
posttraumatic stress disorder. Arch. Gen. Psychiatry 67, 296-303. https://doi.org/10.
1001/archgenpsychiatry.2009.205.

Watanabe, Y., Gould, E., McEwen, B.S., 1992. Stress induces atrophy of apical dendrites of
hippocampal CA3 pyramidal neurons. Brain Res 588, 341-345. https://doi.org/10.
1016/0006-8993(92)91597-8.

Watts, B.V., Landon, B., Groft, A., Young-Xu, Y., 2012. A sham controlled study of re-
petitive transcranial magnetic stimulation for posttraumatic stress disorder. Brain

12

NeuroImage: Clinical 26 (2020) 102190

Stimulat 5, 38-43. https://doi.org/10.1016/j.brs.2011.02.002.

Weathers, F.W., Ruscio, A.M., Keane, T.M., 1999. Psychometric properties of nine scoring
rules for the Clinician-Administered posttraumatic stress disorder scale. Psychol.
Assess. 11, 124-133. https://doi.org/10.1037/1040-3590.11.2.124.

Weston, P.S.J., Simpson, I.J.A., Ryan, N.S., Ourselin, S., Fox, N.C., 2015. Diffusion ima-
ging changes in grey matter in Alzheimer's disease: a potential marker of early
neurodegeneration. Alzheimers Res. Ther. 7. https://doi.org/10.1186/s13195-015-
0132-3.

Wiltgen, B.J., Zhou, M., Cai, Y., Balaji, J., Karlsson, M.G., Parivash, S.N., Li, W., Silva,
A.J., 2010. The hippocampus plays a selective role in the retrieval of detailed con-
textual memories. Curr. Biol. CB 20, 1336-1344. https://doi.org/10.1016/j.cub.
2010.06.068.

Woolley, C.S., Gould, E., McEwen, B.S., 1990. Exposure to excess glucocorticoids alters
dendritic morphology of adult hippocampal pyramidal neurons. Brain Res. 531,
225-231. https://doi.org/10.1016,/0006-8993(90)90778-a.

Woon, F.L., Sood, S., Hedges, D.W., 2010. Hippocampal volume deficits associated with
exposure to psychological trauma and posttraumatic stress disorder in adults: a meta-
analysis. Prog. Neuropsychopharmacol. Biol. Psychiatry 34, 1181-1188. https://doi.
org/10.1016/j.pnpbp.2010.06.016.

Wrocklage, K.M., Averill, L.A., Cobb Scott, J., Averill, C.L., Schweinsburg, B., Trejo, M.,
Roy, A., Weisser, V., Kelly, C., Martini, B., Harpaz-Rotem, 1., Southwick, S.M., Krystal,
J.H., Abdallah, C.G., 2017. Cortical thickness reduction in combat exposed U.S. ve-
terans with and without PTSD. Eur. Neuropsychopharmacol. J. Eur. Coll.
Neuropsychopharmacol. 27, 515-525. https://doi.org/10.1016/j.euroneuro.2017.
02.010.

Xie, B., Zhang, J., Zhang, Y., Zhang, S., Qiu, M., 2015. Diffusion tensor imaging study of
brain structural integrity in patients with posttraumatic stress disorders. Digit. Med.
1, 23. https://doi.org/10.4103/2226-8561.166367.

Yu, Q., Ouyang, A., Chalak, L., Jeon, T., Chia, J., Mishra, V., Sivarajan, M., Jackson, G.,
Rollins, N., Liu, S., Huang, H., 2016. Structural development of human fetal and
preterm brain cortical plate based on population-averaged templates. Cereb. Cortex
26, 4381-4391. https://doi.org/10.1093/cercor/bhv201.

Yurgil, K.A., Barkauskas, D.A., Vasterling, J.J., Nievergelt, C.M., Larson, G.E., Schork,
N.J., Litz, B.T., Nash, W.P., Baker, D.G., 2014. Association between traumatic brain
injury and risk of posttraumatic stress disorder in active-duty marines. JAMA
Psychiatry 71, 149-157. https://doi.org/10.1001/jamapsychiatry.2013.3080.


https://doi.org/10.1097/HTR.0000000000000030
https://doi.org/10.1097/HTR.0000000000000030
https://doi.org/10.3109/02699052.2013.873821
https://doi.org/10.1016/j.paid.2015.02.029
https://doi.org/10.1093/brain/awv139
https://doi.org/10.1093/brain/awv139
https://doi.org/10.1017/S135561770999049X
https://doi.org/10.1017/S135561770999049X
https://doi.org/10.1016/j.apmr.2009.01.023
https://doi.org/10.1016/j.cpr.2009.08.004
https://doi.org/10.1371/journal.pone.0170564
https://doi.org/10.1371/journal.pone.0170564
https://doi.org/10.1001/archgenpsychiatry.2009.205
https://doi.org/10.1001/archgenpsychiatry.2009.205
https://doi.org/10.1016/0006-8993(92)91597-8
https://doi.org/10.1016/0006-8993(92)91597-8
https://doi.org/10.1016/j.brs.2011.02.002
https://doi.org/10.1037/1040-3590.11.2.124
https://doi.org/10.1186/s13195-015-0132-3
https://doi.org/10.1186/s13195-015-0132-3
https://doi.org/10.1016/j.cub.2010.06.068
https://doi.org/10.1016/j.cub.2010.06.068
https://doi.org/10.1016/0006-8993(90)90778-a
https://doi.org/10.1016/j.pnpbp.2010.06.016
https://doi.org/10.1016/j.pnpbp.2010.06.016
https://doi.org/10.1016/j.euroneuro.2017.02.010
https://doi.org/10.1016/j.euroneuro.2017.02.010
https://doi.org/10.4103/2226-8561.166367
https://doi.org/10.1093/cercor/bhv201
https://doi.org/10.1001/jamapsychiatry.2013.3080

