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and 26 were demographically comparable, combat-exposed 
controls without PTSD. Clinician-administered and self-
report questionnaires assessed PTSD severity, dissocia-
tion, and mood. PTSD + veterans had significantly higher 
FA than exposed controls in the superior fronto-occipital 
fasciculus (SFOF) and borderline higher FA in the anterior 
corona radiata (ACR) and cingulum (CGC), controlling for 
age and neurovascular comorbidities. When lifetime alcohol 
use disorders was included, only the association of PTSD 
with SFOF-FA remained significant. Among PTSD + vet-
erans, higher SFOF-FA was associated with greater mood 
disturbance, dissociative symptoms, and re-experiencing, 
while lower FA of the uncinate fasciculus (UF) was associ-
ated with greater mood disturbance symptoms. Compared 
to combat-exposed controls without PTSD, veterans with 
PTSD exhibited higher white matter FA in the SFOF, and 
a similar tendency in the ACR and CGC, tracts involved in 
conflict-processing and spatial attention. Prior alcohol use 
might explain the associations of PTSD with ACR-FA and 
CGC-FA but not the association with SFOF-FA.

Keywords  Trauma · PTSD · White matter · Structural 
connectivity · Diffusion tensor imaging (DTI) · Fractional 
anisotropy

Introduction

Posttraumatic stress disorder (PTSD) is prevalent among 
combat-exposed veterans (Ramchand et al. 2010) and is 
associated with increased risk of mortality (Schlenger 
et al. 2015). In a meta-analysis of functional neuroimag-
ing studies, Etkin and Wager (2007) identified abnormal 
connectivity associated with PTSD across a neural network 
that includes the anterior cingulate cortex (ACC), medial 

Abstract  Posttraumatic stress disorder (PTSD) is asso-
ciated with abnormalities in functional connectivity of a 
specific cortico-limbic network; however, less is known 
about white matter abnormalities providing structural con-
nections for this network. This study investigated whether 
the diagnosis and symptoms of PTSD are associated with 
alterations in fractional anisotropy (FA), an index reflect-
ing white matter organization, across six, a priori-defined 
tracts. White matter FA was quantified by diffusion tensor 
imaging using 3 T-MRI among 57 male, combat-exposed 
veterans with no history of moderate to severe head injuries 
or current alcohol dependence: 31 met criteria for PTSD 
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prefrontal cortex (PFC), thalamus, and amygdala. How-
ever, relatively little is known about the association between 
PTSD and the white matter tracts that form the structural 
basis for these functional interactions (Sanjuan et al. 2013; 
Schuff et al. 2011; Daniels et al. 2013).

DTI is a powerful technique for investigating structural 
brain connectivity. DTI yields indices of fractional anisot-
ropy (FA), based on the fact that neuronal axons restrict the 
movement of water molecules (Jones et al. 2013). Higher 
FA values can reflect increased fiber organization, axonal 
number and membrane structure, and myelination (Beaulieu 
2002). Although FA is frequently reported as an index of 
“white matter integrity” and connectivity, this may over-
interpret what FA can definitively index in samples without 
clear vascular pathology (Jones et al. 2013). In addition, 
“More is not always better” (Hoeft et al. 2007); psychiat-
ric disorders including PTSD are related to both lower and 
higher FA.

To select white matter tracts a priori, we identified long 
association tracts implicated by the literature (Sanjuan et al. 
2013; Schuff et al. 2011; Daniels et al. 2013; Kim et al. 
2005; Admon et al. 2013; Bierer et al. 2015), and connected 
to key structures in PTSD-associated neural circuits (e.g., 
the ACC, thalamus, and amygdala)(Etkin and Wager 2007). 
The most consistent adult-onset PTSD-associated white 
matter alterations include the cingulum (CGC) and supe-
rior longitudinal fasciculus (SLF)(Daniels et al. 2013). In 
veterans specifically, PTSD is associated with altered FA of 
the CGC (Schuff et al. 2011; Bierer et al. 2015) and anterior 
corona radiata (ACR)(Sanjuan et al. 2013). Lower FA was 
more common, but higher FA values were also reported. In 
a pre-post study, combat-exposed paramedics whose PTSD 
symptoms increased exhibited longitudinal decreases in FA 
of the uncinate fasciculus (UF), a fronto-amygdalar tract 
implicated in anxiety (Phan et al. 2009). The current study 
selected ana priori-defined set of tracts, which connect the 
prefrontal and anterior cingulate regions of the cortex with 
the thalamus and amygdala: the CGC, ACR, and the UF. 
Secondarily, we included three other long association tracts 
implicated by the literature on white matter alterations in 
PTSD, or relevant to threat biases (an RDoc-phenotypic 
lens): the SLF, and the superior and inferior fronto-occipi-
tal fasciculi (SFOF and IFOF)(Daniels et al. 2013; Philippi 
et al. 2009; Pessoa and Adolphs 2010).

The criteria for PTSD per the Diagnostic and Statistical 
Manual (DSM) have been revised since this study began 
(American Psychiatric Association 2013). The DSM-IV-TR 
PTSD diagnostic criteria included exposure to a traumatic 
event and symptoms from three clusters: re-experiencing, 
avoidance, and hyperarousal. The DSM-5 revision recon-
figures the symptoms into four clusters, assesses negative 
alterations in cognition and mood, and adds a dissociative 
subtype (American Psychiatric Association 2013). Some 

evidence suggests that patients with the dissociative sub-
type exhibit prefrontal over-regulation of emotion (Wolf 
et al. 2012; Lanius et al. 2010). Hence, the current study 
explored whether FA in tracts with substantial frontal/cin-
gulate connectivity (the ACR, CGC, SFOF) might exhibit 
positive associations with dissociative symptoms. As both 
hyperarousal and dissociative symptoms can co-occur, this 
study took a dimensional approach to exploring whether dif-
ferent symptom types (e.g., re-experiencing/hyperarousal 
versus dissociative/numbing) would exhibit unique associa-
tions with white matter tracts.

In sum, the current study investigates: (1) group differ-
ences between combat-exposed veterans with and without 
PTSD on key white matter tracts, and, (2) exploratory symp-
tom-tract associations in PTSD. The current study provides 
one of the largest characterizations to date of white matter 
quantified by diffusion tensor imaging (DTI), among male, 
OEF/OIF combat-exposed veterans with and without PTSD, 
while excluding those with moderate to severe traumatic 
brain injury.

Methods & materials

Participants

The current study included a subsample of 57 male veterans 
exposed to combat during Operation Enduring Freedom and 
Operation Iraqi Freedom, who were recruited by New York 
University (NYU) Langone Medical Center (NYULMC) and 
Icahn School of Medicine at Mount Sinai/James J. Peters 
Veterans Administration (ISMMS/JJPVAMC) to participate 
in a larger systems biology study of PTSD (Lindqvist et al. 
2014). Participants were recruited from the Mental Health 
Services of Manhattan, the Bronx and Brooklyn Veterans 
Affairs Medical Centers, other regional VA medical centers, 
Veterans Service Organizations, the National Guard, reserv-
ist agencies, and from the community using clinician refer-
rals, presentations, flyers, online postings, and other adver-
tisements. The current study focused on the subsample of 60 
male participants with data available from diffusion tensor 
imaging. Of these 60 participants, three were excluded from 
analyses, leaving 57 participants in total. Two participants 
were excluded due to missing data on medical comorbidities, 
and one control participant was excluded due to meeting 
SCID criteria for current MDD.

Inclusion and exclusion criteria

A diagnosis of war zone-related PTSD was made according 
to DSM-IV-TR criteria, based on the Clinician-Administered 
PTSD Scale (CAPS) (Blake et al. 1990), in conjunction with 
the Structured Clinical Interview for DSM-IV (SCID-IV). 
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The CAPS was administered using the “F1/I2 rule”, mean-
ing that a symptom is considered present if it is scored 1 or 
higher for frequency and 2 or higher for intensity (Blake 
et al. 1990). Per the inclusion criteria, all participants had 
experienced a combat-related trauma per criterion A of the 
DSM-IV-TR definition of PTSD, but only the PTSD group 
met criteria for the remaining DSM-IV diagnostic criteria. 
Further inclusion criteria for the PTSD group consisted of 
CAPS scores > 40 and the presence of a PTSD diagnosis 
for a minimum duration of 3 months. Inclusion criteria for 
combat-exposed controls consisted of CAPS scores < 20 
without any previous or current PTSD diagnosis. The SCID 
was used to assess, and exclude from the control group, par-
ticipants with any non-warzone lifetime history of meeting 
PTSD criterion. The SCID modules administered included: 
mood disorders, psychotic screener, substance use disorders, 
and anxiety disorder. The psychotic screener and substance 
use disorders modules were used to assist with inclusion and 
exclusion criteria. The AUDIT was additionally included to 
assess current alcohol use frequency and intensity (Saunders 

et al. 1993). Exclusion criteria for all participants included: 
classification with a moderate or severe traumatic brain 
injury (TBI) using the Ohio State University TBI Identifi-
cation Method; loss of consciousness for more than 10 min; 
any neurologic disorder; anemia; medication changes over 
the previous 2 months on psychiatric, anticonvulsant, anti-
hypertensive or sympathomimetic medications; alcohol 
dependence within the past 8 months (SCID DSM-IV); drug 
abuse or dependence within the previous year (SCID DSM-
IV); exposure to traumatic events within the previous 3 
months prior to assessment; history of schizophrenia, bipolar 
disorder, or obsessive–compulsive disorder; and prominent 
suicidal or homicidal ideation (as described in Lindqvist 
et al. 2014). Major Depressive Disorder as determined by the 
SCID was not an exclusion criterion for participants in the 
PTSD group, due to its high comorbidity with PTSD (Flory 
and Yehuda 2015; Marmar et al. 2015), and was therefore 
examined in post-hoc analyses. Participant characteristics 
and statistical group comparisons are described in Table 1. 
The study was approved by the Institutional Review Boards 

Table 1   Group comparisons on 
demographics, general health, 
and medication use

College education indicates a Bachelor’s degree from a 4-year institution or more education. AUD alcohol 
use disorder, SUD substance use disorder, LOC loss of consciousness for less than 10 min. Cardiovascu-
lar conditions includes: history of hypertension (n = 6), angina (n = 1), heart murmur/ leaky valve (n = 2), 
abnormal heart rhythm (n = 1)
FET = Fisher’s exact test, 2-sided
p ≤ .01, *p ≤ .05, †p ≤ .10
a Mean (SEM)
b n(%)

N = 57 PTSD+ PTSD- Statistical test P-value

Demographic characteristics (n = 31) (n = 26)
  Age, years a 33 (1.40) 32 (1.80) t(55) = − 0.378 0.707
  College education b 9 (29%) 14 (54%) χ2(1) = 3.617 0.057†
  Caucasian b 7 (23%) 9 (35%) χ2(1) = 1.014 0.314
  African American b 7 (23%) 6 (23%) χ2(1) = 0.002 0.965
  Asian b 0 (0%) 2 (8%) FET 0.204
  Other b 5 (16%) 0 (0%) FET 0.056†
  Hispanic ethnicity b 20 (65%) 11 (42%) χ2(1) = 2.811 0.094†

Health & comorbidities
  Daily smoking b 2 (7%) 0 (0%) FET 0.495
  Current alcohol severity a 3.71 (0.73) 2.69 (0.52) t(55) = -1.098 0.227
  Lifetime AUD b 19 (61%) 5 (19%) χ2(1) = 10.262 0.001**

  Lifetime SUD b 6 (19%) 0 (0%) FET 0.027*

  Body mass index a 30 (0.86) 29 (0.85) t(55) = -1.380 0.173
  LOC (< 10 min) b 7 (23%) 6 (23%) χ2(1) = 0.002 0.965
  Cardiovascular conditions b 4 (13%) 4 (16%) FET 1.000
  Diabetes b 1 (3%) 1 (4%) FET 1.000

Medication use
  Antidepressants b 10 (32%) 1 (4%) FET 0.008**

  NSAIDs b 3 (10%) 2 (8%) FET 1.000
  Statins b 2 (7%) 0 (0%) FET 0.495
  Diabetic medications b 1 (3%) 1 (4%) FET 1.000
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of ISMMS, the JJPVAMC, New York University Langone 
Medical Center, and the University of California, San Fran-
cisco, Medical Center. All participants provided written 
informed consent to participate and were compensated for 
participation.

Clinician‑administered PTSD scale (CAPS)

The CAPS is a gold-standard, clinician-administered assess-
ment tool used to assess PTSD symptom severity (Blake 
et al. 1990). The CAPS for DSM-IV provides a total score 
for current symptoms and three subscales corresponding to 
criteria for re-experiencing (B), avoidance (C), and hypera-
rousal (D).

Symptom checklist‑90‑revised (SCL‑90‑R)

The current analyses included the Global Severity Index 
(GSI) overall score and the mood subscales from the SCL 
(symptoms of depression, anxiety, and hostility). The SCL is 
a widely-used self-report measure of general psychopathol-
ogy that quantifies 9 separate symptom dimensions (Dero-
gatis 1992), and reveals differences between veterans with 
and without war-zone related PTSD (Weathers et al. 1996). 
The anxiety and depression subscales of the SCL have been 
validated against the SCID as a gold-standard and correlate 
with clinical diagnoses (Schmitz et al. 1999).

Peritraumatic dissociative experiences questionnaire

The 10-item Peritraumatic Dissociation Experiences Ques-
tionnaire (PDEQ) is a well-validated assessment of symp-
toms of derealization and depersonalization (Candel and 
Merckelbach 2004; Marmar et al. 1994). The PDEQ asks 
participants to report on symptoms experienced “during the 
most distressing incident you discussed with the clinician 
during your interview.” Though the PDEQ is not a substitute 
for the CAPS DSM-5 items that help assess the dissociative 
subtype, it may nonetheless provide useful insights into this 
symptom spectrum. Responses are scored using a 5-point 
scale ranging from “Not at all true” to “Extremely true.”

Diffusion tensor imaging

Imaging  All subjects were studied on a 3 T Trio Sie-
mens magnet (Erlangen, Germany) at NYU equipped with 
a 32 channel receive head coil. The following sequences, 
which were part of a larger research imaging protocol, were 
obtained: 1) T1-weighted 3D whole brain gradient echo MRI 
TR/TE/TI = 2300/2.98/900 ms, 1.0 × 1.0 × 1.0 mm3 resolu-
tion (cortical thickness measurements). 2. EPI-based DTI 
(TR/TE = 8000/97, 2.2 × 2.2 × 2.2 mm3 resolution, 64 diffu-
sion encoding directions with b = 1000s/ mm2.

Post‑processing  The DTI data were motion and eddy 
current corrected using the FLIRT and FUGUE algorithms 
from Free-Surfer Library (FSL) (http://www.fmrib.ox.ac.uk/
fsl), and an additional geometric distortion correction was 
performed. The DTI images were then co-registered to the 
T1 image and up-sampled to the T1 resolution. Fractional 
anisotropy (FA) maps were calculated using the teem algo-
rithms (teem.sourceforge.net). An unbiased project specific 
FA atlas in MNI152 space was generated from the all images 
using the fast, high degree diffeomorphic image registra-
tion algorithm (DARTEL) implemented in SPM8 (http://
www.fil.ion.ucl.ac.uk/spm). The FA maps of all subjects 
were warped onto the FA atlas using DARTEL. Labels from 
the ICBM DTI81 atlas (created by hand segmentation of a 
standard-space average of diffusion MRI tensor maps from 
81 healthy subjects) were used to extract mean FA values 
from the six white matter tracts of interest (Fig. 1), voxels 
with FA < 0.2 were masked out to reduce partial volume 
effects from neighboring gray matter regions. The mean 
FA values from the left and right tract were combined after 
excluding a hemispheric effect.

Medical comorbidities

Based on inclusion screening with the Ohio Traumatic Brain 
Injury scale, we created a variable coded 1 for participants 
who reported any previous injury to the head or neck that 
involved loss of consciousness (LOC) < 10 min (n = 13), 
regardless of whether the participant reported that the event 
affected his cognition (e.g., feeling dazed or experiencing 
memory loss). Note that LOC > = 10 min was already an 
exclusion criteria. In addition, an aggregate medical comor-
bidity variable was formed, such that a score of 1 indicated 
the presence of any of the following self-reported condi-
tions: diabetes (n = 2), hypertension (n = 6), angina (n = 1), 
heart murmur or leaky valve (n = 2), or atrial fibrillation 
(n = 1). No participants reported a history or diagnosis of 
heart attack, heart failure, stroke, transient ischemic attack, 
rheumatic fever, or cancer.

Data analysis

Variables were screened for normality and potential outliers 
prior to analyses. Group differences in white matter FA were 
tested using separate Analyses of Covariance (ANCOVA) 
for each tract. Exploratory symptom-FA associations within 
the PTSD group were tested using regression analyses, in 
which symptoms and covariates were entered as independent 
variables with white matter FA values as the dependent vari-
ables. Symptom scores were Blom-transformed to improve 
the normality of the distributions prior to correlating them 
with tract FA values. Major Depressive Disorder (MDD) 
commonly co-occurs with PTSD, and it may constitute an 
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integral part of the disorder in this population. As a post-hoc 
analysis to explore whether comorbid depression might have 
impacted the PTSD group differences in white matter, group 
difference models were additionally run with dummy coded 
variables to compare PTSD-only and comorbid PTSD/MDD 
subgroups with the control, applying a Bonferroni-corrected 
critical alpha of 0.025.

Initial covariates included age and the presence of comor-
bidities (cardiovascular problems, diabetes, or a history of a 
brief loss of consciousness < 10 min) (Davis et al. 2009; Raz 
et al. 2007). To retain power, comorbidities were combined 
into a single factor (present/ absent). Greater use of anti-
depressants (AD) and history of prior alcohol or drug use 
disorders in veterans with PTSD (Table 1) may reflect the 
fact that AD are often prescribed to treat PTSD, while alco-
hol and drugs to “self-medicate.” Hence, the initial models 
present the results without AD or substance use, and then 
secondarily examine how these factors impact group effects. 
Daily smoking and BMI were not significant predictors of 
these white matter outcomes; hence, they were not included 
as covariates.

Participant characteristics

Participant characteristics are given in Table 1. Veterans 
with a diagnosis of PTSD were significantly more likely to 
take antidepressants and to meet SCID criteria for a prior 
history of alcohol or substance use disorders, compared to 
combat-exposed controls without PTSD. The primary racial/
ethnic identification for the sample was as follows: White 

(n = 16, 28.1%), Black (n = 13, 22.8%), Asian (n = 2, 3.5%)1 
and Hispanic ethnicity (n = 31, 54.4%).

PTSD group differences on white matter FA

Veterans with PTSD were compared to combat-exposed 
controls on six, long associational white matter tracts using 
ANCOVA (Table  2 and Fig.  2), covarying for age and 
comorbidities (LOC < 10 min and cardiometabolic diagno-
ses). The PTSD group exhibited significantly higher FA val-
ues relative to controls in the SFOF tract (p = .034) and bor-
derline higher FA in the ACR (p = .054) and CGC (p = .077), 
while controlling for age and comorbidities. No differences 
were present in the UF, IFOF or SLF. Age was not a signifi-
cant predictor, potentially due to relative youth of the sample 
(mean age: 33 years; range: 22–55). Medical comorbidities, 
including LOC and cardiometabolic diagnoses, were a sig-
nificant predictor of higher SFOF FA, independent of PTSD.

Effects of covarying for alcohol, substances, 
and medication use

When additionally controlling for four classes of medi-
cations (i.e., anti-depressant, anti-inflammatory, statin, 
anti-diabetic drugs), PTSD group differences in ACR 
and SFOF-FA were both significant (all p’s < 0.05). 

Fig. 1   Tract-based regions of interest (ROI) Red, cingulum (CGC), blue, superior longitudinal fasciculus (SLF), green, inferior fronto-occipital 
fasciculus (IFOF), violet, superior fronto-occipital fasciculus (SFOF), yellow, anterior corona radiata (ACR), cyan, uncinate fasciculus (UF)

1  Note: Percentages do not sum to 100% as some participants indi-
cated both race and Hispanic ethnicity, and some participants checked 
“Other” for race.
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When controlling for lifetime alcohol use disorders 
(AUD) assessed by the SCID, PTSD remained signifi-
cantly related to higher SFOF-FA (p = .037), but was no 
longer marginally associated with ACR-FA or CGC-FA 
(p’s > 0.280). Lifetime AUD was marginally related to 
ACR-FA (p = .097). When controlling for current alcohol 
use severity per the AUDIT, the association of PTSD with 
ACR-FA remained borderline (p = .097) while the asso-
ciation with CGC-FA did not (p = .121). Inclusion of the 
AUDIT had a lesser effect on the association of PTSD with 
SFOF-FA (p = .056). Higher AUDIT scores were margin-
ally related to higher ACR-FA (p = .080) but not SFOF-
FA (p = .256) or CGC-FA (p = .210). Inclusion of SUD 
did not substantially impact the pattern of significance; 
the association of PTSD with ACR and SFOF-FA became 
marginal (p’s = 0.051 and 0.054 respectively).

Post‑hoc analyses: comorbid PTSD and major 
depression (PTSD/MDD)

The definition of PTSD overlaps with the criteria for MDD 
(e.g., anhedonia, sleep disturbance, trouble concentrating)
(Flory and Yehuda 2015). Therefore, when MDD occurs 
comorbidly with PTSD, it is unclear whether it should be 
considered a “separate” disorder with unique pattern of 
structural connectivity. Eleven PTSD group participants 
(35.5%) met criteria for a concurrent diagnosis of MDD on 
the SCID. To clarify how comorbid depression might impact 
group differences, exploratory post-hoc ANCOVA analyses 
were conducted including separate group variables for PTSD 
only and PTSD plus MDD and employing a critical alpha of 
0.025. Consistent with the a priori PTSD group differences, 
with post-hoc corrections, FA values in the PTSD-only 
group remained non-significantly, but numerically, higher 
for the ACR (p = .052) and the CGC (p = .079) compared 
to controls. The PTSD plus MDD group had significantly 
higher FA in the IFOF (F(1,52) = 7.400, p = .009) and bor-
derline higher FA in the SFOF (F(1,52) = 5.066, p = .029) 
compared to controls.

Exploratory analyses: symptom‑tract associations

Symptom-tract associations were exploratory. Table 3 pre-
sents symptom-tract associations within the PTSD group 
(n = 31), analyzed by regression analyses, controlling for 
covariates (age and comorbidities). Notably, greater CAPS 
re-experiencing symptoms were significantly related to 
higher SFOF-FA (p = .031) and a borderline relationship to 
higher ACR-FA (p = .059). Neither tract was related to total 
CAPS scores. Interestingly, higher UF-FA was significantly 
associated with lower scores on GSI and mood disturbance, 
whereas higher SFOF-FA correlated with higher scores 
on GSI, mood disturbance, and dissociation (Fig. 3). The 
remaining tracts showed no significant relationships with 

Table 2   PTSD group 
comparisons of white matter 
fractional anisotropy

DTI tracts above represent the mean bilateral FA values averaging over right and left. To test PTSD group 
effects, separate analyses of covariance were conducted for each tract, while covarying for age and medical 
comorbidities (diabetes, and cardiovascular disease and brief loss of consciousness (< 10 min)). The table 
provides the estimated marginal means and standard deviations by group at an average level of all covari-
ates
*p ≤ .05, †p ≤ .10

White matter tract (N = 57) PTSD (n = 31) Control (n = 26) F-Test P-value
Fractional anisotropy (FA) values Mean (SD) Mean (SD)

Anterior corona radiata (ACR) 0.437 (0.028) 0.422 (0.031) F(1,53) = 3.895 0.054†
Cingulum (CGC) 0.556 (0.050) 0.533 (0.052) F(1,53) = 3.248 0.077†
Superior longitudinal fasciculus (SLF) 0.501 (0.028) 0.492 (0.031) F(1,53) = 1.408 0.241
Superior fronto-occipital fasciculus (SFOF) 0.479 (0.033) 0.461 (0.031) F(1,53) = 4.715 0.034*
Inferior fronto-occipital fasciculus (IFOF) 0.489 (0.045) 0.471 (0.047) F(1,53) = 2.440 0.124
Uncinate fasciculus (UF) 0.405 (0.050) 0.402 (0.047) F(1,53) = 0.061 0.805

Fig. 2   PTSD Group Differences in White Matter Tracts **p ≤ .01, 
*p ≤ .05, †p ≤ .10. P-values for the ANCOVA-based group compari-
sons are given above each tract
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symptoms. Comorbidities (loss of consciousness < 10 min 
and vascular disease) were significant predictors of higher 
SFOF-FA (all p’s < 0.05), independent of psychological 
symptoms.

Discussion

This is one of the largest studies to date of white matter 
abnormalities associated with combat-related posttrau-
matic stress disorder (PTSD). This study excluded par-
ticipants meeting criteria for moderate to severe traumatic 
brain injury (TBI) or for alcohol dependence in the prior 8 
months. Relative to combat-exposed controls, veterans with 
combat-related PTSD exhibited higher fractional anisotropy 
(FA) in the superior fronto-occipital fasciculus (SFOF) and 
borderline higher FA in the anterior corona radiata (ACR) 
and cingulum (CGC), controlling for age and neurovas-
cular comorbidities. When we additionally controlled for 
lifetime history of alcohol use disorders (AUD), which was 
elevated in veterans with PTSD, it reduced the association of 
PTSD with higher FA in the ACR and cingulum, but did not 
explain the association with higher FA in the SFOF. These 
tracts provide structural connections for a corticolimbic net-
work, previously identified by a meta-analysis of abnormal 
functional connectivity in PTSD (Etkin and Wager 2007). 
Higher FA is typically thought to be associated with greater 
axon diameter, density, or myelination, indicating relative 
enhancements of white matter integrity (Beaulieu 2002). 
However, important caveats exist (Jones et al. 2013), and 
higher FA is also found in the context of psychiatric and 

neurocognitive pathology (Hoeft et al. 2007; Abe et al. 
2006; Davenport et al. 2010). In addition, exploratory tract-
symptom relationships were present among veterans with 
PTSD. Due the cross-sectional nature of these findings, it 
is unclear whether white matter alterations may play a pre-
cipitating role in PTSD or reflect a compensatory response 
to neuroinflammatory stimuli such as psychological trauma 
and heavy alcohol use.

It is difficult to contrast this study’s findings with previous 
literature on white matter and PTSD due to substantial het-
erogeneity in the demographics, trauma models, comorbid 
conditions, and methods. Few prior studies have investigated 
white matter in combat-related PTSD, and all but one (Ken-
nis et al. 2015) were comparatively small samples (Sanjuan 
et al. 2013; Schuff et al. 2011; Hedges et al. 2007; Bierer 
et al. 2015). The most prominent finding in a prior meta-
analysis of white matter alterations in PTSD was lower FA 
of the cingulum (Daniels et al. 2013). In contrast, the current 
study found a non-significant trend toward higher FA in the 
dorsal cingulum. Lower FA in PTSD is more common in 
the literature; nonetheless, two other studies have reported 
higher FA (Abe et al. 2006; Bierer et al. 2015). Moreover, 
a recent study reported that persistent, treatment-resistant 
PTSD is associated with increases in FA of the right cingu-
lum over time (Kennis et al. 2015). The authors proposed 
that these FA increases could be a marker of neural plas-
ticity related to “fear learning.” Finally, it is worth noting 
that many of the studies contributing to the meta-analysis 
by Daniels et al., employed Asian samples. Hence, differ-
ing racial/ethnic compositions of samples could conceivably 
contribute to heterogeneity of results.

Table 3   Psychiatric symptoms 
& white matter tract fractional 
anisotropy

The remaining tracts were not significantly related to symptoms. Separate regression analyses were con-
ducted for each tract predicting each white matter tract as the outcome, with blom-transformed symptom 
scores entered as independent variables, while covarying for age and medical comorbidities (diabetes, and 
cardiovascular disease and brief loss of consciousness (< 10 min)). To better encompass changes in the def-
inition of PTSD from the DSM-IV-TR to the DSM-5, we include the SCL global severity index and mood 
disturbance subscales. Several prominent relationships are graphically displayed in Fig. 3 (unadjusted for 
covariates)
ACR Anterior Corona Radiata, SFOF Superior Fronto-Occipital Fasciculus, UF Uncinate Fasciculus
**p ≤ .01, *p ≤ .05, †p ≤ .10

PTSD + veterans (n = 31) ACR SFOF UF

ß P-value ß P-value ß P-value

1. Current PTSD Symptoms (CAPS) 0.099 0.592 0.125 0.440 − 0.211 0.260
Re-experiencing (B) 0.337 0.059† 0.334 0.031* − 0.168 0.372
Avoidance (C) − 0.045 0.811 − 0.059 0.720 − 0.256 0.176
Hyperarousal (D) 0.082 0.658 0.038 0.811 − 0.252 0.173
2. Global Severity Index (SCL-90-R) 0.260 0.146 0.334 0.030* − 0.489 0.005**
Anxiety 0.257 0.151 0.346 0.024* − 0.406 0.023*
Hostility 0.294 0.106 0.298 0.059† − 0.408 0.025*
Depression 0.231 0.207 0.299 0.058† − 0.419 0.021*
3. Dissociative Symptoms (PDEQ) 0.211 0.257 0.351 0.026* − 0.211 0.270
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A second, common finding in the PTSD-white matter 
meta-analysis was alterations in the SLF (both higher and 
lower levels)(Daniels et al. 2013; Kennis et al. 2015). In the 
current study, PTSD was associated with significantly higher 
FA values in the SFOF, but not the SLF. However, some 
consider the SFOF to be an “extension” of the SLF (Forkel 
et al. 2014). The SFOF and the SLF together form the “dor-
sal visual stream,” which is involved in visual aspects of 
goal-related motor activity, attention, and vigilance (Milner 
and Goodale 2008; Maheshwari et al. 2011). In the current 
study, higher SFOF-FA was significantly associated with 
greater symptoms of re-experiencing, mood disturbance 
and dissociation among veterans with PTSD. Neurovascular 
comorbidities were also significantly correlated with higher 
SFOF FA, independent of PTSD. PTSD group differences 
were only slightly reduced by the inclusion of antidepres-
sants. Post-hoc analyses of the subgroup comorbid for PTSD 
and MDD suggests that this subgroup may have contributed 
to higher FA values. First, this could reflect the overlap of 

anhedonia, numbing, and dissociation in the definitions of 
PTSD and MDD. Second, MDD, as an independent disorder, 
has generally been associated with lower FA in meta-ana-
lytic research (Liao et al. 2013) and recent studies of first-
episode, treatment naive MDD patients (Srivastava et al. 
2015). In sum, higher FA values in the SFOF of veterans 
with PTSD are not likely due merely to MDD or antidepres-
sant use, but may reflect the fact that symptoms of numbing 
and anhedonia can present in both PTSD and MDD.

We found a borderline significant trend (p = .054) toward 
higher ACR-FA values among combat-exposed veterans 
with PTSD, compared to combat-exposed veterans without 
PTSD, when controlling for age and neurovascular comor-
bidities. Higher ACR-FA also exhibited a borderline asso-
ciation with greater symptoms of re-experiencing among 
veterans with PTSD. However, once we accounted for a 
lifetime history of AUD, the association of ACR-FA with 
PTSD was no longer significant. The ACR connects regions 
of the prefrontal and cingulate cortex with the thalamus, 

a

c

b

Fig. 3   Symptom-tract associations among veterans with PTSD. 
**p ≤ .01, *p ≤ .05. The data visualized is unadjusted and use the 
untransformed symptom scores for interpretability. The regression 

coefficients and p-values, given in each graph, are from full regres-
sion analyses that adjust for age and medical comorbidities (see 
Table 3)
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and indirectly, with the amygdala. The ACR has a distinct 
role in conflict resolution, attention, and emotion regula-
tion (Niogi et al. 2010). Our results contrast with one prior 
study of male, OIF/OEF veterans with a history of AUD, 
which reported that comorbid PTSD and AUD was associ-
ated with lower ACR-FA (Sanjuan et al. 2013) compared to 
a control group with AUD alone. Both studies implicate the 
ACR as involved in PTSD with comorbid AUD; however, 
it is unclear why the directionality of the associations with 
white matter differ.

One potentially relevant factor may be the duration of 
recovery from heavy alcohol use. Excess alcohol can cause 
oxidative stress, which induces neuronal death and impairs 
white matter; however, with reductions in alcohol use, regen-
eration can occur (Crews and Nixon 2009). Both extreme 
psychological stress and AUD constitute potent oxidative 
and neuroinflammatory stressors (Lindqvist et al. 2014; 
Aschbacher et al. 2013; Crews and Nixon 2009). Though 
speculative, future studies might explore the possibility that 
oxidative and neuroinflammatory processes could contribute 
to FA abnormalities among veterans with PTSD, many of 
which also have a lifetime history of comorbid AUD.

It may seem counter-intuitive that PTSD would be associ-
ated with higher FA values. While higher FA is often inter-
preted as an index of better integrity, experts caution against 
doing so (Jones et al. 2013). Both higher and lower FA lev-
els have been associated with psychopathology (Hoeft et al. 
2007; Abe et al. 2006), and several potential interpretations 
may explain why higher FA values would be related to a psy-
chopathological condition. First, increased FA in the ACR 
and SLF could potentially result from decreased dendritic 
branching (Hoeft et al. 2007; Davenport et al. 2010). Alter-
nately, Montag et al. (2012), suggest that, “Higher white 
matter tract integrity in the temporal lobe could strengthen 
anxiety signals from phylogenetically older brain areas to the 
cortex.” Immune and growth factor changes are other poten-
tial causes for increases in white matter (Setzu et al. 2006; 
Zatorre et al. 2012). The mechanisms that underlie the asso-
ciation of FA values and PTSD merit further investigation.

It has been suggested that DSM diagnoses do not map 
on well to neurobiology, and should be complemented 
with dimensional investigations of specific symptoms 
(Insel 2014). Intriguingly, UF was consistently negatively 
associated with psychopathology symptoms (i.e., the SCL 
global severity index and mood disturbance subscales), 
whereas the SFOF was positively associated with symp-
toms of re-experiencing, dissociation and mood distur-
bance. While exploratory, these data raise the question of 
whether PTSD might be better understood through dimen-
sional analyses of separate symptom clusters than as a 
categorical syndrome. While exploratory, these data raise 
the question of whether symptom-tract associations might 
reflect dissociable dimensions. Functional neuroimaging 

studies suggest that prototypical PTSD is associated with 
under-regulated affect (e.g., hypervigilance), whereas a 
“dissociative subtype” of PTSD has been associated with 
over-regulated affect (Lanius et al. 2010). However, the 
data visualizations in this study (Fig. 2) imply dimensional 
relationships. Future studies pairing structural and func-
tional connectivity might elucidate whether different net-
works underlie the symptom expression of hyperarousal 
versus numbing/dissociation.

The limitations to generalizability should be consid-
ered, particularly in light of the fact that meta-analytic 
research reveals high heterogeneity across studies (Dan-
iels et al. 2013). As this study focused on male veterans 
and employed a combat-exposure model, these results may 
not generalize to populations of women, non-veterans, or 
alternative PTSD models. Many PTSD models in the meta-
analysis by Daniels et al. study natural disasters. Combat 
models may differ in terms of potentially exposing indi-
viduals to repeated events over time and including a social 
threat dimension – a key driver of biological stress reactiv-
ity (Dickerson and Kemeny 2004; Aschbacher et al. 2013). 
Veteran samples may have a higher prevalence of lifetime 
AUD. Six tracts were examined, and due to the relatively 
small sample size, we did not correct for multiple com-
parisons. This study utilized a region of interest approach, 
which focuses on a certain part of the white matter tract. 
Hence, PTSD-related alterations might exist in aspects of 
these tracts not quantified by this approach.

This is the largest study to date to demonstrate that 
combat-related PTSD is associated with alterations in 
major white matter tracts, which connect the major self-
regulatory and threat-responsive regions of the brain. 
Understanding these alterations in brain networks may 
provide insights that ultimately enhance the understand-
ing and treatment of PTSD.
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