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Abstract

Post-traumatic stress disorder (PTSD) is a debilitating condition which can develop after exposure
to traumatic stressors. Seventy-five adults were recruited from the community, 25 diagnosed with
PTSD along with 25 healthy and 25 trauma-exposed age- and gender-matched controls. Partici-
pants underwent clinical assessment and magnetic resonance imaging. A previous voxel based
morphometry (VBM) study using the same subject cohort identified decreased grey matter (GM)
volumes within frontal/subcortical brain regions including the hippocampus, amygdala, and anterior
cingulate cortex (ACC). This study examines the microstructural integrity of white matter (WM)
tracts connecting the aforementioned regions/structures. Using diffusion tensor imaging, we inves-
tigated the integrity of frontal/subcortical WM tracts between all three subject groups. Trauma
exposed subjects with and without PTSD diagnosis were identified to have significant disruption in
WM integrity as indexed by decreased fractional anisotropy (FA) in the uncinate fasciculus (UF),
cingulum cingulate gyrus (CCG), and corpus callosum (CC), when compared with healthy non-
trauma-exposed controls. Significant negative correlations were found between total Clinician
Administered PTSD scale (CAPS) lifetime clinical subscores and FA values of PTSD subjects in the
right UF, CCG, CC body, and right superior longitudinal fasciculus (SLF). An analysis between UF
and SLF FA values and VBM determined rostral ACC GM values found a negative correlation in
PTSD subjects. Findings suggest that compromised WM integrity in important tracts connecting
limbic structures such as the amygdala to frontal regions including the ACC (i.e., the UF and CCG)

may contribute to impairments in threat/fear processing associated with PTSD.
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these individuals may also experience depersonalization, derealization,

and a sense of disconnection from their self or environment (Wolf

For some individuals, the experience of traumatic events can trigger
the development of post-traumatic stress disorder (PTSD). Symptoms
include intrusive recollections, avoidance of stimuli related to trauma,
withdrawal from social networks, and hyperarousal (American Psychiat-
ric Association, 2013). People suffering from PTSD demonstrate
reduced capacity to inhibit fear and negative emotional responses.
They may also exhibit heightened responses to stimuli perceived as
threatening, and subsequent inability to extinguish fear (Garfinkel and
Liberzon, 2009). Some individuals are afflicted with a dissociative sub-

type of PTSD. In addition to neurological and cognitive impairments,

et al., 2012). The debilitating symptoms of PTSD can have long-term,
psychological, physical, and cognitive effects that adversely affect suf-
ferer's quality of life (Bremner et al., 1993; Yehuda et al., 1995). In
Western society, PTSD has a lifetime prevalence of 1.9%-6.8% (Aus-
tralian Bureau of Statistics, 2007; Kessler et al., 2005). War veterans
are more susceptible to PTSD, with a lifetime prevalence of 19%-22%
(Dohrenwend et al., 2006; Seal et al., 2009). However, the majority of
people suffering from PTSD are civilians who have experienced or
witnessed distressing incidences arising from violence and trauma, for

example, physical/sexual assault, motor vehicle accident.
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As a relatively recent complement to the suite of neuroimaging
modalities investigating PTSD, diffusion tensor imaging (DTI) is a mag-
netic resonance imaging (MRI) technique that can be used to assess
microstructural abnormalities across white matter (WM) tracts in a
range of psychiatric disorders such as depression, schizophrenia,
ADHD, and PTSD (Bessette, Nave, Caprihan, & Stevens, 2014;
Manoach et al., 2007; Ota et al., 2015; Pavuluri et al., 2009). WM
tracts, such as the uncinate fasciculus, cingulum bundle, and superior
longitudinal fasciculus, comprise the main paths of communication
between cortical and subcortical structures (Schmahmann and Pandya,
2009). Impairment of these structures, whether through injury or dis-
ease, can adversely affect cognition and behavior and may reveal vul-
nerabilities/existing susceptibility that could lead to PTSD symptom
development. Estimation of fractional anisotropy (FA) is the most com-
mon method of analyzing DTI data, whereby the directionality of water
molecules diffusion is quantified. FA is measured as an output value
ranging between O (fully isotropic), and 1 (fully anisotropic). Reductions
in FA values are indicative of decreased myelination, axon density and
microstructural WM organization (Le Bihan et al., 2001; Pierpaoli and
Basser, 1996). Additionally, radial diffusivity (RD), axial diffusivity (AD),
and mean diffusivity (MD) are used as a descriptors of microstructural
architecture integrity, and have been used to further identify neuropa-
thology (Alexander, Lee, Lazar, & Field, 2007; Fox et al., 2012; Song
et al.,, 2002).

Extant adult PTSD DTI studies have examined the microstructural
integrity of WM tracts connecting the frontal and limbic regions,
including the cingulum (Daniels, Lamke, Gaebler, Walter, & Scheel,
2013). However, these studies are of limited generalizability due to a
lack of trauma-exposed controls (TC), making it problematic to identify
alternations to WM tracts caused by trauma versus PTSD diagnosed
subjects. In a study of trauma survivors without PTSD, Chen and Shi
(2011) reported lower FA values from the WM tracts adjacent to the
hippocampus. Existing studies involving between group comparisons
have yielded inconsistent findings with regards to FA values. Lower FA
values in PTSD subjects were reported adjacent to the anterior cingu-
late cortex (ACC), prefrontal gyrus and posterior angular gyrus (Schuff
et al., 2011), and also in the left rostral, subgenual, and dorsal aspects
of the cingulate bundle in trauma exposed subjects versus healthy con-
trols (HC) (Kim et al., 2006). In comparing PTSD and trauma exposed
subjects who experienced comparable levels of trauma, Fani et al.
(2012) reported significantly lower FA in the posterior cingulum bundle
when compared to TC. A global brain comparison of PTSD versus HC
by Kim et al. (2005) found lower FA values in the anterior cingulate
gyrus and mesencephalon. Higher FA values from WM tracts in PTSD
subjects have also been observed in the anterior cingulate bundle (Abe
et al., 2006) and in the superior frontal gyrus, compared to HC (Zhang
et al., 2011). In the current study we use tract-based spatial statistics
(TBSS) to determine and examine WM tract FA differences in PTSD
diagnosed subjects compared to trauma exposed and non-trauma-
exposed healthy controls. We hypothesize that FA reductions will be
isolated to the cingulum cingulate gyrus and uncinate fasciculus WM
tracts, connecting key grey matter structures associated with PTSD,
specifically the hippocampus, amygdala, and ACC. We predict that

more extensive WM tract FA deficits will be evident in PTSD diag-
nosed subjects compared to non-trauma-exposed healthy controls,
than trauma exposed controls compared to non-trauma-exposed
healthy controls. Further, we predict that FA, AD, RD, and MD meas-
ures of cingulum cingulate gyrus and uncinate fasciculus WM integrity
will be correlated with PTSD symptom severity scores. Additionally,
using results of a previous voxel based morphometry (VBM) investiga-
tion utilizing the identical subject cohort as the current study (for
details see O’'Doherty et al. (2017)), we hypothesize that FA values of
the uncinate fasciculus WM tract will be correlated to rostral ACC
(rACC) grey matter (GM) values, as determined by the results of a prior
VBM analysis, in PTSD diagnosed subjects.

2 | METHODS

2.1 | Participant recruitment and clinical assessment

Seventy-five participants, aged 18-50 years, were recruited from the
general community through print and electronic media. Twenty-five
participants were diagnosed with post-traumatic stress disorder
(PTSD), 25 participants were healthy control subjects (HC), and 25 par-
ticipants were trauma-exposed controls subjects (TC).

A psychologically trained health professional conducted clinical
assessments on the trauma-exposed participants via two clinician
administered scales: Clinician Administered PTSD scale (CAPS) (Weath-
ers, Keane, & Davidson, 2001) and Structured Clinical Interview for
DSM-IV for comorbid disorders (SCID) (First, Spitzer, Gibbon, &
Williams, 2007); and two subject self-report scales: Depression,
Anxiety and Stress Scale (DASS) (Lovibond and Lovibond, 1995), and
Impact of Event Scale - Revised [IES-R] (Weiss, 2007).

The study inclusion criteria were as follows: (a) Participants with
PTSD met the DSM-IV criteria for primary diagnosis of PTSD after a
Criterion-A traumatic event/stressor, not longer than 10 years previ-
ously and not less than three months prior to participating in the study;
(b) TC participants had exposure to Criterion A trauma (not longer than
10 years previously and not less than three months prior to participat-
ing in the study), but did not have a psychiatric diagnosis or a history of
psychiatric disorder including PTSD, (c) HC participants had no expo-
sure to criterion-A trauma and no diagnosis or history of psychiatric
disorder including PTSD; (d) all participants were 18-50 years of age;
(e) all participants were fluent in English language in order to enhance
accuracy and validity of clinical diagnoses; and (f) all participants pro-
vided written informed consent.

The study exclusion criteria were as follows: (a) participants with
significant psychiatric diagnosis other than PTSD, such as bipolar disor-
der, schizophrenia; (b) participants who were pregnant or breastfeed-
ing; (c) participants who suffered significant medical or neurological
condition including, but not limited to, congestive heart failure, stroke,
hypertension, chronic liver disease, autoimmune or connective tissue
disease, blood clotting disorder; (d) participants with a history of brain
injury or concussion that resulted in loss of consciousness for a dura-
tion of more than 10 min; (e) participants with a history of/or current

substance dependence; and (f) any participants who manifested
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contraindication to having an MRI scan such as metallic implants and

claustrophobia.

2.2 | MRI protocol

All imaging was conducted at the Brain and Mind Centre imaging facil-
ity using a 3 T GE Discovery MR750 scanner (GE Medical Systems,
Milwaukee, WI) equipped with an eight-channel phased array head coil
(InVivo, Fl, US). Whole brain diffusion-weighted images where acquired
using an echo planar imaging sequence with the following image
parameters: repetition time (TR) = 8250 ms; echo time (TE) =88 ms;
Slice thickness = 2.0 mm; field of view (FOV) = 230 X 230 mm; acqui-
sition matrix =256 X 256; 69 gradient directions. Two images without
gradient loading (b0 s/mm?) were acquired prior to the acquisition of
75 images (each containing 55 slices) with uniform gradient loading
(b0 =1000 s/mm?). For purposes of anatomical localization, T1-
weighted structural images were also acquired.

For each subject, two structural images were acquired in the same
session using a T1-weighted-magnetization prepared rapid gradient-echo
(MP-RAGE) sequence producing 196 sagittal slices (TR =7.2 ms; TE = 2.8
ms; flip angle = 12°; matrix 256 X 256; 0.9 mm isotropic voxels).

2.3 | VBM analysis

For each subject, two individual T1-weighted MRI scans were com-
bined and averaged using the FMRIB Software Library (FSL) software
tool (Smith, 2002), to increase signal-to-noise ratio (SNR). An unbiased
optimized VBM protocol using FSL-VBM (v1.1) was then carried out
using the following procedure. Firstly, FSL Brain Extraction Tool (BET)
(Jenkinson et al., 2005) was applied to remove non-brain material,
before all T1-weighted images were transformed into standard space
using a limited degrees-of-freedom nonlinear model to ensure spatial
alignment and images were corrected for nonuniformity/intensity inho-
mogeneities (Andersson, Jenkinson, & Smith, 2007). The FAST4 tool
(Zhang, Brady, & Smith, 2001) was then applied to carry out tissue-
type segmentation. The segmented grey matter partial volume images
were aligned into MNI standard space by applying the affine registra-
tion tool FLIRT (Greve and Fischl, 2009) and nonlinear registration
FNIRT methods (Woolrich et al., 2009). A study-specific averaged tem-
plate was created, to which grey matter partial volume images were
reregistered, and these images were then modulated to correct for
Jacobian warping. Visual inspection was used to ensure the quality of
brain image extraction, segmentation and registration for each
structural image. Segmented images were smoothed using sigma = 3;
Gaussian Full width at half maximum (FWHM) kernel of 7.06 mm. A
customized randomizer and study-blinding program allowed for
unbiased assessment and the clean-up of MRI data during VBM

pipeline.

2.4 | Tract-based spatial statistics (TBSS)

Diffusion-weighted images were analyzed using FMRIB Software
Library (FSL) tract based spatial statistics (TBSS) (Jenkinson, Beckmann,
Behrens, Woolrich, & Smith, 2012; Smith et al., 2006) via the following
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routine. Firstly, the FDT toolbox was used to correct all data for spuri-
ous eddy current distortions and motion artefacts by applying affine
alignment of each diffusion-weighted image to the first volume of the
diffusion data without gradient (i.e., the b = 0 image). The Brain Extrac-
tion Tool (BET) was then used to generate a binary brain mask from
the b =0 image. Next DTIfit was used to independently fit the diffu-
sion tensor to each voxel which yielded voxel-wise maps of FA values.
A mean FA skeleton image representative of all tracts with a common
center was created from all subjects and individual subject FA images
were projected onto this skeleton. Finally, voxel-wise statistics across
subjects were run for each point on the mean FA skeleton using

permutation-based nonparametric testing.

2.5 | Statistical analysis

Whole-brain permutation-based nonparametric testing was carried
out via a voxel-wise GLM (Nichols and Holmes, 2002) using a 5,000
permutation set contrasting differences between each of the three
participant groups (i.e., PTSD vs HC; TC vs HC; PTSD vs TC). Family-
wise error (FWE) correction (Nichols and Hayasaka, 2003) was used
to adjust the threshold for multiple comparisons across space and
threshold-free cluster enhancement (TFCE) was employed to assess
cluster significance (Smith and Nichols, 2009). A FWE corrected
threshold significant p value of p < .05 was selected, with a significant
cluster size minimum of 10 voxels. For reporting purposes, masks of
significant regions of interest (ROI) were generated via the JHU
(Johns Hopkins University) white-matter tractography atlas (Desikan
et al., 2006; Frazier et al., 2005; Goldstein et al., 2007; Makris et al.,
2006). Transformation matrices used to create and register FA maps
were applied to eigenvalues A1, 12, and A3 to determine and generate
WM skeletons for radial diffusivity (RD), axial diffusivity (AD), and
mean diffusivity (MD). ROI masks of significant FA differences were
applied to RD, AD, and MD skeletons to determine values for each
subject. SPSS version 20.0 for Windows (SPSS, 2013) was used to
perform comparisons between group demographic and clinical
variables using one-way ANOVA, Chi-square and independent t test.
A two-tailed Pearson correlations analysis was performed to identify
correlations between diffusivity values (FA, RD, AD, MD) of ROl WM
tracts and symptom severity (as measured by CAPS clinical scores)
and between ROl GM volumes obtained from prior study using
identical subject cohort (O’'Doherty et al., 2017).

3 | RESULTS

3.1 | Participant characteristics

The three participant groups—PTSD, TC, and HC—did not differ in terms
of age (F(2, 72) = 2.44, p = .095), or years of education (F(2, 72) = 2.76,
p =.07) and gender ratio. There were differences in DASS scores across
all subject groups (F(2, 66) = 24.22, p < .001). PTSD and TC groups dif-
fered in terms of IES-R scores t(48) = —5.30, p < .001, and CAPS scores;
[week t(48) = —12.20, p < .001], [month t(35.4) = —8.38, p < .001], [life-
time t(32.9) = —7.93, p <.001] (Table 1), but did not differ in time since
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TABLE 1 Demographic and clinical variables

PTSD subjects

Trauma-exposed

Healthy controls

Significance test (df)

(n = 25) controls (n = 25) (n=25) [p value]

Gender (F/M) 13/12 13/12 13/12 %2 (2) = 0.00 [1]
Age (years) 34.0+84 36.4+8.1 31.7 £ 6.0 F (2, 72) = 2.44 [.095]
Time since trauma (years) 4.61+2.57 426 +245 - t (48) = —0.493 [.805]
Years of education 16.16 = 1.3 15.04 £ 1.5 1544 +2.24 F (2, 72)=2.76 [.07]
DASS 57.2+32.6 16.2+25.1 9.5+ 10.3° F (2, 66) =24.22 [<.001]
CAPS

Lifetime 95.6 +25.9 13.0+21.8 = t (48) = —12.20 [<.001]

Month 57.0 + 26.8 6.7 +135 - t (35.4) = —8.38 [<.001]

Week 53.6 =27.6 58+12.1 - t (32.9) = —7.93 [<.001]
IES-R 451+18.5 15.0+21.6 - t (48) = —5.30 [<.001]

Note. Mean scores (*=standard deviation) for age and DASS clinical score across groups.
CAPS/IES-R group differences were tested using two-tailed continuous data significant at p <.05.

2DASS scores available for only 19 healthy control participants.

trauma (years) (t(48) = —0.493, p = .805). No participant diagnosed with
PTSD reported above threshold depersonalization or derealization (Lanius
et al., 2010). The types of trauma experienced by PTSD and TC groups
are listed in Supporting Information, Table 1. The PTSD group consisted
of a greater number of sexual assault survivors compared to the TC group
(PTSD = 12, TC = 2). The TC group consisted of a greater number of wit-
nesses to scenes of death or severe injury (PTSD = 12, TC = 18). Subjects
in the PTSD group reported a greater use of psychotropic medications
than TC subjects (Supporting Information, Table 2).

3.2 | Imaging data

3.2.1 | PTSD versus HC analysis

Individuals with PTSD had significantly decreased FA across bilateral
anterior thalamic radiation, cingulum cingulate gyrus, superior longitudi-
nal fasciculus, uncinate fasciculus, and in the corpus callosum body and

genu. With the exception of the superior longitudinal fasciculus, larger

voxel clusters of FA reduction were observed in left hemisphere tracts
of the affected WM regions (Table 2 and Figure 1).

3.2.2 | TC versus HC analysis
A whole-brain TBSS analysis of the TC and HC groups found significant

FA decreases in TC subjects across the same WM regions as the PTSD
versus HC analysis, albeit with smaller cluster sizes and addition of the cor-
pus callosum splenium. As with the PTSD versus HC analysis, FA reductions
were found to have larger voxel clusters in left hemisphere tracts of the
affected WM regions compared to the right hemisphere, with the only dif-
ference being that in this analysis the superior longitudinal fasciculus main-

tained this left hemisphere bias of FA reductions (Table 3 and Figure 1).

3.2.3 | PTSD vs TC analysis

No significant differences in FA were observed in a whole-brain TBSS
analysis between the PTSD and TC groups after FWE corrections

performed.

TABLE 2 Reduced FA in PTSD versus healthy controls (whole-brain TBSS analysis with FWE correction)

Cluster size FWE corrected,
Anatomic region Hemisphere MNI coordinates (voxels) PTSD, mean = SD HC, mean = SD p value (max)
Anterior thalamic radiation Left —-18, 32,28 393 0.3999 =0.0188 0.4370 = 0.0224 .044
Anterior thalamic radiation Right 21, 32, 27 74 0.4397 + 0.0300 0.4549 + 0.0330 046
Cingulum cingulate gyrus Left -8, 19, 24 229 0.6138 £ 0.0430 0.6563 = 0.0323 .036
Cingulum cingulate gyrus Right 21, 30, 30 24 0.4348 0.0352 0.4696 0.0445 .026
Corpus Callosum Body Midline -5,19, 17 669 0.7354 =0.0221 0.7629 =0.0187 026
Corpus Callosum Genu Midline -3,29,9 895 0.7673 = 0.0265 0.7962 + 0.0188 017
Superior longitudinal Left —44,3, 17 156 0.4706 = 0.0221 0.5042 £ 0.0196 .047
fasciculus
Superior longitudinal Right 46, =2, 24 488 0.4815 = 0.0215 0.5106 = 0.0176 .043
fasciculus
Uncinate fasciculus Left —25,18, 14 664 0.4816 =0.0198 0.5128 £ 0.0188 .035
Uncinate fasciculus Right 15, 34, -10 202 0.5394 +0.0284 0.5698 + 0.0268 .044
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PTSD <HC

FIGURE 1 TBSS analysis results: group difference depicting FA reductions. Statistically significant clusters of FA reductions calculated
using 25 (13F/12M) PTSD subjects, 25 (13F/12M) HC and 25 (13F/12M) TC. Top panel depicts PTSD versus HC whole-brain analysis; red/
orange indicates significant clusters of voxels (FWE corrected for multiple comparisons at p <.05, k > 10 voxels) with reduced FA values in
PTSD compared to HC. Bottom panel depicts TC versus HC whole-brain analysis; blue indicates significant clusters of voxels (FWE cor-
rected, p <.05, k> 10 voxels) with reduced FA values in TC compared to HC. Green indicates FA skeleton. FA reduction clusters rendered
on standard MNI152 structural template. Images are radiologically oriented. Abbreviations are as follows: HC = healthy controls;

TC = trauma controls; FA = fractional anisotropy; CCG = cingulum cingulate gyrus; gCC = genu corpus callosum; UF = uncinate fasciculus

3.2.4 | Correlational analysis

There was a strong negative correlation between CAPS lifetime hyper-
arousal scores and FA values of the PTSD subject group in the right
—.625, p=.001). A moderate negative

uncinate fasciculus (r(23)

TABLE 3 Reduced FA in trauma exposed controls versus healthy controls (whole-brain TBSS analysis with FWE correction)

correlation was also observed in the corpus callosum body (r(23)=

—.438, p=.028), and right superior longitudinal fasciculus (H23)=
—.416, p =.039). A moderate negative correlation between CAPS life-

time avoidance scores and FA values of the PTSD subject group was

Cluster size FWE corrected,
Anatomic region Hemisphere MNI coordinates (voxels) PTSD, mean = SD HC, mean = SD p value (max)
Anterior thalamic radiation Left —26, 26,16 219 0.4041 +0.0316 0.4411 +0.0231 017
Anterior thalamic radiation Right 28, 30, 18 102 0.3659 + 0.0277 0.3947 +0.0289 .032
Cingulum cingulate gyrus Left —18, —36, 33 58 0.5133 +£0.0371 0.5465 +0.0292 .035
Cingulum cingulate gyrus Right 20, 30, 31 10 0.4711 = 0.0562 0.4988 + 0.0651 .036
Corpus Callosum Body Midline -12,19, 22 1499 0.7146 + 0.0282 0.7443 + 0.0208 .030
Corpus Callosum Genu Midline —6,28, -1 1160 0.7479 + 0.0300 0.7811 +0.0177 .008
Corpus Callosum Splenium Midline —18, —41, 28 68 0.6691 = 0.0264 0.6975 +=0.0313 .034
Superior longitudinal Left —34, 13, 12 221 0.4473 = 0.0353 0.4877 = 0.0259 015
fasciculus
Superior longitudinal Right 34,19, 21 22 0.4665 * 0.0433 0.5129 +0.0224 .032
fasciculus
Uncinate fasciculus Left -19,22, -10 647 0.4902 + 0.0228 0.5245 + 0.0160 016
Uncinate fasciculus Right 15,34, -6 402 0.5000 + 0.0277 0.5305 + 0.0229 014
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TABLE 4 Correlations between FA values and CAPS subscores in PTSD subjects (n = 25)

Anatomic region Hemisphere MNI coordinates

Cingulum cingulate gyrus Right 21, 30, 30

Corpus callosum body Midline -5,19, 17

Superior longitudinal Right 46, —2, 24
fasciculus

Uncinate fasciculus Right 15, 34, —10

found in the right cingulum cingulate gyrus (H23)= —.471, p=.017)
(Table 4 and Figure 2).

A strong positive correlation was found between CAPS lifetime
hyperarousal scores and RD values of the PTSD subject group in the
right uncinate fasciculus (r(23)=.739, p=.001). A moderate positive
correlation between CAPS lifetime avoidance scores and RD values
was found in the left uncinate fasciculus (r(23) = .458, p =.021) (see
Supporting Information, Table 3 and Figure 1).

A correlational analysis of MD values found a strong association

between CAPS lifetime hyperarousal scores and MD values of the

(a) P Linear =0.222

Cluster size
CAPS subscore (voxels) Correlation p value
Lifetime avoidance 24 r(23)= —.471 .017
Lifetime hyperarousal 669 r(23) = —.438 .028
Lifetime hyperarousal 488 r(23)= —.416 .039
Lifetime hyperarousal 202 r(23) = —.625 .001

PTSD subject group in the right uncinate fasciculus (r(23)=.709,
p =.001) and a moderate positive correlation in the left uncinate fasci-
culus (23) = .410, p = .042).

Strong and moderate correlations between MD values and CAPS
lifetime hyperarousal scores were also observed respectively in the
right (r(23) =.643, p=.001), and left (r(23)=.488, p =.013) anterior
thalamic radiation (Supporting Information, Table 4 and Figure 2).

A correlational analysis of AD values found a moderate association
between CAPS lifetime hyperarousal scores and AD values of the
PTSD subject group in the left anterior thalamic radiation (r(23) = .475,

FF Linear =0.192
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FIGURE 2 Correlations between CAPS subscores and fractional anisotropy (FA) values of the PTSD subject group. Scatterplots illustrating
the association between CAPS subscore (a) lifetime avoidance and right cingulum cingulate gyrus FA (r(23) = —.471, p =.017); (b) lifetime
hyperarousal and corpus callosum body FA r(23) = —.438, p =.028; (c) lifetime hyperarousal and superior longitudinal fasciculus FA (r

(23) = —.416, p =.039); (d) lifetime hyperarousal and right uncinate fasciculus FA (r(23) = —.625, p =.001)
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TABLE 5 Correlations between FA values and ROl GM values in PTSD subjects (n = 25)

Anatomic region Hemisphere MNI coordinates
Corpus Callosum Genu Midline -3,29,9
Superior longitudinal fasciculus Left —44, 3,17
Superior longitudinal fasciculus Left —44, 3, 17
Uncinate fasciculus Left —25, 18, 14

p =.016), and right anterior thalamic radiation (r23) = .441, p = .027). A
Strong correlation between AD values and CAPS lifetime hyperarousal
scores was also observed in the left superior longitudinal fasciculus (r
(23) = .488, p = .013) (Supporting Information, Table 5 and Figure 3).

An analysis of associations between FA values and ROl GM values
in PTSD subjects found a moderate negative correlation between the
left uncinate fasciculus and right rACC (r(23)= —.444, p=.026). A
moderate negative correlation between the corpus callosum genu FA
values and left rACC (r(23) = —.405, p = .045) was also observed, along
with strong negative correlations between the left superior longitudinal
fasciculus and left rACC (r(23) = —.651, p =.001) and right rACC (r
(23) = —.640, p = .001) (Table 5 and Figure 3).

(a) R Linear =0.424

GM ROI Cluster size (voxels) Correlation p value
rACC left 895 r(23) = —.405 .045
rACC left 156 r(23) = —.651 .001
rACC right 156 r(23) = —.640 .001
rACC right 664 r(23) = —.444 .026

Associations between RD values and ROl GM values in PTSD sub-
jects found a strong positive correlation between the left uncinate fas-
ciculus and right rACC (r(23)=.651, p=.001). A moderate positive
correlation between the corpus callosum genu RD values and left rACC
(r(23) = .480, p = .015) was also observed, along with moderate posi-
tive correlations between the left superior longitudinal fasciculus and
left rACC (r(23) = .508, p = .010) and right rACC (r(23) = .549, p = .005)
(Supporting Information, Table 6 and Figure 4).

Associations between MD values and ROl GM values in PTSD
subjects revealed a strong positive correlation between the left unci-
nate fasciculus and right rACC (r(23) = .687, p = .001). Moderate posi-
tive correlations between the left uncinate fasciculus and left rACC (r
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FIGURE 3 Correlations between fractional anisotropy (FA) values and rostral anterior cingulate cortex (rACC) grey matter (GM) values of
the PTSD subject group. Scatterplots illustrating the association between FA values: (a) left superior longitudinal fasciculus and left rACC

GM (r(23) = —.651, p =.001); (b) left superior longitudinal fasciculus and right rACC GM r(23) = —.640, p = .001; (c) corpus callosum genu
and left rACC GM (r(23) = —.405, p = .045); (d) left uncinate fasciculus and right rACC GM (r(23) = —.444, p = .026)
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(23) =.514, p =.009), and right uncinate fasciculus and right rACC (r
(23)=.423, p=.035) were found. A strong positive correlation
between the left cingulum cingulate gyrus and right rACC (r{23) = .619,
p=.001) was also observed (Supporting Information, Table 7 and
Figure 5).

Associations between AD values and ROl GM values in PTSD sub-
jects revealed a strong positive correlation between the right uncinate
fasciculus and right rACC (r(23) =.506, p =.010). Moderate positive
correlations between the left uncinate fasciculus and left rACC (r
(23) =.451, p =.024), and right uncinate fasciculus and right rACC (r
(23)=.477, p = .016) were found. A strong positive correlation between
the left cingulum cingulate gyrus and right rACC (r(23) = .619, p = .001)

was also observed (Supporting Information, Table 8 and Figure 6).

4 | DISCUSSION

This study sought to identify white matter microstructural changes
between three groups of subjects; those exposed to trauma who sub-
sequently meet the diagnostic criteria for PTSD, those exposed to
trauma who did not meet the diagnostic criteria for PTSD, and healthy
controls who were not exposed to trauma. To our knowledge, this is
the first PTSD study to analyze multiple DTI scalars measures (FA, RD,
AD, and MD) via a TBSS protocol applied to three groups of adult par-
ticipants. WM tract scalar value results of PTSD diagnosed subjects
were correlated to PTSD symptom severity scores (as measured by
CAPS), and rACC GM ROI data from a previous study (O’'Doherty et al.,
2017), which utilized a VBM analysis protocol on the identical subject
cohort examined in this study.

Significant reductions in FA values between the trauma exposed
groups and healthy controls were observed in the body and genu of
the corpus callosum along with tracts associated with fear conditioning,
namely, the uncinate fasciculus and cingulum cingulate. Providing con-
nection between limbic structures in the anterior temporal lobe and
the frontal lobe (Ebeling and Cramon, 1992; Schmahmann and Pandya,
2009), the uncinate fasciculus is the primary tract coupling the amyg-
dala and ACC. Reductions of FA values within these tracts were under-
pinned by increases in RD, AD and MD values. RD is representative of
perpendicular diffusion across the WM tract, with increased RD being
indicative of demyelination, while AD measures parallel diffusivity and
has been shown to be sensitive to changes of axon numbers (Alexander
et al,, 2011; Freund et al., 2012; Klawiter et al., 2012). While decreased
AD values are often considered a marker of axonal damage, this is not
always the case. Increased AD values when observed with concordant
increases in RD and decreased FA values, have been associated with
WM microstructural abnormalities (Le Bihan et al., 2001; Song et al.,
2002; Wheeler-Kingshott & Cercignani, 2009). As a mean of all three
diffusivity axes independent of directionality, MD is a useful
complement to FA, RD, and AD tensor analyses (Vos, Jones, Jeurissen,
Viergever, & Leemans, 2012).

Uncinate fasciculus FA reductions have previously been reported to
be associated with increased anxiety symptoms and fear extinction dys-
function (Fani et al., 2015; Phan et al., 2009). The results of the analyses

between both PTSD and TC compared to the HC group showed a
reduction in uncinate fasciculus FA values, with larger cluster of reduc-
tion in the left uncinate. Previous DTl studies have found a negative cor-
relation between FA values of the left uncinate fasciculus and
symptoms such as anxiety, associative and episodic memory and social-
emotional function (Baur, Hanggi, & Jancke, 2012; Von Der Heide, Skip-
per, Klobusicky, & Olson, 2013). These findings are supported by results
from this study, which showed a strong negative correlation between
CAPS lifetime hyperarousal scores and FA values within the PTSD sub-
ject group in the right uncinate fasciculus. Interestingly, while both
PTSD and TC groups showed greater FA reductions in the left uncinate
fasciculus compared to HC, the TC group had a larger cluster of FA
reduction in the right uncinate fasciculus than the PTSD group.

Reductions were also found in the cingulum. As a prominent tract
of the limbic lobe, diminished WM integrity of the cingulum has the
potential to affect communication between the ACC and the hippocam-
pus, regions which have demonstrated impaired functioning in PTSD
(Hamner, Lorberbaum, & George, 1999; Liberzon and Martis, 2006;
Shin, Rauch, & Pitman, 2006). The current study identified reductions in
cingulum FA values of both PTSD and TC groups when compared to
healthy controls, with greater reductions observed in the PTSD group.
Further to this, a moderate negative correlation between CAPS lifetime
avoidance scores and FA values of the PTSD subject group was found in
the right cingulum cingulate gyrus r(23) = —.471,p = .017.

Functional neuroimaging studies have found heightened activation
of the amygdala in response to trauma-related stimuli, and also in fear-
conditioning acquisition in PTSD subjects (Brunetti et al., 2010; Rauch
et al, 2000; Shin et al., 2006). In general, it is found that amygdala
response is exaggerated in PTSD subjects, and is more pronounced
when PTSD symptoms are more severe (Brunetti et al., 2010; Dickie,
Brunet, Akerib, & Armony, 2008, 2011; Shin et al., 2006; Zhong et al.,
2015). Modulation/extinction of the fear response is postulated to
involve an inhibitory role of medial prefrontal structures, particularly
the ACC, over the amygdala (Clausen et al., 2017; Shin et al., 2001;
Stevens et al., 2016). In PTSD diagnosed subjects, correlational analy-
ses from the current study identified associations between FA/RD/
AD/MD values and PTSD symptoms (as measured by CAPS subscores)
in WM tracts connecting the amygdala and ACC. A strong negative
correlation between CAPS lifetime hyperarousal scores and FA values
was found in the right uncinate fasciculus (with concordant strong posi-
tive RD/AD/MD correlations, see Supporting Information, Tables 3-5).
Additionally, a moderate negative correlation between CAPS lifetime
avoidance scores and FA values was found in the right cingulum cingu-
late gyrus. These associations along WM tracts connecting the ACC
and amygdala support the suggestion that PTSD symptoms of
increased arousal and avoidance are linked to dysfunction of prefrontal
inhibition of amygdala fear-conditioning acquisition.

This study’s findings of reduced WM tract integrity and association
with PTSD severity scores are congruous with results of the previous
VBM study using the same subjects. We found bilateral GM reductions
in the rACC of PTSD subjects compared to the HC group. Further to
this, it also found a moderate negative correlation between the left
rACC and right amygdala GM values (1(23)= —.449, p =.024) in PTSD



O’'DOHERTY ET AL

diagnosed subjects. Using GM data from this previous study, a correla-
tional analysis of rACC GM and FA values found a moderate negative
association between left uncinate fasciculus FA and right rACC GM val-
ues in PTSD diagnosed subjects (r(23) = —.444, p = .026) (concordant
moderate positive RD/AD/MD correlations, see Supporting Informa-
tion, Tables 6-8).

Interhemispheric results of correlational analyses findings may be
explained by reductions in WM integrity of the corpus callosum. Con-
sisting of the brain’s principle WM fiber bundle, the corpus callosum
has projections along neocortical areas, providing interhemispheric con-
nects for the prefrontal, temporal, and parietal cortices (Gazzaniga,
2000; Schmahmann and Pandya, 2009). Both PTSD and TC subjects in
the current study had lower FA values compared to the HC group
(Tables 2 and 3). This observed loss of WM integrity within the body
and genu of the corpus callosum, together with bilateral reductions in
the anterior thalamic radiation, cingulum cingulate gyrus, superior longi-
tudinal fasciculus, and uncinate fasciculus would likely have an effect
on interhemispheric information transfer across anatomical regions
associated with PTSD. Previous studies of adult onset PTSD have
found reductions in corpus callosum WM integrity (Saar-Ashkenazy
et al.,, 2014; Villarreal et al., 2004) and correlations of FA values with
PTSD symptom severity (Saar-Ashkenazy et al., 2016). The current
study observed a moderate negative correlation between FA values of
the corpus callosum body and CAPS lifetime hyperarousal scores, (r
(23)= —.438, p=.028) (concordant moderate positive RD/AD/MD
correlations, see Supporting Information, Tables 3-5) in PTSD diag-
nosed subjects. Additionally, a moderate negative correlation was
found between FA values of the corpus callosum genu and left rACC
GM values (concordant moderate positive RD/AD/MD correlations;
Tables 4-6).

The decreased FA values observed in PTSD subjects compared to
HC across the uncinate fasciculus, cingulum cingulate gyrus, and corpus
callosum, is consistent with a neurocircuitry model of PTSD character-
ized by heightened amygdala responsiveness and impaired inhibitory
modulation via the ACC (Rauch, Shin, & Phelps, 2006). These FA
decreases combined with positive correlations between RD/AD/MD
values and PTSD symptom severity scores suggest myelin and axonal
abnormalities of these WM tracts. These abnormalities may be the
result of proinflammatory cytokines, such as interleukin-12, overstimu-
lating the hypothalamic-pituitary-adrenal (HPA) axis’' production of cor-
tisol (Baker, Nievergelt, & O'connor, 2012; Gola et al., 2013; Passos
et al., 2015). While regular cortisol production serves a protective func-
tion against excessive inflammation (Silverman, Pearce, Biron, & Miller,
2005), exposure to excessive stress or trauma can result in dysregulated
HPA axis function (Charmandari, Tsigos, & Chrousos, 2005; Elenkov,
lezzoni, Daly, Harris, & Chrousos, 2005). A recent study has found evi-
dence suggesting epigenetic mechanisms of the histone and DNA meth-
ylation regulation of genes involved in proinflammatory cytokine
expression is upregulated in PTSD subjects compared to controls (Bam
et al., 2016). Epigenetic mechanisms have also been linked to brain-
derived neurotrophic factor (BDNF) expression involved in the extinc-
tion of conditioned fear (Blouin, Sillivan, Joseph, & Miller, 2016; Bredy
et al., 2007). BDNF, while more often linked to GM alterations, has been
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implicated in WM morphology and microstructure through variations in
oligodendrocyte expression of myelin (Du, Fischer, Lee, Lercher, &
Dreyfus, 2003; Tost et al., 2013). Further studies utilizing both genome-
wide epigenetic analyses and MRI structural/diffusion modalities are
required to confirm the role of BDNF and proinflammatory cytokines in
PTSD related WM alterations, and the subsequent impact on the behav-
ioral profiles associated with PTSD such as increased hyperarousal.

4.1 | Limitations

There are several limitations to consider when interpreting results from
the current study. Firstly, sample sizes for each subject cohort are rela-
tively small and may have contributed to a lack of significant findings in
a whole brain analysis between the PTSD and TC groups. Additionally,
while the subjects within each group were age and gender matched,
the age range was large. Some PTSD diagnosed subjects were currently
being treated, or had previously received treatment in the form of psy-
chosocial (e.g., cognitive behavioral therapy) and/or pharmaceutical
interventions (e.g., selective serotonin reuptake inhibitors). As this is a
cross-sectional study, it is not possible to identify if WM fiber tract FA
reductions are the result of PTSD progression, or if such structural
abnormalities were already present in the study participants prior to
exposure to trauma. Pre-existing WM tract abnormalities in certain
individuals may predispose them to developing PTSD after exposure to
trauma, and additionally exacerbate PTSD severity due to further
reductions in WM integrity (Chetty et al., 2014). GM data from a prior
study using an identical subject cohort was acquired using a VBM pro-
tocol, which, despite careful application of tissue classification and seg-
mentation procedures, can suffer from GM/WM partial tissue volume
estimates. As such, the current study’s correlational analyses between
WM tract scalar values and VBM determined ROl GM values should
be interpreted with caution. While subjects were screened to exclude
anyone who had experienced concussion which resulted in loss of con-
sciousness >10 min, recent research has suggested that subconcussive
impacts acquired during sports or accidents can result in measureable
brain changes (Davenport et al., 2016). The effect of trauma on the
brain has been shown to differ depending on previous exposure to
childhood maltreatment (Paquola, Bennett, Hatton, Hermens, & Lago-
poulos, 2017). This study does not use a measure such as the childhood
trauma questionnaire (CTQ) to screen for early life trauma. Given child-
hood maltreatment significantly increases the risk of PTSD later in life
(Yehuda, Halligan, & Grossman, 2001), future studies would benefit

from consideration of its effect.

5 | CONCLUSION

Findings from this study help extend prior observations of WM integ-
rity differences in PTSD, as measured by DTI FA values. FA reductions
within key tracts associated with PTSD symptomology were found in
PTSD and TC subject groups compared to healthy controls. The WM
integrity of tracts connecting limbic structures to the ACC, uncinate
fasciculus and cingulum cingulate, was found to have a negative corre-

lation with PTSD symptom severity. Moreover, using GM results from
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a previous VBM study containing identical subjects, negative correla-
tions between the left uncinate fasciculus WM integrity and GM values
of the right rACC was observed in PTSD diagnosed subjects. These
findings add support to a model where reduced WM connectivity may
contribute to dysfunction of the inhibitory and extinction roles of the
rACC on fear conditioning in PTSD. While the current study assists in
the understanding of WM tract differences in trauma exposed individu-
als who develop PTSD, compared to those who do not and healthy
controls, it is not able to determine if these represent a pre-existing
vulnerability to, or consequence of, PTSD acquisition. Further studies
are required to explore the mechanisms underpinning WM alterations
in PTSD, preferably using longitudinal datasets.

The findings from this study contribute to the established literature
elucidating brain differences in those who do and do not develop
PTSD after major stress. Of interest, the observation of FA abnormal-
ities suggests that alterations in the prefrontal cortex may play a signifi-
cant role in PSTD symptomology. As this was a cross-sectional study,
however, the role of WM alterations in this region over the course of a
longer term illness would be more appropriately determined through
longitudinal studies. Future comparative studies of nonexposed con-
trols within the first year after stress would also be informative for
understanding illness consequences and perhaps for identifying general
stress effects that do not lead to PTSD.
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