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Abstract

Objective—To investigate white matter microstructure compromise in Veterans with a history of
traumatic brain injury (TBI) and its possible contribution to post-traumatic stress disorder (PTSD)
symptomatology and neuropsychological functioning via diffusion tensor imaging (DTI).

Participants and Methods—38 Veterans with mild (n = 33) and moderate (n =5) TBI and 17
Military Control (MC) participants without TBI completed neuropsychological testing and
psychiatric screening and underwent MRI scanning an average of 4 years following their TBI
event(s). Fractional anisotropy (FA) and diffusivity measures were extracted from 9 white matter
tracts.

Results—Compared to MCs, TBI participants reported higher levels of PTSD symptoms and
performed worse on measures of memory and psychomotor processing speed. TBI was associated
with lower FA in the genu of the corpus callosum and left cingulum bundle. FA negatively
correlated with processing speed and/or executive functions in 7 of the 8 tracts. Regional FA did
not correlate with memory or PTSD symptom ratings.

Conclusion—Results suggest that current PTSD symptoms are independent of TBI-related white
matter alterations, as measured by DTI. Additionally, white matter microstructural compromise
may contribute to reduced processing speed in our sample of participants with history of
neurotrauma. Findings of the current study add insight into the factors associated with complicated
recovery from mild to moderate TBI.
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Introduction

Traumatic brain injury (TBI) and post-traumatic stress disorder (PTSD) are highly comorbid
in Veterans of the recent conflicts in Iraq and Afghanistan.! Veterans with histories of TBI
endorse higher rates of PTSD symptoms than those with other injuries,! and deployment-
related TBI has been shown to predict the onset or exacerbation of PTSD symptoms, even
beyond other contributing factors such as combat intensity.23 Additionally, the presentation
of PTSD symptoms is reportedly of greater intensity in Veterans with histories of TBI
compared to those without reported neurotrauma.? Such findings echo those of civilian TBI
studies which show heightened psychiatric distress following a TBI,° and they suggest that
disruptions in brain function as a consequence of a TBI event may contribute to the
manifestation of PTSD symptoms in Veterans.®

In samples without history of TBI, PTSD symptoms have been associated with structural
alterations within cortical and subcortical regions within the frontal and temporal lobes
including prefrontal cortices’ the anterior cingulate (ACC),8 the temporal cortex,® the
hippocampus and amygdala.19-12 Such findings support the theory that disrupted fronto-
subcortical circuitry in systems that mediate emotional regulation may contribute to the
manifestation of PTSD symptoms.13 Thus, damage within the white matter tracts
interconnecting those frontal and limbic brain regions may also contribute to or exacerbate
PTSD symptoms following a traumatic event. Although available studies linking white
matter microstructure and PTSD symptoms have been limited, PTSD has been associated
with microstructural damage within the cingulum bundle, a white matter tract connecting
limbic regions (e.g., cingulate cortex and hippocampus).1415 PTSD has also been tied to
altered frontal white matter microstructure in frontal lobe regions (e.g., prefrontal cortex;
precentral gyrus) and in the internal capsule.l®> An examination of white matter pathways
that may impact PTSD is particularly relevant in the context of TBI as many of these same
brain regions (i.e., the prefrontal cortex) are consistently shown to be susceptible to TBI
effects1®:17—with brain white matter being particularly vulnerable to TBI even in its mild
forms.18-20

The pathophysiological processes contributing to white matter compromise in mild TBI
(mTBI) are complex. Generally, tensile forces upon white matter fibers at the initial time of
the injury are thought to initiate damage that provokes a secondary cascade of
neurochemical and neurotoxic processes responsible for the diffuse axonal injury often
observed in TBI.2! Traditional structural MRI techniques are not sensitive to the presence
mild forms of axonal injury, due to the relative homogeneity of the T1 signal within white
matter. Researchers have turned to diffusion tensor imaging (DTI), a magnetic resonance
imaging (MRI) modality that is sensitive to the movement of water molecules within brain
structures. In highly organized tissue, such as neural white matter, these patterns of
molecular water movement can be used to describe the neuronal integrity of the tissue, a
common index of which is fractional anisotropy (FA).22 FA values range from zero in voxels
where the diffusion is equal in all directions, to one, in regions with a high degree of
directional uniformity. Thus, higher FA values are indicative of healthy tissue with uniform
structure, while relatively lower values suggest a disruption of this structure and tissue
damage.22 Reductions in FA may result from a decrease in axial diffusivity (AD) (diffusion
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along the principal diffusion direction [along the axon]), an increase in radial diffusivity
(diffusion perpendicular to the primary diffusion direction), or an additive or synergistic
effect of the two. Although there is some debate as to the specific meaning of the component
diffusion measures,23-24 AD has most commonly been interpreted as describing axonal
integrity, and RD has been described as a proxy for myelin integrity.25> Many DTI studies
have found evidence for disrupted white matter microstructure in frontal and limbic white
matter regions in both mild and severe TBI non-Veteran populations.26-34 A growing
number of studies of Veterans with histories of mTBI have shown evidence of white matter
abnormalities as well,35-37 though such an effect is not always found.38

The purpose of this study was to investigate whether TBI-related damage to white matter
tracts contributes to PTSD symptom severity and concomitant reduced cognitive
performance. Tracts selected for analysis included specific pathways previously shown to be
related to PTSD symptoms (e.g., cingulum bundle and internal capsule) and those that
interconnect frontal regions also implicated in PTSD (i.e., genu and body divisions of the
corpus callosum). We hypothesized that (1) a positive history of TBI would be associated
with compromised microstructure in white matter pathways, including tracts that connect
structures involved in emotional regulation (e.g., cingulum bundle) and (2) greater disruption
of the white matter would be associated with poorer cognitive performance and increased
current PTSD symptom severity in a well-characterized sample of military Veterans with
history of mild to moderate TBI.

Data for this project were gathered from ongoing studies of TBI in returning OEF/OIF
Veterans being conducted at the VA San Diego Healthcare System (VASDHS), with
Institutional Review Board approval from the VASDHS and the University of California,
San Diego. TBI participants were recruited from outpatient TBI treatment clinics, from
study advertisements within the VASDHS, and word of mouth. Forty-nine Veterans with
reported TBI histories were originally screened for participation in this study. Following
application of exclusionary criteria, including exclusion of those with effort test results
below published cutpoints,3%40 a final sample of 38 Veterans with TBI participated. Another
age-matched control group of OEF/OIF veterans with no reported history of TBI (n = 17)
was also recruited for participation via study advertisements within the VASDHS and word
of mouth.

TBI group inclusion/exclusion criteria—OEF/OIF veterans diagnosed with a mild or
moderate closed head TBI (n = 38) from either blast exposure (i.e., secondary to IED, land
mine, or rocket grenade) or mechanical force (i.e., motor vehicle accident, or other closed
head injury [blunt trauma]) were included in the study. The criteria defined by the
Department of Defense and Department of Veterans Affairs Traumatic Brain Injury Task
Force were used for classifying injury severity in TBI.41 Specifically, mild TBI (n = 33) was
defined as: alteration (AOC) or loss of consciousness (LOC) < 30 minutes, if available an
initial Glasgow Coma Scale (GCS)*2 score between 13-15, a post-traumatic amnesia (PTA)

J Head Trauma Rehabil. Author manuscript; available in PMC 2018 June 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sorg etal.

Measures

Page 4

< 24 hours, and no visible lesions on MRI or CT scan. Moderate TBI (n = 5) was defined as:
LOC between 30 minutes and 6 hours, an initial GCS score between 9-12, and PTA of less
than 7 days. Of the five participants meeting criteria for moderate TBI, four had reported
LOC of greater than 30 min and one reported a PTA of greater than 24 hours. No
participants included in this study showed focal lesions on conventional structural MRI.

Exclusion criteria included severe head injury (GCS < 8); a prior history of other
neurological disorder (e.g., multiple sclerosis, tumor, seizure disorder); developmental
learning disability; current (within past 30 days) substance or alcohol abuse according to
DSM-IV criteria; pre-injury metabolic or other diseases known to affect CNS functions; or
contraindication to scanning (e.g., claustrophobia, shrapnel). As noted, participants with
poor performance on tests of effortful engagement were excluded from analyses.

Military Control group inclusion/exclusion criteria—OEF/OIF veterans who did not
meet criteria for TBI as described above comprised the Military Control (MC) group.
Exclusion criteria included a history of concussion or other neurological disorder;
developmental learning disability; current substance or alcohol abuse according to DSM-1V
criteria; presence of a psychotic disorder or bipolar disorder as defined by DSM-IV criteria,
poor effort, or metabolic or other diseases known to affect CNS functions.

Neuropsychological testing was performed by trained research assistants. Administration
time for the neuropsychological battery was approximately 2 hours and administration time
for the mood and functional measures took approximately 15 minutes.

Neuropsychological testing—The Wide Range Achievement Test-4!" Edition, Reading
subtest,*3 was used as an estimate of premorbid verbal intellectual ability. The California
Verbal Learning Test-11 (CVLT-11)* was used to assess verbal memory. Variables included
Trials 1-5 Total Correct, Long Delay Free Recall Total Correct, and the Recognition
Discriminability Index. Visual memory was evaluated using the Rey-Osterrieth Complex
Figure Test recall total score.*> Executive functions were assessed via the total number of
errors on the Wisconsin Card Sorting Test-64;46 Delis-Kaplan Executive Function System
(D-KEFS)#” Verbal Fluency Switching total number of responses, and D-KEFS Trail
Making Test letter number switching total time.#” The Wechsler Adult Intelligence Scale-111
(WAIS-111)*8 and Wechsler Adult Intelligence Scale-1V (WAIS-1V)*? Digit Symbol subtests
were used to derive a processing speed variable. Due to changes in the testing protocols,
some participants received the WAIS-I1I version (n = 9) and others completed the WAIS-1V
version. The basis for combining these measures lies in these two tests being almost
identical in terms of task demands, a .85 Pearson correlation between versions, and no
significant differences in mean age-corrected performance between the two measures.> Z-
scores were calculated for each domain using the grand mean and standard deviation of each
test. The Test of Memory Malingering3® and the Forced-Choice Recognition Trial of the
CVLT-11%0 were used to assess effortful engagement in testing.
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Psychological/Psychosocial Assessment

The PTSD Checklist—Military Version (PCL-M)>! was used to rate the frequency and
intensity of PTSD-related symptoms. Levels of depressive symptoms were assessed using
the Beck Depression Inventory 11 (BDI-11).52

TBI Interview

Each participant was asked detailed questions regarding the characteristics of their TBI
event, including the number of TBIs they sustained, the number of blasts to which they were
exposed, and whether or not they lost consciousness with each TBI event. Self-reported
duration of loss of consciousness (LOC) for any TBI event was also queried. Only five
participants self-reported a LOC duration or PTA consistent with a moderate TBI
classification, while the vast majority of TBI participants (n = 33) were classified as mild.

Imaging Procedures

All participants underwent structural MRI and DTI on 3T General Electric (GE) MRI
scanners housed within the UCSD Center for Functional Magnetic Resonance Imaging
(CFMRI) on the UCSD La Jolla campus. Forty-three participants were scanned using the
Excite HDx platform and, following the FMRI Center’s scanner upgrade, data on 10
subjects were acquired with the scanner running the MR750 platform.

Structural scanning—A sagittally-acquired high-resolution 3D T1-weighted anatomical
MRI was collected with the following parameters: FOV 24 cm, 256 x 256 x 192 matrix,
0.94 x 0.94 x 1 mm voxels, 176 slices, TR=20 ms, TE=4.8 ms; flip angle 12°. Total scan
time was roughly 7 minutes.

Diffusion Tensor Imaging—DTI images were collected with a dual spin echo EPI
acquisition®3 with the following parameters: FOV = 240 mm, slice thickness = 3 mm, matrix
size 128 x 128, in-plane resolution = 1.875 x 1.875, TR = 10900 ms, TE = 93 ms. The ten
scans from the MR750 platform used identical scanning parameters though TR was
shortened to 8000 ms to reduce scan time without affecting image quality. This modification
likely did not impact image signal-to-noise ratio or contrast since the TR at eight seconds
remained many times greater (> five times) than the T1 value of the brain tissue (see Gelman
et al®¥). Indeed, prior analysis of DTI signal equation modeling found that the SNR
difference in white matter between TR 8000 ms and TR 10900 ms is only 0.007%.%° Across
scanners, 34 slices were acquired with 61 diffusion directions distributed on the surface of a
sphere according to the electrostatic repulsion model®6 and a b-value of 1500 s/mm?, as well
as one T2 image with no diffusion weighting (b = 0). Two field maps with the same spatial
parameters as those of the DTI scan were collected in order to correct for distortions due to
magnetic field inhomogeneities. Total DTI acquisition time with field mapping was roughly
12-16 minutes.

Image Processing

Diffusion Tensor Imaging Data—The Oxford Centre for Functional Magnetic
Resonance Imaging of the Brain (FMRIB) Software Package (FSL)>7 was used for diffusion
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imaging processing. The two field maps were used to unwarp the DTI acquisitions.
Additionally, a linear alignment tool to reduce the effects of gradient coil eddy currents and
a six-degrees of freedom affine motion correction for head motion was completed. Each
image was visually inspected for quality and none were rejected. The FSL program dlifit
was used on the corrected data to calculate diffusion eigenvalues and FA on a voxel-by-voxel
basis. Axial diffusivity (AD) was defined as the amount of diffusion corresponding to the
principal diffusion direction. Radial diffusivity (RD) was defined as the average of the two
eigenvalues orthogonal to the principal diffusion direction. AD and RD are often used as
proxies for estimating damage to neuronal and myelin structures, respectively.2® Thus,
increases in RD are associated with worse myelin integrity, while reductions in AD may
indicate worse axonal integrity.25 Mean diffusivity (MD), an average of the three
eigenvalues and an indicator of bulk diffusivity within a voxel, was not examined in this
study in favor of the directional diffusivity measurements of AD and RD described above as
these measures are more informative in terms of white matter properties which may modify
measures of anisotropy.>8

Fiber tracts were generated in TrackVis®? following the FACT method.5% To produce the
fiber tracts, regions of interest (ROIs) were drawn and used as “seed points” for
tractography. One rater (SFS), blind to each image’s group status, drew a seed ROI (S-ROI)
within each subject’s color-map image for each tract. The color-map uses a color-coded
scheme to display the main orientation of diffusion within each voxel. To help reduce partial
voluming effects of bordering gray matter, tracking was restricted to include only those
voxels with an FA value greater than .20.61 Additionally, to restrict aberrant tracking an
angle threshold of 41.4 degrees was used.51 This restriction limited contiguous tracking to
only those voxels wherein the difference in the angle of the principal eigenvectors is less
than 41.4 degrees. FA, RD and AD values from each of the tracts produced were then
extracted for each subject for statistical analysis. Depictions of the tracts are shown in Figure
1.

Corpus Callosum—The whole of the corpus callosum (CC) was tracked by placing S-
ROlIs along the length of the CC, in red-colored voxels, in the midsagittal slice.62 CC sub-
divisions were identified using an adapted classification method based on cortical
connectivity derived from DTI fiber tracking.53 The posterior border of the genu was defined
by a perpendicular line coursing through the anterior most point of the inner convexity. CC
voxels anterior to this line (including the rostrum and the anterior sixth of the length of the
CC) represented the S-ROI for fiber tracking. The splenium was defined as the posterior
fourth of the whole CC with the whole length of the CC defined as the distance from the
anterior end to the posterior end. The body of the CC consisted of the middle portion
bordered by the genu and the splenium as described above.

Internal Capsule—S-ROls were placed following published methods.52 For the anterior
internal capsule, the S-ROI was placed on the color-map image in the axial plane in green-
colored voxels between the putamen and the caudate. For the posterior internal capsule, the
S-ROI was placed in the axial plane in blue-colored voxels medial to the lenticular nucleus
(putamen and pallidum) and lateral to the thalamus.
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Cingulum—The cingulum bundle appears in the coronal plane as green voxels inferior to
the cingulum gyrus and superior to the corpus callosum. To produce each cingulum tract,
separate S-ROI were placed in the anterior portion, the middle, and the posterior portion
following the description of Concha, Gross, & Beaulieu.54

Intra-rater reliabilities indicated strong reliability with intraclass correlation coefficients for
FA ranged from .70 — .99. Eight regions had ICCs higher than .85, and 7 were above .90.
The lowest ICC value (.70) was for the left anterior internal capsule.

Statistical Analysis

Results

Separate hierarchical regression analyses were conducted for each cognitive domain and
tract to test for an effect of PTSD or TBI. Age, years of education, and BDI total score were
entered in the first step, PCL-M scores were entered in the second step, and the TBI
grouping variable was entered in the third step of the model. Partial correlation, chi-square
analysis and ANCOVASs were used as indicated below. All analyses were conducted using
SPSS version 22 (SPSS Inc, Chicago, Illinois).

Sample Characteristics

As shown in Table 1, TBI and MC participants did not significantly differ with respect to
most demographic characteristics except for years of education (p = .05). However, the
groups did not differ in WRAT-4 Reading, suggesting that the difference in education was
not related to differences in premorbid intellectual functioning. The TBI sample reported
significantly higher levels of psychiatric distress including higher ratings on depression and
PTSD symptom severity. TBI injury characteristics are also shown in Table 1. Within the
TBI group, most reported experiencing more than one TBI event, half reported sustaining a
head injury that was combat related, half reported being exposed to blast waves, and most
reported LOC associated with any one TBI.

DTI Tractography Associations

Mean FA for each group across tracts is shown in Figure 2, and results for significant
predictors of regional DTI values from the hierarchical regression analyses are shown in
Table 2. After adjusting for important confounds (i.e., age, education, and depression), and
PCL-M score, TBI was a significant predictor of lower FA values in both the genu of the
corpus callosum (p=.03) and in the left cingulum bundle (p = .01).

Mean RD for each group across tracts is shown in Figure 3. After adjusting for age,
education, depression and PCL-M score, TBI history was a significant predictor of higher
RD in the left cingulum bundle (o =.01), right cingulum bundle (p = .04), and the genu (p
=.01). PCL-M total score was not a significant predictor of DTI values in any region in
models with or without the TBI grouping variable included (p’s > .23).
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Associations Among TBI Injury Characteristics and Regional DTI Values

Adjusting for age, education, BDI and PCL-M scores, the number of TBIs reported was
significantly negatively associated with FA in the left AIC (,é: -.0027,t=-2.13, p=.04),
and right AIC (,B: -.0025, t = —2.08, p=.05). Number of blasts reported and presence of
LOC were not significantly associated with regional FA, RD or AD values (all p-values > .
05).

Correlations with PCL-M Scores within the TBI Group

Partial correlations, adjusting for age, demonstrated no significant correlations between FA
and total PCL-M scores, or PCL-M symptom subtype scores (all p’s >.05). Contrary to
expectations, RD significantly negatively correlated with PCL-M scores in the genu (r = —.
35, p=.04). AD was significantly negatively correlated with PCL-M scores in the genu (r =
-.33, p=.05). Neuropsychological domain scores were not associated with PCL-M scores
(all p-values > .05). Number of TBIs reported did not significantly correlate with PCL-M
scores (p > .86).

Neuropsychological Test Performances

Z-scores for the cognitive domains by group and means for individual tests by group are
shown in Table 3. TBI history was significantly associated with poorer performances on both
memory (p =.02) and coding (p = .03) measures, after adjusting for age, years of education,
and BDI and PCL-M scores. In no individual models did the association between PCL-M
scores and cognitive domain scores reach significance (a// p’s > .05). There were also no
significant PCL-M by TBI interactions (all p-values >.10), and no significant associations
between number of TBIs or number of blasts with any of the neuropsychological domain
scores (all p-values > .10).

Correlations among Neuropsychological Domain Scores and Imaging Variables

Significant partial correlations between neuropsychological domain scores and regional DTI
variables across groups are presented in Table 4. Both processing speed and executive
functions significantly correlated with FA values from multiple tracts, including those that
differed between TBI and MC groups. There were no significant associations between DTI
scores and the memory composite (0’s > .05). As can be seen in Table 4, RD associations
with processing speed scores were non-specific with strong associations across 8 of the 9
tracts.

Discussion

This study investigated white matter microstructure in Veterans who reported a history of
mild to moderate TBI and examined whether disrupted microstructure was associated with
PTSD symptom severity and cognition. DTI findings indicated that TBI history as associated
with white matter damage with disrupted microstructure in the cingulum bundles and the
genu of the corpus callosum. Additionally, successive mild TBIs were associated with
reduced FA in bilateral anterior internal capsule regions suggesting a dose effect of TBI.
These results are consistent with the frontal susceptibility hypothesis of TBI,16:17 and they
add to the growing number of DTI studies linking milder grades of TBI with disrupted white
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matter microstructure in both civilian27:65-67 and military samples.3>-37 Importantly,
observed reductions in DTI metrics shown in the TBI group were independent of
demographic differences or psychiatric symptoms, including PTSD and depression.

Although our results demonstrated that the TBI group showed far greater PTSD symptom
severity than MCs, evidence in support of an association between PTSD symptom severity
and disrupted white matter pathways was lacking. Current PTSD symptom ratings did not
correlate with FA in any regression model, with or without inclusion of the TBI grouping
variable. Additionally, correlations between higher PTSD ratings and worse DTI values
within the TBI group were not observed. Our results contrast with those of Bazarian and
colleagues® and Schuff and colleagues!® who reported associations between PTSD and DTI
values in Veterans (i.e., increased diffusivity or decreased FA corresponding to increased
PTSD symptoms, respectively). Differences between the DTI analytic methods of this study
and those of Bazarian and colleagues®® may, in part, account for this discrepancy. For
example, Bazarian and colleagues found the highest percentile (i.e., 15t percentile) of mean
diffusivity sampled across the whole of the white matter significantly correlated with PTSD
severity. Such an approach may increase sensitivity to focal but spatially variable white
matter variations, but is limited as it does not identify where in the white matter greater
diffusivity significantly corresponded with PTSD severity. The present study identified a
priori identified tracts known to be affected in mTBI or with tentative links to PTSD
symptoms. Schuff and colleagues'® reported associations between the diagnosis of PTSD
and FA in the anterior cingulate and white matter within the prefrontal cortex. However,
their study did not stringently control for possible comorbid mild TBI or blast exposure,
which could also account for reduced FA in those regions, as shown in the present study.
Overall, our findings align with other recent studies that have found white matter
degradations associated with TBI in OEF/OIF Veterans in multiple white matter regions,
including those identified in the present study (i.e., the genu of the corpus callosum and
cinglum white matter), but failed to find any association between regional white matter
integrity and current PTSD symptoms post-TBI.36:37

Reductions in FA in the context of TBI are non-specific and may be related to
demyelination, axonal degeneration, or both.89 Our findings of increased RD suggest that
microstructural alterations in the TBI group are related to reductions in myelin integrity2®
and are consistent with similar reports in this regard. For example, in a sample of Veterans
with blast-related mild TBI, MacDonald and colleagues3® found elevated RD in the
cingulum bundle within 90 days of blast injury compared to controls. Study authors
described a relative normalization of RD upon a follow-up scan 6—12 months later, though a
trend toward increased RD relative to controls persisted (p = .07). Our study results,
however, portray a more permanent alteration in RD given our longer 4-year interval
between the TBI event(s) and scanning. In another study, using macromolecular proton
fraction mapping (MPF), an MRI technique sensitive to myelin, Petrie and colleagues®’
reported a diffuse pattern of abnormal myelin content associated with blast-related mild TBI.
Taken together, these studies suggest dynamic changes in myelin properties following mTBI
with incomplete return to baseline.
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Persisting reductions in myelin integrity may explain some of the observed cognitive deficits
shown in the TBI group. White matter disruption may fragment neural networks responsible
for cognitive processing and therefore reduce functional connections among cortical and
subcortical gray matter.20 Indeed, participants with history of head trauma performed poorly
on a processing speed task that requires synchronized and speeded output of many cortical
and subcortical regions. The robust correlations observed between increased RD and slower
processing speed suggests that myelin compromise and concomitant slowed propagation of
neuronal signaling may then contribute to reduced processing speed. However, other
cognitive findings were mixed. For example, executive functions did not significantly differ
between TBI and MC groups, but did correlate with DTI indices across many ROIs.
Additionally, reduced memory performance in the TBI group compared to MCs appears to
be unrelated to white matter integrity in our sample. Such findings contrast with Levin and
colleagues38 who found that worse DT values correlated with poorer performance on a
slightly more complicated word memory task than the one used in our study. It is possible
that the differing task demands between the two measures may account for this discrepancy.

The findings of poorer processing speed and memory performances in the TBI group relative
to MCs is somewhat inconsistent with the typical model of recovery following milder forms
of TBI which is characterized by a return to the normal levels within a few months post-
injury,’0-73 although it has been suggested that a small percentage (10-15%) of mTBI
individuals may experience mild but permanent cognitive deficits.”*75 Importantly, all
analyses as part of this study were conducted again with the exclusion of the five
participants classified as having a “moderate” TBI and the results were unchanged. Thus,
any contribution of greater severity, at this level of injury, was not sufficient to account for
the observed differences in cognitive functioning between MC and TBI groups in this study.
Other factors, such as comorbid psychiatric distress, have been tied to complicated recovery
following mTBI.76.77 Along these lines, some studies have found that any association
between mTBI and post-concussive symptom complaints and/or cognitive performance in
Veteran samples is lost after accounting for psychiatric symptoms (e.g., PTSD).1:78 In the
present study, the observed neuropsychological effects of TBI were independent of
comorbid psychiatric distress and suggest that other factors (e.g., the degree of white matter
damage secondary to head injury) may be contributing to worse cognitive performance in
this population.

One of the strengths of this study is that we investigated a well-characterized group of
military personnel using a comprehensive cognitive battery and an imaging protocol
designed to be sensitive to the effects of mTBI. Additionally, we carefully excluded
participants with suboptimal effort since inclusion of individuals with sub-threshold scores
on effort testing may exaggerate group differences on neuropsychological tests and could
attenuate possible group differences on biological markers. The cognitive findings in
particular have potential to inform clinical care as they suggest some Veteran’s may indeed
experience reductions in cognitive functions that persist well beyond the typical time frame
associated with spontaneous recovery of about one year. Follow-up longitudinal studies
would be necessary to determine the resiliency of these findings over time. Importantly, the
findings suggest that treatment of psychiatric symptoms alone, while vital to a Veteran’s
health, may not be sufficient to address lingering TBI-associated cognitive reductions. Thus,
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additional interventions that may assist Veterans to compensate for relative reductions in
cognitive abilities (e.g., compensatory memory strategies)’® may be warranted to more fully
address the complex symptom profiles in this cohort of \Veterans.

However, there are some limitations that warrant discussion. For example, 10 participants
were scanned after the GE scanner upgrade; however, SNR was likely unaffected by the
upgrade (as described above) and a follow-up comparison of regional FA values between
those 10 participants scanned post-upgrade and 10 age-matched participants scanned pre-
upgrade found no significant differences. This analysis did find differences in AD and RD
within the Genu between scanner platforms, however, the findings for this region remained
after including scanner as a predictor in the regression models. Additionally, the
generalizability of our findings to single-event TBIs is limited as most of our participants
endorsed multiple TBI events. Moreover, since our sample was on average four years
removed from their most recent mTBI event, our finding may not extend to persons with
more recent mTBI. Our assessment of PTSD symptoms also carries limitations. While the
reliability of the PCL-M has been demonstrated,8® symptom endorsement may have differed
from those of a clinician-guided assessment of PTSD symptoms. Both MC and TBI groups
endorsed deployments during OEF/OIF operations, however the severity of their combat
exposure was available for group comparisons. This could account for the fairly large
discrepancy in the PTSD severity observed. This limitation was not thought to have greatly
affected the findings of this study there was no correlation between PTSD symptoms and
DTI values within the TBI group or when the regression analyses included both groups.
Similarly, in a follow-up analysis we found that the PTSD and depression ratings of Veterans
who sustained TBIs in combat (~50% of the sample) did not significantly differ from those
who reported TBIs sustained in non-combat environments (o’s .47 — .92). Finally, the
relationship between RD and myelin integrity or, membrane permeability, is indirect and
susceptible to further uncertainty within highly complex white matter bundles within a
voxel.24 How white matter disruption may impact the presentation of psychiatric symptoms,
including PTSD, remains an area of ongoing study and DTI is but one of many available
measures of white matter properties. To aid in clarifying the relationship between DTI
measures and white matter properties, future studies could incorporate imaging methods
more directly related to myelin content.81.82

Conclusion

This study investigated whether TBI-related white matter alterations, as measured via DTI,
contribute to heightened PTSD symptoms in Veterans of the recent conflicts in Irag and
Afghanistan. Our findings suggest that while TBI-related alterations of frontal white matter
pathways are associated with reductions in cognitive processes (e.g., processing speed), such
alterations do not appear to contribute to current PTSD symptom severity. Additionally,
cumulative mTBIs were associated with reduced white matter integrity in bilateral anterior
internal capsule regions suggesting a dose effect of TBI. These results further support the
burgeoning literature linking milder forms of head trauma to disrupted white matter
microstructure. Importantly, observed reductions in DTI metrics shown in the TBI group
were independent of demographic differences or psychiatric symptoms, including PTSD and
depression. Taken together, these findings suggest that persisting cognitive symptoms
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Figure 1. Diffusion Tensor Imaging Tracts
Depiction of the white matter tracts on a representative TBI participant. A) Splenium (red),

Body (blue), Genu (yellow); B) Cingulum Bundle; C) anterior (green) and posterior (bluge)
internal capsule.
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Regional FA Values by Group. Note: Cing = Cingulum, AIC = Anterior Internal Capsule,
PIC = Posterior Internal Capsule. Error bars represent standard error. *Groups significantly
differed on hierarchical regression analysis (£<.05).
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Figure 3.
Regional Radial Diffusivity Values by Group. Note: Cing = Cingulum, AIC = Anterior

Internal Capsule, PIC = Posterior Internal Capsule. Error bars represent standard error.
*Groups significantly differed on hierarchical regression analysis (p < .05).
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Table 1
Sample Characteristics of the Military Control (MC) and TBI Groups

MC TBI
n 17 38
Age (years) 33.7(8.7) 31.2(9.1)
WRAT-4 Reading (SS) 105.8 (9.1) 105.6 (12.2)
Years of Education ™ 147(20) 134(14)
% Male T7% 90%
% Caucasian 7% 55%
BDI-II 51(84)  17.8(12.5)
PCL-M *** 22.4(109) 43.0(17.5)

Re-experiencing™* 5.7 (22) 12.1(5.6)

Avoidance/Numbing ™™ 9-2 (4.9) 173(8.1)
Arousal ™ 7.8(4.0) 144 (5.1)

Months Since TBI - 48.3(31.8)
Mean Number of TBIs - 27(2.2)
% >1TBI - 68%

% Combat TBI - 50%

% Reporting Any LOC at TBI - 63%

% Reporting Blast Related TBI - 54%
No. of Blasts Exposed - 6.9 (23.7)
No. of Times Dazed from Blasts - 22(2.9)

Note: values = mean (SD), count, or percentage (as indicated); SS = standard score; LOC = loss of consciousness; WRAT-4 = Wide Range
Achievement Test, Fourth Edition; AUDIT = Alcohol Use Disorders Identification Test; NSI = Neurobehavioral Symptom Inventory; BDI-II =
Beck Depression Inventory-2; PCL-M = Post-traumatic Stress Disorder Check List- Military Version.

*ok

p<.01,

Aok

*
p<.001
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Regional DTI indices associated with TBI

Region F (1,490 R2A
Fractional Anisotropy ~ Genu 512% .09
Cingulum Left 7028% 12
Cingulum Right 3.0t .06
Radial Diffusivity Genu 70297 12
Cingulum Left 773%% 12
Cingulum Right ~ 44* .07

Ak
p<.01,
*
p<.05,

"x.10

Table 2

Page 21

Results of hierarchical regression predicting regional DTI values (level one: years of education, Beck Depression Inventory-11 scores; level two:

PTSD Check-List scores; level three: TBI vs. Control).
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Table 4

Significant Partial Correlations between Neuropsychological Domain Scores and DTI

Executive Functions

Processing Speed

FA  AIC Right 7% ns
Cingulum Left 38*" 38"
Cingulum Right 27* 33*
Genu ns 447
Body 37 437
Splenium 36%" 3"
PIC Left 517 507
PIC Right 497 27"

RD  AIC Left ns -277"
Cingulum Left ns -40™"
Cingulum Right ns -37
Genu ns -.45™"
Body -30% —48™*
Splenium ns -36™"
PIC Left -30% -48""
PIC Right -27% -28%

AD  Body ns -29%
PIC Right 3% ns

Results of partial correlation adjusting for age

*
p<.05,

Aok

p<.01,

*ok

*
p<.001,

ns = not significant
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