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Abstract

Whether persisting cognitive complaints and postconcussive symptoms (PCS) reported by Iraq and Afghanistan war
veterans with blast- and/or combined blast/impact-related mild traumatic brain injuries (mTBIs) are associated with
enduring structural and/or functional brain abnormalities versus comorbid depression or posttraumatic stress disorder
(PTSD) remains unclear. We sought to characterize relationships among these variables in a convenience sample of Iraq
and Afghanistan-deployed veterans with (n=34) and without (n=18) a history of one or more combined blast/impact-
related mTBIs. Participants underwent magnetic resonance imaging of fractional anisotropy (FA) and macromolecular
proton fraction (MPF) to assess brain white matter (WM) integrity; ['*F]-fluorodeoxyglucose positron emission tomog-
raphy imaging of cerebral glucose metabolism (CMRglu); structured clinical assessments of blast exposure, psychiatric
diagnoses, and PTSD symptoms; neurologic evaluations; and self-report scales of PCS, combat exposure, depression,
sleep quality, and alcohol use. Veterans with versus without blast/impact-mTBIs exhibited reduced FA in the corpus
callosum; reduced MPF values in subgyral, longitudinal, and cortical/subcortical WM tracts and gray matter (GM)/WM
border regions (with a possible threshold effect beginning at 20 blast-mTBIs); reduced CMRglu in parietal, somatosen-
sory, and visual cortices; and higher scores on measures of PCS, PTSD, combat exposure, depression, sleep disturbance,
and alcohol use. Neuroimaging metrics did not differ between participants with versus without PTSD. Iraq and Afgha-
nistan veterans with one or more blast-related mTBIs exhibit abnormalities of brain WM structural integrity and mac-
romolecular organization and CMRglu that are not related to comorbid PTSD. These findings are congruent with recent
neuropathological evidence of chronic brain injury in this cohort of veterans.

Key words: diffusion tensor imaging; macromolecular proton fraction; mild traumatic brain injury; positron emission
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Introduction

S A RESULT of the widespread use of improvised explosive

devices against United States (US) military personnel de-
ployed to the conflicts in Iraq and Afghanistan, large numbers of
active duty service members and combat veterans have sustained
one or more blast- and/or combined blast/impact-related mild
traumatic brain injuries (mTBIs) as defined by American Congress
of Rehabilitation Medicine (ACRM) criteria.' Many of these per-
sons report persisting cognitive complaints (e.g., poor concentra-
tion, slowed thinking, short-term memory impairment) and/or other
post-concussive symptoms (PCS, e.g., headache, sleep disruption,

daytime fatigue, irritability) years after blast/impact-mTBI. Whe-
ther these chronic symptoms are accompanied by detectable al-
terations in brain structure and/or function has been unclear. Recent
reports that hyperphosphorylated tau neurofibrillary tangles (NFTs)
characteristic of chronic traumatic encephalopathy (CTE) have
been observed postmortem in the brains of 26 Iraq and Afghanistan
veterans with antemortem repetitive mTBI*™* lend urgency to an-
swering this question.

Several investigators have used magnetic resonance (MR) dif-
fusion tensor imaging (DTI) to interrogate brain white matter
(WM) integrity in veterans with and without blast/impact mTBI
exposure.”™ Findings to date have been inconsistent, however. We
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previously reported ['®F]-fluorodeoxyglucose positron emission
tomography (['*FJFDG-PET) imaging evidence of corticocer-
ebellar hypometabolism in a small group of Iraq and Afghanistan
veterans with blast-mTBI.'® The control group consisted of civil-
ians without history of military service, however, raising the pos-
sibility that unmeasured behavioral and/or environmental variables
associated with military enlistment, training, and/or deployment,
rather than blast exposure per se, may have influenced the results.

To address this issue, we performed ['*F]FDG-PET imaging of
regional cerebral glucose metabolism (CMRglu) in Iraq and
Afghanistan deployed veterans with (blast-mTBI veterans) and
without (nonblast veterans) one or more blast and/or combined
blast/impact-related mTBIs. To assess CMRglu associations with
WM integrity and to allow comparison with other studies of
blast-exposed veterans, we also performed DTI measurements of
fractional anisotropy (FA), a metric of WM structural integrity, and
macromolecular proton fraction (MPF) mapping,''™* a new
quantitative metric of WM myelin compositional integrity based on
the magnetization transfer effect.'"'>™'7 To estimate the possible
contribution of comorbid posttraumatic stress disorder (PTSD) to
brain abnormalities in blast-mTBI veterans, we compared neuroi-
maging findings between blast-mTBI veterans with and without a
diagnosis of PTSD.

Methods
Participants

The Veterans Affairs (VA) Puget Sound Health Care System and
University of Washington Institutional Review Boards approved all
procedures, and all participants provided written informed consent
before study enrollment. The study participants were a convenience
sample recruited from veterans seeking health care from VA Puget
Sound. Study staft prescreened VA medical records of Iraq and/or
Afghanistan veterans, both with and without mTBI, who were
patients in the Deployment Health, PTSD, general Mental Health,
and Dental clinics, to identify veterans potentially eligible for study
participation, who were then referred by their VA providers to
study staff. In addition, veterans were recruited via flyers and ad-
vertisements posted within VA Puget Sound and at area universi-
ties, community colleges, gyms, and cafes; via Craig’s list postings;
via presentations at Deployment Health, PTSD, and general Mental
Health Clinic staff meetings by ERP; and via word-of-mouth by
study participants.

All participants had been deployed to Iraq and/or Afghanistan
with the US Armed Forces. The 34 male blast-mTBI veterans were
31.6%9.2 (mean + standard deviation [SD]) years of age (range 23—
60 years) and had 13.7 £ 1.5 years of education, and the 18 nonblast
veterans (17 males, 1 female) were 32.8 7.3 (range 22-46) years
of age and reported 14.1+ 1.5 years of education. The groups did
not differ with respect to age or to education (p>0.05). To meet
inclusion criteria, all blast-mTBI veterans had to have experienced
at least one war zone blast or combined blast/impact exposure that
resulted in acute mTBI as defined by ACRM criteria' (modified to
exclude Glasgow Coma Scale scores, which were not available in
the combat setting). The nonblast veterans reported no lifetime
history of mTBI by ACRM criteria (except one who was briefly
dazed and confused after an impact head injury at age 16).

None of the participants had a history of head injury with loss of
consciousness (LOC) exceeding 30 min (i.e., the maximum dura-
tion of LOC specified in the ACRM criteria for mTBI); penetrating
head wound; seizure disorder; insulin dependent diabetes; current
or past Diagnostic and Statistical Manual of Mental Disorders-1V
(DSM-1V) diagnoses of schizophrenia, other psychotic disorders,
bipolar disorder, dementia; or an alcohol or other substance abuse
diagnosis within the previous 3 months. Participants using medi-
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cations potentially affecting brain function, such as opioids, ben-
zodiazepines, or sedating antihistamines, were asked not to take
those medications for 24 h before ['®*F]FDG-PET imaging. Parti-
cipants with retained shrapnel; ferromagnetic medical implants or
prostheses; foreign metal objects; with metal fragments in the eyes
(ruled out by computed tomography radiography of the orbits if
suspected by history); and/or tattooed eyeliner or other facial tat-
toos were excluded from MR imaging studies but were not ex-
cluded from participation in other study procedures.

mTBIl assessments in blast-mTBI veterans

Blast exposure and mTBI histories were obtained from blast-
mTBI veterans during a semi-structured interview in which specific
inquiries were made regarding total number of blast exposures
accompanied by acute symptoms of mTBI (both in Iraq/Afghani-
stan and in other military and nonmilitary settings) and lifetime TBI
history. This interview was designed by the authors in collaboration
with three former senior noncommissioned officers who served in a
Army Stryker brigade in Mosul, Irag, in 2004-2005 (see Ac-
knowledgements). No previously published TBI assessment in-
strument or interview format was used.

Our instrument, the Quantification of Cumulative Blast Ex-
posure (QCuBE), queried lifetime history of any TBI; number of
mTBIs (separated into those with and without LOC less than
30 min) associated with blast exposure and, separately, with blunt
head trauma, both during deployment to Iraq/Afghanistan and also
during participants’ entire period of military service; number of
mTBIs resulting in evaluation by a medic or at a field hospital,
evacuation to another medical facility, temporary light duty re-
striction, and temporary or permanent reassignment. In addition,
the number of acute PCS occurring at the time of what participants
described as their most severe blast exposures (up to five per par-
ticipant) were recorded in detail. These included: LOC (and dura-
tion, if LOC occurred); dazed; confused; disoriented; time seemed
slowed; events felt unreal or dreamlike; saw stars/‘bell rung’’;
amnesia/memory loss; vision loss/blinded; blurry vision; double
vision; tunnel vision; ringing ears; hearing muffled/lost; bleeding
from ears; dizziness, vertigo (world spinning); unsteady on feet;
nausea; vomiting; headache; none; and other. A printed list of these
acute PCS was provided to participants during the QCuBE inter-
view to ensure uniformity of symptom queries. The QCuBE was
performed by ERP, ECP, CLM, DJH, KLH, in pairs. All did pair-
wise cross-training with each other to establish a consensus crite-
rion for each item response.

Behavioral assessments

The Structured Clinical Interview for DSM-IV'® was used to
establish diagnoses of Axis I psychiatric disorders. The Clinician
Administered PTSD Scale (CAPS)'?® was used to establish PTSD
diagnoses and to quantify PTSD symptoms. Participants also rated
lifetime combat exposure on the Combat Experiences Scale
(CES),*! current PTSD symptom severity on the PTSD Checklist-
Military version (PCL-M),** symptoms of depression on the
Patient Health Questionnaire-9 (PHQ-9),?* sleep disturbance on
the Pittsburgh Sleep Quality Index (PSQI),** alcohol use on the
Alcohol Use Disorders Identification Test-Consumption Ques-
tions (AUDIT-C),? and current post-concussive symptoms on the
Neurobehavioral Symptom Inventory (NSI).?

Neurological assessments

Because parkinsonian motor signs have been observed in pa-
tients with repetitive mTBI and CTE,?” all participants underwent a
full neurological examination, including the Unified Parkinson’s
Disease Rating Scale (UPDRS) motor section.?® Olfactory function
was assessed using the Brief Smell Identification Test.”’



BLAST TRAUMA SEQUELAE IN VETERANS

["®FJFDG-PET image acquisition and pre-processing

Brain ['®FJFDG-PET images were acquired on a GE Advance
scanner (GE Medical Systems, Milwaukee, WI; axial resolution
4.25 mm full-width-half-maximum [FWHM] at the center), after in-
travenous infusion of 8~10 mCi of ['*F]-FDG. Because our previous
work'? demonstrated that blast-exposed participants would likely have
sustained injuries to many of the brain structures typically used as
physiologically intact “‘reference” regions for voxel-intensity nor-
malization (such as the cerebellum and the pons), voxel intensities
were normalized to mean whole brain CMRglu, which also adjusted
for scan-to-scan differences in ['®F]JFDG specific activity, injected
dose, and effects of blood glucose levels on brain uptake.

Automated coregistration; voxel-intensity normalization; spatial
normalization (linear size adjustment and nonlinear warping) to a
T-1-based ['*FIFDG-PET brain atlas in Talairach stereotactic co-
ordinate space;’® image smoothing using a 2.25mm’ Gaussian
kernel (approximately one-half the PET scanner FWHM axial
resolution); peak cortical and subcortical CMRglu extraction and
surface projection; and generation of stereotactically defined vol-
umes-of-Interest (VOIs) were performed with Neurostat/3D-
SSP.*'% Pre-defined VOIs were generated for right and left
frontal, medial frontal, parietal, medial parietal, temporal, medial
temporal, anterior cingulate, posterior cingulate, somatosensory,
and visual cortices; right and left thalami, cerebellar hemispheres,
and vermi; and the pons. In addition, 4.5 mm (i.e., two voxel) di-
ameter spherical VOIs centered at the Talairach atlas coordinates of
between-group differences identified on voxelwise whole-brain
analyses were generated to estimate the magnitude of between
group differences in imaging parameters.

DTI and MPF image acquisition

Brain FA and source images for MPF mapping were acquired on a
3.0 T Philips Achieva whole body scanner (Philips Medical Systems,
Best, Netherlands) with a transmit-receive head coil. The FA image
acquisition protocol used a single-shot spin-echo echo-planar imaging
sequence with TR=10.56 sec; TE =60 msec; flip angle =80 degrees;
matrix size= 128 x 128; field of view (FOV)=240x240; slice thick-
ness=3mm; 32 gradient directions; and b-factors=0 and 1,000s/
mm?. The MPF image acquisition protocol was modified from that
of Yarnykh,'* to improve spatial resolution, and consisted of: (a) a
MT-weighted spoiled three-dimensional (3D) gradient-echo (GRE)
sequence (TR/TE=43/2.3 msec, flip angle=10 degrees) with an off-
resonance saturation pulse (offset frequency =4 kHz, saturation flip
angle=950 degrees, duration=19msec); (b) a reference 3D GRE
sequence with the same imaging parameters and without saturation;
(c) three 3D GRE sequences for T1-relaxation-time mapping, using
variable flip angles (TR/TE=20/2.3 msec, flip angles=3, 10, and 20
degrees), and an optimized spoiling scheme;*¢ (d) a 3D BO mapping
sequence (TR/TE1/TE2=20/2.3/3.3ms, flip angle = 10 degrees) based
on the dual-echo GRE phase-difference method;37 and (e) a 3D actual
flip angle B1 mapping sequence (TR1/TR2/TE =25/125/2.3 msec, flip
angle =60 degrees).’**®

Actual spatial resolution was 1.5x1.5x3.0mm> (3D matrix
size=160x120x 60, FOV =24 x 18 x 18 cm) for all images except
for field maps. BO and B1 maps were acquired with resolution of
2x3x3mm’ and 2x3x6mm?, respectively. All raw data were
zero-interpolated to reconstruct 120 slices with 1.5 mm thickness
and 1.0x 1.0 mm? in-plane resolution. Voxel intensity normaliza-
tion was not performed for brain FA and MPF images because both
FA and MPF are quantitative values reflecting intrinsic physical
properties of brain tissue, with magnitudes directly proportional to
the signal acquired by the MR scanner.

Diffusion tensor image pre-processing

DTI head motion, eddy current, and BO-field inhomogeneity-
induced geometric distortion corrections were performed using the
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Oxford FMRI Software Library (FSL) DTI toolbox.** DTIPrep*
was then used to identify and remove image slices with large
within-slice intensity differences, wrapping abnormalities, or
other artifacts. Participants’ FA maps were spatially normalized to
Talairach atlas space using Neurostat, because its normalization
algorithms are not dependent on imaging modality and have been
shown by others to perform comparably to statistical parametric
mapping (SPM; The Wellcome Des)artment of Neurology, London,
UK) when applied to MR images.*'

MPF image pre-processing

MPF parametric maps were reconstructed using a two-step
voxelwise algorithm. During the first step, the fit of the Ernst
equation to variable flip angle data with B1 correction®® was per-
formed to obtain T1 and proton density (PD) maps. During the
second step, the pulsed magnetization transfer matrix equation'>*?
was iteratively solved by the Gauss-Newton method with BO and
B1 correction and standardized constraints for nonadjustable two-
pool model parameters'* to yield MPF maps. The second step of
reconstruction was performed only on voxels containing a non-
negligible contribution from the brain parenchyma, which was
masked by removing nonbrain tissues and cerebrospinal fluid
(CSF).

Brain masks were created from PD maps using the FSL Brain
Extraction Tool.** In addition, CSF was segmented out before re-
construction of MPF maps, because MPF has a zero value in CSF
that cannot be reliably determined by the MPF computation algo-
rithm. CSF segmentation was performed using Bl-corrected T1
maps by excluding voxels with T1 relaxation times above a
threshold value of T1=3000 ms.

MPF maps were then single-channel segmented in native space
into four tissue classes using the FSL standard automated seg-
mentation tool, FAST*® using a Markov random field weighting
parameter of 0.25, an empirical value found to provide optimal
visual smoothness and anatomic consistency. The four tissue
classes are: WM; low myelin content GM (ImGM, mainly cortical
GM and the caudate nucleus); high myelin content GM (hmGM,
mainly the thalamic nuclei ** and WM/GM border zones); and a
superficial layer of gray matter (sGM, that portion of ImnGM sus-
ceptible to partial volume averaging with CSF) used primarily for
suppression of volume averaging effects but not for data analyses.
Participants’ MPF maps were spatially normalized to Talairach
atlas space using Neurostat.

Data analysis

Whole brain voxelwise comparisons of CMRglu, FA, and MPF
values in nonblast versus blast-mTBI veterans were performed
using ¢ statistics, which were then converted to Z scores by means
of a probability integral transformation. Statistical significance,
controlling the overall Type I error rate at p =0.05 (corresponding Z
score of approximately 4.0) for multiple comparisons, was deter-
mined using a random Gaussian fields approach.*’ Between group
comparisons of mean whole-brain MPF WM, ImGM, hmGM, and
sGM values and of nonimaging data were performed using direc-
tional (one-tailed) independent groups -statistics (significance le-
vel p<0.05), based on a priori hypotheses of abnormal imaging
metrics, psychological symptoms, and neurological symptoms and
signs in blast-mTBI versus nonblast veterans.

To investigate possible threshold or dose-effect relationships
between blast-related mTBIs and alterations in brain neuroimaging
parameters, additional whole-brain voxelwise analyses were per-
formed comparing MPF and CMRglu values in nonblast veterans
with each of three approximately equal-sized subgroups composed
of blast-mTBI veterans with military career totals of, respectively,
1-5, 6-19, and 20-100 blast-related mTBIs (similar analyses of
FA values could not be performed, because of insufficient FA
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image sets to create blast-exposure subgroups large enough for
statistical evaluation).

Results
mTBI assessments in blast-mTBI veterans

Blast-mTBI veterans experienced 13.2+16.8 (range 1-66)
blast-mTBI events while deployed to Iraq or Afghanistan and a
total of 19.6+26.0 blast mTBI events during their entire period of
military service. Total military blast-mTBI exposures ranged from
1 to 100, distributed as follows: 1 (9%), 2-5 (29.4%), 6-10 (20.6%),
11-15 (6%), 16-20 (14.7%). 21-50 (9%), and 51-100 (11.8%).
Blast-mTBI veterans experienced 1.0+1.1 (range 0—4) blast ex-
posures accompanied by LOC, all of which occurred in Iraq or
Afghanistan. Lifetime episodes of head trauma with LOC from any
cause were 2.1+2.2 (range 0-11), indicating that approximately
50% of lifetime LOC episodes were associated with military blast
exposure. Mean time between last blast-mTBI and study enroll-
ment was 3.8 £ 1.5 (range 1.2-7.1) years.

The 34 blast-mTBI veterans provided information on the 20
QCuBE-assessed acute PCS for a total of 140 of their self-described
“most severe’” blast exposures. They reported experiencing
7.6 3.6 (median=7; range 1-16) acute PCS per blast-mTBI event.
Relative frequencies of acute PCS were: dazed (72%); confused
(51%); disoriented (64%); time seemed slowed (58%); events felt
unreal or dreamlike (53%); saw stars/*‘bell rung”” (56%); amnesia/
memory loss (16%); vision loss/blinded (12%); blurry vision
(26%); double vision (5%); tunnel vision (11%); ringing ears
(84%); hearing muffled/lost (70%); bleeding from ears (1%); diz-
ziness (36%), vertigo (world spinning) (19%); unsteady on feet/
balance problems (41%); nausea (15%); vomiting (3%); and
headache (63%).

Sixteen blast-mTBI veterans reported having been evaluated in
the field by a medic for acute PCS after a blast exposure; seven
reported having been evaluated in a field hospital; one reported
being medically evacuated to other than a field hospital; six re-
ported being temporarily assigned to light duty; and one reported
being permanently reassigned after a blast-mTBI event.

Behavioral assessments

Compared with nonblast veterans, the blast-mTBI veterans en-
dorsed more frequent and severe PCS on the NSI; more severe
combat exposure on the CES; and had higher PTSD symptom
scores on the CAPS and the PCL-M; higher depression scores on
the PHQ-9; greater sleep impairment on the PSQI; and greater
alcohol use on the AUDIT-C (although no participants in either
group met criteria for alcohol abuse or dependence, as noted in the
Methods section) (Table 1).

Among the blast-mTBI veterans, higher NSI scores were asso-
ciated with greater numbers of both Iraq/Afghanistan deployment
and total military career blast-related LOCs (r=0.347, p <0.05 for
both), but not with number of blast-related mTBIs. As would be
expected in this cohort, higher combat exposure scores on the CES
were associated with larger numbers of both Irag/Afghanistan de-
ployment blast mTBIs and blast-related LOCs (r=0.433, p<0.01
and r=0.337, p <0.05, respectively) and total military career blast-
mTBIs and blast-related LOCs (r=0.318, p<0.05) for both. No
significant associations were found between number of Iraq/
Afghanistan or total military blast-mTBIs and scores on the PCL,
CAPS, PSQI, PHQ-9, Audit-C, Smell Test, or UPDRS motor sec-
tion after applying corrections for multiple comparisons. Veterans
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TABLE 1. BEHAVIORAL ASSESSMENT SCORES:
BLAST-MTBI VETERANS AND NONBLAST VETERANS

Measure Blast-mTBI veterans Nonblast veterans
CAPS 53.8+£31.6 (n=31) 9.1£17.5 (n=17)*
PCL-M 49.5+17.9 (n=33) 20.7£6.8 (n=18)*
PHQ-9 9.6+7.4 (n=34) 2.6£3.6 (n=18)*
PSQI 9.44+4.9 (n=33) 43+3.3 (n=16)*
AUDIT-C 47+2.4 (n=34) 3.0+£1.7 (n= 18)°
NSI 29.5+17.5 (n=34) 6.5+10.0 (n=17)*
CES 13.3£2.6 (n=34) 4.0+4.0 (n=15)*

Data are shown as mean + standard deviation.

2 <0.001, °p<0.01 (independent groups #-test, one-tailed).

CAPS, Clinician Administered posttraumatic stress disorder (PTSD)
Scale; PCL-M, PTSD Checklist-Military Version; PHQ-9, Patient Health
Questionnaire-9; PSQI, Pittsburgh Sleep Quality Index; AUDIT-C,
Alcohol Use Disorders Identification Test—Consumption Questions; NSI,
Neurobehavioral Symptom Inventory; CES, Combat Experiences Scale.

with more versus fewer than 20 blast-mTBIs had higher CES scores
(15.1+£1.8 vs. 12.5£2.6, p<0.05), but the groups did not differ
with respect to any of the other behavioral assessment measures.
With respect to possible overlapping symptoms of PCS and
PTSD, we found that the 22 PCS on the NSI that were more fre-
quently rated as moderate, severe, or very severe by blast-mTBI
versus nonblast veterans (Table 2) included only five that are de-
scribed as symptom criteria for PTSD in DSM-1V or listed as PTSD
symptoms in the CAPS (i.e., feeling anxious/tense, irritability,
difficulty falling/staying asleep, poor concentration/attention, and

TABLE 2. PERCENT OF BLAST-MTBI VETERANS
AND NONBLAST VETERANS WHO RATED NEUROBEHAVIORAL
SYMPTOM INVENTORY ITEMS AS MODERATE, SEVERE,
OR VERY SEVERE

Blast-mTBI Nonblast
veterans veterans
NSI item (n=34) (n=17)
Forgetfulness 68 24%
Feeling anxious/tense” 65 12%
Headaches 62 6%*
Irritability” 62 18*
Difficulty falling/staying asleep” 62 12%
Sensitivity to noise 59 0*
Poor concentration/attention® 53 18%*
Slowed thinking 53 12%
Hearing difficulty 50 0*
Poor frustration tolerance® 47 6%*
Feeling depressed/sad 44 12%%
Fatigue/loss of energy 41 6*
Difficulty making decisions 38 18%*
Numbness/tingling on body 35 12%%*
Sensitivity to light 35 6%*
Loss or increase in appetite 32 0**
Poor coordination 21 6+*
Loss of balance 21 (Vo
Vision problems 21 (Vo
Feeling dizzy 15 6%*
Change in taste or smell 15 (Vokoo
Nausea 12 (ko

“Symptom that may also occur in posttraumatic stress disorder (PTSD).

*p<0.001, **p<0.01, ***p<0.05 (independent groups t-test, one-
tailed).

NSI, neurobehavioral symptom inventory.
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FIG. 1. (A) Z-score subtraction maps of fractional anisotropy (FA) values in blast-mild traumatic brain injury (mTBI) veterans (blast mTBI
veterans; n=15) compared with nonblast veterans (n=12), superimposed on magnetic resonance (MR) template images for anatomic
orientation (right side of brain is on left side of image). Bar shows color scale versus Z-score, with higher values representing increasing
magnitude of FA reduction in blast-mTBI versus nonblast veterans. Shown are horizontal sections through the brain corresponding ap-
proximately to Talairach atlas® Z-axis coordinates of +9 mm, +5mm, +2mm, and —2 mm, as well as views of the right medial (RT MED)
and left medial (LT MED) surfaces of the brain. (B) Z-score subtraction maps of macromolecular proton fraction (MPF) values in blast-mTBI
veterans (n=27) compared with nonblast veterans (n=16), superimposed on horizontal MR template images for anatomic orientation (right
side of brain is on left side of image). Bar shows color scale versus Z-score, with higher values representing increasing magnitude of MPF
reduction in blast-mTBI versus nonblast veterans. Shown are horizontal sections through the brain corresponding approximately to Talairach
atlas™ Z-axis coordinates of +25 mm, + 11 mm, +4mm, and —11 mm, as well as views of the right medial (RT MED) and left medial (LT
MED) surfaces of the brain. (C) Z-score subtraction maps of cerebral rate of glucose metabolism (CMRglu) in blast-mTBI veterans (n=33)
compared with nonblast veterans (n=16). Upper row shows brain MR imaging templates for anatomic orientation. Bar shows color scale
versus Z-score, with higher values representing increasing magnitude of hypometabolism in blast-mTBI versus nonblast veteran group. Views
are right lateral (RT LAT), left lateral (LT LAT), right medial (RT MED), and left medial (LT MED) surfaces of the brain.

poor frustration tolerance). When the NSI was scored without in-
cluding these five items, the total score was still greater in blast-
mTBI compared with nonblast veterans (20.47+12.8 [n=34] vs.
4.12£6.67 [n=17], p<0.001).

Neurological assessments, UPDRS, Smell Test

None of the participants exhibited focal neurological deficits.
Total scores on the UPDRS motor section, however, were higher in
blast-mTBI versus nonblast veterans (2.0£2.8 [range 0-9, n=34]
versus 0.6 £ 1.5 [range 0-6, n=18], p <0.05). In contrast, scores on
the Smell Test did not differ between groups (p>0.05).

MR DTI

Whole-brain voxelwise analyses demonstrated reduced FA
values in blast-mTBI versus nonblast veterans at two locations

within the right genu of the corpus callosum. The VOIs centered
at those locations showed FA reductions of 20.7% and 28.1%,
respectively (Fig. 1A, 2A).

MPF mapping

Mean whole brain MPF values were lower in blast-mTBI
versus nonblast veterans (Fig. 3B) in WM (13.22£0.70% vs.
13.82+0.41%, p=0.0017), hmGM (8.90£0.42% vs. 9.32+0.20%,
p=0.0003), and ImGM (5.78 £0.26% vs. 6.01 £0.16%, p=0.0015),
but did not differ with respect to the sGM partial volume component
(3.02£0.25% vs. 3.02+£0.44%, p=0.49).

Whole-brain voxelwise analyses demonstrated that MPF values
were lower in blast-mTBI versus nonblast veterans in multiple
brain regions (Fig. 1B, 2B, and Table 3), including cortical-
subcortical WM tracts (i.e., right external capsule and right internal
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FIG. 2. (A) Box and whisker plots showing maximum, third quartile, median, first quartile, and minimum fractional anisotropy values
for corpus callosum right genu volumes of interest (VOIs) (centered at atlas coordinates of groupwise differences identified by
voxelwise analyses) in 15 blast-mild traumatic brain injury (mTBI) veterans (Blast-mTBI Vets, light gray bars) and 12 nonblast
veterans (Nonblast Vets, dark gray bars). (B) Box and whisker plots showing maximum, third quartile, median, first quartile, and
minimum macromolecular proton fraction values in right superior longitudinal fasciculus (SLF), right internal capsule, anterior limb
(internal capsule), right middle frontal gyrus gray matter/white matter border (MFG GM/WM), and right middle frontal gyrus gray
matter (MFG GM) VOIs (centered at atlas coordinates of groupwise differences identified by voxelwise analyses) in 27 blast-mTBI
veterans (Blast-mTBI Vets, light gray bars) and 16 nonblast veterans (Nonblast Vets, dark gray bars).
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FIG. 3. (A) Example segmentation of a molecular proton fraction (MPF) map of a representative participant’s brain showing
unsegmented MPF map and binary segmentation masks corresponding to white matter (MPF WM), high myelin gray matter (MPF
hmGM), low myelin gray matter (MPF ImGM), and superficial gray matter (MPF sGM). (B) Box and whisker plots showing maximum,
third quartile, median, first quartile, and minimum whole brain MPF WM, hmGM, ImGM, and sGM values for 27 blast-mild traumatic
brain injury (mTBI) veterans (Blast-mTBI Vets, light gray bars) compared with 16 nonblast veterans (Nonblast Vets, dark gray bars).
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TABLE 3. BRAIN LOCATIONS OF LOWER MACROMOLECULAR PROTON FRACTION
IN BLAST-MTBI VETERANS (N=27) vS. NONBLAST VETERANS (N=16)
Structure® Tissue® Coordinates (mm)° Z-score’ % Reduction®
R external capsule WM (=30, -1, 0) 4.4 10.5
R internal capsule, anterior limb WM (-17,17,9) 4.0 12.3
R superior longitudinal fasciculus WM (=44, -6, 27) 4.1 16.3
R superior frontal gyrus GM (—=24, 59, 22) 4.6 35.8
WM (=17, =13, 45) 4.4 7.2
GM/WM (17, 8, 58) 4.0 27.0
GM/WM (-6, 32, 27) 4.0 17.6
GM (—24, 66, 7) 4.0 36.4
R middle frontal gyrus WM (=39, 1, 47) 4.4 19.6
GM (—46, 50, -2) 4.1 28.1
GM/WM (37, 48, —4) 4.3 16.7
L inferior frontal gyrus GM/WM 42, 5, 20) 4.3 243
R medial orbital gyrus GM (—26, 37, —16) 4.2 30.5
GM (-21,5, -11) 4.1 18.4
R precentral gyrus WM (=19, —17, 45) 4.4 8.1
GM (—46, —13, 43) 4.1 19.6
R anterior cingulate gyrus GM (-3, 41, 18) 4.5 23.6
L subcallosal gyrus GM (15,3, —-14) 4.3 325
L superior parietal lobule WM (15, —62, 32) 4.0 15.6
R precuneus WM (=21, —58, 38) 4.2 16.8
L lingual gyrus GM (12, =91, -11) 4.2 20.2

*Assigned with reference to Talairach and Tournoux®® and John’s Hopkins University”' brain atlases. R, right; L, left.

bGM, gray matter; WM, white matter; GM/WM, gray matter/white matter border region.

“Talairach atlas coordinates of significant between-group differences in MPF by whole brain voxel-wise analyses. For x-axis, positive values are left of
midline and negative values are right of midline. For z-axis, positive values are superior to plane of line connecting anterior and posterior commissures.
For y-axis, positive and negative values are anterior versus posterior (respectively) of the anterior commissure.

97-score resulting from probability integral transformation of t-statistic for between-group comparison at voxel coordinates given in column 3.

“Percent reduction (blast-mTBI vs. nonblast veterans) in mean MPF values for 4.5 mm diameter volumes-of-interest centered on Talairach atlas
coordinates of significant (i.e., Z >4.0) voxel-wise between group differences.

capsule-anterior limb); the interlobar right superior longitudinal fas-
ciculus; frontal and parietal subgyral WM (i.e., right precentral, su-
perior and middle frontal gyri, medial parietal gyrus/precuneus, and
left superior parietal lobule); frontal GM/WM border regions (i.e.,
right superior and middle frontal and left inferior frontal gyri); and
multiple cortical GM regions (i.e., right superior and middle frontal,
precentral, and anterior cingulate and left lingual and subcallosal
gyri). VOIs centered on the atlas coordinates of these between-group
differences showed that MPF reductions in blast-mTBI versus non-
blast veterans ranged between 6.8 and 24.7% in magnitude.

Additional whole-brain voxelwise analyses showed that MPF
values were lower in blast-mTBI veterans with more versus fewer
than 20 total military blast-related mTBIs at more atlas coordinates
distributed among a larger number of brain regions (Table 4). In
addition, reduced MPF values in commissural, interlobar, and
cortical-subcortical WM tracts and in GM/WM border regions
were present only in veterans with greater than 20 total military
blast-mTBIs.

["®F]FDG-PET brain imaging

Whole-brain voxelwise analyses showed that, compared with
nonblast veterans, blast-mTBI veterans exhibited CMRglu reduc-
tions (Z scores >4.0) in the right and left parietal cortices (1.62%
and 1.71%, respectively, based on VOIs); the left somatosensory
cortex (1.66% by VOI); and the right visual cortex (3.43% by VOI)
(Fig. 1C). Additional whole-brain voxelwise comparisons showed
that CMRglu values were lower in veterans with more versus fewer

than 20 total military blast-mTBIs at a single atlas coordinate
located within the parahippocampal gyrus.

Effects of comorbid PTSD on CMRglu, FA, and MPF

Whole-brain voxelwise analyses indicated that blast-mTBI
veterans with versus without PTSD did not differ with respect to
CMRglu, FA, or MPF values in any brain regions.

Relationships between neuroimaging measures
and behavioral and neurological assessments

Within the blast-mTBI Veteran group, VOI-based correlation
analyses showed no statistically significant associations (after
corrections for multiple comparisons) between FA or MPF values
and any of the behavioral or neurological assessment measures.
Similarly negative results were obtained for correlation analyses
based on CMRglu values in the sensorimotor and visual cortices.

Relationships among neuroimaging measures

Within the blast-mTBI veteran group, VOI-based correlation
analyses showed no statistically significant associations (after
corrections for multiple comparisons) between FA and MPF, FA
and CMRglu, or MPF and CMRglu values, respectively.

Discussion

Our findings provide evidence that chronic alterations in
brain WM structure and composition and cortical glucose



TABLE 4. BRAIN LOCATIONS OF LOWER MACROMOLECULAR PROTON FRACTION MPF IN BLAST-MILD TRAUMATIC BRAIN INJURY
VETERANS WITH 1-5, 6-19, AND 20-100 BLAST EXPOSURES, RESPECTIVELY, COMPARED WITH NONBLAST VETERANS

Veterans with 1-5 blast-mTBIs (n=10) compared with nonblast veterans (n=16)

Structure® Tissue® Coordinates (mm)° Z-score®
R pyramis (cerebellum) GM (=19, —64, -27) 4.45

GM (=17, =73, -32) 3.99
L middle temporal gyrus GM (66, =37, —4) 4.09
R medial frontal gyrus WM (=6, 28, 34) 4.28

GM (-3, 39, 25) 3.97
R postcentral gyrus WM (=15, =35, 47) 3.98
L lingual gyrus WM (12, =91, —11) 432
R precuneus WM (-8, —64, 20) 4.08
R cuneus GM (-1, =62, 16) 3.96

Veterans with 6—19 blast-mTBIs (n=38) compared with nonblast veterans (n=16)

Structure® Tissue® Coordinates (mm)° Z-score®

L Precuneus WM (12, —64, 34) 3.95

Veterans with 20-100 blast-mTBIs (n=9) compared with nonblast veterans (n=16)

Structure® Tissue® Coordinates (mm)° Z-score®
R superior frontal gyrus GM/WM (=21, 57, 22) 4.85
GM/WM (- 10, 66, 0) 4.07
GM (=24, 59, 27) 4.57
GM (- 15, 66, 20) 4.56
GM (—24, 66, 7) 3.98
WM (-17,53,7) 4.24
WM (=17, =10, 45) 4.20
L superior frontal gyrus GM/WM (26, 50, 18) 4.08
L inferior frontal gyrus GM/WM 39, 5, 20) 4.54
R middle frontal gyrus GM/WM (=37, 48, —4) 4.32
GM/WM (42, 41, 14) 4.17
GM/WM (—44, 26, 18) 4.04
GM (—46, 50, —4) 3.96
WM (—28, 50, 20) 4.12
WM (-35, 3, 40) 4.10
WM (-39, 35, 32) 4.10
R precentral gyrus WM (=21, =19, 45) 4.26
L precentral gyrus WM (17, =19, 40) 4.08
(15, =17, 47) 4.06
R postcentral gyrus WM (=37, 3, 45) 4.14
L postcentral gyrus WM (57, =13, 22) 4.18
(19, —33, 40) 4.09
R middle temporal gyrus GM/WM (=60, =31, —4) 4.13
L superior parietal lobule WM (19, —62, 27) 4.54
(28, —406, 38) 4.20
R cingulate gyrus GM (=3, 30, 27) 4.19
L cingulate gyrus WM (3, —28, 32) 4.10
R precuneus WM (=21, —60, 43) 4.21
GM (-1, —64, 18) 3.99
GM (=3, =96, 16) 4.19
GM (=10, =94, 11) 3.98
R cingulum (hippocampal part) WM (=17, =46, 2) 4.06
L cingulum WM 3, —15,32) 4.74
(15, 14, 36) 3.96
R corpus callosum, tapetum WM (=26, —44, 16) 4.15
R corpus callosum, splenium WM (—10, —40, 16) 4.10
L superior longitudinal fasciculus WM (35, —13, 34) 4.58
R corona radiata, anterior WM (=26, 37, —16) 3.95
L corona radiata, superior WM (26, 5, 25) 4.09
R internal capsule, anterior limb WM =17, 17,9) 4.07
(-17, 14, 16) 3.95
L external capsule WM 28,1, 2) 4.00
R posterior thalamic radiation WM (=26, —58,7) 4.35

mTBI, mild traumatic brain injury.

Assigned with reference to Talairach and Tournoux’® and John’s Hopkins University’' brain atlases. R, right; L, left.

bGM, gray matter; WM, white matter; GM/WM, gray matter/white matter border region.

“Talairach atlas coordinates of significant between-group differences in macromolecular proton fraction by whole brain voxel-wise analyses. For x-
axis, positive values are left of midline and negative values are right of midline. For z-axis, positive values are superior to plane of line connecting
anterior and posterior commissures. For y-axis, positive and negative values are anterior versus posterior (respectively) of the anterior commissure.

9Z-score resulting from probability integral transformation of 7-value for between-group comparison at voxel coordinates given in column 3.
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metabolism are present in Iraq and Afghanistan war veterans
with one or more blast-mTBIs compared with those without
blast exposure; that there may be a threshold effect governing
the relationship between blast-mTBIs and abnormal findings
on brain MPF imaging; and that CMRglu, FA, and MPF
neuroimaging alterations in this cohort of veterans cannot be
attributed to comorbid PTSD.

Compared with nonblast veterans, blast-mTBI veterans in our
study had lower FA values in the genu of the corpus callosum, a
structure commonly affected by impact head traumas producing
diffuse axonal injury (DAI).***" In contrast, Levin and associates,’
using voxelwise, VOI, and tractography analyses, found no dif-
ferences in brain FA values among groups of Iraq/Afghanistan
veterans with no, mild, or moderate blast-mTBI. In another DTI
study, Davenport and colleagues’ reported that blast-exposed vet-
erans exhibited greater numbers of low FA voxels (i.e., <2 SD
below the mean of non-blast-exposed veterans) within several
commissural, interlobar, and cortical-subcortical WM fiber tract
VOIs, but that mean FA values in the same VOIs did not differ
between groups.

Mac Donald and coworkers® reported that military personnel
evacuated from Iraq or Afghanistan after a combined blast/impact
mTBI versus a non-head injury exhibited reduced FA values in the
cingulum bundles, middle cerebellar peduncles, and uncinate fas-
ciculi, as well as the right internal capsule and orbitofrontal white
matter. Morey and colleagues’ found that Iraq/Afghanistan veter-
ans with combined blast/impact mTBIs exhibited reduced FA in
numerous commissural, cortical/subcortical, and anterior-posterior
interlobar WM tracts and brainstem regions compared with those
without TBI. Most recently, Jorge and associates® reported that 72
veterans with and 21 without blast/impact-mTBI exposure in Iraq
or Afghanistan did not differ with respect to FA values using tract
based spatial statistics (TBSS).48 Post-hoc analyses, however,
showed more clusters of contiguous low-FA voxels (i.e.,<3 SD
below the mean of non—blast-exposed subjects) in the blast/impact
mTBI Veterans.

Factors accounting for the contradictory findings in previous
studies of blast-mTBI in Iraq and Afghanistan veterans remain
unclear but may include differences in subject characteristics and/
or imaging protocols. For example, time between blast exposure
and imaging ranges between a median of 14 days® and 9.7+10.8
years.” Participants in our and previous studies also differ with
respect to both the relative number and severity of both blast and
impact mTBI exposures. In addition, the accuracy and reliability of
FA measurements are known to be sensitive to the introduction of
artifacts during DTI acquisition, prepossessing, spatial normaliza-
tion, and statistical analysis.**>'

Of particular concern are image analysis strategies that rely on
pixel intensities as the basis for spatial normalization and then
analyze pixel intensity differences as outcome measures; such
“circular” analyses may result in inflated Type I error rates.”'™?
Neurostat/3D-SSP, however, optimizes spatial normalization of
individual subject images to the Talairach atlas space via ana-
tomically based spatial matching algorithms applied at both the
global (linear size adjustment) and regional (nonlinear warping)
levels,>' %% minimizing the risk of this confound.

Based on these methodological considerations and the fact that
previous studies have differed greatly with respect to DTI acquisition
and analysis techniques,”™ it is plausible that methodological differ-
ences may account for much of the variance in findings across studies.
In this regard, our use of Neurostat for spatial normalization of par-
ticipants’ brain FA maps represents yet another potential methodo-
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logical confound. That the Neurostat spatial normalization algorithm
is not modality dependent™ and has been shown by others to perform
comparably to SPM when applied to MR images*' argues against it
having a significant effect on our findings. Possible Type I or Type 11
errors, however, resulting from inaccuracy of spatial registration are
always a concern in brain mapping research, even though the algo-
rithms have been tested and used by others.

Another factor possibly contributing to inconsistencies among
previous study results may relate to the biomechanics of brain in-
juries resulting from explosive blast waves, which may create
complex patterns of stress and shear forces within the brain pa-
renchyma (particularly at interfaces between tissues of differing
density, such as GM/WM junctions),>* which may predispose to the
development of spatially heterogeneous patterns of injury across
individuals,>® rendering them difficult to identify via current
voxelwise-, VOI-, and tractography-based image analysis methods.

This is the first study to evaluate blast-mTBI effects on brain
structure by means of MPF mapping. Between-group differences in
MPF values were evident in cortical-subcortical and interlobar WM
tracts, in frontal subgyral WM, and in GM/WM border regions
known to be vulnerable to DAI in impact TBL***"-3 This pattern of
abnormalities was more evident in veterans sustaining more versus
less than 20 blast-mTBIs during military service, suggesting a
possible threshold effect of repetitive blast-related mTBIs on MPF
imaging abnormalities. Whether these imaging abnomalities rep-
resent neuropathologic changes in WM myelin composition re-
mains to be determined. Although reduced MPF values in GM/WM
border regions is consistent with neuropathological findings in
DAI, we cannot rule out a confounding effect of GM/WM partial
volume effects. This represents a thorny methodological problem
that is not amenable to resolution by tractography-based methods,*®
which typically threshold out the peripheral margins of WM tracts,
where both GM/WM damage and partial volume effects occur.
Whether alternative approaches, such as cortical surface-based
extraction of diffusion data,’® can disambiguate these effects re-
mains to be determined.

Other studies of MPF mapping in TBI are not available in the
literature. However, whole brain voxelwise imaging of the mag-
netization transfer ratio (MTR), a less specific metric of myelin
composition,'"'*~'7 have demonstrated reduced whole brain MTR
in impact mTBI with persistent PCS.”” In addition, there is overlap
among brain structures exhibiting reduced MPF in our blast-mTBI
veterans and reduced MTR in previous studies of civilian patients
with mild, moderate, and severe impact TBI.336!

We previously reported evidence of cerebellar, pontine, tha-
lamic, and medial temporal hypometabolism in blast-mTBI veter-
ans compared with civilian controls without a history of military
service or TBL'® In contrast, this sample of blast-mTBI veterans
exhibited hypometabolism restricted to the bilateral parietal, left
sensorimotor, and right visual cortices when compared with de-
ployed veterans without blast-related mTBI. Given that regional
hypometabolism after severe impact TBI has been shown to im-
prove during the course of recovery,®? it is significant that our blast-
mTBI veterans continue to exhibit residual CMRglu deficits an
average of almost 4 years after their last blast exposure.

Whether cognitive complaints and persisting PCS in Irag/
Afghanistan war veterans with a history of blast-mTBI are mani-
festations of occult brain injury or of comorbid psychiatric condi-
tions, such as PTSD, has been a source of controversy.®*®> A
number of studies have reported brain DTI abnormalities in patients
with PTSD.®® Our blast-mTBI veterans with versus without PTSD,
however, did not differ with respect to brain FA, MPF, or CMRglu
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values. Overall, these results argue against comorbid PTSD being
responsible for CMRglu, FA, and/or MPF abnormalities in veterans
with repetitive blast-mTBI.

Limitations of our study include the small sample size and the
fact that both the number of blast exposures and the nature and
severity of acute blast-related symptoms were dependent on par-
ticipant recall. In addition, although we obtained detailed histories
of isolated impact mTBI exposures in our blast-mTBI veterans, the
large number of blast exposures in this group precluded us from
obtaining similarly detailed histories of blast exposures that were
and were not accompanied by secondary impact mTBIs. Other
investigators have also reported difficulties identifying Iraq or
Afghanistan deployed veterans not exposed to both blast and im-
pact mTBIL.>*% Finding a ““pure” blast mTBI sample of deployed
veterans may not be possible given the high frequency of blunt head
trauma during extended combat operations and/or as secondary and
tertiary mechanisms of head injury accompanying blast exposure.
Elucidating which alterations in brain structure and/or function in
veterans with mTBI are uniquely associated with blast versus im-
pact mechanisms of injury may not be possible until such time as
quantitative blast-mTBI metrics can be gathered by wearable
electronic sensors, as have recently been used in studies of sports
related concussions.®’

We were unable to identify robust associations between neu-
roimaging metrics and behavioral and neurological assessment
measures within the group of blast-mTBI veterans, despite finding
significant between-group differences in several of these variables.
The reasons for these discrepancies are unclear. It is possible,
however, that spatial heterogeneity in the distribution of blast-
related brain injuries among individuals, as mentioned earlier,>®
may have decreased the power of our image analysis methods to
detect such associations. In addition, the pre-specified VOIs applied
to our participants’ [ISF]FDG—PET images were optimized for
detecting the effects of neurodegenerative disorders characterized
by predictable patterns of disease onset and progression within
large, contiguous areas of cerebral cortex.’®*% It is possible that
blast-injury-related changes in CMRglu in smaller clusters of
voxels within these VOIs may have not have been detected.

Similarly, the relatively small number of veterans with greater
versus less than 20 blast-mTBIs may have resulted in insufficient
statistical power to detect associations between numbers of blast-
mTBIs and scores on behavioral and neurological assessment mea-
sures. Finally, as noted earlier, errors resulting from inaccuracy of
spatial registration are always a concern in brain mapping research and
cannot be completely ruled out here. Additional research needs to be
performed to further confirm our current findings.

To what degree, if any, brain FA, MPF, and/or CMRglu ab-
normalities in blast-mTBI veterans are associated with abnor-
malities of tau phosphorylation and/or NFT formation, as recently
demonstrated neuropathologically in 26 Iraq/Afghanistan veter-
ans with repetitive mTBL>™ is unknown. Imaging studies of
professional boxers,”® a group at high risk for the development of
CTE,” have reported decreased FA in many of the same WM
tracts as our veterans with blast-mTBI exposure.”>®? Whether
changes in WM integrity seen on DTI and MPF and NFTs dem-
onstrated neuropathologically by others>™ are causally related
or are separate and physiologically distinct outcomes of repeti-
tive mTBI remains to be determined. Longitudinal studies of
blast-mTBI veterans combining neuroimaging and CSF neuro-
degenerative dementia biomarker measurements and sensitive
neurocognitive evaluations are needed to clarify the long-term
risk for CTE in this cohort of veterans.
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