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Objective: Cerebral blood flow (CBF) plays a critical role in the maintenance of neuronal integrity, and CBF alter-
ations have been linked to deleteriouswhitematter changes. Although both CBF andwhitemattermicrostructur-
al alterations have been observed within the context of traumatic brain injury (TBI), the degree to which these
pathological changes relate to one another and whether this association is altered by time since injury have
not been examined. The current study therefore sought to clarify associations between resting CBF and white
matter microstructure post-TBI.
Methods: 37 veterans with history of mild or moderate TBI (mmTBI) underwent neuroimaging and completed
health and psychiatric symptom questionnaires. Resting CBF was measured with multiphase pseudocontinuous
arterial spin labeling (MPPCASL), andwhitemattermicrostructural integrity wasmeasuredwith diffusion tensor
imaging (DTI). The cingulate cortex and cingulum bundle were selected as a priori regions of interest for the ASL
and DTI data, respectively, given the known vulnerability of these regions to TBI.
Results: Regression analyses controlling for age, sex, and posttraumatic stress disorder (PTSD) symptoms re-
vealed a significant time since injury × resting CBF interaction for the left cingulum (p b 0.005). Decreased CBF
was significantly associated with reduced cingulum fractional anisotropy (FA) in the chronic phase; however,
no such association was observed for participants with less remote TBI.
Conclusions: Our results showed that reduced CBF was associated with poorer white matter integrity in those
who were further removed from their brain injury. Findings provide preliminary evidence of a possible dynamic
association between CBF andwhitemattermicrostructure thatwarrants additional considerationwithin the con-
text of the negative long-term clinical outcomes frequently observed in those with history of TBI. Additional
cross-disciplinary studies integrating multiple imaging modalities (e.g., DTI, ASL) and refined neuropsychiatric
assessment are needed to better understand the nature, temporal course, and dynamic association between
brain changes and clinical outcomes post-injury.
System (151B), 335

ss article under the C
Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords:
Perfusion
Arterial spin labeling
ASL
Cerebral blood flow
CBF
White matter microstructure
Diffusion tensor imaging
DTI
Traumatic brain injury
TBI
Time since injury
White matter
1. Introduction

Traumatic brain injury (TBI) has come to be known as the predomi-
nant injury of U.S. Veterans returning from the recent wars in Iraq and
Afghanistan (Hoge et al., 2008). Of the nearly two million military ser-
vice members that have been deployed since the beginning of these
wars, estimates suggest that an astounding 15–25% of these individuals
0 La Jolla
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have sustained at least one TBI during deployment (Fortier et al., 2014;
Hoge et al., 2008; Terrio et al., 2011;Warden, 2006). The vastmajority of
these injuries can be classified as either mild or moderate (Defense and
Veterans Brain Injury Center, 2016), and are often the direct result of ei-
ther blunt-force (i.e., direct blow to the head) or blast-related (i.e., pres-
sure wave from an explosive device) trauma.While most Veterans who
experience mild neurotrauma do not require immediate or emergency
medical care at the time of injury, a host of troubling cognitive (e.g., ex-
ecutive dysfunction, attention and memory deficits) (Combs et al.,
2015; Vanderploeg, Curtiss & Belanger, 2005), post-concussive (e.g.,
headaches, dizziness, fatigue) (King et al., 2012; Lippa, Pastoerk,
ense (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Benge, & Thornton, 2010), and psychiatric symptoms (e.g, anxiety, de-
pression) (Brenner, 2011; Yurgil et al., 2014) frequently emerge post-
injury. Collectively, these enduring neurobehavioral symptoms contrib-
ute to considerable health care costs (Stroupe et al., 2013; Tanielian &
Jaycox, 2008), and they play a fundamental role in frequently reported
decreased quality of life (Schiehser et al., 2015), and increased rates of
disability and unemployment observed in Veterans with history of
head injury (Lippa et al., 2015). Importantly, although most individuals
with mild TBI appear to fully recover within about one year post-injury,
a subset of individuals—oftentimes referred to as the “miserable
minority”—continue to experience long-term cognitive, psychiatric,
and behavioral difficulties (Bigler, 2013a, b; Ruff, Camenzuli, &
Mueller, 1996; Vanderploeg, Curtiss, Luis & Salazar, 2007). Unfortunate-
ly, the exact neuropathological mechanisms underlying the persistent
sequelae of mild neurotrauma remain poorly understood since tradi-
tional neuroimaging techniques are generally insensitive to subtle neu-
ropathological changes associated with mTBI, as conventional
computed tomography (CT) and magnetic resonance imaging (MRI)
scans have largely yielded normal results (Bigler, 2013a, 2013b;
Brenner, 2011; McAllister, Sparling, Flashman, & Saykin, 2001).

The advent ofmore sophisticated neuroimaging technology, coupled
with experimental animal modeling of TBI, has provided insight into
pathophysiologicalmechanisms thought to underlie the negative health
outcomes of Veterans with history of TBI. Biomechanical and animal
models of TBI have demonstrated that direct, or primary injury, to neu-
rons, glia, and vessels occurs during neurotrauma (Bigler & Maxwell,
2012; Blennow, Hardy, & Zetterberg, 2012; Chatelin et al., 2011;
Kenney et al., 2015; LaPlaca et al., 2007; LaPlaca & Prado, 2010;
Povlishock & Katz, 2005). Moreover, secondary pathophysiological
cascades (i.e., neuroinflammation, edema, ischemia, Wallerian de-
generation) exacerbate local injury sites and contribute to diffuse
damage post-injury (Bigler & Maxwell, 2012; DeKosky, Blennow,
Ikonomovic, & Gandy, 2013; Farkas & Povlishock, 2007; Johnson et
al., 2013; Magnuson, Leonessa, & Ling, 2012). While more severe
and heterogeneous pathology is observed in those with moderate
or severe TBIs, the mechanisms underlying milder forms of
neurotrauma remain less well understood, as precise modeling of
mild TBI in experimental studies is challenging, and autopsy cases
are exceedingly rare. Nevertheless, advanced MRI techniques (e.g.,
diffusion tensor imaging [DTI], arterial spin labeling [ASL]) have
been utilized for in-vivo quantification of neurotrauma-related
brain changes in Veterans (seeWilde et al., 2015 for review). Howev-
er, while some studies find robust brain differences in Veterans with
history of TBI relative to those with no history of head trauma (Mac
Donald et al., 2011; Miller, Hayes, Lafleche, Salat, & Verfaellie,
2016; Petrie et al., 2014; Ponto et al., 2016), others fail to detect
any alterations (Jorge et al., 2012; Levin et al., 2010).

The inconsistent nature of neuroimaging findings following TBI may
be partially explained by the heterogeneous nature of injury, or alterna-
tively, differences in sample characteristics, scanning parameters, and
analytic techniques utilized. However, oftentimes unconsidered are
(1) the dynamic relationship between brain variables of interest and
(2) how time since injury may factor into brain changes. With respect
to the former, studies of normal and pathological aging have consistent-
ly demonstrated that cerebral blood flow (CBF) plays a pivotal role in
the maintenance of white matter (WM) tissue integrity (Burzynska et
al., 2015; Chen, Rosas, & Salat, 2013; O'Sullivan et al., 2002; Salat,
2014; Steketee et al., 2016). Reduced CBF has been demonstrated to
not only precede, but also directly contribute to negative WM micro-
and macro-structural changes in older adults (Bernbaum et al., 2015;
Brickman et al., 2009; Promjunyakul et al., 2015; Promjunyakul et al.,
2016; ten Dam et al., 2007). Importantly, while both CBF and WM
changes have been independently examined within TBI (Delano-Wood
et al., 2015; Ponto et al., 2016; Vas et al., 2016), few studies have ex-
plored relationships between CBF and WM within this population. This
is especially critical given CBF reductions could serve to exacerbate or
contribute to any trauma-induced WM alterations well beyond the
time of initial injury.

Unfortunately, the temporal course of the neuropathological conse-
quences of TBI remains poorly understood (Greve & Zink, 2009;
Povlishock & Katz, 2005). However, there is some evidence to suggest
that both CBF andWM changes may differ depending upon phase of in-
jury (Eierud et al., 2014;Niogi &Mukherjee, 2010). For example, though
findings are mixed, fractional anisotropy (FA)—a marker of WMmicro-
structural integrity derived from diffusion tensor imaging (DTI)—has
been observed to be both elevated and decreased in various studies ex-
amining those with history of TBI in the acute phase of injury relative to
those without history of head trauma (Croall et al., 2014; Ling et al.,
2012;Mayer et al., 2012). On the other hand, decreased FA ismore com-
monly reported in individuals with history of TBI in the chronic phase of
injury (Miller et al., 2016; Wada, Asano, & Shinoda, 2012). Similarly,
while studies vary in reporting either elevated or decreased CBF in the
acute phase of injury (Doshi et al., 2015; Meier et al., 2015), decreased
CBF is most commonly observed in those with history of TBI who are
further removed for their initial injury when compared to controls
(Fridley, Robertson, & Gopinath, 2015; Ge et al., 2009). While there is
no general consensus as towhat constitutes acute versus chronic phases
of injury, most Veterans are many months to years removed from their
initial injury (i.e., in the chronic phase) during assessment; although,
there is considerable inter-subject variability in the time between injury
and assessment within and across previous Veteran TBI studies
(Delano-Wood et al., 2015; Jorge et al., 2012; Mac Donald et al., 2011;
Miller et al., 2016). It is especially critical to take into account time
since injury when relating CBF and WM integrity given there is some
evidence—at least in the aging literature—to suggest that CBF changes
may persist for some time before negative WM alterations are subse-
quently observed (Brickman et al., 2009; Promjunyakul et al., 2015;
ten Dam et al., 2007).

Therefore, there is a critical need to not only consider how CBF and
WM relate to one another, but also how this relationship may depend
on time since a TBI event. The current study sought to examine the
link between resting CBF of the cingulate cortex and WM integrity of
the cingulum bundle—two largely overlapping neuroanatomical re-
gions that are known to be especially vulnerable to TBI effects (Bigler,
2007; Wu et al., 2010). Clarification of such relationships may assist in
providing insight into factors influencing disparate brain findings in
the TBI literature and elucidate findings that show WM degeneration
may evolve over time during the chronic phase of injury (Bendlin et
al., 2008; Yeh et al., 2017). We hypothesize that (1) decreased CBF of
the cingulate cortex will be associated with reduced WM integrity of
the cingulum bundle and (2), that this association will become more
pronounced the further removed individuals are from their injuries. Im-
portantly, findings may assist in clarifying mechanisms underlying the
poor long-term outcomes and increased risk for stroke and dementia
observed in those with history of TBI (Barnes et al., 2014; Burke et al.,
2013; Chen, Kang, & Lin, 2011; Lee et al., 2013).
2. Methods

Study participants were 37 Operation Enduring Freedom, Operation
Iraqi Freedom, andOperation NewDawn (OEF/OIF/OND) Veterans with
history of mild or moderate TBI (mmTBI) recruited from outpatient
clinics and posted recruitment flyers at the VA San Diego Hospital
(VASDH) in La Jolla, California. The institutional review boards (IRBs)
at the VA San Diego Healthcare System (VASDHS) and University of
California, San Diego (UCSD) approved the study, and all study partici-
pants provided written and informed consent. Neuropsychological
testing, TBI history interviews, and completion of questionnaires
occurred at the Veterans Medical Research Foundation building located
on the VASDHS campus. All MRI scanning took place at the UCSD Center
for Functional MRI.
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2.1. TBI diagnostic procedure

The Department of Defense (DoD)/VA TBI Task Force criteria (2009)
was used for diagnosis of mild or moderate TBI. The criteria for mild TBI
include loss of consciousness (LOC) b 30min, or alteration of conscious-
ness (AOC) or post traumatic amnesia (PTA) b 24h,while the criteria for
moderate TBIwere LOC N30min but b24 h, or AOC N 24 h or PTA N1 day
but b7 days. Per Clark et al. (2016) trained graduate level and post-bac-
calaureate research assistants completed TBI history interviews. Each
study participant was assessed for both military (i.e., during enlistment
in the US armed services) and non-military (i.e., prior to or after dis-
charge from themilitary) related head injuries. All reportedmilitary-re-
lated injuries also include assessment of whether the mechanism of
injury was blunt or blast-related. For any injury that met diagnostic
criteria for mild or moderate TBI, the date of occurrence was recorded
and time since themost recent TBI and date of evaluationwas calculated
for use in subsequent analyses.

The following exclusionary criteria were applied to the study sample
overall: (1) severe TBI (loss of consciousness [LOC] ≥ 24 h, alteration of
consciousness [AOC] N 24 h, or posttraumatic amnesia [PTA] ≥ 7 days);
(2) prior history of major medical illnesses (e.g., myocardial infarction)
or neurological conditions (e.g., multiple sclerosis, stroke); (3) current
active suicidal and/or homicidal ideation, intent, or plan requiring crisis
intervention; (4) current or past history of DSM-IV diagnosis of bipolar
disorder, schizophrenia, other psychotic disorder, or cognitive disorder
due to a generalmedical condition other than TBI; (5) DSM-IV diagnosis
of current substance/alcohol dependence or abuse; (6) a positive toxi-
cology screen as measured by the Rapid Response 10-drug Test Panel;
and (7) any contraindications that preventedMRI scanning. Participants
were included in the study if theywere OEF/OIF/ONDVeterans between
the ages of 18–65, completed neuropsychological testing, and received
both DTI and MPPCASL sequences.

2.2. Health status, combat exposure, & symptom rating scales

All study participants completed a background health questionnaire
and height, weight, and blood pressurewas collected at the time of their
study visit. Exposure to wartime stressors and combat situations while
on deployment was assessed using the Combat Exposure Scale (CES;
Keane et al., 1989). Symptom rating scales that quantified current levels
of posttraumatic stress (PTSD Checklist [PCL-M]; (Weathers et al.,
1993), depression (Beck-Depression Inventory-II [BDI-II]; (Beck et al.,
1996), and neurological symptoms (Neurobehavioral Symptom Inven-
tory [NSI]; King et al., 2012) were also completed.

2.3. Neuroimaging data acquisition

All participants were scanned on a 3-Tesla General Electric MR750
whole-body MRI system with an eight-channel head coil. T1-weighted
Anatomical Scan: A sagitally acquired high-resolution T1-weighted an-
atomical scanwas collected using a 3D FSPGR sequencewith the follow-
ing parameters: FOV = 24 cm, 256 × 192 matrix, TR = 8.1 ms, TE =
3.192 ms, flip angle = 12°, TI = 550 ms, bandwidth = 31.25 kHz, and
172 1.2 mm slices.

DTI: DTI images were collected via dual spin echo EPI acquisition
(Reese, Heid, Weisskoff, & Wedeen, 2003) with the following parame-
ters: FOV = 24 cm, slice thickness = 3 mm, matrix size 128 × 128, in-
plane resolution = 1.875 × 1.875 mm, TR = 8000 ms, TE = 88 ms,
scan time: 12min. Forty-three sliceswere acquiredwith 61 diffusion di-
rections distributed on the surface of a sphere in conjunction with the
electrostatic repulsion model (Jones, Horsfield, & Simmons, 1999) and
a b value of 1500 s/mm2. Collection also included one T2 weighted
image with no diffusion (b = 0). Distortions due to a lack of magnetic
field homogeneity were reduced via field map corrections.

Resting CBF: Time-of-flight angiogram was collected with a three-
dimensional spoiled gradient echo sequence (FOV = 22 × 16.5 cm,
slice thickness = 1 mm, 0.57 × 0.74 × 1 mm3 resolution, TE = 2.7 ms,
TR= 20ms, flip angle 15°) in order to define the location for PCASL la-
beling. The imaging volume was prescribed to visualize arteries above
the vertebral crossing, but below the basilar artery. Axial images were
used to select the slice most perpendicular to bilateral vertebral and ca-
rotid arteries and this location was then set as the labeling plane in an
effort to achieve optimal tagging efficiency for the whole brain PCASL
scan.

Whole-brain ASL data was acquired during a resting state using an
MPPCASL sequence. Importantly,MPPCASLmitigates the adverse effects
of off-resonance fields and gradient imperfections on the inversion effi-
ciency in traditional PCASL techniques (Jung, Wong, & Liu, 2010). In
MPPCASL, the blood magnetization is modulated with multiple RF
phase offsets, and the resulting signal is then fit to a model function to
generate a CBF estimate. Parameters included 20 5mm thick axial slices
(1 mm gap), FOV = 24 cm, matrix 64 × 64, PCASL labeling duration =
2000 ms, post-labeling delay = 1600 ms, TR = 4200 ms, TE = mini-
mum, volumes = 60, scan time = 5min. To achieve CBF quantification
in physiological units (mL/100 g-min), a 36-s cerebrospinal fluid (CSF)
reference scan was obtained to estimate of the magnetization of CSF
(TR = 4000 ms, TE = 3.3 ms, NEX = 9 90°excitation pulse which is
turned off for first 8 repetitions to create PDW image contrast; Chalela
et al., 2000). A 32-s minimum contrast scan was also acquired to adjust
for coil inhomogeneities (TR= 2000ms, TE= 11 ms, NEX= 2) during
the CBF quantification step. Finally, a field map was acquired using a
spoiled gradient echo sequence to correct for field inhomogeneities
(TR = 500 ms, TE1 = 6.5 ms, TE2 = 8.5 ms, flip angle 45°, scan
time = 1:10 min).
2.4. Neuroimaging data processing

2.4.1. T1-weighted anatomical image processing
T1 anatomical images were reconstructed and parcellated into re-

gions of interest using FreeSurfer software (Dale, Fischl, & Sereno,
1999).Manual edits were performed to ensure proper region of interest
(ROI) segmentation and gray and white matter differentiation.
2.4.2. DTI processing
DTI preprocessing utilized the Oxford Centre for Functional Magnet-

ic Resonance Imaging of the Brain (FMRIB) Software Library (FSL)
(Smith et al., 2004). Two field maps were utilized to unwarp EPI acqui-
sitions, and all images weremotion corrected and visually inspected oc-
curred for quality control purposes. The FSL program dtifitwas used for
voxel-by-voxel calculation of the diffusion eigenvalues and to provide
fractional anisotropy (FA), a directional measure of diffusion ranging
from 0 (isotropic diffusion) and 1 (perfectly anisotropic diffusion) that
is reflective of fiber integrity.
2.4.3. Tractography
TrackVis (Wang et al., 2007), using the fiber assignment by continu-

ous tracking (FACT) algorithm, was used to generate the left and right
cingulum bundle for each participant. First, a color-coded map, seen
by loading the principle eigenvector image in FSL, was generated to dis-
play each voxel's main orientation of diffusion. This information, in con-
junction with a non-diffusion weighted map, allowed the rater to place
seed points for fiber tracking. An initial seed was placed inferior to the
cingulum gyrus and superior to the corpus callosum in the coronal
plane. Next, three additional seeds in the anterior portion, the middle,
and the posterior portion were placed following the description of
Concha, Gross, & Beaulieu (2005) to generate the entire cingulum bun-
dle for each hemisphere. Finally, mean FAwas extracted from the length
of each generated tract for use in statistical analyses. See Fig. 1 for depic-
tion of left cingulum bundle ROI used in analyses.



Fig. 1. Lateralized depiction of the regions of interested utilized in the current study. The
left cingulum bundle fiber track is superimposed on the left cingulate cortex (red).

Table 1
Participant characteristics.

Mean (SD)

Age 33.38 (6.05)
Education 14.54 (1.56)
WRAT-4 reading standard score 102.63 (12.45)
Gender (% Male) 89.2%
Ethnicity
Caucasian 35.1%
African-American 8.1%
Hispanic 37.8%
Asian 16.2%
Native American 2.7%
Combat exposure scale 16.23 (12.06)
PCL-M total score 47.57 (18.36)
BDI-II total score 21.14 (12.52)
NSI total score 37.11 (18.96)
Months since injury (months) 69.05 (38.09), median = 62.00,

range = 148
Total # of TBIs 2.84 (1.48)
TBI severity (% mild) 81%
% most significant TBI with LOC 65%
Blast-exposed (% yes) 49%
Pulse pressure (n = 36) 45.65 (8.28)
Height (in.) 67.93 (3.30)
Weight (lbs) 193.03 (45.58)
Current smoker (% yes) 16%
APOE-ε4 genotype (n = 35; % yes) 31%

WRAT-4 = wide range achievement test-4th edition; PCL-M= posttraumatic stress dis-
order checklist; BDI-II = Beck depression inventory 2nd edition; NSI = neurobehavioral
symptom inventory; APOE-ε4 = apolipoprotein-ε4 carrier.

Table 2
Multiple linear regression models for left cingulum bundle FA.

R2 F Standardized β t p

0.445 4.01 0.005
Age −0.304 −1.90 0.07
Gender −0.359 −2.55 0.02
PCL-M total score −0.007 −0.052 0.96
Time since injury −7.02 −3.97 0.000
CBF of left cingulate cortex −1.19 −3.37 0.002
CBF × time since injury 7.05 3.99 0.000
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2.4.4. Resting CBF
Each subject's raw ASL data, field map, and anatomical data were

uploaded for processing to the Cerebral Blood Flow Biomedical Infor-
matics Research Network (CBFBIRN; cbfbirn.ucsd.edu;Shin, Ozyurt, &
Liu, 2013) established at the UCSD Center for Functional Imaging. Field
map and motion correction, skull-stripping, tissue segmentation, and
conversion to absolute physiological units of CBF (mL/100 g tissue/
min) were completed through CBFBIRN. Quantified CBF maps for each
participant were downloaded to a local server where they were blurred
to 4 mm full-width at half maximum. Next, T1 images and partial vol-
ume segmentations were registered to ASL space and down-sampled
to the resolution of the ASL images using the Analysis of Functional
NeuroImages (AFNI) package (Cox, 1996). A threshold was applied
that removed values outside of the expected physiological range of
CBF (b10 or N150; (Bangen et al., 2014), then whole brain gray matter
CBF and regional gray matter CBF values from the Desikan et al.
(2006) atlas were extracted. Mean perfusion of the cingulate cortex
was calculated as the average of the following gray matter ROIs for
each hemisphere with each region's contribution to the average
weighted by the volume of the region: rostral and caudal anterior cingu-
late, posterior cingulate and isthmus of the cingulate. See Fig. 1 for a
lateralized depiction of the left cingulate cortex utilized in this study.

2.5. Statistical analyses

Multiple linear regressions were performed to determine (1)
whether there was an association between CBF of the cingulate cortex
and WM microstructural integrity of the cingulum bundle and (2)
whether this association was modified by time since injury. A median
split for time since injury was conducted to dichotomize TBI partici-
pants into two groups. Chi-squared analyses were utilized to compare
the groups in terms of categorical variables and analysis of variance
(ANOVA) was used for continuous variables. All statistical analyses
were conducted using the Statistical Package for the Social Sciences
(SPSS) version 21 (SPSS IBM, New York, USA).

3. Results

Participant demographics, TBI characteristics, and symptom rating
scales for the sample are presented in Table 1. Participants were pre-
dominantly young (Mean age = 33.38 years) male (89%) Veterans
who were blast-exposed (49%) and experienced moderate levels of
combat exposure (Mean total score of 16.23 on Combat Exposure
Scale) while on deployment. With respect to TBI injury characteristics,
a greater proportion of Veterans experienced loss (65%) versus alter-
ation of consciousness during their most significant TBI, these injuries
were predominantly mild in severity (81%), and on average many
months had passed since their most recent head injury (Mean time =
69.05). Symptom rating scales revealed participants endorsed sub-
threshold levels of posttraumatic stress symptoms (Mean PCL-M total
score = 47.57) and depressive symptoms were moderate in severity
(Mean BDI-II total score= 21.14).

3.1. Resting CBF and WM associations

A set of multiple linear regressions were performed for each hemi-
sphere in an effort to determine if there was an association between
resting CBF of the cingulate cortex andwhite matter microstructural in-
tegrity of the cingulum bundle. In each model age, sex, PCL-M total
score, and resting CBF of the cingulate cortex were entered as predic-
tors. Results revealed that neither the left (β = 0.08, p = 0.67) or
right (β = 0.03, p = 0.88) cingulate cortex CBF predicted left or right
cingulum bundle FA, respectively.

3.2. Resting CBF, time since injury, and WM integrity

A second set of multiple linear regressions were performed for each
hemisphere to determine whether time since injury moderated the as-
sociation between resting CBF of the cingulate cortex and cingulum
bundle FA. In thefirstmodel, FA of the left cingulumbundlewas entered
as the dependent variable; age, sex, PCL-M total score, resting CBF of the

http://cbfbirn.ucsd.edu


Table 3
Group comparisons for phase of injury.

Post-acute group
mean (sd)
n = 18

Chronic group
mean (sd)
n = 19

F or
χ2

p

Age 33.11 (1.71) 33.63 (4.79) 0.07 0.80
Gender (% male)^ 83.3% 94.7% 1.29 0.26
Ethnicity^ 2.74 0.34
Caucasian 33.8% 36.8%
African-American 5.6% 10.5%
Hispanic 33.3% 42.1%
Asian 22.2% 10.5%
Native American 5.6% 0%
Combat exposure scale 13.96 (11.97) 18.38 (12.09) 1.25 0.27
PCL-M total score 51.28 (16.92) 44.07 (19.41) 1.44 0.24
BDI-II total score 24.44 (12.11) 18.01 (12.39) 2.55 0.12
NSI total score 42.30 (18.47) 32.11 (18.51) 2.86 0.10
Months since injury (months) 39.28 (15.97) 97.26 (30.57) 51.39 b 0.001
Total # of TBIs 2.89 (1.56) 2.79 (1.43) 0.04 0.84
TBI Severity (% mild)^ 88.9% 73.7% 1.44 0.23
% most significant TBI with LOC 55.6% 73.7% 1.34 0.25
Blast-exposed (% yes) 44.4% 52.6% 0.25 0.62
Pulse pressure
(n = 18, n = 18)

46.22 (7.34) 45.08 (9.31) 0.17 0.69

Height 67.75 (3.93) 68.11 (2.70) 0.75 0.75
Weight 191.78 (48.92) 194.28 (43.37) 0.87 0.87
Current smoker (% yes)^ 17% 16% 0.23 0.24
APOE-ε4 genotype (% yes) 35% 28% 0.63 0.63

^Likelihood ratio; PCL-M=posttraumatic stress disorder checklist; BDI-II= Beck depres-
sion inventory 2nd edition; NSI= neurobehavioral symptom inventory; APOE-ε4= apo-
lipoprotein-ε4 carrier.
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left cingulate cortex, time since injury, and an interaction term (resting
CBF of left cingulate cortex X time since injury) were entered as inde-
pendent variables. As shown in Table 2, results revealed therewas a sig-
nificant resting CBF of the left cingulate cortex × time since injury
interaction on FA of the left cingulum bundle (β = 7.05, t = 3.99,
p b 0.001). A median split for time since injury was conducted for fur-
ther inspection of this relationship (see Fig. 2). Examination of simple
main effects revealed that there was a significant positive correlation
between resting CBF of left cingulate cortex and left cingulum bundle
FA (r = 0.48, p = 0.04, n = 19) in Veterans furthest removed from
their time since injury (≥62 months). However, for Veterans whose in-
juries were more recent (b62 months), there was no significant associ-
ation between resting CBF of the left cingulate cortex and left cingulum
bundle FA (r = −0.19, p = 0.46, n = 18). Results did not differ when
total number of TBIs was included as a covariate in a secondary set of
analyses and total number of TBIs (β = 0.13, t = 0.67, p = 0.51) was
not a significant predictor of FA of the left cingulum bundle in the
model. When this set of analyses was performed for the right hemi-
sphere, there was no significant resting CBF of right cingulate cortex X
time since injury interaction on FA of the right cingulum bundle
(β = −0.99, t = 0.44, p = 0.66).

3.3. Group comparisons for phase of injury

In aneffort to further understand the significant association between
resting CBF of the left cingulate cortex and FA of the left cingulum bun-
dle, participant demographics, TBI injury characteristics, and symptom
rating scales were compared for participants who were closer versus
further removed from their time since injury (see Table 3). Results re-
vealed the groups were comparable on all comparisons except for
time since injury. Although not statistically significant, there were a
greater proportion of individuals in those further removed from their
TBI whose injuries were moderate (rather than mild) in severity. How-
ever, when a secondary set of analyseswhere TBI injury severitywas in-
cluded in the original regression model results remained the same and
TBI injury severity was not a significant predictor of FA of the left cingu-
lum bundle (β=0.04, t=0.25, p=0.80). Moreover, sensitivity analy-
ses revealed that when those with moderate TBIs (n = 7) were
excluded from this analysis entirely, the significant interaction of rest-
ing CBF x time since injury on FA of the left cingulum bundle remained
(β = 6.84, t = 3.58, p = 0.002).

4. Discussion

The current study explored (1) the association between neuroimag-
ing biomarkers of CBF and WM, and (2) the potential influence of time
since injury on this relationship in Veterans with history of mmTBI.
Fig. 2. Cerebral blood flow (CBF) of left cingulate cortex × time
Results showed an interaction between time since injury and CBF of
the left cingulate cortex on WM integrity of the left cingulum bundle.
Specifically, in Veterans who were furthest removed from their time
since injury, decreased CBF was significantly associated with reduced
FA of the cingulum region. These findings provide preliminary evidence
for a dynamic association between CBF and WM that may also play a
pivotal role in increased risk for negative health outcomes (e.g. stroke,
dementia) commonly observed in individuals with history of TBI. It is
possible that this dynamic association observed between CBF and WM
may partially explain themixed findings in the neuroimaging literature,
particularly since the vast majority of existing studies have focused on a
single neuroimaging modality.

While our understanding of the pathophysiological consequences of
TBI has improved, the time course of brain changes post-injury remains
less well understood. Recent evidence suggests that TBI-related brain
changes are not static, but may continue to evolve many months to
years following the initial insult. For example, Venkatesan et al.
(2015) utilized resting state functionalMRI (rs-fMRI) to explore the tra-
jectory of connectivity patterns between the acute and chronic phase of
since injury for left cingulum bundle fractional anisotropy.
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injury in individuals with history of moderate-to-severe TBI. Results re-
vealed that, relative to controls, the TBI group not only demonstrated al-
tered connectivity patterns, but that these differences intensified from
the acute to chronic phase of injury. In the present study, CBF and
WM associations were only evident in those furthest removed from in-
jury. It may be that this association is a manifestation of pathological
processes that are characteristic of more chronic injury phases. Alterna-
tively, as the aging literature has shown, CBF reductions may need to
persist for some time before WM alterations arise (ten Dam et al.,
2007; Brickman et al., 2009; Promjunyakul et al., 2015). Importantly,
we cannot ascribe our results to exact causal or directional etiologies
given the cross-sectional nature of this study and future studies are
needed to further elucidate the time course of these dynamic relation-
ships. Moreover, given this sample reflects mild TBI, there is also a crit-
ical need to clarify to what extent the observed findings may apply to
samples comprising primarily moderate or severe injuries.

Ourfinding of an association between CBF andWMin thosemost re-
mote from their injury aligns well with existing literature demonstrat-
ing a pronounced co-variation between WM integrity and vascular
function in both healthy and pathological aging samples (Burzynska et
al., 2015; Chen et al., 2013; O′Sullivan et al., 2002; Steketee et al.,
2016). Within the context of TBI, CBF may play an important role in
identifying those at risk for secondary WM changes following injury.
For example, in an emergency room sample with mild TBI, decreased
CBF at baseline assessment (within hours of injury) was tightly linked
with reducedWM integrity at follow-up (on average 5months post-in-
jury; Metting, Cerliani, Rodiger, & van der Naalt, 2013). The establish-
ment of a relationship between CBF and WM within the context of
head injury is critical, asmaintenance of vascular healthmaybe a critical
point of intervention in the prevention of additional brain damage in
those with history of TBI. Indeed, population-based studies have dem-
onstrated that history of TBI is associated with increased risk for stroke
(Burke et al., 2013; Chen et al., 2011), which reportedly persists for
many years following the initial trauma (Chen et al., 2011).

Capturing brain changes inmild TBI is difficult, and it is possible that
other neuroimaging metrics not directly examined here (e.g., cortical
thickness) may also influence the CBF-WM associations observed in
the current study. For example, a study by Duering et al. (2012) used
longitudinal MRI methods to study how subcortical infarcts influence
cortical morphology post-stroke. They found that damage to subcortical
white matter initiated a secondary neurodegenerative process within
cortical gray matter. Moreover, structural changes in the form of cere-
bral atrophy have also been linked to CBF reductions in other clinical
populations (Appelman et al., 2008; Wirth et al., 2016). Unfortunately,
work teasing apart primary and secondary injury processes within the
context of TBI is still in its infancy, and prospective and longitudinal
study designs with well-characterized samples are needed to tease
apart how brain variables may interact with one another, especially
over time, and ultimately influence behavioral outcomes.

Our secondary analyses revealed that the observed CBF andWM re-
lationship in those furthest removed from their injurywas not driven by
fundamental differences in psychological, post-concussive, health, or in-
jury characteristics relative to those whom were closer in time to their
injury. Interestingly, both CBF and WM alterations have also been ob-
served in those with elevated vascular risk in mid-to-late life
(Beason-Held et al., 2012; Bangen et al., 2014; Maillard et al., 2015;
Wang et al., 2007); however, it is unclear to what extent TBI may in-
crease the prevalence of vascular risk factors and whether individuals
with elevated vascular risk are uniquely vulnerable to negative brain
changes post-TBI. Future studies that include more comprehensive as-
sessment of vascular risk are needed to understand how history of TBI
and vascular risk factors may interact to affect the brain, cognition,
and functional outcomes post-injury.

To our knowledge, this is the first study to investigate both ASL and
DTI in the context of military TBI. However, there are several limitations
that warrant discussion. Given the cross-sectional nature of this study,
we cannot determine causal relationships between reduced CBF and re-
duced FA. Secondly, we were unable to explore whether these associa-
tions differ across mechanism of injury (i.e., blast versus blunt) or
with blast-exposure given sample size restrictions. As is common with
military studies of TBI, diagnosis of mild or moderate TBI was based en-
tirely upon retrospective self-report of injuries and may therefore be
subject to recall bias. We chose to examine CBF and WM of two closely
linked neuroanatomical regions that are known to be vulnerable to the
effects of neurotrauma; however, future studies will need to examine
these effects across the brain and with other DTI metrics (i.e., axial
and radial diffusivity) to further elucidate CBF and WM relationships.
Replication with larger sample sizes and longitudinal designs are also
needed to provide more insight into the complex associations between
WM integrity and CBF at different stages post-TBI.

5. Conclusion

Taken together, results indicate that, even after adjusting for psychi-
atric symptomatology, an association between CBF and WM exists in
those with history of mmTBI. Although the exact nature and timeline
of brain changes post-TBI is unclear, CBF and WM alterations may play
a pivotal role in the increased risk for negative health outcomes (e.g.
stroke, dementia) that are observed in individuals with history of TBI.
Currently, there is an ever-pressing need to consider how brain changes
may differwith time andwhatmightmediate ormoderate these chang-
es following injury. These findings contribute to our understanding of
the possible dynamic relationship between CBF andwhitematter integ-
rity, and they enhance our understanding of potential pathophysiologi-
cal mechanisms that exist in the post-acute phase of injury.
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