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Blast-related traumatic brain injury (TBI) has been a common injury among returning troops due to the wide-
spread use of improvised explosive devices in the Iraq and Afghanistan Wars. As most of the TBIs sustained are
in themild range, brain changesmay not be detected by standard clinical imaging techniques such as CT. Further-
more, the functional significance of these types of injuries is currently being debated. However, accumulating ev-
idence suggests that diffusion tensor imaging (DTI) is sensitive to subtle white matter abnormalities andmay be
especially useful in detecting mild TBI (mTBI). The primary aim of this study was to use DTI to characterize the
nature of white matter abnormalities following blast-related mTBI, and in particular, examine the extent to
which mTBI-related white matter abnormalities are region-specific or spatially heterogeneous. In addition, we
examinedwhether mTBI with loss of consciousness (LOC) was associated with more extensive white matter ab-
normality thanmTBIwithout LOC, as well as the potential moderating effect of number of blast exposures. A sec-
ond aimwas to examine the relationship between white matter integrity and neurocognitive function. Finally, a
third aim was to examine the contribution of PTSD symptom severity to observed white matter alterations. One
hundred fourteen OEF/OIF veterans underwent DTI and neuropsychological examination and were divided into
three groups including a control group, blast-related mTBI without LOC (mTBI - LOC) group, and blast-related
mTBI with LOC (mTBI + LOC) group. Hierarchical regression models were used to examine the extent to
which mTBI and PTSD predicted white matter abnormalities using two approaches: 1) a region-specific analysis
and 2) a measure of spatial heterogeneity. Neurocognitive composite scores were calculated for executive func-
tions, attention, memory, and psychomotor speed. Results showed that blast-relatedmTBI+ LOCwas associated
with greater odds of having spatially heterogeneous white matter abnormalities. Region-specific reduction in
fractional anisotropy (FA) in the left retrolenticular part of the internal capsule was observed in the
mTBI + LOC group as the number of blast exposures increased. A mediation analysis revealed that
mTBI + LOC indirectly influenced verbal memory performance through its effect on white matter integrity.
PTSDwas not associatedwith spatially heterogeneouswhitematter abnormalities. However, therewas a sugges-
tion that at higher levels of PTSD symptom severity, LOCwas associatedwith reduced FA in the left retrolenticular
part of the internal capsule. These results support postmortem reports of diffuse axonal injury following mTBI
and suggest that injuries with LOC involvement may be particularly detrimental to white matter integrity. Fur-
thermore, these results suggest that LOC-associatedwhitematter abnormalities in turn influence neurocognitive
function.

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/).
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1. Introduction

Traumatic brain injury (TBI) due to explosive ordnance has been one
of themost frequent injuries sustained by Operation Enduring Freedom
and Operation Iraqi Freedom (OEF/OIF) military personnel, accounting
for over half of all head injuries requiring hospitalization (Wojcik
ense (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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et al., 2010). Due to troop drawdown from Iraq and Afghanistan, thou-
sands of OEF/OIF soldiers have returned home and are living with
mild TBI (mTBI). The long-term health consequences of blast-induced
mTBI are not yetwell known.However, there has been growing concern
over chronic cognitive and psychological symptoms reported by many
of these individuals, including memory problems, headaches, anxiety
and personality changes, as well as negative long-term outcomes such
as neurodegenerative disease and suicide (Bruce, 2010; Goldstein et al.,
2012; Ursano et al., 2010). The negative outcomes observed may be re-
lated to changes in neuronalmicrostructure that occur as a result of trau-
matic axonal injury (TAI), the primary neuropathology of TBI. However,
until recently, there was little direct evidence of chronic neuronal injury
following blast-relatedmTBI in humans, and the impact of this type of in-
jury on public health is still being debated (Wilk et al., 2012).

A significant challenge in detecting brain changes following blast-
relatedmTBI is that axonal injury in mTBI is less extensive than inmod-
erate and severe injuries (Blumbergs et al., 1995) and therefore unlikely
to be detected by standard imaging procedures such as CT. Until recent-
ly, few tools were available to evaluate mTBI in vivo. Importantly, re-
search has demonstrated that advanced neuroimaging techniques
such as diffusion tensor imaging (DTI) are sensitive to changes in
white matter microstructure following TBIs of varying severity and
chronicity (Kraus et al., 2007). Fractional anisotropy (FA), one well-
established measure of water anisotropy, may reflect the disruption to
axonal integrity observed in TAI.

Recent DTI studies that have examined the impact of blast-induced
mTBI on white matter integrity have reported mixed findings
(Bazarian et al., 2013; Davenport et al., 2012; Jorge et al., 2012; Levin
et al., 2010; Mac Donald et al., 2011). Whereas Mac Donald et al.
(2011) reported that specific regions such as the cerebellumare impact-
ed by blast, others have provided evidence for diffuse abnormalities in
white matter not constrained to particular regions (Davenport et al.,
2012; Jorge et al., 2012). Still other studies have not found a link be-
tween white matter abnormalities and blast-related mTBI using
region-of-interest (ROI; Levin et al., 2010) or voxel-based (Bazarian
et al., 2013) analyses. Further complicating interpretation of the mTBI
literature, several of these studies made group comparisons using
non-independent control samples (for discussion, see Watts et al.
2014), potentially biasing their data analyses and inflating the differ-
ences between the control andmTBI groups.Watts and colleagues dem-
onstrated that group differences between a control and TBI group
disappeared after adjusting for bias in the analysis. Thus, an accurate
and consistent picture of the distribution of white matter changes fol-
lowing blast-related mTBI has yet to emerge.

Another factor that may contribute to themixed findings is the diffi-
culty in accurately diagnosing mTBI following explosive blast, particu-
larly when alterations in consciousness, including feelings of confusion
and memory loss, may be attributable to emotional trauma rather
than concussion. By contrast, loss of consciousness (LOC) may be a reli-
able indicator of the presence and severity of concussion as it is more
likely to be noticed and reported by witnesses than other alterations
in consciousness. LOC has been shown to be an important predictor of
brain volume loss over time (MacKenzie et al., 2002), postconcussive
symptoms (Wilk et al., 2012) and psychosocial limitations, even after
adjusting for psychological symptoms (Verfaellie et al., 2013). Two re-
cent studies also suggest that LOC may be associated with greater
white matter abnormalities, but these studies did not measure spatial
heterogeneity (Matthews et al., 2012; Sorg et al., 2014). In light of these
findings, as well as the proposal that mTBI with LOC is associated with
more widespread structural damage (Ommaya and Gennarelli, 1974),
we examined the extent to which mTBI with LOC was associated with
greater white matter abnormalities than mTBI without LOC, using both
measures of region-specific and spatially heterogeneous abnormality.

DTI findings of blast-induced mTBI are also likely to be complicated
by the high PTSD comorbidity rate in this population, making it impor-
tant to disentangle the contribution of these conditions to white matter
abnormalities. Few studies have examined the impact of PTSD on white
matter integrity following mTBI, despite some evidence that chronic
PTSD may be associated with reductions in FA in specific white matter
tracts (Schuff et al., 2011). Additional research is necessary to examine
the unique contribution of PTSD to white matter integrity in this
population.

In the present study, we used a non-biased approach in a large co-
hort of OEF/OIF veterans (N = 114) to address three primary issues
that remain unresolved in the blast-related mTBI literature. These are:
1) the extent to which white matter abnormalities due to blast-related
mTBI are region-specific or spatially heterogeneous, and the effect of
LOC and repetitive blast exposure onwhitematter anisotropy; 2) the re-
lationship between white matter abnormalities and neurocognitive
function; and 3) the contribution of PTSD symptom severity to the ob-
served white matter abnormalities.

2. Materials and methods

2.1. Participants

Participantswere 114veteranswhohad been deployed in support of
OEF/OIF (see Table 1 for participant demographics). Fifty-five veterans
comprised a control group without TBI. Participants were excluded
from the control group if they reported TBI from blast, blunt force,
or any other mechanism of injury during their deployment. Thirty-
seven (67%) of the individuals in this group had been exposed to
deployment-related blast but reported no subsequent changes in men-
tal status suggestive of TBI; the remaining 18 (33%) had not been ex-
posed to blast. There were no differences in demographics and DTI
measures between controls with and without blast exposure (see
Inline Supplementary Table S1, Inline Supplementary Fig. S1). Fifty-
nine veterans reported mTBI due to blast exposure within 100 m and
were further divided into an mTBI without LOC (mTBI - LOC) group
(n = 31), and an mTBI with LOC (mTBI + LOC) group (n = 28). To
limit our TBI sample to individuals with mild severity, participants
reporting posttraumatic amnesia N24 h or LOC N30 min were excluded.
Therewere noparticipantswith secondary blast injuries (e.g., fragments
of shrapnel). A subset of participants in themTBI groups reported having
tertiary injuries (e.g., being thrown against an object; see Table 1). Thus,
any reference to blast-related injuries in this study refers to blast mech-
anisms with additional tertiary injury in some cases. Because the goal of
this study was to examine blast-related mTBI, participants with mTBI
not associated with blast during their deployment were excluded. Par-
ticipants were also excluded from the study if they reported a history
of pre-deployment mTBI + LOC or, in the case of mTBI - LOC, if symp-
toms persisted more than 3 months after the injury. Participants were
further excluded if they had structural brain abnormalities
(e.g., hemorrhages, hematomas, skull fractures, tumors, excessive
hyperintensities, hemispheric asymmetries) as determined by a board-
certified neuroradiologist who reviewed FLAIR, susceptibility-
weighted, and high resolution T1 scans. Participants who reported
high levels of current alcohol use (N25 drinks per week) or showed
questionable effort with raw scores below 45 on the retention trial of
the Test of Memory Malingering (Tombaugh and Tombaugh, 1996)
were also excluded. Participants were recruited through the VA Boston
Polytrauma Network and through flyers and outreach events in the
community. Study procedures took place outside the clinical context
and were independent of diagnostic outcomes or treatment plans.
Study procedures were approved by the VA Boston Institutional Review
Board and all participants providedwritten informed consent consistent
with the Declaration of Helsinki. Sixty-three participants (23 blast-
exposed control, 21 mTBI - LOC, and 19 mTBI + LOC participants),
whose neuropsychological findings were part of a separate report
(Verfaellie et al., 2014), are also included in this study.

Inline Supplementary Table S1 and Fig. S1 can be found online at
http://dx.doi.org/10.1016/j.nicl.2015.04.001.
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Table 1
Demographic and clinical characteristics.

Controls (n = 55) mTBI − LOC (n = 31) mTBI + LOC (n = 28) Group comparison

Age in years, M (SD) 30.5 (6.7) 29.6 (7.7) 27.9 (4.2) F(2,111) = 1.484, P = 0.231
Males, no. (%) 49 (89.1) 30 (96.8) 28 (100.0) χ2(2) = 4.459, P = 0.108
Education in years, M (SD) 14.1 (2.2)a 13.0 (1.6) 12.9 (1.4) F(2,111) = 4.465, P = 0.014
WTAR z, M (SD) 0.4 (0.8) 0.5 (0.7) 0.3 (0.8) F(2,111) = 0.453, P = 0.637
Blast exposures, M (SD) 9.4 (11.7)b 12.6 (12.2) 7.2 (8.6) F(2,93) = 1.852, P = 0.163
Blast plus tertiaryc mechanism, no. (%) 0b 3 (13)d 14 (78)e χ2(1) = 18.192, P b 0.001
Blast to MRI scan interval in months, M (SD) 49.8 (36.3)b 43.8 (27.2) 56.3 (23.2) F(2,93) = 1.836, P = 0.165
CAPS total, M (SD) 43.6 (29.7)a 58.4 (24.6) 63.2 (23.7) F(2, 111) = 5.961, P = 0.003
Current alcoholic drinks per week, M (SD) 4.6 (6.2) 3.4 (4.6) 4.4 (7.2) F(2,111) = 0.999, P = 0.372

Note: For ease of interpretation, mean (M) and standard deviation (SD) reflect non-transformed data for non-normal variables. TBI= traumatic brain injury. LOC= loss of consciousness.
WTAR = Wechsler Test of Adult Reading. CAPS = Clinician-Administered PTSD Scale.

a Group that was significantly different from other groups.
b Includes only blast-exposed controls.
c No subject had secondary blast injury.
d For 7 subjects, it could not be determined if they experienced blast plus impact injury.
e For 10 subjects, it could not be determined if they experienced blast plus impact injury.
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2.2. Clinical assessment procedure

A licensed clinical neuropsychologist with extensive experience in
administering clinical interviews in outpatient, research, and rehabilita-
tion settings conducted TBI, PTSD, and neuropsychological assessments.

Evaluation of TBI was based on an extensive clinical interview that
queried participants about their blast exposure(s). The interview was
structured in four parts: (1) determination of the ‘index event,’ which
was themost severe blast exposure based on the length of LOC or post-
traumatic amnesia; (2) in-depth description of the index event, includ-
ing the participant3s memory for the events preceding and subsequent
to the blast, and presence of posttraumatic amnesia or LOC; (3) ques-
tions pertaining to the presence of neurological symptoms immediately
after the blast that are consistent with TBI; and (4) inquiry regarding
medical examination or reports by a witness. The TBI interview was
modeled after a validated interview by Fortier et al. (2014), but was
condensed in that it probed in detail only the most severe blast event.
For individuals in the LOC group, in all but three cases information the
participant obtained from a medic or peers who had witnessed the
event was used to determine the presence and duration of LOC. Corrob-
orative witness data were not available for individuals without LOC due
to the fact that alterations in consciousness are often imperceptible. Par-
ticipant interviewswere transcribed and evaluated by two licensed clin-
ical neuropsychologists who then sought consensus as to whether a
minimal biomechanical threshold for concussion had plausibly been
met, and any reporteddisorientationwas the result of concussion rather
than situational chaos and confusion.

PTSD was assessed using the Clinician-Administered PTSD Scale
(CAPS) for DSM-IV (Blake et al., 1995). Continuous CAPS scores were
used as ameasure of PTSD symptom severity. CAPS scoreswere unavail-
able for three participants and were estimated based on their score on
the PTSD Checklist-Military version (PCL-M, Weathers et al., 1991).
The PCL is a self-report questionnaire that has good convergent validity
with the CAPS (Wilkins et al., 2011). A linear regressionmodelwas gen-
erated using PCL scores of the remaining dataset as predictors of their
CAPS scores. Using this model, the three individuals3 PCL scores were
entered into the equation to generate their predicted CAPS scores.

2.2.1. Neuropsychological assessment
Participants were administered the Wechsler Test of Adult Reading

(WTAR; Wechsler, 2001) as an estimate of premorbid IQ as well as a
battery of neuropsychological tests selected for their sensitivity to
mTBI. For data reduction purposes, test z-scoreswere averaged to create
five composite measures representing performance in the domains of
attention, executive functions, verbal memory, visuospatial memory,
and psychomotor speed. The attentional composite was based on
number + letter sequencing time from the D-KEFS Trail Making Test,
Wechsler Adult Intelligence Scale-III (WAIS-III) Digit Span score, and
WAIS-III Digit Symbol Coding score. The executive functioning compos-
ite was based on the D-KEFS Verbal Fluency Test score, the number-
letter switching score from the D-KEFS trail Making Test, the inhibition
score from the D-KEFS Color Word Interference Test, and the Auditory
Consonant Trigrams Test score averaged over 9, 18 and 36 s delays.
The verbal memory composite included measures of encoding and re-
trieval derived from the California Verbal Learning Test (CVLT),with tri-
als 1–5 total, long delay free recall, and recognition discriminability as
dependent measures. The visuospatial memory composite included
total recall, delayed recall, and the recognition discrimination index of
the Brief Visuospatial Memory Test (BVMT). The psychomotor speed
composite was based on scores from the Finger Tapping Test, the
Purdue Pegboard Test, and the D-KEFS Trail Making motor speed
score. Test z-scores were calculated using published standardized nor-
mative data from civilians. For all tests for which scaled scores are avail-
able, z-scores were calculated from these normalized data. Three
individuals had missing digit span data and two of those three also
had missing digit symbol coding scores; their attention composite
scores were based on the remainingmeasures included in this compos-
ite score.

2.3. Image acquisition and processing

Structural imaging data were acquired on a 3-Tesla Siemens Trio
whole-body MRI scanner located at the VA Boston Healthcare System,
Jamaica Plain Campus. Two T1-weighted anatomical MRI scans were
collected for each participant. T1 scan parameters for 37 participants
were the following: FOV = 256, Matrix = 240 × 256, 160 slices,
1 × 1 × 1.2 mm voxels, TR = 2300 ms, TE = 2.98 ms, flip angle = 9°.
For the remaining participants, a slightly modified T1 sequence was
used: FOV= 256, Matrix = 256 × 256, 176 slices, 1 × 1 × 1mm voxels,
TR=2530ms, TE=3.32ms, flip angle=7°. DTI scan parameters for 37
participants were the following: two acquisitions of 30 directions aver-
aged for a total of 60 diffusion weighted images, FOV = 256, Matrix =
128 × 128, TR = 8000 ms, TE = 83 ms, 2 × 2 × 2 mm voxels, b
value = 700 s/mm2. For the remaining participants, a slightly modified
DTI sequence was used: one acquisition of 60 directions, FOV = 256,
Matrix = 128 × 128, TR = 10,000 ms, TE = 103 ms, 2 × 2 × 2 mm
voxels, b value = 700 s/mm2. The sequences were modified in order
to align them with the pulse sequence of a separate study protocol for
data sharing. Several studies support the reproducibility of FA across se-
quences (Cercignani et al., 2003; Landman et al., 2007). Furthermore, all
analyses were adjusted for DTI sequence as outlined in the Statistical
Approach below. Roughly equivalent percentages of individuals in
each group were scanned with sequence 1 (controls = 27%; mTBI −
LOC = 39%; mTBI + LOC = 36%) and sequence 2 (controls = 73%;
mTBI − LOC = 61%; mTBI + LOC = 64%; χ2 (2, N = 114) = 1.36,
P N 0.51).



1 For 9 control subjects who were scanned on sequence 1, sequence 2 data were also
available. These data were included in the reference group to derive z-scores for individ-
uals scanned with sequence 2.
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The data were analyzed using a combination of the Freesurfer image
analysis suite (http://surfer.nmr.mgh.harvard.edu) and The Oxford
Centre for Functional Magnetic Resonance Imaging of the Brain
(FMRIB) FSL software package (http://www.fmrib.ox.ac.uk/fsl). Images
were corrected for motion and eddy currents using Freesurfer. FA im-
ages were created by fitting a tensor model using linear least squares
to the raw diffusion data using the Freesurfer command dt_recon. Im-
ages were brain-extracted using BET (Smith, 2002) to remove non-
brain voxels from the analysis.

To perform ROI analyses based on semi-automated methods, the
John Hopkins White Matter Parcellation Atlas (JHU WMPA) and the
Freesurfer-derivedwhitematter parcellationsweremerged. These atlases
provide complementary data, with the JHU WMPA atlas providing de-
tailed labeling of deeper white matter structures, regions, and tracts and
the Freesurfer parcellations providing a measure of white matter that ex-
tends to the cortical surface. The combined atlas was then multiplied by
the mean FA skeleton mask derived from the FMRIB58_FA template in
FSL3s Tract Based Spatial Statistics program (TBSS; Smith et al., 2006) to
limit segmentation to the white matter skeleton. Using the inverse-
warp of each subject3s nonlinear registration to standard space, the com-
bined segmented atlas was then transformed back into each individual3s
respective native DTI space using FSL3s tbss_deproject program. Once the
segmented skeleton was in registration with each participant3s native
DTI image, the mean FA values were extracted for 38 ROIs hypothesized
to be affected bymTBI, including: the genu, body, and spleniumof the cor-
pus callosum, themiddle cerebellar peduncle, and the left and right hemi-
spheres of the following ROIs: corticospinal tract, anterior limb of the
internal capsule, posterior limb of the internal capsule, retrolenticular
part of the internal capsule, anterior corona radiata, posterior corona
radiata, sagittal stratum, external capsule, cingulum cingulate, cingulum
hippocampus, fornix stria, superior longitudinal fasciculus, uncinate fas-
ciculus, cerebellum white matter, inferior cerebellar peduncle, superior
cerebellar peduncle, and posterior thalamic radiation.

2.4. Statistical approach

2.4.1. Demographic analysis
Statistical analyses were performed using SPSS, version 21 (IBM

Corp., Armonk, NY). mTBI group differences in demographic character-
istics were examined using one-way ANOVA for continuous data and
chi-square for categorical data. Non-normal variables including age, ed-
ucation, WTAR, alcoholic drinks per week, blast load, and the time be-
tween injury and scan were first transformed before they were
entered in group analyses. Educationwas added as a covariate to regres-
sionmodels but did not change the pattern of results in any of the anal-
yses and is therefore not included in the analyses.

2.4.2. Region specific vs. spatially heterogeneous white matter
abnormalities

To examine whether TBI and PTSDwere associated with reduced FA
in specific ROI tracts, separate hierarchical linear regression models
were used for each ROI, correcting for multiple comparisons using the
Benjamini–Hochberg false discovery rate method (FDR), q = 0.05. In
recognition of the possibility that the FDR correction is overly conserva-
tive, particularlywhen ROIs are correlated, we also took the approach of
Levin et al. (2010) and examinedmodels that were significant at amore
lenient uncorrected threshold of P b 0.01. In this analysis, mean FA in
each of the 38 tracts was the outcome variable. Age, WTAR, and DTI se-
quence were included in the first step of the model as nuisance regres-
sors, mTBI group status (controls, mTBI - LOC, andmTBI+ LOC coded as
dummy variables) was added in the second step, followed by PTSD
symptom severity (i.e., CAPS total score) and the PTSD symptom sever-
ity by the mTBI group status interaction in the third step.

To examine whether blast-related mTBI was characterized by spa-
tially heterogeneous reductions in FA rather than reductions in FA in
specific white matter tracts, we followed previously published
procedures (Kraus et al., 2007; Mac Donald et al., 2011) of calculating
the mean and standard deviation (SD) of the control group for each
ROI and deriving z-scores for each individual based on those values. Un-
like previous methods that introduced bias by using the same reference
group that was used to define abnormal white matter regions to com-
pare group differences, we conducted a leave-one-out cross-validation
analysis in which each control subject3s z-score was derived from the
mean and SD of the remaining control subjects3 FA values for a particu-
lar ROI (see Watts et al., 2014). A dichotomous variable was created,
reflecting the absence or presence of at least one abnormal ROI
(i.e., ROIs with FA z-scores ≤ −2). To adjust for DTI sequence, z-scores
for individuals scanned with the original DTI sequence were based on
control subjects scanned with the original sequence and z-scores for in-
dividuals scanned with the modified sequence were based on control
subjects scanned with the modified sequence.1 The dichotomized ab-
normal ROI variable is sensitive to spatial heterogeneity, as individuals
with TBI could have any white matter tract counted as abnormal, rather
than constraining all participants to have reductions in FA in the same
tract as is the case for themean FA ROI analysis described above. Hierar-
chical binary logistic regression analysis to predict the presence of ab-
normal ROIs was conducted with age and WTAR included in the first
step of the model, TBI group status added in the second step, and
PTSD symptom severity and the PTSD symptom severity by mTBI
group status interaction added in the third step.

2.4.3. Loss of consciousness and extent of white matter abnormalities
Given prior work suggesting that LOC is associated with greater

widespread structural damage than TBIwithout LOC,we next examined
whether LOC was associated with a higher number of ROIs with z-
scores ≤ −2. To use this metric as an outcome variable in later regres-
sion analyses, the total number of abnormal ROIs for each participant
was square-root transformed to account for the positive skew of the
data. Because the goal of this analysis was to examine the effect of LOC
on extent of whitematter abnormality, individuals with LOCwere com-
pared against all individuals without LOC grouped together. Although
this involved combining individuals from the control group with the
mTBI - LOC group, examination of the total number of ROIs showed
that the two groups did not differ (see Inline Supplementary Fig. 2). A
two-sample t-test was used to examine group differences.

Inline Supplementary Fig. S2 can be found online at http://dx.doi.
org/10.1016/j.nicl.2015.04.001.

2.4.4. Blast injury characteristics and white matter abnormalities
To examine the effect of number of blast exposures (blast load), we

first ran hierarchical linear regression analyses with mean FA in each
ROI as the outcome variable. Age,WTAR, andDTI sequencewere entered
as nuisance variables in the first model, blast load was entered in next,
and mTBI group status and the blast load by mTBI group status interac-
tion were entered in the final model. The FDR method was used to cor-
rect for multiple comparisons. Similar to the region-specific analysis
described in Section 2.4.2 above, we also examined models that were
significant at a more lenient threshold of P b 0.01. The same factors en-
tered in the linear regression were entered into a logistic regression
model with age and WTAR as nuisance variables to examine whether
blast load was a significant predictor of the presence of abnormal ROIs.

To examine the effect of mechanism of injury (i.e., primary blast vs
primary blast plus tertiary injury), we first ran a hierarchical linear re-
gression model with mean FA in each ROI as the outcome variable.
Age, WTAR, and DTI sequence were entered as nuisance variables in
the first model, and injury mechanism was entered as a predictor of
mean FA in the second model. These models were first corrected for
multiple comparisons using FDR and were also examined at a more

http://surfer.nmr.mgh.harvard.edu
http://www.fmrib.ox.ac.uk/fsl
http://dx.doi.org/10.1016/j.nicl.2015.04.001
http://dx.doi.org/10.1016/j.nicl.2015.04.001


Fig. 1.Whitematter abnormality distribution among groups. A greater percentage of indi-
viduals in themTBI+ LOC group than in the control group had at least one brain region of
reduced FA. mTBI = mild traumatic brain injury; LOC = loss of consciousness.
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lenient threshold of P b 0.01. Next, these same factors were entered into
a logistic regression model with age andWTAR as nuisance variables to
examine whether injury mechanism was a significant predictor of the
presence of abnormal ROI(s). For 17 participants with blast-related
TBI, it could not be determined whether they had additionally experi-
enced an impact injury. These participants were excluded from the
analyses pertaining to injury mechanism.

2.4.5. Mediation of neurocognitive function
Finally, amediation analysis was performed to examinewhether the

relationship betweenmTBI and neurocognitive functionwas influenced
by the number of abnormal ROIs. In simplemediationmodels, the inde-
pendent variable (presence of LOC) can exert an indirect effect on the
dependent variable (neurocognitive composite scores) through an in-
termediary variable (total number of abnormal ROIs). The model was
tested with and without CAPS as a covariate. Direct and indirect effects
were examined using theMediate macro for SPSS (Hayes and Preacher,
2014). Bootstrapping was used to estimate the sampling distribution
(n=5000) and 95% confidence intervals for the indirect effect. Helmert
codingwas used in linear models to test the direct effect betweenmTBI
group status (using LOC as the comparison group) and cognitive out-
come, as well as the effect of mTBI group status on total number of ab-
normal ROIs. The only neurocognitive domain that was significantly
associated with total number of abnormal ROIs was verbal memory.
Thus, we tested the model that the presence of LOC had an indirect ef-
fect on verbal memory through its effect on the total number of abnor-
mal ROIs.

3. Results

3.1. Demographic characteristics

The groups did not significantly differ in age, gender,WTAR, number
of alcoholic drinks per week, number of blast exposures, or interval be-
tween timeof index blast event andMRI scan. The twomTBI groups also
did not significantly differ in PTSD symptom severity although both of
them had greater PTSD symptoms than the control group. The control
group had higher education than the other groups. The mTBI + LOC
group had a higher number of individuals with tertiary blast injury
than the other groups.

3.2. Region specific vs. spatially heterogeneous white matter abnormalities

Hierarchical linear regression failed to show an effect of group on
mean FA for any specific ROI after controlling for multiple comparisons,
consistent with previous reports that did not find mTBI-related differ-
ences using an ROI approach (Davenport et al., 2012; Levin et al.,
2010). However, when examining the uncorrected results at P b 0.01,
two ROIs showed reduced FA in the mTBI + LOC group, including the
splenium of the corpus callosum and right sagittal stratum. These re-
sults are shown in Inline Supplementary Table 2. PTSD symptom sever-
ity or the PTSD by mTBI group status interaction was not significantly
associated with mean FA in any ROI after multiple comparisons correc-
tion. However, when reducing the threshold to P b 0.01, a PTSD symp-
tom severity by mTBI group status interaction was observed in the left
retrolenticular part of the internal capsule such that the mTBI + LOC
group had lower FA values in this regionwith increasing PTSD symptom
severity (see Inline Supplementary Table 3).

Inline Supplementary Tables S2 and S3 can be found online at http://
dx.doi.org/10.1016/j.nicl.2015.04.001.

Hierarchical logistic regression was performed to examine whether
mTBI group status and PTSD were associated with the presence of one
or more abnormal ROIs, thus reflecting spatial heterogeneity of injury.
Results showed that mTBI group status was the only significant predic-
tor with a significant overall model [χ2 (4, N = 114) = 10.44, P b 0.04,
Negelkerke R2= 0.12] and significant change in the chi square equation
[Δχ2 (2, N = 114) = 6.79, P b 0.04]. The mTBI + LOC group was 3.26
times more likely to have one or more abnormal ROIs than the control
group (P b 0.02) and 3.36 times more likely than the mTBI - LOC
group (P b 0.04). The control and mTBI - LOC groups did not differ
from each other (P N 0.9). Percent of individuals in each group with
one or more abnormal ROIs is shown in Fig. 1.

For illustration purposes only, Fig. 2 demonstrates that the
percentage of individuals who show abnormal FA in any particular
ROI is low, suggesting that the abnormalities are spread throughout
the brain. Inline Supplementary Fig. 3 shows the outlines of each
white matter ROI displayed in Fig. 2.

By contrast, PTSD symptom severity was not significantly associated
with one or more abnormal ROIs.

Inline Supplementary Fig. S3 can be found online at http://dx.doi.
org/10.1016/j.nicl.2015.04.001.

3.3. Loss of consciousness and extent of white matter abnormalities

We next examined whether individuals with LOC had a greater
number of ROIswith low FAas an indicator of extent ofwhitematter ab-
normalities. Consistent with the hypothesis that LOC is associated with
greater extent of white matter abnormality, individuals with LOC had a
significantly higher number of abnormal ROIs (square-root transformed
M = 1.02, SD = 0.9) than individuals without LOC (square-root trans-
formed M = 0.57, SD = 0.83), two-sample t(112) = 2.41, P b 0.02.
The number of abnormal ROIs observed in the mTBI + LOC group in
comparison to the number of ROIs expected based on the other two
groups is shown in Fig. 3, illustrating that the mTBI + LOC group had
greater-than-expected number of ROIs below control values.

3.4. Blast injury characteristics and white matter abnormalities

Linear regression revealed a significant F change in the left
retrolenticular part of the internal capsule in the final model
[ΔF(4,105) = 5.41, P b 0.001, R2 = 0.22]. The blast load by mTBI
group status interaction term was significant for both the control
group versus mTBI + LOC group (P b 0.004) and the mTBI - LOC group
versus the mTBI + LOC group (P b 0.03) such that for individuals with
LOC, higher blast load was associated with lower FA in this region (see
Fig. 4A). At an uncorrected threshold, this pattern was also observed in
the right sagittal stratum [ΔF(4,105) = 4.13, P b 0.004, R2 = 0.28]. The
blast load by mTBI group status interaction term was marginally signifi-
cant for the control group versusmTBI+ LOC group (P b 0.07) and signif-
icant for the mTBI - LOC group versus the mTBI + LOC group (P b 0.02)
(see Fig. 4B). Results of the logistic regression indicated that blast load
or the interaction term were not associated with the presence of abnor-
mal ROIs.

http://dx.doi.org/10.1016/j.nicl.2015.04.001
http://dx.doi.org/10.1016/j.nicl.2015.04.001
http://dx.doi.org/10.1016/j.nicl.2015.04.001
http://dx.doi.org/10.1016/j.nicl.2015.04.001


Fig. 2. Spatially distributed reductions in FA among groups. This figure represents the percentage of individuals in each groupwho showed abnormal FA in the various ROIs in comparison
to control values. Values vary from 1% to 14% (with low values indicated in dark red, intermediate values in light red, and high values in yellow) suggesting that there is limited spatial
overlap in white matter abnormalities across individuals. mTBI-LOC = mild traumatic brain injury without loss of consciousness. mTBI + LOC = mild traumatic brain injury with loss
of consciousness.

153J.P. Hayes et al. / NeuroImage: Clinical 8 (2015) 148–156
Primary blast injury versus combination of primary and tertiary inju-
ry was not significantly associated withmean FA in any ROI, either with
FDR correction or at the uncorrected threshold. This variable was also
not associated with the presence of abnormal ROIs.

3.5. Mediation of neurocognitive function

A mediation analysis using ordinary least squares path analysis
revealed that mTBI + LOC indirectly influenced verbal memory
Fig. 3. Number of abnormal ROIs expected versus observed in the mTBI + LOC group. The mTB
indicates subjects with one or more abnormal ROIs. For illustration purposes, the total number
brain injury with loss of consciousness.
performance through its effect on the extent of white matter abnormal-
ities (as measured by total number of abnormal ROIs). Individuals with
LOC had a greater number of abnormal ROIs (a = −0.44, P b 0.03) and,
in turn, the number of abnormal ROIs was negatively associated with
verbal memory performance (b = −0.21, P b 0.05). The direct effect of
mTBI on verbal memory was not significant (P N 0.3). A bias-corrected
bootstrap confidence interval for the indirect effect of verbal memory
(ab = 0.09) based on 5000 bootstrap samples did not encompass zero
(95% CI [0.005, 0.29]). The results remained consistent after adjusting
I + LOC group had greater than expected abnormal ROIs (i.e., FA z-scores ≤−2). The box
of ROIs is shown in lieu of square-root transformed scores. mTBI + LOC=mild traumatic



Fig. 4. Blast load by mTBI group status interaction is significant in two specific ROIs. (A) The mTBI + LOC group had lower FA values in the left retrolenticular part of the internal capsule
with increasing blast load after correcting for multiple comparisons. This pattern was not observed in the control or mTBI - LOC groups (B). ThemTBI+ LOC group had lower FA values in
the right sagittal stratumwith increasing blast load, with no effect of blast load in the control and mTBI-LOC groups. This effect was present only at an uncorrected threshold of P b 0.01.
mTBI - LOC=mild traumatic brain injurywithout loss of consciousness.mTBI+ LOC=mild traumatic brain injurywith loss of consciousness. L Retrolent Int cap= left retrolenticular part
of the internal capsule. R Sag Stratum= right sagittal stratum. Blast load was square-root transformed.
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for PTSD symptom severity: individuals with LOC had a greater number
of abnormal ROIs (a=−0.46, P b 0.02) and, in turn, total number of ab-
normal ROIs was negatively associated with verbal memory perfor-
mance (b = −0.22, P b 0.04). A bias-corrected bootstrap confidence
interval for the indirect effect of verbal memory (ab = 0.10) based on
5000 bootstrap samples did not encompass zero (95% CI [0.01, 0.32]).
These results suggest that as white matter abnormalities accumulate, in-
dividuals with LOC show decreased verbal memory performance. PTSD
symptom severity was associated with attention (Pearson3s r = −0.24,
P b 0.02), verbal memory (Pearson3s r=−0.21, P b 0.03), and visuospa-
tialmemory (Pearson3s r=−0.19, P b 0.05). However, the effect of CAPS
on number of abnormal ROIswas not significant (P N 0.05), and therefore
a mediation analysis was not further pursued.
4. Discussion

In a large cohort of OEF/OIF veterans, we examined the relationship
between blast-related mTBI, PTSD, and white matter abnormalities
using DTI. There were three main findings from the study. First,
mTBI + LOC, but not mTBI - LOC was associated with white matter ab-
normalities. Importantly, these abnormalities were spatially heteroge-
neous, consistent with previous post-mortem and imaging work
showing that white matter injury in mTBI is diffuse. Reductions in FA
in specific white matter tracts were observed in the context of higher
blast load for individualswithmTBI+ LOC. Second, amediation analysis
revealed that mTBI + LOC was indirectly associated with lower verbal
memory performance through its effect on white matter abnormalities.
Third, PTSD symptom severity was not associated with presence of spa-
tially heterogeneous white matter abnormalities, although at a reduced
statistical threshold, symptom severity moderated the effect of
mTBI+ LOC onwhitematter in the left retrolenticular part of the inter-
nal capsule.

These results are notable given our unbiasedmethodology. Recently,
it was observed that several studies reporting changes in white matter
integrity in OEF/OIF veterans used methods that potentially biased
their results in favor of finding control and TBI group differences
(Watts et al., 2014). In their study, Watts and colleagues examined
their data two ways; in the first, the authors computed z-scores of ab-
normalwhitematter voxels based on a reference group, and also includ-
ed the reference group in group analyses. This method, considered
standard in the literature, revealed FA differences in clusters of voxels
across groups, suggesting white matter abnormalities in individuals
with mTBI. However, when they used a leave-one-out cross-validation
method to control for the potentially inflated reference group values,
they no longer observed group differences, raising the possibility that
these findings were an artifact of flawed methodology. Here, we used
the leave-one-out cross-validation method in the largest DTI study to
date in OEF/OIF veterans with blast-related mTBI. We found that
mTBI+ LOC secondary to blast eventswas associatedwith spatially het-
erogeneous white matter abnormalities. These white matter abnormal-
ities were observed in the chronic stages of mTBI, years after the injury
occurred.

Although the precise mechanisms triggering LOC are not entirely
known, one influential model of TBI has posited that injury to
the brain occurs in a centripetal fashion (Ommaya and Gennarelli,
1974). According to this view, injuries associated with LOC involve
widespread damage of cortical and subcortical areas that result in dis-
connection of deep structures involved in consciousness such as the
brainstem, whereas damage to more restricted cortical regions tends
to be associated with alterations in consciousness in the absence of
LOC, such as posttraumatic amnesia and confusion. Consistent with
this view, the present results demonstrated that individuals with LOC
had greater extent of injury. Notably, the centripetal hypothesiswas for-
mulated in the context of blunt impact head injury. The present results
provide some initial evidence supporting its generalization to blast-
related TBI.

In addition, LOC may have been a more reliable indicator of mTBI
than posttraumatic amnesia or other alterations of consciousness, as
the latter two may also occur following a psychologically traumatic
event without head injury. LOC can also be more readily observed by a
witness whereas other alterations in consciousness would be less ap-
parent to an observer. In our sample, all but three individuals with
LOC had learned of their injury from a witness.

Recent studies have also found a positive association between blast-
related LOC and white matter changes. In an exploratory analysis, Sorg
et al. (2014) showed that mTBI + LOC was associated with lower FA
values in ventral-prefrontal white matter. In another recent study,
Jorge and colleagues (2013) showed that individuals with LOC had a
greater number of “potholes” or clusters of white matter abnormalities
than individuals without LOC. The results reported here suggest that the
association between LOC andwhitematter abnormality is a robust find-
ing, as it survived using an independent comparison group. Studieswith
negative DTI findings did not consider individuals with LOC as a
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subgroup (i.e., Bazarian et al., 2013; Levin et al., 2010), which may in
part explain thenull results. Taken together, the results add to the grow-
ing literature showing that LOC is an important diagnostic marker of
mTBI-related white matter abnormalities.

Our findings are likely to present a conservative estimate of chronic
injury. A recent report has suggested that the leave-one-out approach
may underestimate the actual level of difference between the control
and mTBI groups (Mayer et al., 2014). Further, ROI-based approaches
are less sensitive to small areas of injury than voxel-based approaches
because in the ROI approach, voxels of abnormal signalmay be averaged
together with voxels of normal signal to obtain summary statistics
across the entire ROI. Finally, the need to control for pulse sequence re-
duced the effective sample size of the control group used to determine
the presence of ROIs with abnormal FA, thus likely reducing the power
of this analysis. When the threshold was lowered to uncorrected
P value b 0.01, mTBI + LOC was associated with decreased FA in the
splenium of the corpus callosum and right sagittal stratum.

It is possible that changes in specific ROIs are only evident in the con-
text of multiple blast exposures. Consistent with this notion, we found
that multiple blast exposures in individuals with LOC were associated
with reduced FA in the left retrolenticular part of the internal capsule
and, at an uncorrected threshold, in the right sagittal stratum. However,
higher blast load was not associated with more extensive spatially het-
erogeneous white matter abnormalities. The latter result is consistent
with Davenport et al. (2012), who found no significant differences in
white matter abnormalities between individuals with single and multi-
ple blast exposures. Thus, the small literature to date paints an inconsis-
tent picturewith regard to the impact ofmultiple blasts onwhitematter
in humans. This stands in contrast to the animal literature, which has
provided relatively robust evidence for increased severity of brain injury
with repeated blast exposure (Calabrese et al., 2014; Donovan et al.,
2014; Mouzon et al., 2012;Wang et al., 2011). The reason for the incon-
sistency in resultsmay stem from tighter control over experimentalma-
nipulations in animal studies, such as the timing of subsequent blasts.
For example, research has provided evidence for a critical time window
following the first TBI within which the second insult must occur to ob-
serve dose-dependent increases in brain injury. Thus, the animal litera-
ture may be more consistent due to precise timing of repeated injury.
Further, animal studies have also measured outcomes much closer to
the time of injury whereas outcomes of repetitive blast exposure were
measured on the order of years in the current study.

Injury mechanism did not affect white matter abnormality in the
present study. To our knowledge, few, if any studies have directly com-
pared white matter abnormalities associated with primary blast alone
versus blast plus secondary/tertiary mechanisms. In a behavioral
study, Kontos et al. (2013) did not find any neurocognitive differences
between individuals with blast and blast + blunt combination injuries,
although they did find increased risk of TBI and PTSD symptoms in the
blast+blunt combination group versus the blast alone group. Given
these mixed outcomes, the effects of primary blast versus combination
injuries is an important topic for future investigation.

For the first time, we demonstrated that mTBI+ LOCwas associated
with decreased performance in verbal memory through its influence on
extent of white matter abnormality. These findings provide direct evi-
dence that widespread white matter abnormalities negatively impact
cognitive function following blast-related mTBI. The results support
and extend those of Levin et al. (2010) who found that blast-related
mTBI was associated with reductions in verbal memory. Here, we
showed that extent of white matter abnormality is an important inter-
vening variable in explaining the relationship betweenmTBI and verbal
memory.

PTSD was not significantly associated with white matter abnormali-
ties after multiple comparisons correction, a finding consistent with the
results of several other studies in veterans withmTBI (Jorge et al., 2012;
Morey et al., 2013; Taber et al., 2015). However, we found that at a re-
duced statistical threshold, PTSD moderated the relationship between
mTBI + LOC and FA in the left retrolenticular part of the internal cap-
sule. These results provide some evidence thatmTBI+ LOC is associated
with greater white matter abnormality as PTSD symptom severity in-
creases, although these results must be interpreted with caution be-
cause they did not survive multiple comparisons correction. PTSD
symptom severity was also associated with lower attention, verbal
memory, and visuospatial memory, consistent with a large body of
work linking PTSD to impairments in these cognitive domains
(Brandes et al., 2002; Kanagaratnam and Asbjørnsen, 2007; Leskin and
White, 2007; Vasterling et al., 1998, 2002; Verfaellie et al., 2014).

Limitations of the current study should be noted. Similar to most
previous studies of post-deployment health, mTBI diagnosis relied on
retrospective self-reports with limited availability of corroborating
medical record data. However, mTBI assessment was conducted
using a structured and guided interview based on a validated interview
(Fortier et al., 2014) to characterize the nature of each injury, currently
the gold standard for diagnosis (Corrigan and Bogner, 2007). Further-
more, all but three individuals with LOC reported information obtained
from a witness to the event, reducing reliance on self-report to infer
LOC. In the current study, the control group consisted of individuals
who were never exposed to blast-wind mechanisms as well as individ-
uals who were exposed to blast without TBI. There is some evidence
that individuals with blast exposure, even without mTBI, show white
matter abnormalities (as an example, see Taber et al., 2015). Although
wedid notfindany differences related to blast exposure itself in the cur-
rent study, it is possible that our methods were not optimized to detect
white matter abnormalities that may be associated with blast exposure.
Taber et al. (2015) identified cluster areas of abnormal voxels not re-
stricted to any particular white matter tract. This approach avoids the
potential problem of null results due to averaging together healthy
and damaged tissue in an ROI approach. Thus, future studies of
subconcussive blast exposure may benefit from this approach.
Finally, we note that because we did not measure neurocognitive func-
tioning premorbidly, we cannot exclude the possibility that some
neurocognitive differences were pre-existing. However, there were no
group differences in a brief measure of premorbid IQ (i.e., the WTAR),
providing some evidence against this possibility.

4.1. Conclusions

In summary, we report evidence for white matter abnormalities as-
sociatedwith blast-relatedmTBI, particularly in individualswho experi-
enced LOC. These abnormalities were spatially heterogeneous in nature,
not confined to any one particularwhitematter tract except in the pres-
ence ofmultiple blast exposure. One consequence of thesewhitematter
abnormalities may be reduced neurocognitive performance, particular-
ly in verbal memory. PTSD was not associated with spatially heteroge-
neous white matter abnormalities, although there was a suggestion
that at higher levels of PTSD symptom severity, LOC may be associated
with a region-specific abnormality. Taken together, the results from
this study underscore the consequences of blast-related mTBI on brain
structure and provide evidence of the importance of using sensitive
techniques, such as DTI, to detect brain injury following mTBI.
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