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Abstract

Evidence suggests that blast exposure has profound negative consequences for the health of the human brain, and that it

may confer risk for the development of neurodegenerative diseases such as chronic traumatic encephalopathy and

Alzheimer’s disease (AD). Although the molecular mechanisms linking blast exposure to subsequent neurodegeneration is

an active focus of research, recent studies suggest that genetic risk for AD may elevate the risk of neurodegeneration

following traumatic brain injury (TBI). However, it is currently unknown if blast exposure also interacts with AD risk to

promote neurodegeneration. In this study we examined whether apolipoprotein (APOE) e4, a well-known genetic risk

factor for AD, influenced the relationship between blast exposure and white matter integrity in a cohort of 200 Iraq and

Afghanistan war veterans. Analyses revealed a significant interaction between close-range blast exposure (CBE) (close

range being within 10 m) and APOE e4 carrier status in predicting white matter abnormalities, measured by a voxelwise

cluster-based method that captures spatial heterogeneity in white matter disruptions. This interaction remained significant

after controlling for TBI, pointing to the specificity of CBE and APOE in white matter disruptions. Further, among veteran

e4 carriers exposed to close-range blast, we observed a positive association between the number of CBEs and the number

of white matter abnormalities. These results raise the possibility that CBE interacts with AD genetic influences on

neuropathological processes such as the degradation of white matter integrity.
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Introduction

Because of the frequent use of explosive devices in modern

warfare, blast exposure has been a common occurrence in the

Iraq and Afghanistan wars. Estimates suggest that 75% of traumatic

brain injuries (TBIs) that occurred during these wars were caused

by blasts, and that more than half of the veterans who did not report

a TBI during their service were still exposed to two or more nearby

explosive blasts.1 However, despite the prevalence of blast expo-

sure in veterans of the wars in Iraq and Afghanistan, research on the

health effects of blast exposure is still in its early stages.

Emerging evidence suggests that blast exposure, even in the

absence of a diagnosed TBI, may have adverse neural conse-

quences. For example, using diffusion tensor imaging (DTI) and a

voxelwise cluster-based method that accounts for spatially heter-

ogenous white matter abnormalities, Taber and colleagues2 found

that blast exposure, regardless of TBI, was associated with a greater

number of clusters with reduced white matter integrity, as indicated

by reduced fractional anisotropy (FA). Similarly, Bazarian and col-

leagues3 showed that compared with unexposed individuals, veterans

exposed to one or more blasts had reductions in FA across the brain.

Additionally, Robinson and colleagues4 found that exposure to a

blast within £10 m was associated with decreased functional con-

nectivity of bilateral primary somatosensory and motor cortices.

Together, these studies suggest that blast exposure, particularly when

experienced at close range, is associated with neural abnormalities.

The neural consequences of blast exposure are of great concern,

as preliminary evidence suggests that blast exposure may nega-

tively impact brain-aging trajectories in white matter,5 potentially

exacerbating neurodegenerative processes. These findings echo
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research surrounding TBI, which has been shown to be a robust

environmental risk factor for neurodegenerative diseases such as

Alzheimer’s disease (AD) and chronic traumatic encephalopathy

(CTE).6–11 The mechanisms linking these environmental factors to

increased risk for neurodegenerative disease are the focus of many

ongoing studies. Evidence suggests that TBI may interact with

genetic risk for AD in conferring risk for neurodegeneration.

Specifically, studies focused on TBI in individuals carrying the

apolipoprotein (APOE) e4 allele, a well-established AD genetic

risk factor, suggest that e4 carriers with head trauma have an in-

creased risk of AD12–15 and poorer outcome.16–18 Additionally,

APOE e4 may promote amyloid deposition in individuals with

TBI,19,20 and the combination of mild TBI and genetic risk for AD

may play a role in the degradation of structural brain integrity

in vivo.21 These results highlight the possibility that TBI exagger-

ates genetically associated neuropathological processes. However,

it is unknown whether blast exposure also influences the associa-

tion between genetic risk for AD and compromised neural integrity.

In this study, we used voxelwise cluster-based methods previously

shown to be sensitive to white matter abnormalities in blast expo-

sure2,22,23 in a large group of Operation Enduring Freedom/Iraqi

Freedom/New Dawn (OEF/OIF/OND) veterans. These voxelwise

cluster-based methods capture diffuse and spatially non-overlapping

white matter disruptions by examining the total number rather than

the location of white matter abnormalities. The aim of this study was

to examine whether the relationship between close-range blast ex-

posure (CBE) and white matter structural integrity varied as a func-

tion of APOE e4 carrier status. Further, because blast exposure is

often complicated by coexisting conditions, we also examined other

potential confounding factors including TBI, post-traumatic stress

disorder (PTSD), and sleep impairment.

Methods

Participants

Our sample included 200 Iraq and Afghanistan war veterans
(i.e., deployed to OEF/OIF/OND), consecutively enrolled into the
Translational Research Center for TBI and Stress Disorders
(TRACTS)24 at the VA Boston Healthcare System, who had
available genetic, clinical, and neuroimaging data. Individuals
were recruited from the Boston metropolitan area through com-
munity outreach events. Exclusion criteria for this study included

FIG. 1. Distribution of clusters with reduced fractional anisotropy (FA) by apolipoprotein (APOE) status within close-range blast
exposure (CBE) groups (non-CBE+/CBE+ indicates APOE e4 carriers within respective CBE group, non-CBE/CBE- indicates non e4
carriers within respective CBE group). Scale represents the proportion of individuals within each group that have a cluster with reduced
FA in the area marked. Lighter red indicates fewer individuals with a cluster in the area marked, and yellow indicates a greater number
of individuals with a cluster in the area marked. The black outline represents the outline of the white matter skeleton used in calculation
of z-score maps. Clusters with reduced FA were dilated for ease of viewing.
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history of moderate/severe TBI, abnormal incidental findings on
research scans (i.e., fluid-attenuated inversion recovery [FLAIR]
susceptibility-weighted, and high resolution T1 scans) as deter-
mined by a neuroradiologist, history of seizures not related to TBI,
vascular disease, heart conditions, serious mental illness such as
bipolar disorder or significant psychiatric conditions such as psy-
chosis, current suicidal or homicidal ideation, and incompatibility
with magnetic resonance imaging (MRI) because of ferromagnetic
objects in the body or pregnancy.

An additional 17 Iraq and Afghanistan veterans (i.e., deployed to
OEF/OIF/OND) without a history of blast exposure or lifetime TBI
and who did not meet diagnostic criteria for PTSD as assessed by
the Clinician-Administered PTSD Scale (CAPS) for the Diagnostic
and Statistical Manual of Mental Disorders, 4th edition (DSM-
IV)25 formed the reference group for neuroimaging analyses.

All study procedures were in accordance with the Declaration of
Helenski and were reviewed and approved by the appropriate in-
stitutional review board. All participants provided written informed
consent.

Clinical and cognitive measures

History of blast exposure and TBI was assessed by doctoral-level
psychologists using the Boston Assessment of TBI-Lifetime (BAT-
L),26 a semistructured interview based on Department of Defense
TBI diagnostic criteria. The BAT-L queries participants about blast
exposure and TBI that occurred before, during, and after military
experience. The BAT-L also includes classification of blast expo-
sure events into distance ranges (0–10 m, 11–25 m, 26–100 m).
Members in the CBE group were defined as positive if they expe-
rienced at least one blast in the 0–10 m range or negative if they
experienced no blasts in that range. Additionally, the total number
of blast exposure events in the 0–10m range was summed for each
individual to obtain a continuous measure of CBE. For the purposes
of this study, moderate and severe TBI were exclusionary criteria
and only mild lifetime and military TBI were examined, which was
defined as the presence of altered mental status for <24 h, post-
traumatic amnesia of <24 h, and/or loss of consciousness for
<30 min before, during, or after military experience (lifetime) or

Table 1. Demographic and Clinical Characteristics

Variable
Reference
(n = 17)

Total
(n = 200)

Non CBE
(n = 111)

CBE
(n = 89) Group comparison

Males, no. (%) 15 (88.2) 181 (90.5) 97 (87.4) 84 (94.4) v2(1) = 2.8, p > 0.09
Age in years, mean (SD) 31.5 ( 9.9) 31.7 (8.0) 32.8 (7.9) 30.4 (7.9) t(198) = -3.9, p < 0.001**
Military TBI, no (%) — 77 (38.5) 27 (24.3) 50 (64.9) v2(1) = 21.2, p < 0.001**
Lifetime TBI, no (%) — 142 (71.0) 71 (64.0) 71 (79.8) v2(1) = 6.0, p < 0.02*
Current PTSD symptom severity,

mean (SD)
— 47.2 (27.5) 40.6 (26.8) 55.3 (26.3) t(198) = 2.2, p = 0.03*

PSQI sleep impairment, no (%) 8 (50.0)a 148 (74.0) 75 (67.7) 73 (82.0) v2(1) = 5.4, p = 0.02*
APOE e4 carriers, no (%) 5 (35.7) 55 (27.5) 28 (25.2) 27 (30.3) v2(1) = 0.7, p > 0.4
Total number of CBEs, mean (SD) — 1.6 (4.9) — 3.9 (7.1) t(88) = -5.2, p < 0.001**
Total number of white matter clusters,

M (SD)
— 27.3 (28.5) 25.8 (31.2) 29.1 (24.9) t(198) = -0.8, P > 0.4

Group comparisons are measured between the CBE groups. CBE group was defined as an exposure to a blast that was <10 m away. PSQI sleep
impairment was unavailable for one participant, and APOE genotype was unavailable for three participants in the reference group. The reference group
was selected based on no lifetime TBI, current PTSD, or blast exposure.

aThe reference group had significantly fewer participants with sleep impairment than either the CBE or the non-CBE group (v2[2]) = 9.3, p = 0.009).
The total number of white matter clusters is not log transformed for ease of interpretation.

*p < 0.05; **p < 0.001.
APOE, apolipoprotein; CBE, close-range blast exposure; TBI, traumatic brain injury; PSQI, Pittsburgh Sleep Quality Index; PTSD, post-traumatic

stress disorder.

Table 2. Summary of Regression Analysis for the Association of CBE Group

by APOE E4 Carrier Status on White Matter Integrity

Step/Variable R2 B SE(B) b p

Step 1 0.103 0.002**
Age 0.014 0.003 0.300 <0.001**
Sex 0.011 0.089 0.009 0.899
PC1 -0.451 0.454 -0.070 0.321
PC2 0.320 0.442 0.050 0.470
CAPS 0.001 0.001 0.077 0.321
PSQI sleep impairment 0.057 0.066 0.067 0.391

Step 2 0.119 0.189
CBE 0.097 0.054 0.129 0.076
APOE 0.020 0.059 0.024 0.736

Step 3 0.138 0.043*
CBE · APOE 0.235 0.116 0.215 0.043*

*p < 0.05; **p < 0.01.
APOE, apolipoprotein; CAPS, Clinician-Administered PTSD Scale; CBE, close-range blast exposure; PC, principal components; PSQI, Pittsburgh

Sleep Quality Index; PTSD, post-traumatic stress disorder; SE, standard error.
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during military experience related to blast or other deployment
mechanisms (military).

PTSD was assessed with the CAPS for DSM-IV25 by doctoral
level psychologists. The CAPS is a structured interview that is
currently the gold standard for assessment of PTSD. Total CAPS
scores were used as a measure of current PTSD symptom severity.
Sleep impairment was assessed with the Pittsburgh Sleep Quality
Index (PSQI) and defined as a global score >5 on the PSQI.27

All diagnoses were reviewed by a diagnostic team consensus of
at least three PhDs or MDs for confirmation of TBI and DSM-IV
diagnoses.

MRI acquisition and processing

Neuroimaging data were collected with a 12 channel head coil
on a Siemens 3-Tesla TIM Trio whole-body scanner at VA Boston

from 2010 to 2015. Two T1-weighted magnetization-prepared ra-
pid gradient-echo (MP-RAGE) anatomical scans were collected for
each participant with the following parameters: voxel size = 1 mm3,
T1 = 1100 ms, repetition time (TR) = 2530 sec, echo time (TE) =
3.32 ms, field of view (FOV) = 256 · 256, number of slices = 176,
flip angle = 7 degrees. These two MP-RAGE scans were then av-
eraged into a single image to create a high contrast-to-noise image.
Additionally, a DTI scan *12 min long was collected with the
following parameters: one acquisition of 60 directions, inter-
leaved, 2 · GeneRalized Autocalibrating Partial Parallel Ac-
quisition (GRAPPA) acceleration, FOV = 256, matrix = 128 · 128,
TR = 10,000 ms, TE = 103 ms, voxel size = 2 mm3, b value =
700 sec/mm2, 10 b0 volumes.

All imaging data, including reference group cases, were ana-
lyzed using the Oxford Centre for Functional Magnetic Resonance
Imaging of the Brain (FMRIB) Diffusion Toolbox (FDT) of the

FIG. 2. Increased number of clusters with reduced fractional anisotropy (FA) in apolipoprotein (APOE) e4 carriers who experienced a
close-range blast exposure (CBE). Values on the x-axis represent whether an individual experienced a CBE (yes or no), which was
defined as a blast within £10 m. Values on the y-axis represent the log transformed total number of clusters with reduced FA. Dark gray
bars indicate non-e4 carriers and light gray bars indicate individuals with at least one APOE e4 allele. Error bars reflect 95% confidence
intervals.

Table 3. Summary of Regression Analysis for the Association of Total Number of CBEs
by APOE E4 Carrier Status on White Matter Integrity

Step/Variable R2 B SE(B) b p

Step 1 0.103 0.002**
Age 0.014 0.003 0.300 <0.001**
Sex 0.011 0.089 0.009 0.899
PC1 -0.451 0.454 -0.070 0.321
PC2 0.320 0.442 0.050 0.470
CAPS 0.001 0.001 0.077 0.321
PSQI sleep impairment 0.057 0.066 0.067 0.391

Step 2 0.105 0.817
Number of CBEs 0.002 0.005 0.033 0.698
APOE 0.023 0.060 0.028 0.639

Step 3 0.162 <0.001**
Number of CBEs · APOE 0.046 0.013 0.292 <0.001**

*p < 0.05; **p < 0.01.
APOE, apolipoprotein; CAPS, Clinician-Administered PTSD Scale; CBE, close-range blast exposure; PC, principal components; PSQI, Pittsburgh

Sleep Quality Index; PTSD, post-traumatic stress disorder; SE, standard error.
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FSL software package (version 5.0.8; http://www.fmrib.ox.ac.uk/
fsl). First, images were corrected for motion and eddy currents with
FSL’s tool eddy_correct and then brain was extracted using BET to
remove non-brain voxels.28 Next, the dtifit program of FDT was
used to create FA images by fitting a tensor model at each voxel

using ordinary least squares regression. Then, data were processed
with Tract-Based Spatial Statistics (TBSS)29 and registered to the
FMRIBFA_58 template to align all FA images to a standard space.
Finally, an FA threshold of 0.20 was used to restrict the white
matter skeleton to only white matter. Data were visually inspected
by members of the research team for quality assurance with regard
to alignment and registration to the white matter skeleton.

To identify clusters with reduced FA, z-score maps from the FA
standard space skeletonized images produced by TBSS were cal-
culated.22,30 This involved converting each white matter voxel into
a z-score based on the reference group (n = 17). Z-score maps were
then thresholded at z = -3 to limit the maps to clusters with abnor-
mally reduced FA. The total number of white matter clusters with z
£ -3 in at least five contiguous voxels was calculated for each
individual, excluding those in the reference group, and used for
further analyses (see Fig. 1 for group maps).

DNA genotyping and polygenic risk score
(PRS) calculation

DNA was extracted from whole blood using the Qiagen Qiamp
mini kit. Genotyping of the APOE single nucleotide polymor-
phisms (SNPs) (rs429358 and rs7412) was performed using an ABI
TaqMan� 7900 Fast Real-Time PCR system, with the TaqMan�

SNP Genotyping Assays C-3084793-20 and C-904973-10 and
TaqMan� Universal PCR Master Mix, AmpErase� UNG. Finally,
assays were performed on an ABI 7900HT apparatus according to
the manufacturer’s protocol. APOE genotype was coded as APOE
e4 carriers versus non-carriers (i.e., subjects with at least one e4
allele vs. subjects with e2/ e3 or e3/ e3 genotypes; there were no e2/
e2 subjects observed in this cohort).

To obtain principal components representing population substruc-
ture, we also generated genotypes at the Pharmacogenomics Analysis
Laboratory (PAL) at the Central Arkansas Veterans Healthcare Sys-
tem in Little Rock, Arkansas. DNA was extracted from peripheral
blood samples hybridized to Illumina HumanOmni2.5-8 BeadChips
and imaged with the Illumina iScan System (Illumina, San Diego,
CA). Concordance with self-reported ancestry and genotype was in-
vestigated in a genetic principal components analysis using the pro-
gram EIGENSTRAT,31 based on 100,000 SNPs merged with 1000
genomes’ phase 1 reference data.32

Statistical analysis

Statistical analyses were performed using SPSS version 25 (IBM
Corp., Armonk, NY). Total number of clusters with reduced FA

FIG. 3. There is a greater number of clusters with reduced
fractional anisotropy (FA) in apolipoprotein (APOE) e4 carriers
with an increasing number of close-range blast exposures (CBEs)
in (A) the full sample (n = 200) and (B) the sample with the re-
moval of four individuals with extreme values for number of
CBEs (n = 196). Values on the x-axis represent total number of
CBEs (within £10 m). Values on the y-axis represent the log
transformed total number of clusters with reduced FA. Lighter
gray X’s indicate non-carriers and black X’s indicate individuals
with at least one APOE e4 allele.

Table 4. Summary of Regression Analysis for the Association of Lifetime TBI
by APOE E4 Carrier Status on White Matter Integrity

Step/Variable R2 B SE(B) b p

Step 1 0.103 0.002**
Age 0.014 0.003 0.300 <0.001**
Sex 0.011 0.089 0.009 0.899
PC1 -0.451 0.454 -0.070 0.321
PC2 0.320 0.442 0.050 0.470
CAPS 0.001 0.001 0.077 0.321
PSQI sleep impairment 0.057 0.066 0.067 0.391

Step 2 0.112 0.400
Lifetime TBI -0.074 0.058 -0.090 0.200
APOE 0.030 0.059 0.036 0.617

Step 3 0.114 0.470
Lifetime TBI · APOE -0.101 0.139 -0.109 0.470

**p < 0.01.
APOE, apolipoprotein; CAPS, Clinician-Administered PTSD Scale; PC, principal components; PSQI, Pittsburgh Sleep Quality Index; PTSD, post-

traumatic stress disorder; SE, standard error; TBI, traumatic brain injury.
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was log transformed with base 10 to account for the positive skew
of the data before entering the variable into further analyses.

To examine the effect of CBE group and its interaction with
APOE on the number of clusters with reduced FA, a hierarchical
linear regression analysis was performed in which number of
clusters with reduced FA was the dependent variable. Age, sex, the
first two principal components representing population substruc-
ture, current PTSD symptom severity, and sleep impairment were
added as covariates in the first step of the model, main effects of
CBE group and APOE were added in the second step, and the
interaction between CBE group and APOE was added in the final
step. To confirm that the effect was associated with CBE group and
not with underlying TBI effects, we repeated analyses including
lifetime TBI or military TBI as a covariate in the first step of the
model.

Additionally, to investigate potential dose effects of CBE, we
repeated hierarchal linear regression models replacing CBE group
with the number of CBEs to examine the interaction between the
total number of CBEs and APOE on the number of clusters with
reduced FA.

To examine other potential influences on the association be-
tween APOE and clusters with reduced FA, linear hierarchal re-
gression analyses examined the main effects of (1) lifetime TBI
(yes/no), (2) military TBI, (3) PTSD (total CAPS score), and (4)
sleep impairment (yes/no) as well as their interactions with APOE.
These analyses followed the primary hierarchal regression model
and replaced CBE group with either lifetime TBI, military TBI,
PTSD symptom severity, or sleep impairment. In the analyses fo-
cused on PTSD and sleep impairment, PTSD symptom severity or
sleep impairment was examined as a main effect in the second step
of the model and CBE group was added as a covariate in the first
step.

Results

Participant demographics and clinical characteristics are listed

in Table 1. Compared with the non-CBE group, the CBE group

were younger on average, exhibited more PTSD symptoms, and

had a greater percentage of individuals with TBI and sleep im-

pairment.

Results of regression analyses revealed that there were no sig-

nificant main effects of CBE group or APOE on clusters with re-

duced FA ( p’s > 0.07, Table 2, Fig. 1). However, there was a

significant interaction between CBE group and APOE on clusters

with reduced FA, whereby there was an effect of the e4 allele with

CBE on the number of white matter abnormalities ( p = 0.04,

Table 2, Fig. 2). Given that individuals with CBE had significantly

more lifetime TBIs than individuals without CBE, we repeated

analyses controlling for lifetime TBI in the first step of the model.

Results did not change, with a significant interaction between

APOE and CBE group on clusters with reduced FA after ac-

counting for either lifetime or military TBI ( p’s = 0.04).

To further explore the nature of the interaction between APOE

and CBE group on clusters with reduced FA, we performed ana-

lyses of covariance (ANCOVAs), adjusting for covariates, in which

we divided the sample by APOE carrier status. Results revealed a

trend toward a greater number of clusters with reduced FA among

e4 carriers exposed to a close-range blast compared with carriers

not exposed to a close-range blast (F1,47 = 4.03, partial g2 = 0.079,

p = 0.05; Fig. 2). There were no significant group differences in

non-carriers (F1,137 = 0.493, partial g2 = 0.004, p > 0.4; Fig. 2).

We then performed a hierarchal linear regression, adjusting for

covariates, in which we focused on a continuous measure of CBE

(mean = 1.73, standard deviation [SD] = 5.08, range = 0–55). Re-

sults revealed a significant interaction between total number of

CBEs and APOE on the number of clusters with reduced FA,

whereby e4 carriers with more CBEs had a greater number of white

matter clusters with reduced FA ( p < 0.001, Table 3, Fig. 3A).1

Follow-up partial Pearson correlations revealed that there was a

significant positive correlation between the number of clusters with

reduced FA and CBEs in APOE e4 carriers (n = 55, r = 0.404,

p = 0.004) but not in non-carriers (n = 145, r = -0.078, p > 0.3). Upon

closer inspection of the data, there were several individuals who

had extreme values for the number of CBEs. To ensure that the

results were not driven by these extreme values, we repeated ana-

lyses removing these four individuals (n = 196; number of CBEs

mean = 1.12, SD = 1.99, range = 0–12). The results remained sig-

nificant (regression: R2 = 0.146, b = 0.027, p = 0.027; APOE e4

Table 5. Summary of Regression Analysis for the Association of Military TBI
by APOE E4 Carrier Status on White Matter Integrity

Variable R2 B SE(B) b p

Step 1 0.103 0.002**
Age 0.014 0.003 0.300 <0.001**
Sex 0.011 0.089 0.009 0.899
PC1 -0.451 0.454 -0.070 0.321
PC2 0.320 0.442 0.050 0.470
CAPS 0.001 0.001 0.077 0.321
PSQI sleep impairment 0.057 0.066 0.067 0.391

Step 2 0.105 0.883
Military TBI -0.014 0.057 -0.019 0.798
APOE 0.026 0.059 0.031 0.662

Step 3 0.105 0.765
Military TBI · APOE 0.036 0.121 0.031 0.765

*p < 0.05; **p < 0.01.
APOE, apolipoprotein; CAPS, Clinician-Administered PTSD Scale; PC, principal components; PSQI, Pittsburgh Sleep Quality Index; PTSD, post-

traumatic stress disorder; SE, standard error; TBI, traumatic brain injury.

1To address the possibility of a non-linear association between number
of CBEs and the number of white matter clusters with reduced FA, we
repeated analyses with a square-root transform of the total number of
CBEs. The pattern of results did not change, with a significant interaction
between the square-root transform of the total number of CBEs and APOE
on the number of clusters with reduced FA (R2 = 0.403, b = 0.338,
P = 0.001).
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carriers correlation: n = 54, r = 0.3, p < 0.04; non-carriers correla-

tion: n = 142, r = -0.035, p > 0.6; Fig. 3B).

Finally, to examine other potential influences on the association

between APOE and the number of clusters with reduced FA, we

performed hierarchal regression models in which we replaced CBE

group in the primary model with (1) lifetime TBI, (2) military TBI,

(3) PTSD, or (4) sleep impairment. Results revealed that neither the

main ( p’s > 0.2) or interaction ( p’s > 0.1) effects of TBI, PTSD, or

sleep impairment were significantly associated with clusters with

reduced FA (Tables 4–7).

Discussion

In a cohort of 200 young veterans (average age = 31 years), we

found that among APOE e4 carriers, CBE was significantly asso-

ciated with spatially heterogenous white matter alterations. This

association was specific to CBE relative to more distant blast ex-

posures and other TBI-related variables such as the presence of a

lifetime or military-related TBI. Further, we found that the number

of CBEs was significantly associated with the number of white

matter clusters with reduced FA in APOE e4 carriers, potentially

suggesting a dose-effect of CBE. These findings are consistent with

recent work showing the relevance of CBE in brain health,4 and

suggests that close-range exposure within 10 m may be a useful

marker for blast-related neural changes, particularly when exam-

ined in concordance with genetic differences.

PTSD and sleep impairment were highly comorbid with CBE in

our sample, a finding that has been observed in other studies,4,33

and raises a question concerning the specificity of our findings.

Nonetheless, our findings were significant when PTSD and sleep

impairment were included in the model. Moreover, our analyses

revealed that neither PTSD nor sleep impairment was significantly

associated with heterogeneous white matter alterations in individ-

uals with the e4 allele.

Our finding that CBE in combination with genetic risk for AD

was associated with spatially heterogeneous white matter alter-

ations adds to the emerging literature pointing to the importance of

blast exposure in heterogeneous disruptions of white matter in-

tegrity,2,3 and is consistent with previous reports showing white

matter abnormalities in the pre-symptomatic and amnestic mild

cognitive impairment stages of AD.34–37 Our finding extends this

work by showing that blast exposure in combination with APOE e4

Table 6. Summary of Regression Analysis for the Association of PTSD Symptom Severity

by APOE E4 Carrier Status on White Matter Integrity

Variable R2 B SE(B) b p

Step 1 0.117 <0.001**
Age 0.015 0.003 0.317 <0.001**
Sex 0.035 0.089 0.027 0.693
PC1 -0.397 0.451 -0.062 0.379
PC2 0.315 0.438 0.049 0.473
CBE 0.105 0.052 0.139 0.048*
PSQI sleep impairment 0.069 0.059 0.081 0.240

Step 2 0.119 0.812
CAPS 0.001 0.001 0.042 0.595
APOE 0.020 0.059 0.024 0.736

Step 3 0.130 0.114
CAPS · APOE 0.004 0.002 0.253 0.114

*p < 0.05; **p < 0.01.
APOE, apolipoprotein; CAPS, Clinician-Administered PTSD Scale; CBE, close-range blast exposure; PC, principal components; PSQIPi, ttsburgh

Sleep Quality Index; PTSD, post-traumatic stress disorder; SE, standard error; TBI, traumatic brain injury.

Table 7. Summary of Regression Analysis for the Association of Sleep Impairment

by APOE E4 Carrier Status on White Matter Integrity

Variable R2 B SE(B) b p

Step 1 0.115 0.001**
Age 0.015 0.003 0.314 <0.001**
Sex 0.028 0.089 0.022 0.753
PC1 -0.414 0.451 -0.065 0.360
PC2 0.282 0.438 0.044 0.520
CBE 0.099 0.054 0.132 0.068
CAPS 0.001 0.001 0.072 0.308

Step 2 0.119 0.686
PSQI sleep impairment 0.051 0.066 0.060 0.439
APOE 0.020 0.059 0.024 0.736

Step 3 0.119 0.815
PSQI sleep impairment · APOE -0.034 0.147 -0.038 0.815

*p < 0.05; **p < 0.01.
APOE, apolipoprotein; CAPS, Clinician-Administered PTSD Scale; CBE, close-range blast exposure; PC, principal components; PSQI, Pittsburgh

Sleep Quality Index; PTSD, post-traumatic stress disorder; SE, standard error.
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may be an important risk factor for diffuse alterations in white

matter integrity. Research suggests that axonal injury may lead to

the accumulation of proteins that form diffuse amyloid b (Ab)

plaques similar to those that appear in early AD.38–40 Moreover,

APOE e4 has been linked to the propagation and accumulation of

misfolded proteins and Ab20,38,41–43 as well as impairments in

neuronal recovery following brain injury, including alterations in

Ab clearance and tau-mediated neurodegeneration.44,45 Our results

raise the possibility that CBE may influence processes that work

synergistically with neurodegenerative genetic influences to trigger

pathological accumulation of misfolded proteins.9,46

In this study, we did not find a main effect of the presence of TBI

or an association between TBI and APOE on spatially diffuse white

matter alterations. One possibility for this negative finding is that

our TBI measure did not account for sub-concussive blows to the

head, which may have adverse consequences on brain health. Re-

cent work has shown that repetitive and sub-concussive injuries

without apparent acute symptoms are especially important in

neurodegenerative processes.46,47 Therefore, it is possible that

CBE, particularly when combined with genetic risk for neurode-

generative disease, may be a more sensitive marker for sub-clinical

but persistent effects on the brain related to potential neurodegen-

erative processes. Notably, prior work examining the main effects

of mild TBI on spatially heterogeneous white matter integrity has

found that mild TBI with loss of consciousness is significantly

associated with white matter alterations above and beyond the ef-

fects of blast exposure alone.22,23,48 Taken together, these results

suggest that although mild TBI with loss of consciousness may be

related to negative neural effects alone, blast exposure requires the

additive genetic influence to impact white matter integrity. Another

possibility for the negative TBI finding is that there may be dif-

ferences in how primary blast injuries interact with APOE on the

brain compared with brain injuries associated with blunt forces. For

example, the vasculature may be more vulnerable to blast,49,50 and

mounting evidence suggests that cerebrovascular damage may be a

pathological link between neural integrity disruptions and neuro-

degenerative disease.51,52 Therefore, it is possible that the observed

finding in this study may reflect sensitivity to underlying cerebro-

vascular damage. However, more research is needed to confirm this

hypothesis.

Limitations of this study should be noted. First, this study was

cross-sectional and, therefore, we cannot make causal inferences.

Therefore, we cannot determine whether any of the individuals in

this study will develop AD in the future or whether these structural

alterations were present prior to injury. It will be important for

future longitudinal work to examine these possibilities. Second,

given the small sample size of the study, we may have been un-

derpowered in our analyses, which may have contributed to our

negative TBI result as well as our limited subgroup findings when

decomposing the interaction. However, our sample size was com-

parable with previously published studies investigating genetics,

clinical conditions, and neuroimaging.21,53–55 Further, our sub-

group finding is strengthened by the significant effects in the APOE

e4 group when examining a dimensional variable of CBE. None-

theless, it will be important to replicate these findings in larger

samples. Third, CBE was based on self-report and may be subject to

reporting bias. However, participant reports were guided by a

semistructured interview, which is currently the gold standard ap-

proach. Fourth, this study only examined white matter disruptions

along the TBSS white matter skeleton. However, TBSS has been

refined to minimize spurious influences from gray matter and ce-

rebral spinal fluid (CSF), and aims to improve sensitivity and in-

terpretability for DTI multi-subject analyses, which are often

composed with the use of standard registration algorithms in DTI.29

Nonetheless, it will be important for future work to examine white

matter disruptions within specified AD-vulnerable brain regions

not along the skeleton in association with blast exposure. Fifth,

using number of clusters with reduced FA, regardless of size, may

have produced unintended results. It is possible that one large

cluster may represent more substantial disruption than smaller

clusters, which would be obstructed by a metric focused on number

rather than size. However, the number of clusters with reduced FA

was highly correlated with total volume, suggesting that the num-

ber of clusters with reduced FA is sensitive to these larger volu-

metric disruptions and thereby reduces the concern that this metric

is not adequately addressing white matter disruption. Finally, our

sample consisted of combat veterans who were predominately

male. It is unknown whether these effects will be observable in

cohorts consisting primarily of non-military groups exposed to

blasts, or females.

Conclusions

In summary, we report that CBE in combination with APOE e4
genotype is associated with spatially heterogeneous alterations in

white matter integrity. Given the number of veterans who are re-

turning with blast exposure from the Iraq and Afghanistan wars,

these results underscore the importance of examining the long-term

consequences of blast exposure and the mechanisms by which it

may increase the risk for future neurodegenerative disease.
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