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Abstract
Purpose Assess the prevalence of white matter microstructural changes in combat veterans, within the context of a highly
matched control group comprising unexposed close relatives.
Methods This prospective study had institutional review board approval, included written informed consent, and is HIPAA-
compliant. Diffusion tensor imaging was analyzed in 16 male blast-exposed combat veterans of Operation Iraqi Freedom/
Operation Enduring Freedom (mean age 31.0 years) and 18 unexposed males (mean age 30.4 years) chosen on the basis of a
consanguineous relationship to a member of the subject group. Whole-brain voxel-based comparison of fractional anisotropy
(FA) was performed using both group and individual analyses. Areas where effects on FA were detected were subsequently
characterized by extracting radial diffusivity (RD), axial diffusivity (AD), and mean diffusivity (MD) from the regions of
abnormal FA.
Results Controls did not differ from veterans on any background demographic factor. In voxel-based group comparison, we
identify high fractional anisotropy (FA) in veterans compared to controls (p < 0.01). Within individual veterans, we find multiple
areas of both abnormally high and low FA (p < 0.01) in a heterogeneous distribution, consistent with multifocal traumatic axonal
injury. In individualized analyses, low FA areas demonstrate high radial diffusivity, whereas high FA areas demonstrate low RD
in both group and individual analyses.
Conclusions Combat-related blast exposure is associated with microstructural white matter abnormalities, and the nature of the
control group decreases the likelihood that the findings reflect underlying background differences. Abnormalities are heteroge-
neously distributed across patients, consistent with TAI, and include areas of low and high FA.
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Introduction

Mild traumatic brain injury (mTBI) is the signature injury of
modern warfare [1], affecting 23% of American warriors

during Operation Iraqi Freedom/Operation Enduring
Freedom (OIF/OEF) [2, 3]. Combat-related TBI differs from
conventional impact injuries for reasons including access to
care in the combat theater, prevalence of comorbid psychiatric
disorders, as well as blast exposure as a unique potential
mechanism of injury [4]. Understanding pathological sequelae
of combat-related TBI in humans is critical to detection, diag-
nosis, and development of treatment.

Diffusion tensor MRI (DTI) characterizes the directional
coherence (anisotropy) of water self-diffusion in tissue and
is sensitive to white matter abnormalities [5]. Reduction in
fractional anisotropy (FA) is the most well established DTI
finding in mTBI due to conventional impact injuries [6–9],
but abnormally high FA has also been seen, and bidirectional
changes in FA after mTBI may be common [9]. Although FA
is most commonly reported, axial diffusivity (AD), radial
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diffusivity (RD), and mean diffusivity (MD) may better char-
acterize diffusion abnormalities related to mTBI and underly-
ing pathomechanisms [9].

DTI abnormalities have been reported in combat-
exposed veterans by comparison to control groups
consisting of healthy civilians [9–12] or military veterans
without prior mTBI or blast exposure [13–22]. However,
there is growing concern that background subject charac-
teristics not explicitly controlled in prior studies, such as
factors occurring during a person’s upbringing, may poten-
tially confound these results [23–25]. An ideal study con-
trolling for these factors might consist of a pair-wise com-
parison between identical twins both of whom serve in the
military, but only one has combat experience. However,
such a study design is not feasible due to the rarity of such
twin pairs with differential combat exposure. Potential lim-
itations of prior studies also include the exclusion of psy-
chiatric conditions common in mTBI such as PTSD, de-
pression, and substance use, which may introduce selection
bias and limit the generalizability of results. Finally, anal-
ysis of DTI differences between groups limits sensitivity
for detection of abnormalities. Since individuals experi-
ence trauma due to different mechanisms and with differ-
ent biomechanical features, pathology in individual pa-
tients will be distributed across different locations.
Group-level analyses implicitly assume pathology will be
co-located across individuals and therefore cannot detect
these spatially heterogeneous areas of injury and are limit-
ed to detecting injury at locations that are affected across
multiple individuals. Thus, the extent of injury burden
within individuals can only be assessed by examining pa-
tients individually.

The objective of this study was to assess white matter mi-
crostructural changes in combat veterans, employing controls
chosen to address baseline variables such as demographic
characteristics, early life experiences, socioeconomic and geo-
graphic background, as well as potential genetic factors. To do
so, we utilized group-wise and individual analyses, employing
a control group consisting of same sex relatives with similar
demographic characteristics, early life experiences, and
socioeconomic/geographic background.

Materials and methods

This prospective IRB-approved study included written in-
formed consent and HIPAA compliance. Twenty male OIF/
OEF veterans with blast-related combat exposure were en-
rolled between May 2013 and May 2014. We initially sought
to recruit same-sex sibling controls with military experience,
but not combat blast exposure. This was not achievable and

we therefore enrolled as controls civilian (n = 17) and military
veteran (n = 3) males without known blast or combat expo-
sure. To maximize similarity and mitigate potential back-
ground confounders, such as demographics, socioeconomic
status, and geography, controls had a consanguineous relation-
ship (sibling or first cousin) to a veteran with whom he grew
up in close proximity. Overall inclusion criteria were (a) age
18–51 and (b) English reading/speaking fluency. Inclusion
criteria specific to veterans were (a) deployment within 1 year
and (b) blast exposure during deployment. An inclusion crite-
rion specific to controls was (a) same gender sibling of first
cousin to a member of the veteran subject group. Overall
exclusion criteria were (a) contraindication to MRI, (b) prior
neurological diagnosis, (c) schizophrenia, or (d) bipolar disor-
der. An exclusion criterion specific to veteran subjects was
history of moderate or severe TBI. An exclusion criterion
specific to controls was any history of TBI. One veteran and
one control could not tolerate imaging and were excluded.
One control was excluded for previously unrecognized blast
exposure, one veteran was excluded for other neurological
disease (Parkinson’s disease), and two veterans were excluded
due to imaging artifacts caused by superficial embedded
shrapnel. Thus, imaging was analyzed for 16 veterans and
18 controls. Although related veterans and controls were re-
cruited as pairs, exclusions described above were not neces-
sarily applied to both members of a veteran-control pair. Thus,
in the final cohort, one veteran and three controls did not have
a corresponding pair.

Demographics (Table 1), Verbal IQ (Wide Range
Achievement Test), and structured clinical interview (service
duration, blast exposure, acute and chronic post-concussive
symptoms, prior head injury) were acquired from a comput-
erized questionnaire independently completed by each subject
(summarized in Table 1). Additional information related to
service duration, blast exposure, acute and chronic post-
concussive symptoms, prior head injury, military service his-
tory, and blast exposure was obtained through a structured
clinical interview performed by a member of the research
team. Clinical interview data could not be obtained for two
veterans and four controls. Thus, where indicated, some de-
mographic and exposure data elements are based on a subset
of the full sample. Subjects were not treated at our facility, and
we did not have access to their medical records.

MRI acquisition

3T MRI (Achieva TX; 32-channel Sense Head Coil;
Philips Medical Systems, Best, Netherlands) included T1-
weighted 3D MP-RAGE (TR/TE/TI = 9.8/4.6/1430 ms;
FOV, 240 mm2; matrix, 240 × 240; section thickness,
1 mm), T2-weighted FLAIR (TR/TE = 1100/120 ms; TI,
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Table 1 Demographic
information Measure Veterans (n = 16) Controls (n = 18) p

Age, mean (SD) 31.0 (5.4) 30.4 (7.2) 0.800a

Sex, n (%)

Male 16 (100) 18 (100)

Female 0 (0) 0 (0)

Relationship to Control, n (%)c

Sibling – 10 (56)

First cousin – 5 (28)

Education years, mean (SD) 14.3 (1.8) 13.8 (2.0) 0.417a

WRAT, mean (SD) 100.8 (10.4) 92.3 (24.9) 0.211a

Edinburgh Handedness Inventory, mean (SD) 81.5 (22.3) 62.7 (49.9) 0.161a

Employed, n (%) 0.070b

Yes 10 (62) 16 (89)

No 6 (38) 2 (11)

Education, n (%) 0.301b

Some high school 0 (0) 1 (6)

High school graduate 1 (6) 5 (28)

Some college 9 (56) 5 (28)

Associate degree 3 (19) 4 (22)

Bachelor’s degree 2 (12) 3 (17)

Master’s degree 1 (6) 0 (0)

Household income, n (%) 0.639b

<$10,000 1 (6) 0 (0)

$10,000–$19,999 3 (19) 5 (28)

$20,000–$49,999 1 (6) 3 (17)

$50,000–$99,999 7 (44) 7 (39)

$100,000–$299,999 4 (25) 3 (17)

Health insurance, n (%) 0.458b

Yes 14 (88) 14 (78)

No 2 (12) 4 (22)

Ethnicity, n (%) –

Not Hispanic or Latino 16 (100) 18 (100)

Hispanic or Latino 0 (0) 0 (0)

Race, n (%) 0.339b

White 16 (100) 17 (94)

Black or African American 0 (0) 0 (0)

Asian 0 (0) 0 (0)

American Indian/Alaska native 0 (0) 1 (6)

Native Hawaiian or other Pacific Islander 0 (0) 0 (0)

Age learned English, n (%) 0.732b

English as first language 14 (88) 15 (83)

3–5 years old 2 (12) 3 (17)

Marital status, n (%) 0.361b

Married 11 (69) 9 (50)

Divorced 2 (12) 1 (6)

Separated 1 (6) 1 (6)

Never married 2 (12) 7 (39)

Military history, n (%) <0.001b

Yes 16 (100) 3 (17)
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Table 1 (continued)
Measure Veterans (n = 16) Controls (n = 18) p

No 0 (0) 15 (83)

Military injury, n (%) <0.001b

Yes 15 (94) 0 (0)

No 1 (6) 18 (100)

Military blast exposure, n (%) <0.001b

Yes 16 (100) 0 (0)

No 0 (0) 18 (0)

*Head injuries outside of military, n (%) 1.000b

Yes 2 (17) 2 (17)

No 12 (86) 12 (17)

*History of contact sports, n (%) 0.131b

Yes 5 (36) 9 (64)

No 9 (64) 5 (36)

Medical history, n (%)

Heart disease 0 (0) 0 (0) –

Stroke 0 (0) 0 (0) –

Diabetes 2 (12) 0 (0) 0.122b

High blood pressure 5 (31) 3 (17) 0.317b

Smoking history, n (%) 0.800b

Yes 10 (63) 12 (67)

No 6 (38) 6 (33)

Cigarette pack-years, mean (SD) 5.9 (7.5) 8.3 (10.6) 0.446a

Alcoholic drinks/week, mean (SD) 1.5 (1.4) 1.3 (1.3) 0.721a

Maximum alcoholic drinks/day, mean (SD) 2.7 (1.7) 2.4 (1.6) 0.594a

Marijuana use, n (%) 0.492b

Within past week 4 (25) 5 (28)

Within past month 0 (0) 2 (11)

Within past 2 months 0 (0) 1 (6)

> 2 months ago 6 (38) 6 (33)

Never 6 (38) 4 (22)

Crack/cocaine use, n (%) 0.085b

Within past week 0 (0) 0 (0)

Within past month 1 (6) 0 (0)

Within past 2 months 0 (0) 0 (0)

> 2 months ago 0 (0) 4 (22)

Never 15 (94) 14 (78)

Heroine use, n (%) 0.932b

Within past week 0 (0) 0 (0)

Within past month 0 (0) 0 (0)

Within past 2 months 0 (0) 0 (0)

> 2 months ago 1 (6) 1 (6)

Never 15 (94) 17 (94)

Amphetamine use, n (%) 0.932b

Within past week 0 (0) 0 (0)

Within past month 0 (0) 0 (0)

Within past 2 months 0 (0) 0 (0)

> 2 months ago 1 (6) 1 (6)

Never 15 (94) 17 (94)

LSD use, n (%) 0.618b
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2800 ms; FOV, 256 mm2; matrix, 372 × 248; section thick-
ness, 2 mm), DTI (TR/TE = 11,777/51 ms; FOV, 256 mm2;
matrix, 128 × 128; section thickness, 2 mm; 32 indepen-
dent diffusion sensitizing directions; b value, 800 s/mm2),
3D dual echo GRE B0 map (TR/TE1/ΔTE = 20/2.4/2.3 ms;
FOV, 256 mm2; matrix, 64 × 64; section thickness, 4 mm;
flip angle, 20°), and SWI (3D-PRESTO; FOV, 240 mm;
0.25 mm3 voxels, TR/TE = 16/23).

Image pre-processing

All images were reviewed by, and subsequent analyses were
overseen by, an ABR-CAQ neuroradiologist (M.L.L.) with
20 years of experience. Images were evaluated for gross image
degradation, clinical abnormalities, or incidental findings
which might preclude further analysis.

After head motion and eddy current correction, tensor
fitting was performed at each voxel utilizing FMRIB
Diffusion Toolbox [26] to compute fractional anisotropy
(FA), axial diffusivity (AD; magnitude of principle
Eigenvector), radial diffusivity (RD; mean of 2nd and 3rd
Eigenvalues), and mean diffusivity (MD; mean of 1st, 2nd,
and 3rd Eigenvalues) [27].

Non-brain voxels were removed from the MP-RAGE vol-
ume [28], with errors corrected manually. EPI distortion cor-
rection was performed using B0 unwarping [29]. EPI

distortion corrected images were registered to the subject’s
MP-RAGE volume using rigid body transformation with six
degrees of freedom [30, 31].

Voxel-wise group comparison (see Fig. 1)

Template registration

Each subject’s MP-RAGE volume and diffusion maps (FA,
MD, AD, and RD) were registered to the Johns Hopkins
University (JHU) T1-weighted template [32–34] using the
non-linear Automated Registration Toolbox (ART) [35, 36].

Identification of abnormal FA clusters

A white matter mask was generated for the JHU template
with the fast automated segmentation tool (FAST) within
FSL. This mask was eroded using a 3-voxel kernel to limit
edge effects. A general linear model (GLM) was used to
compare mean FA at each white matter voxel between the
subject and control groups, covarying for age and educa-
tion. To control type I errors (false positives), we set a
voxel-level p value threshold to 0.005 (single tail) and only
considered FA clusters larger than 100 contiguous voxels.
This corresponds to overall cluster level p value of 0.01 as
previously reported [37].

Table 1 (continued)
Measure Veterans (n = 16) Controls (n = 18) p

Within past week 0 (0) 0 (0)

Within past month 0 (0) 0 (0)

Within past 2 months 0 (0) 0 (0)

> 2 months ago 1 (6) 2 (11)

Never 15 (94) 16 (89)

Other drugs, n (%) 0.932b

Yes 1d (6) 1e (6)

No 15 (94) 17 (94)

Urine drug test at time of imaging, n (%) 0.595b

Positive 4f (25) 6g (33)

Negative 12 (75) 12 (67)

a Unpaired ttest
b Chi-squared
c The final cohort included three controls (and one veteran) without a corresponding pair due to exclusions after
subject-control pair recruitment. See methods for details
d One veteran reported using prescription opiates within the week prior to evaluation
e One control reported using prescription opiates more than 2 months prior to evaluation
f Three veterans had a positive urine drug test for THC, one had a positive-urine drug test for opiates, and one was
positive for opiates and cocaine at the time of evaluation
g Six control subjects had a positive urine drug test for THC, two of whom were also positive for opiates at the
time of evaluation
* Indicates data acquired from structured clinical interview that could not be acquired from all subjects. See
Methods for details
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Group comparison of diffusion parameters

To further characterize group-wise diffusion abnormalities,
we averaged FA, MD, AD, and RD in each subject across
the voxels within the abnormal FA clusters identified in the
voxel-wise group comparison (described above). This process
yields four scalar measures (FA, MD, AD, and RD) for each
subject, representing the mean of each value within voxels
comprising abnormal FA clusters.

Voxel-wise individual subject analysis (see Fig. 2)

Inter-subject registration

For each veteran, the T1-weighted volume and all diffusion
parameter maps of each control were registered to the vet-
eran’s T1-weighted volume using ART [38]. This process
was repeated such that each member of the control group
was registered separately to each veteran [37].

Identification of abnormal FA clusters

A separate white matter mask was generated for each veteran
by applying FAST to their T1-weighted volume and eroding
the mask using a 3-voxel kernel (as in the group-comparison
above). For each veteran, a separate GLM was used to

compare FA to the entire control group at each white matter
voxel, with age and education as covariates (Bone-versus-
many^ t test) [39, 40]. Only clusters ≥ 100 contiguous voxels
meeting a voxel-level threshold of p < 0.005 (1-tail) were con-
sidered abnormal as in the group-comparison above. The an-
atomic location for each abnormal (high or low) FA cluster
was assigned according to the automatic subcortical segmen-
tation label assigned by FreeSurfer (below) [41, 42] for the
voxel at the cluster’s center of gravity.

Evaluation of diffusion parameters in individual FA clusters

For each abnormal FA cluster identified in an individual vet-
eran, each diffusion parameter (FA, RD, AD, MD) was aver-
aged across the voxels comprising the cluster in that veteran as
well as within the homotopic voxels from each control. To
facilitate comparison of the different clusters across subjects,
Z-scores were computed for each diffusion parameter at each
cluster, based on the mean and standard deviation across the
control group for the given cluster.

Volumetric analysis

Brain volume and cortical thickness measurements were gen-
erated using FreeSurfer (v5.1) [42, 43]. For lobar

Veterans FA maps 
morphed to 
template

- Voxel-based t-test
between groups

Map of group 
FA differences

Group Analysis

Control FA maps 
morphed to 
template

- P-value thresholding
- Clustering

AD RD MD

Veteran 1
Veteran 2

Veteran 3
Veteran 4

Control A
Control B

Control C
Control D

Veteran 1

Veteran 2

Veteran 3

Veteran 4

Control A

Control B

Control C

Control D

t-test for each DTI
metric for voxels
averaged over
mask

FA

Mask of abnormal 
FA voxels

a

b

Fig. 1 Schematic for voxel-wise
group comparison of diffusion
measures. a Veteran and control
FA maps are registered to a com-
mon template space, and a voxel-
based analysis is then used to
identify clusters where FA differs
between veteran and control
groups. b FA, RD, AD, and MD
are averaged across each abnor-
mal FA cluster in each individual
veteran and subject. Student’s t
test is used determine differences
in each diffusion metric between
veteran and control groups
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measurements of cortical thickness, frontal and temporal lobes
were chosen as regions most likely to be affected in TBI.

Statistical analyses

Statistical analyses were performed with SPSS (v21.0).

Results

Demographic characteristics, military history, and blast expo-
sure characteristics for veteran subjects and controls are sum-
marized in Table 1. Although subjects were recruited on the
basis of combat and blast exposure, one veteran did not

indicate a history head injury or exposure to blasts on his
computerized questionnaire performed at the time of testing,
which underscores that personal recollection of mTBI, espe-
cially in the complex combat theater, can be unreliable [4].
History of non-military head injury, contact sports, and all
measured background and demographic characteristics were
not significantly different between veteran subjects and con-
trols (Table 1). Drug use was reported by both veterans and
controls at similar rates (Table 2). Indistinguishable numbers
of veteran and control subjects had positive urine drug screens
at the time of imaging (Table 1); no subject or control exhib-
ited behavioral stigmata of impairment or intoxication at the
time of assessment. Additional military service details for vet-
erans are summarized in Table 2.

a

b

Native veteran 
FA map 

Control FA 
maps morphed 
to individua
veteran

Map of individual FA 
abnormalities

- Voxel based t-test 
between veteran and 
control group

- P-value thresholding
- Clustering

FA AD RD MD

Veteran

Control A
Control B

Control C
Control D

Z-score for each DTI 
metric within voxels of
single high FA cluster 
comparing single 
veteran to group of 
controls

Z-score for each DTI 
metric within voxels of
single low FA cluster 
comparing single 
veteran to group of 
controls

VeteranSingle high FA
       cluster

Single low FA
       cluster

Control A

Control B

Control C

Control D

Veteran

Control A

Control B

Control C

Control D

Individual Analysis

Fig. 2 Schematic for voxel-wise individual subject analysis. a Control
subject FA maps are registered to an individual veteran and a voxel-based
analysis is then used to identify clusters where FA differs between the
individual veteran and the control group. b For a given abnormal cluster
identified in an individual veteran, each diffusion parameter (FA, RD,

AD, MD) is averaged across the abnormal voxels in the veteran and each
control subject. A Z-score is calculated for each diffusion parameter by
relating the veterans’ diffusion parameter value to the mean and standard
deviation of the control group for that cluster
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Structural MRI

Clinical image review identified evidence of superficial hemo-
siderin deposition suggestive of prior contusion in 12.5% (2/
16) of veterans, but in no controls. Areas of nonspecific white
matter hyperintensity were seen in 31% (5/16) of veterans and
5.6% (1/18) of controls. An incidental developmental venous
anomaly was seen in one veteran and one control (first cous-
ins), and a small incidental posterior fossa arachnoid cyst was
seen in one veteran. At a false discovery rate of 0.05, we found
no significant differences in global or regional brain volume or
cortical thickness between veterans and controls (Table 3) in-
dicating that these groups have grossly similar brain structure
and volume. A larger corpus callosum size in veterans initially
appeared significant (p = 0.021), but this differences did not
survive correction for multiple comparisons.

Voxel-wise group comparison of diffusion measures

Our voxel-based comparison of FA for veteran and control
groups found one 220 mm3 cluster with center of gravity
located at JHU coordinates 111, 161, 76 in the left frontal
periventricular white matter where veterans demonstrated
higher FA (Fig. 3a). This FA difference was further character-
ized by determining the average FA value across voxels com-
prising this cluster for each individual (Fig. 3b). A post hoc
assessment of other DTI metrics within this cluster

demonstrated that RD is lower in veterans by (5.33 × 10−5)
± 1.48 × 10−5 mm2/s. AD is higher in veterans compared to
controls by (4.44 × 10−5) ± 2.46 × 10−5 mm2/s. MD is lower in
veterans by (2.07 × 10−5) ± 1.44 × 10−5 mm2/s (Fig. 3). Thus,
a greater degree of the change in FA is accounted for by RD
than AD.

Voxel-wise individual subject analysis

In contrast to the single cluster of high FA identified across the
group of veterans, individual veterans demonstrated a hetero-
geneous number and distribution of abnormal FA clusters,
including clusters with abnormally low or abnormally high
FA (cluster numbers for individual veterans summarized in
Table 4, images from representative veterans in Fig. 4a).
Individual veterans exhibited mean 2.6 (0–8; SD 2.2) abnor-
mal FA clusters with mean total abnormal FA cluster volume
513 mm3 (0–1938; SD 25). When considering the number of
high and low FA clusters separately, individual veterans ex-
hibited mean 0.75 (0–5; SD 1.3) low FA clusters with mean
low FA cluster volume 150 mm3 (0–1282; SD 304) and mean
1.8 (0–5; SD 1.6) high FA clusters with mean abnormally high
FA cluster volume 363 mm3 (0–1293; SD 366). Notably, 19%
of veterans (3/16) demonstrated no areas of abnormal FA.
Clusters of abnormal FA demonstrated spatial heterogeneity
among veterans (Table 5). A single cerebellar cluster in one
veteran appeared to localize to cerebellar cortex. This appear-
ance is likely an artifact arising from small errors in transfor-
mation of the FreeSurfer label map onto the DTI statistical
results. Note that all analyses are performed on FA images
masked by a white matter segmentation map. Thus, all report-
ed abnormalities arise from white matter.

To better understand the diffusion characteristics that un-
derlie FA abnormalities, we computed a Z-score for each dif-
fusion metric (RD,MD, AD) within each abnormal FA cluster
(Fig. 4). We first considered the 12 low FA clusters identified
across the group of individual veterans. All of these clusters
demonstrated RD above the control mean. In contrast, these
clusters demonstrated more heterogeneous changes in AD and
MD, with clusters both above and below the control mean for
these measures (Fig. 4b).

We also considered the 25 high FA clusters identified
across the group of individual veterans. Almost all of these
clusters demonstrated RD below the control mean. In contrast,
these clusters demonstrated more heterogeneous changes in
AD and MD, with clusters both above and below the control
mean (Fig. 4c).

Discussion

In this study, we enrolled patients and controls with similar
socio-demographic background, demonstrating white matter

Table 2 Military history for veterans

Measure

Branch served (n = 14)

Army 7 (50)

Army National Guard 6 (43)

Marine Corps 1 (7)

Deployment theater (n = 16)

Iraq 12 (75)

Afghanistan 4 (25)

Tours of duty (n = 16)

1 14 (88)

2 2 (12)

Deployment duration in months,
mean ± SD (range)

11.4 ± 5.8 (range 3–24)

Separation status (n = 14)

Completed military service 6 (43)

Separated for medical reasons 4 (29)

Separated for other reasons 2 (14)

Not yet separated from military 2 (14)

Months since separation from military,
mean ± SD (range)

80.8 ± 16.6 (1.8)

VA schedule rating disabilities,
mean (range)

79.2 (0–130%)
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microstructural abnormalities in blast-exposed combat vet-
erans. The nature of the sample makes it less likely that the
findings reflect background differences compared to a stan-
dard control group strategy using entirely unrelated controls.

We demonstrate three main findings. First, we show are area
of abnormal FA in a group-wise comparison of veterans vs.
controls. Second, when veterans are analyzed individually, we
delineate multiple areas of abnormal FA that are
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Fig. 3 DTI abnormalities in whole brain voxel-wise group analysis. a
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image showing location of cluster in which FA is abnormally high in
veterans compared to controls. b–e Scatter plot and superimposed bar
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Table 3 Morphometric MRI
results Volume, cm3, mean (s.d,)

Brain region Veterans (n = 16) Relative controls (n = 18) P

Estimated total intracranial volume 1578.1 (248.6) 1654.7 (110.1) 0.245a

Brain volume 1284.5 (125.1) 1332.5 (95.0) 0.580b

Brain volume without ventricles 1267.1 (121.4) 1314.2 (95.1) 0.575b

Cortex 528.9 (54.5) 520.3 (78.6) 0.356b

Left hemisphere Cortex 262.6 (28.3) 258.0 (41.0) 0.363b

Right hemisphere Cortex 266.3 (26.3) 262.2 (37.7) 0.350b

Cortical white matter 525.6 (70.3) 575.7 (136.8) 0.371b

Ventricles 15.23 (5.32) 16.50 (7.61) 0.995b

Subcortical gray matter 59.91 (3.70) 60.86 (3.13) 0.891b

Left hippocampus 4.36 (0.32) 4.37 (0.35) 0.756b

Right hippocampus 4.29 (0.34) 4.33 (0.30) 0.846b

Left amygdala 1.53 (0.17) 1.53 (0.14) 0.468b

Right amygdala 1.54 (0.16) 1.60 (0.16) 0.517b

Corpus callosum 3.73 (0.66) 3.50 (0.48) 0.021bc

a Unpaired t test
b Univariate analysis with estimated total intracranial volume as covariate
c Corpus callosum volume difference does not survive correction for multiple comparisons. No statistically
significant differences detected at a false discovery rate of 0.05
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heterogeneously distributed across veterans’ brains. Third, FA
abnormalities are characterized more by changes in RD than
in AD and MD. By matching controls with relatives, we par-
tially address potential variation in background environments
and experiences, including socioeconomic, geographic, and
environmental variables not accounted for in previous analy-
ses of DTI in combat-exposed veterans. Additionally, the bi-
ological relationship of veterans and controls plausibly ad-
dresses, in some part, additional familial/genetic variables to
a degree not previously attempted in analyses of DTI in
combat-exposed veterans.

We find DTI abnormalities when comparing subjects to
controls using both group and individual level approaches.
FA abnormalities detected in individuals are distributed het-
erogeneously across individual veterans, are more extensive,
and are not co-localized with findings of the group-wise com-
parison, similar to prior reports [7, 22, 44]. Group-wise com-
parison may be more sensitive to small magnitude differences
occurring at the same location across the group. In contrast,
group-wise comparison will be less sensitive to injuries that
are not co-located across individuals. Heterogeneous spatial
distribution of microstructural changes is expected in TBI due
to variable injury mechanism. Thus, analysis of individuals is
plausibly more sensitive to spatially diverse injuries, which
are expected in TBI arising from diverse biomechanical mech-
anisms. Many of the abnormalities we find, in subcortical
white matter, corpus callosum, brain stem, and cerebellum,
are similar to those identified previously [14, 19, 22, 31, 45]
and support the hypothesis that certain brain structures are
more susceptible to TAI. The overall burden of TAI among
blast-exposed veterans, however, is variable; and in multiple

veterans, our analysis did not demonstrate any FA abnormal-
ities. This negative finding does not necessarily exclude TAI
pathology in these individuals, and may be due to (1) limited
sensitivity of our quantitative imaging assay to detect abnor-
mality, (2) variable likelihood of individuals to express injury
after blast exposure, and/or (3) a dose response relationship
between blast exposure and detectable microstructural abnor-
mality. Moreover, we find no significant differences (after
correction for multiple comparisons) in global or regional
brain volumes. This feature of our results underscores the
microstructural nature of the injury pathology. Further work,
including longitudinal studies of larger samples will be nec-
essary to characterize the relationship between blast-related
combat-exposure, extent of DTI abnormality, and long-term
risk for loss of brain volume in veterans.

TAI is thought to disrupt microstructural barriers to diffu-
sion with consequent decrease in diffusion anisotropy; most
studies describe low FA in mild TBI [9]. We find areas of both
low and high FA in individual veterans compared to controls.
High FA has been reported in civilian mTBI, both acutely [46,
47] and in the chronic phase [48–50]. Similarly, the majority
of reports of DTI in blast-exposed veterans describe abnor-
mally low FA. However, high FA has been reported in blast-
exposed veterans with mTBI [51] and has been associated
with increased suicidal ideation and impulsivity in blast-
exposed veterans [12, 52]. Increased FA in the chronic phase
of mild TBI may be related to plasticity and/or reparative
mechanisms, a possibility supported by animal models [53,
54]. Elucidating the substrate of high FA in blast-exposed
veterans will require additional study.

FA is the most commonly reported DTI summary metric,
but other metrics have been linked to unique pathological
features and are of increasing interest. It is also important to
note that while change in FA implies a change in some com-
bination of the other DTI parameters, AD, RD, and MD, the
nature of change of any one parameter cannot be reliably
predicted from change in FA. In animal models, AD is asso-
ciated with axonal damage whereas RD is associated with
myelin degradation and repair [55, 56]. We find that areas of
lower FA in combat-exposed veterans are primarily character-
ized by higher RD, similar to other reports [14, 22, 51, 57],
whereas areas with higher FA are primarily characterized by
lower RD. It is important to note that our assessment of diffu-
sion metrics other than FA (RD, AD, MD) serves only to
characterize the main effect on FA. FA is a summary param-
eter derived from the same source data that determine RD,
AD, and MD. These depictions (Fig. 4) are not themselves
the basis of any hypothesis testing. We do not test for group
dif ferences of these measures , which would be
nonindependent [58]. Thus, the nature of our analysis does
not permit us to conclude group differences between veterans
and controls in measures other than FA, but only to suggest
potential implications of the FA findings. Evaluation of axial

Table 4 Number of high and low FA clusters for individual veterans

Individual veteran High FA clusters (n) Low FA clusters (n)

Veteran subject 1 5 0

Veteran subject 2 2 0

Veteran subject 3 1 1

Veteran subject 4 1 2

Veteran subject 5 3 5

Veteran subject 6 0 1

Veteran subject 7 0 0

Veteran subject 8 1 1

Veteran subject 9 3 0

Veteran subject 10 3 2

Veteran subject 11 0 0

Veteran subject 12 1 0

Veteran subject 13 0 0

Veteran subject 14 4 0

Veteran subject 15 4 0

Veteran subject 16 1 0
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and radial diffusivity has not been reported in other studies
reporting abnormally high FA in blast-exposed veterans.
Changes in diffusion metrics must be interpreted carefully
[59], but our findings suggest that remote exposure in our
subjects results in persistent injury-related pathology, pos-
sibly related to myelin and axonal damage, which mani-
fests as lower FA and higher RD. In distinct brain areas,
coexistent plasticity and reparative mechanisms, perhaps
including re-myelination, may manifest as increased FA
and decreased RD.

Generalizability of DTI findings in blast-exposed com-
bat veterans may be constrained by exclusion criteria ap-
plied during subject group selection. In particular, psychi-
atric diagnoses such as major depressive disorder (MDD),
post-traumatic stress disorder (PTSD), and substance use
are common among blast-exposed individuals. Moreover,
these clinical syndromes may be direct sequelae of

traumatic brain injury [17, 45, 52], and studies that exclude
them [13–16, 18, 22] risk selection bias and insensitivity to
a large subset of blast injuries in which psychiatric disease
is co-morbid with or even a principle feature of TBI. Our
inclusion of subjects regardless of these symptoms and
diagnoses thus enhances our ability to capture a large pro-
portion of blast-related TBI cases, although we therefore
cannot conclude that DTI findings are due specifically to
blast alone. Moreover, our findings are more representative
of the relevant population of blast-exposed veterans in
whom psychiatric symptoms and diagnoses are prevalent
and may be directly due to TBI.

The relationship of diffusion abnormalities in mTBI caused
by blast or other trauma to clinical dysfunction is an area of
active investigation [9], and clinical significance of the diffu-
sion abnormalities we see in veterans to clinical outcomes is
an important path for future research. Importantly, imaging

a

b c

Fig. 4 DTI abnormalities in
individual veterans. a 3D
projections and representative
axial slices from six
representative individual veterans
with low FA clusters (blue) and
high FA clusters (red)
superimposed on each veteran’s
T1-weighted image. b–c Scatter
plot of Z-score for clusters of b
low and c high FA clusters in in-
dividual veterans. Circles repre-
sent individual clusters
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abnormalities may be associated with current clinical dysfunc-
tion or may represent subclinical pathology that has not yet
produced an overt clinical manifestation. Such subclinical
findings may nonetheless confer risk for later adverse out-
comes such as neurodegeneration. There is therefore need
for further longitudinal study to clarify the implications of
our preliminary findings.

Our findings must be interpreted in light of several limita-
tions. First, while we attempt to address potentially confound-
ing characteristics such as geographic, socioeconomic, and
familial factors, including early life experiences, our study
design did not allow control of additional potential confound-
ing factors. It is therefore important to note that our post hoc
group-wise comparison of demographic and other character-
istics confirms the similarity of the groups acrossmany known
and putatively relevant characteristics, such as substance use.
Moreover, later life experiences such as military service do
diverge between many of our veteran and control subject
pairs. Thus, we are formally limited in our ability to ascribe
our findings to specific features of combat such as blast expo-
sure, and our findings controlling for background experiences
and characteristics should be viewed as a complement to pre-
vious work using military controls without mTBI or blast
exposure [13–22]. In addition, because each subject was re-
lated to at most one member of the control group and the final
group contained individual veterans and controls where the
corresponding pair was excluded, our ability to control for
genetic/familial/environmental differences is partially attenu-
ated. It should be noted that our study uses a retrospective
cohort design rather than a strictly paired analysis. Thus, our
use of consanguineous controls serves to create a similar dis-
tribution of background experiences and characteristics,
across the subject and control group. This approach is

commonly employed to address age, education, and other fac-
tors in the absence of a true pair-matched paradigm and sam-
ple. A true pair-wise approach (ideally, perhaps, identical
twins discordant for blast exposure) would better address
background factors, but presents formidable technical and lo-
gistical obstacles. Thus, our approach to partially accounting
potential confounding factors not previously addressed in the
literature should be viewed as preliminary and motivate future
study. Second, we did not exclude subjects with psychiatric
diagnoses such as PTSD, MDD, and substance abuse. In par-
ticular, a history of substance use was reported and detected in
both veterans and controls, although no group differences
were present. While this allows us to better generalize our
results to the wider population of blast-exposed combat vet-
erans in whom stress reactions and substance use are preva-
lent, it may limit our ability to isolate findings to the direct
effects of blast. We must, however, be mindful that isolated
effects of blast on humans (as opposed to laboratory models),
at any level, have not been achieved; blast effects may not in
fact occur in isolation or be, alone, a clinically meaningful
category of disease. Next, although the presence of nonspecif-
ic white matter hyperintensities in veteran subjects might af-
fect our findings, the relationship between these white matter
hyperintensities and diffusion changes is complex [60], and
exclusion of cases with these common findings would intro-
duce a potential source of selection bias and thereby further
limit generalizability. Finally, although our sample size is
small, these robust preliminary findings should serve to moti-
vate further work in larger samples to ascertain the full scope
of blast-related pathology in individual warriors.

In conclusion, our findings complement previous work by
providing additional evidence for putatively combat-related
spatially heterogeneous white matter microstructural changes,
in the context of a related control group that addresses back-
ground characteristics and experiences to an extent not previ-
ously accounted for in the literature. In addition, our analysis
of diffusion changes in individual veterans demonstrates bidi-
rectional changes in FA that implicates coexistence of parallel
underlying biomechanisms.
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Table 5 FreeSurfer subcortical segmentation labels for abnormal FA
clusters in individual veterans

Brain region High FA clusters (n) Low FA clusters (n)

Cerebral white matter 10 7

Cerebellar white matter 2 2

Putamena 5 –

Thalamusa 4 –

Brainstem 1 2

Ventral diencephalon 2 –

Cerebellar Cortexb 1 –

Corpus callosum – 1

Total 25 12

aDeep gray nuclei such as thalamus and putamen contain a mixture of
gray and white matter, which is accounted for in the FAST white matter
segmentation (see Methods)
b Cerebellar cortex localization is artifactual, likely arising from small
error in the transformation of the FreeSurfer label maps onto DTI results

1030 Neuroradiology (2018) 60:1019–1033



References

1. Hayward P (2008) Traumatic brain injury: the signature of modern
conflicts. Lancet Neurol 7(3):200–201. https://doi.org/10.1016/
S1474-4422(08)70032-2

2. Hoge CW, McGurk D, Thomas JL, Cox AL, Engel CC, Castro CA
(2008) Mild traumatic brain injury in U.S. soldiers returning from
Iraq. N Engl J Med 358(5):453–463. https://doi.org/10.1056/
NEJMoa072972

3. Terrio H, Brenner LA, Ivins BJ, Cho JM, Helmick K, Schwab K,
Scally K, Bretthauer R, Warden D (2009) Traumatic brain injury
screening: preliminary findings in a USArmy brigade combat team.
J Head Trauma Rehabil 24(1):14–23. https://doi.org/10.1097/HTR.
0b013e31819581d8

4. Chapman JC, Diaz-Arrastia R (2014) Military traumatic brain inju-
ry: a review. Alzheimers Dement 10(3 Suppl):S97–S104. https://
doi.org/10.1016/j.jalz.2014.04.012

5. Horsfield MA, Larsson HB, Jones DK, Gass A (1998) Diffusion
magnetic resonance imaging in multiple sclerosis. J Neurol
Neurosurg Psychiatry 64(Suppl 1):S80–S84

6. Niogi SN, Mukherjee P (2010) Diffusion tensor imaging of mild
traumatic brain injury. J Head Trauma Rehabil 25(4):241–255.
https://doi.org/10.1097/HTR.0b013e3181e52c2a

7. Shenton ME, Hamoda HM, Schneiderman JS, Bouix S, Pasternak
O, Rathi Y, Vu M-A, Purohit MP, Helmer K, Koerte I, Lin AP,
Westin C-F, Kikinis R, Kubicki M, Stern RA, Zafonte R (2012) A
review of magnetic resonance imaging and diffusion tensor imag-
ing findings in mild traumatic brain injury. Brain Imaging Behav
6(2):137–192. https://doi.org/10.1007/s11682-012-9156-5

8. Lipton ML, Kim N, Zimmerman ME, KimM, Stewart WF, Branch
CA, Lipton RB (2013) Soccer heading is associated with white
matter microstructural and cognitive abnormalities. Radiology
268(3):850–857. https://doi.org/10.1148/radiol.13130545

9. Hulkower MB, Poliak DB, Rosenbaum SB, Zimmerman ME,
Lipton ML (2013) A decade of DTI in traumatic brain injury: 10
years and 100 articles later. Am J Neuroradiol 34(11):2064–2074.
https://doi.org/10.3174/ajnr.A3395

10. Huang M-X, Theilmann RJ, Robb A, Angeles A, Nichols S, Drake
A, D’Andrea J, Levy M, Holland M, Song T, Ge S, Hwang E, Yoo
K, Cui L, Baker DG, Trauner D, Coimbra R, Lee RR (2009)
Integrated imaging approach with MEG and DTI to detect mild
traumatic brain injury in military and civilian patients. J
Neurotrauma 26(8):1213–1226. https://doi.org/10.1089/neu.2008.
0672

11. Sponheim SR, McGuire KA, Kang SS, Davenport ND, Aviyente S,
Bernat EM, Lim KO (2011) Evidence of disrupted functional con-
nectivity in the brain after combat-related blast injury. NeuroImage
54(Suppl 1):S21–S29. https://doi.org/10.1016/j.neuroimage.2010.
09.007

12. Yurgelun-Todd DA, Bueler CE, McGlade EC, Churchwell JC,
Brenner LA, Lopez-Larson MP (2011) Neuroimaging correlates
of traumatic brain injury and suicidal behavior. J Head Trauma
Rehabil 26(4):276–289. https://doi.org/10.1097/HTR.
0b013e31822251dc

13. Levin HS, Wilde E, Troyanskaya M, Petersen NJ, Scheibel R,
Newsome M, Radaideh M, Wu T, Yallampalli R, Chu Z, Li X
(2010) Diffusion tensor imaging of mild to moderate blast-related
traumatic brain injury and its sequelae. J Neurotrauma 27(4):683–
694. https://doi.org/10.1089/neu.2009.1073

14. Mac Donald CL, Johnson AM, Cooper D, Nelson EC, Werner NJ,
Shimony JS, Snyder AZ, Raichle ME, Witherow JR, Fang R,
Flaherty SF, Brody DL (2011) Detection of blast-related traumatic
brain injury in U.S. military personnel. N Engl J Med 364(22):
2091–2100. https://doi.org/10.1056/NEJMoa1008069

15. Davenport ND, Lim KO, Armstrong MT, Sponheim SR (2012)
Diffuse and spatially variable white matter disruptions are associat-
ed with blast-related mild traumatic brain injury. NeuroImage
59(3):2017–2024. https://doi.org/10.1016/j.neuroimage.2011.10.
050

16. Jorge RE, Acion L, White T, Tordesillas-Gutierrez D, Pierson R,
Crespo-Facorro B,Magnotta VA (2012)Whitematter abnormalities
in veterans with mild traumatic brain injury. Am J Psychiatry
169(12):1284–1291. https://doi.org/10.1176/appi.ajp.2012.
12050600

17. Bazarian JJ, Donnelly K, Peterson DR,Warner GC, Zhu T, Zhong J
(2013) The relation between posttraumatic stress disorder and mild
traumatic brain injury acquired during operations enduring freedom
and Iraqi freedom. J Head Trauma Rehabil 28(1):1–12. https://doi.
org/10.1097/HTR.0b013e318256d3d3

18. Mac Donald C, Johnson A, Cooper D, Malone T, Sorrell J,
Shimony J, Parsons M, Snyder A, Raichle M, Fang R, Flaherty S,
Russell M, Brody DL (2013) Cerebellar white matter abnormalities
following primary blast injury in US military personnel. PLoS One
8(2):e55823. https://doi.org/10.1371/journal.pone.0055823

19. Morey RA, Haswell CC, Selgrade ES, Massoglia D, Liu C, Weiner
J, Marx CE, Group MW, Cernak I, McCarthy G (2013) Effects of
chronic mild traumatic brain injury on white matter integrity in Iraq
and Afghanistan war veterans. Hum Brain Mapp 34 (11):2986–
2999. doi:https://doi.org/10.1002/hbm.22117

20. Costanzo ME, Chou Y-Y, Leaman S, Pham DL, Keyser D, Nathan
DE, Coughlin M, Rapp P, Roy MJ (2014) Connecting combat-
related mild traumatic brain injury with posttraumatic stress disor-
der symptoms through brain imaging. Neurosci Lett 577:11–15.
https://doi.org/10.1016/j.neulet.2014.05.054

21. Petrie EC, Cross DJ, Yarnykh VL, Richards T, Martin NM,
Pagulayan K, Hoff D, Hart K, Mayer C, Tarabochia M, Raskind
MA, Minoshima S, Peskind ER (2014) Neuroimaging, behavioral,
and psychological sequelae of repetitive combined blast/impact
mild traumatic brain injury in Iraq and Afghanistan war veterans.
J Neurotrauma 31(5):425–436. https://doi.org/10.1089/neu.2013.
2952

22. Taber KH, Hurley RA, Haswell CC, Rowland JA, Hurt SD, Lamar
CD, Morey RA (2015) White matter compromise in veterans ex-
posed to primary blast forces. J Head Trauma Rehabil 30(1):E15–
E25. https://doi.org/10.1097/HTR.0000000000000030

23. Wintermark M, Coombs L, Druzgal TJ, Field AS, Filippi CG,
Hicks R, Horton R, Lui YW, Law M, Mukherjee P, Norbash A,
Riedy G, Sanelli PC, Stone JR, Sze G, Tilkin M, Whitlow CT,
Wilde EA, York G, Provenzale JM, Institute ACoRHI (2015)
Traumatic brain injury imaging research roadmap. Am J
Neuroradiol 36(3):E12–E23. https://doi.org/10.3174/ajnr.A4254

24. Bennett ER, Reuter-Rice K, Laskowitz DT (2016) Genetic influ-
ences in traumatic brain injury. In: Laskowitz D, grant G (eds)
translational research in traumatic brain injury. Frontiers in neuro-
science. Boca Raton (FL),

25. Kochunov P, Jahanshad N, Marcus D, Winkler A, Sprooten E,
Nichols TE, Wright SN, Hong LE, Patel B, Behrens T, Jbabdi S,
Andersson J, Lenglet C, Yacoub E,Moeller S, Auerbach E, Ugurbil
K, Sotiropoulos SN, Brouwer RM, Landman B, Lemaitre H, den
Braber A, Zwiers MP, Ritchie S, van Hulzen K, Almasy L, Curran
J, deZubicaray GI, Duggirala R, Fox P, Martin NG, McMahon KL,
Mitchell B, Olvera RL, Peterson C, Starr J, Sussmann J,Wardlaw J,
Wright M, Boomsma DI, Kahn R, de Geus EJ, Williamson DE,
Hariri A, van, t Ent D, Bastin ME, McIntosh A, Deary IJ, Hulshoff
Pol HE, Blangero J, Thompson PM, Glahn DC, Van Essen DC
(2015) Heritability of fractional anisotropy in human white matter:
a comparison of human connectome project and ENIGMA-DTI
data. Neuroimage 111:300–311. https://doi.org/10.1016/j.
neuroimage.2015.02.050

Neuroradiology (2018) 60:1019–1033 1031

https://doi.org/10.1016/S1474-4422(08)70032-2
https://doi.org/10.1016/S1474-4422(08)70032-2
https://doi.org/10.1056/NEJMoa072972
https://doi.org/10.1056/NEJMoa072972
https://doi.org/10.1097/HTR.0b013e31819581d8
https://doi.org/10.1097/HTR.0b013e31819581d8
https://doi.org/10.1016/j.jalz.2014.04.012
https://doi.org/10.1016/j.jalz.2014.04.012
https://doi.org/10.1097/HTR.0b013e3181e52c2a
https://doi.org/10.1007/s11682-012-9156-5
https://doi.org/10.1148/radiol.13130545
https://doi.org/10.3174/ajnr.A3395
https://doi.org/10.1089/neu.2008.0672
https://doi.org/10.1089/neu.2008.0672
https://doi.org/10.1016/j.neuroimage.2010.09.007
https://doi.org/10.1016/j.neuroimage.2010.09.007
https://doi.org/10.1097/HTR.0b013e31822251dc
https://doi.org/10.1097/HTR.0b013e31822251dc
https://doi.org/10.1089/neu.2009.1073
https://doi.org/10.1056/NEJMoa1008069
https://doi.org/10.1016/j.neuroimage.2011.10.050
https://doi.org/10.1016/j.neuroimage.2011.10.050
https://doi.org/10.1176/appi.ajp.2012.12050600
https://doi.org/10.1176/appi.ajp.2012.12050600
https://doi.org/10.1097/HTR.0b013e318256d3d3
https://doi.org/10.1097/HTR.0b013e318256d3d3
https://doi.org/10.1371/journal.pone.0055823
https://doi.org/10.1002/hbm.22117
https://doi.org/10.1016/j.neulet.2014.05.054
https://doi.org/10.1089/neu.2013.2952
https://doi.org/10.1089/neu.2013.2952
https://doi.org/10.1097/HTR.0000000000000030
https://doi.org/10.3174/ajnr.A4254
https://doi.org/10.1016/j.neuroimage.2015.02.050
https://doi.org/10.1016/j.neuroimage.2015.02.050


26. Smith SM, Johansen-Berg H, Jenkinson M, Rueckert D, Nichols
TE, Miller KL, Robson MD, Jones DK, Klein JC, Bartsch AJ,
Behrens TEJ (2007) Acquisition and voxelwise analysis of multi-
subject diffusion data with tract-based spatial statistics. Nat Protoc
2(3):499–503. https://doi.org/10.1038/nprot.2007.45

27. Basser PJ (1995) Inferring microstructural features and the physio-
logical state of tissues from diffusion-weighted images. NMR
Biomed 8(7–8):333–344

28. Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens
TEJ, Johansen-Berg H, Bannister PR, De Luca M, Drobnjak I,
Flitney DE, Niazy RK, Saunders J, Vickers J, Zhang Y, De
Stefano N, Brady JM,Matthews PM (2004) Advances in functional
and structural MR image analysis and implementation as FSL.
NeuroImage 23(Suppl 1):S208–S219. https://doi.org/10.1016/j.
neuroimage.2004.07.051

29. Jezzard P, Balaban RS (1995) Correction for geometric distortion in
echo planar images from B0 field variations. Magn Reson Med
34(1):65–73

30. Lim KO, Ardekani BA, Nierenberg J, Butler PD, Javitt DC,
HoptmanMJ (2006)Voxelwise correlational analyses of whitemat-
ter integrity in multiple cognitive domains in schizophrenia. Am J
Psychiatry 163(11):2008–2010. https://doi.org/10.1176/appi.ajp.
163.11.2008

31. Mac Donald CL, Dikranian K, Bayly P, Holtzman D, Brody D
(2007) Diffusion tensor imaging reliably detects experimental trau-
matic axonal injury and indicates approximate time of injury. J
Neurosci 27(44):11869–11876. https://doi.org/10.1523/
JNEUROSCI.3647-07.2007

32. Mori S, Oishi K, JiangH, Jiang L, Li X, Akhter K, HuaK, Faria AV,
Mahmood A, Woods R, Toga AW, Pike GB, Neto PR, Evans A,
Zhang J, Huang H, Miller MI, van Zijl P, Mazziotta J (2008)
Stereotaxic white matter atlas based on diffusion tensor imaging
in an ICBM template. NeuroImage 40(2):570–582. https://doi.org/
10.1016/j.neuroimage.2007.12.035

33. Mori S, Oishi K, Faria AV (2009) White matter atlases based on
diffusion tensor imaging. Curr Opin Neurol 22(4):362–369. https://
doi.org/10.1097/WCO.0b013e32832d954b

34. Oishi K, Faria A, Jiang H, Li X, Akhter K, Zhang J, Hsu JT, Miller
MI, van Zijl PC, Albert M, Lyketsos CG, Woods R, Toga AW, Pike
GB, Rosa-Neto P, Evans A,Mazziotta J, Mori S (2009) Atlas-based
whole brain white matter analysis using large deformation
diffeomorphic metric mapping: application to normal elderly and
Alzheimer's disease participants. NeuroImage 46(2):486–499

35. Ardekani BA, BraunM, Hutton BF, Kanno I, Iida H (1995) A fully
automatic multimodality image registration algorithm. J Comput
Assist Tomogr 19(4):615–623

36. Ardekani BA, Guckemus S, Bachman A, Hoptman MJ, Wojtaszek
M, Nierenberg J (2005) Quantitative comparison of algorithms for
inter-subject registration of 3D volumetric brain MRI scans. J
Neurosci Methods 142(1):67–76. https://doi.org/10.1016/j.
jneumeth.2004.07.014

37. Suri AK, Fleysher R, Lipton ML (2015) Subject based registration
for individualized analysis of diffusion tensor MRI. PLoS One
10(11):e0142288. https://doi.org/10.1371/journal.pone.0142288

38. Holmes CJ, Hoge R, Collins L, Woods R, Toga AW, Evans AC
(1998) Enhancement of MR images using registration for signal
averaging. J Comput Assist Tomogr 22(2):324–333

39. Lipton ML, Gellella E, Lo C, Gold T, Ardekani BA, Shifteh K,
Bello JA, Branch CA (2008) Multifocal white matter ultrastructural
abnormalities in mild traumatic brain injury with cognitive disabil-
ity: a voxel-wise analysis of diffusion tensor imaging. J
Neurotrauma 25(11):1335–1342. https://doi.org/10.1089/neu.
2008.0547

40. Singh M, Jeong J, Hwang D, Sungkarat W, Gruen P (2010) Novel
diffusion tensor imaging methodology to detect and quantify in-
jured regions and affected brain pathways in traumatic brain injury.

Magn Reson Imaging 28(1):22–40. https://doi.org/10.1016/j.mri.
2009.05.049

41. Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C,
van der Kouwe A, Killiany R, Kennedy D, Klaveness S, Montillo
A,Makris N, Rosen B, Dale AM (2002)Whole brain segmentation:
automated labeling of neuroanatomical structures in the human
brain. Neuron 33(3):341–355

42. Fischl B, van der Kouwe A, Destrieux C, Halgren E, Ségonne F,
Salat DH, Busa E, Seidman LJ, Goldstein J, Kennedy D, Caviness
V, Makris N, Rosen B, Dale AM (2004) Automatically parcellating
the human cerebral cortex. Cerebral cortex (New York, NY : 1991)
14 (1):11–22

43. Dale AM, Fischl B, Sereno MI (1999) Cortical surface-based anal-
ysis. I Segmentation and surface reconstruction. NeuroImage 9(2):
179–194. https://doi.org/10.1006/nimg.1998.0395

44. Bigler ED, Maxwell WL (2012) Neuropathology of mild traumatic
brain injury: relationship to neuroimaging findings. Brain Imaging
Behav 6(2):108–136. https://doi.org/10.1007/s11682-011-9145-0

45. Matthews SC, Strigo IA, Simmons AN, O’Connell RM, Reinhardt
LE, Moseley SA (2011) A multimodal imaging study in U.S. vet-
erans of Operations Iraqi and Enduring Freedom with and without
major depression after blast-related concussion. NeuroImage
54(Suppl 1):S69–S75. https://doi.org/10.1016/j.neuroimage.2010.
04.269

46. Bazarian JJ, Zhong J, Blyth B, Zhu T, Kavcic V, Peterson D (2007)
Diffusion tensor imaging detects clinically important axonal dam-
age after mild traumatic brain injury: a pilot study. J Neurotrauma
24(9):1447–1459. https://doi.org/10.1089/neu.2007.0241

47. Mayer AR, Ling J, Mannell MV, Gasparovic C, Phillips JP,
Doezema D, Reichard R, Yeo RA (2010) A prospective diffusion
tensor imaging study in mild traumatic brain injury. Neurology
74(8):643–650. https://doi.org/10.1212/WNL.0b013e3181d0ccdd

48. Lo C, Shifteh K, Gold T, Bello JA, Lipton ML (2009) Diffusion
tensor imaging abnormalities in patients with mild traumatic brain
injury and neurocognitive impairment. J Comput Assist Tomogr
33(2):293–297. https://doi.org/10.1097/RCT.0b013e31817579d1

49. Lipton ML, Kim N, Park YK, Hulkower MB, Gardin TM, Shifteh
K, KimM, ZimmermanME, Lipton RB, Branch CA (2012) Robust
detection of traumatic axonal injury in individual mild traumatic
brain injury patients: Intersubject variation, change over time and
bidirectional changes in anisotropy. Brain Imaging Behav 6(2):
329–342. https://doi.org/10.1007/s11682-012-9175-2

50. Croall ID, Cowie CJ, He J, Peel A, Wood J, Aribisala BS, Mitchell
P, MendelowAD, Smith FE,Millar D, Kelly T, Blamire AM (2014)
White matter correlates of cognitive dysfunction after mild traumat-
ic brain injury. Neurology 83(6):494–501. https://doi.org/10.1212/
WNL.0000000000000666

51. Yeh P-H, Wang B, Oakes TR, French LM, Pan H, Graner J, Liu W,
Riedy G (2013) Postconcussional disorder and PTSD symptoms of
military-related traumatic brain injury associated with compro-
mised neurocircuitry. Hum Brain Mapp 35(6):2652–2673. https://
doi.org/10.1002/hbm.22358

52. Lopez-Larson M, King JB, McGlade E, Bueler E, Stoeckel A,
Epstein DJ, Yurgelun-Todd D (2013) Enlarged thalamic volumes
and increased fractional anisotropy in the thalamic radiations in
veterans with suicide behaviors. Front Psychiatry 4:83. https://doi.
org/10.3389/fpsyt.2013.00083

53. Scholz J, Klein MC, Behrens TEJ, Johansen-Berg H (2009)
Training induces changes in white-matter architecture. Nat
Neurosci 12(11):1370–1371. https://doi.org/10.1038/nn.2412

54. Budde MD, Janes L, Gold E, Turtzo LC, Frank JA (2011) The
contribution of gliosis to diffusion tensor anisotropy and
tractography following traumatic brain injury: validation in the rat
using Fourier analysis of stained tissue sections. Brain 134(8):
2248–2260. https://doi.org/10.1093/brain/awr161

1032 Neuroradiology (2018) 60:1019–1033

https://doi.org/10.1038/nprot.2007.45
https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.1176/appi.ajp.163.11.2008
https://doi.org/10.1176/appi.ajp.163.11.2008
https://doi.org/10.1523/JNEUROSCI.3647-07.2007
https://doi.org/10.1523/JNEUROSCI.3647-07.2007
https://doi.org/10.1016/j.neuroimage.2007.12.035
https://doi.org/10.1016/j.neuroimage.2007.12.035
https://doi.org/10.1097/WCO.0b013e32832d954b
https://doi.org/10.1097/WCO.0b013e32832d954b
https://doi.org/10.1016/j.jneumeth.2004.07.014
https://doi.org/10.1016/j.jneumeth.2004.07.014
https://doi.org/10.1371/journal.pone.0142288
https://doi.org/10.1089/neu.2008.0547
https://doi.org/10.1089/neu.2008.0547
https://doi.org/10.1016/j.mri.2009.05.049
https://doi.org/10.1016/j.mri.2009.05.049
https://doi.org/10.1006/nimg.1998.0395
https://doi.org/10.1007/s11682-011-9145-0
https://doi.org/10.1016/j.neuroimage.2010.04.269
https://doi.org/10.1016/j.neuroimage.2010.04.269
https://doi.org/10.1089/neu.2007.0241
https://doi.org/10.1212/WNL.0b013e3181d0ccdd
https://doi.org/10.1097/RCT.0b013e31817579d1
https://doi.org/10.1007/s11682-012-9175-2
https://doi.org/10.1212/WNL.0000000000000666
https://doi.org/10.1212/WNL.0000000000000666
https://doi.org/10.1002/hbm.22358
https://doi.org/10.1002/hbm.22358
https://doi.org/10.3389/fpsyt.2013.00083
https://doi.org/10.3389/fpsyt.2013.00083
https://doi.org/10.1038/nn.2412
https://doi.org/10.1093/brain/awr161


55. Song S-K, Sun S-W, Ju W-K, Lin S-J, Cross AH, Neufeld AH
(2003) Diffusion tensor imaging detects and differentiates axon
and myelin degeneration in mouse optic nerve after retinal ische-
mia. NeuroImage 20(3):1714–1722

56. Harsan LA, Poulet P, Guignard B, Parizel N, Skoff RP, Ghandour
MS (2007) Astrocytic hypertrophy in dysmyelination influences
the diffusion anisotropy of white matter. J Neurosci Res 85(5):
935–944. https://doi.org/10.1002/jnr.21201

57. Sorg SF, Delano-Wood L, Luc N, Schiehser DM, Hanson KL,
Nation DA, Lanni E, Jak AJ, Lu K, Meloy MJ, Frank LR, Lohr
JB, Bondi MW (2014) White matter integrity in veterans with mild
traumatic brain injury: associations with executive function and loss

of consciousness. J Head Trauma Rehabil 29(1):21–32. https://doi.
org/10.1097/HTR.0b013e31828a1aa4

58. Kriegeskorte N, Simmons WK, Bellgowan PS, Baker CI (2009)
Circular analysis in systems neuroscience: the dangers of double
dipping. Nat Neurosci 12(5):535–540. https://doi.org/10.1038/nn.
2303

59. Wheeler-Kingshott CAM, Cercignani M (2009) About Baxial^ and
Bradial^ diffusivities. Magn Reson Med 61(5):1255–1260. https://
doi.org/10.1002/mrm.21965

60. Maillard P, Carmichael O, Harvey D, Fletcher E, Reed B, Mungas
D, DeCarli C (2013) FLAIR and diffusion MRI signals are inde-
pendent predictors of white matter hyperintensities. AJNR Am J
Neuroradiol 34(1):54–61. https://doi.org/10.3174/ajnr.A3146

Neuroradiology (2018) 60:1019–1033 1033

https://doi.org/10.1002/jnr.21201
https://doi.org/10.1097/HTR.0b013e31828a1aa4
https://doi.org/10.1097/HTR.0b013e31828a1aa4
https://doi.org/10.1038/nn.2303
https://doi.org/10.1038/nn.2303
https://doi.org/10.1002/mrm.21965
https://doi.org/10.1002/mrm.21965
https://doi.org/10.3174/ajnr.A3146

	White...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	MRI acquisition
	Image pre-processing
	Voxel-wise group comparison (see Fig.&newnbsp;1)
	Template registration
	Identification of abnormal FA clusters
	Group comparison of diffusion parameters

	Voxel-wise individual subject analysis (see Fig.&newnbsp;2)
	Inter-subject registration
	Identification of abnormal FA clusters
	Evaluation of diffusion parameters in individual FA clusters

	Volumetric analysis
	Statistical analyses

	Results
	Structural MRI
	Voxel-wise group comparison of diffusion measures
	Voxel-wise individual subject analysis

	Discussion
	References


