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Detection of Blast-Related Traumatic Brain Injury
in U.S. Military Personnel
Christine L. Mac Donald, Ph.D., Ann M. Johnson, Dana Cooper, B.S., Elliot C. Nelson, M.D.,
Nicole J. Werner, Ph.D., Joshua S. Shimony, M.D., Ph.D., Abraham Z. Snyder, M.D., Ph.D., Marcus E. Raichle, M.D.,
John R. Witherow, M.D.,* Raymond Fang, M.D., Stephen F. Flaherty, M.D., and David L. Brody, M.D., Ph.D.

A BS T R AC T
Background

Blast-related traumatic brain injuries have been common in the Iraq and Afghanistan
wars, but fundamental questions about the nature of these injuries remain unanswered.
Methods

We tested the hypothesis that blast-related traumatic brain injury causes traumatic
axonal injury, using diffusion tensor imaging (DTI), an advanced form of magnetic
resonance imaging that is sensitive to axonal injury. The subjects were 63 U.S. military personnel who had a clinical diagnosis of mild, uncomplicated traumatic brain
injury. They were evacuated from the field to the Landstuhl Regional Medical Center
in Landstuhl, Germany, where they underwent DTI scanning within 90 days after the
injury. All the subjects had primary blast exposure plus another, blast-related mechanism of injury (e.g., being struck by a blunt object or injured in a fall or motor vehicle
crash). Controls consisted of 21 military personnel who had blast exposure and other
injuries but no clinical diagnosis of traumatic brain injury.
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Results

Abnormalities revealed on DTI were consistent with traumatic axonal injury in many
of the subjects with traumatic brain injury. None had detectible intracranial injury on
computed tomography. As compared with DTI scans in controls, the scans in the
subjects with traumatic brain injury showed marked abnormalities in the middle
cerebellar peduncles (P<0.001), in cingulum bundles (P = 0.002), and in the right
orbitofrontal white matter (P = 0.007). In 18 of the 63 subjects with traumatic brain
injury, a significantly greater number of abnormalities were found on DTI than would
be expected by chance (P<0.001). Follow-up DTI scans in 47 subjects with traumatic
brain injury 6 to 12 months after enrollment showed persistent abnormalities that
were consistent with evolving injuries.
Conclusions

DTI findings in U.S. military personnel support the hypothesis that blast-related mild
traumatic brain injury can involve axonal injury. However, the contribution of primary blast exposure as compared with that of other types of injury could not be
determined directly, since none of the subjects with traumatic brain injury had isolated primary blast injury. Furthermore, many of these subjects did not have abnormalities on DTI. Thus, traumatic brain injury remains a clinical diagnosis. (Funded by
the Congressionally Directed Medical Research Program and the National Institutes
of Health; ClinicalTrials.gov number, NCT00785304.)
n engl j med 364;22
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I

n the current wars in iraq and afghanistan, the number of blast-related traumatic brain injuries may be as high as 320,000.1
Most of these injuries are categorized as uncomplicated “mild” or “concussive” traumatic brain
injury on the basis of clinical criteria and the absence of intracranial abnormalities on computed
tomography (CT) or conventional magnetic resonance imaging (MRI).2 However, little is known
about the nature of these “mild” injuries, and the
relationship between traumatic brain injury and
outcomes remains controversial.3,4 No human autopsy studies conducted with the use of current
immunohistochemical methods5,6 have been published.7,8 Computer simulations of the effects of
blast-induced pressure waves on the brain suggest
that coup and contrecoup regions may be subject
to high stresses.9,10 Simulations also suggest that
the orbitofrontal regions and the posterior fossa
(cerebellum and brain stem) may sustain intense
stresses independently of the subject’s head orientation relative to the blast.10 Findings that are consistent with this view include a positron-emission
tomographic study showing reduced cerebellar basal glucose metabolism11 and a case report documenting a lesion in cerebellar white matter on MRI
after blast injury.12 In a swine model of experimental blast injury, traumatic axonal injury in several
regions, including cerebellar tracts, was detected.13
We therefore hypothesized that traumatic axonal injury is a primary feature of human blastrelated traumatic brain injury. To test this hypothesis noninvasively, we used an advanced MRI
method called diffusion tensor imaging (DTI),
which can be performed quickly on most clinical
scanners.14 DTI involves the measurement of water diffusion in multiple directions. In the white
matter of the brain, water diffuses faster along the
predominant fiber direction and more slowly in
perpendicular directions (see Fig. S1 and S2 in the
Supplementary Appendix, available with the full
text of this article at NEJM.org). The resulting
anisotropy (directional asymmetry) of water diffusion is high in intact axons and reduced after
axonal injury.15-17 The use of reduced anisotropy
on DTI as a marker of traumatic axonal injury has
been directly validated by means of comparison
with immunohistochemical indicators of axonal
injury in an animal model of traumatic brain injury, even when the findings on conventional MRI
are normal.16,17 We explicitly assessed major orbitofrontal and posterior fossa white-matter tracts,
2092
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along with other regions commonly affected by
traumatic brain injury.

Me thods
Subjects

U.S. military personnel with positive results on
screening for traumatic brain injury, performed at
the Landstuhl Regional Medical Center (LRMC),
were eligible for inclusion in the study. Screening
was based on U.S. military clinical criteria for traumatic brain injury18: loss of consciousness, amnesia for the event, or another change in neurologic
status, such as feeling “dazed” or “confused” or
“seeing stars” immediately after the trauma. Additional criteria for inclusion in the study were injury from a blast, defined as primary injury from
blast exposure with or without additional mechanisms of injury, within 90 days before study enrollment; membership in the U.S. military; the
ability to provide informed consent in person; no
contraindications to MRI, such as retained metallic fragments; no history of major traumatic brain
injury or psychiatric disorder; and agreement to
communicate by telephone or e-mail monthly for
6 to 12 months after enrollment and to travel to
Washington University in St. Louis for follow-up.
Inclusion criteria for controls were the same except
that negative results of screening for traumatic
brain injury were required. All subjects provided
written informed consent before enrollment.
DTI and Conventional MRI Assessments

The initial MRI scans obtained at the LRMC were
acquired with the use of a 1.5-tesla MRI scanner
(Magnetom Avanto, Siemens), without the administration of sedation or medication beyond that
being administered as part of routine clinical
care. The DTI protocol involved the acquisition of
two scans at a resolution of 2.5 mm by 2.5 mm
by 2.5 mm with 23 diffusion directions. The conventional MRI scans obtained included T1-weighted
and T2-weighted sequences, fluid-attenuated inversion recovery (FLAIR) sequences, and T2*-weighted
sequences. Performance of the protocol required
21 minutes per subject (Table S1 in the Supplementary Appendix). (Further information on the
image processing can be found in the Methods
section in the Supplementary Appendix.) Subjects
traveled to Washington University 6 to 12 months
after enrollment for follow-up scans and in-person clinical assessments. The follow-up scans
nejm.org
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were obtained on another 1.5-tesla MRI scanner the 12 regions of interest. Unpaired Student’s t-tests
(Magnetom Avanto) at Washington University in were then used to assess individual variables. For
accordance with the same protocol.
age, the only non-normally distributed continuous variable, the Mann–Whitney U test was used.
Region-of-Interest Analysis
Chi-square analyses were used to assess the relaAnalysts who were unaware of the clinical assess- tionships between categorical variables. One-sided
ments of the subjects manually traced 17 regions tests were used when hypotheses were prespeciof interest on each scan. Each region of interest fied, and two-sided tests were used otherwise.
consisted of multiple brain slices fully covering Reported P values have not been corrected for
three-dimensional anatomical structures (Fig. 1). multiple comparisons, but a P value of less than
The anatomical structures were defined in accor- 0.05 was considered to be significant only after
dance with definitions provided in a standard DTI Bonferroni’s correction for multiple comparisons
atlas.19 Analyze software, version 6.1 (Mayo Foun- (e.g., P<0.0125 [0.05÷4] for each of the four predation), was used to extract quantitative DTI pa- specified orbitofrontal and posterior fossa DTI
rameters, including relative anisotropy, axial dif- regions of interest and P<0.00625 [0.05 ÷ 8] for
fusivity, radial diffusivity, and mean diffusivity for each of the eight other regions of interest).
For DTI assessments in individual subjects, the
each region of interest. (The definitions of these
parameters are provided in the Supplementary Ap- abnormalities consistent with traumatic axonal
pendix.) Intrarater reliability (two analyses were injury were defined as values for relative anisotperformed, 2 weeks apart) was 96% or higher, and ropy that were more than 2 SD below the mean of
interrater reliability was 90% or higher. Therefore, the values for controls. To estimate the number
each region of interest was traced by a single ana- of DTI abnormalities expected to occur by chance
in each subject, a binomial distribution was used,
lyst to optimize consistency.
with p = 0.02275 (the probability of each abnorStatistical Analyses
mality arising by chance) for 12 regions of interAll data were analyzed with the use of Statistica est in each subject. (In this instance, p denotes the
software, version 6.0 (StatSoft). The relationship parameter in the binomial distribution that indibetween measures of relative anisotropy in the re- cates the probability of each event.) This estimate
gions of interest was assessed by examining scatter is based on the assumption that the regions of
plots and performing correlation analyses of rel- interest were statistically independent (see the Adative anisotropy in the 21 controls. When signifi- ditional Statistical Methods section in the Supplecant positive correlations were detected between mentary Appendix).
relative anisotropy values in pairs of regions, the
correlated regions of interest were combined. The
R e sult s
combined regions of interest included the genu and
splenium of the corpus callosum, the right and left Characteristics of the Subjects
middle cerebellar peduncles, the right and left ce- We enrolled 63 subjects with traumatic brain inrebral peduncles, the right and left uncinate fas- jury and 21 controls over the course of 5 nonconciculi, and the right and left cingulum bundles. tiguous months between November 2008 and OcThis approach reduced the number of DTI regions tober 2009 (Table 1 and Fig. 2). The median time
of interest from 17 to 12. There were no signifi- from injury to enrollment was 14 days (range, 1 to
cant correlations between relative anisotropy val- 90). All available clinical histories for the subjects
ues among these 12 regions. We grouped these with traumatic brain injury indicated primary blast
regions into two prespecified categories: 4 poste- exposure plus another mechanism of head injury,
rior fossa and orbitofrontal regions predicted to be such as being injured in a fall or motor-vehicle
vulnerable to primary blast injury, and 8 other re- crash or being struck by a blunt object. None of the
gions commonly affected by traumatic brain injury. subjects had isolated primary blast injury.
The normal distribution of each continuous
Inclusion in the group of subjects with trauvariable was assessed with the use of the Shapiro– matic brain injury was typically based on selfWilk test. All DTI data sets were found to be report of blast exposure, with immediate alteranormally distributed. Hotelling’s T2-tests were tion of neurologic function meeting the standard
used to assess overall differences in groups across criteria for traumatic brain injury used at the
n engl j med 364;22
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Figure 1. Brain Regions of Interest for Diffusion Tensor
Imaging.
The scans in the left and center columns were obtained with conventional (T1-weighted) MRI and are
shown for the purpose of anatomical localization. The
scans in the right column are relative anisotropy maps
obtained with diffusion tensor imaging (DTI). The vertical and horizontal red bars indicate the anatomical
localization of the images in the right column. The
white bars indicate the locations and orientation of the
slices analyzed for multislice regions of interest. Red,
green, and blue indicate the principal directions of diffusion, with red denoting right to left, green anterior to
posterior, and blue dorsal to ventral. Panel A shows a
sagittal section through the cingulum bundle, anterior–
posterior, dorsal to the corpus callosum, and Panel B
shows a coronal section through the middle cerebellar
peduncle, anterior–posterior, in the dorsal brain stem
and cerebellum. Panels C through F are sagittal sections, with Panel C showing orbitofrontal white matter,
anterior–posterior, in the ventral frontal lobe, Panel D
showing the body of the corpus callosum, right–left,
between the lateral ventricles, Panel E showing the
genu of the corpus callosum, right–left, anterior to the
lateral ventricles, and Panel F showing the splenium of
the corpus callosum, right–left, posterior to the lateral
ventricles. Panels G and H are coronal sections, with
Panel G showing the anterior limb of the internal capsule, anterior–posterior and right–left, between the
caudate and putamen, and Panel H showing the posterior limb of the internal capsule, dorsal–ventral and
right–left, between the putamen and thalamus. Panel I
shows a sagittal section of the uncinate fasciculus, anterior–posterior, in the anterior frontal lobe, and dorsal
and anterior to the orbitofrontal white-matter region of
interest. Panel J shows a coronal section through the
cerebral peduncle, dorsal–ventral in the midbrain and
pons, medial to the middle cerebellar peduncle.

LRMC.18 All clinical histories were reviewed by
study personnel, who also performed additional
history taking and examined medical records.
Medical documentation from the theater of operations regarding the duration of loss of consciousness and post-traumatic amnesia was often not
available or not reliable. All available clinical histories indicated a change in level of consciousness
or loss of consciousness for a few minutes and
post-traumatic amnesia for less than 24 hours.
Although the study had no restriction on the severity of injury, the requirement for in-person informed consent typically made patients with moderate-to-severe traumatic brain injury ineligible,
and such patients were not enrolled. No intracranial abnormalities were detected on CT of the head
without the administration of contrast material.
Thus, all subjects with traumatic brain injury
nejm.org
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met the criteria from the Department of Defense
for mild, uncomplicated traumatic brain injury.2
(These criteria are provided in the Methods section in the Supplementary Appendix.)
All controls had been exposed to blasts, but
none had sustained traumatic brain injury according to the results of clinical screening.18 Specifically, most controls were evacuated to the LRMC
for orthopedic or soft-tissue injuries to the arms
or legs. Some controls also had gastrointestinal
conditions. Many of these injuries occurred independently of blast exposure. None of the subjects
in either group had other conditions that are
known to or could reasonably be expected to
affect DTI signal characteristics. Specifically, no
subject in either group was known to have cerebrovascular disease, hypoxic or ischemic brain injury,
central nervous system infection, sepsis, infection
with the human immunodeficiency virus, severe
electrolyte disturbance, liver failure, renal failure, heart failure, a history of alcohol abuse, or a
long-standing psychiatric condition.
Findings on DTI and Conventional MRI

Initial DTI scanning performed at LRMC revealed
abnormalities that were consistent with traumatic
axonal injury. Reductions in relative anisotropy
were apparent in several brain regions (Fig. 3). The
results of conventional MRI were normal even
when abnormalities were present on DTI (Fig. S3
in the Supplementary Appendix). An abnormality
related to traumatic brain injury was detected
with the use of conventional MRI in only one
subject; the review was performed by a boardcertified neuroradiologist, who found a small occipital contusion.
Quantitative analyses indicated significant reductions in relative anisotropy in the group of
subjects with traumatic brain injury as compared
with the control group (P<0.02 according to Hotelling’s T2-test). Among the brain regions commonly affected in civilian cases of mild traumatic
brain injury,15,20-26 abnormalities were most frequently found in the cingulum bundle (Fig. 3A),
uncinate fasciculus, and anterior limb of the internal capsule (Fig. S4 in the Supplementary Appendix). However, there were few abnormalities
in the corpus callosum or the posterior limb of the
internal capsule; notably, abnormalities were more
frequent in the middle cerebellar peduncles and
orbitofrontal white matter (Fig. 3A), both of which
are among the regions predicted to sustain the
n engl j med 364;22

Table 1. Characteristics of the Study Participants.
Characteristic

Controls
(N = 21)

Subjects with TBI*
(N = 63)
P Value†

Age — yr

0.03‡

Median

31

24

Range

19–49

19–58

21 (100)

63 (100)

Male sex — no. (%)
Race — no. (%)§

0.87

White

17 (81)

48 (76)

Other

4 (19)

18 (29)

18 (86)

56 (89)

Branch of service — no. (%)
Army

0.92

Air Force

2 (10)

0

Marine Corps

1 (5)

7 (11)

Navy

0

0

Officer

2 (10)

3 (5)

Enlisted

19 (90)

60 (95)

Rank — no. (%)

0.46

Theater of operation — no. (%)
Iraq
Afghanistan

1.0

0.01
15 (71)

25 (40)

6 (29)

38 (60)

* TBI denotes traumatic brain injury.
† P values were calculated with the use of the chi-square test unless noted otherwise.
‡ The P value was calculated with the use of a two-tailed Mann–Whitney U test.
§ Race was self-reported, and subjects could select more than one category.

most intense stresses and therefore predicted to
be vulnerable to primary blast injury.10
At an individual level, 18 of the 63 subjects with
traumatic brain injury (29%) had abnormalities
on DTI that were consistent with multifocal traumatic axonal injury. Specifically, relative anisotropy was reduced in two or more brain regions in
each of these 18 subjects (Fig. 3B). Abnormalities
detected on DTI were defined as relative anisotropy reductions of at least 2 SD below the mean
for the 21 controls. On the basis of chance alone,
no more than 2 of 63 healthy subjects would be
expected to have two or more such abnormalities
in 12 statistically independent regions of the brain
(P<0.001 by chi-square analysis). An additional 20
subjects (32%) with traumatic brain injury had one
abnormality detected on DTI and 25 (40%) had no
abnormalities according to the aforementioned
definitions.
There were imbalances in age and theater of
operation between the subjects with traumatic
nejm.org
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Evolution of DTI Signal Abnormalities

Relative anisotropy, the DTI parameter assessed in
previous analyses, has been shown to be persistently reduced at several time points after traumatic brain injury in an animal model; however, other
38 Were excluded
DTI parameters have been shown to change over
17 Had contraindications to MRI
8 Had ferromagnetic metal
time as the injuries evolve.16 We therefore analyzed
shrapnel
these other DTI parameters and found clear evi5 Were medically unstable
2 Were claustrophobic
dence of changes in the DTI signal abnormalities
2 Had nonshrapnel ferroover time in this cohort. Specifically, mean difmagnetic metal
6 Were eligible but did not
fusivity and radial diffusivity were higher in subgive consent
jects with traumatic brain injury than in controls
5 Were unable to attend followup owing to protection of
on the initial scans (Fig. 4A) but normalized on
identity (i.e., special forces)
follow-up scans (Fig. 4B). Axial diffusivity did not
4 Could not have MRI owing to
interference with clinical care
differ significantly between groups on the initial
4 Had TBI not associated with
scans (Fig. 4A) but was lower in the subjects with
blast
1 Had previous significant TBI
traumatic brain injury than in controls on follow1 Was discovered to have
up scans (Fig. 4B). These findings are consistent
incidental brain tumor
with an evolution of injury (Fig. 4C).
On the basis of the results of analyses in indi84 Were enrolled and underwent scanning
vidual subjects, the sensitivity of DTI did not decline substantially over time. Of the 47 subjects
with traumatic brain injury who underwent scanning twice, 12 (26%) had two or more abnormal
regions of interest on the initial scans and 11
21 Were in control group
63 Had blast-related TBI
(23%) had two or more abnormal regions of interest on follow-up scans (Fig. 4D). These proportions were both greater than would be expected
by chance (P = 0.004 and P = 0.007, respectively, by
18 Were included in follow-up
47 Were included in follow-up
chi-square analysis). There were no significant
differences in initial relative anisotropy between
the 47 subjects with traumatic brain injury who
Figure 2. Screening and Enrollment of Study Subjects.
underwent follow-up scanning and the 16 who did
TBI denotes traumatic brain injury.
not (Fig. S7 in the Supplementary Appendix). This
finding indicated that subjects available for followup DTI scanning were representative of the enbrain injury and the controls (Table 1), but these tire cohort.
differences were unlikely to account for the primary results. Specifically, there were no correlaDiscussion
tions between age and relative anisotropy in this
cohort (Fig. S5 in the Supplementary Appendix). With the use of DTI, we found abnormalities conLikewise, there were no significant differences sistent with traumatic axonal injury in U.S. military
between controls or subjects with traumatic brain personnel with blast-related mild traumatic brain
injury who were injured in Iraq and those injured injury. Substantial numbers of abnormalities were
in Afghanistan (Fig. S6 in the Supplementary Ap- found in regions of the brain not known to be
pendix). The differences between subjects with commonly injured in civilian cases of mild trautraumatic brain injury and controls were robust matic brain injury but predicted to be vulnerable to
after adjustments for propensity score (Tables S2 blast on the basis of computational simulations.10
and S3 in the Supplementary Appendix). Post hoc Abnormalities were also found in some brain resubgroup analyses indicated that these differences gions that are commonly affected in civilian cases
were unlikely to have resulted from effects re- of mild traumatic brain injury.15,20-26 Other restricted to any specific subgroup of subjects (Table gions, such as the corpus callosum,5,15,20,23,25-27
were generally spared. Overall, the distribution of
S4 in the Supplementary Appendix).
122 Service members were identified
for screening
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0.35
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0.25
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0.10
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Control

TBI

B
No. expected

No. observed

50

No. of Subjects

abnormalities can best be accounted for as a combination of traumatic axonal injuries in brain regions vulnerable to primary blast and in regions
of the brain vulnerable to other mechanisms of
injury. This explanation fits well with the clinical
descriptions of the injuries, which in all cases included both primary blast exposure and another
mechanism of injury, such as a fall, a motor-vehicle
crash, or a blow to the head by a blunt object. However, it is also possible that injuries to the orbitofrontal white matter and cerebellar peduncles are
more common in civilian cases of mild traumatic
brain injury than currently recognized. Certainly,
these and adjacent regions can be affected in more
severe instances of civilian traumatic brain injury.28-31 Likewise, primary blast injury could sensitize these regions to subsequent insults. Thus,
the exact contributions of primary blast exposure
and other types of injury cannot be determined
with certainty.
The characteristics of the abnormal DTI signals
changed between initial scanning and follow-up
scanning in a fashion that was consistent with the
evolution of relatively acute injuries. The pattern of
abnormalities on the initial scans was most consistent with axonal injury plus a cellular inflammatory response and edema (Fig. 4C, and Fig. S8 in
the Supplementary Appendix). Axial diffusivity has
been shown to be decreased with axonal injury
but concomitantly increased with edema and cellular inflammation. Thus, axial diffusivity can be
pseudonormalized in complex injuries.16 On the
follow-up scans, the pattern of abnormalities was
most consistent with persistent axonal injury plus
resolution of the edema and cellular inflammation
(Fig. 4C, and Fig. S8 in the Supplementary Appendix). This evolution over time also confirms that
the DTI abnormalities were unlikely to have been
preexisting.
The limitations of this study include a moderate sample size, an all-male study population, a
finite number of prespecified regions of interest
for DTI analysis, and the lack of a direct comparison with identically assessed subjects who had
traumatic brain injury that was not blast-related.
Another limitation, despite our best efforts at circumvention, is the possibility that some uncharacterized differences between the subjects and the
controls, in addition to that of brain injury, affected the DTI signals in such as way as to produce the observed results. Additional research with
independent cohorts will be required to validate
these findings.

40
30
20
18 of 63 observed vs. 2 of 63 expected, P<0.001
10
0

0

1

2

3

4

5

6

7

No. of Abnormal Regions of Interest
(relative anisotropy more than 2 SD below control value)

Figure 3. Abnormalities Detected on Diffusion Tensor Imaging in Subjects
with Blast-Related Traumatic Brain Injury.
Panel A shows scatter plots of relative anisotropy in four regions of interest.
P values were calculated with the use of one-sided Student’s t-tests, since the
prespecified hypothesis was that relative anisotropy would be lower in subjects
with traumatic brain injury (TBI) than in controls. The solid horizontal lines indicate means, and the Ι bars indicate standard deviations; the dashed horizontal lines are positioned 2 SD below the mean for the control group (solid triangles represent values in subjects with TBIs that are 2 SD below this level); the
numbers in parentheses indicate the number of subjects with TBI for whom
relative anisotropy was below this cut-off point. The formula for calculating relative anisotropy is available in Figure S1 in the Supplementary Appendix. Panel
B shows the number of abnormalities detected on DTI as compared with
the number that would be expected by chance in the 63 subjects with TBI. The
dotted box indicates the group of subjects with two or more abnormal regions
of interest. The P value was calculated with the use of the chi-square test.
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Figure 4. Evolution of Abnormalities over Time as Assessed with Diffusion Tensor Imaging.
All data in Panels A through D are from the 18 controls and 47 subjects with traumatic brain injury (TBI) who underwent both initial and follow-up diffusion tensor imaging (DTI). The formulas for calculating relative anisotropy, axial diffusivity, radial diffusivity, and mean diffusivity are available in Figure S1 and S8 in the Supplementary Appendix. In Panels A and B, the longer horizontal lines indicate the means and
the Ι bars indicate standard deviations. Panel A shows the results of the initial scans (obtained within 90 days after injury) in the cingulum
bundles, with reduced relative anisotropy, increased radial diffusivity, and increased mean diffusivity in the subjects with TBI as compared
with the controls. Panel B shows the follow-up scans (obtained 6 to 12 months after study enrollment) in the cingulum bundles, with reduced relative anisotropy and reduced axial diffusivity. Panel C shows the changes in DTI parameters between initial and follow-up scanning
in subjects with TBI as compared with controls and the interpretation of these changes (see also Fig. S4 in the Supplementary Appendix).
The double arrows indicate more extensive reduction in relative anisotropy; the ≈ symbol indicates that there was no significant difference
between subjects with TBI and controls. Panel D shows differences in observed versus expected DTI abnormalities on initial and follow-up
scans in the 47 subjects with TBI. The dotted box indicates the group of subjects with two or more abnormal regions of interest.
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We have not been able to address questions
regarding isolated primary blast-related traumatic
brain injury. All our subjects had primary blast
exposure plus another blast-related mechanism of
injury, indicating that the incidence of isolated
primary blast-related traumatic brain injury may
be low (see the Discussion section in the Supplementary Appendix).
Our cohort consisted of active-duty U.S. military personnel with injuries or medical conditions
severe enough to prompt commanding officers
and medical personnel to at least temporarily remove them from duty. It is not known whether
these subjects are representative of all U.S. military
personnel with mild traumatic brain injury sustained in Iraq or Afghanistan. Military personnel
were brought to the LRMC for a variety of reasons,
the most common of which was to obtain specific
types of medical care that were not available in
Iraq or Afghanistan. Examples include consultations with specialists, certain surgical procedures,
and radiologic studies such as MRI. It is possible
that many of the subjects with the most mild injuries were returned to duty without being sent to
the LRMC.32 Thus, there is a possibility of selection bias toward more seriously injured patients in
our cohort. The LRMC serves as a central triage
point for the wars in Iraq and Afghanistan; it is
not yet possible to perform MRI-based studies in
Iraq and Afghanistan because functioning scanners are not currently available to the U.S. military
medical system in those countries.
Because DTI can be performed relatively quickly on the MRI scanners at U.S. military facilities
and civilian hospitals, DTI-based assessments may
be useful in diagnosis, triage, and treatment planning in clinical practice. The analytic methods
used here allowed assessment of individual patients with traumatic brain injury, just as it would
in a clinical setting. However, it must be emphasized that only 18 of the 63 subjects with traumatic brain injury had definitively abnormal scans

when the scans were analyzed individually. For
now, mild traumatic brain injury remains primarily a clinical diagnosis. Normal findings on a DTI
scan do not rule out traumatic brain injury, nor are
DTI findings in isolation sufficient to make this
diagnosis with certainty (see the Discussion section in the Supplementary Appendix).
The relationship between DTI abnormalities
and clinical outcomes in U.S. military personnel
has yet to be determined. A great deal of research
along these lines has been conducted in civilians
with traumatic brain injury.20,21,31,33-38 However,
unique aspects of traumatic brain injury sustained
by military personnel include blast injuries and the
high rate of post-traumatic stress disorder.3,39-43
The relationships among blast-related traumatic
brain injury, axonal injury, and outcomes that include post-traumatic stress disorder are topics of
active research. DTI and other advanced MRI techniques are tools that may be useful in probing
these relationships.
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