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ABSTRACT

Background
Blast-related traumatic braininjuries have beencommonin the Iragand Afghanistan
wars, butfundamental questionsaboutthe natureof theseinjuriesremainunanswered.

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. mili-
tary personnel whohad 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 subjectshad primary blast exposure plusanother, blast-related mecha-
nism 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.

Results

Abnormalities revealed on DTI were consistent with traumatic axonal injury in many
of the subjects with traumatic braininjury. 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, asignificantly greater number of abnormalities werefound 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

DTlIfindingsin U.S. military personnel supportthe hypothesis that blast-related mild
traumatic brain injury can involve axonal injury. However, the contribution of pri-
mary blastexposure as compared with that of other types of injury could not be
determined directly, since none of the subjects with traumatic brain injury had iso-
lated primary blast injury. Furthermore, many of these subjects did not have abnor-
malities on DTL Thus, traumatic braininjury remainsaclinical diagnosis. (Funded by
the Congressionally Directed Medical Research Program and the National Institutes
of Health; ClinicalTrials.gov number, NCT00785304.)
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matic brain injuries may be as high as 320,000.!
n the current wars in iraq and af-
ghanistan, the number of blast-related trau-

Most of these injuries are categorized as uncom-
plicated “mild” or “concussive” traumatic brain
injury onthe basis of clinical criteriaand the ab-
sence of intracranial abnormalities on computed
tomography (CT) orconventional magneticreso-
nance imaging (MRI).2 However, little is known
about thenature of these “mild” injuries, and the
relationship between traumatic brain injury and
outcomes remains controversial.3* No human au-
topsy studies conducted with the use of current
immunohistochemical methods®® have been pub-
lished.”® Computer simulations of the effects of
blast-induced pressurewavesonthebrainsuggest
that coup and contrecoup regions may be subject
tohighstresses.?19Simulationsalsosuggest that
the orbitofrontal regions and the posterior fossa
(cerebellum and brain stem) may sustain intense
stresses independently of the subject’shead orien-
tationrelative to the blast.!°Findings thatare con-
sistentwith this view includeapositron-emission
tomographic study showing reduced cerebellar bas-
al glucose metabolism!! and a case report docu-
mentingalesionin cerebellar white matter on MRI
afterblastinjury.!?Inaswinemodelof experimen-
talblastinjury, traumaticaxonal injury inseveral
regions,includingcerebellartracts, wasdetected.'3
We therefore hypothesized that traumatic axo-
nalinjury is a primary feature of human blast-
related traumatic brain injury. To test this hy-
pothesis noninvasively, we used an advanced MRI
method called diffusion tensor imaging (DTI),
which can be performed quickly on most clinical
scanners.'*DTI involves the measurement of wa-
ter 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.S1and S2in the
Supplementary Appendix, available with the full
text of this article at NEJM.org). The resulting
anisotropy (directional asymmetry) of water dif-
fusionishighinintactaxonsandreduced after
axonal injury.!5-17 The use of reduced anisotropy
on DTl asamarker of traumatic axonal injury has
been directly validated by means of comparison
with immunohistochemical indicators of axonal
injury in an animal model of traumaticbrain in-
jury,evenwhenthe findings onconventional MRI
arenormal.!®17Weexplicitly assessed major orbi-
tofrontal and posterior fossa white-matter tracts,

along with other regions commonly affected by
traumatic braininjury.

Methods

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 inclusionin the study. Screening
was based on U.S. military clinical criteria for trau-
matic brain injury!8: loss of consciousness, amne-
sia for the event, or another change in neurologic
status, such as feeling “dazed” or “confused” or
“seeingstars” immediately after the trauma. Addi-
tional criteria for inclusion in the study were in-
jury from a blast, defined as primary injury from
blast exposure with or without additional mecha-
nisms of injury, within 90 days before study en-
rollment; membership in the U.S. military; the
ability to provide informed consent in person; no
contraindications to MRI, such asretained metal-
licfragments; no history of major traumatic brain
injury or psychiatric disorder; and agreement to
communicate by telephone or e-mail monthly for
6 to12months after enrollmentand to travel to
Washington University inSt. Louis for follow-up.
Inclusion criteria for controls were the same except
that negative results of screening for traumatic
braininjury wererequired. All subjects provided
writteninformed 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), withouttheadmin-
istration 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 con-
ventional MRI scans obtained included T;-weighted
and T,-weighted sequences, fluid-attenuated inver-
sion recovery (FLAIR) sequences, and T,*-weighted
sequences. Performance of the protocol required
21 minutes per subject (Table S1 in the Supple-
mentary Appendix). (Further information on the
image processing can be found in the Methods
section in the Supplementary Appendix.) Subjects
traveled to Washington University 6to12months
after enrollment for follow-up scans and in-per-
son clinical assessments. The follow-up scans
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were obtained on another 1.5-tesla MRI scanner
(Magnetom Avanto) at Washington University in
accordance with the same protocol.

Region-of-Interest Analysis
Analystswhowereunaware of the clinical assess-
ments of the subjects manually traced 17 regions
of interest on each scan. Eachregion of interest
consisted of multiple brain slices fully covering
three-dimensional anatomical structures (Fig. 1).
The anatomical structures were defined in accor-
dance with definitions provided in a standard DTI
atlas.’® Analyze software, version 6.1 (Mayo Foun-
dation), was used to extract quantitative DTI pa-
rameters, including relative anisotropy, axial dif-
fusivity, radial diffusivity, and mean diffusivity for
each region of interest. (The definitions of these
parameters are provided in the Supplementary Ap-
pendix.) Intrarater reliability (two analyses were
performed, 2 weeks apart) was 96% or higher, and
interraterreliability was 90% or higher. Therefore,
eachregion of interest was traced by a single ana-
lyst to optimize consistency.

Statistical Analyses
All data were analyzed with the use of Statistica
software, version 6.0 (StatSoft). The relationship
betweenmeasuresofrelativeanisotropyinthere-
gionsof interest was assessed by examining scatter
plots and performing correlation analyses of rel-
ative anisotropy in the 21 controls. When signifi-
cant positive correlations were detected between
relative anisotropy values in pairs ofregions, the
correlatedregionsof interestwerecombined. The
combinedregionsof interestincluded the genuand
splenium of the corpus callosum, the rightand left
middle cerebellar peduncles, therightand left ce-
rebral peduncles, the right and left uncinate fas-
ciculi, and the right and left cingulum bundles.
This approachreduced the number of DTIregions
of interest from 17 to 12. There were no signifi-
cant correlations between relative anisotropy val-
uesamong these12regions. We grouped these
regionsinto two prespecified categories: 4 poste-
riorfossaand orbitofrontal regions predicted to be
vulnerable to primary blastinjury, and 8 other re-
gionscommonlyaffected by traumaticbraininjury.
The normal distribution of each continuous
variable was assessed with the use of the Shapiro-
Wilk test. All DTI data sets were found to be
normally distributed. Hotelling’s T?-tests were
used to assess overall differences in groups across

the 12 regions of interest. Unpaired Student’s t-tests
were then used to assess individual variables. For
age, the only non-normally distributed continu-
ousvariable, the Mann-Whitney U testwas used.
Chi-square analyses were used to assess the rela-
tionshipsbetweencategorical variables. One-sided
tests were used when hypotheses were prespeci-
fied, and two-sided tests were used otherwise.
Reported P values have not been corrected for
multiple comparisons, but a P value of less than
0.05was considered to be significant only after
Bonferroni’s correction for multiple comparisons
(e.g., P<0.0125 [0.05+4] for each of the four pre-
specified orbitofrontal and posterior fossa DTI
regions of interest and <0.00625 [0.05 + 8] for
each of the eight other regions of interest).

For DTl assessments in individual subjects, the
abnormalities consistent with traumatic axonal
injury were defined as values for relative anisot-
ropy that were more than 2 SD below the mean of
the valuesfor controls. Toestimate the number
of DTIabnormalities expected to occur by chance
in each subject, a binomial distribution was used,
with p=0.02275 (the probability of each abnor-
mality arising by chance) for 12 regions of inter-
estineachsubject. (Inthisinstance, pdenotesthe
parameter in the binomial distribution that indi-
cates the probability of each event.) This estimate
is based on the assumption that the regions of
interestwerestatistically independent (see the Ad-
ditional Statistical Methods section in the Supple-
mentary Appendix).

R esults

Characteristics of the Subjects
We enrolled 63 subjects with traumatic brain in-
jury and 21 controls over the course of 5 noncon-
tiguous months between November 2008 and Oc-
tober 2009 (Table 1 and Fig.2). The median time
from injury to enrollment was 14 days (range, 1 to
90). All available clinical histories for the subjects
with traumatic brain injury indicated primary blast
exposure plusanothermechanismofheadinjury,
such as being injured in a fall or motor-vehicle
crash or being struck by a blunt object. None of the
subjectshad isolated primary blastinjury.
Inclusion in the group of subjects with trau-
matic brain injury was typically based on self-
report of blast exposure, with immediate altera-
tion of neurologic function meeting the standard
criteria for traumatic brain injury used at the
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Figure 1. Brain Regions of Interest for Diffusion Tensor
Imaging.

The scans in the left and center columns were ob-
tained with conventional (T|-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 ver-
tical 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 dif-
fusion, 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 sec-
tions, 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 cap-
sule, anterior—posterior and right—left, between the
caudate and putamen, and Panel H showing the poste-
rior limb of the internal capsule, dorsal-ventral and
right—left, between the putamen and thalamus. Panel |
shows a sagittal section of the uncinate fasciculus, an-
terior—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 opera-
tionsregarding the duration of loss of conscious-
ness and post-traumatic amnesia was often not
available or not reliable. All available clinical his-
tories 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 se-
verity of injury, the requirement for in-person in-
formed consent typically made patients with mod-
erate-to-severe traumatic brain injury ineligible,
and such patients were not enrolled. No intracra-
nial abnormalities were detected on CT of the head
without the administration of contrast material.
Thus, all subjects with traumatic brain injury
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met the criteria from the Department of Defense
for mild, uncomplicated traumatic brain injury.?
(These criteria are provided in the Methods sec-
tionin the Supplementary Appendix.)

All controls had been exposed to blasts, but
none had sustained traumatic braininjury accord-
ing to the results of clinical screening.!® Specifi-
cally, 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 inde-
pendently 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
subjectin either group was known to have cerebro-
vascular disease, hypoxic orischemicbraininjury,
central nervous system infection, sepsis, infection
with the humanimmunodeficiency virus, severe
electrolyte disturbance, liver failure, renal fail-
ure, heartfailure, ahistory of alcohol abuse, ora
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 apparentin 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 board-
certified neuroradiologist, who found asmall oc-
cipital contusion.

Quantitative analyses indicated significant re-
ductions in relative anisotropy in the group of
subjects with traumatic braininjury as compared
with the control group (P<0.02 according to Hotel-
ling’s T2-test). Among the brain regions com-
monly affected in civilian cases of mild traumatic
brain injury,!5-20-26 abnormalities were most fre-
quently found in the cingulum bundle (Fig. 3A),
uncinate fasciculus, and anterior limb of the in-
ternal capsule (Fig. 54 in the Supplementary Ap-
pendix). However, there were few abnormalities
in the corpus callosum or the posterior limb of the
internal capsule;notably,abnormalities weremore
frequent in the middle cerebellar peduncles and
orbitofrontal white matter (Fig. 3A), both of which
areamong theregions predicted to sustain the

Table 1. Characteristics of the Study Participants.

Controls  Subjects with TBI*

Characteristic (N=21) (N=63)
Age —yr

Median 31 24

Range 19-49 19-58
Male sex — no. (%) 21 (100) 63 (100)
Race — no. (%)§

White 17 (81) 48 (76)

Other 4(19) 18 (29)
Branch of service — no. (%)

Army 18 (86) 56 (89)

Air Force 2 (10) 0

Marine Corps 1(5) 7 (11)

Navy 0 0
Rank — no. (%)

Officer 2 (10) 3(5)

Enlisted 19 (90) 60 (95)
Theater of operation — no. (%)

Iraq 15 (71) 25 (40)

Afghanistan 6(29) 38 (60)

P Valuet
0.03%

1.0
0.87

0.92

0.46

0.01

* 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.©

Atanindividuallevel, 18 of the 63 subjects with
traumatic brain injury (29%) had abnormalities
on DT that were consistent with multifocal trau-
matic axonal injury. Specifically, relative anisotro-
py wasreduced in two or more brainregionsin
each of these 18 subjects (Fig. 3B). Abnormalities
detected on DTI were defined as relative anisot-
ropyreductions of atleast2SD below the mean
forthe 21 controls. On the basis of chance alone,
no more than 2 of 63 healthy subjects would be
expected to have two or more suchabnormalities
in12 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 DTIand 25 (40%)had no
abnormalities according to the aforementioned
definitions.

There were imbalances inage and theater of
operation between the subjects with traumatic
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122 Service members were identified

for screening

38 Were excluded
17 Had contraindications to MRI
8 Had ferromagnetic metal
shrapnel
5 Were medically unstable
2 Were claustrophobic
2 Had nonshrapnel ferro-
magnetic metal
6 Were eligible but did not
give consent
5Were unable to attend follow-
up owing to protection of
identity (i.e., special forces)
4 Could not have MRl owing to
interference with clinical care
4 Had TBI not associated with
blast
1Had previous significant TBI
1 Was discovered to have
incidental brain tumor

84 Were enrolled and underwent scanning

21 Were in control group

63 Had blast-related TBI

18 Were included in follow-up|

47 Were included in follow-up)|

Figure 2. Screening and Enrollment of Study Subjects.
TBI denotes traumatic brain injury.

2096

braininjury and the controls (Table1),butthese
differences were unlikely to account for the pri-
mary results. Specifically, there were no correla-
tions between age and relative anisotropy in this
cohort (Fig. S5in the Supplementary Appendix).
Likewise, there were no significant differences
between controls or subjects with traumatic brain
injury whowereinjured inIraq and those injured
in Afghanistan (Fig. S6 in the Supplementary Ap-
pendix). The differences between subjects with
traumatic brain injury and controls were robust
after adjustments for propensity score (Tables S2
and S3in the Supplementary Appendix). Post hoc
subgroup analyses indicated that these differences
were unlikely to have resulted from effects re-
stricted to any specific subgroup of subjects (Table
S4inthe Supplementary Appendix).

Evolution of DTI Signal Abnormalities

Relative anisotropy, the DTI parameter assessed in
previous analyses, has been shown to be persis-
tently reduced at several time points after traumat-
icbraininjury inan animal model; however, other
DTl parameters have been shown to change over
time as the injuries evolve.6 We therefore analyzed
these other DTI parameters and found clear evi-
dence of changes in the DTI signal abnormalities
over time in this cohort. Specifically, mean dif-
fusivity and radial diffusivity werehigherinsub-
jects with traumatic brain injury than in controls
on the initial scans (Fig. 4A) butnormalized on
follow-upscans (Fig.4B). Axial diffusivity did not
differ significantly between groups on the initial
scans (Fig. 4A) but was lower in the subjects with
traumatic brain injury than in controls on follow-
upscans (Fig.4B). These findings are consistent
with an evolution of injury (Fig. 4C).

Onthebasis of theresults of analyses inindi-
vidual subjects, the sensitivity of DT did not de-
cline substantially over time. Of the 47 subjects
with traumatic brain injury who underwent scan-
ning twice, 12 (26%)had two or more abnormal
regions of interest on the initial scans and 11
(23%) had two or more abnormal regions of in-
terest on follow-up scans (Fig. 4D). These propor-
tions were both greater than would be expected
by chance (P=0.004 and P= 0.007, respectively, by
chi-square analysis). There were no significant
differences in initial relative anisotropy between
the 47 subjects with traumatic brain injury who
underwent follow-up scanning and the 16 who did
not (Fig. S71in the Supplementary Appendix). This
finding indicated that subjects available for follow-
up DTI scanning were representative of the en-
tire cohort.

Discussion

With the use of DTI, we found abnormalities con-
sistentwithtraumaticaxonalinjuryin U.S.military
personnel withblast-related mild traumatic brain
injury. Substantial numbers of abnormalities were
found in regions of the brain not known to be
commonly injured in civilian cases of mild trau-
maticbraininjury butpredicted tobe vulnerableto
blastonthebasisof computational simulations. °
Abnormalities were also found in some brain re-
gions that are commonly affected in civilian cases
of mild traumatic brain injury.!5-29-26 Other re-
gions, such as the corpus callosum, > 15,20,23,25-27
were generally spared. Overall, the distribution of
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abnormalities can best be accounted for as a cor
bination of traumaticaxonal injuriesinbrainre-
gions 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 in-
cluded 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. How-
ever, itisalso possible thatinjuries to the orbito-
frontal white matter and cerebellar pedunclesare
more common in civilian cases of mild traumatic
brain injury than currently recognized. Certainly,
these and adjacentregions can be affected in more
severe instances of civilian traumatic brain in-
jury.28-31 Likewise, primary blast injury could sen-
sitize 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
evolutionofrelatively acuteinjuries. The pattern of
abnormalities on the initial scans was most consis-
tent with axonal injury plusa cellular inflamma-

tory 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 edemaand cel
lular inflammation. Thus, axial diffusivity can b¢
pseudonormalized in complex injuries.'® On the

follow-up scans, the pattern of abnormalities wa
most consistent with persistent axonal injury plu
resolution of the edema and cellular inflammation
(Fig. 4C, and Fig. S8 in the Supplementary Appen-
dix). This evolution over time also confirms that
the DTTabnormalities were unlikely tohavebeen

preexisting.

The limitations of this study include a moder-
ate sample size, an all-male study population, a
finite number of prespecified regions of interest
for DTI analysis, and the lack of a direct com-
parison withidentically assessed subjectswhohad
traumatic brain injury that was not blast-related.
Another limitation, despite our best efforts at cir-
cumvention, is the possibility that some unchar-
acterized differences between the subjectsand the
controls, in addition to that of brain injury, af-
fected the DTI signals in such as way as to pro-
duce the observed results. Additional research with
independent cohorts will be required to validate
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these findings.

n engl j med 364;22 nejm.org june 2,2011

2097

The New England Journal of Medicine
Downloaded from nejm.org on June 15, 2011. For personal use only. No other uses without permission.
Copyright © 2011 Massachusetts Medical Society. All rights reserved.



Thenew engl a nd journa l ofm edicine

A Initial Scan
0.75

0.70 P=0.01
> 0.65
n
s zT £2 060 £3
= S g 29 > g
o = v i .lll v
2 [ 35 o0ss g2
E £ E £E o050 £€
° B E QE o E
2 w7 S 04 g7
;’,"; 3 g S o4 2s
o 0.35
0.00
Control TBI Control TBI Control  TBI Control TBI
B Follow-up Scan
0.50+ _ 0.75 _
os P=0.02 0.70 P=0.07
§ .45+ . > 065 -
£ 0404 e £8 S g o060 29
2 035 o b 23> 055 g2
g | £ E EE 050 EE
o 0.30 8 E oE o E
2 a5 oo =7 o 045 ST
= 0.25] = O 5 o =)
< 0204 g = & = 040 2=
& 0.154 0.35
0.00 0.00
Control  TBI Control  TBI Control  TBI Control  TBI
C Changes in Parameters and Interpretations
Relative Axial Radial Mean
Anisotropy Diffusivity Diffusivity Diffusivity Interpretation
Initial Scan - = I I Axonal injury + edema and cellular inflammation
Follow-up Scan I I =~ =~ Axonal injury (edema and inflammation resolved)

D Abnormalities Expected vs. Those Observed
[] No. expected [l No. observed, [I No. observed,

40 initial scan follow-up scan
2 30
(%]
2
)
a 20 .
5 Initial scan: 12 of 47 observed vs. 2 of 47 expected, P=0.004
s Follow-up scan: 11 of 47 observed vs. 2 of 47 expected, P=0.007
2 10 T T T T T T T T T T T T T T T T T T T T T T T, ]
! !
. .l B a - -
0 1 ) 3 4 5 6 7 !

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

Figure 4. Evolution of Abnormalities over Time as Assessed with Diffusion Tensor Imaging.

All datain Panels A through D are from the 18 controls and 47 subjects with traumatic brain injury (TBI) who underwent both initial and fol-
low-up diffusion tensorimaging (DTI). The formulas for calculating relative anisotropy, axial diffusivity, radial diffusivity, and mean diffusivi-
ty 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 | barsindicate 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 TBl 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 re-
duced relative anisotropy and reduced axial diffusivity. Panel Cshows the changesin DTl parameters between initial and follow-up scanning
in subjects with TBl as compared with controls and the interpretation of these changes (see also Fig. S4 in the Supplementary Appendix).
Thedouble arrows indicate more extensive reductionin relative anisotropy; the = symbol indicates that there was no significant difference
between subjects with TBland controls. Panel D shows differences in observed versus expected DTl 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 Supple-
mentary Appendix).

Our cohort consisted of active-duty U.S. mili-
tary personnel with injuries ormedical conditions
severe enough to prompt commanding officers
and medical personnel to at least temporarily re-
move them from duty. Itis not known whether
these subjects are representative of all U.S. military
personnel with mild traumatic brain injury sus-
tained 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 notavailablein
Iraq or Afghanistan. Examples include consulta-
tions with specialists, certain surgical procedures,
and radiologic studies such as MRI. It is possible
that many of the subjects with the most mild in-
juries were returned to duty without being sent to
the LRMC.32 Thus, there is a possibility of selec-
tion bias toward more seriously injured patientsin
our cohort. The LRMC serves as a central triage
point for the wars in Iraq and Afghanistan; itis
not yet possible to perform MRI-based studies in
Iraq and Afghanistan because functioning scan-
nersarenotcurrently available to the U.S. military
medical system in those countries.

Because DTIcan be performed relatively quick-
ly onthe MRIscannersatU.S. military facilities
and civilianhospitals, DTI-based assessmentsmay
be useful in diagnosis, triage, and treatment plan-
ning in clinical practice. The analytic methods
used here allowed assessment of individual pa-
tients with traumatic brain injury, just as it would
in a clinical setting. However, it must be empha-
sized that only 18 of the 63 subjects with trau-
matic brain injury had definitively abnormal scans

when the scans were analyzed individually. For
now, mild traumatic brain injury remains primar-
ily aclinical diagnosis. Normal findings ona DTI
scan do notrule out traumatic brain injury, nor are
DTIfindingsinisolationsufficientto make this
diagnosis with certainty (see the Discussion sec-
tionin 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.20-2131,33-38 However,
uniqueaspectsof traumatic braininjury sustained
by military personnel include blast injuriesand the
high rate of post-traumatic stress disorder.3-39-43
The relationships among blast-related traumatic
brain injury, axonal injury, and outcomes that in-
clude post-traumatic stress disorder are topics of
activeresearch. DTIand other advanced MRl tech-
niques are tools that may be useful in probing
these relationships.
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