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Abstract: Mild traumatic brain injury (MTBI) is difficult to accurately
assess with conventional imaging because such approaches usually fail
to detect any evidence of brain damage. Recent studies of MTBI patients
using diffusion-weighted imaging and diffusion tensor imaging suggest
that these techniques have the potential to help grade tissue damage
severity, track its development, and provide prognostic markers for clini-
cal outcome. Although these results are promising and indicate that the
forensic diagnosis of MTBI might eventually benefit from the use of
diffusion-weighted imaging and diffusion tensor imaging, healthy skep-
ticism and caution should be exercised with regard to interpreting their
meaning because there is no consensus about which methods of data
analysis to use and very few investigations have been conducted, of which
most have been small in sample size and examined patients at only one
time point after injury.

KeyWords: axonal injury, diffusion tensor imaging, diffusion-weighted
imaging, magnetic resonance imaging, mild traumatic brain injury

(Top Magn Reson Imaging 2010;21: 379Y386)

Mild traumatic brain injury (MTBI) is one of the most sig-
nificant public health problems confronting the modern

world.1 In the United States alone, current estimates indicate that
it accounts for about 75% of the 1.5 million brain trauma cases
reported annually by hospital emergency departments and costs
more than $17 billion per year in health care utilization and lost
productivity.2 Mild traumatic brain injury is variously defined3Y5

as a sudden and violent acceleration, deceleration, rotatory, or
blunt trauma to the head with no skull fractures,3,4 which results
in a possible4 or definite3 loss of consciousness, transient mem-
ory dysfunction,3,4 confusion,3,4 disorientation,3,4 focal neurologic
deficits that may or may not be transient,3 a Glasgow Coma Scale
(GCS) score of 13 to 15,3,4 and a hospital stay lasting less than
48 hours.3 The leading causes are falls, transportation crashes,
collisions with stationary or moving objects, and assaults, re-
spectively.6 Particularly at high risk are children aged 0 to 4 years,
adolescents aged 15 to 19 years, and adults aged 35 to 44 years
and 75 years or older.1,7 Patients may experience a disabling array
of somatic, cognitive, and affective sequelae.1,2,8,9 Although ap-
proximately 70% eventually recover to normal levels, it is esti-
mated that 7% to 33% continue to have long-term or permanent
deficits with serious social and economic consequences.1,2,8,10Y12

Ability to forecast outcome is of central importance to the man-
agement of MTBI because early medical and rehabilitative in-
tervention may reduce the risk of long-term deficits.13,14 Clinical
and cognitive predictors, however, are suboptimal for this purpose

in accuracy because of the wide intrapatient and interpatient
variability in clinical progression and the confounding effects of
psychological and motivational factors. The problem is further
complicated by the fact that, in most cases, more objective mea-
sures such as computed tomography (CT) and conventional mag-
netic resonance imaging (MRI) usually fail to detect any evidence
of brain injury.

The discrepancy in MTBI between clinical and radiographic
findings has been attributed to the inability of conventional
imaging modalities to reveal microscopic injury in brain tissue.
On the basis of results from postmortem studies of MTBI, the
primary form of injury is thought to be the widespread pres-
ence of multifocal lesions called diffuse axonal injury (DAI) that
occur over a continuum of white matter regions including the
corpus callosum, the internal capsule, the gray-white junction,
and the cerebral peduncles.15 Yet, it has been reported that 70%
of patients with a GCS score of 13 display no evidence of ab-
normalities on CT. This number increases to 95% for patients
with a GCS score of 15.16 It is estimated that the total prevalence
of abnormalities on CT is only 16% to 21% for a GCS score
of 13 to 15 based on a study of 912 patients.17 Similar results
have been reported with the use of conventional MRI to visual-
ize MTBI. In the rare cases where positive findings do occur,
they fail to identify the more widespread microstructural com-
ponent of DAI and reveal only cortical contusions and multifocal
hyperintensites on fluid-attenuated inversion recovery sequences
or microhemorrhages on T2*-weighted sequences.18

A great deal of research in recent years has led to the de-
velopment of diffusion-weighted imaging (DWI)19Y21 and dif-
fusion tensor imaging (DTI),22Y24 2 advanced MRI techniques
that have the potential to help identify and quantify micro-
structural changes that cannot be detected by CT and conven-
tional MRI. There is growing evidence to suggest that both of
these approaches could help grade tissue damage severity, track
its development, and provide prognostic markers for clinical
outcome in MTBI.

DWI AND DTI METHODS OF DATA ANALYSIS
There are currently 3 methods that can be used to analyze

DWI and DTI data, namely, histogram analysis,25 region-of-
interest (ROI) analysis,26 and voxel-based analysis (VBA),27,28

and 1 additional method that can be used to analyze DTI data,
which is quantitative tractography.29 No consensus currently
exists, however, on which approach to use.

Histogram analysis provides a summary of tissue changes
occurring throughout the whole brain.25 It is fast and easy to
implement, does not require spatial normalization, has minimal
subjective involvement, and is easily reproducible. A limitation
of this method is that it lacks sensitivity to tissue changes when
only a few voxels differ between comparison groups.

Region-of-interest analysis (Fig. 1) provides measurements
from manually specified regions of brain.26 It is relatively easy
to implement, does not require spatial normalization, and is de-
signed to test tract specific a priori hypotheses. A limitation of
this method is that it introduces error as a result of interobserver
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and intraobserver variability. Furthermore, results can be sig-
nificantly weakened by statistical correction for multiple com-
parisons depending on the number of regions examined, and
large subject groups may be required to adequately power a
study. Also, only small sections of much larger tracts are mea-
sured, which reduces the generalizability of results. Moreover,
information about tissue integrity is supplied from only a few
specified sites and possible locations for damage in the rest of
the brain are completely overlooked.

Voxel-based analysis (Fig. 2) provides a fully automated
evaluation of the whole brain that can identify specific focal
regions where tissue changes are occurring.27,28 It has minimal
subjective involvement, is easily reproducible, and is designed
for exploratory investigations. A limitation of this method is
that it requires spatial normalization that may introduce errors
if coregistration is performed inaccurately.30,31 Also, spatial

smoothing may reduce the sensitivity for detection to only large
tracts or lesions. A recent approach that has been developed for
the purpose of improving the application of VBA to the evalu-
ation of DTI data is tract-based spatial statistics (Fig. 3), which
uses a nonlinear registration projected onto the mean white
matter tract skeleton.32 Results from the application of tract-
based spatial statistics in several studies show that it decreases
intersubject variability and leads to more precise analyses.26,32

Finally, quantitative tractography (Fig. 4) provides a 3-
dimensional reconstruction of white matter fiber trajectories
throughout the brain.29 It has fairly complementary advantages
and disadvantages to VBA. An additional limitation of this
method is that it cannot distinguish between kissing and crossing
fibers.33 Several recent advances in diffusion imaging tech-
niques might, however, have the potential to more accurately
measure complex fiber structure. These include q-ball imaging34

FIGURE 1. Regions of interest shown on selected axial T2-weighted (T2) images and corresponding FA and MD maps (A, B, and C)
from a 49-year-old man with MTBI who showed no visible evidence of brain damage on conventional MRI and was scanned 54 days
after injury. Locations of ROIs indicated are as follows: the thalamus and the anterior limb, genu, and posterior limb of the internal
capsule (A); the genu and splenium of the corpus callosum and frontal white matter (B); and the centrum semiovale (C). Figure 1 can be
viewed online in color at www.topicsinmri.com.
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FIGURE 2. Voxel-based analysis results overlaid on selected axial slices from the mean FA template derived using 40 healthy controls
(CON) and 60 patients with MTBI scanned within a few days of injury. The top and bottom rows depict voxel clusters where the mean FA
and MD of patients were significantly greater and less than controls, respectively, at P G 0.05 corrected for age, sex, education, and
multiple comparisons. Figure courtesy of Arnaud Messé, PhD, Laboratoire d’Imagerie Fonctionnelle, Paris, France. Figure 2 can be
viewed online in color at www.topicsinmri.com.

FIGURE 3. Tract-based spatial statistics results shown in reference to selected axial T1-weighted (T1) images from the Montreal
Neurological Institute 152 standard brain and overlaid on corresponding maps from the mean FA template normalized to the same space
(A, B, and C) derived using 16 healthy controls (CON) and 20 patients with MTBI scanned within 1 month of injury. The skeletons on
the FA maps in the middle and the right columns depict alignment-invariant tract projections representing the mean FA of all subjects
and voxel clusters where the MD of patients were significantly greater than controls at P G 0.05 corrected for multiple comparisons,
respectively. Figure 3 can be viewed online in color at www.topicsinmri.com.
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and other high angular resolution diffusion imaging techniques35

as well as diffusion spectrum imaging,36 although no MTBI
studies have thus far been conducted using these methods.

DWI STUDIES OF ADULTS WITH MTBI
Several groups that have applied DWI in both experimen-

tal disease models of MTBI37Y40 and humans with MTBI41Y48

reported that it shows promise for the evaluation of DAI and
might be possible to use as an adjunct tool in determining early
intervention treatment strategies. In each of these studies, DWI
was found to detect more white matter lesions than could be
identified using either T2-weighted fast spin echo or T2*-
weighted gradient echo MR sequences, although it was less
sensitive at depicting microhemorrhages than T2*-weighted
gradient echo sequences. These investigations and others involv-
ing rodent models of ischemic damage49Y52 also indicate that
DWI can reflect an increase or decrease of diffusion in lesions,
which suggests that the technique may enable differentiation
between cytotoxic and vasogenic edema. This has important
clinical implications. Cytotoxic edema, which is caused by hyp-
oxic injury resulting in decreased sodium pump functioning and
abnormal accumulation of intracellular water, is considered ir-
reversible. Vasogenic edema, however, which is caused by in-
creased capillary and endothelial cell permeability resulting in
abnormal accumulation of extracellular water, is considered re-
versible.53 In some cases, DWI detected changes of diffusion
in patients at very early stages of MTBI that correlated with
indicators for outcome and cognitive functioning even before
neurological symptoms become manifest or unalterable.45,47

Schaefer et al47 found that, for MTBI patients examined less
than 48 hours after injury, both the total volume and the num-
ber of lesions detected by DWI provided a stronger correlation

with their modified Rankin scale score than did conventional
MR sequences. Kur*a et al45 observed that, for MTBI patients
examined less than 4 days after injury, the total number of lesions
detected by DWI was correlated with performance on neuro-
psychological measures for memory.

DTI STUDIES OF ADULTS WITH MTBI
There is a growing body of literature that suggests DTI is

more sensitive to detecting white matter microstructural damage
in MTBI than conventional imaging and could potentially serve
as a biomarker for tracking the effects of injury and predicting
cognitive outcome.54Y85 Diffusion tensor imaging studies of
MTBI, however, have been small in sample size and usually
examined patients at either short-term or long-term time points
after injury. The few studies that have included patients from
both time points mostly consisted of mixed cohorts, separate
cohorts not tracked longitudinally,59,64 or cohorts with neuro-
psychological testing but no imaging at follow-up.55,60,62,67,74,75

Despite these difficulties, DTI metrics have been correlated with
patient behavioral and cognitive measures.55,58Y63,65Y67,70Y78,81,82,84

Results suggest that there is a natural disease progression, but
its timing remains unclear.

DTI Measures of MTBI
Almost as many DTI studies of MTBI have used 1.5-T

scanners54,56,60Y64,67Y69,74Y76,79,80,82 as have used 3-T scan-
ners.55,58,59,65,66,70Y73,77,78,81,85 Most of these studies54Y56,58,
60Y63,65,67Y72,74,76Y82,85 were conducted using a conventional dif-
fusion spin echo sequence with an echo planar imaging read-
out at either 6 diffusion gradient-encoding directions56,61,68,76 or
more.54,55,58,60,62,63,65,67,69Y72,74,77Y82,85 Some studies,59,64,66,73,75

however, have reported using a twice-refocused spin echo86 se-
quence to diminish eddy currentYinduced geometric distor-
tions at either 6 diffusion gradient-encoding directions64,75 or
more.59,66,73

Two groups using histogram analysis to analyze DTI data in
the study of MTBI reported conflicting results, finding that,
when they both compared patients with controls, there were no
differences in 1 case64 and globally decreased fractional an-
isotropy (FA), a measure of directional selectivity in water
molecule movement, in the other.69 It may be that histogram
analysis lacks the sensitivity needed to provide regionally spe-
cific information in MTBI and cannot be used to establish cor-
relations with impairment in particular behavioral and cognitive
domains.

The most common methods that have been used to ana-
lyze DTI data in the study of MTBI are ROI analysis54,55,
58Y60,62,64,66,67,71,73,75Y78 and VBA.65,69,70,74,81 Both of these
approaches have yielded significant results. Several groups have
reported that patients with short-term MTBI show decreased
FA54,62,64,67,70,75 and patients with long-term MTBI with post-
concussion symptoms show decreased FA and increased mean
diffusivity (MD), a measure of the average displacement of water
molecules.58,59,64Y66,69,71,74,76,77,81 Interestingly, Bazarian et al55

reported finding increased FA and decreased MD in the sple-
nium of the corpus callosum of patients at a mean of 72 hours
after injury. Mayer et al73 also found increased FA in the corpus
callosum and several left hemisphere tracts of patients at a mean
of 12.5 days after injury. One possible explanation for these
occurrences, which remains to be validated, is that axonal swelling
during early stages of injury could restrict both the interstitial and
overall movement of water leading to increased FA and decreased
MD, respectively.

A number of MTBI studies have recently begun to apply
axial diffusivity (AD), a measure of the magnitude of diffusion

FIGURE 4. Diffusion tensor imaging tractography results
generated from seed voxels placed around the corpus callosum
and viewed from the midsagittal region of the left hemisphere for
a 56-year-old healthy male control (A) and a 52-year-old male
patient with MTBI (B) who showed no visible evidence of brain
damage on conventional MRI and was scanned 22 days after
injury. In comparison to the control, the patient exhibited fewer
frontal, parietal, and occipital white matter fibers tracts (arrows).
Figure courtesy of Kelly A. Mcgorty, RT, New York University
School of Medicine, New York, NY. Figure 4 can be viewed online
in color at www.topicsinmri.com.
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along the fiber orientation within a tract, and radial diffusivity
(RD), a measure of mean rate of diffusion orthogonal to the fiber
orientation within a tract.66,67,73 On the basis of results from
investigations of rodent models, these 2 metrics could provide
more specific information about axonal and myelin pathologic
diseases, respectively.87,88 Kraus et al66 examined patients at a
mean of 92.55 months after injury and found increased AD and
normal RD in the sagittal striatum and the superior longitudinal
fasciculus, suggesting this demonstrated less irreversible myelin
damage than could be observed in moderate-to-severe head
trauma patients who exhibited increased AD and RD in both
these regions as well as the corticospinal tract and the whole
brain. Kumar et al67 examined patients at a mean of 8.9 days
after injury and found normal AD and increased RD in the genu
and splenium of the corpus callosum. Mayer et al73 examined
patients at a mean of 12.5 days after injury and found decreased
RD in the corpus callosum and several left hemisphere tracts.
These differences could arise from the fact that Kraus et al
examined patients with long-term MTBI, whereas Kumar et al
and Mayer et al examined patients with short-term MTBI.
Changes in RD might have been observed only in patients with
short-term MTBI because they are at a stage when demyelination
is occurring while the discrepancy in RD between the patients
from the 2 immediate studies might reflect varying inflammatory
responses that can cause fluctuations in the water content of
myelin sheath.89Y91

Results from the ROI analysis show that the most com-
monly damaged tracts in MTBI include the frontal association
pathways such as the corona radiata, uncinate fasciculus, the
superior longitudinal fasciculus, and the commissural fibers of
the corpus callosum.54,55,58Y60,62,64,66,67,71,73,75Y78 Most studies,
however, have focused on patients with long-term MTBI and
examined only a small number of regions. The few studies of
patients with short-term MTBI that have been performed iden-
tified damage in the corpus callosum, the internal capsule, the
external capsule, and the centrum semiovale.54,55,64,67,75 Results
from VBA have also focused mostly on patients with long-term
MTBI and identified damage in the commissural fibers of the
corpus callosum as well as various supratentorial association
fibers.29,33,34,38,45

Only a few groups have used quantitative tractography to
analyze DTI data in the study of MTBI, and these were limited
to case studies of 1 to 2 tracts.61,63,68,72,76,79,80,82 In an attempt
to demonstrate that tractography can visualize traumatic axonal
shearing, Le et al68 performed serial scans at 3 days and 12 weeks
after injury on a patient with blunt head injury that exhibited
posterior callosal disconnection syndrome. Tractography revealed
interruption of the white matter fibers in the posteroinferior aspect
of the splenium that correlated with the patient’s left hemialexia,
suggesting that this approach may have prognostic value for
evaluating cognitive and neurological sequelae associated with
MTBI. Unfortunately, no lesion was found at follow-up. Rutgers
et al79,80 conducted 2 tractography investigations of patients in
which it was found that only a minority of sites with decreased
FA were associated with fiber bundles showing evidence of dis-
continuity. This suggests that decreases in FA could be related to
edema, hemosiderin deposition, axonal degeneration, or fiber
misalignment rather than fiber disruption.

DTI Correlations With MTBI Clinical Measures
A number of studies suggest that the severity of white matter

damage detected by DTI correlates with behavioral and cognitive
measures of impairment in MTBI.55,58Y63,65Y67,70Y78,81,82,84 Some
studies have identified associations between global extent of
damage and cognitive impairment.55,56,66,75,77 Kraus et al66 found

that the total number of structures with decreased FA in patients
was correlated with measures for attention, memory, and execu-
tive functioning. Miles et al75 reported that, for patients examined
at a mean of 4.5 days after injury, decreased FA levels averaged
as a single measure from the centrum semiovale, the genu and
splenium of the corpus callosum, and the posterior limb of the
internal capsule were correlated with measures for executive func-
tioning acquired 6 months later. Most studies, however, have inves-
tigated more specific relationships between damage to individual
structures and cognitive impairment.55,58Y63,65Y67,70Y72,74,76,78,81,82

In general, investigations indicate that the integrity of frontal and
temporal white matter pathways are associated with attention,
memory, learning, and executive functioning deficits. Salmond
et al81 found that increased MD in the left posterior cingulate, the
left hippocampal formation, and the left temporal, frontal, and
occipital cortex were correlated with memory and learning im-
pairment. Lipton et al70 observed that decreased FA in frontal
white matter, particularly the dorsolateral prefrontal cortex, was
correlated with executive functioning impairment. Niogi et al78

used correlational double-dissociation analysis to show patients
lacked the relationship between average FA in the left anterior
corona radiata and attention and average FA in the bilateral un-
cinate fasciculus and verbal memory that existed in controls.
Huang et al63 integrated the use of magnetoencephalography and
DTI to test the hypothesis that delta waves, pathological low-
frequency (1Y4 Hz) neuronal magnetic signals, arise from gray
matter neurons that experience deafferentation caused by injury to
white matter fiber tracts. The results of this experiment confirmed
the hypothesis and were also consistent with diverse postcon-
cussion symptoms reported by patients.

DTI Evidence for Thalamic Injury in MTBI
Results from several recent DTI studies of MTBI suggest

that, in addition to white matter, the thalamus may be an im-
portant further site of damage in MTBI.59,71,74 Little et al71

found that decreased FA from seed voxels placed within the
thalamus of patients was correlated with variance in performance
on neuropsychological tests for attention, memory, and executive
functioning. Messe et al74 reported that, for patients examined at
a mean of 17.2 days after injury, decreased MD in the anterior
thalamic radiations was associated with persistent postconcus-
sion symptoms based on a behavioral and cognitive assessment
given 3 and 4 months after injury. The thalamus projects to the
entire cerebral cortex and if damaged could produce various
clinical nonfocalized sequelae.92 Its possible function in MTBI,
however, has remained largely unexplored.

DTI Longitudinal Studies of MTBI
Diffusion tensor imaging longitudinal studies of MTBI are

lacking. There have only been two such investigations,54,73 both
of which were small in sample size and only examined patients
at 2 imaging points spanning a very limited time frame. In the
first investigation, Arfanakis et al54 examined 5 patients within
24 hours after injury and 2 patients who returned 1 month later
for a longitudinal follow-up visit and compared them with 10
healthy controls. Although patients displayed decreased FA in a
number of white matter regions at the immediate phase of injury,
these changes were partially or completely corrected several
weeks later. In the second investigation, Mayer et al73 examined
22 patients at a mean of 12 days after injury and 10 patients
who returned 3 to 5 months later for a longitudinal follow-up
visit and compared them with 21 matched healthy controls.
Although patients demonstrated evidence of cytotoxic edema at
the semi-immediate phase of injury, there was partial normali-
zation in several white matter tracts several months later. More
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longitudinal studies will be needed to determine if DTI can suc-
cessfully elucidate how microstructural pathologic disease and
symptoms evolve over time and whether this information can be
used to help predict which patients are at risk for long-term or
permanent disability.

DWI AND DTI STUDIES OF CHILDREN AND
ADOLESCENTS WITH MTBI

Most DWI and DTI studies of humans with MTBI have
focused on an adult population. There have, however, been a
few investigations involving adolescents.57,83,84 Wilde et al83

performed quantitative tractography in the corpus callosum of
10 adolescents at a mean of 2.7 days after injury and compared
them with 10 matched healthy controls. The injured group dis-
played increased FA and decreased MD and RD consistent with
the presence of cytotoxic edema. Increased FA and decreased
RD were correlated with the severity of postconcussion symp-
toms. Chu et al57 used VBA to examine 10 adolescents at a mean
of 3.4 days after injury and compared them with 10 matched
healthy controls. The injured group displayed decreased MD in
several white matter regions including, interestingly, the left thala-
mus. Wu et al84 performed ROI analysis together with quantita-
tive tractography in the cingulum bundles of 12 adolescents
at a mean of 2.92 days after injury and compared them with
11 matched healthy controls. A correlation was identified in the
injured group between increased FA in the left cingulum bundle
and poor performance on episodic verbal learning and memory
tasks. The authors concluded that these preliminary findings
suggest it is likely damage to the cingulum bundles contributes
to cognitive sequelae during the early phases of injury.

CONCLUSIONS
The lack of evidence for injury in MTBI on conventional

imaging has led to the examination of DWI and DTI as possible
approaches to revealing microstructural changes that have the
potential to help grade tissue damage severity, track its devel-
opment, and provide prognostic markers for clinical outcome.
Although several studies of MTBI patients have yielded prom-
ising results, healthy skepticism and caution should be exercised
with regard to interpreting their meaning because there is no
consensus about which methods of data analysis to use and very
few investigations have been conducted of which most have
been small in sample size and examined patients at only 1 time
point after injury. Although forensic diagnosis of MTBI might
eventually benefit from the use of DWI and DTI, it must be
accepted that these techniques are not yet ready for prime time.
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