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Abstract

Mild traumatic brain injuries (MTBI), in most cases, cannot be detected using imaging modalities
like CT or MRI. However, diffusion tensor imaging (DTI) reveals subtle changes in white matter
integrity as a result of head trauma and plays an important role in refining diagnosis and
management of MTBI. We use DTI to detect the microstructural changes in collegial

football players induced by axonal injuries and to monitor their evolution during the recovery
process. Three players suffered a MTBI during play or practice and underwent scanning within
24h with follow-ups after one and two weeks. Scalar diffusion indices were derived from
diffusion tensors and analyzed using tract-based spatial statistics (TBSS) and voxel-wise t-tests
to detect brain regions showing significant group differences between the injured subjects and
controls. Both analyses revealed overlapping regions in the corticospinal tract with significant
increase in fractional anisotropy and decreases in transverse and mean diffusivity within 24
hours. In voxel-wise t-tests strong indications for recovery were found spatially and temporally.
For mean and transverse diffusivity, regions showing significant differences shrunk between the
first and the follow-up scans. Although the sample size is small, these findings are remarkably

consistent across all subjects and scans.
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1. Introduction

Mild traumatic brain injuries (MTBI),

or concussions, represent one of the
most common types of head injury,
which affect about 128 per 100,000
people in the US annually (Pearce,

2008; Ropper, Gorson, 2007). Despite the
classification as mild, these injuries can
develop  significant  post-concussive
somatic (e.g. headache, dizziness) and
affective (e.g. depression, irritability)
symptoms, cognitive deficits (e.g. poor
memory, difficulty concentrating) and
motor dysfunctions, which may last more
than a year in approximately 15-25% of
the cases (Alves et al., 1993; Bazarian et
al., 2005; Bazarian et al., 2007).
Traumatic brain injuries constitute a
significant cause of disability, thus it is
essential to understand their
pathophysiology in order to perform
suitable diagnostic evaluations, intervene
as early as possible and improve clinical
treatment.

Among the traumatic brain injuries, those
that occur as sports injuries play an
important role due to the appreciable risk
of  sequelae, including  persistent
disabilities. In general, concussions are
one of the most common and least serious
traumatic brain injuries caused by a
sudden blow to the head or body resulting
in accelerating or decelerating forces
without a direct impact on the brain.
However, as a result of the biomechanical
forces the brain shakes inside the skull,
which may lead to unconsciousness. The
shearing forces can disrupt cellular
processes in the brain for days or weeks,
produce diffuse axonal injuries and lead to
a whole cascade of potentially harmful
biochemical processes (Xiong et al.,
2013).

Although concussions are transitory in
most cases, they may have significant
impact for neurological function. Thus,
concussions may cause brain contusion,
intracranial hemorrhage and axonal injury.
Diffuse axonal injury is one of the most
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common pathologies in all types of
traumatic brain injury (mild, moderate and
severe) (Adams et al., 1989; Povlishock et
al., 1983). Shearing forces acting on the
brain during rapid acceleration or
deceleration of the head can

cause severe axonal injury that is associated
with unconsciousness and poor outcome.
The axons’ sensitivity to brain injury is due
both to their viscoelastic properties and
their highly organized structures in white
matter tracts (Smith, Meany, 2000).
Although axons are supple under normal
conditions, shear forces produce rapid
stretches or distortions that damage the
axonal

cytoskeleton or disrupt the axons and
small blood vessels. Axonal damage is
related to the direction and magnitude of
the shearing forces (Gennarelli, 1986).
Whereas smaller forces lead to a potential
recovery, greater forces can yield
permanent loss of axonal functions.

Unfortunately, the microstructural changes
that occur at different phases of the diffuse
axonal injury process are not detectable
using CT or conventional MRI. A more
recent noninvasive imaging technique,
diffusion tensor imaging (DTI), has a
higher sensitivity for detection of axonal
changes compared to MRI or CT scans.
Initial DTI studies have shown signal
abnormalities in subjects who suffered mild
traumatic brain injuries but most of these
studies examined the patients at different
time points post-injury, thus comparison of
the results is difficult. Moreover, there is a
lack of longitudinal studies to monitor the
evolution of diffusion indices during
recovery and to describe possible changes
in white matter integrity over time. The
primary objective of this study was to
demonstrate that changes in white mater
integrity as a result of head trauma may be
detected within 24 hours post injury and to
compare these findings with follow-up
scans at one and two weeks after the injury
to monitor possible changes during the
recovery process. To accomplish this

objective we compared the scans from a
control group to the sequence of three
scans taken from injured subjects to detect
potentially affected brain areas and their
changes in time. In addition, we used a
second control group of healthy subjects to
show that our findings are due to the injury
and not other factors, e.g. when the scans
took place, which was spread over more
than a year.

2. Materials and Methods

2.1 Subjects

The datasets used here were recorded
within a larger study of MTBI in college
football players that included functional
and structural MRI as well as behavioral
measures (Jantzen et al., 2000). The study
was approved by Florida Atlantic
University's Institutional Review Board and
informed consent was obtained from all
participants. The DTI data were acquired
from 11 male intercollegiate football
players of age 19-23 years (median age 20
years). Three players had suffered a mild
traumatic brain injury during practice or
play and underwent the scanning procedure
within 24 hours after the injury with
follow-ups after one and two weeks.

All DTI data analyses were performed
on three groups of subjects: the
concussed group, consisting of three
injured players, and two control groups
formed by randomly selecting five and
three subjects from the pool of players
that did not have a concussion.
Throughout this article we shall refer to
the concussed group as CON and to the
control groups as CGA and CGB,
respectively.

2.2 DTI Acquisition

DTI scanning was performed on a 1.5 T
Signa scanner (GE Medical Systems,
Milwauke, WI). All DTI images acquired
consisted of 26 volumes (35 slices, image
matrix size 256x256 voxels, field of view
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(FOV) 24cm, slice thickness 3mm, voxel
size 0.9375x0.9375x3mm’) representing
25 gradient field directions and one scan
without a gradient field. Echo time (TE)
and repetition time (TR) were 82.5ms and
10,000ms, respectively. The b-value was
1000s/mm”.

2.3 Image Processing

Image reconstruction and processing was
performed in AFNI (Cox, 1996) and FSL
(Smith et al.,

2004; Woolrich et al., 2009). For an
accurate determination of diffusion indices,
all images were pre-processed to eliminate
artifacts caused by subject motion and eddy
currents. While head motion mostly causes
rigid-body shifts and rotations, eddy
currents can induce misalignments of the
acquired images and miscalculations of
DTI parameters (Horsfield, 1999). In order
to correct for head motion, all images were
aligned using the AFNI co-registration tool
(Cox,

Jesmanowicz, 1999). Following alignment,
the resulting DTI images were pre-
processed in FSL to remove image
distortions resulting from eddy currents.
After data alignment the BET brain
extraction tool (Smith, 2002) was applied
to the So (with no diffusion weighting)
volume to exclude non-brain voxels from
further analysis. Then a 3x3 diffusion
tensor D was fitted at each voxel using the
DTIfit tool in FSL. The diffusion tensors at
each voxel were diagonalized using
multivariate  fitting to obtain  the
eigenvectors and eigenvalues. Invariant
scalar quantities,

namely fractional anisotropy (FA), mean
diffusivity (MD), axial diffusivity (X))
and transverse diffusivity (A1) were
calculated using DTIfit. In the next step

all FA data were co-registered to

tool FNIRT in FSL. The resulting FA
volumes were merged into a single 4D file
and averaged to create the mean of FA
images. The mean FA image is then fed into
the FA skeletonization program to create the
mean FA skeleton, which contains the major
white matter tracts common to all subjects.
An example of the mean FA image with a
threshold of 0.2, and the mean FA skeleton
is displayed in Fig. 1. Finally, the volumes
were smoothed using convolution with an
exponential kernel of fourth order and full-
width half-maximum of 4 mm. The volumes
of the mean, transverse and axial diffusivity
were transformed into the same space.

Figure 1. Example overlay of FA from 5
controls and 3 injured subjects after each
volume has been nonlinearly aligned to
the target in MNI152 space. The mean
FA, shown in red-yellow, is thresholded
at 0.2; the skeleton with a threshold of 0.3
is shown in blue.

2.4 Statistical Analyses

Statistical analysis of the data was
performed in two ways: First, using TBSS
(tract-based spatial statistics), which is part
of the FSL package and based on the

Ix1xImm’ MNI152 space (Evans et al., convoluted, skeletonized FA.

1993) by using the nonlinear registration

Second, we perform d student t-tests with multi-comparison
correction to identify voxel in
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individual slices that were significantly
different between the concussed group
(CON) and the control groups (CGA and
CGB). All tests were applied to all four
diffusion indices.

3. Results

3.1 Tract-based Spatial Statistics

For all four diffusion indices group
differences were calculated using tract-
based spatial statistics (TBSS) (Nichols,
Holmes, 2001; Smith et al., 2008) in FSL to
identify voxels on the skeletonized data that
are significantly different between the
injured group (CON) and control group A
(CGA) for the scan within 24 hours and the
follow-up scans, as well as between control
group A and control group B (CGB). Using

the randomize routine in FSL, significant
differences between the injured subjects and
control group A at a level of p<0.05 were
found from the first scan for FA, and the
mean and transverse diffusivity. Axial
diffusivity did not reach the significance
level and neither did any quantity from the
follow-up scans. As expected, the
comparison between CGA and CGB did not
return any significantly different voxels. The
spatial ~ regions, where significant
differences were found, are shown in Fig. 2.

TBSS reveals a significant increase in
fractional anisotropy and a decrease in
transverse diffusivity in overlapping
regions in the corticospinal tract in the
right hemisphere in CON compared to
CGA. Likewise, areas of significantly
reduced mean diffusivity are found in
the corticospinal tract in the left
hemisphere.

Figure 2. TBSS results for FA, At and MD from 5 controls and 3 injured subjects with the mean
FA skeleton (green) overlaid on top of the coregistered/convoluted FA. Regions of significant
difference in concussed subjects compared to controls are shown in red.

3.2 Voxel-wise T-tests

As a second analysis, we applied voxel-wise
t-tests, performed in MATLAB, to identify
significantly different voxels between
control group A and the injured group in all
three scans, as well as between the two

control groups CGA and CGB. In a first
step, we counted the number of significantly
different voxels in axial slices and plotted
them as a function of the slice number.
Here whole slices (after brain extraction)
where used as regions of interest and
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correction for multiple comparison was
performed by determining the minimum
cluster size for a given slice at a
significance level of p<0.05 using the
3dClustSim routine, which is part of AFNIL
The only significantly different regions that
extend across more than one slice were
located in the upper part of the brain, where
differences were also found using tract-
based statistics. We obtained the results
shown in Fig. 3 for fractional anisotropy,
and mean and transverse diffusivity. Red,
green and blue curves show the number of
different voxels between CGA and the first,
second and

third scan of the injured group, respectively;
no significantly large clusters were found for
axial

diffusivity and in comparison between

CGA and CGB. FA, MD and Ar
exhibit pronounced peaks for all three

scans with maxima around slice #1135,

the same brain region in the

cortiospinal tract where differences were
found using TBSS. As with TBSS, only the
differences

for the first three quantities reached
significance. Moreover, the number of
different voxels for MD and Ar clearly
decreased between the first and the follow-
up scans, pointing to a process of
recovery.
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Figure 3. Number of voxels in axial slices
that show a significant difference (p<0.05,
multi- comparison correction at the single
slice level) in t-tests comparing CON to
CGA in the first (red), second (green) and
third (blue) scan in the upper region of the
brain. Peaks with a maximum around slice
#115 are found for FA, MD and Ar in the
first scans and less pronounced in the
follow-ups. No significant differences were
found for axial diffusivity and between the
two control groups.

The brain areas around axial slice #115,
where significant differences exist between

Slice # Slice #

CON and CGA, are shown in Fig. 4.
Differences in the first scan are indicated
by the red regions, whereas the areas for
the second and third (follow-up) scan are
encircled by green and blue contour lines,
respectively. The affected areas are similar
to those identified by tract-based spatial
statistics for FA and Ar in the right
hemisphere; for MD in the first scan
differences were found in  both
hemispheres, for the follow-up scans only
on the left. In particular for the mean and
transverse diffusivity the extent of affected
areas is reduced for the second and third
scan, which is also visible, even though
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Figure 4. Spatial locations where
significantly different clusters were found
in a comparison of CON to CGA (multi-
comparison correction for a volume of 15
slices). Areas in red show differences in
the first scan; regions encircled by green
and blue contour lines correspond to
scans two and three, respectively. Finally,
we compared the normalized mean values
of the four diffusion indices from voxels

inside the affected regions for individual
subjects. Fig. 5 shows the five control
subjects in purple, and the injured group
from the first, second and third scan in
red, green and blue together with the
group average (black dotted lines) and
error bars indicating standard deviation.
Single asterisks (*) denote a significance
level of p<0.05 and double asterisks (**)
stand for p<0.005.

095
09
085} =

normalized mean

08
0.75

CGA Scan1 Scan2 Scan3 CGA

Figure 5. Normalized mean values for all
diffusion indices and scans from voxels
inside the affected areas for individual
subjects from the control group (purple)
and the injured group (red, green and blue)
together with the group means (black
dotted) and error bars showing standard
deviation. The level of significance for
differences between CGA and CON in the
three scans is indicated by a single asterisk
(*) for p<0.05 and a double asterisk (**)
increase

Scan1 Scan2 Scan3 CGA Scan1 Scan2 Scan3

for p<0.005. The histograms are normalized
such that the largest value for all subjects
and scans for each diffusion index is set to
1.

The plots are normalized such that for each
diffusion index the maximum value from
all subjects and scans is set to 1. In
agreement with the findings from TBSS,
fractional anisotropy is

in the affected regions after the injury,
whereas mean and transverse diffusivity are
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decreased. Moreover, for all indices
showing significant differences and all
individual subjects from CON (as well as
the group means) there is a shift toward
the values from the CGA group, even
though the affected areas for mean and
axial diffusivity are smaller in scans two
and three. This means that although the
voxels inside the shrinking regions still
show a significant difference on the group
level, the actual values for the diffusion
indices relax back toward normal control
levels.

4. Discussion

Diffusion tensor imaging has now been
used for roughly 10 years as a sensitive
imaging tool for studying abnormalities in
the brain in patients suffering from
traumatic brain injuries. In a recent
review, Hulkower et al. (2013) list and
summarize the findings from 100 articles
on DTI of mild to severe traumatic brain
injuries. The variety of causes of the
injury, its severity, different scan and
analysis protocols and time past between
the injury and the scan(s) leads to a broad
range of brain locations  where
abnormalities are found, as well as
whether the abnormality manifests

itself as an increase or decrease in
diffusive indices. In the majority of articles
a decrease in FA and an increase in MD is
reported, which is contrary to our findings.
However, in several studies (Chu et al.,
2010; Henry et al, 2011; Mayer et al,
2010) the results are similar to ours and it
is argued that such findings of an
increased FA and a decreased MD post-
injury are most common for the acute
phase of mild traumatic injuries in young

patients and possibly due to cytotoxic
cerebral edema.

Even though the number of injured subjects
in our study is quite small, there is the
advantage that the injuries occurred in very
similar situations during football play or
practice. Whereas in most studies MTBI
patients from motor vehicle accidents, falls,
assaults and other causes are typically
pooled together, our three cases are
relatively controlled as all subjects were
wearing helmets and consequently had no
localized or open head injuries. Moreover,
the time past injury when the scans were
performed was the same for all of them,
which may explain the consistency in the
affected locations and the recovery process.
The strategy in this study was to identify
affected brain regions by comparison of
two groups (the three injured players and
the five controls) and then look into these
regions on an individual basis. As it turned
out, all the

diffusion indices above were different
from the controls by several standard
deviations for all individuals, which
means that these specific regions were
affected in all of them and therefore
were significantly different on the group
level. This does not mean that there are
no other affected areas in individuals
that were not significant as a group.

Two points from our results are of
particular  importance regarding the
usefulness of DTI as a diagnostic tool for
mild traumatic brain injuries and
monitoring recovery: First, the mean FA
(MD, Ar) values from the scan within 24
hours for the individual injured subjects
were all substantially larger (smaller) than
the largest (smallest) value from the control
group in affected voxels. Second, there is a
remarkable consistency and reproducibility
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for the individual subjects and scans for
these diffusion indices: Subject #2 (plotted
in the middle) shows the largest and subject
#3 (right) shows the smallest deviation
from the controls in all scans. Taken
together this means that it may be possible
to identify injured brain regions on an
individual basis, a necessity if DTI is to
qualify as a clinical diagnostic tool, by
comparison to a sufficiently large set of
controls.

In short, our results show that diffusion
tensor imaging is a powerful technique
for early detection of axonal injuries and
may serve as an important tool for
monitoring  microstructural  changes
during recovery from MTBI.
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