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Abstract

Recognizing and managing the effects of cerebral concussion is very challenging, given the discrete symp-
tomatology. Most individuals with sports-related concussion will not score below 15 on the Glasgow Coma
Scale, but will present with rapid onset of short-lived neurological impairment, demonstrating no structural
changes on traditional magnetic resonance imaging (MRI) and computed tomography (CT) scans. The return-to-
play decision is one of the most difficult responsibilities facing the physician, and so far this decision has been
primarily based on neurological examination, symptom checklists, and neuropsychological (NP) testing. Dif-
fusion tensor imaging (DTI) may be a more objective tool to assess the severity and recovery of function after
concussion. We assessed white matter (WM) fiber tract integrity in varsity level college athletes with sports-
related concussion without loss of consciousness, who experienced protracted symptoms for at least 1 month
after injury. Evaluation of fractional anisotropy (FA) and mean diffusivity (MD) of the WM skeleton using tract-
based spatial statistics (ITBSS) revealed a large cluster of significantly increased MD for concussed subjects in
several WM fiber tracts in the left hemisphere, including parts of the inferior/superior longitudinal and fronto-
occipital fasciculi, the retrolenticular part of the internal capsule, and posterior thalamic and acoustic radiations.
Qualitative comparison of average FA and MD suggests that with increasing level of injury severity (ranging
from sports-related concussion to severe traumatic brain injury), MD might be more sensitive at detecting mild
injury, whereas FA captures more severe injuries. In conclusion, the TBSS analysis used to evaluate diffuse
axonal injury of the WM skeleton seems sensitive enough to detect structural changes in sports-related con-
cussion.

Key words: diffuse axonal injury; diffusion tensor imaging; mean diffusivity; mild traumatic brain injury;
sports-related concussion

Introduction

EREBRAL CONCUSSION is the most common type of trau-

matic brain injury (TBI). The terms mild traumatic brain
injury (mTBI), minor head trauma, and concussion, are often
used interchangeably, since the neuropathological and neu-
robehavioral consequences are comparable. The definition of
concussion has been narrowed over the past decades and has
been primarily used in sports medicine, whereas the term
mTBI is used predominantly in general medical contexts. The
leading causes of TBI are varied, and include falls, motor
vehicle accidents, and violence. Sports activities are a major
cause of mTBI, and a study by the Centers for Disease Control
and Prevention estimated that 300,000 sports-related con-
cussions occur annually in the United States (Thurman et al.,
1998). However, this study only included concussions for

which the person reported a loss of consciousness (LOC),
which has been reported to occur in only 8% (Schulz et al.,
2004) and 19.2% (Collins et al., 2003) of sports-related con-
cussions. Sports-related concussions are often unreported,
either due to an athlete wanting to minimize the importance
of the injury and not be taken out of play, or because the
athlete doesn’t realize the symptoms are consistent with
concussion (McCrea et al., 2004). Given the fact that athletes
tend not to report their injury, a more accurate approximation
may be that 1.6 to 3.8 million sports-related concussions occur
each year, which would also include concussions for which no
medical treatment is sought (Langlois et al., 2006).

In recent years, sports-related concussions have received
increasing attention from the scientific community and mass
media. At the same time, the medical knowledge and
understanding of concussion has deepened, and its definition
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was modified during the first international conference on
concussion held in Vienna (Aubry et al., 2002). This definition,
which we used in the current study, states that “concussion is
defined as a complex pathophysiological process affecting the
brain, induced by traumatic biomechanical forces,” that may
or may not involve loss of consciousness (Aubry et al., 2002).
The hallmark of concussion is confusion. Other common
symptoms include headache, dizziness, nausea, memory
dysfunction, difficulties with balance, visual and auditory
disturbances, and increased emotional instability.

The assessment and management of return-to-play deci-
sions are among the most difficult responsibilities facing the
team physician, and to date this decision has been primarily
based on the evaluation of symptoms and the neurological
examination, including both cognitive function and balance.
Immediately after injury, abbreviated sideline tools have been
used to evaluate sports-related concussion (e.g., Standardized
Assessment of Concussion [SAC], Standardized Concussion
Assessment Tool [SCAT and SCAT2]; McCrea et al., 1998;
McCrory et al., 2005, 2009a). During both the acute and re-
covery phases of sports-related concussion, formal neu-
ropsychological (NP) testing has proven to be a useful tool for
the assessment of cognitive function. NP testing can include
standard paper and pencil testing, and more recently, abbre-
viated computerized batteries (e.g., Headminder, CogSport,
and Immediate Post-Concussion Assessment and Cognitive
Testing [IMPACT]; Collie et al., 2003; Erlanger et al., 2002;
Lovell et al., 2007b). The use of baseline NP testing has become
more widespread for varsity-level athletes participating in
contact sports at both the high school and university levels.

Several recent guidelines for the management of sports-
related concussion (Aubry et al., 2002; Cantu, 2001; Guskiewicz
et al., 2004; Herring et al., 2005; McCrory et al., 2005, 2009b)
have established that athletes presenting with symptoms at rest
or exertion should not be allowed to return to play, and that
young athletes should be treated more conservatively. In ad-
dition, a step-wise gradual progression in activity level and risk
of contact should be implemented when allowing an athlete to
return to activity. However, there are no specific guidelines to
determine whether an athlete with transient and minimal
symptoms should be allowed back into play during the same
game, or how quickly a return-to-play progression should oc-
cur. The appropriate timing for return to play is also of par-
ticular importance with regard to the risk of recurrent
concussions. Several studies have demonstrated that athletes
who have sustained a first concussion are at higher risk of
suffering future concussions (Guskiewicz et al., 2003; Zemper,
2003). Cumulative cognitive effects and slowed neurological
function have also been reported by Gronwall and Wrightson
(1975), and Guskiewicz and associates (2003). Moreover, there
is evidence of increased risk for developing mild cognitive
impairment, Alzheimer’s disease, depression, and suicidality,
in football players who sustained repetitive head injuries ear-
lier in life (Guskiewicz et al., 2005, 2007a). Given the current
lack of clarity concerning the long-term effects of concussion on
cognitive function, and the complexities surrounding the de-
cision for return to play, it seems imperative to gain a deeper
understanding of the structural and functional neural mecha-
nisms involved during concussion.

It is widely recognized that regular magnetic resonance
imaging (MRI) and computed tomography (CT) scans are not
sensitive enough to capture changes in the microstructure of
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the white matter of the brain that are a consequence of diffuse
axonal injury (DAI; McCrory et al, 2009b). Diffusion tensor
imaging (DTI), however, offers other advanced MR measures,
which are more sensitive to focal ischemic lesions and to
diffuse axonal damage (Horsfield et al., 1998). DTI provides
information about the white matter (WM) microstructure and
fiber tract integrity by measuring the brownian motion of
water molecules in the brain (Basser and Jones, 2002;
Johansen-Berg and Rushworth, 2009; Le Bihan et al., 2001).
Directional information of the neural tracts is derived from the
imaging data using at least six diffusion gradient directions,
which are sufficient to compute the diffusion tensor. WM fiber
tract integrity is assessed using the calculation of fractional
anisotropy (FA; Pierpaoli et al., 1996), which quantifies the
degree of a preferred diffusion direction in each voxel, and
hence informs about fiber directionality (Pierpaoli et al., 1996).
Overall diffusion in a tissue is characterized by mean diffu-
sivity (MD), which is calculated as the mean of the three ei-
genvalues of the diffusion tensor (Mori, 2007). MD measures
the overall, non-directional mobility of water molecules in the
brain tissue.

Previous DTI studies of individuals with mTBI and per-
sistent cognitive or neurobehavioral impairments demon-
strate decreases in WM fiber tract integrity through
measurements of FA (Niogi et al., 2008a), and/or MD (Lipton
et al., 2008; Messé et al., 2010). Another study assessing mi-
crostructural integrity of WM (measured through FA) in
normal control subjects and mTBI patients revealed signifi-
cant correlations between attentional control and FA within
the left anterior corona radiate, as well as memory perfor-
mance and FA within the uncinate fasciculus (Niogi et al.,
2008Db). It should, however, be emphasized that so far all DTI
studies using FA and MD measurements involved individu-
als with mTBI scoring in the 13-15 range on the Glasgow
Coma Scale (GCS). Individuals with sports-related concus-
sion will typically not score below 15 on the GCS, but will
present with a rapid onset of short-lived neurological im-
pairment involving a diverse set of symptoms, which resolve
in many cases spontaneously.

Significant differences in brain activation patterns in indi-
viduals with mTBI and persistent symptoms have also been
reported in functional MRI studies (Chen et al., 2004, 2008;
McAllister et al., 2001; Ptito et al., 2007). Recent evidence
suggests that abnormal brain activation patterns persist for
months after injury, despite testing within the normal range
during neurocognitive task performance (Chen et al., 2004;
Lovell et al., 2007a; McAllister et al., 1999). This discrepancy
may be due to a phase of early functional recovery driven by
compensatory mechanisms in the brain (re-allocation of
neurocognitive resources), followed by a prolonged neuronal
recovery, which currently available clinical assessments can-
not capture. Based on these findings, DTI may be a unique
imaging marker to assess the severity of a concussion, and to
predict recovery in individuals with mTBI. Furthermore, DTI
may be a critical tool in refining the diagnosis, prognosis, and
management of mTBL

In order to assess WM fiber tract integrity with DTT during
a later phase of neuronal recovery, we investigated a group of
varsity level athletes with protracted symptoms. These ath-
letes tested neuropsychologically in the abnormal range im-
mediately after injury, and continued to present with
symptoms for at least 1 month. In this study we test the hy-



DIFFUSE AXONAL INJURY IN SPORTS-RELATED CONCUSSION

pothesis that DT is sensitive enough to identify disruptions of
WM fiber tract integrity in this group of individuals who
sustained a sports-related concussion without LOC.

We believe the results of this study and others based on its
findings will provide an imaging method capable of offering a
more objective diagnostic tool for the assessment of sports-
related concussion.

Methods
Subjects

Participants in this study included 10 college students who
sustained a concussion (5 male, 5 female; mean age 19.7 years,
SD 1.6 years), of which 9 were sports-related concussions (8
contact and 1 non-contact sports). All athletes were diagnosed
with mTBI in the form of a concussion presenting with serious
and prolonged symptoms. Since grading systems for con-
cussion are infrequently used based on the publication of the
International Consensus Agreements in 2001, severity of in-
jury is often determined through the evaluation of nature,
burden, and duration of symptoms, with symptoms such as
amnesia and prolonged confusion being more severe. For the
one subject who sustained a non-sports-related concussion,
the injury occurred during a fall on the sidewalk when the
subject’s head hit the ground. Severity, symptomatology, and
medical diagnosis of concussion were all consistent with those
of the sports-related concussion subjects, thus warranting
inclusion in this study. The majority of the subjects had a prior
history of concussion (mean 3, SD 1.4); however, they had no
prior history of any other diagnosed medical, genetic, or
psychiatric disorder. Subjects with sports-related concussions
were all participating in intercollegiate athletics, and were
initially enrolled in the Princeton University Concussion
Program as part of a “high-risk sport,” with the exception of
two athletes who were either non-varsity level or in a lower-
risk sport. The Princeton University Concussion Program
entails baseline testing of high-risk sports for concussion
using computerized neuropsychological tests (ImPACT). In
addition, post-injury testing includes sideline assessment
(SCAT and SCAT2), and hybrid neuropsychological tests
(ImPACT and paper/pencil tests), that are interpreted by an
outside consulting neuropsychologist. After their most recent
sports-related concussion, subjects included in this study
were evaluated by a certified athletic trainer and team phy-
sician. None of the subjects demonstrated symptomatology
warranting further assessment by GCS (Teasdale and Jennett,
1974), or the use of any other diagnostic tool assessing LOC.
Upon further evaluation by the team physician, several par-
ticipants had a CT or MRI scan to rule out more severe injury
(e.g., skull fracture or intracranial bleed), based on the pres-
ence of persisting symptoms, but results of these tests were
within normal limits. However, all subjects tested abnormally
on paper/pencil and computerized ImPACT tests (Lovell
et al., 2007b) administered immediately after injury (within
24-48h). Following concussion, individualized management
and return-to-play decisions are made by the team physician.
Typically, athletes are kept out of activity until their symp-
toms resolve and their balance and NP testing return to pre-
injury levels, at which time they are allowed to slowly resume
an exertional program that gradually introduces contact ac-
tivities. The athletes in this study, however, were recruited at
least 1 month post-injury due to report of persistent symp-
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toms, despite the fact that performance on NP paper/pencil
and ImPACT tests returned to normal for 3 subjects, and re-
mained abnormal for 6 subjects, at the time of the MRI scan (at
least 1 month post-injury; mean 115 days, SD 104 days, for the
sports-related concussion subjects). Healthy control subjects
included 10 sex- and age-matched athletes (5 male, 5 female;
mean age 20.4 years, SD 1.8 years; 6 contact and 4 non-contact
sports), who were in good physical condition with no prior
history of concussion or head trauma, and no history of any
psychiatric, neurological, or developmental disorder. De-
tailed concussion and control subject demographics are pre-
sented in Table 1.

In addition to these subjects, several moderate-to-severe
TBI subjects were included in this study for comparison of
DTI data with increasing injury severity. These participants
included 2 moderate TBI subjects with sex- and age-matched
(£2 years) controls, and 3 severe TBI subjects with sex- and
age-matched (£3 years) controls. At the time of the MRI scan,
all moderate and severe TBI subjects were at least 1 year post-
injury. Moderate TBI was defined as a score between 9 and 12
on the first available GCS (Teasdale and Jennett, 1974),
whereas severe TBI corresponded to a score of 8 or less. Si-
milarly to the concussed/control groups, the moderate TBI/
control subjects were of college age (moderate TBI ages: 21
and 19 years old; control ages: 23 and 21 years). Clinical MRI
scans for the two moderate TBI subjects demonstrated the
following injury characteristics: subject 1 was subjected to a
motor vehicle accident (MVA), and showed hemorrhagic foci
in right frontal and temporal lobe and small foci within the
grey-white matter junction of the parietal and occipital lobes
and basal ganglia, suggestive of axonal injury; subject 2 (MVA
accident) demonstrated a cerebral contusion in the right
frontal lobe.

The severe TBI/ control subject pairs were on average about
27 years older (severe TBI ages: 45, 46, and 49 years; control
ages: 42,45, and 51 years). Clinical MRI scans for the 3 severe
TBI subjects demonstrated the following injury characteris-
tics: subject 1 (tree-logging accident), bifrontal infarction
(right > left); subject 2 (MVA), bilateral frontal and temporal
contusions, mild enlargement of the ventricles; subject 3
(MVA), left frontal and right temporal contusions.

All participants (and legal guardians where applicable)
gave written consent/assent to participate in the study, which
was approved by the Princeton University Institutional Re-
view Panel for Human Subjects Research.

Data acquisition and imaging parameters

MR images were acquired on a Siemens Allegra 3.0 T head-
only MRI machine with a circularly polarized head volume
coil. High-resolution T1-weighted structural images were
obtained using a gradient echo pulse sequence (MP-RAGE
parameters: TR/TE/TI=2.5sec/4.38 msec/1.1sec, matrix
size 160x256x256 interpolated to 160x512x512, giving a fi-
nal voxel size of 1x0.5x0.5 mm®). Diffusion-weighted images
were acquired using an eddy-current compensated double
spin-echo, echo-planar pulse sequence adapted from Reese
and associates (2003). Diffusion encoding vectors were uni-
formly distributed through space using an electrostatic model
(Jones et al., 1999). Vectors were rotated as a group to opti-
mally use the existing gradient performance, which enables
acquisition with uniformly distributed diffusion encoding
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directions that are greater than the performance of any indi-
vidual gradient encoding axis. Diffusion scanning parameters
were as follows: TR/TE = 10 sec/95 msec, matrix size 96x 128
in plane (6/8 ppf zero-filled to 128 x128), 66 axial slices, voxel
size 1.71875x1.71875mm in plane, slice thickness 2.5 mm.
Diffusion images were acquired using 60 distinct gradient
directions and a b-value of 1000 sec/mm?, in addition to two
volumes with no diffusion weighting (b = 0; Jones, 2004). All
diffusion scans were run three times and averaged.

Image processing

Initial diffusion image post-processing steps included eddy
current correction, motion correction, and averaging of the
three sets of 60 diffusion directions using software from
FMRIB’s Diffusion Toolbox, FDT (Smith et al., 2004). The
brain mask automated output of the Brain Extraction Tool
(BET; Smith, 2002) was manually touched-up to fix incorrectly
excluded brain matter. This mask, along with the diffusion
data, was used by DTIFit (Smith et al., 2004) to calculate the
3x3 diffusion tensor for each brain voxel, and subsequently
compute FA and MD from the tensor’s three eigenvalues
(Basser et al., 1994).

TBSS analysis of the white matter skeleton
for the concussion/control groups

Diffusion imaging analysis was carried out using Tract-
Based Spatial Statistics (TBSS), part of the FSL software library
(Smith et al., 2004, 2006). All subject FA data were trans-
formed to a common space (MNI), using the nonlinear reg-
istration tool FNIRT (Andersson et al., 2007a, 2007b), which
uses a b-spline representation of the registration warp field
(Rueckert et al., 1999). MD data were subsequently aligned to
MNI space with the resulting transform. Next, the mean FA
image of the concussion/control subjects was created and
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thinned to construct a mean WM tract skeleton, which rep-
resents the centers of all tracts common to the concussion/
control group. The mean WM skeleton was then thresholded
to include only those voxels with FA >0.25, which excludes
regions of high between-subject variability in the minor tracts.
Each subject’s aligned FA data were subsequently projected
onto the mean WM skeleton using the highest FA value on a
line perpendicular to each point on the skeleton (Smith et al.,
2006). Using the same projection, each subject’s aligned MD
data were also projected onto the WM skeleton. The resulting
skeletonized data were fed into voxel-wise between-group
statistics using a two-group comparison between concussed
and control subjects in FSL’s randomize program, which
performs permutation testing (using 10,000 permutations)
with threshold-free cluster enhancement and multiple
comparison correction (Smith and Nichols, 2009). Statistical
voxel-wise results for the following contrasts were derived:
concussed MD > control MD and concussed FA < control FA
were thresholded at corrected p<0.05. Voxels surviving
threshold were clustered based on spatial extent. In addition
to the minimum p value and total volume, the anatomical
location of each significant cluster was determined based on
reference to atlases of human WM anatomy (Biirgel et al.,
2006; Mori et al., 2005; Wakana et al., 2004).

Compatrison of concussion data to moderate
and severe TBI

All moderate-to-severe TBI subjects” diffusion data and
their respective control subjects” diffusion data were similarly
processed through the TBSS processing pipeline to create
skeletonized FA and MD images, using the WM skeleton
previously created based on mean FA data of the concussion/
control group. Lesion masks for the severe TBI subjects were
used during the nonlinear registration of FA data to MNI

FIG. 1. Results of the Tract-Based Spatial Statistics (TBSS) analysis of the white matter (WM) skeleton. Voxels demon-
strating significantly (corrected p <0.05) increased mean diffusivity (MD) values for the concussion subjects compared to
their age- and sex-matched control subjects are shown in red-yellow. Voxels are thickened into local tracts and overlaid on the
WM skeleton (green), and the group mean fractional anisotropy (FA) image (grayscale). The two largest cluster divisions out
of four are identified by an arrow with the cluster number. Further cluster details are given in Table 2. Images are shown in
radiological convention (right = subject’s left) for slice coordinates: x=—36 mm, y = —-35mm, z=4mm.
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space. Average skeleton voxel values for the most significant
cluster found in the concussion/control group TBSS analysis
were plotted to qualitatively assess structural changes with
different levels of injury severity.

Results

TBSS statistical results of the white matter skeleton
for the concussion/control groups

Results of TBSS analysis between the concussed and control
groups yielded several clusters of significant (corrected
p <0.05) voxels on the WM skeleton. All clusters, which
were located in the left hemisphere, demonstrated increased
MD for concussed subjects compared to their age- and sex-
matched control subjects. Figure 1 shows the significant
(corrected p <0.05) MD voxels on the WM skeleton with the
two largest cluster divisions out of four identified by an arrow
with the cluster number. For each cluster, the total number of
voxels, the minimum p value, and the anatomic location are
listed in Table 2. The largest cluster (961 voxels) containing the
most significant voxel (p=0.027) was located in the left
hemisphere, spanning the sagittal stratum (including the in-
ferior longitudinal fasciculus and inferior fronto-occipital
fasciculus), retrolenticular part of the internal capsule, the
posterior thalamic radiation (including the optic radiation),
the acoustic radiation, and the superior longitudinal fascicu-
lus (SLF). The second largest cluster (58 voxels), also in the left
hemisphere, was located along the superior longitudinal fas-
ciculus, anterior and superior to the part of the SLF in the
largest cluster.

Interestingly, permutation testing of the two-group com-
parison between concussed and control subject FA data on
the WM skeleton yielded no significant (corrected p <0.05)
results.

Comparison of concussion results to moderate
and severe TBI data

Using the largest and most significant cluster identified in
the TBSS analysis, which demonstrated increased MD in the
concussion group compared to their controls, average MD
and FA values were determined for each subject (including all
concussed, moderate TBI, severe TBI, and control subjects).
Figure 2A shows average MD values for each individual
subject separated by group, and reveals that brain-injured
subjects tend to have increased MD compared to controls.
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Furthermore, concussion and control subject MD values are
completely separable, and thus validate the significant find-
ings for MD in these voxels between the two groups in the
TBSS analysis (Fig. 1 and Table 2). Moderate TBI subjects
show an even larger separation of MD from their controls. In
contrast, the severe TBI subjects” MD values are similar to
those of their controls. However, this finding may be con-
founded by typical age-related increases of MD in the normal
population (Giorgio et al., 2010). Figure 2B shows average FA
values for each individual subject separated by group, and
reveals that brain-injured subjects tend to have decreased FA
compared to controls. This difference was also manifest be-
tween the moderate-to-severe TBI subjects and their controls,
despite age-related decreases in FA for the severe TBI group
and their controls (Giorgio et al., 2010). On the contrary,
substantial overlap of concussion and control subject FA
values further validates the insignificant findings for FA in
these voxels between the two groups in the TBSS analysis.
These results demonstrate that MD might be a more sensitive
measure than FA, particularly for detecting minor DAI such
as that typically seen in individuals with sports-related con-
cussions. The results also suggest that with increasing injury
severity, FA may be a better marker for structural abnor-
malities.

Discussion

Results of the current study provide promising insights
into the use of DTI as an imaging method sensitive enough to
capture mild WM injury in individuals with sports-related
concussion who experience persistent symptoms with no
LOC. The TBSS image analysis technique utilized here re-
duces the alignment issues of traditional voxel-wise analyses,
and reduces the limitations of a priori defined region-of-
interest analyses that may dilute or eliminate detection of
small structural lesions post-concussion. Furthermore, this is
the first report of increased MD in individuals with sports-
related concussion who experience persistent symptoms from
an injury that did not warrant assessment by the GCS. Pre-
vious DTI studies of concussion or mild TBI have focused on
subjects with GCS scores ranging from 13-15, and the as-
sessment of FA (Niogi et al., 2008a,b; Rutgers et al., 2008), with
the exception of Arfanakis and colleagues (2002), Inglese
and co-workers (2005), Lipton and associates (2008),
Wilde and colleagues (2008), Mayer and associates (2010), and
Messé and co-workers (2010), all of whom assessed both FA

TABLE 2. MINIMUM p VALUE, TOoTAL VOLUME, AND ANATOMIC LOCATION OF EACH CLUSTER CONTAINING SIGNIFICANT
MEeAN DrrrusiviTy (MD) VOXEL-WISE RESULTS ON THE WHITE MATTER SKELETON

MD significant clusters (corrected p < 0.05)

Cluster number Volume (mm®>)

Minimum p value

Anatomical location in the left hemisphere

1 961 0.027
2 58 0.046
3 7 0.049
4 4 0.050

Sagittal stratum (inferior longitudinal fasciculus,
inferior fronto-occipital fasciculus), retrolenticular
part of the internal capsule, posterior thalamic
radiation (including optic radiation),
acoustic radiation, superior longitudinal fasciculus

Superior longitudinal fasciculus

Superior longitudinal fasciculus

Superior longitudinal fasciculus
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FIG. 2. Comparison of concussion results to moderate and severe TBI data. Group averages are denoted by “X.” Differences
in group averages of the diffusion values with increasing injury severity are highlighted with a dotted black line. Differences
across the control groups are highlighted with a solid black line. (A) Average mean diffusivity (MD) for each individual
subject, separated by group. Note that brain-injured subjects tend to have increased MD compared to controls. (B) Average
fractional anisotropy (FA) values for each individual subject, separated by group. Note that brain-injured subjects tend to
have decreased FA compared to controls. MD may be more sensitive at detecting mild injury, whereas FA captures more

severe injuries (TBI, traumatic brain injury).

and MD. Studies assessing WM fiber tract integrity in the
early phase of recovery (days post-injury) in individuals with
mTBI (GCS scores 13-15) describe conflicting results, with
reports of decreased FA and/or increased MD (Arfanakis
et al., 2002; Inglese et al., 2005; Miles et al., 2008), and reports
of increased FA and/or decreased MD (Bazarian et al., 2007;
Mayer et al., 2010; Wilde et al., 2008). Additionally, during
later phases of recovery (months post-injury), studies asses-
sing WM fiber tract integrity in individuals with persistent
cognitive impairment reported decreased FA (Niogi et al.,
2008a), and increased MD (Lipton et al., 2008). Collectively,
these studies have reported abnormalities in a variety of brain
regions, including the corona radiata, uncinate fasciculus,
corpus callosum, inferior longitudinal fasciculus, superior
longitudinal fasciculus, inferior fronto-occipital fasciculus,
and capsula interna, many of which were also identified in the
current study.

Results of the current analysis suggest a lack of structural
integrity located in the left temporal lobe, where association
and projection fibers running anterior-posterior and superior-
inferior merge or cross. The most significant cluster spans the
retrolenticular part of the internal capsule and the posterior
thalamic radiation, which contain reciprocal thalamo-cortical
pathways, including the optic radiation that connects the
lateral geniculate nucleus to the occipital lobe. In this region,
anterior-posterior-oriented long association fibers from the
inferior fronto-occipital fasciculus (connecting the frontal and
occipital lobes), and the inferior longitudinal fasciculus (con-
necting the temporal and occipital lobes), merge with the

thalamic fibers. Part of the identified cluster also follows the
C-shaped trajectory of the SLF as it bends superior-inferiorly
from the frontal lobe towards the temporal lobe. In the su-
perior temporal lobe, several voxels of the cluster with in-
creased MD lie along the acoustic radiation, which contains
projection fibers that connect the medial geniculate body of
the thalamus to the primary auditory cortex of Heschl’s gyrus.
This centrally-localized junction of several WM tracts might
be particularly vulnerable in concussion, and hence may be
more sensitive than other areas of the brain to injury from
translational (linear) acceleration/deceleration forces, or ro-
tational forces that disrupt the structural integrity of the tracts
(Broglio et al., 2009; Viano et al., 2007). These findings are in
close agreement with the results of a recent TBSS study by
Messé and colleagues, that revealed increased MD in long
association tracts of the inferior fronto-occipital fasciculus and
inferior longitudinal fasciculus bilaterally, as well as in the
corpus callosum in a group of mTBI subjects with persistent
neurobehavioral impairment during the subacute phase.
The results of the current study are also surprisingly similar
to those of a recent TBSS pilot study of veterans who sustained
combat-related closed head TBI following active duty in Op-
eration Iraqi Freedom and Operation Enduring Freedom (Kim
and Jorge, 2010). Although the effects of blast-related TBI in
veterans remain controversial (Levin et al., 2010), Kim and
Jorge (2010) reported significantly higher MD and lower FA in
veterans with TBI than controls in the following WM fiber
tracts: left inferior longitudinal fasciculus, left superior lon-
gitudinal fasciculus, left retrolenticular internal capsule, and
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left sagittal stratum. These are the same regions identified in
the current study, suggesting a similarity in the manifesta-
tion of military blast injuries and repetitive sports-related
concussions with persistent symptoms, or identifying a re-
gion of the brain that is particularly susceptible to mild head
trauma. Although the mechanisms of injury may differ,
these results, when taken in combination, may open the door
to future translational studies aimed at better understand-
ing and treating the effects of mild brain injury in both ci-
vilian (specifically sports-related concussion) and military
populations.

Evidence from histological, volumetric, and DTI studies
supports enhanced structural integrity of the WM in these left
hemispheric regions in the normal population. Larger left
volumes than right volumes of the lateral geniculate body and
the optic radiation, including the part of the optic radiation
with increased MD in the current study, were observed in a
histological voxel-based morphometry study by Biirgel and
associates (1999), although no asymmetries in the acoustic
radiation were identified by Rademacher and colleagues
(2002), who used the same histological approach. A DTI
tractography study by Barrick and co-workers (2007) showed
a leftward asymmetry of the WM fiber tracts in the posterior
segment of the arcuate fasciculus in the left hemisphere,
similar to the region identified in the current study. Further-
more, a voxel-based DTI analysis by Biichel and associates
(2004) revealed an asymmetry in the C-shaped structure of the
posterior part of the SLF belonging to the arcuate fasciculus,
with higher FA in the left hemisphere regardless of subject
handedness. The observed increases in FA extended far into
the temporal lobe in a similar manner as the current study’s
most significant cluster. In addition, Anderson and colleagues
(1999) demonstrated in a post-mortem study that WM in-
creases in the left posterior superior temporal lobe (near the
planum temporale region) were due to more thickly myelin-
ated axons. Collectively, these studies of normal controls lend
support to a leftward lateralization of increased WM struc-
ture, possibly due to thicker myelin, in the centrally localized
junction of merging and/or crossing fiber tracts identified by
the most significant cluster in the current study. As a result,
this brain region may be more susceptible to injury from the
translational and rotational forces acting in sports-related
concussion. Further research should address this issue, as a
larger sample size may reveal other areas of DAI.

Mechanisms of injury were reported to the attending
physician for each participant in the current study, although it
was frequently difficult for the athlete to remember precisely
how the injury occurred, and reported injuries often conflicted
with film reviews when available. To date, the relationship
between the mechanism of injury and the site of injury re-
mains unclear, and no theoretical thresholds for injury have
been established (Mihalik et al., 2007). As reported by Broglio
and associates (2009), the type of forces (linear and rotational)
acting on the brain depends on both the site of the impact and
the role of the player. Additionally, a player’s physical con-
dition, such as stronger neck muscles, may reduce the likeli-
hood of a concussion (Viano et al., 2007). Guskiewicz and
colleagues (2007b) and Mihalik and associates (2007) suggest
that it may be difficult to establish a threshold for concussive
injury for football players (let alone across other sports dis-
ciplines), given the varying magnitudes of impact and fre-
quency of previous concussion (reported and unreported).
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Complete information regarding the laterality, location, and
the mechanics of impact may provide the necessary link be-
tween injury mechanism and the location of DAI in future
studies of sports-related concussion.

The current study’s results also suggest that MD is a more
sensitive measure than FA at detecting small structural WM
abnormalities, which is in agreement with a recent TBSS study
by Messé and associates (2010), who reported increased MD
and no FA changes in individuals with mTBI (GCS score 13-
15) and persistent neurobehavioral impairment in the sub-
acute phase. Furthermore, a TBSS study by Acosta-Cabronero
and colleagues (2010), investigating early-stage Alzheimer’s
disease, revealed that diffusivity measures (axial, radial, and
mean) were highly significant and far more sensitive than
FA. Collectively, these studies suggest that MD may be a
better measure for detecting subtle structural damage such as
that caused by concussion, regardless of whether it is due to
fiber reorganization, increased membrane permeability, de-
struction of intracellular compartments, or glial alterations
(Acosta-Cabronero et al., 2010; Beaulieu, 2002). Enhanced
sensitivity of MD to abnormalities in WM structure in the
current study is further substantiated through qualitative
assessment of average MD and FA values in the most signif-
icant cluster with increasing injury severity. For the concussed
group, MD was more indicative of structural damage than
FA. However, as injury severity increased, FA emerged as the
diffusion parameter that is more indicative of structural
damage, although age was confounded in the severe TBI
group. This finding is substantiated by a 2009 TBSS study by
Perlbarg and associates, that examined WM integrity in in-
dividuals with severe TBI during the subacute phase (Perl-
barg et al., 2009). These investigators also reported decreased
FA and no diffusivity differences between severe TBI subjects
with unfavorable 1-year outcomes and severe TBI subjects
with favorable 1-year outcomes. Additionally, subjects with
favorable outcomes exhibited FA values similar to those of
normal healthy control subjects. In another TBI study by
Huisman and associates (2004), of individuals with a mean
GCS score4 of 8.7 (SD 3.7), they found decreased FA and no
diffusivity differences in the posterior limb of the internal
capsule, an area in close proximity to the region identified in
the current study. Furthermore, FA correlated with GCS and
Rankin scores in the posterior limb of the internal capsule,
whereas diffusivity values showed no correlation (Huisman
et al., 2004). The results of the moderate and severe TBI sub-
jects in the current study are only qualitative in nature, due to
the very small sample size, and consequently there are limi-
tations to the conclusions that can be inferred. Nonetheless, it
is of interest to present these findings to demonstrate that the
current method is capable of detecting FA differences in long
fiber tracts outside of brain lesions in severe TBI. FA has
typically been the DTI measure of choice in previous TBI
studies, although the current findings on the continuum of the
levels of injury severity suggest that future research in mild
TBI should utilize MD as an additional measure. A study by
Heiervang and associates (2006) revealed that FA is more
variable among normal subjects than MD. Therefore, if the
changes in FA and MD are small, as would be expected in the
current study’s subject population of concussed individuals,
only MD group differences will be detectable with a small
sample size. A larger sample size may be needed to overcome
the higher between-subject FA variability, and to detect subtle
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group differences in FA. In summary, minor injuries in a small
sample size in whom the lesions are not sizeable enough to
provoke large directional (orientation) changes in diffusion,
but are substantial enough to provoke small changes in
overall diffusion, will be detected with greater sensitivity by
MD than by FA.

The primary focus of the current study was to assess
whether DTI offers measures sensitive enough to capture DAI
in sports-related concussion not warranting assessment with
the GCS, and to additionally identify the locations of DAI in
the brain. NP testing and concussion history, done as part of
Princeton University’s Concussion Program, was adminis-
tered according to their protocol for use in medical evaluation.
As such, it inherently provided some between-subject vari-
ability in the testing time intervals post-injury, and in the
testing time intervals from date of DTI scan. This may explain
the insignificant correlations of MD with neurocognitive (NP
testing) measures. Similarly, there was no relationship be-
tween MD and concussion history, although self-report of
concussions is inherently troublesome, as athletes often min-
imize symptoms and do not report their injuries (McCrea
etal.,, 2004). Additionally, the current study was not designed
to target a particular brain area with specialized NP tests.
Although ImPACT targets many brain areas, it may not be
specific enough to cognitively target the brain region identi-
fied with MD differences in the current study. Future research
should address this issue by utilizing an NP testing protocol
with rigorous time intervals and specific tests targeted to the
brain region under investigation.

The NP data acquired closest to the DTI scan (at least 1
month post-injury) revealed that this study’s concussion
subject population was a mixture of subjects testing neu-
ropsychologically normal (1 =3), and neuropsychologically
abnormal (1 =6). Interestingly, all subjects continued to ex-
perience persistent symptoms and showed a lack of WM fiber
tract integrity despite their NP testing results. Additionally,
all subjects with the exception of one were able to continue
their normal college coursework following concussion. This
raises important questions: Can the brain compensate for
potential cognitive deficits resulting from structural abnor-
malities in sports-related concussion subjects who test NP
normal by drawing upon other neurocognitive resources that
are individual-specific, such as intelligence quotient (IQ) and
level of general cognitive ability, or are the results of NP
testing in subjects who performed within the normal range
confounded by a learning or motivational effect? If the brain
can compensate, this opens the door to future research aimed
at identifying the brain regions that are compensating, and in
a sense are “working overtime,” to make up for any cognitive
deficiencies based on the structural deficit. It also opens the
door to future strategies aimed at improving evaluation,
management, and treatment of concussion. On the other
hand, athletes repeat the same battery of NP tests numerous
times after injury to evaluate cognition. Athletes are also
aware that the NP test results will be used to determine
whether they are allowed to return to play. Therefore athletes
may be more motivated to perform well on the tests post-
injury than when initially tested at baseline. If the results of
NP testing are confounded by learning or motivational effects,
this supports the need for a more objective diagnostic tool for
the assessment of sports-related concussion, which may in-
volve the use of DTI to measure MD.
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Collectively, these results suggest that in addition to current
NP tests, DTI may be another useful tool for clinicians when
making return-to-play decisions to help reduce vulnerability to
recurrent injuries. Whether the structural changes demon-
strated in this pilot study of athletes having suffered more than
one concussion and demonstrating symptoms that persist
for at least 1 month post-injury also occur in athletes with
uncomplicated concussions (concussion with symptoms, cog-
nitive function, and balance testing returning to normal within
7-14 days) remains to be evaluated. Ultimately, identifying and
tracking the effects of concussion demands a longitudinal as-
sessment of the relationship between structural integrity as
assessed by DTI scans, functional ability as assessed by fMRI
scans, and performance/cognitive ability on NP tests in the
acute, subacute, and long-term phases of recovery after con-
cussion. For these reasons, this pilot study is being followed
with a longitudinal combined DTI/fMRI study of a larger
sample size to refine, clarify, and provide a more detailed un-
derstanding of mild TBI, specifically concussion.

Currently, there are no routine imaging protocols used to
evaluate sports-related concussion besides traditional clinical
MR imaging (T1-weighted), or CT scans, neither of which can
detect subtle structural changes, and thus are inadequate for
use in the assessment and management of concussion. This
pilot study provides evidence of structural changes in the WM
of the brain, creating a link between concussive injury with
persistent symptoms and changes on DTI. These findings
emphasize the importance of athletes to report any possible
concussion, and thus to reduce the chance of re-injury. Fur-
thermore, the current study’s results suggest DTI may serve as
a biomarker for concussion, and thus may provide an objec-
tive diagnostic tool to help determine the severity of injury,
and to manage concussions, particularly with regard to
return-to-play decisions.
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