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To examine the effects of subconcussive impacts result-
ing from a single season of youth (age range, 8-13 years)
football on changes in specific white matter (WM) tracts
as detected with diffusion-tensor imaging in the absence
of clinically diagnosed concussions.

Head impact data were recorded by using the Head Im-
pact Telemetry system and quantified as the combined-
probability risk-weighted cumulative exposure (RWE,).
Twenty-five male participants were evaluated for seasonal
fractional anisotropy (FA) changes in specific WM tracts:
the inferior fronto-occipital fasciculus (IFOF), inferior lon-
gitudinal fasciculus, and superior longitudinal fasciculus
(SLF). Fiber tracts were segmented into a central core
and two fiber terminals. The relationship between sea-
sonal FA change in the whole fiber, central core, and the
fiber terminals with RWE, was also investigated. Linear
regression analysis was conducted to determine the as-
sociation between RWE_, and change in fiber tract FA
during the season.

There were statistically significant linear relationships be-
tween RWECp and decreased FA in the whole (R? = 0.433;
P =.003), core (R*=0.3649; P = .007), and terminals (R?
= 0.5666; P < .001) of left IFOF. A trend toward statistical
significance (P = .08) in right SLF was observed. A sta-
tistically significant correlation between decrease in FA of
the right SLF terminal and RWE_, was also observed (R?
= 0.2893; P = .028).

This study found a statistically significant relationship be-
tween head impact exposure and change of FA value of
whole, core, and terminals of left IFOF and right SLF’s
terminals where WM and gray matter intersect, in the
absence of a clinically diagnosed concussion.

©RSNA, 2016
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merican football has a high rate

of traumatic brain injury (TBI)

among contact team sports in the
United States (1-3). It is estimated that
there are more than 6000000 athletes
who play football in the United States.
The vast majority of these players par-
ticipate at the youth and high school
level. Nearly 3000000 youth school
players participate in tackle football
programs across the United States (4).

Concussions can result from a broad
range of impact magnitudes, and there is
little correlation between impact magni-
tude, severity of patient reported symp-
toms, and clinical outcome (5-7). A
growing body of evidence suggests that
repetitive subconcussive head trauma
can also result in neurocognitive deficits
(8,9). A generally accepted hypothesis is
that microstructural white matter (WM)
damage and axonal injury is responsible
for the neurologic dysfunction that is as-
sociated with TBI (10-13).

To measure the underlying biome-
chanical response and head impact ex-
posure for each player during the foot-
ball season, an effective technique is
required. The number and magnitude
of head impacts that football players
experience is highly individualized,
and some players experience higher
exposure during a season than others
(14). The Head Impact Telemetry (HIT)
system (Simbex, Lebanon, NH) was de-
veloped to assist understanding of the
relationship between mild TBI and head

Advances in Knowledge

® QOur study demonstrated a statis-
tically significant relationship
between head impact exposure in
a single season of youth football
and change in fractional anisotropy
(FA) value of the inferior fronto-
occipital fasciculus in the absence
of clinically diagnosed concus-
sions (R? = 0.4334; P = .003).

® QOur study demonstrated a signifi-
cant relationship between head
impact exposure and change of
FA of the superior longitudinal
fasciculus terminals where white

matter and gray matter meet
(P = .0283, R% = 0.2893).

kinematics. This system is placed at the
sidelines and collects data in real time
from helmet-embedded sensors. Data
gathered includes the number, magni-
tude, and direction of impacts in both
linear and rotational acceleration that
can be investigated as biomechanical
risk factors (15,16).

Specific fiber tracing shows the
pathways passing through regions of in-
terest in the brain that are affected by
head impact exposure. This technique
can reconstruct intrahemispheric WM
bundles that are sensitive to mild TBI
(17). Several mild TBI studies (18-20)
demonstrated changes in specific tracts,
mostly in the forceps minor or major
of the corpus callosum, inferior fronto-
occipital fasciculus (IFOF), superior
longitudinal fasciculus (SLF), and infe-
rior longitudinal fasciculus (ILF). Kraus
et al (21) demonstrated reduced WM
integrity in specific tracts in the IFOF,
SLF, ILF, and corpus callosum in pa-
tients with chronic TBI.

Youth age and adolescence is an
important time of development that is
identified by both immature and mature
brain processes (22), with myelination
continuing to progress through adoles-
cence (22,23). Several diffusion-tensor
imaging studies (24-29) investigated
WM tract development in adolescence.
Studies by Schmithorst et al (24), Bar-
nea-Goraly et al (25), and Ashtari et al
(26) illustrated continued maturation in
association and projection tracts during
adolescence. Asato et al (28) showed
that the tracts that are related to
complex behavior determine continued
development through adolescence. Mat-
uration by adolescence was previously
reported (30,31) in the corticospinal
tract, frontal portions of the corona ra-
diate, and in several key long association
tracts, including the [FOF, ILF, and SLF.

Studying specific fiber tracts within
the brain, especially those of interest

Implication for Patient Care

B This work provides a better un-
derstanding of the effects of
subconcussive head impacts on
the brains of youth football
players (age range, 8-13 years).

in mild TBI, will assist in detecting the
location of traumatic axonal injury as it
relates to subconcussive head impact
exposure. The purpose of this study is
to examine the effects of subconcussive
impacts resulting from a single season
of youth (age range, 8-13 years) football
on changes in specific WM tracts as de-
tected with diffusion-tensor imaging in
the absence of clinically diagnosed con-
cussions. This is one of just a few studies
that investigated the changes in terminal
regions of tracts where the gray-white
junction is located because of mild
TBI. Our hypothesis is that increased
head impact exposure over the course
of a single football season is associated
with decreased fractional anistropy (FA)
values of specific cerebral WM tracts,
including ILF, SLF, and IFOF.

Materials and Methods

Participants

All research procedures were approved
by the Wake Forest School of Medicine
institutional review board committee.

Published online before print
10.1148/radiol. 2016160564  Content code:
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Abbreviations:

FA = fractional anisotropy

HIT = Head Impact Telemetry

IFOF = inferior fronto-occipital fasciculus
ILF = inferior longitudinal fasciculus

RWE = risk-weighted cumulative exposure
RWE,,, = combined-probability RWE

SLF = superior longitudinal fasciculus

TBI = traumatic brain injury

WM = white matter
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This study was Health Insurance Por-
tability and Accountability Act-com-
pliant, with written informed parental
consent and assent from the partici-
pants. Participants were recruited from
a local youth football league that partic-
ipated in the 2012 or 2013 season via
phone, e-mail, and in-person meetings.
We included all youth football players
(age range, 8-13 years) who partic-
ipated in the practices and games in
one season and used the biomechani-
cal instrumentations during the season.
During the 2012 football season, athlete
concussions were reported on the basis
of a player, parent, and coach report-
ing a suspected concussion. During the
2013 football season, a certified athletic
trainer was present during all games
and practices and evaluated players
suspected of having concussions (32).
Players identified with symptoms of a
concussion were then evaluated by a
sports-medicine physician experienced
in the clinical diagnosis and treatment
of concussions. We collected 40 pairs
of magnetic resonance (MR) image sets
for 2012 and 2013 that had the HIT
system data. There were nine partici-
pants who played in both seasons. We
excluded the repeated season from the
analysis (n = 9). Participants were ex-
cluded if they had a previous concus-
sion (n = 4) or acquired a clinically di-
agnosed concussion during the season
(n = 2). This resulted in 25 unique male
participants (age range, 8-13 years;
mean age, 11.72 years = 1.05 [standard
deviation]) from the two seasons with
complete biomechanical data and pre-
and postseason diffusion-tensor imag-
ing. All games and practices were video
recorded and reviewed to confirm the
accuracy of the impacts.

HIT System Data Collection

All players used football helmets (Rid-
dell Revolution Speed, Rosemont, IlI)
that contained MxEncoders that fit
into the existing gap between padding
in the helmet. All head impact data
were verified by video to ensure that
the head impacts were the result of
the helmet being worn by the athlete.
The HIT system is well established and

data were processed in concordance

with previous methods (33,34). The
biomechanical data acquired from the
HIT system (35) were aggregated to
generate a risk-weighted cumulative
exposure (RWE) for each participant
(33,36,37). RWE represents the cumu-
lative exposure to subconcussive head
impacts over the course of a season,
and it is on the basis of the computed
risk associated with each head impact
measured in terms of linear and rota-
tional acceleration. In this study, the
combined-probability RWE (RWE_,),
which is on the basis of the risk associ-
ated with the linear and rotational com-
ponents of each impact, was computed
for each athlete (37). The risk for each
respective head impact for a single
player was computed and summed to
generate the RWE_, for the season.

MR Imaging Acquisition

MR imaging data were acquired in ac-
cordance with the National Institute
of Neurological Disorders and Stroke
Common Data Elements advanced pro-
tocol recommendations. The images
were acquired on a 3-T MR imager
(Skyra; Siemens Healthcare, Erlangen,
Germany) by using a high-resolution
32-channel head and neck coil (Sie-
mens Healthcare). T1-weighted images
were obtained for anatomic correlation
by using a three-dimensional volumetric
magnetization-prepared rapid gradient-
echo sequence with isotropic resolution
of 0.9 mm?® (repetition time msec/echo
time msec, 1900/2.93; inversion time,
900 msec; flip angle, 9°; 176 sections).
Diffusion-tensor imaging sequences
were acquired by using a two-dimen-
sional single-shot echo-planar imaging
sequence (10500/99; flip angle, 90°;
spatial resolution, 2.2 X 2.2 mm; sec-
tion thickness, 3 mm; 54 sections; 10
volumes of b = 0 sec/mm?; 30 diffusion
directions, with 15 directions of b =
1000 sec/mm? and 15 directions of b =
2000 sec/mm?). MR imaging data for all
participants were obtained before the
beginning of the season and after the
end of the season.

Fiber Tracking and Fiber Parcellation

Fiber tracking was conducted by us-
ing the automated fiber quantification

software package (AFQ; http://web.
stanford.edu/group/vista/cgi-bin/wiki/
index.php/AFQ) via the following steps
(38): (a) Whole-brain tractography
was performed by using the determin-
istic streamlines tracking algorithm;
(b) fiber tract segmentation was per-
formed by using the two-way point re-
gion-of-interest procedure, where each
fiber that passes through both regions
of interest is a candidate for a specific
fiber group; and (c) fiber tract refine-
ment was performed via comparison
of each fiber to a fiber tract probabil-
ity map. ILF and SLF, forceps minors
and majors of corpus callosum, and
the [FOF are among the most affected
WM tracts in mild TBI (18-20,39). We
extracted and quantified intrahemi-
spheric association fibers of the ILF
and SLF, forceps minors and majors
of corpus callosum, and the IFOF. FA
measurements across 100 equidistant
nodes of the fiber were used to calcu-
late the mean FA within the fiber (38).

To investigate the changes in dif-
ferent parts of fibers, each fiber was
partitioned into three parts after fiber
extraction. Because it is challenging to
determine the exact location of WM
tract linkages in the gray matter region
(40,41), the volumes that contained
the first and the last 10th percentile of
equidistant nodes along the fiber were
designated as WM fiber terminals. The
volumes that contained the centric 40
nodes along the fiber were designated
as the fiber core. The terminals located
in the overlapping areas of WM and
gray matter may have varied between
participants (40,42), however, the core
of the fiber had less interparticipant
variability and their spatial locations re-
mained stationary (19,40).

Statistical Analysis

Percent change of FA was computed as

oSt — pre
(100-u) per tract for each

re

participant during the season, where
post = postseason FA and pre = pre-
season FA. Linear regression analysis
was conducted by using age and time
between the examinations as covariates
to determine the associations and cor-
relations between RWE_, and change of

Radiology: \olume 281: Number 3—December 2016 = radiology.rsna.org
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Figure 1
10

percentage change of FA in left IFOF
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Figure 1:

0.6 08 1.0

(a) Linear regression plot depicts the relationship between percent change of FA of the left IFOF and cumulative exposure.

The blue shaded area indicates the estimated confidence interval region around the true regression line. RWECP = RWE . (b) MR
images of left IFOF (top) before and (midale) after the playing season, and (bottom) the overlay. In the overlay (bottom), the red region is
after the season and the blue region is before the season.

FA in the fiber tracts during the sea-
son. The Mahalanobis distance method
was used to remove outliers from each
regression (43). P values less than .05
indicated statistical significance. All sta-
tistical calculations were performed by
using software (JMP Pro version 11.2.0;
SAS Institute, Cary, NC).

Whole Fiber Analysis

There was a statistically significant lin-
ear relationship between RWE_, and
change of FA (decreased) in the left
IFOF (n = 22; R? = 0.4334; P = .003).
Figure la shows the association be-
tween changes of FA of the left IFOF
with respect to RWE . Figure 1b shows
the left IFOF tract, overlaid on the

structural T1-weighted image, before
the beginning of the season and after
the end of the season. There was a sta-
tistically significant linear relationship
between RWE, and decreased FA in
the right SLF (n = 22; R? = 0.2996; P =
.042). No statistically significant associa-
tion between total RWE_, and FA chang-
es in the forceps minor or major of the
corpus callosum or ILF were observed.

Fiber Core Analysis

A statistically significant correlation be-
tween change of FA in left IFOF’s core
and RWE_, was demonstrated (n = 22;
R? = 0.36491; P = .007). Figure 2 shows
the association between changes of FA
in core part of left IFOF with respect to
RWE_,,. No statistically significant asso-
ciations between total RWE, and FA
changes in the forceps minor or major

of the corpus callosum, ILF, or SLF
cores were observed.

Fiber Terminal Analysis

We observed a statistically significant
correlation between decrease of FA of
the left IFOF’s terminal and RWE, (n =
23; R? = 0.5666; P < .001). Decrease of
FA of the right SLF’s terminals demon-
strated a statistically significant associ-
ation with RWE_, (n = 23; R* = 0.2893;
P = .028). Figure 3 and Figure 4 show
the association between changes of
FA in terminal parts of the left IFOF
and right SLF with respect to RWE,
respectively. No statistically significant
association was found between total
RWE_, and FA changes in the forceps
minor and major of the corpus callo-
sum (R*= 0.0304; P = .38), and ILF was
observed (R? = 0.1080; P = .11).

922
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Percent change of FA in left IFOF core

-10-
T T T T
0.0 0.2 0.4 0.6 0.8 1.0
RWECP total
Figure 2: Linear regression plot depicts the relationship between percent

change of FA of the core part of left IFOF and cumulative exposure. The blue
shaded area indicates the estimated confidence interval region around the
true regression line. RWECP = RWE,,

30

207

Percent change of FA in left IFOF terminal

'30 T T T T
0.00 0.25 0.50 0.75 1.00 1.25
RWECP total
Figure 3: Linear regression plot depicts the relationship between percent

change of FA of the terminal part of left IFOF and cumulative exposure. The
blue shaded area indicates the estimated confidence interval region around
the true regression line. RWECP = RWE,

Percent change of FA in right SLF terminal

The statistically significant relationship
between RWE_, and change of FA in
the left IFOF suggests that an increase
in subconcussive head impact exposure
may have an effect on WM integrity in
youth athletes, even in the absence of
a clinically diagnosed concussion. Per-
cent change of FA of whole left IFOF
and terminals of left IFOF and right
SLF were significantly related to head
impact exposure, however no signifi-
cant relationship was observed in the
forceps minors or majors of the corpus
callosum. The results of this study sug-
gest that subconcussive impacts can re-
sult in changes in the WM microstruc-

-10 .
15
-20 T T T T
0.00 0.25 0.50 0.75 1.00
RWECP total
Figure 4: Linear regression plot depicts the relationship between percent

change of FA of the terminal part of right SLF and cumulative exposure. The
blue shaded area indicates the estimated confidence interval region around

the true regression line. RWECP = RWE,,

1.25 ture of the IFOF and SLF fiber bundles.

Similar to our current work, several
previous studies of mild TBI and sports-
related head injury demonstrated
changes in these same specific tracts,
including the IFOF, SLF, and ILF (18-
20). Kraus et al (21) showed reduced
WM integrity in the IFOF, SLF, ILF, and

As shown in Figures 1-4, changes
of FA in different participants occurred
in different directions over a single
season of football. However, cumula-
tive head impact exposure (RWE,,)

was associated with more decreased
FA for those who had FA reduction
and less increased FA for those who
had FA increase over the single season
of football.

corpus callosum in patients with chronic
TBI. Bendlin et al (18) demonstrated
decreased FA and increased mean dif-
fusivity in several major fiber bundles,
including the SLF, IFOF, and corpus

Radiology: \/olume 281: Number 3—December 2016 = radiology.rsna.org
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callosum. Chamard et al (19) studied
sport-related concussion in female ath-
letes, and detected a large change in the
IFOF, SLF, ILF, uncinate fasciculus, and
corpus callosum of athletes with concus-
sion. Gajawelli et al (20) found change
of FA in the brain of athletes who play
contact sports compared with athletes
who do not play contact sports. These
changes involved specific tracts that in-
cluded the IFOF and corpus callosum.
Our findings are in agreement with pre-
vious studies and indicate there is an
association between cumulative head
impact exposure and microstructural
changes in specific tracts.

In previous studies (19,44,45,46),
changes in WM integrity of the whole
IFOF were observed after concussive
and subconcussive exposure, which is
in agreement with our findings. Specifi-
cally, abnormal findings in the left [FOF
were observed in two studies (19,45)
of athletes who exhibited prolonged
symptoms after concussion. Abnormal
findings in the IFOF were also found in
contact-sports-related athletes with-
out a history of concussion compared
with healthy control patients (46). Our
study shows changes in WM-specific
tracts that are associated with RWE,,
in the absence of a clinical diagnosis of
concussion. These changes and abnor-
mal findings in the whole left IFOF, ter-
minals, and core part of IFOF suggests
that subconcussive impacts can also
contribute to alterations of varied seg-
ments of long-range WM tracts. Prelim-
inary hypotheses suggest that IFOF and
SLF may be preferentially susceptible
to concussive and subconcussive forces
because of the high degree of crossing
and merging of WM fibers in these re-
gions (45,47).

Mechanical properties of tissue
vary throughout the brain. Studies illus-
trated differences in mechanical prop-
erties between WM and gray matter,
although the exact property differences
have yet to be fully established (48-50).
It is also challenging to determine the
exact location of WM tract links in the
gray matter region (40,41). Budday et
al (48) concluded that WM is stiffer
and more viscous than gray matter, and
thus responds more slowly to impact.

That study also demonstrated that
there were more regional variations
within WM in response to indentation
force tests, which thus supported the
idea that WM microstructural architec-
ture is heterogeneous (48). Moreover,
cerebral microbleeds from TBI often
occur at the cortical gray matter and
WM interface (51,52). We can reason-
ably speculate that WM mechanical
properties would not be entirely uni-
form throughout the WM fiber tracts.
This has some clinical implications for
how the terminal fiber tracts respond to
TBI compared with the core part of the
fiber tracts. In this study, the observed
alterations in the SLF are in agreement
with current head impact literature
(18,45,47) that demonstrates changes
in the FA in the inferior and superior
longitudinal fasciculus. Bendlin et al
(18) showed decreased FA in the SLF
of patients with TBI compared with
healthy control patients. Changes in
the SLF’s terminals are in the gray mat-
ter—-WM junction. The structure of gray
matter differs from WM both in den-
sity and rigidity (53). This dichotomy of
structure results in different responses
to rotation and acceleration; therefore,
forces acting at the borders of these tis-
sues can contribute to the mechanism
of subconcussive-induced injuries and
subsequently explain changes in the
IFOF and SLF terminals.

Our study had limitations. Findings
related to the changes in WM fiber
terminals may have been affected by
intersubject variability at the terminal
projections of the tracts adjacent to the
cerebral cortex (40,42). The parcella-
tion of fiber tracts was on the basis of
the spatial location of nodes along the
fibers, which made identification of the
exact boundary of the core and termi-
nals of the fibers difficult. Also, the in-
clusion of only male participants limits
inferences about the generalizability of
this study. We do not know what the
functional associations of these findings
are and whether there is any long-term
implication. Finally, our study’s findings
and interpretations are on the basis of
a single season of youth football, which
makes inferences about the effects of
accumulating  subconcussive-induced

deficits and the long-term outcomes of
these deficits difficult. Future studies
should include both male and female
participants and larger sample sizes
with longitudinal study designs.

In conclusion, the relationship be-
tween traumatic axonal injury and al-
terations of the whole structural WM
network was investigated. We demon-
strated a statistically significant rela-
tionship between head impact exposure
in a single season of youth football and
change of FA value of the left IFOF
in the absence of clinically diagnosed
concussions. Additionally, we found a
statistically significant relationship be-
tween head impact and change of FA
value of the right SLF terminals where
WM and gray matter intersect. This
suggests that there are regional varia-
tions within WM in response to head
impact exposure, especially near the
terminals where WM and gray matter
link. This study adds to the growing
body of evidence that a season of play
in a contact sport can result in brain
changes at MR imaging, even in the ab-
sence of concussion.
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