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Abstract: The cumulative effects of repetitive subclinical head impacts during sports may result in
chronic white matter (WM) changes and possibly, neurodegenerative sequelae. In this pilot study, we
investigated the longitudinal WM changes over the course of two consecutive high-school football sea-
sons and explored the long-term effects of a jugular vein compression collar on these WM alterations.
Diffusion tensor imaging data were prospectively collected both pre- and postseason in the two con-
secutive seasons. Participants were assigned into either collar or noncollar groups. Tract-based spatial
statistics (TBSS) approach and region of interest-based approach were used to quantify changes in WM
diffusion properties. Despite comparable exposure to repetitive head impacts, significant reductions in
mean, axial, and/or radial diffusivity were identified in Season 1 in multiple WM regions in the
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noncollar group but not in the collar group. After an 8- to 9-month long off-season, these changes
observed in the noncollar group partially and significantly reversed but also remained significantly dif-
ferent from the baseline. In Season 2, trend level WM alterations in the noncollar group were found
but located in spatially different regions than Season 1. Last, the WM integrity in the collar group
remained unchanged throughout the four time points. In conclusion, we quantitatively assessed the
WM structural changes and partial reversal over the course of two consecutive high-school football
seasons. In addition, the mitigated WM alterations in athletes in the collar group might indicate poten-
tial effect of the collar in ameliorating the changes against repetitive head impacts. Hum Brain Mapp
00:000–000, 2017. VC 2017 Wiley Periodicals, Inc.
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INTRODUCTION

Clinical concussions sustained during sports have been
widely reported as a potential risk to athletes’ neurological
outcomes. Only recently has the effect of repetitive head
impacts evolved from a threshold, or an “all-or-nothing
event,” toward a hypothesis that subconcussive head
impacts (SCI) may cause both acute and chronic effects
throughout a player’s life [Spiotta et al., 2011]. SCI are cra-
nial impacts that do not result in the signs and symptoms
required for a clinical diagnosis of a concussion [Bailes
et al., 2013]. However, there is growing concern that the
cumulative effects of SCI may be associated with neurolog-
ical and cognitive impairments, or result in chronic white
matter (WM) injury and possible neurodegenerative
sequelae [Alosco et al., 2016; Hwang et al. 2017; McKee
et al. 2009; Montenigro et al., 2017; Rodrigues et al., 2016].

It is estimated that over the course of a single season,
youth football players (age 7–8 years) experience an aver-
age of 107 head impacts (linear acceleration range:
10–100g; rotational acceleration range: 52–7,694 rad/s2),
with the majority of these impacts originating during prac-
tices [Daniel et al., 2012]. Compared to youth football, the
length of season (number of games and practices) and the
frequency of head impact in high-school and college foot-
ball increase with level of play [Daniel et al., 2012]. The
number of head impacts per season, averaged across posi-
tion and starting status, have reported to be 565 in high-
school athletes (age 14–18 years) [Broglio et al., 2009] and
1,000 in college athletes (age 19–23 years) [Broglio et al.,
2012]. The effects of cumulative head impacts on young
athletes over their entire careers are still unknown. Emerg-
ing neuroimaging investigations have generated evidence
that suggests that the brain network may be affected, both
structurally and functionally, during one season of contact
sports, even with only nonclinical, subconcussive head
impacts being tracked [Bahrami et al., 2016; Bazarian et al.,
2012, 2014; Davenport et al., 2014; Lao et al., 2015; Koerte
et al., 2012; Merchant-Borna et al., 2016; Myer et al., 2016;
Yuan et al., in press). When taken in aggregate over the
career of the athlete, repetitive SCI could potentially
increase the risk of season (or career) ending injuries,

neurological impairments, and WM alterations [Bahrami
et al., 2016; Myer et al., 2016].

This potential risk is concerning given that the develop-
ment of WM pathways in youth and adolescents plays
such a vital role in cognitive and motor development
[Barnea-Goraly et al., 2005]. A recent study by Stamm
et al. [2015] suggested that the age at first exposure to
tackle football in former professional football players was
a significant factor affecting future WM integrity. They
found that those former professional football athletes who
started to be exposed to tackle football before age 12 had
significantly reduced FA in corpus callosum when com-
pared with those who started after age 12. This was the
first study that indicated direct connection between the
timing of initial exposure to repetitive head impacts and
later-life WM integrity. Several diffusion tensor imaging
(DTI) studies have shown that during this maturational
time, there is an increase in axonal diameter, a thickening
of the myelin sheaths, and an increased organization of
the WM pathways throughout the brain, thereby improv-
ing signal transduction and leading to cognitive, emo-
tional, behavioral, and motor skill development [Barnea-
Goraly et al., 2005; Schmithorst et al., 2002; Szeszko et al.,
2003]. Even in later adolescence, WM connectivity support-
ing executive control of behavior is still immature. There-
fore, any compromise in WM integrity in youth or
adolescence may have significant developmental implica-
tions [Asato et al., 2010; Bahrami et al., 2016; Davenport
et al., 2014; Merchant-Borna et al., 2016; Myer et al., 2016;
Steinberg, 2005; ).

Primary prevention of brain injuries, therefore, is partic-
ularly important for youth sports. While American football
has seen changes to the rules to help protect players from
suffering brain injuries, little has been done in the way of
engineering new equipment to help mitigate them. Helmet
technologies have improved since their introduction in
1893, specifically helping to prevent structural injuries sec-
ondary to skull fractures; however, helmets do not limit
the collisions of the brain within the skull [Benson et al.
2009; Moiseyev and Rumyantsev, 1968; Myer et al., 2016;
Schneider et al., 2016]. An alternative approach to helmet
technology might include strategies to decrease brain
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slosh, the dynamic forces that cause movement of the
brain and fluid inside the cranium. Recently, a specialized
neck collar was developed to provide gentle external pres-
sure on the jugular veins in order to increase intracranial
blood volume and make the brain more confined and less
likely to experience slosh injury upon impact [Gilland
et al.,1969; Smith et al., 2012; Turner et al., 2012]. In a
recent prospective, neuroimaging, clinical trial of this col-
lar device, we investigated the pre- to postseason change
in DTI values in the brain networks of high-school football
athletes. Our findings identified extensive WM regions
with significant diffusion coefficient changes in the noncol-
lar group but not in the collar group [Myer et al., 2016].
However, little is known about the long-term effects of
wearing the collar for more than a single season.

While many studies are focusing on the potential effect
of repetitive head impacts, follow-up investigation of these
athletes is rare. To our knowledge, only one study by
Bazarian et al. [2014] explored whether the changes
observed at the end of a football season would persist or
resolve after the off-season. To address this gap in the lit-
erature, we followed a cohort of high-school athletes over
the course of two consecutive football seasons (including
an 8- to 9-month off-season between the two seasons).
This cohort is a subset of the participants in our previous
study in which we quantified WM changes, based on DTI,
in response to one season of repetitive head impact and
established the effect of the neck collar in ameliorating the
DTI changes [Myer et al., 2016]. Our aims for this study
were to: (1) quantify the longitudinal persistence of WM
alteration observed in the prior football season after an 8-
to 9-month off-season period; (2) characterize the change
in WM integrity during the second season in comparison
to the first season; and (3) evaluate the long-term effects of
the jugular vein compression collar on these WM altera-
tions over the course of two consecutive sport seasons.

METHODS

Study Participants

The study was approved by the local Institutional
Review Board. Legal guardians and athletes provided
informed consent and assent prior to participation in the
study. All the participants included in this study were
recruited from two local high-school football teams as part
of a prospective, longitudinal study involving four time
points over the course of two football seasons. The first
and the second time points correspond to the pre- and
postseason of the 2015 football season (Time 1 and Time 2,
respectively). The third and fourth time points corre-
sponded to the pre- and postseason of the 2016 football
season (Time 3 and Time 4, respectively). There were
approximately 8 to 9 months of off-season between Time 2
and Time 3. All the participants were enrolled and
assigned to one of the two study groups: one group

wearing a collar device designed to apply mild jugular
vein compression and one group not wearing the collar
device. The two schools selected for this project were from
the same county and were nearly identical in socioeco-
nomic composition. The details of the recruitment and the
findings derived from the data acquired from the pre- to
postseason in 2015 (Time 1 and Time 2, including 21 ath-
letes in the noncollar group and 21 athletes in the collar
group) have been reported elsewhere [Myer et al., 2016].

A subset of these athletes, including 10 athletes from the
noncollar group and 13 athletes from the collar group,
were followed up and tested again at Time 3 (preseason in
the 2016 season). As expected, the age at baseline of those
who were followed to Time 3 was significantly younger
than those who were not followed to Time 3, in both non-
collar group (16.88 6 0.68 years vs 17.74 6 0.51 years, W
value 5 0, P 5 0.0051) and collar group (16.77 6 0.66 years
vs 17.54 6 0.43 years, W value 5 0, P 5 0.0015) based on
Wilcoxon Signed-Rank Test. Among the 23 athletes who
were followed to Time 3, 7 athletes from the noncollar
group and 7 athletes from the collar-group participated in,
and completed, the second football season (the 2016 sea-
son) and were tested again at Time 4. In addition, two ath-
letes who were not included in the analysis during Season
1 were assigned to the collar group during Season 2 to
maximize power in the data analysis of this study (Fig. 1).
These two athletes wore the collar and played with the
team but were not include in the analysis in Season 1
because of excessive head motion during MRI scan or
brace wearing during the season. Among the 10 athletes in
the noncollar group who were followed to Time 3, partici-
pation in other sports included 2 in rugby, 4 in track, and
4 with no other sports played between Time 2 and Time 3.
Among the 13 athletes in the collar group who were fol-
lowed to Time 3, participation in other sports included 2
in basketball, 3 in track, and 8 with no other sports played
between Time 2 and Time 3. Prior to Season 1, 1 athlete in
the noncollar group and 3 athletes in the collar group
reported a prior history of concussion.

Head Impact Measurement

An athletic trainer was present at every practice and
game and was responsible for head impact surveillance
and the monitoring of collar wearing compliance. Head
impacts were recorded using GForce Tracker accelerome-
ters (GForce Tracker, Markham, Ontario, Canada) that
were affixed to the inside of each player’s helmet. The
accelerometers recorded six degrees of freedom of head
motion, that is, three axes of linear acceleration and rota-
tional velocity, respectively. The accelerometers were pro-
grammed to record impact data above a 10 g threshold
and recorded data at a sampling rate of 3,000 Hz. The
accelerometers were worn by all participants during all
practices and games. Each accelerometer was calibrated
according to device specifications and oriented in the same
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manner within each player’s helmet prior to the first prac-
tice of the season. An athletic trainer activated the acceler-
ometers during each practice and game. The head impact
data was transmitted in real time and monitored by the
athletic trainer. After each practice or game, the data
recorded by the accelerometers was uploaded to the study
database and the data were then removed from the accel-
erometer. The accelerometers were then charged and
returned to each helmet for the next practice or game. The
number of impacts and peak g-force recorded for each
impact was compiled for each player over the course of
each season.

Neck Collar Device, Collar Fitting, and

Compliance of Collar Usage

The neck collar used in this study was a device
designed to apply mild compression to the jugular vein
and the mild change in impedance to jugular outflow will
create a mild engorgement of the venous capacitance ves-
sels in the brain. This is postulated to result in reduced
head impact energy absorption and “brain slosh” injury
during collision [Smith et al., 2012]. The collar device is
made of an outer collar consisting of a thermoplastic elas-
tomer and an inner collar consisting of a thermoplastic
elastomer and a stainless memory steel composite insert.
The determination of appropriate sizing for individual ath-
letes was made from the measured neck circumference in
the initial season baseline period [Myer et al., 2016]. Ultra-
sonography was utilized to evaluate evidence of internal
jugular vein dilation as a response to collar application.
Our pilot data in humans indicate that mild jugular vein
compression and the resultant response noted via ultraso-
nography results in increased volume of the venous capac-
itance vessels of the cranium [Leach et al., 2013]. New
collars were provided for athletes in the collar group and

fit was maintained in Season 2. New collars were provided
to ensure integrity and quality of the devices used in sec-
ondary season. All athletes assigned to the collar group
were instructed to wear the collar during all practices and
games in both seasons. After initial fitting, these athletes
received daily instruction relative to the proper usage of
collar. A study coordinator monitored the usage during
routine visits. The usage was recorded by medical training
staff in a daily log via custom software. The compliance
rate was calculated as the ratio between the number of
days of collar wearing during practice/competition and
the number of days of practice/competition. A more
detailed description about the collar and its usage can be
found elsewhere [Myer et al., 2016; Yuan et al., 2017].

MRI/DTI Data Acquisition, Processing, and

Analysis

MRI data were acquired on the same 3 T Phillips
Achieva MRI scanner (Philips Medical Systems, Best,
Netherlands) using a 32-channel head coil across all four
time points with the same protocol during the entire
study. The details regarding imaging data acquisition and
preprocessing have been described in details elsewhere
[Myer et al., 2016]. Briefly, the DTI data were acquired
with a 61-direction spin echo-planar imaging sequence. A
high-resolution 3D T1-weighted anatomical data set was
acquired in the sagittal direction for image registration
and review. The Functional MRI of the Brain (FMRIB)
Software Library (FSL) software package (www.fmrib.ox.
ac.uk/fsl) was used in data processing. The four com-
monly used DTI measures: fractional anisotropy (FA),
mean diffusivity (MD), axial diffusivity (AD), and radial
diffusivity (RD), were calculated using standard methods.
The tract-based spatial statistics (TBSS) [Smith et al., 2006]
approach was used in the analysis of within-group

Figure 1.

Flow chart of study participant sampling over the 4 study time points. * Two of the 9 athletes in

the collar group were not included in the analysis for Season 1. They were recruited at Season 2

and added in the pre- to postseason comparison for Season 2 to improve power in data analysis.

[Color figure can be viewed at wileyonlinelibrary.com]
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longitudinal change and between-group comparisons.
TBSS is an established approach for statistical analysis
over the entire WM skeleton extracted from average FA
map, which is a more reliable alignment of the WM tracts,
across all participants. Threshold-Free Cluster Enhance-
ment (TFCE) [Smith et al., 2009] was used in correcting
multiple comparisons errors.

Imaging Outcome and Statistical Analysis

The primary outcome measures in this study were
within-group DTI alteration between different time points
(Time 1 to Time 2, Time 2 to Time 3, Time 3 to Time 4,
and Time 1 to Time 3) and the between-group difference
of these longitudinal changes. We focused on assessing
whether the WM alterations identified in Season 1 would
recover during the off-season, and whether the WM altera-
tions would repeat in Season 2. In addition, as a secondary
analysis, we also fit the DTI data averaged within each
study group to a unified longitudinal model to character-
ize the temporal progression of the imaging outcomes
across all the time points over the two seasons.

First, using the TBSS approach on a voxel by voxel
basis, the DTI values were tested for group differences
using a nonparametric, two-tailed, two-sample t-test at
Time 1. Second, each study group was tested for longitudi-
nal changes between Time 1 and Time 2 (pre- to postsea-
son of Season 1), which was calculated for each group
using a nonparametric, two-tailed one-sample t-test on the
difference maps between the two time points. The group
difference of longitudinal change (from Time 1 to Time 2)
was tested for statistical significance based on two-tailed,
two-sample t-tests of the difference maps (from Time 1 to
Time 2) of individual participants. In all the statistical
analyses using the TBSS approach (including the testing
from both the first and the second step), no assumption
was made regarding the distribution of noise and the lon-
gitudinal DTI change in the data. The “randomise” function
from FSL was used to generate a null distribution for com-
parison of the resulting t-test statistics for statistical signifi-
cance. The number of permutations in the one-sample t-
test was determined by sample size, and 5,000 permuta-
tions were used in the two-sample t test. A multiple-
comparison correction was achieved in the voxel-wise
TBSS analysis through the threshold-free cluster enhance-
ment (TFCE) method incorporated into the “randomise”
function in FSL. TFCE is not cluster-based, but rather, it is
a method to identify “clusters” in the data without a priori
subjective selection of cluster size [Winkler et al., 2014].
Third, the WM regions that showed significant DTI
changes in the noncollar group between Time 1 and Time
2 in this study (which is a subset of participants in the
previous study) were used in the comparisons with subse-
quent time points. Both voxel-based TBSS analysis and
region of interest (ROI) based analysis were tested. Since
there was no statistically significant finding from the TBSS

analysis in the subsequent comparisons between different
time points (Time 2 vs Time 3, Time 3 vs Time 4, Time 1
vs Time 3), results were reported primarily based on the
ROI-based analysis. In the ROI-based analysis, the areas
for analysis were limited to the WM regions that showed
significant pre- to post-season change in DTI measure-
ments (MD or AD or RD) in the noncollar group between
Time 1 and Time 2. DTI values (FA, MD, AD, and RD)
were extracted from these significant WM clusters from
individual participants at all four time points. The median
DTI values were used in the subsequent longitudinal com-
parisons (nonparametric Wilcoxon Signed-Rank test, two-
tailed) between different time points (Time 2 vs Time 3,
Time 3 vs Time 4, and Time 1 vs Time 3) and in the cross-
sectional group comparisons of these longitudinal changes
(nonparametric Mann–Whitney U test, two tailed). Fourth,
in the comparison of DTI values between Time 3 and
Time 4, in addition to quantifying the change during this
period within the WM areas that were affected by the
head impacts during Season 1, we also ran the TBSS statis-
tical analysis over the entire WM skeleton to explore
whether WM changes occurred in new areas in the brain.
As reported in the results section, there were no statisti-
cally significant DTI changes at the P level of 0.05 (TFCE
corrected). We then decided to conduct the test at a signifi-
cance level of P< 0.1 (TFCE corrected) as an exploratory
analysis for potential trend level changes. At the level of
P< 0.1 (TFCE corrected), DTI changes were identified in a
series of WM regions. These new regions with trend level
changes in the second season were localized and com-
pared with the first season.

In the voxel-based TBSS analysis, a series of variables
including age, gender, body weight, compliance of collar
wearing, time interval between pre- and postseason scans,
time interval between the postseason imaging and the last
game/practice prior to the postseason imaging, were
tested individually for potential confounding effect. As
none of the variables were found to present a significant
effect, the subsequent statistical analyses were conducted
without the inclusion of these variables.

The within-group, ROI-based, longitudinal DTI changes
between various time points were assessed using the Wil-
coxon Signed-Rank test (two-tailed, P< 0.05). The
between-group difference in age, intervals between differ-
ent time points, head impact exposure, and ROI-based lon-
gitudinal DTI changes between various time points were
assessed using Mann–Whitney U test (two-tailed, P< 0.05).

As a secondary analysis, we fit the ROI-based DTI data
averaged within each study group to a unified longitudi-
nal model where all time points and groups were modeled
together. We used a linear mixed model analysis in which
higher order terms for time were included to accommo-
date the nonlinear nature of the trajectory observed from
examining the data as well as the interaction term between
time and group. We ran a separate model fit for each DTI
outcome (FA, MD, AD, and RD) modeled as a function of
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time (Time 1 to Time 4), time square, group (collar and
noncollar), and the interaction between time and group.
The baseline measurement of each outcome is also
included as a covariate.

RESULTS

Demographic Data

In summary, a total of 25 high-school athletes were
included in this study. Among these, 10 athletes in the
noncollar group and 13 athletes in the collar group had
imaging data at the first three time points. Seven athletes
from the noncollar group and 9 athletes from the collar
group had imaging data at both Time 3 and Time 4. Age,
gender, time interval between pre- and postseason scans,
time interval between the postseason imaging and the last
game/practice prior to the postseason imaging are pre-
sented in Table I. The noncollar study group consisted of
two running backs, three linebackers, two defensive backs
and three offensive/defensive linemen (four full-time
starters, four part-time starters and two nonvarsity start-
ers) for the first season. In the follow-up season, the non-
collar group consisted of three defensive backs, two
linebackers, one running back and one defensive lineman
(all full-time varsity starters). For the collar study group,
there were two running backs, two linebackers, two wide
receivers, two defensive backs and three offensive/defen-
sive linemen, one quarterback and one special team

specialist (nine full-time starters, three nonstarters for var-
sity and one junior varsity full-time starter.) for the first
season. In the follow-up season, the collar group consisted
of two quarterbacks (who split starts), four defensive
backs, one linebacker, one running back, and one defen-
sive lineman (all full-time varsity starters).”

The collar compliance rate was maintained at 99% in
Season 1 and 100% Season 2. None of the athletes changed
in collar neck size over the two seasons. No statistically
significant difference in age was found between the two
study groups at any of the four time points. The time
interval between pre- and postseason in the noncollar
group did not differ significantly from the collar group in
Season 1, but the pre- to postseason interval in Season 2
was shorter in the noncollar group with marginal statisti-
cal significance than that in the collar group (104.29 6 7.2
vs 122.14 6 17.57 days, P 5 0.056) due to the collar group
extending their season into state playoffs. The off-season
period from Time 2 to Time 3 was significantly longer in
the noncollar group (263.40 6 5.82 days) than in the collar
group (254 6 9.20 days, P 5 0.024). The time interval
between the postseason imaging and the last game/prac-
tice prior to the postseason imaging was not statistically
different between the two study groups in Season 1, but
was significantly shorter in the noncollar group than the
collar group in Season 2 (12.71 6 7.87 days vs 5.18 6 2.48
days, P 5 0.034). These variables, including age, the time
interval between imaging, and the time interval between
the last game/practice and postseason imaging, were

TABLE I. Participant demographic information and time intervals

Noncollar Collar

n Range Median n Range Median U value Critical U value P

Age (years) Time 1 10 16.0–17.9 16.90 13 15.5–17.8 16.87 63 33 0.928
Time 2 10 16.4–19.0 17.25 13 15.8–18.2 17.24 60 33 0.779
Time 3 10 17.2–19.7 17.97 13 16.5–18.9 17.92 57.5 33 0.667
Time 3* 7 17.2–18.1 17.73 9 16.5–18.2 17.67 30.5 12 0.960
Time 4 7 17.4–18.4 18.02 9 16.9–18.4 18.05 28 12 0.749

Gender All male All male
Time btw MR

imaging (days)

Time 1 to Time 2 10 96–148 131 13 104–153 133 64 33 0.976
Time 2 to Time 3 10 256–277 263 13 242–270 252 28 33 0.024

Time 3 to Time 4 7 91–113 106 9 99–140 135 13 12 0.056

Time from last

game/practice to

postseason

imaging (days)

Season 1 10 3–20 6.50 12** 0–11 5 35.5 29 0.114
Season 2 7 3–26 12.00 9 0–16 4.00 11 12 0.034

Time 1–3: for athletes who had data at all three time points. Group size was 10 and 13 for the noncollar and collar groups, respectively.
Time 3* and Time 4: for athletes who had data at both time points in Season 2. Group size was 7 and 9 for the noncollar and collar
groups, respectively.
Time btw MR imaging: The time interval (days) between the preseason imaging and postseason imaging.
** The accelerometer data were not recorded in one of the 13 participants in the collar group.
Between group difference was tested using Mann–Whitney U test (two-tailed).
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tested separately in the initial TBSS analysis for potential
confounding effect to the DTI change.

Figure 2 presents the histograms of the average number
of head impacts across different g-force levels for the two
study groups in the two football seasons. As shown in Table
II, no significant group difference in head impact variables
(including the number of hits, cumulative g-force experi-
enced, and average g-force/hit) was found across all differ-
ent threshold levels (>10g, 20g, 50g, 100g). The correlation
between the change in DTI (as reported later) and head
impact exposure at different threshold levels in the two sea-
sons was tested but no significant finding was identified.

TBSS Analysis of DTI Change During Season 1

No statistically significant difference was found between
the two study groups at baseline of the entire study (Time
1, preseason in Season 1) in any of the four DTI parame-
ters (FA, MD, AD, and RD). In Season 1, significant pre- to
postseason decreases in MD, AD, and/or RD (all P< 0.05,
TFCE corrected) were found in the noncollar group in a
series of WM regions including body and splenium of cor-
pus callosum, internal capsule, superior and posterior
corona radiata, posterior thalamic radiation, and superior

longitudinal fasciculus (Fig. 3A–D). No significant, in-
season, DTI change was found in any WM regions in the
collar group. Group comparison of the longitudinal DTI
changes in Season 1 showed that there were significantly
greater DTI changes in the noncollar group than that in
the collar group. Specifically, significantly greater pre- to
postseason increases in FA or significantly greater
decreases in MD, AD, or RD were found in the noncollar
group in the WM, including body and splenium of corpus
callosum, internal capsule, superior and posterior corona
radiata, posterior thalamic radiation (including optic radia-
tion), and superior longitudinal fasciculus (Fig. 4A–D).

ROI-Based DTI Change Over the Four Time

Points in the Affected Regions From Season 1

Within the significant clusters determined from the Sea-
son 1 comparison of the noncollar group, the DTI values
were extracted for individual athlete at all four time points
from both the noncollar and collar groups. Figure 5 presents
the line plots of the DTI values normalized with reference to
the value at Time 1. Comparison of DTI, between different
time points, showed that there was a general trend of
increasing FA and decreasing MD, AD, and/or RD during
Season 1 (Time 1 to Time 2) in the noncollar group (as
reflected in the trajectories in individual athlete and the
group average, Fig. 5). This trend reversed direction
(decreasing in FA, and increasing in MD, AD, or RD) in the
same group during the off-season (Time 2 to Time 3), but
did not return to baseline. A closer examination of the longi-
tudinal DTI change in individual athletes showed that
among the 10 athletes in the noncollar group, the FA
increase and the MD, AD, and RD decrease were found in
7, 10, 10, and 10 athletes, respectively, during Season 1. Dur-
ing the off-season, FA decrease and MD, AD, RD increases
were found in 6, 9, 9, and 8 of the athletes, respectively. By
comparison, no general theme, in terms of the direction of
DTI change, was noticed in the collar group either during
Season 1 or the off-season. During Season 2 (Time 3 to Time
4), no general theme was found in terms of the direction of
change in any DTI variable in either the noncollar or collar
groups in the affected brain regions in Season 1.

Quantitatively, from Time 1 to Time 2 (Season 1), there
was an increase in FA (2.00% 6 2.42%) and decrease in
MD (23.57% 6 1.42%), AD (23.18% 6 1.24%), and RD
(24.58% 6 2.37%) in the noncollar group (Fig. 5 and Table
III). In comparison, the magnitude of DTI change in the
collar group during the same period was not statistically
significant within the group, and was significantly smaller
(FA: 20.35% 6 2.68%; MD: 20.42% 6 1.69%; AD: 20.30% 6

1.23%; RD: 20.19% 6 2.52%, P< 0.05) when compared to
the collar group, Fig. 5 and Table III). To verify that con-
cussion diagnosis (not confirmed or evaluated by study
team) prior to Time 1 was not affecting the imaging bio-
markers, we repeated the comparisons between Time 1
and Time 2 in the two study groups without those athletes

Figure 2.

Histograms showing the distribution of number of impacts at dif-

ferent g-force level in (A) Season 1 and (B) Season 2. [Color fig-

ure can be viewed at wileyonlinelibrary.com]
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who were identified to go into concussion protocol in
prior sport seasons. The percentage change of MD, AD,
and RD values in both study groups remained similar,
and all the significant findings between Time 1 and Time
2 remained to be statistically significant (P< 0.05) without
those athletes. Therefore, the four athletes (1 in the noncol-
lar group and 3 in the collar group) who had concussion
history prior to Time 1 were not excluded from the analy-
ses. From Time 2 to Time 3 (off-season), significant
increases in MD, AD, and RD were found in the noncollar
group within the same brain regions that presented signifi-
cant DTI changes during Season 1 (all P< 0.05), but no
changes were seen in the collar-group (Fig. 5 and Table
III). The group difference in DTI metrics in this period
was statistically significant in MD, AD, and RD (all
P< 0.05, see Table III for quantitative values of the per-
centage changes). The analyses were repeated without the
two athletes in the noncollar group who played rugby
during off-season. The percentage change of MD, AD, and
RD values in the noncollar group remained similar, and
all the significant findings between Time 2 and Time 3

remained to be statistically significant (P< 0.05) without
these two athletes. From Time 1 to Time 3 (preseason of
Season 1 vs preseason of Season 2), the decrease in MD,
AD, and RD values in the noncollar group from Season 1
remained statistically significant at Time 3 (all P< 0.05,
Table III). The group differences between the two study
groups were statistically significant in MD and AD meas-
urements (see Table III for quantitative values of the per-
centage changes). From Time 3 to Time 4 (Season 2), the
brain regions that showed significant change during Sea-
son 1 showed no statistically significant percentage differ-
ences, either within or between group, of any four of the
DTI parameters (FA, MD, AD, and RD; Table III).

The result of the longitudinal modeling (Table IV) indi-
cated that the interaction term between group and study
time points (both linear and quadratic term) were signifi-
cant (P< 0.05) for MD, RD and AD but not FA. Examining
further the plot of the least square means (plot not shown)
indicated that, while the collar group as a whole had a rel-
atively linear trend, the noncollar group did not. As a
result we include a quadratic term in the model. The

TABLE II. Head impact statistics (Mann–Whitney U test) in the noncollar and collar groups in the two football

seasons

Season 1

Noncollar (n 5 10) Collar (n 5 12)

Range Median Range Median U value Critical U value P

Total hits >10g 523–3323 1870 213–4954 1716 56 29 0.818
>20g 234–1049 602 327–1574 718 48 29 0.447
>50g 36–218 80 40–289 145 37.5 29 0.147
>100g 2–28 9 2–71 15 38.5 29 0.168
Total g-force >10g 13591–68843 39822 18570–87101 39851 51 29 0.575
>20g 9330–39254 21312 11728–58860 28411 42 29 0.250
>50g 2504–16554 5899 2708–23769 10730 40 29 0.197
>100g 284–3515 1005 242–8342 1827 40 29 0.197
Average g-force >10g 18.63–27.35 22.01 16.26–33.42 24.47 35 29 0.105
>20g 31.19–40.55 36.64 32.45–45.70 37.37 53 29 0.667
>50g 68.36–77.74 73.66 66.01–82.25 71.83 45 29 0.337
>100g 116.66–142.08 124.18 112.19–135.92 124.41 57 29 0.873

Season 2

Noncollar (n 5 7) Collar (n 5 9)

Range Median Range Median U value Critical U value P

Total hits >10g 1436–3522 2581 962–14749 4494 18 10 0.271
>20g 586–1161 818 428–3359 1261 17 10 0.222
>50g 92–292 157 51–713 171 24 10 0.682
>100g 19–53 26 6–97 24 24.5 10 0.726
Total g-force >10g 36089–77986 58121 26637–203635 101277 19 10 0.327
>20g 23473–49724 31940 17836–132870 43787 21 10 0.453
>50g 7025–23269 11939 3775.5–53248 12908 24 10 0.682
>100g 2371–7279 3833.8 830.4–12183 3508 27 10 0.952
Average g-force >10g 18.88–28.16 22.52 13.81–27.69 22.54 24 10 0.682
>20g 22.27–42.83 40.06 33.08–43.99 37.08 16 10 0.184
>50g 75.26–80.13 79.25 72.74–80.95 74.68 17 10 0.222
>100g 124.80–147.45 137.34 123.09–146.16 126.66 16 10 0.184
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noncollar group DTI metrics (MD, AD, and RD) decreased
at Time 2, partially recovered at Time 3, and remained rel-
atively flat after that point (Fig. 5). As the interaction term
was significant for three of the outcomes, we chose to
examine the group difference between time points as out-
lined in the method section above.

New WM Regions Affected in Season 2

As described in the Methods section, TBSS analysis was
repeated in the analysis of the Season 2 data (Time 3 and
Time 4) over the entire WM skeleton. No statistically signifi-
cant DTI change was found in any WM regions at P< 0.05

(TFCE corrected). After we loosen the threshold level to
P< 0.1 (still TFCE corrected), some WM regions showed
decreased MD, AD, or RD value at Time 4 when compared to
Time 3 in the noncollar group only. These WM areas included
primarily the anterior and posterior limb of internal capsule,
anterior coronal radiata, and external capsule (Fig. 6).

No DTI difference was found in the collar group at the
same significance level (P< 0.1, TFCE corrected).

DISCUSSION

Summary of findings: To the best of our knowledge, this
is the first neuroimaging study evaluating brain WM

Figure 3.

WM regions with significant change in DTI measurements

(P< 0.05, TFCE corrected) from pre- to postseason in the non-

collar group (n 5 10) in Season 1. (A) FA (no areas with signifi-

cant change; (B) decrease in MD; (C) decrease in AD; (D)

decrease in RD. The areas with significant DTI change in the non-

collar group include body and splenium of corpus callosum,

internal capsule, superior and posterior corona radiata, posterior

thalamic radiation (including optic radiation), and superior longitu-

dinal fasciculus. This entire region with significant pre- to postsea-

son change in DTI measurements (MD or AD or RD) in the

noncollar group was used in the subsequent region of interest

analyses. [Color figure can be viewed at wileyonlinelibrary.com]
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alterations over the course of two high-school football sea-
sons. In this study, we demonstrated significant reduction
in diffusivity (MD, AD, or RD) in a series of WM regions
in the noncollar group but not in the collar group in Sea-
son 1. Significant DTI changes in the opposite direction in
these regions were found at Time 3 (preseason of Season
2) when compared with Time 2 (post-season in Season 1)
in the noncollar group after an approximately 8-month
long off-season in the areas that were affected in the prior
football season. However, the DTI values in these WM
regions remained significantly lower (in MD, AD, and RD)
in the noncollar group at Time 3 when compared to Time
1 (the baseline of the overall study), indicating the persis-
tent nature of the WM structural alteration despite the 8-

to 9-month long off-season. In addition, in-season WM
alterations, derived from DTI values (decreases in MD,
AD, and/or RD) in the noncollar group, were found in
Season 2 (at trend level of significance) but were located in
regions different from Season 1. Lastly, throughout the
four time points over two competitive football seasons,
WM integrity (based on DTI) remained constant in the col-
lar group. Therefore, if the changes derived from these
neuroimaging findings are due to repetitive head impacts,
our study suggests a potential mitigating effect of the col-
lar against WM changes.

As indicated in the longitudinal model fit, the collar
group and the noncollar group have a different trajectory
across time (Fig. 5). The collar group has a relatively flat

Figure 4.

WM regions with significantly larger pre- to post-season DTI

change ((A) larger FA increase; (B) larger MD decrease; (C)

larger AD decrease; (D) larger RD decrease) in the noncollar

group (n 5 10) than that in the collar group (n 5 13) in Season

1. The areas with significant group difference of longitudinal DTI

change include body and splenium of corpus callosum, internal

capsule, superior and posterior corona radiata, posterior tha-

lamic radiation (including optic radiation), and superior longitudi-

nal fasciculus. [Color figure can be viewed at wileyonlinelibrary.

com]
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shape across time indicating that the change in the DTI score
is relatively unchanged. However, the noncollar group
clearly showed a sharp MD, AD, and RD decrease at Time 2,
followed by a small increase at Time 3, and remains flat
afterward, indicating that there is a variation in change, and
thus, not a complete reversal for this group.

DTI Change in Season 1 (Time 1 Versus Time 2)

A number of neuroimaging studies have reported signif-
icant findings in WM changes based on DTI after only one
season in athletes without concussions [Bazarian et al.,
2012, 2014; Davenport et al., 2014; Koerte et al., 2012; Lao
et al., 2015; Merchant-Borna et al., 2016; Myer et al., 2016].
Our findings in Season 1 were based on a cohort of 10 ath-
letes in the noncollar group and 13 athletes in the collar
group, and replicated findings reported in our prior work
in which larger cohorts (including the athletes in this
study) were used in the analysis [Myer et al., 2016]. Simi-
lar to the parent project, significant pre- to postseason
reduction in diffusivity measures (MD, AD, and/or RD)
was found in this full season in the subgroup of noncol-
lared athletes, but not in those athletes who wore the col-
lar over the competitive football season suggesting a
potential mitigating effect of collar use.

It should be noted that the WM areas with significant
changes as shown in Figure 3 were not identical for different
DTI indices (with some overlap). There are different themes
of DTI changes associated with different WM injury mecha-
nism as suggested in the literature. Animal studies based on
DTI have associated decreased AD with axonal

degeneration and associated increased RD with demyelin-
ation and have suggested that these indices could be used to
differentiate axonal or myelin impairment [Budde et al.,
2008; Song et al., 2003, 2005]. Human studies of chronic TBI
identified regions with decreased FA accompanied by
increased MD and RD and have interpreted these changes
as indication for demyelination and increased water content
[Levin et al., 2008; Cubon et al., 2011; Kinnunen et al., 2011].
In other human studies, increased FA accompanied by
increased AD and decreased RD is attributed to the
increased compression on WM tracts resulted from space-
occupying lesions such as tumors [Yuan et al., 2008]. In this
study, significant reduction in MD, AD, and/or RD
occurred in some WM regions in the noncollar group in Sea-
son 1. A region with AD reduction but without change in
MD, RD, or FA may indicate axonal impairment as sug-
gested in Song et al.’s [2003] study and Budde et al.’s [2008]
study. However, it is difficult to align other patterns of
change, for example, an area with RD reduction but without
FA, MD and AD change, with potential injury mechanism.
Some WM regions had trend level but statistically nonsignif-
icant changes in other DTI indices, for example, FA increase,
overlapping with the areas with significant MD, AD, or RD
reduction, which may be attributed to the low sample size.

DTI Changes Occurred During Off-Season (Time

2 to Time 3 and Time 1 to Time 3)

In a longitudinal study by Bazarian et al. [2014], college
football players were found to have significantly greater
percentage of WM voxels that presented pre- to postseason

Figure 5.

Trajectories of the normalized DTI measures in WM over the

four time points. Individual participants were represented in dif-

ferent colors. The black markers and lines are the average for

all the participants. DTI values were extracted from the WM

regions that showed significant DTI changes in the noncollar

group in Season 1. DTI values are normalized with respect to

the value at Time 1 (preseason of Season 1). The numbers 1–4

along the x-axis denote the four time points. A–D: normalized

MD, AD, RD, and FA respectively, in the noncollar group; E–H:

normalized MD, AD, RD, and FA, respectively, in the collar

group. [Color figure can be viewed at wileyonlinelibrary.com]
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FA and MD changes (in both directions) when compared to
the controls. More interestingly, these athletes were fol-
lowed up and tested again after a 6-month no-contact
period. Significantly greater numbers of voxels with FA and
MD changes between the baseline (preseason) and 6
months after the end of the season were again found in the
football athletes when compared to the controls, implying
the persistence of changes that occurred during the prior
season. Although no direct comparison was reported
between the post-season time point and the 6-month after

season end time point, Bazarian et al. [2014] suggested that
no significant reduction in the difference was found due
mostly to the large variance noted from the trajectory of
alterations in individual athletes during that period. In our
study, the DTI values at the two time-points in the off-
season were compared directly. Although large variance
remains a factor, there was a consistent trend in the trajec-
tories of DTI change in the 10 noncollar athletes during this
period: a decrease in FA, and increase in MD, AD, and RD
in 6, 9, 9, and 8 athletes, reversed in direction from the
change during the prior sport season. This is the first direct
neuroimaging evidence of statistically significant reversal of
WM alteration toward the preseason metrics, occurring dur-
ing an off-season between two consecutive sport seasons.
The off-season period in this study was approximately 8–9
months (256–277 days in the noncollar group; 242–270 days
in the collar group), which is longer than the 6-month
period in Bazarian’s study, which may explain the higher
consistency in the reversal of WM alteration. However, DTI
values remained significantly different (lower MD, AD,
and/or RD) at Time 3 in comparison to Time 1, implying
the persistent nature of the WM changes which is in line
with Bazarian et al.’s [2014] findings. As DTI is an indirect
reflection of the integrity of the structural barriers that
determine diffusion properties, the reversed direction of the
changes in these DTI measures after a noncontact off-
season lends credence to the concept that the observed DTI
alterations signify potential WM injury, or change in the
integrity in WM, with subsequent partial resolution/repair.

It is unclear whether the change observed in the off-
season in this study had completed or was still a “return
to baseline in progress” at Time 3. It would be premature
to reach a conclusion based on the findings of persistent
DTI changes from Bazarian’s study (2014] and this study
that a longer rest period will lead to a full resolution of
the observed changes. It is possible that the reversal of the
changes may plateau soon after the sport season, and thus
were not ever able to reach the baseline level.

TABLE IV. Results of fitting the longitudinal data includ-

ing group by time interaction

Outcomes Effect F value P

MD Group 5.54 0.021
Time 12.74 0.001

Time 3 Time 9.14 0.003
Time 3 Group 10.49 0.002

Time 3 Time 3 Group 10.08 0.002
Mdbl 116 <0.001

AD Group 6.59 0.012
Time 20.92 <0.001

Time 3 Time 15.85 0.001
Time 3 Group 13.13 0.001

Time 3 Time 3 Group 11.97 0.0019
adbl 224.22 <0.001

RD Group 3.05 0.085
Time 6.4 0.014

Time 3 Time 4.49 0.037
Time 3 Group 5.97 0.017

Time 3 Time 3 Group 5.94 0.017
rdbl 108.72 <0.001

A Group 1.17 0.283
Time 0.93 0.337

Time 3 Time 0.64 0.426
Time 3 Group 2.29 0.134

Time 3 Time 3 Group 2.36 0.129
fabl 104.44 <0.001

Figure 6.

White matter regions with trend level pre- to postseason decrease in MD, AD, and/or RD in

the noncollar group in Season 2 (P< 0.1, TFCE corrected for multiple comparison). The white

matter regions involved (blue–light blue) were filled in using tbss_fill in FSL to improve visualiza-

tion. [Color figure can be viewed at wileyonlinelibrary.com]
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Unfortunately, the study methodology of observing high-
school athletes lends to a likely loss to follow-up upon
graduation, thus making (significantly) longer follow-up
time periods difficult to study.

DTI Change in Season 2 (From Time 3 to Time 4)

As described earlier, the athletes in the noncollar group
in this study did not enter Season 2 with the same baseline
DTI measurements as those in the beginning of Season 1.
In the WM regions that showed significant DTI change in
Season 1, part of which remained significantly different at
Time 3 in comparison to Time 1, it was initially hypothe-
sized that a similar pattern of change, that is, MD, AD,
and/or RD reduction, would occur again in these regions
in the new season. However, this working hypothesis was
not substantiated at a statistically significant level. In this
study, counterintuitive to our premise, no significant DTI
change was found in Season 2 within the areas that
showed significant change in Season 1.

A possible cause for the negative finding may be attrib-
uted to the low sample size. Another cause may be due to
the variability in the underlying neurophysiological
responses, as reflected in the various patterns of DTI
changes. In general, lower FA and higher MD, AD, and/
or RD usually are interpreted as damage to the myelin
sheath and axonal membrane, while the change in the
opposite direction (as seen in Season 1 in this study) are
often attributed to extracellular space compression, cyto-
toxic edema (axonal swelling), inflammation or repair
[Barz�o et al., 1997; Niogi and Mukherjee, 2010]. If in fact,
the observed changes were due to repetitive head impacts,
it remains unclear whether WM regions should respond to
repetitive head impacts in the same pattern in the new
season in the brain regions where there were existing
abnormalities or whether the Season 1 changes exhibited a
more prolonged resolution, or were even permanent.
Assuming that new DTI changes would be additive to the
previous abnormalities can be an oversimplification of a
complex system where a number of factors can contribute
to the DTI changes in the WM.

Similarly, in addition to investigating the longitudinal
DTI change in Season 2 within the areas that were found
to present significant change in Season 1, we also tested
whether DTI change occurred in new WM areas in Season
2. As an explorative measure, we adjusted the threshold to
P 5 0.1 to search for WM regions with false negative
results due to the small sample size. Interestingly, new
WM regions with trend level DTI change (P< 0.1, TFCE
corrected) were identified in the noncollar group in Season
2. These regions include primarily anterior limb of internal
capsule, posterior limb of internal capsule, anterior corona
radiata, external capsule, and superior fronto-occipital fas-
ciculus. Although the DTI change in Season 2, as above
mentioned, was tested at a liberal threshold at P< 0.1, as
an exploratory analysis, it is interesting to observe that

DTI values changed in the same direction in Season 2 as
seen in the Season 1 (Fig. 6). Compared to the findings
reported in the literature, the direction of DTI change in
the two seasons studied in this study is in accordance
with many previous studies about patients with mTBI or
in athletes with concussive or subconcussive head impact
[Bazarian et al., 2014, Bartnik-Olson et al., 2014; Henry
et al., 2011; Mayer et al., 2010; Wilde et al., 2012; Zhang
et al., 2010] but in the meantime is also in contrast with
some other studies [Koerte et al., 2012; Mcallister et al.
2014; Murugavel et al., 2014]. As shown in a meta-analysis
by Eierud et al. [2014], the direction of change in DTI
parameters is often affected by the timing of imaging. The
discrepancy may also be attributed to differences in age,
sex, head impact exposure (magnitude, frequency), types
of sports, injury severity, and many other factors. How-
ever, as discussed later, the two study groups in this study
were both small which limited our capacity in pursuing
rigorous statistical analysis. The sample size in this study
limited the generalizability of the findings and thus our
data should be regarded as exploratory rather than
confirmatory.

We found that there was a different distribution of head
impact at different g-force levels between the two seasons
(Supporting Information, Fig. S1). In addition, some ath-
letes (3/7 noncollar athletes who completed both seasons)
changed positions between the two seasons. These may
contribute to the different DTI findings in the two seasons.
However, it should be noted that the underlying mecha-
nism for the difference is still not clear. Currently we are
aware of no other similar study in the literature that com-
pares DTI changes from two consecutive sport seasons.
From those longitudinal studies over one season, some
have reported concurrent DTI change, even in different
directions, located in different WM regions [Bazarian et al.
2012; Merchant-Borna et al., 2016]. In addition, we can
find both supporting and contrasting evidence in current
literature of the locations of the affected WM regions
observed in this study. Our study, combined with existing
literature, lend indirect support to the notion, as suggested
by Bazarian et al. [2014], that neuroimaging at any time
point is merely a snapshot of the consequence of all the
historical events. These events, including subconcussive
and concussive head impacts, may have occurred spatially
and temporally apart, but eventually evolved and contrib-
uted to the quantitative measurement assessed at the time
of imaging.

Potential Effect of the Neck Collar

In this study, participants wearing the compression col-
lar exhibited relatively unchanged WM DTI metrics
through two consecutive football seasons and the inter-
posed off-season. In contrast to the reported DTI altera-
tions in the noncollar group (over the same time period),
there were no significant in-season DTI changes in the
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collar group over the course of the study. This result is
even more impressive considering the collar group seemed
to have experienced more head impact exposure (greater
number of games) although a statistically significant differ-
ence was not found between the two study groups in total
hits or g-force (Fig. 2 and Table II). Importantly, no
adverse events were noted from wearing the collar over
the two competitive football seasons and the durability
and fit was maintained (note: new collars were provided
for Season 2). Based upon the DTI data analyzed in this
study, a potential mitigating effect of the neck collar on
repetitive SCI throughout the course of multiple football
seasons is suggested.

Limitations

This study is limited by several factors. The first limita-
tion is the sample size, especially for the longitudinal com-
parisons in Season 2 (n 5 7 between Time 3 and Time 4 in
the noncollar group). Part of the cause of the attrition in
the second season was due to the graduation of senior
players who participated in the study from Season 1.
Although many variables (e.g., time between last game/
practice and post season imaging; difference in head
impact exposure) have been tested individually for their
potential confounding effect in the initial analysis (and
excluded for subsequent analysis based on the assess-
ment), the small sample size limited the power to reliably
adjust for the effect of these factors and the interactions
between the various potential confounding factors. There-
fore, the findings in this study, especially the findings in
the second season where the results were only at trend
level (P< 0.1), should be interpreted with caution based
on the pilot nature of the longitudinal investigation. The
temporal progression of WM change during off-season
needs further investigation. Participation in other sports
that are associated with the potential for repetitive subcon-
cussive head impacts may have a confounding effect to
the results reported in this study. In this study, a subtle
but statistically significant change was observed during
the off-season in areas where significant changes were
found in Season 1. However, it is not clear whether the
reversal of the change had completed soon after the end of
the sports season, or whether it was still a “change in pro-
gress” at the time of assessment (at the end of the off-sea-
son). New studies with more follow-up assessments and
shorter intervals during the off-season are needed. Third,
we did not have a nonsporting/nonhead impact control
group to determine what changes could be considered
maturational. On the other hand, DTI change as the results
of normal white matter development is not likely a signifi-
cant confounding factor in this study. Developmental
change in DTI occurs mostly during the first 1–3 years in
life, including an increase in FA and a decrease in MD/
AD/RD and typically plateau after age 4–5 yrs. There are
voxel based analyses that showed DTI continues to change

in teenage years, however these changes are very subtle
and typically reported over a year or longer. While the
authors cannot exclude the potential confounding effect of
developmental change during an approximately 3-month
period in either of the two sports seasons in this study,
this interval is still considered too short to present mean-
ingful developmental change. In addition, it should be
noted that the two study groups in this study were com-
parable in age at all four time points as well as in the time
interval between pre- and postseason season in both sea-
sons, which should help to mitigate any potential con-
founding effect of normal white matter developmental
change. For the 8–9 month off-season period between
Time 2 and Time 3, the changes observed in the noncollar
group during this period were increases in MD/AD/RD,
opposite to the direction of developmental change. In
addition, the noncollar group had a longer off-season
period (Collar group: range 5 242–270 days, median 5 252
days; noncollar group: range 5 256–277 days, median 5 263
days, P 5 0.024), which in theory should allow for more
change in the DTI measures (increase in FA and/or
decrease in MD, AD, or RD at this age range) when com-
pared to the collar group. Again, the direction of DTI
change in the noncollar group (increase in MD/AD/RD)
and the absence of DTI change in the collar group during
the off-season in this study suggest that the contrast
between the two groups in the DTI change cannot be
attributed to developmental changes. Fourth, although we
corrected for the potential of error from multiple compari-
sons in the voxel-based TBSS analysis, we did not correct
for the multiple comparison error across different DTI var-
iables or in the ROI-based comparisons. This was again
due to the limitation in sample size. Nevertheless, the con-
sistent findings in this study (across participants, across
different variables) adds to the developing data in sports-
related head injury regarding the longitudinal changes in
WM integrity derived from DTI, the temporal and spatial
patterns of these changes, as well as the contrast between
the athletes with and without the collar effect in mitigating
WM alteration. The authors acknowledge the potential for
spurious head impact measurement based on accelerome-
try of the helmet, and not the head (e.g., pounding helmet
on ground while not on head) despite the effort in stan-
dardizing head impact measurement between study
groups. While prior studies have indicated that GForce
Tracker affixed in helmets can provide suitable impact-
monitoring, the authors acknowledge the potential for up
to 10–40% error as has been suggested in the literature in
accelerometry measures with GForce Tracker [Allison
et al., 2015; Campbell et al., 2016]. Further efforts to
achieve technology development and algorithmic solutions
to accelerometry measurement error, for example, combin-
ing and synchronizing video information with wearable
sensor recording to cross-verify head impact events
[Cortes et al., 2017], are needed in future studies. On the
other hand, the two teams selected were similar and two
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spotters were present at each game and practice. This is
believed to have helped minimize the collection of errone-
ous data and ensure that the relative error was consistent
between study groups. Scanner test–retest reliability over
the 1–2 years period in this study was not assessed, which
could be another potential confounding factor. Similarly,
the inclusion of two comparable teams ensured that the
relative error was similar between the two groups and can
be controlled for in the group comparison. Nevertheless,
the scan stability in future longitudinal analysis with long
duration should be quantified with either phantom or
human phantom and used as covariate as needed in the
data analysis. Lastly, there may be other differences that
occurred during the course of the football season that
might have explained the observed changes in MRIs. Stud-
ies of noncontact, noncollision sport athletes have also
shown changes in MRI parameters including WM volume,
gray matter volume, anisotropic diffusion, among others
[H€anggi et al., 2010; Di et al., 2012; Freund et al., 2012].
Therefore, we are reluctant to solely and exclusively attri-
bute all findings to repetitive subconcussive brain injuries.
The authors acknowledge that future, larger scale, longer
term clinical trials are needed to replicate the progression
and restoration patterns in WM observed in this study,
and more importantly, to assess the generalizability of the
findings and conclusions over additional factors, for exam-
ple, athletes with varying concussion histories, both helmet
and nonhelmet sports, both male and female athletes, and
athletes at different age ranges (high school, collegiate,
and professional).

CONCLUSION

WM structural changes derived from DTI were found
over a single season of American football in high-school
athletes, potentially related to repetitive head impact expe-
rienced during the season. Our data demonstrated that
these WM changes partially reversed after an 8- to 9-
month off-season, but remained significantly altered before
the new season started. In addition, these WM alterations
were found to be mitigated by wearing a neck collar that
results in a slight increase in jugular venous impedance
and pressure. If the described WM changes are due to
repetitive subconcussive impacts (as surmised), and corre-
late with subsequent clinical changes, this collar device
might represent a strategy that could reduce the risk of
long-term sequelae resulting from subconcussive impacts.
Future, larger scale, longer term clinical trials are war-
ranted to evaluate this hypothesis.
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