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Abstract

Purpose: To quantify the effects of an externally worn collar device for mitigating the influence
of repetitive head impacts on alterations to diffusion tensor imaging (DTI) metrics of white matter.
Methods: Fifteen female high-school soccer athletes (age: 14.00-16.98 yrs) completed pre- and
post-season DTI over two consecutive years, including measures of diffusivity, changes in which
may be associated with brain dysfunction. The collar was worn during year 1 (Yrl) but not during
year 2 (Yr2). Athlete exposures (AEs) and head impact exposure were recorded over the
competitive seasons.

Results: There were no significant differences in AEs or head impact exposures between Yrl and
Yr2 (p >0.05). In Yr2, there was significant pre- to post-season mean diffusivity and/or axial
diffusivity reduction in multiple WM regions (corrected p< 0.05). Pre- to post-season mean
diffusivity, axial diffusivity, and radial diffusivity decreases were 3.04 + 2.53%, 2.97 £ 2.194%,
and 3.37 £ 3.34%, respectively, significantly greater than pre- to post-season changes in Yrl (mean
diffusivity: -0.31 £ 1.78%, p = 0.0014; axial diffusivity: -0.02 + 2.25%. p = 0.0014; radial
diffusivity: -0.63 + 2.10%, p = 0.0030).

Conclusions: Mild bilateral compression to athletes’ internal jugular vein through collar
application may have increased intracranial blood volume and spatially redistributed head-impact-
derived brain energy absorption. However, future research is needed to elucidate the potential

clinical significance of WM changes of various degrees.

Clinical Trails Registration: NCT03014492

Key Words: soccer, brain injury, DTI, female athletes, White matter
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Introduction

Girls’ high school soccer has become increasingly popular over the past 20 years, with
participation increasing from 226,636 athletes in the 1996-97 school year to 388,339 athletes (a
58% increase) in the 2016-17 school year (NFHS 2015; NFHS 2017). FIFA reports 30 million
female players worldwide, with a goal to increase this to 60 million by 2026 (FIFA 2020). This
growth is reflected in the overall popularity of the sport, as it consistently remains the 4" most
popular high school sport for girls, behind only track and field, volleyball, and basketball (NFHS
2017) As the popularity of the sport has increased, so has the concussion injury rate (Khodaee et
al. 2017). Itis difficult to determine whether this increase is due to more aggressive play, improved
symptom recognition, or factors unique to female athletes (e.g. overall strength, neck strength,
body size, etc.). A review of concussion etiology in girls’ high school soccer showed that 51.3%
of concussions occurred in athlete-athlete contact situations; contact with another player accounted
for 61.9% of concussions sustained in heading situations (Comstock et al. 2015). In addition to
increased concussion diagnoses, there is increased scrutiny on impacts to the head that do not result
in a clinically diagnosable concussion. On their own, these hits, termed sub-concussive impacts
(SCI), might not pose significant risk to an athlete after each individual event, but can be
cumulatively detrimental (Bahrami et al. 2016; Bazarian et al. 2014; Davenport et al. 2014). The
emergence of neuroimaging techniques has made examining the impacts of these potential injuries
more viable to researchers. One such method, known as diffusion tensor imaging (DTI), has been
used to evaluate the integrity of white matter (WM) tracts following repetitive SCI (Bailes et al.

2013; Slobounov et al. 2017; Strain et al. 2017).

Asymptomatic athletes may experience objective neurological deficits following repetitive

sports-related head impacts (Montenigro et al. 2017). Any disturbance of the brain’s white matter
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may result in cognitive dysfunction; this disturbance can be seen on DTI as changes in diffusion,
either increased or decreased, both of which may indicate abnormality in brain function. DTI has
demonstrated efficacy in evaluating asymptomatic athletes for microstructural alterations of WM
following repetitive SCI (Bahrami et al. 2016; Myer et al. 2016a; Myer et al. 2016b; Yuan et al.
2018a) and allows for an objective evaluation of microscale WM alterations from these impacts.
For instance, soccer headers was associated with altered microstructural integrity of temporo-
occipital WM tracts that correlated with inferior memory scores in asymptomatic adults playing
soccer (Lipton et al. 2013a; Lipton et al. 2013b; Rubin et al. 2018). A previous study of
asymptomatic high school girl soccer athletes, using both DTI and fMRI, also demonstrated
microstructural WM changes following a single season of competitive play, with partial recovery
seen 3 months post-season (Yuan et al. 2018b). A relatively small but growing body of literature
has documented that maturational WM DT]I changes are seen throughout childhood development
and continue more slowly through adolescence, with some stability occurring in young adulthood
(Tamnes et al. 2017). In general, normal maturation related increases in fractional anisotropy and
decreases in radial diffusivity and mean diffusivity, are noted in most WM regions, with variable
and more minimal changes in axial diffusivity. This may represent increased myelination, axonal
density, and fiber compactness occurring with brain maturation (Bava et al. 2010). How regular
competitive sport play or concussive and SCI alter this normal maturation process is unknown.
Diffusivity metrics (radial diffusivity, mean diffusivity, axial diffusivity) have been found to be
more sensitive than FA values in detecting sports related head impact changes, with most (but not
all) studies demonstrating diffusivity decreases (Myer et al. 2018; Myer et al. 2016a; Myer et al.

2016b; Yuan et al. 2018a).
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DTI uses four metrics to evaluate WM alterations: fractional anisotropy, mean diffusivity,
radial diffusivity and axial diffusivity. Fractional anisotropy represents the normalized variance of
three eigenvalues, which is an index for the degree of diffusion directionality. Mean diffusivity is
the average of the three eigenvalues. The axial diffusivity is the eigenvalue along the principle
eigenvector; radial diffusivity is the average of the eigenvalues along the two other eigenvectors.
Alterations in diffusivity metrics have been associated with a range of neurologic sequala,
including multiple sclerosis, Alzheimer’s disease, and chronic traumatic brain injury (Kantarci et
al. 2017; Kraus et al. 2007). Research indicates that fractional anisotropy, more generally, reflects
axonal integrity and the degree of myelination; whereas axial diffusivity , more specifically,
provides a measure of axonal injury and radial diffusivity characterizes myelin abnormalities
(Arfanakis et al. 2002; Harsan et al. 2006; Pierpaoli et al. 2001; Song et al. 2002). Of these
measures, mean diffusivity, axial diffusivity , and radial diffusivity generate consistent findings in

detecting WM alterations in contact sport athletes (Henry et al. 2011).

To mitigate these effects, a novel internal jugular vein compression collar was designed to
increase intracranial blood volume and reduce differential brain motion from head impacts (Smith
et al. 2012a). Internally minimizing the movement of the brain fluids can limit the intracranial
absorption of collision energy via elastic energy transfer. A type of internal brain cushioning
appears to occur in g-force tolerant organisms via modulated intracranial volume and pressure
(Myer et al. 2014; Smith et al. 2012b; Smith et al. 2013; Turner et al. 2012). We reasoned that
inducing mild dilation of cerebral veins (like that brought on by a yawn) may induce similar
internal cushioning, using the brain’s vascular system to reduce inelastic energy absorption upon
head impact. The internal jugular vein compression collar (worn on the neck) was designed to

promote cerebral vein filling by gently compressing the jugular veins, “taking up” the
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compensatory reserve volume of the cranial space. Previous studies have shown significant pre-
to post-season alterations in DTI measures for those who did not wear the collar, but not in those
who wore the collar during their athletic seasons (Myer et al. 2016a; Myer et al. 2016b; Yuan et
al. 2018a). However, none of these studies has investigated the collar effect within the same cohort

of athletes based on longitudinal data from different seasons.(Myer et al. 2019)

In the present study, we employed a two phase study design to capitalize on the unique
opportunity to follow a cohort of athletes longitudinally, in which the collar was worn in year 1
(Yrl) and not worn in year 2 (Yr2). The purpose of the study was to quantify the effects of the
collar device for mitigating the influence of repetitive head impacts on alterations to DTI metrics.
This was accomplished by deconstructing inter-subject differences using a prospective, single
cohort, longitudinal, self-control study design. We hypothesized greater pre- to post-season
alterations in DTI-derived metrics of white matter during Yr2 (no intervention; collar not worn)

compared to Yrl (intervention; collar worn).

Methods

A cohort of 15 female high school soccer athletes were recruited from a local high school team,
as part of a prospective longitudinal imaging study (age 16.7+0.9 years; height 163.2+5.4 cm;
weight 59.8+8.1 kg). All athletes in this study participated in a two-year two-stage study design,
in which they wore the collar device, during all practices and games in Yrl (Myer et al. 2019) but
not in Yr2. Phase Il, reported here, is a single cohort, longitudinal, self-control study. All
participants underwent MRI at pre- and post-season in both Yrl and Yr2.

The study was approved by the local Institutional Review Board. Parents/guardians and

athletes provided written informed consent and assent prior to participation. Exclusion criteria for
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study participation included: inability to provide written consent, history of neurological deficits,
previous cerebral infarction, severe head trauma, known increased intracranial pressure, metabolic
acidosis or alkalosis, glaucoma (narrow angle or normal tension), hydrocephalus, recent (< 6
months) penetrating brain trauma, known carotid hypersensitivity, central vein thrombosis, known
airway obstruction, or seizure disorder. Of the 15 participants, two were excluded from pre- to
post-season comparison of DTI indices in Yrl due to excessive head motion in the scan; final
imaging analysis for Yrl was based on imaging data from 13 participants. All 15 participants had
valid scans at both pre- and post-season in Yr2 and were included in analysis of within-group pre-
to post-season DTI change in Yr2. One participant experienced a diagnosed concussion during the
study period, occurring in Yrl. Comparison of pre- to post-season DTI changes between the two
years was based on data from 13 participants who completed MRI at all four time points.

At the first fitting of the collar in Yrl, a vascular technologist used ultrasound to ensure correct
collar fitting and that jugular distension was achieved (Myer et al. 2016b). Following initial fitting,
each athlete received instruction on proper device use for games and practices; in addition, follow
up education and adjustment was made upon athlete request. Compliance of athlete attendance for
the session (exposure), as well as collar wear compliance, was tracked through a custom designed

app. There was 100% collar-wear compliance for games and practices throughout Yr1.

Each participant wore an X Patch accelerometer (X2 Biosystems; Seattle, Washington),
during practices and competition. X2 is a small and durable device that is attached to the back of
the neck behind the ear to track impacts, and it stores data for uploading to a PC. This X2
accelerometer accurately measures the severity of impacts by converting data such as high impact
collision into usable data outputs. X2 data will be used in final analysis to normalize the exposures

to potential concussive events. All impacts of greater than 10 g-force will be recorded and utilized
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in the post-season analyses. Total g-force is the cumulative g-forces over the course of the season.
Average g-force is the average force per impact (i.e., total g-force / the # of impacts over the course
of the season).

All MRI data were acquired on a 3 Tesla Phillips Ingenia MRI scanner (Philips Medical
Systems, Best, Netherlands), using a 32-channel head coil across all four time points. In both
seasons, a similar single-shot EPI sequence was used in acquiring DTI data. In Yrl, the DTI
sequence specifications were as follows: TR/TE = 8788/97 msec; field of view = 256 x 256 mm;
acquisition matrix: 128 x 128; slice thickness = 2mm; voxel size = 2 x 2 x2 mm; number of slices
= 68; SENSE factor = 3; number of non-colinear number of diffusion weighting directions = 61;
diffusion weighting factor b-value = 1000 s/mm?; number of non-diffusion weighted images (b0)
=7.1In Yr2, the DTI sequence adopted a 64-direction gradient table, with the other parameters
(TR, TE, FOV, matrix, b-value) remaining the same as those used in Yrl. To assess the potential
effect of sequence difference, we also acquired DTI data at post-season in Yr2, using the same
DTI sequence as that in Yrl. Using the same approach as later applied in the data analysis, no
significant differences were found between the data acquired with the two slightly different DTI
sequences based on the two datasets acquired from the 15 participants at the post-season time point
of Yr2. At all four time points, a high-resolution 3D T1-weighted anatomical data set (voxel size
=1x 1 x 1 mm) 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 imaging data processing and analysis. Processed DTI

parameters included fractional anisotropy, mean diffusivity, axial diffusivity, and radial
diffusivity. The Tract-Based Spatial Statistics(Smith et al. 2006) approach was used in assessment

of within group pre- to post-season DTI alterations in both Yrl, when all participants wore the
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collar device during practices and games, and in Yr2, when all participants practiced and played
without the collar device. TBSS analysis was also used in assessment of pre- to post-season group
difference, between Yrl and Yr2. The “randomise” function, a FSL procedure for nonparametric
permutation inference on statistical maps of imaging data that has unknown null-distribution, was
used to generate null distribution to allow for modelling and inference using GLM design (Winkler
et al. 2014). 5000 permutations were used in all statistical analyses. Multiple-comparison
correction was achieved through the threshold-free cluster enhancement (TFCE (Smith and

Nichols 2009)) method incorporated into the “randomize” procedure in FSL.

As the first step in the analysis, for both Yrl (n=13) and Yr2 (n=15), we performed voxel-wise
analysis using the TBSS approach to calculate the pre- to post-season difference in DTI and tested
the statistical significance of within-year pre- to post-season change based on one-sample t-test
(which is equivalent to running a paired t-test in FSL) using the pre- to post-season difference DTI
maps. This analysis was also repeated on the 13 athletes in Yr2. Since the findings were similar,
only the results based on data from all 15 participants are included in the final reports for Yr2.
Group difference of pre- to post-season change between Yrl and Yr2 was calculated based on DTI
data from the 13 participants who completed MRI scans at all four time points. In the second step
in the analysis, DTI values were extracted from the WM area with significant pre- to post-season
difference in Yr2 (the non-collar season) from the 13 subjects who had imaging data at all four
time points. The pre- to post-season percentage changes were calculated for both Yrl and Yr2 with
the statistical significance of the year to year difference examined with paired t-test. Third, in
addition to comparing the pre- to post-season percentage DTI change between the two years using
data extracted from the significant regions as determined by the findings from the Yr2 (non-collar

year), we also ran the voxel-wise analysis using the TBSS approach (still within the significant

11
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regions from Yr2) to compare the Yrl with Yr2. In this analysis, a difference map was calculated
between the DTI changes in Yrl and DTI changes in Yr2 and a one-sample t-test was used to test

whether the longitudinal changes in Yrl was significantly different from Yr2.

In voxel-based TBSS analysis of group difference of pre- to post-season DTI change, in order
to reduce multiple comparison penalty, area for comparison was limited to WM regions that
presented pre- to post-season DTI change (mean diffusivity, axial diffusivity , radial diffusivity,
or fractional anisotropy at corrected p < 0.1) in Yr2. The threshold of p-level of 0.1 (corrected)
was set subjectively and was selected to be more inclusive, while limiting the comparison to areas
with at least trend level changes. The localization of the WM regions that presented either within-
group, significant pre- to post-season DTI alteration in Yr2 or significant between-group difference
of pre- to post-season alteration between Yrl and Yr2 was determined based on the John Hopkins

University WM tractography atlas (Hua et al. 2008).

To further explore and localize WM regions that were affected but could be protected by the
collar device after a full season of exposure to repetitive head impact, a voxel-wise group
comparison was made between pre- to post-season DTI change between Yrl, when participants
wore the collar, and Yr2, when the cohort did not wear the collar. Comparison was made along the
WM skeleton in the WM regions that presented pre- to post-season DTI change (fractional
anisotropy, mean diffusivity, axial diffusivity, or radial diffusivity change at corrected p level of

0.1)in Yr2.

Wilcoxon signed-rank test was used to test the difference of head impact exposure, in number
of head impacts, average g-force, and cumulative g-force, at different g-force thresholds between
Yrl and Yr2 among the 13 participants who completed MRI at all four time points. Pearson

correlation was used to test whether the significant DTI changes observed between the pre- and
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post-season time points in Yr2 was associated with exposure to repetitive head impacts
experienced in Yr2. DTI median values (fractional anisotropy, mean diffusivity, axial diffusivity,
and radial diffusivity) were extracted from brain regions that presented significant pre- to post-

season alteration in Yr2 and were used in the correlation analysis.

Results

No significant differences were found in head impact exposure parameters (including number
of head impacts, cumulative G-forces, and average G-force/impact) between Yrl and Yr2
(Wilcoxon signed-rank test, all p > 0.05). Detailed descriptive statistics at different G-force
thresholds can be found in Table 1. AE exposures in year 1 (mean + 1standard deviation) 48.38

+5.867 were also not different from the AEs measured in follow-up year (47.92 £7.158; p=0.857).

No significant pre- to post-season DTI changes were found in any WM region during Yrl. In
Yr2, significant pre- to post-season reduction was found in mean diffusivity, axial diffusivity ,
and/or radial diffusivity in a series of WM regions, including the anterior thalamic radiation,
cortical spinal tract, forceps major, inferior fronto-occipital fasciculus, inferior longitudinal
fasciculus, and superior longitudinal fasciculus (Figure 1, p < 0.05, TFCE corrected; Table 2).
There was a trend of fractional anisotropy increase that involved similar WM regions (only

significant at p = 0.1, corrected).

Within significant regions, pre- to post-season percentage decreases in mean diffusivity, axial
diffusivity, and radial diffusivity were 3.04 + 2.53%, 2.97 + 2.194%, and 3.37 + 3.34%,
respectively. Changes during Yr2 were significantly greater than pre- to post-season changes
within the same areas during Yrl (mean diffusivity: -0.31 + 1.78%, p = 0.0014, Cohen’s d=1.15;

axial diffusivity: -0.02 £+ 2.25%. p = 0.0049, Cohen’s d=0.96; radial diffusivity: -0.63 + 2.10%, p

13
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= 0.0030, Cohen’s d = 1.03; paired t-tests). There was no significant group difference in the

percentage change in fractional anisotropy (p = 0.13).

As shown in Figure 2, significantly greater mean diffusivity, axial diffusivity, and radial
diffusivity reduction and/or fractional anisotropy increase (p < 0.05, corrected) were found in WM
regions in Yr2 when compared to Yrl. These WM regions include right anterior thalamic radiation,
right cortical spinal tract, cingulum, forceps major, right inferior fronto-occipital fasciculus, right
inferior longitudinal fasciculus, and right superior longitudinal fasciculus (Table 3).

Across different G-force thresholds (G-force > 10g, 20g, 50g, or 100g), no significant
correlation was found between head impact exposure and the significant DTI changes found in
pre- to post-season comparisons reported in yr 2.

Discussion

This study demonstrates that microstructural changes were present in multiple WM tracts
following a normal season of high school girls’ soccer, without clinical evidence of brain trauma
or concussion. The same cohort of participants did not present with any alterations in these WM

regions in the prior season when a collar was worn.

Results of this study support prior findings of DTI WM alterations in soccer players
without clinical symptoms of concussion. In a study comparing young adult male soccer players
to similar age and handedness swimmers, increased radial diffusivity was found in multiple WM
areas of soccer players, as was higher corpus callosum axial diffusivity ; fractional anisotropy did
not show significant differences between groups (Koerte et al. 2012). Research with non-
concussed female soccer players has shown significant mean diffusivity, axial diffusivity , and

radial diffusivity changes over one season (Myer et al. 2019). These changes partially resolved 3
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months after season’s end, and while the length of time that changes are present is concerning,

how this impacts cognitive function remains unknown.

There is growing evidence of WM changes in concussion that persist after concussion
symptoms have resolved. A study of adolescent youth with sports-related concussion showed
significant whole-brain fractional anisotropy increases and mean diffusivity decreases, two months
after injury (Virji-Babul et al. 2013). In that same cohort, fractional anisotropy and mean
diffusivity changes were associated with lower Sports Concussion Assessment Tool 2 scores
(Virji-Babul et al. 2013). DTI changes have been documented in pediatric athletes with cognitive
and behavioral symptoms, compared to asymptomatic athletes, 3-12 months after sport-related

concussion (Bartnik-Olson et al. 2014).

The normal WM developmental changes can complicate DTI analysis of pathologic states
in children and adolescents. This becomes particularly challenging in assessing sports related head
impacts, with the changes seen likely reflecting impact related WM alterations acquired over the
entire season (accumulated acute, subacute and chronic injuries) as well as maturation related
changes. In this study, we longitudinally evaluated the same subjects over two consecutive sports
seasons. We expect that developmental changes in WM DTI metrics would be present over both
seasons and be relatively minor (compared with earlier childhood development). Thus, the
difference in the pre- to post-season changes in DTI metrics between the two seasons would likely

represent the effects of the intervention (collar wearing).

Previous research has demonstrated that, despite similar quantities and magnitudes of head
impacts, a non-collar wearing group showed significant WM changes pre- to post-season, whereas

those wearing the collar did not show significant alterations (Myer et al. 2016b). Additionally, a

15
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significant relationship was found between head impact exposure experienced during the season
and pre- to post-season DTI changes in the non-collar group. In this study, the absence of the
collar in Yr2 was associated with DTI changes similar to the non-collar group in Yrl. This finding
lends additional support to the concept that collar wearing limits head impact related DTI changes
in female soccer players. It should be noted that the cross-over design in the present study was
based on the assumption that collar wearing in Yrl does not impact presence or absence of
response in Yr2. Whether a season of wearing the collar device offered any potential persistent
effect for WM protection in the next season, or whether the changes as found in Yr2 in the present
study would have been greater without the device in Yrl, are questions that warrant further

investigation.

Strengths of this study are the cohort and study design itself, with two years of high school
soccer season data on head impacts, injury exposure, and repeat imaging on the same 13 subjects.
A limitation of the study was the inability to monitor subjects year-round for head injury exposure.
While the longitudinal study design from one season to the next allows for each subject to serve
as their own control, there was potential for differences in skill and musculoskeletal development
that might affect type and magnitude of head impact exposure. However, magnitude and quantity
of head impact exposures were monitored closely for every game and practice and were similar
for the current study participants. Optimally, a true control group would be beneficial in study
design. A second limitation is the clinical relevance of these study findings, specifically the
opportunity to link DTI derived metrics with clinical outcomes in future research. Additionally,
the current report is not powered to do region of interest analysis by DTI; this is an area for future
study and replication of the current results. Although we have previously described ultrasound

procedure for fitting the collar device (12), it is not practically possible at this time to measure
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jugular distention with the collar device during strenuous activity, and there is no evidence that the
distention is maintained during these activities. This a goal of future research where we can do
cerebrovascular flow during exercise with multi-vascular technologies, such as fNIRS. Finally, as
reported in the manuscript, there was a significant pre- to post-season DTI alteration in Yr2 when
the athletes did not wear the collar device. While the magnitude of change based on percentage
difference is only at the level of ~3%, the effect size as reflected in the comparisons suggest that
these changes are clinically important and warrant further investigation in a larger scale

prospective study..

Implications for Clinical Practice

This study shows that despite comparable exposure to repetitive head impacts in two sports
seasons, participants demonstrated significant WM diffusivity reductions when they did not wear
the jugular vein compression collar. By contrast, no similar changes were evidenced when the
same cohort wore the device during practices and games in their previous competitive season. This
further documents that WM changes can occur in normal sport seasons without clinical symptoms
of concussion. The difference in WM alterations observed between the two seasons suggests this
may be related to a neuroprotective effect of increased blood volume, achieved via jugular vein
compression, by reducing energy absorption in the brain from head impacts. Further investigation
is needed to study whether WM changes seen in girls’ high school soccer play is associated with
long-term cognitive deficits and whether the study findings are generalizable in different age

ranges or sports, where the profiles of head impact are different.

17



381
382
383
384
385
386
387
388

389
390
391

392
393
394

395
396

397
398

399
400
401

402
403

404
405

406
407
408

409
410

411
412
413

414
415

416
417
418

References:

Arfanakis K, Haughton VM, Carew JD, Rogers BP, Dempsey RJ, Meyerand ME (2002)
Diffusion tensor MR imaging in diffuse axonal injury American Journal of
Neuroradiology 23:794-802

Bahrami N et al. (2016) Subconcussive Head Impact Exposure and White Matter Tract Changes
over a Single Season of Youth Football Radiology 281:919-926
doi:10.1148/radiol.2016160564

Bailes JE, Petraglia AL, Omalu BI, Nauman E, Talavage T (2013) Role of subconcussion in
repetitive mild traumatic brain injury Journal of neurosurgery 119:1235-1245
d0i:10.3171/2013.7.jns121822

Bartnik-Olson BL, Holshouser B, Wang H, Grube M, Tong K, Wong V, Ashwal S (2014)
Impaired neurovascular unit function contributes to persistent symptoms after
concussion: a pilot study J Neurotrauma 31:1497-1506 doi:10.1089/neu.2013.3213

Bava S, Thayer R, Jacobus J, Ward M, Jernigan TL, Tapert SF (2010) Longitudinal
characterization of white matter maturation during adolescence Brain Res 1327:38-46

Bazarian JJ et al. (2014) Persistent, long-term cerebral white matter changes after sports-related
repetitive head impacts PloS one 9:e94734

Comstock RD, Currie DW, Pierpoint LA, Grubenhoff JA, Fields SK (2015) An Evidence-Based
Discussion of Heading the Ball and Concussions in High School Soccer JAMA pediatrics
169:830-837 doi:10.1001/jamapediatrics.2015.1062

Davenport EM et al. (2014) Abnormal white matter integrity related to head impact exposure in a
season of high school varsity football J Neurotrauma 31:1617-1624

FIFA (2020) Women's Football Strategy. FIFA. https://www.fifa.com/womens-football/strategy/.
Accessed 10/26/2022 2020

Harsan LA et al. (2006) Brain dysmyelination and recovery assessment by noninvasive in vivo
diffusion tensor magnetic resonance imaging Journal of neuroscience research 83:392-
402

Henry LC et al. (2011) Acute and chronic changes in diffusivity measures after sports
concussion J Neurotrauma 28:2049-2059 doi:10.1089/neu.2011.1836

Hua K et al. (2008) Tract probability maps in stereotaxic spaces: analyses of white matter
anatomy and tract-specific quantification Neurolmage 39:336-347
doi:10.1016/j.neuroimage.2007.07.053

Kantarci K et al. (2017) White-matter integrity on DTI and the pathologic staging of Alzheimer's
disease Neurobiology of aging 56:172-179

Khodaee M, Currie DW, Asif IM, Comstock RD (2017) Nine-year study of US high school
soccer injuries: data from a national sports injury surveillance programme Br J Sports
Med 51:185-193 doi:10.1136/bjsports-2015-095946

18


https://www.fifa.com/womens-football/strategy/

419
420
421

422
423
424

425
426
427

428
429
430

431
432
433

434
435
436
437

438
439
440

441
442
443

444
445
446
447

448
449
450
451

452
453
454
455

Koerte IK, Ertl-Wagner B, Reiser M, Zafonte R, Shenton ME (2012) White matter integrity in
the brains of professional soccer players without a symptomatic concussion JAMA
308:1859-1861 doi:10.1001/jama.2012.13735

Kraus MF, Susmaras T, Caughlin BP, Walker CJ, Sweeney JA, Little DM (2007) White matter
integrity and cognition in chronic traumatic brain injury: a diffusion tensor imaging study
Brain : a journal of neurology 130:2508-2519

Lipton ML, Kim N, Zimmerman ME, Kim M, Stewart WF, Branch CA, Lipton RB (2013a)
Soccer heading is associated with white matter microstructural and cognitive
abnormalities Radiology 268:850-857 d0i:10.1148/radiol.13130545

Lipton ML, Kim N, Zimmerman ME, Kim M, Stewart WF, Branch CA, Lipton RB (2013b)
Soccer heading is associated with white matter microstructural and cognitive
abnormalities Radiology 268:850-857

Montenigro PH et al. (2017) Cumulative head impact exposure predicts later-life depression,
apathy, executive dysfunction, and cognitive impairment in former high school and
college football players Journal of neurotrauma 34:328-340

Myer GD et al. (2019) Altered brain microstructure in association with repetitive subconcussive
head impacts and the potential protective effect of jugular vein compression: a
longitudinal study of female soccer athletes Br J Sports Med 53:1539-1551
doi:10.1136/bjsports-2018-099571

Myer GD et al. (2018) Altered brain microstructure associated with repetitive sub-concussive
head impacts and prophylactic effect of jugular vein compression collar wear:
Longitudinal study in female soccer players Br J Sports Med In Press

Myer GD et al. (2014) Rates of concussion are lower in National Football League games played
at higher altitudes The Journal of orthopaedic and sports physical therapy 44:164-172
d0i:10.2519/jospt.2014.5298

Myer GD et al. (2016a) The Effects of External Jugular Compression Applied during Head
Impact Exposure on Longitudinal Changes in Brain Neuroanatomical and
Neurophysiological Biomarkers: A Preliminary Investigation Frontiers in neurology 7:74
doi:10.3389/fneur.2016.00074

Myer GD et al. (2016b) Analysis of head impact exposure and brain microstructure response in a
season-long application of a jugular vein compression collar: a prospective,
neuroimaging investigation in American football Br J Sports Med 50:1276-1285
doi:10.1136/bjsports-2016-096134

NFHS (2015) 1969-2014 High School Athletics Participation Survey. National Federation of
State High School Associations
http://www.nfhs.org/ParticipationStatics/PDF/Participation Survey History Book.pdf.
Accessed April 6, 2018

19


http://www.nfhs.org/ParticipationStatics/PDF/Participation%20Survey%20History%20Book.pdf

456
457
458

459
460
461

462
463

464
465
466

467
468
469

470
471
472

473
474
475
476

477
478

479
480
481

482
483
484

485
486
487

488
489
490

491
492
493

NFHS (2017) 2016-17 High School Athletics Participation Survey. National Federation of State
High School Associations. http://www.nfhs.org/ParticipationStatistics/PDF/2016-
17 Participation_Survey Results.pdf. Accessed April 6, 2018 2018

Pierpaoli C, Barnett A, Pajevic S, Chen R, Penix L, Virta A, Basser P (2001) Water diffusion
changes in Wallerian degeneration and their dependence on white matter architecture
Neurolmage 13:1174-1185

Rubin TG et al. (2018) MRI-defined white matter microstructural alteration associated with
soccer heading is more extensive in women than men Radiology 289:478-486

Slobounov SM et al. (2017) The effect of repetitive subconcussive collisions on brain integrity in
collegiate football players over a single football season: a multi-modal neuroimaging
study Neuroimage: clinical 14:708-718

Smith DW, Bailes JE, Fisher JA, Robles J, Turner RC, Mills JD (2012a) Internal jugular vein
compression mitigates traumatic axonal injury in a rat model by reducing the intracranial
slosh effect Neurosurgery 70:740-746 doi:10.1227/NEU.0b013e318235b991

Smith DW, Bailes JE, Fisher JA, Robles J, Turner RC, Mills JD (2012b) Internal jugular vein
compression mitigates traumatic axonal injury in a rat model by reducing the intracranial
slosh effect Neurosurgery 70:740-746 doi:10.1227/NEU.0b013e318235h991

Smith DW, Myer GD, Currie DW, Comstock RD, Clark JF, Bailes JE (2013) Altitude Modulates
Concussion Incidence: Implications for Optimizing Brain Compliance to Prevent Brain
Injury in Athletes Orthop J Sports Med 1:2325967113511588
d0i:10.1177/2325967113511588

Smith SM et al. (2006) Tract-based spatial statistics: voxelwise analysis of multi-subject
diffusion data Neurolmage 31:1487-1505 doi:10.1016/j.neuroimage.2006.02.024

Smith SM, Nichols TE (2009) Threshold-free cluster enhancement: addressing problems of
smoothing, threshold dependence and localisation in cluster inference Neurolmage 44:83-
98 doi:10.1016/j.neuroimage.2008.03.061

Song S-K, Sun S-W, Ramsbottom MJ, Chang C, Russell J, Cross AH (2002) Dysmyelination
revealed through MRI as increased radial (but unchanged axial) diffusion of water
Neurolmage 17:1429-1436

Strain JF et al. (2017) White Matter Changes and Confrontation Naming in Retired Aging
National Football League Athletes J Neurotrauma 34:372-379
d0i:10.1089/neu.2016.4446

Tamnes CK, Roalf DR, Goddings AL, Lebel C (2017) Diffusion MRI of white matter
microstructure development in childhood and adolescence: Methods, challenges and
progress Dev Cogn Neurosci doi:10.1016/j.dcn.2017.12.002

Turner RC, Naser ZJ, Bailes JE, Smith DW, Fisher JA, Rosen CL (2012) Effect of slosh
mitigation on histologic markers of traumatic brain injury: laboratory investigation
Journal of neurosurgery 117:1110-1118 doi:10.3171/2012.8.JNS12358

20


http://www.nfhs.org/ParticipationStatistics/PDF/2016-17_Participation_Survey_Results.pdf
http://www.nfhs.org/ParticipationStatistics/PDF/2016-17_Participation_Survey_Results.pdf

494
495
496

497
498

499
500
501
502

503
504
505

506

507

Virji-Babul N, Borich MR, Makan N, Moore T, Frew K, Emery CA, Boyd LA (2013) Diffusion
tensor imaging of sports-related concussion in adolescents Pediatr Neurol 48:24-29
doi:10.1016/j.pediatrneurol.2012.09.005

Winkler AM, Ridgway GR, Webster MA, Smith SM, Nichols TE (2014) Permutation inference
for the general linear model Neurolmage 92:381-397

Yuan W et al. (2018a) White matter alterations over the course of two consecutive high-school
football seasons and the effect of a jugular compression collar: A preliminary
longitudinal diffusion tensor imaging study Hum Brain Mapp 39:491-508
d0i:10.1002/hbm.23859

Yuan W et al. (2018b) Mild Jugular Compression Collar Ameliorated Changes in Brain
Activation of Working Memory after One Soccer Season in Female High School Athletes
Journal of neurotrauma 35:1248-1259 doi:10.1089/neu.2017.5262

21



508

509

510
511

512

513

514

TABLES

Table 1. Head impact statistics in the 13 participants who wore the collar in Yr1 and did not

wear the collar in Yr2.

Yrl (collar) Yr2 (non-collar)
Range Median Mean  SD Range Median  Mes
Total hits >10g 279-856 512 523 158 267-674 450 44
>20g 78-327 131 155 66.7 63-204 126 13(
>50g 13-53 25 265 116 11-45 25 26.
>100g 0-6 3 323 169 1-8 3 3.6
Total g-force >10g 5839-19124 10712 10566 3470 5550-12706 9343 934
>20g 2942-11901 5238 5710 2393 3007-8194 5245 513
>50g 957-3780 1675 1962 831 706-3429 2013 205
>100g 0-776 403 3949 2158 117.1-991.9 397.1 479
Average g-force >10g 17.11-22.41 20.32 20.22 1.85 15.72-24.17 20.79 21.(
>20g 32.57-40.24 36.98 37.14 210 33.15-47.72 39.63 39.¢
>50g 67.01-87.04 74.29 7449 491 64.22-97.45 76.19 78.2
>100g 108.99-134.34 119.72 121.42 8.39 113.18-176.82 12414  128.
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Table 2. Volume of white matter regions with significant pre- to post-season change in Yr2,
without the collar device, based on number of voxels with statistically significant change.

WM volumes with Pre- to Post-season DT change

WM tracts MD| AD] RD/ FA? Al
Region 01 | ATR, Left 14 80 1 0 82
Region 02 | ATR, Right 297 159 152 0 364
Region 03 | CST, Left 12 361 8 0 373
Region 04 | CST, Right 713 817 236 0 1022
Region 05 | Cingulum (CG part), Left 0 118 0 0 118
Region 06 | Cingulum (CG part), Right 206 232 59 0 284
Region 07 | Cingulum (HC part), Left 5 10 2 0 13
Region 08 | Cingulum (HC part), Right 98 100 36 0 122
Region 09 | Forcep major 885 687 340 0 1198
Region 10 | Forcep minor 0 0 0 0 0
Region 11 | IFOF, Left 0 325 0 0 325
Region 12 | IFOF, Right 821 674 363 0 959
Region 13 | ILF, Left 0 518 0 0 518
Region 14 | ILF, Right 229 300 164 0 406
Region 15 | SLF, Left 0 583 0 0 583
Region 16 | SLF, Right 1516 1365 514 0 1964
Region 17 | UF, Left 0 1 0 0 1
Region 18 | UF, Right 0 0 0 0 0
Region 19 | SLF (temporal), Left 0 35 0 0 35
Region 20 | SLF (temporal), Right 20 15 1 0 24

Note: ATR = anterior thalamic radiation; CST = cortico-spinal tract; CG = Cingulate Gyrus; HC =

Hippocampal; IFOF = Inferior fronto-occipital fasciculus; ILF = Inferior longitudinal fasciculus; SLF =
Superior Longitudinal fasciculus; UF = Unciate fasciculus; ns = not significant.
The values in these tables are the number of voxels with statistical significance based on within-

group pre- to post-season comparison. Change in the 15 participants in Yr2 when they did not wear
the collar device. The WM tracts were determined using WM atlas based on John Hopkins
University’s ICBM WM tract probability map.
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Table 3. Volume of white matter regions with significant changes seen in Yr2 (no collar device),

compared to Yrl (with collar device), based on number of voxels with statistically significant

change.
WM volumes with significant group difference
WM tracts MD| AD] RD/ FA1 Al
Region 01 | ATR, Left 12 8 6 0 14
Region 02 | ATR, Right 166 65 138 6 203
Region 03 | CST, Left 1 0 0 0 1
Region 04 | CST, Right 574 101 397 0 597
Region 05 | Cingulum (CG part), Left 0 0 0 0 0
Region 06 | Cingulum (CG part), Right 166 79 133 0 191
Region 07 | Cingulum (HC part), Left 3 0 1 0 3
Region 08 | Cingulum (HC part), Right 83 53 43 18 93
Region 09 | Forcep major 696 343 504 47 825
Region 10 | Forcep minor 0 0 0 0 0
Region 11 | IFOF, Left 0 0 0 0 0
Region 12 | IFOF, Right 576 121 544 70 681
Region 13 | ILF, Left 0 1 0 0 1
Region 14 | ILF, Right 187 60 192 34 233
Region 15 | SLF, Left 0 0 0 0 0
Region 16 | SLF, Right 1482 115 1163 74 1646
Region 17 | UF, Left 0 0 0 0 0
Region 18 | UF, Right 0 0 0 0 0
Region 19 | SLF (temporal), Left 0 0 0 0 0
Region 20 | SLF (temporal), Right 20 2 27 0 31
Note: ATR = anterior thalamic radiation; CST = cortico-spinal tract; CG = Cingulate Gyrus; HC =
Hippocampal; IFOF = Inferior fronto-occipital fasciculus; ILF = Inferior longitudinal fasciculus; SLF =
Superior Longitudinal fasciculus; UF = Unciate fasciculus; ns = not significant.
The values in these tables are the number of voxels with statistical significance based on between
group comparison of pre- to post-season change (between Yrl 1 and Yr2. 13 participants
successfully completed MRI at all four time points. The WM tracts were determined using WM atlas
based on John Hopkins University’s ICBM WM tract probability map.

Figure Legends

Figure 1 Yr2, Pre to Post-Season DTI Alteration (P,0,05, corrected)

Figure 2 WM areas with greater reduction in MD (A), AD (B), RD (C) or greater increase in FA

(D) in Yr2 (when participants did not wear collar) than that in Yr1 (when participants wore

collar)
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Figure 1. Yr2, pre- to post-season DTl alteration (p<0.05, corrected)

MD reduction

AD reduction

RD reduction

No significant FA alteration
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Figure 2. WM areas with greater reduction in MD (A), AD (B), RD (C) or greater
increase in FA (D) in Yr2 (when participants did not wear collar) than thatin Yrl (when
participants wore collar)

(A). MD

(B). AD

(C). RD
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