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Abstract

Soccer athletes frequently experience repetitive head impacts (RHI) during games and practices, which may affect
neural integrity over time and lead to altered brain structure. Neck strength is hypothesized to limit the transfer of
force to the brain and decrease the effect of RHI on brain structure. The goal of our work was to examine whether
greater neck strength is associated with more intact white matter organization (WMO) in collegiate athletes exposed
to RHI. Collegiate soccer (n=17) and limited/non-contact sport (n=39) athletes were assessed prior to their athletic
seasons. Participants completed neck strength assessments using handheld dynamometry in six test positions and
diffusion tensor imaging. Fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD), and axial diffusivity
(AD) were calculated for 20 white matter (WM) regions. A multi-variate approach was used to examine the relation-
ship between neck strength and diffusion measures in soccer and limited/non-contact athletes. Neck strength was
positively associated with FA and negatively associated with RD across several WM regions in soccer players only.
Neck strength was not significantly associated with MD or AD in either group. Greater neck strength was related
to more intact WMO in athletes with high exposure to RHI, particularly in regions prone to damage from brain
trauma such as the basal ganglia, superior longitudinal fasciculus, and frontoparietal WM. Future studies should ex-
amine neck strength as a factor to moderate neural outcomes in athletes with exposure to RHI.
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Introduction

Subconcussive impacts occur when force from an im-
pact is transferred to the head, resulting in the brain
moving within the skull."* Although there are no ob-
servable clinical symptoms or a concussion diagnosis
at the time of impact, neuronal integrity can be com-
promised.”” Further, there is growing concern that re-
petitive head impacts (RHI) that occur during contact
sports may lead to the accumulation of neural damage,
contributing to acute alterations in structural integri-
ty>~> and reduced cognitive performance.*’

Soccer is a unique contact sport as players routinely
use their head to control and direct the ball. Players head
the ball roughly 5-10 times per practice or game,** accu-
mulating over 600 impacts per season.'>'! Head impacts
also result from intentional contact with other play-
ers and unintentional impacts with the goal posts
or ground.'' These impacts appear to contribute to
microstructural changes in the brain revealed by ad-
vanced neuroimaging techniques.

Diffusion tensor imaging (DTI) measures the diffu-
sion of water molecules within tissues and can detect
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subtle changes in white matter organization (WMO)
better than conventional magnetic resonance imaging
(MRI).'*"* The magnitude and direction of diffusion
can be quantified using: mean diffusivity (MD), the
overall level of diffusion; axial diffusivity (AD), diffu-
sion along the longitudinal axis of the axon; radial dif-
tusivity (RD), diffusion perpendicular to the axon; and
fractional anisotropy (FA), the directional preference
of diffusion ranging from 0 (completely isotropic) to
1 (completely anisotropic).'>'* These metrics are proxy
measures of white matter (WM) microstructure with
each metric representing a different aspect of WM ar-
chitecture. Thus, inclusion of these four metrics allows
for a more nuanced understanding of WMO. Specifi-
cally, decreased FA suggests overall WM microstruc-
ture damage, whereas decreased AD indicates axonal
degeneration. Alternatively, increased MD suggests com-
promised neural integrity, whereas increased RD indi-
cates myelin damage."*

Evidence of WM alterations have been noted in soc-
cer players including reduced FA related to greater
heading frequency,'>'® decreased AD after one athletic
season,'” and increased RD relative to non-contact ath-
letes.'® Decreased MD!” and increased AD,'® indicating
neuroinflammation associated with RHI, have also been
reported. Further, these neural effects seem to com-
pound over time, with evidence of cortical thinning'’
and altered neurochemistry”® associated with chronic
RHI exposure in former professional and amateur soc-
cer players. As such, there is a necessity to identify fac-
tors that can reduce the effects of RHI on the brain.

Neck strength has been proposed to mediate the mag-
nitude of force transferred to the head upon impact.*'
Specifically, greater neck strength has been associated
with reduced linear and rotational head accelera-
tions in collegiate and high school soccer players dur-
ing heading maneuvers**?* and in other contact sport
athletes.>® Muscles involved in flexion, extension, rota-
tion, lateral flexion, and flexion in rotation have
specifically been shown to reduce acceleration.”**"*°
However, there are no studies examining the associa-
tion of neck strength and WMO in soccer athletes
who experience RHL

The aim of the current study was to examine the rela-
tion between neck strength and WMO in collegiate soccer
players compared with athletes participating in limited/
non-contact sports with limited to no exposure to head
impacts. Participants completed isometric neck strength
measures and DTI scans. We predicted that greater
neck strength would be positively associated with FA
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and AD and negatively associated with MD and RD in
soccer players but not limited/non-contact athletes.

Methods

Participants

National Collegiate Athletic Association (NCAA) Divi-
sion 3 athletes from a northeastern university (n="78)
completed neck strength assessments and DTI within
a month of the start of their athletic season as part of
an ongoing longitudinal study. Athletes completing
their pre-season physicals were contacted prior to the
start of their athletic season. Fourteen participants
were excluded due to concussion history, 6 due to scan-
ner artifacts, and 2 due to being outliers on neck
strength measures (>3 standard deviations from the
overall group mean). The final sample of 56 athletes
was categorized as: contact athletes or soccer players
(n=17) who tend to experience high exposure to
RHI due to the nature of the sport, or a comparison
group of limited/non-contact sport athletes (n=39;
e.g., tennis, basketball, volleyball, and cross country
running) who experience low to no exposure to RHI
Participant demographics are reported in Table 1.
The university’s institutional review board approved
study procedures and participants provided written in-
formed consent prior to study completion.

Measures

Isometric neck strength was collected using handheld
dynamometry (Hand Held Dynamometer, Lafayette
Instrument Company, Lafayette, IL, USA) in six stan-
dardized test positions (flexion, extension, right and
left rotation, and right and left flexion in rotation).”’”
Flexion in rotation strength testing assesses several
muscles but is defined as the standard test position to

Table 1. Descriptive Statistics for Demographics
and Neck Strength

All Soccer Limited/Non-contact

N 56 17 39
Age 19.2 (1.1) 19.0 (1.4) 19.3 (1.0)
Female 28 9 19
Right-handed 49 16 33
BMI® 25.1 (3.2) 23.6 (2.6) 25.7 (3.3)
Strength measures

Extension 12.5 (4.4) 11.3 (3.4) 13.0 (4.7)

Flexion 12.7 (5.3) 11.3 (4.0) 133 (5.7)

Right rotation 8.7 (2.1) 8.7 (1.6) 8.7 (2.3)

Left rotation 84 (2.3) 8.6 (2.0) 8.4 (2.5)

Right SCM 8.1 (2.8) 7.7 (2.5) 8.3 (2.9)

Left SCM 8.0 (2.8) 7.7 (2.1) 8.2 (3.0)

“BMI was missing for one limited/non-contact sport athlete.
Mean peak force is in kilograms with standard deviation in parentheses.
SCM, sternocleidomastoid; BMI, body mass index (kilograms/meterz).
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isolate the sternocleidomastoid (SCM) muscle and will
henceforth be referred to as SCM strength. During the
assessment, participants were lying down with their
torso fixed to the table using a belt to isolate neck
movements.”® Three trials of each movement were per-
formed, with each trial consisting of a 3-sec isometric
hold followed by a 30-sec rest. Peak force was averaged
across the trials. Each neck strength assessment was
performed by one of two physical therapists.

Participants completed T1-weighted magnetization
prepared rapid gradient echo imaging (MPRAGE; 176
slices, voxel size=1.0x1.0x 1.0 mm, repetition time
[TR] =1900 msec, echo time [TE]=2.52 msec, and field
of view [FOV] of 256 mm) and DTI (64 directions,
60 slices, voxel size=2.0x 2.0 X 2.0 mm, TR =9000 msec,
TE=99 msec, FOV=220mm, and b=1100sec/mm?)
scans on a Siemens 3T Trio scanner.

Image preprocessing and analysis

The Enhancing Neurolmaging Genetics through Meta-
Analysis (ENIGMA)-DTI Working Group DTI pre-
processing and analysis pipelines were used (http://
enigma.ini.usc.edu/protocols/dti-protocols/).” Briefly,
pre-processing involved eddy current correction, echo-
planar imaging-induced distortion correction, and
tensor fitting. Tensors were mapped and projected onto
the ENIGMA-DTI template. Individual subject FA
maps were aligned to the custom ENIGMA-DTI FA
template derived from 400 adult participants scanned
across four sites.*

FA voxels were then projected onto the ENIGMA-
DTI template skeleton creating a unique FA skeleton in
the same space for each participant. The same projec-
tions were used for the non-FA (MD, AD, and RD) im-
ages. Voxels along the individual skeletons were averaged
across WM regions of interest (ROIs). A total of 20 bilat-
eral ROIs were delineated based on the JHU WM atlas,
an established WM parcellation derived using determin-
istic tractography.’' A whole-brain WM skeleton was de-
fined according to the tract-based spatial statistic (TBSS)
methodology,” and ROI-averaged measures of FA, MD,
AD, and RD were calculated by averaging over all skele-
ton voxels encapsulated by an ROI. This ensured that
voxels at the periphery of a fiber bundle, where residual
registration misalignment is typically maximal, were ex-
cluded from the ROI average. In other words, ROI aver-
aging was performed based on the core of each fiber
bundle, as defined by the WM skeleton.

The multi-subject JHU WM parcellation atlas®' was
used to parcellate ROIs from the ENIGMA template in
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Montreal Neurological Institute (MNI) space, with
updated label identification to correct an earlier atlas
error.”> We focused on WM tracts that are sensitive
to head trauma including the corpus callosum,>'®'®
corona radiata,”'® internal and external capsule,®'®
cingulum,®*'*"'® fornix,>* uncinate fasciculus,'” su-
perior fronto-occipital fasciculus,”* superior longitu-
dinal fasciculus,'®!” sagittal stratum,® and posterior
thalamic radiation.”> Twenty ROIs were extracted
from the skeletonized images, including 4 midsagittal
regions (no lateralized components) and 16 lateralized
regions (Supplementary Table S1). The corticospinal
tract was not included due to poor reliability.***° To en-
sure data quality, we visually inspected vector directions
of the FA images before registration and alignment to
the ENIGMA template after registration.

Statistical analysis
Group differences in neck strength and DTI metrics
were compared with independent ¢ tests, corrected
for multiple comparisons (p <0.0025), in SPSS version
25.0. Partial least squares (PLS) was used to assess the
relation between the ROI diffusivity measures (FA,
MD, RD, and AD) and neck strength for soccer players
and limited/non-contact athletes. PLS is a multi-variate
technique for quantifying the pattern and strength of
the relationship between two sets of variables.’®” It
is a data-driven approach that requires no prior as-
sumptions about the relationship between variables.
As all comparisons are entered in one step, there is
no need to correct for multiple comparisons.*® PLS cal-
culates latent variables (LVs) by singular value decom-
position to express the largest amount of information
common to both sets of variables (i.e., cross-block var-
iance).”® Significant LVs show how the pattern across
ROIs relates to the neck strength measures. The signif-
icance of LVs was computed by 1500 permutation tests
where the ROI diffusivity measures were randomly
reordered creating a sampling distribution to deter-
mine the probability of LVs occurring by chance.”
An LV was considered statistically significant when
the probability of the singular value was less than 0.05.
Each ROI diffusivity measure is associated with a
weight or “salience” on the LV (similar to a factor load-
ing). To determine the stability of each ROI’s contribu-
tion to the LV, salience-to-standard error, or bootstrap
ratios (BSRs), were calculated with bootstrap estima-
tion in which the ROI diffusivity measures and neck
strength variables were resampled 500 times with re-
placement.*” BSRs are interpreted similarly to z-scores
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such that a BSR larger than 2 corresponds to a 95%
confidence limit (p<0.05) and is considered stable.
Correlation profiles were also generated to show how
the neck strength measures relate to the LV for each
group and were computed with 95% confidence inter-
vals that are interpreted as significant when they do not
cross zero. A positive association between ROI diffusiv-
ity metrics and neck strength measures is indicated
when the correlations and BSRs are in the same direc-
tion, whereas a negative association is indicated when
the correlations and BSRs are in the opposite direction.
PLS was performed with a PLS software package’® run
in MATLAB (R2018a, The Mathworks Inc.). Separate
analyses were conducted for FA, MD, RD, and AD.

We also performed an exploratory analysis to exam-
ine how the relationship between neck strength and
WMO differs based on sex. The multi-variate scores
from the significant LVs in the PLS analyses were
extracted and plotted. The scores were computed
from the PLS analysis where the original matrix was
projected onto the saliences from the singular value de-
composition.”® This produced a pair of scores for each
participant, with a neck score characterizing a profile
across all neck strength measures and a brain score
characterizing the ROI diffusivity metrics across all
WM tracts. Interpreting the scores together reflects
the relationship between neck strength and WM for
each participant.

Results
Neck strength measures (ps>0.17; Cohen’s ds<0.41)
and DTT metrics ( ps>0.007) did not significantly differ
between soccer players and limited/non-contact ath-
letes. The majority of group differences in DTI metrics
had negligible to small effect sizes. There were some
medium effects: the right external capsule, fornix, and
right superior corona radiata for FA and RD; the right
cingulate gyrus for FA and AD; the right fornix/
stria terminalis for MD and AD; the right anterior
limb of the internal capsule and left cingulate gyrus for
MD; and the left posterior thalamic radiation and left
sagittal stratum for AD. There was also one large effect
for the left superior front-occipital fasciculus for AD.
The PLS analysis examining the relation between FA
and neck strength in soccer players and limited/non-
contact athletes indicated one significant LV
(p=0.045, 70.9% of cross-block variance). Greater
neck strength across all positions tested was associated
with higher FA in the left anterior corona radiata, bilat-
eral external capsule, right uncinate fasciculus, right
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posterior corona radiata, right retrolenticular part of
the internal capsule, bilateral superior corona radiata,
and bilateral sagittal stratum in soccer players only
(Fig. 1A). The analysis examining the relationship be-
tween RD and neck strength also identified one signif-
icant LV (p=0.043, 77.8% of cross-block variance).
Greater neck strength across all positions tested was as-
sociated with lower RD in the left anterior corona radi-
ata, bilateral anterior limb of the internal capsule,
bilateral external capsule, bilateral uncinate fasciculus,
right retrolenticular part of the internal capsule, bilat-
eral superior corona radiata, left superior longitudinal
fasciculus, and left sagittal stratum in soccer players
only (Fig. 1B). The analysis examining the relationship
between MD and neck strength revealed a similar pat-
tern, but the LV was not significant ( p=0.083). No sig-
nificant patterns were found between AD and neck
strength.

To assess the influence of sex on the relation between
neck strength and WMO, the multi-variate neck and
brain scores from the FA and RD PLS analyses were plot-
ted for contact and non-contact athletes (Fig. 2).The plots
demonstrated different patterns dependent on sex for
soccer athletes, where female soccer players tend to
have a stronger relationship between neck strength
and WMO. For limited/non-contact athletes, the plots
showed weak or no relationship between neck strength
and WMO that did not differ between males and
females.

Discussion

RHI have been linked to acute and chronic
neural changes. The frequent use of the head to direct
the ball and other intentional and unintentional impacts
characteristic of soccer participation increase soccer
athletes’ risk for detrimental acute and chronic neural
changes. Neck strength may reduce the effect of head
impacts on the brain as stronger neck muscles can sta-
bilize the head and reduce the transfer of energy to the
brain upon impact.*>** Athletes with weaker necks ex-
perience greater peak acceleration and displacement
upon impact.’**! Greater neck strength also seems to
translate to a reduction in injury risk: for every 1-lb in-
crease in neck strength, there is a 5% reduction in the
odds of sustaining a concussion in high school ath-
letes.*? Further, athletes in the year following concus-
sion show reduced neuromuscular control and thus
experience higher linear accelerations, potentially in-
creasing susceptibility to damage from RHIL.*> However,
the neural mechanisms underlying the protective role of

15-18 19,20
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FIG. 1. (A) A significant LV from the PLS analysis of FA and neck strength indicated a significant positive
relation between neck strength and FA in soccer athletes only. (B) A significant LV from the PLS analysis
examining RD and neck strength revealed a significant negative relation between neck strength and RD in
soccer athletes only. Left panel: neck muscle strength correlations for flexion, extension, right and left
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neck strength have not been assessed. This preliminary
study, to our knowledge, is the first to characterize the
relationship between neck strength and WMO in ath-
letes who experience RHI. We found that greater neck
strength was associated with more intact WMO (i.e.,
higher FA and lower RD) in several ROIs of collegiate
soccer players at the start of their athletic season, but
not limited/non-contact athletes. These findings lay the
groundwork for future studies to examine whether stron-
ger neck muscles may be protective against changes in
WMO due to exposure to RHL

Stronger necks may protect against reductions

in WMO

Although not all impacts will result in concussion, over
time the linear and rotational head accelerations due to
RHI may result in damaged WM microstructure. Over
one competitive season, altered WM has been correlated
with the number of head impacts with high rotational

and linear acceleration.** In addition, specific WM tracts
are expected to be affected by these RHI. The “cone of
vulnerability” describes brain regions that are most com-
monly damaged after sudden acceleration/deceleration
deformation of the brain, including the basal ganglia, su-
perior longitudinal fasciculus, and frontoparietal
WM™ —regions found to be associated with neck
strength in this study. Thus, our results are consistent
with the theory that greater neck strength better stabilizes
the head during impact, minimizing movement of the
brain resulting in reduced shearing of axons.**** Specif-
ically, elevated RD and reduced FA may indicate myelin
damage that is observed as greater diffusion orthogonal
to the axon*>*® with a corresponding loss of proportional
diffusion along the main axis of the axon.'**” Therefore,
soccer players with stronger necks may be more resistant
to disrupted axonal architecture and demyelination that
occurs due to RHI Further, the association of neck
strength and more intact WMO was found in WM tracts
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within the frontal region, and likely one location of im-
pact, such as the anterior and superior corona radiata
and uncincate fasciculus, and within tracts (e.g., superior
longitudinal fasciculus) that would be stretched as the
brain accelerates after contact.**

Contrary to expectation, however, we did not find
significant associations between neck strength and
MD or AD. Although we had predicted greater neck
strength would be associated with lower MD, the pat-
tern between neck strength and MD was not significant
(p=0.083). We had also predicted that AD would be
positively associated with neck strength, as lower AD
is thought to reflect axonal damage.*® The lack of as-
sociation may suggest that different tissues have vary-
ing thresholds to relatively mild physical strain (i.e.,
compared with a sports-related concussion [SRC] or
moderate/severe traumatic brain injury) or different
speeds of recovery.*’

Female athletes consistently show lower neck strength
relative to male athletes, which may be one factor un-
derlying the increased linear and rotational head accel-
eration experienced by female athletes due to head
impacts, as noted in the literature.2***® As such, ex-
ploratory analyses assessing sex differences in the asso-

ciation between neck strength and WMO for soccer
and limited/non-contact sports were used. We found
that female soccer players had a stronger relationship
between neck strength and WMO relative to male soc-
cer players. There were no such sex differences in the
data for limited/non-contact athletes. This may pro-
vide one mechanism underlying studies showing that
female athletes tend to show more WM alterations
after exposure to RHI** and worse outcomes after con-
cussion compared with male athletes.”® However, these
results are preliminary and need to be considered in
light of the limited samples of male and female soccer
players; the relationship should be explored in a larger,
sex-matched sample to determine how sex differences
in neck strength may affect brain structure in athletes
exposed to RHI.

Together, our results coupled with past work show-
ing that greater neck strength reduces head accelera-
tions,”***> suggest that players with weaker necks
may experience greater linear and rotational head ac-
celeration upon impact resulting in greater movement
of the brain and more extensive structural damage.
Our exploratory analyses also suggest that these pat-
terns may be affected by sex, but this needs to be
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confirmed in larger studies. Still, the findings of this
study have important implications given previous re-
search linking RHI-associated WM changes to cogni-
tive performance.”™' Specifically, a recent article
showed that WMO is associated with cognitive function
in amateur soccer players where greater volume of low
diffusivity (RD, MD, and AD) was associated with bet-
ter verbal memory, processing speed, and attention.”!
Moreover, athletes with low or no heading exposure
showed greater expression of low RD and high FA rela-
tive to players with high heading exposure. Future re-
search should examine the relationship between neck
strength, WMO, and cognitive performance.

Limitations and future directions

Our preliminary findings identify a plausible mechanism
for the protective effect that neck strength may have in
athletes with exposure to RHI, but there are some limi-
tations that must be considered. The study used a cross-
sectional design and therefore WM alterations cannot be
interpreted in terms of within-subject changes. More-
over, athletes were examined once within a month of
the beginning of their season and thus we could not
address whether alterations in WMO were influenced
by cumulative exposure to RHI within and across
competitive seasons and over a collegiate athletic ca-
reer. Another limitation was the small sample of soccer
athletes. Further, the samples for soccer and limited/
non-contact athlete groups were not matched and
the study was not powered to examine how other var-
iables, such as sex, influence the relation between neck
strength and WMO. This is an important future direc-
tion to consider as female compared with male athletes
show lower neck strength and greater linear and rota-
tional head acceleration upon impact.***"*® Finally,
we could not determine how RHI exposure history
was related to WMO. This study did not collect RHI
exposure history nor quantify the number and force
of impacts experienced; future studies should assess
whether these factors mediate the relationship between
neck strength and WMO. Prospective studies are also
needed to examine whether greater neck strength at-
tenuates damage to WMO following a diagnosed SRC.

Conclusion

We assessed the relation between neck strength and
WMO in collegiate athletes with high and low exposure
to RHI. We found that soccer players with stronger
necks had more intact WMO, suggesting that neck
strength may have a role in reducing the WM alterations
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associated with RHI. Therefore, neck strength is a prom-
ising target for further investigation as a modifiable fac-
tor to reduce the risk of brain trauma and associated
cognitive effects in athletes with high exposure to RHL

Acknowledgments

We thank the athletes who participated in this study for
volunteering their time and effort. We also thank the
doctor of physical therapy and PhD students in the
lab who assisted in assessing participants. Finally, we
thank Brian Fanning, ATC, Rutgers — Newark, for pro-
viding access to testing facilities and helping with par-
ticipant recruitment.

Author Contributions

C.E., AAM.B,, and ].F.B. contributed to project planning
and study design. N.L.D., A.M.B., and C.E. contributed
to data collection. N.L.D., E.L.D., S.S., and C.E. contrib-
uted to data analysis with interpretation of data by
N.L.D, EL.D., EEAW, and C.E. N.L.D. prepared the
first draft of the article with critical revision from all au-
thors. C.E. is responsible for the overall content.

Funding Information

Financial support was provided to C.E. through the
School of Health Professions, Rutgers Biomedical and
Health Sciences. J.F.B. was provided financial support
through a grant from the National Institutes of Health
(K02AA025123).

Author Disclosure Statement
No competing financial interests exist.

Supplementary Material
Supplementary Table S1

References

1. Bailes, J.E, Dashnaw, M.L,, Petraglia, A.L,, and Turner, R.C. (2014). Cumu-
lative effects of repetitive mild traumatic brain injury. Prog. Neurol. Surg.
28, 50-62.

2. Belanger, H.G,, Vanderploeg, R.D., and McAllister, T. (2016). Subconcussive
blows to the head: a formative review of short-term clinical outcomes. J.
Head Trauma Rehabil. 31, 159-166.

3. Churchill, N.W., Hutchison, M.G., Di Battista, A.P., Graham, S.J., and
Schweizer, T.A. (2017). Structural, functional, and metabolic brain markers
differentiate collision versus contact and non-contact athletes. Front.
Neurol. 8, 390.

4. Kuzminski, S.J., Clark, M.D., Fraser, M.A., Haswell, C.C., Morey, R.A,, Liu,
C., Choudhury, K.R., Guskiewicz, K.M., and Petrella, J.R. (2018). White
matter changes related to subconcussive impact frequency during a
single season of high school football. AJNR Am. J. Neuroradiol. 39,
245-251.

5. McAllister, TW., Ford, J.C, Flashman, L.A., Maerlender, A., Greenwald, R.M.,
Beckwith, J.G., Bolander, R.P., Tosteson, T.D., Turco, J.H., Raman, R,, and
Jain, S. (2014). Effect of head impacts on diffusivity measures in a cohort
of collegiate contact sport athletes. Neurology 82, 63-69.



de Souza et al.; Neurotrauma Reports 2020, 1.1
http://online.liebertpub.com/doi/10.1089/neur.2020.0025

20.

21,

22,

23.

24.

. Brett, B.L, and Solomon, G.S. (2017). Comparison of neurocognitive per-

formance in contact and noncontact nonconcussed high school athletes
across a two-year interval. Dev. Neuropsychol. 42, 70-82.

. McAllister, TW., Flashman, L.A.,, Maerlender, A., Greenwald, R.M., Beck-

with, J.G., Tosteson, T.D., Crisco, J.J., Brolinson, P.G., Duma, S.M., Duhaime,
A.C, Grove, MR, and Turco, J.H. (2012). Cognitive effects of one season of
head impacts in a cohort of collegiate contact sport athletes. Neurology
78, 1777-1784.

. McCuen, E,, Svaldi, D., Breedlove, K, Kraz, N, Cummiskey, B., Breedlove,

E.L, Traver, J, Desmond, K.F., Hannemann, R.E., Zanath, E., Guerra, A.,
Leverenz, L., Talavage, T.M., and Nauman, E.A. (2015). Collegiate women's
soccer players suffer greater cumulative head impacts than their high
school counterparts. J. Biomech. 48, 3729-3732.

. Reynolds, B.B., Patrie, J., Henry, E.J., Goodkin, H.P., Broshek, D.K., Winter-

mark, M., and Druzgal, T.J. (2017). Effects of sex and event type on head
impact in collegiate soccer. Orthop. J. Sports Med. 5, 1-10.

. Lamond, L.C,, Caccese, J.B,, Buckley, T.A,, Glutting, J., and Kaminski, T.W.

(2018). Linear acceleration in direct head contact across impact type,
player position, and playing scenario in collegiate women'’s soccer play-
ers. J. Athl. Train. 53, 115-121.

. Saunders, T.D,, Le, RK, Breedlove, K.M., Bradney, D.A., and Bowman, T.G.

(2020). Sex differences in mechanisms of head impacts in collegiate
soccer athletes. Clin. Biomech. (Bristol, Avon) 74, 14-20.

. Assaf, Y., and Pasternak, O. (2008). Diffusion tensor imaging (DTI)-based

white matter mapping in brain research: a review. J. Mol. Neurosci. 34,
51-61.

. Shenton, M.E., Hamoda, H.M., Schneiderman, J.S., Bouix, S., Pasternak, O.,

Rathi, Y., Vu, M.A,, Purohit, M.P., Helmer, K., Koerte, I., Lin, A.P., Westin, C.F.,
Kikinis, R., Kubicki, M., Stern, R.A., and Zafonte, R. (2012). A review of
magnetic resonance imaging and diffusion tensor imaging findings in
mild traumatic brain injury. Brain Imaging Behav. 6, 137-192.

. Hayes, J.P., Bigler, E.D., and Verfaellie, M. (2016). Traumatic brain injury as

a disorder of brain connectivity. J. Int. Neuropsychol. Soc. 22, 120-137.

. Lipton, M.L,, Kim, N., Zimmerman, M.E., Kim, M., Stewart, W.F., Branch, CA.,

and Lipton, R.B. (2013). Soccer heading is associated with white matter
microstructural and cognitive abnormalities. Radiology 268, 850-857.

. Rubin, T.G,, Catenaccio, E., Fleysher, R., Hunter, LE., Lubin, N., Stewart,

W.F., Kim, M., Lipton, R.B., and Lipton, M.L. (2018). MRI-defined white
matter microstructural alteration associated with soccer heading is more
extensive in women than men. Radiology 289, 478-486.

. Myer, G.D., Barber Foss, K., Thomas, S., Galloway, R., Dicesare, C.A., Dudley,

J., Gadd, B,, Leach, J., Smith, D., Gubanich, P., Meehan, W.P., Altaye, M.,
Lavin, P,, and Yuan, W. (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.

. Koerte, LK., Ertl-Wagner, B., Reiser, M., Zafonte, R.,, and Shenton, M.E.

(2012). White matter integrity in the brains of professional soccer players
without a symptomatic concussion. JAMA 308, 1859-1859.

. Koerte, 1K, Mayinger, M., Muehlmann, M., Kaufmann, D., Lin, A.P., Stef-

finger, D,, Fisch, B, Rauchmann, B.S., Immler, S., Karch, S., Heinen, F.R,, Ertl-
Wagner, B., Reiser, M., Stern, R.A., Zafonte, R., and Shenton, M.E. (2016).
Cortical thinning in former professional soccer players. Brain Imaging
Behav. 10, 792-798.

Koerte, 1K, Lin, A.P.,, Muehlmann, M., Merugumala, S., Liao, H., Starr, T.,
Kaufmann, D., Mayinger, M., Steffinger, D., Fisch, B., Karch, S., Heinen, F.,
Ertl-Wagner, B., Reiser, M,, Stern, R.A., Zafonte, R, and Shenton, M.E.
(2015). Altered neurochemistry in former professional soccer players
without a history of concussion. J. Neurotrauma 32, 1287-1293.
Caccese, J.B.,, Buckley, T.A, Tierney, R.T., Arbogast, K.B., Rose, W.C,, Glut-
ting, J.J., and Kaminski, T.W. (2018). Head and neck size and neck strength
predict linear and rotational acceleration during purposeful soccer
heading. Sports Biomech, 17, 462-476.

Broglio, S.P., Surma, T., and Ashton-Miller, J.A. (2012). High school and
collegiate football athlete concussions: a biomechanical review. Ann.
Biomed. Eng. 40, 37-46.

Peek, K., Elliott, J.M., and Orr, R. (2020). Higher neck strength is associated
with lower head acceleration during purposeful heading in soccer: a
systematic review. J. Sci. Med. Sports 23, 453-462.

Bretzin, A.C,, Mansell, J.L,, Tierney, R.T., and McDevitt, J.K. (2017). Sex dif-
ferences in anthropometrics and heading kinematics among Division |
soccer athletes: a pilot study. Sports Health 9, 168-173.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41,

42,

239

Gutierrez, G.M,, Conte, C,, and Lightbourne, K. (2014). The relationship
between impact force, neck strength, and neurocognitive performance in
soccer heading in adolescent females. Pediatr. Exerc. Sci. 26, 33-40.
Eckner, J.T., Oh, YK, Joshi, M.S,, Richardson, J.K.,, and Ashton-Miller, J.A.
(2014). Effect of neck muscle strength and anticipatory cervical muscle
activation on the kinematic response of the head to impulsive loads. Am.
J. Sports Med. 42, 566-576.

Hislop, H.J., and Montgomery, J. (2007). Daniels and Worthinghams Muscle
Testing: Techniques of Manual Examination, 8th ed. Saunders Elsevier: St.
Louis, MO.

Streifer, M., Brown, A.M,, Porfido, T., Anderson, E.Z., Buckman, J., and
Esopenko, C. (2019). The potential role of the cervical spine in sports-
related concussion: clinical perspectives and considerations for risk re-
duction. J. Orthop. Sports Phys. Ther. 49, 202-208.

Dennis, E.L., Disner, S.G., Fani, N, Salminen, L.E,, Logue, M., Clarke, EK,
Haswell, C.C., Averill, C, Baugh, L.A., Bomyea, J., Bruce, S.E., and Morey, R.A.
(2019). Altered white matter microstructural organization in post-
traumatic stress disorder across 3,047 adults: results from the PGC-
ENIGMA PTSD Consortium. Mol. Psychiatry. DOI: 0.1038/s41380-019-
0631-x [Online ahead of print].

Jahanshad, N., Kochunov, P.V,, Sprooten, E., Mandl, R.C., Nichols, T.E.,
Almasy, L., Blangero, J., Brouwer, R.M., Curran, J.E., de Zubicaray, G..,
Dugagirala, R., Fox, P.T., Hong, L.E., Landman, B.A., Martin, N.G., McMahon,
K.L., Medland, S.E., Mitchell, B.D,, Olvera, R.L., Peterson, C.P., Starr, JM.,,
Sussmann, J.E., Toga, AW., Wardlaw, J.M., Wright, M.J., Hulshoff Pol, H.E.,
Bastin, M.E., McIntosh, A.M., Deary, 1.J., Thompson, P.M., and Glahn, D.C.
(2013). Multi-site genetic analysis of diffusion images and voxelwise
heritability analysis: a pilot project of the ENIGMA-DTI working group.
Neuroimage 81, 455-469.

Mori, S., Oishi, K, Jiang, H., Jiang, L., Li, X, Akhter, K., Hua, K, Faria, AV.,
Mahmood, A, Woods, R, Toga, AW., Pike, G.B.,, Neto, P.R, Evans, A,
Zhang, J., Huang, H., Miller, M.I,, van Zijl, P., and Mazziotta, J. (2008).
Stereotaxic white matter atlas based on diffusion tensor imaging in an
ICBM template. Neuroimage 40, 570-582.

Smith, S.M., Jenkinson, M., Johansen-Berg, H., Rueckert, D., Nichols, T.E,,
Mackay, C.E., Watkins, K.E., Ciccarelli, O., Cader, M.Z,, Matthews, P.M., and
Behrens, T.E. (2006). Tract-based spatial statistics: voxelwise analysis of
multi-subject diffusion data. Neuroimage 31, 1487-1505.

Rohlfing, T. (2013). Incorrect ICBM-DTI-81 atlas orientation and white
matter labels. Front. Neurosci 7, 4.

Bigler, E.D. (2018). Structural neuroimaging in sport-related concussion.
Int. J. Psychophysiol. 132 (Pt. A), 105-123.

Barber Foss, K.D., Yuan, W., Diekfuss, J.A., Leach, J., Meehan, W., DiCesare,
C.A, Solomon, G., Schneider, D.K., MacDonald, J., Dudley, J., Cortes, N.,
Galloway, R., Halstead, M., Walker, G., and Myer, G.D. (2019). Relative head
impact exposure and brain white matter alterations after a single season
of competitive football: a pilot comparison of youth versus high school
football. Clin. J. Sport Med. 29, 442-450.

McIntosh, AR, and Lobaugh, N.J. (2004). Partial least squares analysis of
neuroimaging data: applications and advances. Neuroimage 23, Suppl. 1,
$250-5263.

Esopenko, C., and Levine, B. (2017). Autobiographical memory and
structural brain changes in chronic phase TBI. Cortex 89, 1-10.
Krishnan, A., Williams, L.J., McIntosh, A.R., and Abdi, H. (2011). Partial Least
Squares (PLS) methods for neuroimaging: a tutorial and review. Neuro-
image 56, 455-475.

Kovacevic, N., Abdi, H., Beaton, D., and Mcintosh, A.R. (2013). Revisiting
PLS resampling: comparing significance versus reliability across range of
simulations, in: H. Abdi, W. Chin, V. Esposito Vinzi, G. Russolillo, and L.
Trinchera (eds). New Perspectives in Partial Least Squares and Related
Methods. Springer Proceedings in Mathematics and Statistics, vol. 56.
Springer, New York, NY; pp. 159-170.

Sampson, P.D.,, Streissguth, A.P., Barr, H.M., and Bookstein, F.L. (1989).
Neurobehavioral effects of prenatal alcohol: Part II. Partial least squares
analysis. Neurotoxicol. Teratol. 11, 477-491.

Caccese, J.B,, Buckley, T.A, Tierney, R.T., Rose, W.C,, Glutting, J.J,, and
Kaminski, T.W. (2018). Sex and age differences in head acceleration dur-
ing purposeful soccer heading. Res. Sports Med. 26, 1-11.

Collins, CL., Fletcher, E.N,, Fields, S.K., Kluchurosky, L., Rohrkemper, MK,
Comstock, R.D., and Cantu, R.C. (2014). Neck strength: a protective factor
reducing risk for concussion in high school sports. J. Prim. Prev. 35, 309-
319.



de Souza et al,; Neurotrauma Reports 2020, 1.1
http://online.liebertpub.com/doi/10.1089/neur.2020.0025

43. Bussey, M.D., McLean, M., Pinfold, J., Anderson, N., Kiely, R, Romanchuk, J.,
and Salmon, D. (2019). History of concussion is associated with higher
head acceleration and reduced cervical muscle activity during simulated
rugby tackle: an exploratory study. Phys. Ther. Sport 37, 105-112.

44. Bazarian, J.J., Zhu, T, Zhong, J., Janigro, D., Rozen, E., Roberts, A., Javien, H.,
Merchant-Borna, K., Abar, B., and Blackman, E.G. (2014). Persistent, long-
term cerebral white matter changes after sports-related repetitive head
impacts. PLoS One 9, e94734.

45. Song, S-K., Sun, S.-W., Ramsbottom, M.J,, Chang, C,, Russell, J., and Cross,
A.H. (2002). Dysmyelination revealed through MRI as increased radial (but
unchanged axial) diffusion of water. Neuroimage 17, 1429-1436.

46. Sun, S.-W,, Liang, H.-F., Le, T.Q,, Armstrong, R.C., Cross, A.H., and Song, S.-K.
(2006). Differential sensitivity of in vivo and ex vivo diffusion tensor im-
aging to evolving optic nerve injury in mice with retinal ischemia. Neu-
roimage 32, 1195-1204.

47. Mac Donald, C.L.,, Dikranian, K., Bayly, P., Holtzman, D., and Brody, D.
(2007). Diffusion tensor imaging reliably detects experimental traumatic
axonal injury and indicates approximate time of injury. J. Neurosci. 27,
11869-11876.

48. Tierney, RT., Higgins, M., Caswell, S.V., Brady, J., McHardy, K., Driban, J.B.,
and Darvish, K. (2008). Sex differences in head acceleration during
heading while wearing soccer headgear. J. Athl. Train. 43, 578-584.

49. Sollmann, N., Echlin, P.S.,, Schultz, V., Viher, P.V,, Lyall, AE., Tripodis, Y.,
Kaufmann, D., Hartl, E., Kinzel, P., Forwell, L.A., Johnson, A.M., Skopelja,
E.N. Lepage, C, Bouix, S., Pasternak, O., Lin, A.P., Shenton, M.E., and
Koerte, 1.K. (2017). Sex differences in white matter alterations following
repetitive subconcussive head impacts in collegiate ice hockey players.
Neuroimage Clin. 17, 642-649.

50. Broshek, D.K, Kaushik, T., Freeman, J.R,, Erlanger, D., Webbe, F., and Barth,
J.T. (2005). Sex differences in outcome following sports-related concus-
sion. J. Neurosurg. 102, 856-863.

51. Strauss, S.B., Fleysher, R, Ifrah, C, Hunter, L.E, Ye, K, Lipton, RB., Zim-
merman, M.E.,, Kim, M., Stewart, W.F., and Lipton, M.L. (2020). Framing
potential for adverse effects of repetitive subconcussive impacts in soccer
in the context of athlete and non-athlete controls. Brain Imaging Behav.
DOI:10.1007/511682-020-00297-4 [Online ahead of print].

240

Cite this article as: de Souza NL, Dennis EL, Brown AM, Singh S, Wilde
EA, Buckman, JF, and Esopenko C (2020) Relation between isometric
neck strength and white matter organization in collegiate athletes.
Neurotrauma Reports 1:1, 232-240, DOI:10.1089/neur.2020.0025.

-
-

Abbreviations Used

AD = axial diffusivity
BSR = bootstrap ratio
DTl = diffusion tensor imaging
ENIGMA = Enhancing Neurolmaging Genetics through Meta-Analysis
FA = fractional anisotropy
FOV = field of view
LV = latent variable
MD = mean diffusivity
MNI = Montreal Neurological Institute
MPRAGE = magnetization prepared rapid gradient echo imaging
MRI = magnetic resonance imaging
NCAA = National Collegiate Athletic Association
PLS = partial least squares
RD = radial diffusivity
RHI = repetitive head impacts
ROI = region of interest
SCM = sternocleidomastoid
SRC = sports-related concussion
TBSS = tract-based spatial statistic
TE = echo time
TR = repetition time
WM = white matter
WMO = white matter organization
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