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ABSTRACT

Soccer is the only major sport with voluntary unprotected head-to-ball contact. It is crucial
to determine if head impact through long-term soccer training is manifested in brain
structure and connectivity, and whether such alterations are due to sustained training per
se. Using diffusion tensor imaging, we documented a comprehensive view of soccer
players’ brains in a sample of twenty-five right-handed male elite soccer players aged from
18 to 22 years and twenty-five non-athletic controls aged 19—24 years. Importantly, none
had recalled a history of concussion. We performed a whole-brain tract-based spatial
statistical analysis, and a tract-specific probabilistic tractography method to measure the
differences of white matter properties between groups. Whole-brain integrity analysis
showed stronger microstructural integrity within the corpus callosum tract in soccer
players compared to controls. Further, tract-specific probabilistic tractography revealed
that the anterior part of corpus callosum may be the brain structure most relevant to
training experience, which may put into perspective prior evidence showing corpus cal-
losum alteration in retired or concussed athletes practicing contact sports. Intriguingly,
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experience-related alterations showed left hemispheric lateralization of potential early
signs of concussion-like effects. In sum, we concluded that the observed gains and losses

may be due to a consequence of engagement in protracted soccer training that incurs

prognostic hallmarks associated with minor injury-induced neural inflammation.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Soccer is one of the most popular sports in the world, drawing
interest from large audiences in both the outcomes of
matches and other related aspects such as the fitness and
injury status of the players. Sports injuries are inevitable,
which underscores the importance of understanding the
neural impact of long-term participation in sports with a risk
of collision or contact, such as soccer, the only major sport
with voluntary unprotected head-to-ball contact (Carman
et al.,, 2015; Giza, Prins, & Hovda, 2017). For example, brain
imaging techniques such as diffusion tensor imaging (DTI)
(Alexander, Lee, Lazar, & Field, 2007; Mori & Zhang, 2006) have
enabled the examination of white matter (WM) microstruc-
tural changes associated with brain injury in concussed ath-
letes. In soccer, review studies on concussed athletes showed
that repeated head-to-ball impacts were associated with
traumatic brain injury (Allen & Karceski, 2017; Rodrigues,
Lasmar, & Caramelli, 2016), including effects seen in DTI
studies (Lipton et al., 2013). Specifically, these findings suggest
that repeated soccer ball heading is associated with lower
microstructural integrity in the temporo-occipital white
matter. Furthermore, a systematic review of DTI studies of
concussed athletes revealed that some critical regions (i.e., the
corpus callosum tract (CCT), internal capsule, and longitudi-
nal fasciculus) exhibited higher rates of concussion damage
than others, suggesting that these brain structures are
particularly vulnerable to diffuse axonal injury in contact/
collision sport-related concussion (Gardner et al., 2012).
Collectively, these studies seem to support sport-induced al-
terations in WM structure, possibly in the centrally localized
junction of merging and/or crossing fiber tracts. These
anatomical structures may be specifically susceptible to injury
from the translational and rotational forces acting in sports-
related concussion. However, the available evidence remains
scarce and inconclusive, possibly because of the discrepancy
regarding experimental protocols, especially with respect to
the period of time between injury and scanning. Therefore, it
is crucial to determine if such head impact through long-term
soccer training would manifest itself at a brain structure level,
and if so, whether such impact would result from neuronal
inflammation or from the mere protracted exposure to
intensive sports practice.

In this study, we focused specifically on CCT, a structure
that has been consistently reported as a brain area particu-
larly sensitive to sport-training-induced WM alterations
(Gardner et al.,, 2012). Within a large sample of collegiate
contact sports athletes, McAllister et al. (2014) examined
whether practicing contact sports over a single season would
affect white matter diffusion measures. Their results showed

damage in membrane density within the CCT in athletes who
did not wear a helmet over the training course (McAllister
et al., 2014), which is in line with studies that have reported
abnormalities in the CCT in athletes with a history of
concussion practicing other collisions/contact sports
(Chamard, Lefebvre, Lassonde, & Theoret, 2016; Stamm et al.,
2015; Tremblay et al., 2014). Despite this, the underlying
mechanisms relating WM alterations to CCT as a result of a
specific training or neuronal inflammation remains unclear,
particularly given that previous studies involved athletes who
were either retired or diagnosed with a concussion, and
importantly, lacked healthy subjects for comparison.

To address this issue, we employed DTI combined with
whole-brain tract-based analysis and tract-specific probabi-
listic tractography to probe the underlying differences in
whole-brain integrity and tract-specific connectivity between
soccer players without a history of clinical concussion and
matched non-athlete controls. We hypothesized that group
differences of whole brain analysis between soccer players
and healthy controls will be observed in the CCT, internal
capsule, and longitudinal fasciculus. Furthermore, we exam-
ined whether the nature of such observed structural differ-
ences in soccer players could be attributed to sports training
or to neural inflammation as manifested in other diffusion
measures. Based on the tract-specific analysis of 27 WM
tracts, we aimed to refine our understanding of the normality
and abnormality in healthy soccer players’ brains compared
with their healthy peers. Specifically, given the abnormality of
CCT commonly seen in retired and concussed soccer players
(Chamard et al., 2016; Stamm et al., 2015; Tremblay et al,,
2014), we postulated that WM microstructural differences in
the CCT would be sensitive to contact/collision sports-specific
training experience in our sample of healthy athletes. This
was expected to offer insight into the potential for adverse
neural changes even in the absence of concussion events.

2. Materials & methods

We report how we determined our sample size, all inclusion/
exclusion criteria, whether inclusion/exclusion criteria were
established prior to data analysis, all manipulations, and all
measures in the study.

2.1. Participants

Thirty-one male elite soccer players were recruited to take part
in the present experiment. For safety purpose, four players
who reported having metals embedded in their body were
excluded. In addition, one player failed to complete the entire
DTI session and another soccer player subject to motion-
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related signal dropout and distortion were excluded from
further analysis. Aa a consequence, twenty-five soccer players
(m/sd: 20.2 + 1.0 years) were eligible and completed all pro-
cedures. All players were competing at the highest level in
national events at the time of the study, and represented
Taiwan in international competitions. Specifically, none re-
ported a history of brain injury or concussion-like symptoms
such as headaches, dizziness, and nausea, persisting for
months during the time of the study. A sample of twenty-five
non-athletic controls (m/sd: 21.76 + 1.4 years) matched for
health and gender were recruited from the general university
student population. None of these reported prior professional
training in any sports. All participants were right-handed
based on a self-reported questionnaire (Chapman &
Chapman, 1987), and all had normal vision or corrected-to-
normal vision, no major medical or psychological conditions,
psychiatric disorders, neurological history, head injury, and
were not taking medication at the time of the study. Before
participating in the study, all participants gave written
informed consent in accordance with the Declaration of Hel-
sinki. The Research Ethics Committee of National Cheng Kung
University (NCKU) approved the protocol. No part of the study
procedures was pre-registered prior to the research being
conducted.

2.1.1. Demographic information

Prior to scanning, all participants were asked to fill out a de-
mographic questionnaire (height, weight, body mass index
(BMI), years of soccer practice). The average duration of soccer
training was 11.3 + 1.95 years for the soccer players. De-
mographic information of soccer players and controls is
summarized in Table 1. No significant difference was found in
body height (t (48) = —.48, p = .633, Cohen's d = —.136), weight (t
(48) = —.326, p = .746, Cohen's d = —.092), or BMI (t (48) = .036,
p = .971, Cohen's d = .01). Independent Student's t-tests were
performed for demographic variables using JASP software
(version 0.8.6.0), with a significance level of a = .05.

2.2. Magnetic resonance imaging data acquisition

MRI images were collected on a GE MR750 3T scanner (GE
Healthcare, Waukesha, W1, USA) in the Mind Research and
Imaging Center of NCKU with a 32-channel brain array coil. All
participants were scanned using the same MR scanner.

Table 1 — Demographics, anthropic, and sports training
experience details for soccer players and control
participants.

Group Soccer Control p-value
players (N = 25)
(N = 25)
Height (cm) 173 (+5.6) 174 (+6.6) .633
Weight (kg) 66.8 (£5.9) 67.5 (£8.9) .746
BMI (kg/m?) 22.3 (+2) 22.2 (+2.6) 971
Training 11.3 (x1.95) N/A N/A
experience
(years)

Values in each cell are the mean =+ standard deviation.

cm = centimeter, kg = kilogram, kg/m2 = kilograms per square
meter.

Diffusion-weighted spin-echo echo-planar imaging sequence
images were obtained with a measured spatial resolution of
2.5 x 2.5 x 2.5 mm (acquisition matrix 100 x 100 pixels, 50
slices) and a reconstructed resolution of 1.56 x 1.56 x 2.0 mm
(reconstructed matrix 100 x 100 pixels, 50 slices). The
sequence parameters were repetition time (TR) = 5500 ms,
echo time (TE) = 62—64 ms, 50 non-linear diffusion directions
with b = 1000s/mm?2, field of view (FOV) = 250 x 250 mm?,
number of excitations (NEX) = 3, and slice thickness = 2.5 mm.
Reverse DTI was also acquired for top-up correction in the DTI
preprocessing. The acquisition parameters for the reverse DTI
were identical to the DTI except for that only six directions
were obtained due to the time constraints. The total acquisi-
tion time was 15 min 24 s.

Three-dimensional high-resolution brain structural im-
ages were also acquired using a T1-weighted fast spoiled
gradient-echo dual-echo (FSPGR) sequence for each partici-
pant to allow for spatial normalization and visualization. The
sequence parameters were TR = 2900 ms; TE = 7.6 ms; matrix
size 224 x 224; flip angle = 12°; 1 mm slice thickness;
FOV = 224/1 (cm/Phase); receiver  bandwidth
(BW) = +31.25 kHz, and 170 sagittal slices covering the whole
brain were collected. The total acquisition time was 3 min 38 s.
For each participant, all the diffusion and anatomical images
were acquired in the same session.

2.3. Diffusion MRI processing

No part of the study analyses was pre-registered prior to the
research being conducted. The FMRIB Software Library 5.0 (FSL,
https://fsl.fmrib.ox.ac.uk/fsl) (Jenkinson, Beckmann, Behrens,
Woolrich, & Smith, 2012) on a Linux platform was used to
process imaging data. Firstly, all raw images were converted
from DICOM to NIfIT format using “dcm2niix” (Li, Morgan,
Ashburner, Smith, & Rorden, 2016). A preprocessing proced-
ure recommended by FSL (Smith et al., 2007) were used that
include: correcting for motion artifact and eddy currents with
the “eddy” (Jesper L.R. Andersson & Sotiropoulos, 2016) and
“topup” (Jesper L.R. Andersson, Skare, & Ashburner, 2003)
toolboxes, removing skull and nonbrain tissue from the image
using the Brain Extraction toolbox (BET) (Jesper L.R. Andersson
etal., 2003) on one of the no diffusion weighting (b = 0) images,
and voxel-by-voxel calculation of the diffusion tensors, using
the BO non-diffusion data as a reference volume. All imaging
quality of each participant was checked by “eddyqc” using
QUAD for quality control (Bastiani et al., 2019). Imaging quality
past the screening criteria in which their max head motion did
not exceed 2.5 mm, nor did their mean framewise displace-
ment (FD) exceeds .25 (Baum et al., 2018). We also visually
inspected all brain images after normalization and coregistra-
tion steps to confirm that there was no bad warping. The John
Hopkins University (JHU)-ICBM-DTI-81 White Matter Atlas was
used to label tracts that showed significant group differences.

2.3.1. WM integrity (whole-brain tract-based spatial
statistics)

Diffusion tensors were calculated using the DTIFIT tool within
FDT (Behrens, Berg, Jbabdi, Rushworth, & Woolrich, 2007) for
whole-brain volumes to create several DTI parametric maps,
including fractional anisotropy (FA), mean diffusivity (MD),
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axial diffusivity (AD), and radial diffusivity (RD). FA and MD
are commonly derived variables that describe the directional
coherence and magnitude of water molecule diffusion,
respectively (Alexander et al., 2007). Water molecules tend to
diffuse with greater directional coherence and lower magni-
tude when constrained by tightly packed fibers (such as well-
myelinated axons) and by cell membranes, microtubules, and
other structures. Thus, group differences in FA and MD in WM
reflect meaningful differences in underlying microstructure,
borne out by comparison with post-mortem WM work (Miller
et al,, 2011). AD reflects water diffusivity parallel to axonal
fibers (i.e., axonal density) for assessing axonal injury,
whereas RD reflects diffusion perpendicular to myelinated fi-
bers (i.e., myelin sheath integrity) for assessing myelin injury
(Winklewski et al., 2018).

Tract-based spatial statistics (TBSS, unbiased whole-brain
analysis of white matter tracts) (Smith et al., 2007), imple-
mented in FSL, was used to perform voxel-wise statistical
analysis of the FA data. First, FA images were created by fitting
a tensor model to the raw diffusion data using FDT (Behrens
et al., 2007), and then using BET (Jesper L.R. Andersson et al.,
2003). All subjects’ FA data were then aligned to the
1 x 1 x 1 mm?® standard Montreal Neurological Institute
(MNI152) space via the FMRIB58_FA template using the FMRIB
Nonlinear Registration Tool (FNIRT) (] L R Andersson,
Jenkinson, & Smith, 2007). Next, mean FA images were
created and thinned to generate a mean FA skeleton that
represents the centers of all tracts common to the group. A
threshold of .2 for the mean FA map was used to generate a
WM-tract skeleton that represented the center of the tracts
common to all subjects. Each subject's aligned FA data were
then projected onto the skeleton (all_FA_skeletonise) and the
resulting data fed into voxel-wise statistical comparison. FA
maps were scaled between 0 (fully isotropic diffusion) and 1
(fully anisotropic diffusion). Even though our hypothesis re-
lates only to differences in FA, we nonetheless analyzed RD,
MD, and AD in order to aid the interpretation of potential
significant FA findings. The “tbss_non_FA” script was then
used to obtain different maps of diffusion scalars (RD, MD, and
AD) for each study participant, and voxel-wise cross-subject
statistical analysis of FA, MD, AD and RD were further per-
formed within the skeleton-space. For illustrative purposes,
the FSL program TBSS_fill was used to highlight significant
clusters. This creates a darker expanded outline around the
cluster images. We set the statistical threshold at .05 using the
threshold-free cluster enhancement (TFCE) for the correction
for multiple comparisons (Smith & Nichols, 2009). Final tract
maps were binarized and back-transformed from MNI into
subjects' native space using inverse linear transformation and
were used as subject-specific masks for extraction of FA using
the FSL functions “fslstats” and “fslmaths”.

2.3.2.  White matter connectivity (tract-specific probabilistic
tractography)

Within-voxel multi-fiber tract orientation structure was
modeled using BEDPOSTx (Behrens et al., 2007) (Bayesian
Estimation of Diffusion Parameters obtained using sampling
techniques) followed by probabilistic tractography (with
crossing fiber modeling) using PROBTRACKx implanted in
FSL (Jbabdi, Sotiropoulos, Savio, Grana, & Behrens, 2012;

Smith et al., 2007). These tracts have been identified as major
WM bundles in the human brain (Hua et al., 2008). Prior to the
estimation of diffusion parameters for probabilistic tracking,
the subject's DTI images were first motion and eddy current
corrected using a rigid body registration, followed by BET
(Jesper L.R. Andersson et al., 2003) implemented in FSL.
Automatic mapping of the 27 major white matter tracts (see
Fig. 2a) was conducted in standard space of each participant
using start/stop region-of-interest masks (implemented
using the AutoPtx plugin for FSL) (De Groot et al., 2013) to
derive tract-averaged measures of FA for the following tracts
of interest: middle cerebellar peduncle (MCP), forceps major
(FMaj), forceps minor (FMin) and bilateral medial lemnisci,
corticospinal tract (CSTs), acoustic, anterior thalamic, pos-
terior thalamic, superior thalamic radiation (STRs), superior,
inferior longitudinal and inferior frontal-occipital fasciculi,
uncinate fasciculus, and both the cingulate gyrus and para-
hippocampal portions of the cingulum bundle. Maps of FA,
registered with the AutoPtx tract masks, allowed the calcu-
lation of tract-averaged values for each parameter across all
voxels pertaining to each tract of interest. This produces an
estimate of the probability and strength of the most likely
location of a pathway (Behrens et al., 2007). Connection
strength was determined from the number of sample
streamlines from each seed brain region that successfully
reached the target mask. This count how many such samples
of streamlines succeed from the predefined seed region to
the predefined target region. Subsequently, statistically
normalized tracts were set at a threshold of .05 incorporating
only those voxels where at least 5% of the total number of
streamlines passed. For each participant and pair of seed and
target regions, connectivity strength was computed and was
determined from the number of sample streamlines from
each seed that reached the target (Eickhoff et al., 2010).
Within-tract probabilistic values were then normalized at
the individual level by dividing the number of streamlines
passing through each voxel by the total number of obtained
streamlines (“waytotal”) (Scholz, Tomassini, & Johansen-
Berg, 2013a). We then took the output of tractography (i.e.,
waytotal and number of streamlines) transforms to the same
anatomical space using fslmaths and fslstats to obtain tract-
averaged measures of FA maps. Above we recreated known
white matter tracts by guiding the streamlines using masks.
Here we aimed to estimate the connectivity between brain
matter regions by counting the number of streamlines con-
necting them (https://fsl.fmrib.ox.ac.uk/fslcourse/lectures/
practicals/fdt2/index.html#connectivity). Connectivity
strength is a measure of successful connectivity between the
seed and the target. Training-induced white matter tract
differentiation was initially explored by visualizing whether
the strength of cross-tract associations altered between
groups for FA for all tracts.

2.3.3. Statistical analyses

Voxel-wise statistics of the DTI parameters (FA, MD, AD, RD)
for group differences (see Fig. 1) (controls vs soccer players)
were tested in the general linear model (GLM) framework with
two sample unpaired t-tests adjusted for covariates (i.e., age),
using the FSL randomise tool with nonparametric permuta-
tion testing (10,000 permutations) (Winkler, Ridgway,
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Fig. 1 — Group comparisons of diffusion measures between the soccer (N = 25) and control groups (N = 25). FWE-corrected

p <.05.FA

= fractional anisotropy; MD = mean diffusivity; RD

= radial diffusivity; AD = axial diffusivity.

Webster, Smith, & Nichols, 2014). Statistical maps were ob-
tained with family-wise error (FWE) corrected p-values less
than .05. Pearson's correlation analyses between DTI indices
and years of training were performed to investigate the re-
lationships between years of training experience and diffu-
sion MRI-derived indices in the players. Based on the tracts
showing significant group-level differences in the previous
TBSS analysis, we examined the pre-defined white matter
fiber bundle tracts of interest derived from a previous study
conducted in large samples (e.g., UK biobank) (Cox et al., 2016).
To extract the DTI indices, these targeted masks were

transformed back to each subject's original images, and the
mean DTI indices values of each tract were extracted from
each soccer player to test association with sports experience.
It was also of interest to explore whether the connection
strength of each tract correlated with years of training expe-
rience. To examine this, the tracts were extracted based on
the masks showing evident group-level differences in the
previous probabilistic tractography analysis. The mean
connection strength of each tract was then extracted from
each soccer player and correlated with years of training
experience.
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(years). p = probability value; r = Pearson correlation coefficient. FMi = forceps minor; FMa = forceps major; Right
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3. Results

3.1. WM integrity (whole-brain tract-based spatial
statistics)

Tract-averaged values for MR diffusion parameters FA, MD,
AD and RD in each white matter-tract skeleton are plotted in
Fig. 1. We found that soccer players showed higher coherence
of directional diffusion (FA; t (48) = —5.921, p = 3 x 1077,
Cohen's d = —1.675) than non-athlete controls, while a higher
magnitude of water diffusion (MD; t (48) = 5.039, p = 7 x 107,
Cohen's d = 1.425) was found in non-athlete controls. More-
over, other diffusion scalars from TBSS results revealed sig-
nificant group differences in radial diffusion (RD; t (48) = 5.808,

p =5 x 1077, Cohen's d = 1.643) and axial diffusion (AD; t
(48) = 7.202, p = 3 x 1072, Cohen's d = 2.037) between athletes
and non-athlete controls. No significant correlation between
whole-brain FA value and years of training experience in
soccer players was found (r = .274, p = .186).

The percentages indicate the average probability of a voxel
being a member of the different labeled tracts within the atlas.
Specifically, soccer players exhibited extensive brain regions
with significantly higher FA in the genu (13.6%), body (29.4%),
and splenium (15.8%) of the CCT, anterior (3.2%), superior
(10.2%), and posterior (4.8%) bilateral corona radiate, posterior
thalamic radiation (.02%), bilateral cingulum (cingulate gyrus)
(-03%), and left tapetum (.06%). Non-athlete controls showed
higher MD in genu (.06%), body (2.6%), and splenium (.02%) of
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CCT, anterior (.6%) and posterior (.4%) bilateral limb of internal
capsule, bilateral retrolenticular part of internal capsule
(1.5%), anterior (5.7%), posterior (1.9%), and superior (5.2%)
corona radiate, posterior thalamic radiation (1.6%), bilateral
sagittal stratum (1.2%), bilateral external capsule (1.4%),
bilateral cingulum (.09%), bilateral superior longitudinal
fasciculus (5.2%), bilateral superior (.11%) fronto-occipital
fasciculus, bilateral uncinate fasciculus (.01%) and bilateral
tapetum (.06%).

Other common diffusion measures include AD and RD,
which are thought to measure axonal and myelin pathology,
respectively. Group comparisons showed that soccer players
exhibited significantly lower RD (t (48) = 5.8078,
p =4.922 x 1077, Cohen's d = 1.6427) in the genu (4.1%), body
(9.0%), and splenium (4.0%) of the CC tract, the anterior (1.2%),
and posterior limb of the internal capsule (.2%), the bilateral
retrolenticular part of internal capsule (.07%), the anterior
(5.5%), posterior (2.2%), superior (5.7%) and bilateral corona
radiate, posterior (1.5%) thalamic radiation, bilateral sagittal
stratum (.6%), bilateral external capsule (1.6%), left cingulum
(-3%), bilateral superior longitudinal fasciculus (3.5%), bilateral
superior fronto-occipital fasciculus (.1%), bilateral uncinate
fasciculus (.11%), and right tapetum (.06%), and in AD (t
(48) = 7.2021, p = 3.6 x 10~°, Cohen's d = 2.037) in the body of
the CCT (.02%), right anterior limb of internal capsule (.0004%),
bilateral posterior limb of internal capsule (1.05%), bilateral
retrolenticular part of internal capsule (15.8%), right anterior
(-9%), superior (6.9%), posterior (1.8%) corona radiata, and
bilateral posterior thalamic radiation (1.7%), right sagittal
stratum (3.3%), bilateral external capsule (2.7%), bilateral su-
perior longitudinal fasciculus (11.6%), and right tapetum (.3%)
than controls.

3.2. WM connectivity (tract-specific probabilistic
tractography)

To formally test whether stronger WM connectivity in the CCT
of soccer players was associated with sports training, we
derived the tract-averaged values for MR diffusion parameters
(i.e., FA) in each WM callosal fiber tract of interest. Although
the CCT is a single large fiber bundle connecting the two
hemispheres, a number of individual callosal fiber tracts can
be identified. Two callosal fiber tracts of interest are the for-
ceps minor (FMi), which connects the lateral and medial sur-
faces of the frontal lobes and crosses the midline via the genu
of the corpus callosum, and the forceps major (FMa), which
connects the occipital lobes and crosses the midline via the
splenium of the corpus callosum (see Fig. 2b). The corpus
callosum and cingulum are the WM tracts that run along the
midline of the brain. Along its course, the cingulum collects
prominent projections from the cingulate gyrus, it is evident
that the cingulum contains some fibers from the corpus cal-
losum (Wakana, Jiang, Nagae-Poetscher, Van Zijl, & Mori,
2004). A confirmatory analysis showed that FA in the FMi, but
not in other tracts, was strongly correlated with sports expe-
rience (testing training-induced brain microstructural
changes) (see Fig. 2b; FMi, r = .486, p = .013).

To examine whether soccer players had stronger connec-
tivity across 27 major white matter tracts, we quantified the
connection strength for each individual participant by means

of a connectivity index for each tract. A significant difference
of connection strength was found in seven tracts including the
left acoustic radiation tract (t (48) = —2.524, p = .015, Cohen's
d = —.714), the right acoustic radiation tract (t (48) = —2.384,
p = .021, Cohen's d = —.674), the right corticospinal tract (t
(48) = 2.097, p = .041, Cohen's d = .593), the right posterior
thalamic radiation tract (t (48) = 2.185, p = .034, Cohen's
d = .618), the right superior longitudinal fasciculus (t
(48) = 2.050, p = .046, Cohen's d = .58), the right superior
thalamic radiation tract (t (48) = —2.591, p = .013, Cohen's
d = —.733), and the left superior thalamic radiation tract (t
(48) = —2.678, p = .01, Cohen's d = —.758). Specifically, soccer
players had stronger connectivity in two tracts: bilateral
acoustic radiation and bilateral superior thalamic radiation
tract, whereas weaker connectivity was observed in the right
superior longitudinal fasciculus, corticospinal, and posterior
thalamic radiation tract. Among these tracts, a strong positive
correlation between connection strength and years of training
in the left acoustic radiation tract (r = .415, p = .039) was found,
together with a robust negative correlation between connec-
tion strength and years of training in the right corticospinal
tract (r = —.423, p = .035) (see Fig. 3). The diffusion data was
reconstructed and rendered in DSI Studio (Yeh & Tseng, 2011).

4, Discussion

Consistent with our initial hypothesis, we provide the first
evidence for a clear association between years of training
experience and neuroanatomical structural integrity in elite
soccer players. Specifically, effects were seen in the anterior
parts of CCT (i.e., forceps minor, connecting the surfaces of
the left and right frontal lobes), possibly explaining the ab-
normality of CCT commonly seen in retired and concussed
soccer players (Chamard et al., 2016; Stamm et al., 2015;
Tremblay et al.,, 2014). Tract-specific connectivity analysis
further showed that soccer players had stronger connectivity
in the bilateral acoustic radiation and bilateral superior
thalamic radiation tracts, whereas they exhibited weaker
structural connectivity in the right superior longitudinal
fasciculus, corticospinal, and posterior thalamic radiation
tracts, suggesting structural lateralization toward the left
hemisphere. A positive association between connection
strength and years of training was found in the left acoustic
radiation tract, while such a relationship was found to be
negative in the right corticospinal tract, which has shown to
be particularly vulnerable to concussion (Gardner et al., 2012).
Together, these findings seemingly indicate a possible soccer
training-induced sign of motor cortex neuron changes (i.e.,
gain or loss), even in the absence of concussion diagnoses.
Previous studies have reported either no difference
(Chamard et al., 2016; Multani et al., 2016; Strain et al., 2017) or
lower FA values (Lipton et al, 2013; Stamm et al.,, 2015;
Tremblay et al., 2014) in concussed or retired contact sport
athletes as compared to healthy controls who are either non-
concussed healthy athletes or retired athletes without diag-
nosis of concussion. However, our findings not only showed
greater FA within the CCT in soccer players compared to
controls but also a robust positive correlation between
microstructural integrity in the anterior forceps within the
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Connectivity (left ART)

Connectivity (right CST)

Control
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.005
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r=.42,p=.039
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.02

Soccer > Control

o
r=-42,p=.035

Soccer < Control

Fig. 3 — a. Correlation between structural connections and the left acoustic radiation tract; b. Correlation between structural
connections and the right corticospinal tract. Red = mean connection strength in left acoustic radiation tract in soccer
players (N = 25); Blue = mean connection strength in right corticospinal tract in control individuals (N = 25). FWE-corrected

p < .05.

CCT (i.e., forceps minor) and years of training experience,
possibly implying that the stronger CCT connectivity seen
here may be linked to soccer training experience. In white
matter, the level of FA is believed to be associated with
microstructural features of fiber tracts, including the relative
alignment of individual axons, how tightly they are packed,
and myelin content (Paus, 2016). Thus, the greater integrity

seen in soccer players may indicate the presence of more
brain voxels containing water molecules that move predom-
inantly along a preferred direction within the CCT. In addition,
we also reported the results of cortical integrity that could
provide supporting information of the observation of CCT.
According to the voxel-based morphometry (VBM) results of
whole-brain cortical integrity (see Supplementary material),
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greater cortical integrity was seen in soccer players relative to
controls (see Supplementary material Fig. 1a). Specifically, we
observed that anterior parahippocampal gyrus is the major
brain structure contributing to the group difference (see
Supplementary material Fig. 1b). The possible reason may be
that anterior parahippocampal gyrus projects fibers to the
CCT, which could be attributed to its anatomical locations
behind and below the splenium of the corpus callosum (Jones,
Christiansen, Chapman, & Aggleton, 2013; Mark, Daniels,
Naidich, & Borne, 1993).

To date, only two studies have investigated the brains of
contact sports players without a concussion diagnosis (Koerte,
Ertl-Wagner, Reiser, Zafonte, & Shenton, 2012; McAllister
et al., 2014). Their findings demonstrated white matter alter-
ations in contact sports players, which is in line with findings
observed in patients with mild TBI (Sharp & Ham, 2011; Wilde
et al., 2008), and suggests the possible attributes to training-
related head impact exposure. However, the lack of health-
matched non-athletic controls may diminish the conclu-
sions of these studies. For example, it is possible that the ef-
fects they reported may be a result of structural changes
associated with sport-specific training experience rather than
due to the impact of concussion. Our findings thus extend
current knowledge by raising the possibility that the previ-
ously reported findings (Koerte et al., 2012; McAllister et al.,
2014) may result from structural changes associated with
sport-specific training experience. Future work will need to
further examine this speculation.

The observed differences in diffusion between groups
could have several interpretations. For instance, increased
myelination may cause diffusion to be hindered perpendic-
ular to the axon orientation that may have resulted in in-
creases in FA. Increased axon coherence may also lead to the
increased FA via facilitating diffusion along the axons. Alter-
natively, it is also likely that neural inflammation may
modulate synaptic maps resulting in inefficient axonal prun-
ing (Cohen-Cory, 2002). Deficits in axonal pruning may lead to
redundant networks which may result in decreased efficiency
in information transmission, manifested by increased FA
(Alba-Ferrara & de Erausquin, 2013). In line with this, it has
been considered that forming and maintaining the brain's
axonal wiring incurs a metabolic cost (Laughlin & Sejnowski,
2003), since it is assumed that the brain attempts to mini-
mize wiring costs. Thus, the increased FA perhaps reflects
poor cost-efficiency (Alba-Ferrara & de Erausquin, 2013).
Although it is yet to be determined whether such a simple
interpretation could be generalized to healthy populations
(Scholz, Tomassini, & Johansen-Berg, 2013b), it may be helpful
to consider multiple levels of diffusion measures, such as
mean diffusivity, as well as perpendicular and parallel diffu-
sivity, in addition to FA.

According to the previous discussion, there is no one-to-one
relationship between a given anatomical feature and a partic-
ular diffusion MR measure. Further, it is worth noting that
higher FA might not always be associated with better integrity,
especially for crossing-fiber areas (Douaud et al., 2011). Hence,
it is necessary to provide other diffusion measures to further
elucidate the subtle changes associated with a particular tissue
characteristic of interest (Soares, Marques, Alves, & Sousa,
2013). In this regard, it is assumed that other DTI-derived

metrics, such as MD, may be able to improve tissue charac-
terization (Winklewski et al., 2018). In some patients with acute
mild TBI, an increase in FA along with a decrease in mean
diffusivity occurs, which can be attributed to the effect of acute
edema compressing white matter pathways (Sharp & Ham,
2011; Wilde et al., 2008). In this study, we observed that MD
was lower in soccer players compared to controls, suggesting a
possible progressive injury within the brain tissues of the soc-
cer group. By analyzing other DTI-derived metrics (e.g., AD and
RD), we obtained detailed map of structural properties, and the
results showed lower AD and RD values in soccer players.
Typically, AD captures diffusion along the neuronal axons (i.e.,
a measure of axonal integrity/diameter), while RD reflects the
degree of myelination (i.e., a measure of myelin development)
(Winklewski et al., 2018). Previous animal research has shown
higher AD to be associated with axonal damage, whereas
decreased AD was associated with progressive resolution of
edema/inflammation (Budde, Xie, Cross, & Song, 2009; Sun
et al,, 2006). On the other hand, increased RD reflects the
severity of demyelination and increased cellularity, whereas
decreased RD reflects the progression of remyelination (Song
et al.,, 2005). Indeed, inflammation and remyelination can
occur after injury (Freund, Orjalo, Desprez, & Campisi, 2010;
Ruffini, Kennedy, & Antel, 2004; Winklewski et al.,, 2018).
Accordingly, our observation of significantly lower AD and RD
values in soccer players possibly suggests that training expe-
rience may incur minor injury that may have induced inflam-
mation and which the healthy athletes managed to recover
from as indicated by their remyelination.

Additionally, our results showed that soccer players
exhibited stronger structural connections in left acoustic and
left superior thalamic radiation tracts, but weaker connec-
tions in right superior longitudinal fasciculus, right cortico-
spinal, and right posterior thalamic radiation tracts than
controls group. These findings may suggest a left-hemispheric
specialization in soccer players. More interestingly, we found
that soccer training experience was positively associated with
the strength of the left acoustic radiation tract, whereas there
was a negative association for the right corticospinal tract,
which provides supportive evidence for the argument that
soccer training experience may be associated with structural
lateralization toward the left hemisphere. A well-documented
finding is that the human brain has a dominant hemisphere
for handedness (i.e., the left hemisphere controls right-
handedness, while the right hemisphere controls dominant
left-handedness) (Corballis, 2014; Sainburg, 2014). In this
study, all participants were right-handed; hence, a dominant
hemisphere for handedness could be countervailed. As a
result, it is plausible that the group difference in the left-
hemispheric specialization might be driven by soccer
training experience.

Regarding the WM bundles difference associated with
soccer training experience, the acoustic radiation tract is a
primary sensory pathway known to help gate auditory infor-
mation and facilitate language comprehension (Berman,
Lanza, Blaskey, Edgar, & Roberts, 2013). One prior study re-
ported lower MD in concussed athletes within this tract
(Cubon, Putukian, Boyer, & Dettwiler, 2011), while other
studies examining concussed contact/collision sports athletes
reported lower membrane density in this tract (Cubon et al.,
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2011; Gardner et al,, 2012). In line with these findings, we
observed that WM connection strength in the acoustic radia-
tion tract was associated with soccer training experience,
implying that the alterations in the auditory tract may be in
part attribuable to long-term participation in contact/collision
sports.

Moreover, a negative association between right cortico-
spinal tract and years of training experience was seen, indi-
cating that practicing soccer training may be related to the
reduction of this fiber bundle. As mentioned previously, CST
has been reported as a fragile structure for sport-related
concussion in retired and concussed athletes (Gardner et al.,,
2012). Although this corticospinal tract is a WM motor
pathway, controlling limbs and trunk movements (Martin,
2005), the connections of CST to the somatosensory cortex
suggest that these pyramidal tracts are also responsible for
modulating sensory information from the body. A recent
study demonstrated that patients with spinal cord injury
showed improved arm and hand functions after applying
transcranial direct-current stimulation over the CST followed
by 1 h of robot-assisted arm training (Yozbatiran et al., 2017).
Specifically, their diffusion imaging results revealed increased
FA values among these patients. Based on these findings, we
speculate that the weaker connection strengths within the
CST in the soccer players may be an early sign of mild trau-
matic brain injury associated with long-term soccer training.
Additional studies with long-term follow-up are needed to
further assess this possibility.

It is important to note the limitations of this study. First, the
relatively small sample size may limit the generalizability of any
findings to other contact sports. Second, the current experi-
mental design was cross-sectional, thus limiting causal inter-
pretation from the observed findings, and hindering our ability
to assess the predictive power of DTI with respect to long-term
WM alterations. Moreover, despite the demographic homoge-
neity seen between the two groups, some possible idiosyncratic
differences may potentially bias the effects of interest. For
example, it has been claimed that any observed group differ-
ences associated with sports expertise may not be a definite
consequence of the nature of sports expertise but rather a
reflection of idiosyncratic differences (e.g., personality) (Wang,
Yang, Moreau, & Muggleton, 2017). These concerns could be
overcome with a longitudinal design to systematically investi-
gate whether sustained participation in soccer training actually
induces changes in specific microstructures of the brain. On the
other hand, although we did not report any cognitive outcomes
potentially linking to the neural inflammation seen here,
healthy athletic populations might not necessarily show im-
pairments at the behavioral level. For example, there is
increasing evidence demonstrating superior executive func-
tions in elite soccer players relative to their sub-elite peers or
general populations (Vestberg, Gustafson, Maurex, Ingvar, &
Petrovic, 2012), which may be presumably due to the fact that
long-term participation in motor skill or coordinative training
(like soccer) could lead to significant cognitive gains (Ludyga,
Gerber, Piihse, Looser, & Kamijo, 2020; Wang, 2020). Indeed, it
remains to be determined whether purposeful heading may
significantly impact overt behavioral outcomes in healthy ath-
letes (Kaminski, Wikstrom, Gutierrez, & Glutting, 2007; Stewart
et al., 2018). To alleviate this concern, we provided a

psychological variable that may be pertained to cognitive out-
comes, namely cognitive style, a self-reported measure of
thinking style, and found no significant differences across
groups (see Supplementary material Table 3). Cognitive style has
been recently reported to be associated with individual differ-
ences in flanker task performance (Hsieh, Yu, Chen, Yang, &
Wang, 2020), which allows the investigation of selective atten-
tion and executive control in athletes (Wang, Liang, & Moreau,
2020; Wylie et al., 2018). Thus, we conjecture that any long-
term training-induced neural inflammation may occur even in
the absence of visible behavioral impairments. Nevertheless,
future research should investigate whether the neural inflam-
mation reported in this study could be associated with certain
cognitive impairments. Finally, although this study demon-
strates the potential impact of long-term training experience on
brain integrity, such effects may not specifically be attributed to
heading events. Future research should examine whether
heading experience in recent games may mediate the relation-
ship between training experience and structural brain alter-
ations using more specific measures (e.g., the Einstein Heading
Questionnaire). Despite these limitations, our findings provide
importantinsights into individual differences concerning sport-
related concussion, and into factors that may predict neuro-
cognitive performance outcomes, and, arguably, into the
mechanisms underlying resiliency to neurological damage. For
example, characterizing the dose—response curve linking sport-
specific measures and risks of concussion might facilitate safety
guidelines, which in turn could allow minimizing the risk of
adverse effects in the brains of athletes.

5. Conclusion

Overall, we provide the first evidence of microstructural dif-
ferences in the WM between soccer players without a history
of concussion and their non-athletic peers, with further evi-
dence showing the link between soccer training experience
and the potential changes in DTI measures. Crucially, the
evidence presented here gives important insight into soccer
training experience and its potential consequence for struc-
tural brain alterations, particularly in the anterior part of the
corpus callosum tract (i.e., forceps minor). Together with the
connectivity analysis, the results offer the possibility that in-
dividual differences in CCT for concussed and retired soccer
players reported in the prior literature might be a conse-
quence of protracted soccer training that incurs minor injury-
induced neural inflammation. Our study emphasizes the need
to examine the potential adverse effect of long-term soccer
training on brain structures. We propose that the nature of the
interaction between WM microstructural changes and years
of training involves a latent microstructural injury that leaves
the brain more vulnerable to the deleterious effects of prac-
tice, even after training ceases.

Credit author statement

CHW, DM, ZFY, and CTY conceived and designed the experi-
ments. CTY, CHW, and SH performed the experiments. ZFY,
IGS, NM and KRR analyzed the data. CTY, CHW, and SH


https://doi.org/10.1016/j.cortex.2020.07.016
https://doi.org/10.1016/j.cortex.2020.07.016

CORTEX 132 (2020) 79—91 89

contributed materials/experimental tools. ZFY, IGS, DM, and
CHW wrote the manuscript. KRR and NM edited/commented
on the manuscript. All authors reviewed and approved the
final version of manuscript.

Funding statement

This work was supported by grants from the Ministry of Sci-
ence and Technology, Taiwan (MOST 106-2420-H-006-004- to
C.-T. Yang; MOST 106-2420-H-006-005-MY?2 to S. Hsieh; MOST
106-2420-H-006-006 to C.-H. Wang).501100004663

Data accessibility statement

The datasets collected, and codes analyzed that supporting
this study are available on https://datadryad.org/stash/
dataset/doi:10.5061/dryad.905qftthx.

Open Practices

The study in this article earned an Open Data badge for
transparent practices. Materials and data for the study are
available at https://github.com/zfyao/diffusion_soccer.git.

Declaration of competing interest

The authors confirm that there are no known conflicts of in-
terest associated with this publication.

Acknowledgments

We thank The Mind Research and Imaging Center at National
Cheng Kung University for consultation and instrument
availability. The Mind Research and Imaging Center is sup-
ported by the Ministry of Science and Technology (MOST) in
Taiwan.

Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.cortex.2020.07.016.

REFERENCES

Alba-Ferrara, L. M., & de Erausquin, G. A. (2013). What does
anisotropy measure? Insights from increased and decreased
anisotropy in selective fiber tracts in schizophrenia. Frontiers
in Integrative Neuroscience. https://doi.org/10.3389/
fnint.2013.00009

Alexander, A. L., Lee, J. E., Lazar, M., & Field, A. S. (2007). Diffusion
tensor imaging of the brain. Neurotherapeutics: the Journal of the
American Society for Experimental Neurotherapeutics, 4(3),
316—329. https://doi.org/10.1016/j.nurt.2007.05.011

Allen, B., & Karceski, S. (2017). Soccer and head injuries: What is
the risk? Neurology, 88(9), e74—e75. https://doi.org/10.1212/
‘WNL.0000000000003669

Andersson, J. L. R, Jenkinson, M., & Smith, S. (2007). Non-linear
registration aka spatial normalisation. In FMRIB technical report
TRO7JA2. Retrieved from http://fmrib.medsci.ox.ac.uk/
analysis/techrep/tr07ja2/tr07ja2.pdf.

Andersson, J. L. R., Skare, S., & Ashburner, J. (2003). How to correct
susceptibility distortions in spin-echo echo-planar images:
Application to diffusion tensor imaging. Neuroimage, 20(2),
870—888. https://doi.org/10.1016/51053-8119(03)00336-7

Andersson, J. L. R, & Sotiropoulos, S. N. (2016). An integrated
approach to correction for off-resonance effects and subject
movement in diffusion MR imaging. Neuroimage, 125,
1063—1078. https://doi.org/10.1016/j.neuroimage.2015.10.019

Bastiani, M., Cottaar, M., Fitzgibbon, S. P., Suri, S., Alfaro-
Almagro, F., Sotiropoulos, S. N., et al. (2019). Automated
quality control for within and between studies diffusion MRI
data using a non-parametric framework for movement and
distortion correction. Neuroimage. https://doi.org/10.1016/
j.neuroimage.2018.09.073

Baum, G. L., Roalf, D. R,, Cook, P. A,, Ciric, R., Rosen, A. F. G.,
Xia, C., et al. (2018). The impact of in-scanner head motion on
structural connectivity derived from diffusion MRI
Neuroimage. https://doi.org/10.1016/j.neuroimage.2018.02.041

Behrens, T. E. ], Berg, H. ], Jbabdi, S., Rushworth, M. F. S., &
Woolrich, M. W. (2007). Probabilistic diffusion tractography
with multiple fibre orientations: What can we gain?
Neuroimage, 34(1), 144—155. https://doi.org/10.1016/
j.neuroimage.2006.09.018

Berman, J. I., Lanza, M. R,, Blaskey, L., Edgar, J. C., &

Roberts, T. P. L. (2013). High angular resolution diffusion
imaging probabilistic tractography of the auditory radiation.
AJNR. American Journal of Neuroradiology, 34(8), 1573—1578.
https://doi.org/10.3174/ajnr.A3471

Budde, M. D,, Xie, M,, Cross, A. H,, & Song, S. K. (2009). Axial
diffusivity is the primary correlate of axonal injury in the
experimental autoimmune encephalomyelitis spinal cord: A
quantitative pixelwise analysis. Journal of Neuroscience, 29(9),
2805—2813. https://doi.org/10.1523/JNEUROSCI.4605-08.2009

Carman, A. J., Ferguson, R., Cantu, R., Comstock, R. D.,

Dacks, P. A., Dekosky, S. T., et al. (2015). Expert consensus
document: Mind the gaps-advancing research into short-term
and long-term neuropsychological outcomes of youth sports-
related concussions. Nature Reviews Neurology, 11(4), 230—244.
https://doi.org/10.1038/nrneurol.2015.30

Chamard, E., Lefebvre, G., Lassonde, M., & Theoret, H. (2016).
Long-term abnormalities in the corpus callosum of female
concussed athletes. Journal of Neurotrauma, 33(13), 1220—1226.
https://doi.org/10.1089/neu.2015.3948

Chapman, L. J., & Chapman, J. P. (1987). The measurement of
handedness. Brain and Cognition. https://doi.org/10.1016/0278-
2626(87)90118-7

Cohen-Cory, S. (2002). The developing synapse: Construction and
modulation of synaptic structures and circuits. Science. https://
doi.org/10.1126/science.1075510

Corballis, M. C. (2014). Left brain, right brain: Facts and fantasies.
Plos Biology. https://doi.org/10.1371/journal.pbio.1001767

Cox, S. R, Ritchie, S. J., Tucker-Drob, E. M., Liewald, D. C.,
Hagenaars, S. P, Davies, G., et al. (2016). Ageing and brain
white matter structure in 3,513 UK Biobank participants.
Nature Communications, 7, 1—13. https://doi.org/10.1038/
ncomms13629

Cubon, V. A., Putukian, M., Boyer, C., & Dettwiler, A. (2011). A
diffusion tensor imaging study on the white matter skeleton
in individuals with sports-related concussion. Journal of
Neurotrauma, 28(2), 189—201. https://doi.org/10.1089/
neu.2010.1430


https://datadryad.org/stash/dataset/doi:10.5061/dryad.905qftthx
https://datadryad.org/stash/dataset/doi:10.5061/dryad.905qftthx
https://github.com/zfyao/diffusion_soccer.git
https://doi.org/10.1016/j.cortex.2020.07.016
https://doi.org/10.3389/fnint.2013.00009
https://doi.org/10.3389/fnint.2013.00009
https://doi.org/10.1016/j.nurt.2007.05.011
https://doi.org/10.1212/WNL.0000000000003669
https://doi.org/10.1212/WNL.0000000000003669
http://fmrib.medsci.ox.ac.uk/analysis/techrep/tr07ja2/tr07ja2.pdf
http://fmrib.medsci.ox.ac.uk/analysis/techrep/tr07ja2/tr07ja2.pdf
https://doi.org/10.1016/S1053-8119(03)00336-7
https://doi.org/10.1016/j.neuroimage.2015.10.019
https://doi.org/10.1016/j.neuroimage.2018.09.073
https://doi.org/10.1016/j.neuroimage.2018.09.073
https://doi.org/10.1016/j.neuroimage.2018.02.041
https://doi.org/10.1016/j.neuroimage.2006.09.018
https://doi.org/10.1016/j.neuroimage.2006.09.018
https://doi.org/10.3174/ajnr.A3471
https://doi.org/10.1523/JNEUROSCI.4605-08.2009
https://doi.org/10.1038/nrneurol.2015.30
https://doi.org/10.1089/neu.2015.3948
https://doi.org/10.1016/0278-2626(87)90118-7
https://doi.org/10.1016/0278-2626(87)90118-7
https://doi.org/10.1126/science.1075510
https://doi.org/10.1126/science.1075510
https://doi.org/10.1371/journal.pbio.1001767
https://doi.org/10.1038/ncomms13629
https://doi.org/10.1038/ncomms13629
https://doi.org/10.1089/neu.2010.1430
https://doi.org/10.1089/neu.2010.1430
https://doi.org/10.1016/j.cortex.2020.07.016
https://doi.org/10.1016/j.cortex.2020.07.016

20 CORTEX 132 (2020) 79—91

De Groot, M., Vernooij, M. W., Klein, S., Ikram, M. A,, Vos, F. M.,
Smith, S. M., et al. (2013). Improving alignment in Tract-based
spatial statistics: Evaluation and optimization of image
registration. Neuroimage, 76, 400—411. https://doi.org/10.1016/
j.neuroimage.2013.03.015

Douaud, G., Jbabdi, S., Behrens, T. E. J.,, Menke, R. A,, Gass, A.,
Monsch, A. U., et al. (2011). DTI measures in crossing-fibre
areas: Increased diffusion anisotropy reveals early white
matter alteration in MCI and mild Alzheimer's disease.
Neuroimage, 55(3), 880—890. https://doi.org/10.1016/
j.neuroimage.2010.12.008

Eickhoff, S. B., Jbabdi, S., Caspers, S., Laird, A. R., Fox, P. T,
Zilles, K., et al. (2010). Anatomical and functional connectivity
of cytoarchitectonic areas within the human parietal
operculum. Journal of Neuroscience, 30(18), 6409—6421. https://
doi.org/10.1523/JNEUROSCI.5664-09.2010

Freund, A., Orjalo, A. V., Desprez, P. Y., & Campisi, J. (2010).
Inflammatory networks during cellular senescence: Causes
and consequences. Trends in Molecular Medicine. https://doi.org/
10.1016/j.molmed.2010.03.003

Gardner, A., Kay-Lambkin, F., Stanwell, P., Donnelly, J.,
Williams, W. H., Hiles, A., et al. (2012). A systematic review of
diffusion tensor imaging findings in sports-related
concussion. Journal of Neurotrauma, 29(16), 2521—-2538. https://
doi.org/10.1089/neu.2012.2628

Giza, C. C,, Prins, M. L., & Hovda, D. A. (2017). It's not all fun and
games: Sports, concussions, and neuroscience. Neuron, 94(6),
1051—-1055. https://doi.org/10.1016/j.neuron.2017.05.003

Hsieh, S., Yu, Y. T., Chen, E. H.,, Yang, C. T., & Wang, C. H. (2020).
ERP correlates of a flanker task with varying levels of analytic-
holistic cognitive style. Personality and Individual Differences.
https://doi.org/10.1016/j.paid.2019.109673

Hua, K., Zhang, J., Wakana, S., Jiang, H., Li, X., Reich, D. S., et al.
(2008). Tract probability maps in stereotaxic spaces: Analyses
of white matter anatomy and tract-specific quantification.
Neuroimage, 39(1), 336—347. https://doi.org/10.1016/
j.neuroimage.2007.07.053

Jbabdi, S., Sotiropoulos, S. N., Savio, A. M., Grana, M., &
Behrens, T. E. J. (2012). Model-based analysis of multishell
diffusion MR data for tractography: How to get over fitting
problems. Magnetic Resonance in Medicine, 68(6), 1846—1855.
https://doi.org/10.1002/mrm.24204

Jenkinson, M., Beckmann, C. F., Behrens, T. E. J., Woolrich, M. W.,
& Smith, S. M. (2012). FSL. Neuroimage, 62(2), 782—790. https://
doi.org/10.1016/j.neuroimage.2011.09.015

Jones, D. K., Christiansen, K. F., Chapman, R. J., & Aggleton, J. P.
(2013). Distinct subdivisions of the cingulum bundle revealed
by diffusion MRI fibre tracking: Implications for
neuropsychological investigations. Neuropsychologia. https://
doi.org/10.1016/j.neuropsychologia.2012.11.018

Kaminski, T. W., Wikstrom, A. M., Gutierrez, G. M., & Glutting, J. J.
(2007). Purposeful heading during a season does not influence
cognitive function or balance in female soccer players. Journal
of Clinical and Experimental Neuropsychology. https://doi.org/
10.1080/13825580600976911

Koerte, I. K., Ertl-Wagner, B., Reiser, M., Zafonte, R., &

Shenton, M. E. (2012). White matter integrity in the brains of
professional soccer players without a symptomatic
concussion. JAMA - Journal of the American Medical Association.
https://doi.org/10.1001/jama.2012.13735

Laughlin, S. B., & Sejnowski, T. J. (2003). Communication in
neuronal networks. Science. https://doi.org/10.1126/
science.1089662

Li, X., Morgan, P. S., Ashburner, J., Smith, J., & Rorden, C. (2016).
The first step for neuroimaging data analysis: DICOM to NIfTI
conversion. Journal of Neuroscience Methods, 264, 47—56. https://
doi.org/10.1016/j.jneumeth.2016.03.001

Lipton, M. L., Kim, N., Zimmerman, M. E., Kim, M., Stewart, W. F.,
Branch, C. A, etal. (2013). Soccer headingis associated with white
matter microstructural and cognitive abnormalities. Radiology,
268(3), 850—857. https://doi.org/10.1148/radiol. 13130545

Ludyga, S., Gerber, M., Piihse, U., Looser, V. N., & Kamijo, K. (2020).
Systematic review and meta-analysis investigating
moderators of long-term effects of exercise on cognition in
healthy individuals. Nature Human Behaviour. https://doi.org/
10.1038/s41562-020-0851-8

Mark, L. P., Daniels, D. L., Naidich, T. P., & Borne, J. A. (1993).
Limbic system anatomy: An overview. AJNR. American Journal
of Neuroradiology.

Martin, J. H. (2005). The corticospinal system: From development
to motor control. The Neuroscientist: a Review Journal Bringing
Neurobiology, Neurology and Psychiatry, 11(2), 161—173. https://
doi.org/10.1177/1073858404270843

McAllister, T. W., Ford, J. C., Flashman, L. A., Maerlender, A.,
Greenwald, R. M., Beckwith, J. G., et al. (2014). Effect of head
impacts on diffusivity measures in a cohort of collegiate
contact sport athletes. Neurology, 82(1), 63—69. https://doi.org/
10.1212/01.wnl.0000438220.16190.42

Miller, K. L., Stagg, C. J., Douaud, G., Jbabdi, S., Smith, S. M.,
Behrens, T. E. ], et al. (2011). Diffusion imaging of whole, post-
mortem human brains on a clinical MRI scanner. Neuroimage,
57(1), 167—181. https://doi.org/10.1016/
j.neuroimage.2011.03.070

Mori, S., & Zhang, J. (2006). Principles of diffusion tensor imaging
and its applications to basic neuroscience research. Neuron,
51(5), 527—-539. https://doi.org/10.1016/j.neuron.2006.08.012

Multani, N., Goswami, R., Khodadadi, M., Ebraheem, A.,

Davis, K. D., Tator, C. H., et al. (2016). The association between
white-matter tract abnormalities, and neuropsychiatric and
cognitive symptoms in retired professional football players
with multiple concussions. Journal of Neurology, 263(7),
1332—-1341. https://doi.org/10.1007/s00415-016-8141-0

Paus, T. (2016). Population neuroscience. In Handbook of clinical
neurology (Vol. 138, pp. 17—37). https://doi.org/10.1016/B978-0-
12-802973-2.00002-1

Rodrigues, A. C., Lasmar, R. P., & Caramelli, P. (2016). Effects of
soccer heading on brain structure and function. Frontiers in
Neurology, 7(MAR), 1-11. https://doi.org/10.3389/
fneur.2016.00038

Ruffini, F., Kennedy, T. E., & Antel, J. P. (2004). Inflammation and
remyelination in the central nervous system: A tale of two
systems. American Journal of Pathology, 164(5), 1519—1522.
https://doi.org/10.1016/S0002-9440(10)63709-1

Sainburg, R. L. (2014). Convergent models of handedness and
brain lateralization. Frontiers in Psychology. https://doi.org/
10.3389/fpsyg.2014.01092

Scholz, J., Tomassini, V., & Johansen-Berg, H. (2013a). Individual
differences in white matter microstructure in the healthy
brain. In Diffusion MRI: From quantitative measurement to in vivo
neuroanatomy (2nd ed.). https://doi.org/10.1016/B978-0-12-
396460-1.00014-7

Scholz, J., Tomassini, V., & Johansen-Berg, H. (2013b). Individual
differences in white matter microstructure in the healthy
brain. In Diffusion MRI: From quantitative measurement to in vivo
neuroanatomy (2nd ed.). https://doi.org/10.1016/B978-0-12-
396460-1.00014-7

Sharp, D.J., & Ham, T. E. (2011). Investigating white matter injury
after mild traumatic brain injury. Current Opinion in Neurology.
https://doi.org/10.1097/WCO.0b013e32834cd523

Smith, S. M., Johansen-Berg, H., Jenkinson, M., Rueckert, D.,
Nichols, T. E., Klein, J. C., et al. (2007). Acquisition and
voxelwise analysis of multi-subject diffusion data with tract-
based spatial statistics. Nature Protocols, 2(3), 499—503. https://
doi.org/10.1038/nprot.2007.45


https://doi.org/10.1016/j.neuroimage.2013.03.015
https://doi.org/10.1016/j.neuroimage.2013.03.015
https://doi.org/10.1016/j.neuroimage.2010.12.008
https://doi.org/10.1016/j.neuroimage.2010.12.008
https://doi.org/10.1523/JNEUROSCI.5664-09.2010
https://doi.org/10.1523/JNEUROSCI.5664-09.2010
https://doi.org/10.1016/j.molmed.2010.03.003
https://doi.org/10.1016/j.molmed.2010.03.003
https://doi.org/10.1089/neu.2012.2628
https://doi.org/10.1089/neu.2012.2628
https://doi.org/10.1016/j.neuron.2017.05.003
https://doi.org/10.1016/j.paid.2019.109673
https://doi.org/10.1016/j.neuroimage.2007.07.053
https://doi.org/10.1016/j.neuroimage.2007.07.053
https://doi.org/10.1002/mrm.24204
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1016/j.neuropsychologia.2012.11.018
https://doi.org/10.1016/j.neuropsychologia.2012.11.018
https://doi.org/10.1080/13825580600976911
https://doi.org/10.1080/13825580600976911
https://doi.org/10.1001/jama.2012.13735
https://doi.org/10.1126/science.1089662
https://doi.org/10.1126/science.1089662
https://doi.org/10.1016/j.jneumeth.2016.03.001
https://doi.org/10.1016/j.jneumeth.2016.03.001
https://doi.org/10.1148/radiol.13130545
https://doi.org/10.1038/s41562-020-0851-8
https://doi.org/10.1038/s41562-020-0851-8
http://refhub.elsevier.com/S0010-9452(20)30310-5/sref36
http://refhub.elsevier.com/S0010-9452(20)30310-5/sref36
http://refhub.elsevier.com/S0010-9452(20)30310-5/sref36
https://doi.org/10.1177/1073858404270843
https://doi.org/10.1177/1073858404270843
https://doi.org/10.1212/01.wnl.0000438220.16190.42
https://doi.org/10.1212/01.wnl.0000438220.16190.42
https://doi.org/10.1016/j.neuroimage.2011.03.070
https://doi.org/10.1016/j.neuroimage.2011.03.070
https://doi.org/10.1016/j.neuron.2006.08.012
https://doi.org/10.1007/s00415-016-8141-0
https://doi.org/10.1016/B978-0-12-802973-2.00002-1
https://doi.org/10.1016/B978-0-12-802973-2.00002-1
https://doi.org/10.3389/fneur.2016.00038
https://doi.org/10.3389/fneur.2016.00038
https://doi.org/10.1016/S0002-9440(10)63709-1
https://doi.org/10.3389/fpsyg.2014.01092
https://doi.org/10.3389/fpsyg.2014.01092
https://doi.org/10.1016/B978-0-12-396460-1.00014-7
https://doi.org/10.1016/B978-0-12-396460-1.00014-7
https://doi.org/10.1016/B978-0-12-396460-1.00014-7
https://doi.org/10.1016/B978-0-12-396460-1.00014-7
https://doi.org/10.1097/WCO.0b013e32834cd523
https://doi.org/10.1038/nprot.2007.45
https://doi.org/10.1038/nprot.2007.45
https://doi.org/10.1016/j.cortex.2020.07.016
https://doi.org/10.1016/j.cortex.2020.07.016

CORTEX 132 (2020) 79—91 91

Smith, S. M., & Nichols, T. E. (2009). Threshold-free cluster
enhancement: Addressing problems of smoothing, threshold
dependence and localisation in cluster inference. Neuroimage,
44(1), 83—98. https://doi.org/10.1016/j.neuroimage.2008.03.061

Soares, J. M., Marques, P., Alves, V., & Sousa, N. (2013). A
hitchhiker's guide to diffusion tensor imaging. Frontiers in
Neuroscience, 7(7 MAR), 31. https://doi.org/10.3389/
fnins.2013.00031

Song, S. K., Yoshino, J,, Le, T. Q., Lin, S. J., Sun, S. W., Cross, A. H.,
et al. (2005). Demyelination increases radial diffusivity in
corpus callosum of mouse brain. Neuroimage, 26(1), 132—140.
https://doi.org/10.1016/j.neuroimage.2005.01.028

Stamm, J. M., Koerte, I. K., Muehlmann, M., Pasternak, O.,
Bourlas, A. P., Baugh, C. M., et al. (2015). Age at first exposure
to football is associated with altered corpus callosum white
matter microstructure in former professional football players.
Journal of Neurotrauma, 32(22), 1768—1776. https://doi.org/
10.1089/neu.2014.3822

Stewart, W. F., Kim, N., Ifrah, C., Sliwinski, M., Zimmerman, M. E.,
Kim, M., et al. (2018). Heading frequency is more strongly
related to cognitive performance than unintentional head
impacts in amateur soccer players. Frontiers in Neurology.
https://doi.org/10.3389/fneur.2018.00240

Strain, J. F., Didehbani, N., Spence, J., Conover, H., Bartz, E. K,
Mansinghani, S., et al. (2017). White matter changes and
confrontation naming in retired aging national football league
athletes. Journal of Neurotrauma, 34(2), 372—379. https://doi.org/
10.1089/neu.2016.4446

Sun, S. W, Liang, H. F., Trinkaus, K., Cross, A. H., Armstrong, R. C.,
& Song, S. K. (2006). Noninvasive detection of cuprizone
induced axonal damage and demyelination in the mouse
corpus callosum. Magnetic Resonance in Medicine. https://
doi.org/10.1002/mrm.20774

Tremblay, S., Henry, L. C., Bedetti, C., Larson-Dupuis, C.,

Gagnon, J. F., Evans, A. C,, et al. (2014). Diffuse white matter tract
abnormalities in clinically normal ageing retired athletes with a
history of sports-related concussions. Brain: a Journal of Neurology,
137(11), 2997—3011. https://doi.org/10.1093/brain/awu236

Vestberg, T., Gustafson, R., Maurex, L., Ingvar, M., & Petrovic, P.
(2012). Executive functions predict the success of top-soccer
players. Plos One, 7(4). https://doi.org/10.1371/
journal.pone.0034731

Wakana, S., Jiang, H., Nagae-Poetscher, L. M., Van Zijl, P. C. M., &
Mori, S. (2004). Fiber tract-based atlas of human white matter
anatomy. Radiology, 230(1), 77—87. https://doi.org/10.1148/
radiol.2301021640

Wang, C. H. (2020). The cognitive gains of exercise. Nature Human
Behaviour. https://doi.org/10.1038/s41562-020-0856-3

Wang, C. H., Liang, W. K., & Moreau, D. (2020). Differential
modulation of brain signal variability during cognitive control
in athletes with different domains of expertise. Neuroscience.
https://doi.org/10.1016/j.neuroscience.2019.11.003

Wang, C. H,, Yang, C. T., Moreau, D., & Muggleton, N. G. (2017).
Motor expertise modulates neural oscillations and temporal
dynamics of cognitive control. Neuroimage, 158. https://
doi.org/10.1016/j.neuroimage.2017.07.009

Wilde, E. A, McCauley, S. R., Hunter, J. V., Bigler, E. D., Chu, Z,,
Wang, Z.]., et al. (2008). Diffusion tensor imaging of acute mild
traumatic brain injury in adolescents. Neurology. https://
doi.org/10.1212/01.wnl.0000305961.68029.54

Winkler, A. M., Ridgway, G. R., Webster, M. A., Smith, S. M., &
Nichols, T. E. (2014). Permutation inference for the general
linear model. Neuroimage, 92, 381—397. https://doi.org/10.1016/
j.neuroimage.2014.01.060

Winklewski, P. J., Sabisz, A., Naumczyk, P., Jodzio, K.,
Szurowska, E., & Szarmach, A. (2018). Understanding the
physiopathology behind axial and radial diffusivity changes-
what do we Know? Frontiers in Neurology, 9(FEB). https://
doi.org/10.3389/fneur.2018.00092

Wylie, S. A., Bashore, T. R., Van Wouwe, N. C., Mason, E. ],
John, K. D, Neimat, J. S., et al. (2018). Exposing an “Intangible”
cognitive skill among collegiate football players: Enhanced
interference control. Frontiers in Psychology. https://doi.org/
10.3389/fpsyg.2018.00049

Yeh, F. C., & Tseng, W. Y. L. (2011). NTU-90: A high angular
resolution brain atlas constructed by g-space diffeomorphic
reconstruction. Neuroimage, 58(1), 91-99. https://doi.org/
10.1016/j.neuroimage.2011.06.021

Yozbatiran, N., Keser, Z., Hasan, K., Stampas, A., Korupolu, R,
Kim, S., et al. (2017). White matter changes in corticospinal
tract associated with improvement in arm and hand functions
in incomplete cervical spinal cord injury: Pilot case series.
Spinal Cord Series and Cases, 3(1), 17028. https://doi.org/10.1038/
scsandc.2017.28


https://doi.org/10.1016/j.neuroimage.2008.03.061
https://doi.org/10.3389/fnins.2013.00031
https://doi.org/10.3389/fnins.2013.00031
https://doi.org/10.1016/j.neuroimage.2005.01.028
https://doi.org/10.1089/neu.2014.3822
https://doi.org/10.1089/neu.2014.3822
https://doi.org/10.3389/fneur.2018.00240
https://doi.org/10.1089/neu.2016.4446
https://doi.org/10.1089/neu.2016.4446
https://doi.org/10.1002/mrm.20774
https://doi.org/10.1002/mrm.20774
https://doi.org/10.1093/brain/awu236
https://doi.org/10.1371/journal.pone.0034731
https://doi.org/10.1371/journal.pone.0034731
https://doi.org/10.1148/radiol.2301021640
https://doi.org/10.1148/radiol.2301021640
https://doi.org/10.1038/s41562-020-0856-3
https://doi.org/10.1016/j.neuroscience.2019.11.003
https://doi.org/10.1016/j.neuroimage.2017.07.009
https://doi.org/10.1016/j.neuroimage.2017.07.009
https://doi.org/10.1212/01.wnl.0000305961.68029.54
https://doi.org/10.1212/01.wnl.0000305961.68029.54
https://doi.org/10.1016/j.neuroimage.2014.01.060
https://doi.org/10.1016/j.neuroimage.2014.01.060
https://doi.org/10.3389/fneur.2018.00092
https://doi.org/10.3389/fneur.2018.00092
https://doi.org/10.3389/fpsyg.2018.00049
https://doi.org/10.3389/fpsyg.2018.00049
https://doi.org/10.1016/j.neuroimage.2011.06.021
https://doi.org/10.1016/j.neuroimage.2011.06.021
https://doi.org/10.1038/scsandc.2017.28
https://doi.org/10.1038/scsandc.2017.28
https://doi.org/10.1016/j.cortex.2020.07.016
https://doi.org/10.1016/j.cortex.2020.07.016

	The brains of elite soccer players are subject to experience-dependent alterations in white matter connectivity
	1. Introduction
	2. Materials & methods
	2.1. Participants
	2.1.1. Demographic information

	2.2. Magnetic resonance imaging data acquisition
	2.3. Diffusion MRI processing
	2.3.1. WM integrity (whole-brain tract-based spatial statistics)
	2.3.2. White matter connectivity (tract-specific probabilistic tractography)
	2.3.3. Statistical analyses


	3. Results
	3.1. WM integrity (whole-brain tract-based spatial statistics)
	3.2. WM connectivity (tract-specific probabilistic tractography)

	4. Discussion
	5. Conclusion
	Credit author statement
	Funding statement
	Data accessibility statement
	Open Practices
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References


