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1 | INTRODUCTION

Abstract

Repetitive subconcussive head impacts (RSHI) are believed to induce sub-clinical
brain injuries, potentially resulting in cumulative, long-term brain alterations. This
study explores patterns of longitudinal brain white matter changes across sports
with RSHI-exposure. A systematic literature search identified 22 datasets with lon-
gitudinal diffusion magnetic resonance imaging data. Four datasets were centrally
pooled to perform uniform quality control and data preprocessing. A total of
131 non-concussed active athletes (American football, rugby, ice hockey; mean age:
20.06 + 2.06 years) with baseline and post-season data were included. Nonpara-
metric permutation inference (one-sample t tests, one-sided) was applied to analyze
the difference maps of multiple diffusion parameters. The analyses revealed wide-
spread lateralized patterns of sports-season-related increases and decreases in
mean diffusivity (MD), radial diffusivity (RD), and axial diffusivity (AD) across spa-
tially distinct white matter regions. Increases were shown across one MD-cluster
(3195 voxels; mean change: 2.34%), one AD-cluster (5740 voxels; mean change:
1.75%), and three RD-clusters (817 total voxels; mean change: 3.11 to 4.70%).
Decreases were shown across two MD-clusters (1637 total voxels; mean change:
—1.43 to —1.48%), two RD-clusters (1240 total voxels; mean change: —1.92 to
—1.93%), and one AD-cluster (724 voxels; mean change: —1.28%). The resulting
pattern implies the presence of strain-induced injuries in central and brainstem
regions, with comparatively milder physical exercise-induced effects across frontal
and superior regions of the left hemisphere, which need further investigation. This
article highlights key considerations that need to be addressed in future work to
enhance our understanding of the nature of observed white matter changes,
improve the comparability of findings across studies, and promote data pooling ini-
tiatives to allow more detailed investigations (e.g., exploring sex- and sport-specific
effects).

KEYWORDS
brain injuries, diffusion tensor imaging, multisite analysis, repetitive subconcussive head
impacts, sport-related mTBI, voxel-based analysis

their frequent, silent nature, therefore hindering subtle injuries from

completely healing before new ones arise. Across different degrees of

Sport-related brain injuries are recognized as an important public
health problem worldwide, affecting millions of athletes annually, par-
ticularly with mild traumatic brain injuries (mTBIs; Langlois
et al.,, 2006). A growing interest in the field pertains to investigating
repetitive subconcussive head impacts (RSHI) with particular concern
regarding their possible cumulative adverse effects on the brain. RSHI
are often considered “silent” impacts and may lack apparent concus-
sion symptoms (Bailes et al., 2013); however, they have been associ-
ated with structural (Bazarian et al., 2012; Hirad et al., 2019; Koerte,
Ertl-Wagner, et al., 2012; Koerte, Kaufmann, et al., 2012), functional
(Abbas et al., 2015; Breedlove et al., 2012; Talavage et al., 2014), and
metabolic (Marchi et al., 2013; Poole et al., 2015) brain alterations.
Potential accumulation of brain changes from RSHI may result from

traumatic brain injury, including sport-related concussions, it is com-
monly seen that the stretching and tearing of axons lead to shear
strain resulting in diffuse axonal injuries (Borich et al., 2013; Spain
et al., 2010; Voelbel et al., 2012). Likewise, prolonged exposure to
RSHI may lead to white matter (WM) changes in the brain, indicating
axonal injuries.

Diffusion magnetic resonance imaging (dMRI) is an advanced, non-
invasive technique used to investigate the brain's WM (Goveas
et al., 2015; Lebel & Deoni, 2018). Diffusion imaging metrics such as
fractional anisotropy (FA) and mean diffusivity (MD) are sensitive to
WM alterations arising for example from demyelination, axonal injury,
or axonal degeneration (Alexander et al., 2011; Feldman et al., 2010;

Jones et al., 2013) and have been widely used to study microstructural
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brain changes due to sport-related concussion and RSHI-exposure
(Chamard & Lichtenstein, 2018; Gardner et al., 2012; Schneider
et al,, 2019). These long-term WM alterations are commonly linked to
reduced FA and increased MD, the two most reported diffusion met-
rics, indicating an overall rise in isotropic water diffusion. However, dif-
ferent scenarios causing WM changes can produce similar effects on
diffusion parameters (Budde et al., 2011; Feldman et al., 2010; Figley
et al., 2022). Therefore, when studying WM changes with dMR|, it is
important to examine multiple diffusion metrics and their interrelations.

In recent research on various contact and collision sports (primarily
based on pre- and post-season data; e.g., Bahrami et al., 2016; Manning
et al., 2020), longitudinal studies have been used to monitor and differ-
entiate between subconcussive and concussive impacts. Schneider et al.
(2019) found longitudinal changes in diffusion metrics in most of these
studies. Still, the directionality of reported effects and affected regions
are largely incongruent, most likely due to small sample sizes and large
methodological differences across studies (e.g., analytical approach and
selected region of interest). This heterogeneity and how study results
are reported (e.g.,, lack of reporting peak coordinates and statistical
quantities) make standard neuroimaging meta-analytic approaches infea-
sible (Schneider et al., 2019). Consequently, a clear picture of global
WM changes—potentially due to RSHI—in sports is lacking.

This study combines data from existing longitudinal dMRI studies
on RSHI-exposed contact and collision sports athletes. The goal is to
explore characteristic patterns of WM changes linked to RSHI across
sports while eliminating study-specific effects due to methodological
heterogeneity. By conducting a mega-analysis (i.e., combining individ-
ual participant data in a single analysis) instead of the classical meta-
analytic approach (i.e., pooling site-specific summary statistics in a
second step; Zugman et al., 2022), this study was aimed at identifying
potential sub-thresholded WM changes that are not apparent in the
individual studies. The brain's response to forces such as shear strain
has been linked to diffuse axonal brain injuries (Borich et al., 2013; Li
et al., 2010; Spain et al., 2010; Voelbel et al., 2012). Biomechanical
studies using finite element modeling (i.e., simulating the mechanical
response of the brain to head impacts) have shown that while strain
waves propagate across the whole brain, the highest strains have
been observed in the fornix, corpus callosum, midbrain, and other
brainstem structures, pointing to a uniqgue mechanical vulnerability of
these WM structures to head impacts (Dashnaw et al, 2012; Ji
et al., 2015; Ji et al., 2022; Zhao et al., 2019). Overall, the aim of this
study was to explore whole brain WM changes using a data-driven
approach, under the hypothesis of widespread longitudinal WM
changes. Crucially, the emphasis of this study was on athletes who
have remained concussion-free throughout the study period, allowing
us to study the sole effects of RSHI.

2 | MATERIALS AND METHODS

21 | Literature search

A literature search was performed and reported according to the Pre-
ferred Reporting Items for Systematic Reviews and Meta-Analyses

guidelines (Page et al., 2021). It consisted of (1) an initial (database)
search, and (2) a complemented search, including the screening of
topic-related summary references (i.e., reviews, meta-analyses, book
chapters, etc.) identified in the initial search, backward reference trac-
ing by screening the reference lists of all studies meeting the inclusion
criteria, and contacting experts in the field. The entire search process
is illustrated in Figure 1. The following inclusion criteria were used:
human subjects, original study, contact or collision sport athletes
experiencing RSHI, including athletes who have not experienced a
concussion during the study period, acquisition of dMRI data for at
least two time points, and whole-brain acquisition. Authors were con-
tacted to request additional information if necessary.

The initial search was conducted on May 28, 2020, and March
15, 2021, using the online databases Web of Science, Embase, Sco-
pus, PubMed, SPORTDiscus, and PsycINFO. A comprehensive search
strategy was implemented to ensure that all studies with potentially
suitable datasets were included (see Table 1 for an example and Sup-
plementary Material S1 for the complete search strategy). Conference
proceedings were included to identify unpublished datasets. All identi-
fied records were transferred to Endnote (Version X9; The EndNote
Team, 2013), and duplicates were removed. For each record that
passed the title and abstract screening, the full text was retrieved and
checked for eligibility by two independent researchers (AK and CH).
Disagreements between reviewers were resolved through joint
discussion.

2.2 | Data collection and data cleaning

Authors of eligible studies were contacted to request raw or pre-
processed dMRI data, T1-anatomical images, and individual demo-
graphic details (i.e., age, sex, handedness, sports affiliation, lifetime
concussions, and imaging dates to calculate individuals' scan intervals).
Individual season dates were requested and/or complemented by
publicly available information to provide study-wise information on
season and recreational intervals. Further details on interval defini-
tions can be found in Supplementary Material B. For clarity and cross-
study comparison, this article refers to the first (pre- or in-season) and
second measurement time point as baseline and post-season, respec-
tively. Study-specific details regarding level of play, country of data
collection, concussion assessment within and prior to study participa-
tion, measurement time points, and related sport participation (with
potential head impact exposure) before the baseline and within the
recreational period were extracted from the original manuscripts. Sub-
jects with incomplete imaging data and those who suffered a concus-
sion during the respective study were removed from the dataset. For
subjects who participated more than once (e.g., across multiple sea-
sons), only their first data pair was included in the final dataset.

2.3 | Quality assurance and data processing

Details on quality assurance and data processing steps are reported in
Supplementary Material C. Quality assurance steps included:
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—
FIGURE 1 Flowchart illustrating the entire search process with number of records in-/excluded.

reorganizing the original data into the Brain Imaging Data Structure
(BIDS) (Gorgolewski et al., 2016), visual inspection of raw imaging
data, single-subject and study-wise automatic quality control, and
repeated visual inspection of FA maps throughout preprocessing and
registration steps. Standard preprocessing steps for raw dMRI data
followed the ENIGMA-DTI protocol (Hadded, 2022) and were per-
(Version 3.0.RC3, Tournier
et al,, 2019). Whole MRI acquisition details and preprocessing steps

formed using the MRtrix3 tool

can be found in Supplementary Material D. Diffusion tensor maps
were generated from pre-processed images and used to extract the
individual DTl metric maps (FA, MD, AD, RD). Successively, each
T1-weighted image was co-registered to the unweighted diffusion
volume (b =0) and a brain extraction mask was derived. This mask
was additionally eroded by one voxel at the resolution of the diffusion
image and applied to each DTl metrics map to remove the bright
“halo” of voxels due to eddy current distortions.

Brain extraction and registrations were performed using the
Advanced Normalization Tools (Version 2.3.5; Tustison et al., 2021).

Groupwise image registration of the individual FA maps was per-
formed according to Schwarz et al. (2014) for improved specificity in
avoiding false positives resulting from misregistration and increased
sensitivity in detecting true changes compared to the conventional
approach of tract-based spatial statistics (Smith et al., 2006). Subse-
quently, all images were transformed to the Montreal Neurological
Institute (MNI) standard space and resampled to a 2 x 2 x 2 mm res-
olution. Finally, difference maps were calculated for each of the DTI
metrics using the fsimaths tool from FSL (Jenkinson et al., 2012) by
subtracting post-season to baseline images and vice versa. To limit
statistical analyses to mostly WM regions, all individual FA maps
(baseline and post-season) were thresholded and combined to gener-
ate a WM mask. This mask included voxels with an FA value of 0.2 or
higher in at least 50% of the images. The final mask included only the
cerebrum, medulla, and pons to mitigate registration issues caused by
missing cerebellum and peripheral brainstem regions in several dMRI
images (due to bad positioning or simply lack of interest from the orig-

inal investigators).
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TABLE 1 Example of the electronic search strategy performed via
PubMed.
Search
number Search terms
1 “diffusion tensor imaging” OR dti OR “diffusion tensor”
OR “diffusion magnetic resonance imaging” OR
“diffusion weighted imaging” OR DWI OR “fractional
anisotropy” OR “mean diffusivity” OR “apparent
diffusion coefficient” OR “radial diffusivity” OR “axial
diffusivity” OR “white matter”
2 subconcuss* OR sub-concuss* OR repetitive OR

repeated OR recurrent OR multiple OR subclinical OR
sub-clinical OR cumulative OR chronic

impact™ OR hit OR hits OR blow* OR event*
4 #2 AND #3

“head injur*” OR “brain injur*” OR “head trauma*” OR
“brain lesion*” OR concuss* OR “traumatic brain injury”
OR “sport-related concussion” OR heading

6 #4 OR #5

7 sport® OR athlete*

8 #1 AND #6 AND #7
24 | Statistical analyses

The samples' descriptives were calculated in IBM's Statistical Pack-
age for the Social Sciences (Version 29; IBM Corp, 2022). To
examine sports-season-related changes in WM microstructure, a
mega-analytic approach was chosen, and voxel-wise analyses were
performed using FSL's randomise for nonparametric permutation
inference (Winkler et al., 2014). For each metric, increases and
decrease were tested separately using a one-sample t test on the
difference maps (raw difference between the post-season and
baseline measurement time point and vice versa) with 10,000 per-
mutations. The curated dataset did not allow for examining sex-
and sport-specific effects due to their strong dependency on the
specific research site (see Table 2), as it was not possible to suffi-
ciently account for other site differences, such as variations in
hardware or data acquisition. Nonetheless, we chose to address
potential influences of sex. In the final analyses, the factors sex
and site were de-meaned and included as covariates. Age was not
included, given that the overall sample exhibited a narrow age
range that was comparable across all sites (mean = 20.06,
SD = 2.06). The threshold-free cluster enhancement method was
applied, and results were FWE-corrected to control for the
family-wise error rate. Statistical significance was defined as
p <.025 (one-sided testing). To ensure the reliability and robust-
ness of the reported findings and to present the overall results
concisely, a cluster size threshold of at least 50 voxels was cho-
sen for reporting results. For clusters exceeding this threshold, the
voxel-wise and mean percentage change was calculated. Informa-
tion on smaller clusters can be reviewed in the Supplementary
Material E.

3 | RESULTS

3.1 | Literature search

The results from the literature search process are summarized in
Figure 1. The database search yielded 2010 records, which were
reduced to 1188 records after removing duplicate entries. The
56 additional records were identified from the summary references,
and 1417 from the reference tracing. A total of 262 records passed
the title and abstract screening, and 32 remained after the full-text eli-
gibility assessment. Four additional records were identified by experts
in the field, eventually yielding 36 final records meeting the complete
list of inclusion criteria. The 36 records originated from 22 individual
datasets (see Supplementary Material F for a complete list of identi-

fied records).

3.2 | Data collection, data cleaning, and quality
assurance

Six datasets were available and were shared by the corresponding
authors. Of these, only four datasets were comparable with respect to
the data collection time frame (i.e., having acquired baseline and post-
season data) and were combined for the final analyses. Requests for
the remaining datasets were declined mainly due to ethical or institu-
tional regulations. Other exclusion reasons included ongoing data col-
lection, missing data, and workload concerns. Three additional datasets
were published on the Federal Interagency Traumatic Brain Injury
Research data repository platform (https://fitbir.nih.gov/)—however,
two remained inaccessible due to ongoing quality control procedures,
and another lacked sufficient information to identify the data related to
the subjects of interest.

Of the final sample, three groups shared raw imaging data, while
the fourth shared pre-processed imaging data (i.e., DTl metric maps).
The final combined cohort included 135 non-concussed athletes with
complete baseline and post-season data. Four athletes were excluded
from the final analyses due to brain deformation (n = 1), acquisition
error (n=1), and failed preprocessing (n = 2), leaving a total of
131 athletes for final analyses. Of note, most athletes had their base-
line measurement acquired during the pre-season; however, for some

athletes (17%), it was acquired after the start of the season.

3.3 | Sample characteristics

The descriptives of individual studies and included athletes are shown
in Table 2. The final cohort comprised 56 female and 75 male players
with a mean age of 20.06 (SD = 2.06) years, including 59 American
football players, 43 rugby players, and 29 ice hockey players. The
assessment of handedness was limited to a small sample of athletes
(n = 22), with the majority (91%) being right-handed. Across all ath-
letes, the scan interval was 142.81 (SD = 40.56, range 81-246) days.
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TABLE 2 Descriptives of included studies.

Season Recreational
Female/ Mean age Mean lifetime Scan interval interval interval

Dataset Country Sport Level male +SD (years)  concussion, range  * SD (days) + SD (days) + SD (days)

12 CA AF University  0/23 20.09 £1.31 0.91,0-4 131.39 60.91 £ 3.59 28.35+7.53
+26.67

2° us AF University 0/36 19.67 +1.17 - 96.86 + 7.45 49.00 + 0.00° 6.56 + 557

3d CA RU University  43/0 19.65+1.33 0.60,0-3 158.43 44.16 + 6.60 117.97 + 39.78
+26.44

4¢ CA IH University 13/16 2114 +3.51 - 188.97 13214 £ 11.14 3097 +7.24
+20.16

Total 56/75 20.06 £2.06 0.71,0-4 142.81 67.91 +35.46 49.21 + 50.87
+40.56

Note: CA = Canada, US = United States, AF = American football, RU = rugby, IH = ice hockey, SD = standard deviation, scan interval = days between
baseline and post-season scan, season interval = days between season start and season end, recreational interval = days between season end and follow-
up scan.

2Champagne et al. (2019).

PHirad et al. (2019).

“Equal interval for all participants.

4Manning et al. (2020).

®Weber et al. (2018).

Mean diffusivity

FIGURE 2 Percentage change values for clusters (250 voxels) with statistically significant baseline to post-season changes from voxel-wise
analyses for mean diffusivity (n = 131, p < .025, FWE-corrected, covariates: sex, site) in coronal (upper panel) and sagittal (lower panel) view. The
lower panel extends from the left to the right hemisphere. Significant voxels underwent linear interpolation for enhanced visualization. Sport-
season-related increases are depicted in red-yellow, decreases are depicted in blue-lightblue. Results are overlaid on the MNI152-T1-1mm
standard image in radiological convention (right = subject's left). Details on individual clusters are given in Table 3. X/Y = standard space
coordinate of slice (x/y-direction), R = right, L = left, P = posterior, A = anterior.

The average season interval was 67.91 (SD = 35.46, range 39-142) 3.4 | Mega-analyses results of DTI-changes

days, and the average recreational interval was 49.21 (SD = 50.87,

range 0-243) days. All players practiced their sport at the university Imaging results are visualized in Figures 2-4. Detailed results for sig-
level. Further details on sample characteristics can be reviewed in nificant clusters can be found in Table 3. Three clusters with signifi-

Supplementary Material G and H. cant MD changes throughout the sports season were found, one with
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diffusivity

Y = -60 Y

FIGURE 3 Percentage change values for clusters (250 voxels) with statistically significant baseline to post-season changes from voxel-wise
analyses for radial diffusivity (n = 131, p < .025, FWE-corrected, covariates: sex, site) in coronal (upper panel) and sagittal (lower panel) view. The
lower panel extends from the left to the right hemisphere. Significant voxels underwent linear interpolation for enhanced visualization. Sport-
season-related increases are depicted in red-yellow, decreases are depicted in blue-lightblue. Results are overlaid on the MNI152-T1-1mm
standard image in radiological convention (right = subject's left). Details on individual clusters are given in Table 3. X/Y = standard space
coordinate of slice (x/y-direction), R = right, L = left, P = posterior, A = anterior.

Axial diffusivity

Y = -78 Y = -60 Y

FIGURE 4 Percentage change values for clusters (250 voxels) with statistically significant baseline to post-season changes from voxel-wise
analyses for axial diffusivity (n = 131, p < .025, FWE-corrected, covariates: sex, site) in coronal (upper panel) and sagittal (lower panel) view. The
lower panel extends from the left to the right hemisphere. Significant voxels underwent linear interpolation for enhanced visualization. Sport-
season-related increases are depicted in red-yellow, decreases are depicted in blue-lightblue. Results are overlaid on the MNI152-T1-1mm
standard image in radiological convention (right = subject's left). Details on individual clusters are given in Table 3. X/Y = standard space
coordinate of slice (x/y-direction), R = right, L = left, P = posterior, A = anterior.

increased MD values and two with decreased MD values. The largest extended across the anterior thalamic radiation (bilateral) and corti-
cluster (MD1: 3195 voxels; mean change: 2.34%) exhibited wide- cospinal tract (bilateral), with more pronounced changes in the right

spread increases in central and brainstem regions. This cluster mainly hemisphere. Clusters exhibiting MD decreases were located in the left
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TABLE 3

Cluster

MD1

MD2

MD3

RD1

RD2

RD3
RD4

RD5

AD1

AD2

KWIATKOWSKI ET AL.

Significant clusters of MD, RD, and AD with a size of 250 voxels.

Directionality

Increase

Decrease

Decrease

Increase

Increase

Increase

Decrease

Decrease

Increase

Decrease

Number
of
voxels

3195

1498

139

383

344

90
1097

143

5740

724

p-
Value
(max.)

0.001

<0.001

0.011

0.004

0.002

0.014
<0.001

0.014

<0.001

<0.001

MNI-coordinates, region (max.)*

[18, 8, —2], Inferior fronto-occipital
fasciculus R

[-32, —12, 30], Superior longitudinal
fasciculus L, Superior longitudinal
fasciculus (temporal part) L

[-32, 36, 2], Inferior fronto-occipital
fasciculus L, Uncinate fasciculus L,
Anterior thalamic radiation L

[8, —34, —30], Anterior thalamic radiation
R, Corticospinal tract R

[16, 8, —2], Anterior thalamic radiation R

[22, —22, —8], Corticospinal tract R

[-32, —10, 30], Superior longitudinal
fasciculus L, Superior longitudinal
fasciculus (temporal part) L

[-20, 42, —2], Forceps minor, Anterior
thalamic radiation L, Inferior fronto-
occipital fasciculus L, Uncinate fasciculus
L

[20, O, —6], Unclassified

[—34, —6, 34], Superior longitudinal
fasciculus L, Superior longitudinal
fasciculus (temporal part) L

Subcomponents?®

Anterior thalamic radiation L, Anterior thalamic
radiation R, Corticospinal tract L, Corticospinal tract R,
Forceps minor, Inferior fronto-occipital fasciculus L,
Inferior fronto-occipital fasciculus R, Inferior
longitudinal fasciculus R, Superior longitudinal
fasciculus R, Uncinate fasciculus R, Superior
longitudinal fasciculus (temporal part) R

Anterior thalamic radiation L, Anterior thalamic
radiation R, Corticospinal tract L, Cingulum (cingulate
gyrus) L, Inferior fronto-occipital fasciculus L, Inferior
longitudinal fasciculus L, Superior longitudinal
fasciculus L, Superior longitudinal fasciculus (temporal
part) L

Anterior thalamic radiation L, Cingulum (cingulate
gyrus) L, Forceps minor, Inferior fronto-occipital
fasciculus L, Uncinate fasciculus L, Superior longitudinal
fasciculus (temporal part) L

Anterior thalamic radiation L, Anterior thalamic
radiation R, Corticospinal tract L, Corticospinal tract R

Anterior thalamic radiation R, Corticospinal tract R,
Inferior fronto-occipital fasciculus R, Superior
longitudinal fasciculus R, Superior longitudinal
fasciculus (temporal part) R

Anterior thalamic radiation R, Corticospinal tract R

Anterior thalamic radiation L, Corticospinal tract L,
Cingulum (cingulate gyrus) L, Inferior fronto-occipital
fasciculus L, Inferior longitudinal fasciculus L, Superior
longitudinal fasciculus L, Superior longitudinal
fasciculus (temporal part) L

Anterior thalamic radiation L, Cingulum (cingulate
gyrus) L, Forceps minor, Inferior fronto-occipital
fasciculus L, Uncinate fasciculus L, Superior longitudinal
fasciculus (temporal part) L

Anterior thalamic radiation L, Anterior thalamic
radiation R, Corticospinal tract L, Corticospinal tract R,
Cingulum (hippocampus) R, Forceps major, Forceps
minor, Inferior fronto-occipital fasciculus L, Inferior
fronto-occipital fasciculus R, Inferior longitudinal
fasciculus L, Inferior longitudinal fasciculus R, Superior
longitudinal fasciculus R, Uncinate fasciculus R,
Superior longitudinal fasciculus (temporal part) R

Anterior thalamic radiation L, Anterior thalamic
radiation R, Corticospinal tract L, Cingulum (cingulate
gyrus) L, Inferior fronto-occipital fasciculus L, Superior
longitudinal fasciculus L, Superior longitudinal
fasciculus (temporal part) L

Abbreviations: AD, axial diffusivity; L, left; Max., maximum; MD, mean diffusivity; MNI, Montreal Neurological Institute; R, right; RD, radial diffusivity.
“The JHU WM tractography atlas (Hua et al., 2008) was used to identify brain regions at cluster peak coordinates and subcomponents, no significant
clusters with 250 voxels were found for fractional anisotropy.

hemisphere. The most notable one (MD2: 1498 voxels; mean change:
—1.43%) showed sports-season-related changes mainly localized in

the superior longitudinal fasciculus and corticospinal tract, extending

further across the cingulum, inferior fronto-occipital fasciculus, and
inferior longitudinal fasciculus. Additionally, a smaller cluster (MD3;

mean change: —1.48%) with MD decreases was found in the frontal
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parts, spanning over a region of overlapping tracts, which included the
inferior fronto-occipital fasciculus, uncinate fasciculus, forceps minor,
and anterior thalamic radiation.

Radial diffusivity (RD) and axial diffusivity (AD) changes were spa-
tially and directionally similar to the observed changes in
MD. Notably, whereas in the left-sided regions, both RD and AD
changes were less pronounced (1240 and 724 total voxels, respec-
tively) compared to changes in MD (1637 total voxels), in the central
and brainstem regions, RD changes were considerably less (817 total
voxels), and AD changes were considerably more pronounced (5740
total voxels) as compared to the observed changes in MD (3195 total
voxels). Sports-season-related changes with increases in RD were
spread across three spatially adjacent clusters (RD1-3: ranging
between 90 and 383 voxels and a mean change of 3.11 to 4.70%,
respectively) and concentrated predominantly in the corticospinal
tract (bilateral) and right anterior thalamic radiation. Decreases in RD
were found in two clusters of the left hemisphere, a dominant one
(RD4: 1097 voxels; mean change: —1.92%) in the superior longitudinal
fasciculus and corticospinal tract, and a smaller cluster (RD5; mean
change: —1.93%) across overlapping tracts in frontal regions, including
the inferior fronto-occipital fasciculus, uncinate fasciculus, forceps
minor, and anterior thalamic radiation.

For AD, a single extensive cluster (AD1: 5740 voxels; mean
change: 1.75%) with increased values and an additional cluster (AD2:
724 voxels; mean change: —1.28%) with AD decreases were
observed. The former extended across a wide range of brainstem and
central regions, including the following: anterior thalamic radiation
(bilateral), corticospinal tract (bilateral), forceps major, inferior fronto-
occipital fasciculus (bilateral), inferior longitudinal fasciculus (bilateral),
and right superior longitudinal fasciculus. Although AD increases were
observed bilaterally, these were much more pronounced in the right
hemisphere, where AD changes extended into the posterior parts of
the tracts. Finally, the latter cluster was found in the left hemisphere
spreading across the superior longitudinal fasciculus and corticospinal
tract. Although no significant clusters with sports-season-related
changes in FA reached a voxel size of 50, a similar lateralized pattern,
as observed in the other DTl measures, emerged from the non-
thresholded results (see Supplementary Material 1). However, this
nonsignificant trend exhibited opposing directionality. Specifically, FA
increases were predominantly spread bilaterally across the frontal
lobe and superior regions of the left hemisphere, while decreases in
FA were primarily concentrated in the midbrain, brainstem, and poste-
rior brain regions, with more pronounced changes evident in the right
hemisphere. Significant clusters for FA, MD, RD, and AD smaller than
the 50-voxel threshold appeared in close approximation to larger clus-
ters and exhibited the same directional trend (for details, please

review Supplementary Material E).

4 | DISCUSSION

The primary goal of this study was to explore characteristic patterns

of longitudinal brain WM changes resulting from RSHI-exposure in

contact and collision sports athletes. Previous attempts to conduct
meta-analyses combining available prospective studies failed due to
considerable methodological differences and/or a lack of reporting
peak coordinates and necessary statistical quantities (Koerte
et al.,, 2023; Schneider et al., 2019). Through a systematic literature
search, a total of 22 individual datasets from prospective dMRI studies
were identified. Four datasets (131 athletes) were combined for joint
analyses utilizing a mega-analytic approach. Overall, the findings
revealed a lateralized pattern of both sports-season-related increases
and decreases (i.e., baseline to post-season changes) in DTI parame-
ters across spatially distinct brain WM regions.

Increases in MD, RD, and AD were found and primarily spread
across different central and widespread brainstem regions, including
the anterior thalamic radiation, corticospinal tract, and the inferior
fronto-occipital fasciculus. While there were noticeable increases in
RD in the anterior thalamic radiation and corticospinal tract, increases
in MD and AD appeared to be much more pronounced and wide-
spread. Although increases in the three parameters were bilateral,
results showed a distinct right-dominance. The lack of significant
changes in FA diverges from the general trend seen in previous stud-
ies on head impact exposure: a decrease in FA over time or in compar-
ison with a control group that often coexists with an increase in the
other DTI parameters (Koerte et al., 2023). However, some studies
within the field have also reported no changes in FA while observing
changes in other DTl parameters (Koerte, Ertl-Wagner, et al., 2012;
Myer et al., 2016; Yuan et al., 2018). Of note, the non-thresholded FA
results in the joint analyses showed a nonsignificant trend of wide-
spread FA decreases that greatly overlapped with changes in the
other three parameters. Figley et al. (2022) have highlighted that in
the presence of crossing fibers, which is the case in most WM voxels,
FA can remain stable even with significant alterations in the underly-
ing tissue composition. This phenomenon occurs when the tensor
eigenvalues change proportionally and could explain our observations.

The observed regional increases in MD, RD, and AD in the central
and brainstem regions correspond closely with high-strain regions
identified in studies on biomechanics of head impacts and mTBI. Bio-
mechanical studies simulating sport-related concussive and/or sub-
concussive head impacts in professional American football players
have indicated that maximum strain occurs at the core of the brain
(i.e., fornix, diencephalon, and midbrain; Viano et al., 2005; Zhang
et al., 2004; Zhao et al., 2017; Zhao et al., 2019). Most recently, the
inferior fronto-occipital fasciculus and cerebral peduncle (midbrain)
have been identified among those regions to experience highest maxi-
mum principal strain (Zhao et al., 2019; Zhao et al., 2017). Further, the
brainstem has been widely recognized as being particularly vulnerable
to head impacts (Delano-Wood et al., 2015; Gaetz, 2004), likely due
to its geometric discontinuity with respect to the cerebrum
(i.e., crossing the brain's rostro-caudal axis at almost perpendicular
angles; Arbogast & Margulies, 1998) and elevated pressure gradients
terminating at the brainstem (Delano-Wood et al., 2015; Ropper &
Gorson, 2007). Supporting these findings, Kim et al. (2021) investi-
gated volume changes using whole-brain tensor-based morphometry

in mTBI patients, which exhibited significant loss in brainstem volume,
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while cerebral volume appeared to be preserved. Altogether, the
regional correspondence of sports-season-related changes in the cur-
rent study and previously identified high-strain regions in response to
head impacts suggests that the observed changes may reflect WM
injuries deriving from their unique biomechanical vulnerability.

In the current findings, the greater expression of AD and MD
changes in the central and brainstem regions compared to RD is an
interesting observation that may help to better understand the nature
of the underlying WM changes. AD changes were most pronounced
and extended to the posterior projections of the inferior longitudinal
fasciculus and forceps major within the right occipital lobe. Since MD
reflects the average diffusivity across all tensors principal directions
and is mathematically dependent on AD (Soares et al., 2013; Song
et al., 2002), capturing diffusion along the primary direction, it appears
that MD alterations are largely driven by changes in AD in these
regions. Unlike FA, which is generally sensitive to WM organization
changes but lacks specificity in identifying the type of change, AD and
RD have been linked to direct microstructural changes (i.e., axonal
and myelin injury, respectively; Alexander et al., 2011; Budde
et al,, 2011; Song et al., 2005). Another interesting observation is the
right-hemispheric dominance of the observed increases in DTI param-
eters. It is possible that an athlete's protective response, while antici-
pating a collision, could change brain accelerations and strain wave
trajectories (i.e., how the brain moves and experiences strain within
the scalp). For example, reflexive head movements toward one body
side could change impact location inducing higher strain to the right
hemisphere, and handedness may play an important role in this con-
text. It is important to emphasize that this explanation is purely hypo-
thetical and requires further investigation. Previous studies
investigating sport-related head impacts also observed lateralized pat-
terns of DTI changes. However, while two studies observed changes
exclusively in the left hemisphere (Cubon et al, 2011; Mayinger
et al., 2018), other studies (Hirad et al., 2019; Koerte, Kaufmann,
et al., 2012) reported changes in right brain regions only. Notably,
data from three of these studies (Hirad et al, 2019; Koerte,
Kaufmann, et al., 2012; Mayinger et al., 2018) were included in our
joint analyses. The discrepancies may arise from methodological het-
erogeneities, such as variations in the sampled sports, and need addi-
tional research.

The final major finding was decreases in MD, RD, and AD across
two left-hemispheric WM regions: one located in superior and the
other in frontal brain regions. Unlike the described changes in central
and brainstem regions, these left-sided changes were spatially distinct
and showed opposing directionality, suggesting different underlying
processes. Furthermore, changes were less pronounced in both spatial
distribution and magnitude. Moreover, left-sided MD changes
appeared to be almost equally driven by RD and AD alterations, with
AD changes slightly less pronounced. At first, there appears to be no
clear explanation for why alterations exclusively manifest in the left
hemisphere. However, while the affected tracts, particularly the corti-
cospinal tract and superior longitudinal fasciculus, contribute to vari-
ous cognitive and sensory functions, they also play a crucial role in

motor functioning (e.g., planning, coordinating, and executing different

motor tasks; Aralasmak et al., 2006; Forkel et al, 2022;
2011). One could

season-related changes stem from extensive motor training and skill

Marmarou, speculate that these sports-
acquisition throughout the season, possibly related to handedness.
For instance, improvements in the movement sequences of throwing
techniques achieved through many repetitions with the dominant
hand may have induced left-sided structural changes through height-
ened stimulation of lateralized motor and sensory regions. Nonethe-
less, the nature of the changes warrants further investigation. Studies
investigating the effects of physical exercise on brain WM in healthy
subjects have yielded positive yet modest effects on global WM vol-
ume, local microstructural organization, and reductions in WM anoma-
lies. Interestingly and similar to the current study findings, evidence
links physical exercise to localized frontal lobe changes. However, due
to several limitations, including the predominant focus on the aging
brain, current results from this field are regarded as being preliminary
(Maleki et al., 2022; Sexton et al., 2016). Essentially, the extent of
physical exercise-induced effects across the sports season on brain
WM in contact and collision sport athletes, particularly in players with
years of training, remains unclear.

In summary, the observed increases in MD, RD, and AD in the
current study largely overlap with designated high-strain regions and
vulnerable structures as identified in the broader TBI literature. There-
fore, these changes may reflect WM injuries that accumulate through-
out the season. On the contrary, the spatially distinct decreases
within the same parameters in the left-hemisphere were less pro-
nounced and are somewhat less elucidated, yet they might possibly
reflect enhanced communication within the brain's motor network
attributable to extensive motor training throughout the season. Fur-
thermore, in accordance with several recommendations (e.g., Figley
et al,, 2022; Jones et al., 2013; Soares et al., 2013), we refrain from
engaging in elaborate conjectures about the potential underlying bio-
logical correlates explaining the observed changes, and we strongly
emphasize that the provided interpretations require confirmation
from future studies. Despite being a promising tool to study in vivo
WM microstructure, DTI tensor metrics are indirect measures, and
interpreting them in isolation remains extremely complex (Figley
et al., 2022). Specifically, both increases and decreases in DTI parame-
ters have been shown to reflect positive and negative brain changes,
respectively. The use of more advanced techniques (e.g., diffusion kur-
tosis imaging, neurite orientation dispersion and density imaging,
tensor-valued diffusion encoding, and novel fixed-based analysis
approaches; Figley et al., 2022) and multimodal approaches to support
the interpretability of DTI findings (e.g., MR spectroscopy, functional
MRI, amplified MRI, and brain-derived blood biomarkers; Koerte
et al., 2023) will be crucial to gain a better understanding of the path-
ophysiological and neuroplastic processes behind DTI changes emerg-
ing throughout the sports season.

While the curated dataset could not facilitate multimodal compar-
isons due to variations in MRI acquisition sequences, the studies of
the constituent datasets have used imaging modalities complementary
to dMRI. For example, similar to the overall results, one study
(Manning et al., 2020) reported increases in MD, RD and AD across
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multiple WM tracts which were accompanied by hyperconnectivity in
structurally and functionally related brain regions. As proposed in the
study, this pattern could indicate the presence of ongoing neuropro-
tective or compensatory mechanisms triggered by the disruption of
the underlying axonal organization. More precisely, the hyperconnec-
tivity might signify an effort to maintain normal functioning by enlist-
ing a broad range of brain regions. The growing utilization of
multimodal imaging (e.g., Jarrett et al.,, 2016; Manning et al., 2020;
Schranz et al., 2018; Weber et al., 2018; Wright et al., 2016) in con-
junction with recent advancements in imaging and analytical tech-
niques, holds promise to further enhance our understanding of the
underlying processes contributing to alterations in the microstructure
of WM resulting from sports-related RSHI-exposure.

4.1 | Strengths and limitations

The creation of a curated RSHI dataset and joint analyses was an
important achievement to characterize overall patterns of sports-
season-related WM changes across different contact and collision
sports. Given small sample sizes in most RSHI studies, the use of
meta- and mega-analytic approaches is of great importance for sum-
marizing these changes and deriving robust conclusions about the
potential harmfulness of sport-related RSHI-exposure. The availability
of individual participant data has facilitated the adoption of a
one-stage (mega-analytic) approach, offering several advantages over
conventional neuroimaging meta-analytic methods (e.g., increased sta-
tistical power, acceptable false-positive rates, consistency in inclusion
criteria, standardization of procedures, etc.; Zugman et al., 2022). A
further strength of this study is the implementation of a special regis-
tration technique, enabling whole-brain voxel-wise analyses instead of
TBSS (Schwarz et al., 2014). By leveraging these strengths, a compre-
hensive data-driven investigation of the entire brain's WM was possi-
ble. This is particularly valuable when exploring overarching patterns
of brain WM changes and unidentified regions that may have been
overlooked in previous underpowered studies.

The results from the joint analyses should be regarded in light of
some important limitations. First, the nature of our Mega-Analysis
necessitated the inclusion of all available studies, limiting our control
over the acquisition setup across different sites. These variations
could have introduced biases in signal intensity values and DTI indi-
ces. However, we implemented several strategies to substantially miti-
gate these potential confounding effects, thus allowing for meaningful
interpretation of the data (i.e., conducting within-subject comparisons
between two scans under identical conditions, applying a standardized
preprocessing protocol across sites, employing nonlinear registration
to a group template, and controlling for site effects during the ana-
lyses). Similarly, the scope of the data analyzed also impacts the gen-
eralizability of our findings. While the data are representative of
studies in the RSHI field, they predominantly originate from male
American football players from the United States and Canada, and all
athletes played at university level, the highest amateur level. Hence,

the generalizability of our findings to a broader population of contact

and collision sport athletes, including those at lower competitive
levels (which likely constitute most active players) or from non-
represented sports such as soccer or lacrosse, as well as female ath-
letes, or athletes from other countries and ethnic groups, may be
limited.

Additionally, due to a lack of comparable cross-study data, it was
not possible to conduct group analyses using control-group data, to
include important covariates (e.g., number of lifetime concussions,
handedness), and to correlate findings with head impact or clinical
measures. As a result, for the current findings, it remains challenging
to disentangle physical exercise-induced changes and injury-related
effects, and to rule out alternative explanations (e.g., changes due to
normal neurological development, although considered unlikely; Jang
et al., 2019; Mayinger et al., 2018; Yuan et al., 2018). Nevertheless,
part of the combined datasets utilized helmet accelerometer data to
investigated WM changes across the sport season (Bazarian
et al., 2014; Champagne et al., 2019; Hirad et al., 2019; Merchant-
Borna et al, 2016). Notably, Hirad et al. (2019) hypothesized and
found declines in midbrain WM organization through region of inter-
est analysis. This decline correlated inversely with the amount of
experienced rotational accelerations from head impacts, supporting
the notion that the observed WM changes in the overall findings
within the same regions may indeed signify injury and repair pro-
cesses due to repeated sports-related RSHI-exposure.

Second and previously mentioned, DTI is a useful but indirect
measure of WM changes that does not directly elucidate the underly-
ing biological mechanisms, and it changes dynamically in response to
various processes. Following mTBI, studies have reported opposing
directionality of DTI alterations, which are believed to indicate distinct
processes during acute and chronic injury phases (Eierud et al., 2014;
Pavlovic et al., 2019). In this regard, the repetitive nature of RSHI
throughout the season adds another layer of complexity to the inter-
pretation of longitudinal DTl changes, as these changes may reflect
injury and repair processes at different stages. Also, it is worth noting
that there was cross-study heterogeneity regarding the exact mea-
surement time points (e.g., pre- vs. in-season baseline scan) and pre-
season head impact exposure. Given the dynamic nature of DTI, the
proximity of head impact exposure to the time of measurement could
potentially have influenced both the directionality and the magnitude
of observed changes in diffusivity. This variability might have intro-
duced biases into the interpretation of sports-season-related changes.
Finally, it is important to consider the potential publication bias as
studies without significant effects, particularly given the typically small
sample sizes in RSHI studies, may have been less likely to be
published.

4.2 | Implications and future studies

Our findings have implications for characterizing and understanding
brain microstructural changes related to RSHI-exposure in sports that
could guide future research exploring the biological correlates of

these changes. The findings of this study indicate potential health
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risks in the form of acquired brain WM injuries within central and
brainstem regions, which play a crucial role in vital brain functions.
Injuries in these areas can cause a range of symptoms, including sleep
disturbances, motor deficits, and balance problems (Benghanem
et al., 2020; Boisgontier et al., 2017; Delano-Wood et al., 2015).
Eventually, these insights may be crucial to inform active athletes
about potential health risks and to develop strategies to prevent long-
term adverse effects.

Furthermore, this study provides important insights into
researchers' reasons for not sharing research data (e.g., missing data
and workload concerns), which holds significant implications for
future collective research initiatives aimed at promoting data pooling
and enabling robust meta- and mega-analyses. While researchers gen-
erally expressed their willingness to contribute, only 6 out of 22 data-
sets were received. Reasons for not sharing data, as well as
incomprehensive data labeling of a published dataset, emphasize the
importance of initially implementing thorough data management prac-
tices. These also include early consideration (ideally when planning
and initiating new studies) of local ethical regulations pertaining to
data sharing and reuse, for example, regarding the upload of research
data on scientific repositories.

In addition to direct implications derived from our findings,
further important considerations for future RSHI research have
recently been discussed (Koerte et al., 2023) and aim to (1) facili-
tate the comparability of findings across studies and (2) improve
interpretability of DTl changes regarding their diagnostic value and
relation to underlying biological changes. These considerations
include establishing standard dMRI acquisition and analysis proto-
cols, multimodal imaging, as well as the investigation of interactive
effects between physical exercise and strain-induced injuries.
Regarding the latter, it will be crucial to investigate physical
exercise-related brain changes specific to contact and collision
sports athletes. Current research on physical exercise and brain
WM changes has primarily focused on older adults, moderate
intensity levels, and individualized sports such as walking and
cycling (Maleki et al, 2022; Sexton et al., 2016). However,
contact- and collision sports are predominantly favored by youn-
ger individuals (i.e., children, young adults), at various intensity
levels, playing for several years, and demanding diverse cognitive
capabilities required for complex motor functioning and team-
oriented play (Draheim et al, 2022; Eime et al., 2016; McNeese
et al., 2016). Additionally, while sports-season-related WM alter-
ations seem to reverse during recreational periods, it has been
assumed that the initiated repair processes may not have the
capacity to fully reverse the damage (Mayinger et al., 2018; Myer
et al., 2019). Only one of the reviewed studies followed athletes
across multiple seasons (Manning et al., 2020). However, given
that athletes usually practice their sport for years, it will be
important to investigate the effects of sport-related RSHI-exposure
over longer timeframes. Finally, with the availability of more data,
it would be interesting to investigate potential characteristic pat-
terns that are specific to male and female athletes, as well as dif-

ferent sports.

CONCLUSION

This study reveals widespread sports-season-related brain WM
changes in contact and collision sports athletes. The observed
changes in central and brainstem regions (particularly in the anterior
thalamic radiation, corticospinal tract, and inferior fronto-occipital fas-
ciculus) overlap with designated high-strain regions as determined by
biomechanical and brain morphometry studies. These changes likely
reflect microstructural brain WM changes as a consequence of season
RSHI-exposure. While less prominent, the opposing pattern of WM-
changes in the left hemisphere may reflect physical exercise-induced
effects from extensive motor training and skill acquisition throughout
the season. Overall, the results highlight that both positive and nega-
tive sports-season-related effects likely co-occur, potentially affecting
similar brain areas, while region-specific effects emerge where one
dominates. DTl is sensitive but limited to the investment of overall
patterns of brain WM changes. The observed patterns can guide
future research exploring the biological correlates of these changes,
requiring advanced models and multimodal approaches. To draw reli-
able conclusions regarding potential health risks and their severity for
active athletes, future studies should resolve several limitations,
address important confounding factors (e.g., physical exercise-induced
effects and last impact exposure), and follow athletes across multiple
seasons. The latter is crucial for understanding how strain-induced
injuries reverse during off-season recreational periods and to what

extent residual changes accumulate across several seasons.
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