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Abstract

There is growing concern about the potential long-term consequences of sport concussion for young, currently active
athletes. However, there remains limited information about brain abnormalities associated with a history of concussion
and how they relate to clinical factors. In this study, advanced MRI was used to comprehensively describe abnormalities in
brain structure and function associated with a history of sport concussion. Forty-three athletes (21 male, 22 female) were
recruited from interuniversity teams at the beginning of the season, including 21 with a history of concussion and 22
without prior concussion; both groups also contained a balanced sample of contact and noncontact sports. Multi-modal
MRI was used to evaluate abnormalities in brain structure and function. Athletes with a history of concussion showed
frontal decreases in brain volume and blood flow. However, they also demonstrated increased posterior cortical volume
and elevated markers of white matter microstructure. A greater number of prior concussions was associated with more
extensive decreases in cerebral blood flow and insular volume, whereas recovery time from most recent concussion was
correlated with reduced frontotemporal volume. White matter showed limited correlations with clinical factors, pre-
dominantly in the anterior corona radiata. This study provides the first evidence of the long-term effects of concussion on
gray matter volume, blood flow, and white matter microstructure within a single athlete cohort. This was examined for a
mixture of male and female athletes in both contact and noncontact sports, demonstrating the relevance of these findings
for the overall sporting community.
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Introduction

ONCUSSION IS RECOGNIZED as a clinical syndrome of

biomechanically induced brain alterations, often associated
with physical, cognitive, and behavioral dysfunctions.! Despite
symptom resolution most commonly occurring within 7-10 days
post-injury for adults,>> athletes with prior concussions are at el-
evated risk of future injury* and prolonged recovery time.* In recent
years, there has also been growing concern over the long-term
consequences of sport concussion, particularly for young athletes,
who may be more vulnerable to the sequelae of concussion because
of ongoing brain development.’ Studies of retired professional
athletes have shown that a history of concussion is associated with
higher risk for clinically diagnosed depression and mild cogni-
tive impairment, along with self-reported memory problems.®™® In
addition, there is ongoing debate regarding chronic traumatic

encephalopathy (CTE) as a postmortem diagnosis, with some re-
searchers suggesting that repetitive head impact leads to neurode-
generation, including gross cortical atrophy and neurofibrillary
tangles.” However, the absence of prospective or epidemiological
CTE studies makes it difficult to establish a causal link among
concussions, pathophysiology, and symptoms.'°

Following injury, long-term changes in brain structure and
function may play a significant role in post-concussion risk factors,
as studies have identified abnormalities in cognition'' and brain
activity'? of concussed athletes beyond medical clearance. Despite
the evidence for long-term health risks, conventional clinical
neuroimaging using CT or MRI rarely detects gross brain abnor-
malities after concussion.' However, advanced MRI methods
have been used to identify more subtle post-injury abnormalities
in brain function, metabolism, and cerebral microstructure.
Further examination of MRI biomarkers for brain injury is critical
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to our understanding of concussion pathophysiology and recovery
processes.

The majority of MRI studies have been undertaken between 1
week and 1 month post-injury, when athletes are asymptomatic at
rest and beginning a graded return to full activity. Following injury,
athletes have shown altered brain activity'*™'® and significant
metabolic disturbances.'” In addition, arterial spin labelling (ASL)
shows suppressed cerebral blood flow (CBF) among symptomatic
athletes.'® Examinations of white matter microstructure via diffu-
sion tensor imaging (DTI) have been inconsistent for symptomatic
athletes, variously reporting altered DTI metrics,'® limited ef-
fects,'S or no significant differences.?’

At present, far less is known about the long-term sequelae of
concussion on a time scale of months to years. There is evidence
that brain activity has largely recovered beyond 6 months post-
injury, with no significant abnormalities seen in concussed ath-
letes,>! although persistent metabolic disturbances have been
identified in some cases.!”*? In addition, CBF abnormalities have
shown resolution by 1 month post-injury,'® although this study
focused on brain regions showing significant changes over time in
concussed athletes. The approach may be insensitive to areas with
persisting, long-term CBF abnormalities, which are potentially
associated with impairments in brain function.”

There is also evidence for long-term structural alterations of the
brain following concussion. The majority of large-scale studies
have focused on former athletes with a significant history of con-
cussion and subconcussive impact, including hockey, football, and
boxing. For these cohorts, DTI has shown significant markers of
white matter damage.>**> More recently, studies of young hockey
players have shown elevated markers of white matter®® and asso-
ciations between concussion history and cortical volume loss,?’
particularly in frontotemporal gray matter, which is vulnerable to
impact from bony skull protuberances.?® Similarly, hippocampal
atrophy has been reported among collegiate football players with
prior concussion.?® To date, studies of structural brain changes have
primarily focused on male athletes in a subset of high-risk sports,
with most structural analyses limited to retired athlete cohorts.>*>
Hence, there is a need for comprehensive assessment of brain
changes within a sample that is representative of the wider athletic
community.

Growing evidence supports the utility of advanced MRI for
studying concussion. Significant gaps remain, however, particu-
larly in our understanding of long-term alterations in brain
structure and CBF, and their correlations with clinical history.
The present study examined the long-term effects of concussion
based on a multi-modal MRI battery that assesses CBF (ASL),
cortical volume (T1 voxel-based morphometry), and white matter
microstructure (DTI). This novel multi-modal approach allows
for a more complete picture of the sequelae of concussion within a
single cohort, as the majority of previous concussion studies have
studied a single MRI measure, with few exceptions.?%?%2%-3
These markers are examined in a balanced cohort of male and
female athletes, and a mixture of contact and noncontact sports
(volleyball, hockey, soccer, football, rugby, basketball, lacrosse),
which will significantly extend our understanding of brain injury
in the sporting community.

The MRI measures were compared between varsity athletes with
a prior history of concussion, relative to a matched cohort without
documented injury. Further, among athletes with prior injury, the
MRI measures were correlated with two clinical factors related to
prior injury: the number of documented concussions, and recovery
time from the last concussion.

CHURCHILL ET AL.

Methods
Participants

Athletes were recruited from seven interuniversity (‘‘varsity’’)
sport teams at the University of Toronto (volleyball, hockey, soc-
cer, football, rugby, basketball, and lacrosse) during pre-season
concussion evaluations. Demographic data were collected at the
time of recruitment using the Sport Concussion Assessment Tool 3
(SCAT3),*! including number of previously documented concus-
sions, time since last concussion (in months), and recovery time for
the last concussion (number of days from reported injury to medical
clearance). All concussions were determined based on diagnosis at
the time of injury. Forty-three active athletes without recent injury
were recruited and scanned: 21 with prior history of concussion and
22 with no documented prior concussions. The University of Tor-
onto and St. Michael’s Hospital research ethics boards approved
study procedures, and all study participants provided written in-
formed consent prior to neuroimaging.

MRI

Participants were scanned at St. Michael’s Hospital using an
MRI system operating at 3 T field strength (Magnetom Skyra,
Siemens, Erlangen, Germany) and a standard 20 channel head re-
ceiver coil. All imaging parameters and preprocessing details are
provided in Supplementary Text File 1 (see online supplementary
material at http://www .liebertpub.com). Voxel-wise CBF was es-
timated in mL/100 g/min using a two-dimensional (2D) multi-slice
pulsed ASL sequence. Gray matter volume was assessed by ac-
quiring a T1-weighted magnetization prepared rapid acquisi-
tion gradient echo (MPRAGE) sequence. Subsequently, tissue
segmentation and voxel-based morphometry were applied to
MPRAGE images to obtain probabilistic maps of gray matter
volume fraction. White matter microstructure was evaluated using
a DTI sequence (30 gradient directions) followed by the calculation
of voxel-wise fractional anisotropy (FA) (characterizing the di-
rectionality of water diffusion) and mean diffusivity (MD) (the
diffusion coefficient averaged over three orthogonal directions).
Thus, a set of four brain maps were generated per participant, for
further analysis: CBF, gray matter volume, FA, and MD. All MRI
scans were visually inspected for structural abnormalities or sig-
nificant artifact. Of the 43 participants, one DTI scan and three T1
scans were excluded from analysis, because of either missing data
or image artifacts.

Statistical analysis

Demographic and clinical parameters are expressed as mean *
standard deviation (SD) unless otherwise stated. To examine group
differences for demographic and clinical features, normality was
assessed, and appropriate parametric or nonparametric tests were
applied. MRI measures were compared between athletes with and
without prior concussion by measuring the mean difference in MRI
measures between groups, and computing nonparametric two tailed
bootstrapped significance estimates.>> This approach was chosen to
avoid any distributional assumptions about MRI data, as all mea-
sures showed evidence of significant non-normality (p<0.05,
Kolmogorov—Smirnov test). Participants in each group were re-
sampled with replacement, the mean difference between groups re-
computed for each iteration (1000 re-samples), and an empirical p
value obtained based on the fraction of re-samples that overlapped
with zero effect. For each MRI measure, multiple comparison
correction was performed over all voxels using a false discovery
rate (FDR) threshold of 0.05. Brain images were displayed as the
mean fractional difference in MRI values between athletes with/
without prior injury, to demonstrate effect sizes for significant brain
regions.
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For athletes with prior concussion, additional testing was per-
formed to determine whether differences in MRI measures were
associated with clinical factors implicated in brain recovery,3
specifically 1) number of prior concussions and 2) recovery time for
their last concussion, defined as days from diagnosis of concussion
to return-to-play clearance. At each brain voxel, nonparametric
Spearman correlation was computed between the clinical covariate
and MRI measure. As with the mean-difference analysis, boot-
strapped voxel p values were obtained for each MRI measure, with
multiple comparison correction at an FDR threshold of 0.05. Brain
images for each MRI measure were then plotted as the mean
bootstrapped Spearman correlation within significant brain regions.

Results
Clinical demographics

The clinical and demographic measures for participants are
summarized in Table 1. Both groups were balanced on male and
female athletes, along with contact sports (men’s hockey and la-
crosse, rugby, soccer, football) and noncontact/collision sports
(women’s hockey, basketball, volleyball). Age ranges for the
groups were consistent (18-23 years), although athletes with prior
concussion were older (difference, 1.50 [95% CI, 0.5-2.5];
p=0.01). Nonetheless, the effects of age on the brain do not sig-
nificantly overlap with concussion history in this cohort, as shown
in a supplemental analysis (Supplementary Text 2 and Figure S1)
indicating it is unlikely to be a significant confound (see online
supplementary material at http://www.liebertpub.com).

Athletes with prior concussions had a median of two previous
injuries, with time to medical clearance occurring an average of
18 days for their last concussion, although a wide range of recovery
times were reported. There were no significant differences between
male and female athletes with prior concussion, in number of
concussions, recovery time, or time since last injury (p>0.45, all
variables). Athletes reported an average SCAT total score of 3.02
(SD=3.7), with no significant differences between groups with and
without prior concussion (difference, 1.50 [95% CI, —2.22-5.22];
p=0.42). The groups showed no significant differences for SCAT

TABLE 1. CLINICAL AND DEMOGRAPHIC MEASURES
FOR PARTICIPANTS, INCLUDING TEST SCORES FOR THE SPORT
CoNCcUSSION ASSESSMENT TooL (SCAT) AND SUBSCALES,
INCLUDING THE BALANCE ERROR SCORING SYSTEM (BESS)

Previous
No prior injury  concussion
(n=22) (n=21)
Age (mean = SD) 19.5+1.5 21.0+1.7
Contact sport 9/22 8/21
Female 11/22 11/21
Time since injury (median) - 26 months
(range: 9, 120)
Number of concussions (median) - 2 (range: 1, 5)
Recovery time (median) - 18 days
(range: 2, 120)
SCAT (mean = SD)
Symptoms 3.45+3.98 2.59+3.50
Symptom severity 5.27+7.05 3.77+5.01
Orientation 4.90+0.29 4.86%+0.35
Immediate memory 14.27+1.49 14.55+0.60
Concentration 327+1.28 3.86+1.23
Delayed memory 3.48+1.29 4.06+1.05
BESS total errors 3.86+3.37* 1.81+2.23

symptom severity or cognitive scores, although differences were
observed for Balance Error Scoring System (BESS) Total Score,
with greater errors for athletes without prior concussion (differ-
ence, 1.87 [95% CI, 0.12-3.63]; p=0.037).

Comparing athletes with and without prior concussion

In Figure 1, the fractional difference in voxel-wise MRI mea-
sures is plotted for athletes with prior concussion, relative to those
without. Figure 1A shows greatest volumetric decreases in the left
cerebellum (z=-20), temporal lobes (z=0, +22) right pre-central
gyrus (z=+42), supplementary motor area, and superior frontal
lobes (z=+60, +68). Significant volumetric increases were also
observed, principally in the right hippocampus (z=-20), left cau-
date (z=0), and cuneus (z=+22). Figure 1B shows decreased CBF
in cortical domains that show reduced gray matter volume, in-
cluding pre-central gyrus (z=+42), supplementary motor area, and
superior frontal lobes (z=+60, +68), although differences in CBF
tend to be more spatially extensive than for volumetric measures.
CBF increases were also seen in regions of volumetric increase,
including right hippocampus (z=-20) and posterior cingulate
(z=+22), proximal to the cuneus.

The DTI-based measures also showed consistent differences in
athletes with prior injury, albeit with smaller proportionate differences,
compared to gray matter volume and CBF. FA had the most spatially
extensive differences between groups, as concussed athletes show
increased FA primarily in the corona radiata (anterior and posterior;
z=0,+22) and genu of the corpus callosum (z=+22). Conversely, MD
was decreased in athletes with prior concussion, primarily in the
posterior corona radiata and corpus callosum (z=+22).

Association with clinical factors

Brain regions showing a significant association between MRI
measures and clinical factors are plotted in Figure 2 as axial and
sagittal maximum intensity projections (MIPs). For all MRI mea-
sures and clinical factors, regions of significant correlation were
observed, although the spatial extent depended on the MRI mo-
dality. For volumetric analysis (Fig. 2A) a higher number of pre-
vious concussions was mainly associated with increased volume in
the parietal and occipital lobes, and with decreased volume in the
insula bilaterally. A longer recovery time was mainly associated
with reduced volume in temporal lobes, supplementary motor area,
and anterior cingulate, although the parahippocampal gyrus and
rolandic operculum showed increased volume. For CBF (Fig. 2B),
a higher number of prior concussions was correlated with perfusion
decreases in the frontal and temporal lobes. However, a longer
recovery time was associated with minimal differences in CBF,
mainly focal increases in the cerebellum and middle occipital lobe.
Compared with other measures, DTI metrics of white matter FA
(Fig. 2C) and MD (Fig. 2D) showed minimal correlations with
clinical factors, with the anterior corona radiata showing greatest
sensitivity. The most extensive effects were seen for number of
prior concussions, with increased FA and decreased MD.

Discussion

This study employed multi-modal MRI to characterize brain ab-
normalities associated with a history of sport concussion, including
alterations in CBF, gray matter volume, and white matter micro-
structure. These metrics were examined for a group of male and
female athletes, with balanced representation of both contact and
noncontact sports. This provides a novel perspective on the effects of



grey matter
volume

bloodflow

cerebral

white matter

white matter

(MD)

FIG. 1.

CHURCHILL ET AL.

fractional
change

0.35

0.25

0.15

0.05
-0.05

-0.15

-0.25

-0.35

Voxel-wise differences in MRI measures associated with prior history of concussion. Measures include (A) gray matter

volume, (B) cerebral blood flow (CBF), (C) fractional anisotropy (FA), and (D) mean diffusivity (MD). The fractional difference in
MRI measures is shown in regions significant at false discovery rate threshold of 0.05. Slice numbers correspond to z-axis coordinates of
the Montreal Neurological Institute (MNI) template. Color image is available online at www.liebertpub.com/neu

concussion within this broad cohort and extends prior research,
which has largely focused on high-risk contact sports and male co-
horts. Differences in MRI measures were associated with a prior
history of concussion, and showed correlations with the clinical
factors, including number of concussions and recovery time. The
latter are important measures that are recommended for clinical as-
sessment of concussion risk,® but are rarely examined in relation to
neuroimaging data.

Athletes with prior concussion had lower cortical volume
(Fig. 1A), primarily in regions that are vulnerable to injury in TBI
because of bony skull protuberances,> including the frontal cortex
and cerebellum. This is consistent with prior studies of clinical
TBI,*= although the cerebellum has been rarely examined. In
addition, decreased volume was identified in regions distal from the
expected primary sites of impact, including middle temporal lobes
and postcentral gyrus. This has been observed in both animal
models and human neuroimaging,®*’ and may be the result of
connectivity loss with the primary site of injury. However, volu-
metric increases were also observed in internal gray matter, in the
limbic (hippocampus and caudate) and visual (cuneus) systems,
which may indicate cortical reorganization beyond simple atrophy.

Although not, to our knowledge, previously reported in the con-
cussion literature, cortical growth has long been recognized as part
of neuroplastic adaptation in brain injury; for example, stroke. >3
The regions showing significant differences are of particular in-
terest, as they are implicated in emotion and visual attention, two
domains that often show dysfunction after brain injury.*'%!! Given
that athletes with prior history of concussion had no persistent
symptom complaints, volumetric increases may reflect adaptation
to preserve these domains following injury.

The differences in cortical volume were also linked to clinical
factors (Fig. 2A). A greater number of concussions was mainly
associated with focal volumetric decreases in the insula, a com-
ponent of the limbic system. This suggests a potential neural basis
for increased mood disorders in athletes with a greater number of
concussions.® These alterations may also reflect long-term neuro-
plastic reorganization secondary to injury, rather than the direct
effects of tissue damage, as internal structures are less vulnerable to
head impact.>® A longer recovery time (i.e., more persistent post-
concussion symptoms) was associated with widespread decreases
in frontal and temporal cortical volume, and may, therefore, more
directly reflect the amount of impact-related tissue damage. These
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FIG. 2. Voxel-wise correlations between MRI measures and clinical factors for athletes with prior concussion, including number of
concussions (left) and recovery time (right). Measures include (A) gray matter volume, (B) cerebral blood flow (CBF), (C) fractional
anisotropy (FA), and (D) mean diffusivity (MD). The mean bootstrapped correlation is shown in regions significant at false discovery
rate threshold 0.05. For visualization, images are displayed as axial and sagittal maximum intensity projections (MIPs), overlaid on
anatomical slices after thresholding at minimum cluster size = 10. Color image is available online at www.liebertpub.com/neu

regions are also consistent with previous volumetric studies of
more severe TBI, which have shown extensive frontotemporal re-
ductions associated with negative outcomes.>>**°

The CBF analyses revealed significant differences among ath-
letes with a history of concussion (Fig. 1B), including decreased
CBF in the temporal lobes, frontal lobes, and supplementary motor
area. These findings align with volumetric analyses (Fig. 1A), in-
dicating that long-term decreases in CBF may be partly associated
with cortical volume loss. Critically, this is a different mechanism
from acute concussion, which is driven by compromised cerebral
autoregulation.*' Reduced CBF has been previously reported
among symptomatic athletes'® and was found to resolve at 1 month
post-injury. However, this prior study examined brain regions
showing significant effects of time on CBF (including the insula
and temporal lobes).'® In contrast, the current study tested for re-
gions where CBF abnormalities do not dissipate over time (mainly
in the frontal cortex). Taken together, these findings suggest that
CBF recovery time may depend upon the examined brain region,
with the frontal lobes being more vulnerable to persistent cere-
brovascular changes, potentially driven by decreased blood flow
demand because of cortical volume loss.

As further evidence of persistent functional changes, CBF was
significantly correlated with clinical factors (Fig. 2B). Whereas

frontotemporal reductions in volume were correlated with recovery
time, frontotemporal CBF reductions were mainly correlated with
number of concussions. Therefore, different aspects of concussion
history show different relationships with brain structure and func-
tion. One potential explanation is that the neurovascular system is
more impaired under chronic, repeated injury, although it may not
be highly correlated with tissue damage (and, therefore, atrophy).
The hypothesis that CBF effects are mediated by impaired cere-
brovascular response is supported particularly by lower cortical
volume in the insula (Fig. 2A). This region is part of the autonomic
control system, and, therefore, atrophy in this region may lead to
decreased cerebrovascular function.*” The decrease in CBF with
number of concussions is also consistent with fMRI analyses
showing that functional impairments are correlated with the num-
ber of prior concussions for symptomatic athletes.'

Examining white matter microstructure, DTI also showed dif-
ferences that reflected both injury and recovery (Fig. 1C,D). For
athletes with prior concussion, elevated FA and decreased MD
were consistently identified. These results extend prior DTI studies
of acute and subacute concussion, in which decreased FA and in-
creased MD were seen at acute injury,'®** but returned toward
baseline 1 month after injury.'® The present study indicates that
increased FA and decreased MD may extend beyond the 1 month



interval for concussed athletes. These trends are opposite to those
seen in more severe TBI and high-risk sports such as boxing,?
where decreased FA and increased MD are generally observed.*?
However, they agree with long-term studies of mild TBI patients
with good recovery** and a prior study of concussed hockey
players,?® suggesting a distinct DTI response for athletes with less
severe and infrequent trauma. In addition, the changes in FA are
consistent with the gray matter volumetric increases discussed. The
mechanism for long-term FA increase after mild brain injury is
debated, but it may reflect axonal budding and growth in response
to injury** and/or gliosis.*> However, DTI measures showed lim-
ited sensitivity to clinical correlates (Fig. 2C,D) compared with
volumetric and CBF analyses. For both number of concussions and
recovery time, increased FA and decreased MD were seen in the
anterior corona radiate; however, significant brain regions are small
and potentially support multiple brain functions.

Although results indicate a robust relationship between concussion
history and multi-modal MRI, there are a few limitations. This study
is cross-sectional in nature, and, therefore, brain abnormalities cannot
be interpreted in terms of within-subject change. In addition, con-
cussion history was based on patient self-report, which may be subject
to errors in reporting. Hence, future longitudinal studies, with docu-
mentation beginning at the time of injury, will be critical to validate
the current findings. As a second limitation, this study employed basic
MRI and analytic techniques, which may have limited sensitivity to
concussion pathophysiology. In terms of MRI sequences, current
findings for white matter were based on 30 direction DTI, which is
recommended for robust clinical imaging.*® However, high angular
resolution diffusion imaging (HARDI) is also routinely used for im-
proved resolution of white matter tracts, along with more advanced
multi-shell sequences.*’ Similarly, alternative methods of analyzing
gray matter morphology, such as surface-based techniques,*® may be
sensitive to structural changes not detected using volumetric methods
used in the current article. Finally, the analysis techniques used in this
study were primarily univariate. Multivariate methods may be better
able to identify distributed patterns of change in the brain associated
with a prior history of concussion. In the future, it will be critical to
determine whether the current findings generalize to alternative MRI
sequences, brain measures, and analytic techniques.

The results of this article extend our understanding of the se-
quelae associated with sport concussion, and help to drive further
research into long-term consequences of brain injury. One key
finding is the evidence for persistent reductions in frontotemporal
volume and hypoperfusion. Given the importance of these regions
in memory, cognition, and perception, an important next step is to
correlate frontotemporal MRI measures with neurocognitive tests
in athletes with a history of concussion, to determine the severity of
behavioral effects, and utility of MRI as a biomarker of injury.
Similarly, significant volumetric and CBF differences were ob-
served in the insula; given its role in emotion regulation, further
research should examine whether MRI measures in this region are
correlated with tests of mood and depression in young athletes.
Finally, further research is needed to determine the underlying
cause of differences in FA and MD that are distinct from the effects
observed in more severe TBI. A potential approach is to use ad-
vanced DTI techniques*’ coupled with the latest generation of MRI
hardware to probe the microstructure of the brain in greater detail.
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