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Abstract

Sports-related concussion (SRC) is a form of mild traumatic brain injury that has been linked to long-term neurological
abnormalities. Australian rules football is a collision sport with wide national participation and is growing in popularity
worldwide. However, the chronic neurological consequences of SRC in Australian footballers remain poorly understood.
This study investigated the presence of brain abnormalities in Australian footballers with a history of sports-related
concussion (HoC) using multimodal MRI. Male Australian footballers with HoC (n = 26), as well as noncollision sport athletes
with no HoC (n = 27), were recruited to the study. None of the footballers had sustained a concussion in the preceding 6
months, and all players were asymptomatic. Data were acquired using a 3T MRI scanner. White matter integrity was
assessed using diffusion tensor imaging. Cortical thickness, subcortical volumes, and cavum septum pellucidum (CSP) were
analyzed using structural MRI. Australian footballers had evidence of widespread microstructural white matter damage and
cortical thinning. No significant differences were found regarding subcortical volumes or CSP. These novel findings provide
evidence of persisting white and gray matter abnormalities in Australian footballers with HoC, and raise concerns related to
the long-term neurological health of these athletes.
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Introduction
Sports-related concussion (SRC) is a form of mild traumatic
brain injury (mTBI) particularly common in collision sport ath-
letes (Symons, Clough, Fielding, et al. 2020a). There is growing
evidence that a history of SRC (HoC) is linked to long-term neu-
rological abnormalities, including microstructural white matter
damage (Wallace et al. 2018; Zhang et al. 2019; Wright, Gardner,
et al. 2021a). For example, diffusion tensor MRI (DTI) studies
have found that white matter tracts in individuals with HoC
have decreased fractional anisotropy (FA) and increased mean
diffusivity (MD) (Zhang et al. 2019). Furthermore, a meta-analysis
of 44 DTI studies found that this white matter damage was often
widespread, affecting a range of structures in both the acute and
chronic stages of mTBI (Wallace et al. 2018). Similar results were
also reported in a cohort of retired Australian rugby players with
HoC (Wright, Gardner, et al. 2021a). In addition to these white
matter irregularities, studies have also identified abnormalities
linked to HOC in other brain structures (Wojtowicz et al. 2018;
Bernick et al. 2020; Mills et al. 2020; Wright, Gardner, et al. 2021a)
including reduced volume of subcortical structures (e.g., hip-
pocampi and amygdala; Strain et al. 2015; Wojtowicz et al. 2018)
and cortical thinning (Patel et al. 2020). An increased incidence
of cavum septum pellucidum (CSP), a possible marker of brain
injury, has also been found in athletes with HoC (Gardner et al.
2016).

Australian football is an Australia’s most participated colli-
sion sport (∼1.5 million people annually; Costello et al. 2018;
Symons, Clough, Fielding, et al. 2020a) and has an estimated
incidence of 2.2–17.5 SRCs/1000 playing hours (McNeel et al.
2020). Despite its popularity, relatively few studies have inves-
tigated the neurological impact of HoC in Australian footballers
(Symons, Clough, Fielding, et al. 2020a). Rather, the majority of
previous research investigating the consequences of HoC has
been conducted in popular North American and European sports
such as American football, ice hockey, and soccer (Costello et al.
2018; Symons, Clough, Fielding, et al. 2020a), and has primarily
involved older and/or retired athletes (Alosco et al. 2020; Hart
et al. 2013; Strain et al. 2013). Unlike American football and ice
hockey, Australian football is played without helmets, which
may modify the nature of injury compared to helmeted sports
(McIntosh et al. 2014). Therefore, the present study applied
multimodal MRI to examine white and gray matter integrity
in current Australian footballers with HoC compared to control
noncollision sport athletes with no HoC. It was hypothesized
that Australian footballers with HoC would have reduced white
matter integrity, cortical thinning, reduced subcortical volumes,
and increased prevalence and severity of CSP compared to the
noncollision sport athletes with no HoC.

Materials and Methods
Participants

A total of 26 male Australian football players with a self-
reported history of clinically diagnosed SRC sustained during
Australian football participation were recruited from the
Victorian Amateur Football Association. A control group of 27
athletes of similar age and education (see Table 1) with no HoC
and no previous engagement in collision sports (i.e., sports that
permit intentional tackling and/or forceful collisions) were also
recruited from local amateur teams/clubs (field hockey, rowing,
basketball, and track). To minimize the confounding effects
of recent concussive and subconcussive injury, Australian

footballers who had sustained a concussion in the past 6
months were not enrolled into the study, and all data collection
was performed at the onset of preseason training before any
competitive matches (i.e., largely aerobic training activities).
Individuals with a history of neurosurgery, nonsport-related
brain injury, or previously diagnosed major psychiatric disorders
were excluded. The Melbourne Health Human Ethics committee
(#2015.012) approved study procedures, and all participants
provided the written informed consent. We previously published
preliminary MRI results in a subset of participants (n = 15/group)
in a paper focused on ocular motor assessment in Australian
footballers with HoC compared to controls (Clough et al. 2018).
These preliminary MRI findings did not identify statistically
significant differences between the groups; however, this
analysis was admittedly underpowered to do so. Therefore,
this study is a continuation of that preliminary data with an
additional 23 participants (11 HoC, 12 Control).

Demographics and HoC

A questionnaire was administered by a trained research assis-
tant to each participant pertaining to demographics, HoC, sport-
ing history, education history, as well as any learning difficulties.

MRI Acquisition

MRI acquisition was performed on a 3T scanner (Magnetom
Prisma; Siemens, Erlangen, Germany). MRI scanning was
performed during the preseason training period prior to the
first competitive game. Data collection included diffusion
weighted imaging (DWI) to assess DTI measures of white
matter integrity, as well as T1-weighted anatomical images for
volumetric, cortical thickness, and CSP analyses. T1-weighted
images were acquired using a three-dimensional magnetization
prepared rapid gradient echo (MP-RAGE) sequence with the
following parameters: repetition time (TR) = 2400 ms; echo time
(TE) = 2.24 ms; inversion time = 1060 ms; flip angle = 8◦; field of
view (FOV) = 256 · 256 mm2; 192 slices with thickness = 0.8 mm;
resolution = 0.8 · 0.8 · 0.8 mm3; and total acquisition time = 6 min
38 s. DWI was acquired at 2-mm isotropic resolution over 64
directions at b = 3000 s/mm2. Imaging was performed with a
repetition time = 3400 ms; TE = 79 ms; FOV = 25.6 × 25.6 mm2;
and acquisition matrix = 128 × 128. A reverse phase-encode
image was also acquired to correct for distortions due to B0-field
inhomogeneity.

DTI Analysis

Preprocessing was performed using MRtrix3 and FSL, and
included denoising followed by motion and distortion correc-
tion. Images were subsequently corrected for B1 inhomogeneity
using the N4 algorithm (included as part of ANTS). Global
intensity normalization was performed using a white matter
mask, and DW images were upsampled to 1.3-mm isotropic
resolution. An unbiased study-specific template was built using
40 datasets (20 HoC/20 control) using MRtrix’s multiresolution
population atlas procedure using 5 iterations per scale level. DTI
metrics including FA, radial diffusivity (RD), axial diffusivity (AD),
and apparent diffusion coefficient (ADC) were calculated using
MRtrix3 and nonlinearly aligned to template space for analysis
with FSL’s tract-based spatial statistics (TBSS; Smith et al.
2006; Wright, Gardner, et al. 2021a). Statistical significance was
determined for each voxel on the white matter skeleton based
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Table 1 Demographics and HoC information (mean ± SE)

Controls HoC P value (t-test)

N 27 26
Age 23.74 (0.45) 24.42 (0.60) 0.366
Years of education 16.27 (0.24) 16.19 (0.39) 0.868
Height (cm) 182.00 (2.14) 181.44 (1.33) 0.820
Weight (kg) 77.92 (3.92) 80.06 (1.48) 0.618
Age commenced sport 7.11 (0.65) 6.33 (0.49) 0.361
Years sport played 15.67 (0.97) 18.17 (0.90) 0.099
Age commenced collision sport — 8.55 (0.58) —
Years played collision sports — 15.56 (1.09) —
Total no. previous concussion — 2.54 (0.30) —

on nonparametric permutation testing (5000 permutations) and
threshold free cluster enhancement (TFCE).

Cortical Thickness and Subcortical Volumes

Volumetric analysis of cortical and subcortical brain structures
was performed using FreeSurfer (version 6.0-patch) according to
the standard anatomical processing pipeline: removal of non-
brain tissue, automated Talairach transformation, segmenting of
subcortical white matter and deep gray matter structures, inten-
sity normalization, gray matter/white matter boundary tessel-
lation, automated topology correction, and surface deformation
following intensity gradients along the gray/white and gray/CSF
borders (Dale et al. 1999; Fischl et al. 2001; Fischl et al. 2002).

Volumes of subcortical structures were expressed as a per-
centage of total intracranial volume. In line with previous SRC
investigations (Wojtowicz et al. 2018; Bernick et al. 2020), region
of interest analysis was performed on the hippocampus, thala-
mus, and amygdala of both the right and left hemispheres.

Cortical thickness was analyzed using vertex-wise general
linear models in QDEC. Briefly, vertex-wise thickness estimates
for each subject were resampled to the fsaverage cortical tem-
plate and smoothed with a 10-mm full-width half maximum
Gaussian filter. General linear models tested for the main effect
of concussion group, while correcting for nuisance variables
(age, years of play). Cluster-based thresholding was used to con-
trol for family-wise error using Monte Carlo simulation thresh-
olded at P < 0.05 using the method described previously (Hagler
et al. 2006).

CSP Measures

The characterization of CSP was assessed using the T1-weighted
images and performed as previously described (Clough et al.
2018). CSP was defined as cerebrospinal fluid (CSF) being visible
between two leaflets of the septi pellucidi on the coronal slices
(Koerte et al. 2016; Clough et al. 2018). Two characterization
methods were included in this study, CSP grade and length, as
described below.

CSP grade was determined in the coronal slice based on
the greatest evidence of cavity. CSP grades ranged between 0
(absent), 1 (questionable), 2 (mild), 3 (moderate), and 4 (severe)
(Clough et al. 2018). A grade of 0 or 1, was considered as no CSP
present and a grade of 2–4 was considered as a clear presence
of CSP with varying degrees of severity. The same observer
(GFS), blind to participant group, graded all scans. A second
blinded observer (BM) graded CSP’s and inter-rater reliability

was determined as 0.874. Any disagreement or discordance was
resolved with a third blinded observer who is an experienced
board certified neuroradiologist (ML).

CSP length was determined in the coronal view, and anterior–
posterior length of the CSP was measured by the number of
contiguous slices containing evidence of the CSP. Length (mm)
was determined as the number of slices multiplied by 0.8 mm
(slice thickness). As above the same observer (GFS), blind to
participant group, determined CSP length. This was confirmed
by a second blinded observer (BM) and inter-rater reliability was
determined as 0.945.

Statistical Analysis

SPSS software (version 22.0; IBM Corp., Armonk, NY) was used
for all statistical analyses with the exception of the TBSS and
QDEC analyses described above. Between groups, differences on
the demographic variables, subcortical volumes, and CSP length
were analyzed with independent t-tests. Chi-square tests were
used to assess differences between groups in the prevalence
and grade of CSP. Statistical significance for all analyses was set
at P < 0.05. For subcortical volumes, multiple comparisons were
accounted for using Benjamini and Hockberg’s False Discovery
Rate (FDR), with an FDR value of less than 5% considered signifi-
cant. For cortical thickness, group comparisons were performed
with age and years of play as covariates. Results are presented
as mean ± SE.

Results
Demographics and HoC

Demographic, sporting history, and HoC findings are presented
in Table 1. No significant differences were found on any demo-
graphic measures between the groups.

White Matter Microstructure

TBSS analysis of DTI metrics found significant (PTFCE < 0.05)
decreases in FA, and significant increases in RD, throughout
major white matter tracts (e.g., superior longitudinal fasciculus,
SLF; corpus collosum, CC; and corticospinal tract, CST) in the
Australian footballers relative to the noncollision sport ath-
letes with no HoC (Fig. 1). There were no statistically significant
differences between the groups on the measures of AD or ADC.
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Figure 1. TBSS of diffusion tensor imaging measures. Australian footballers with a history of concussion had significantly decreased fractional anisotropy (A) and
increased radial diffusivity (B) in white matter tracts, including the superior longitudinal fasciculus, corpus collosum, and corticospinal tract, compared to noncollision

sport control athletes with no history of concussion. Regions that are statistically different between the groups are illustrated in red (PTFCE < 0.05). The TBSS white
matter skeleton is illustrated in green. These have been overlaid on average fractional anisotropy map templates (grey scale).

Table 2 Subcortical findings (cm3; mean ± SE)

Controls HoC P value

N 27 26
Thalamus: left 8.66 (0.14) 8.66 (0.14) 0.53
Thalamus: right 8.45 (0.14) 8.42 (.014) 0.16
Hippocampus: left 3.73 (.13) 3.76 (.11) 0.71
Hippocampus: right 3.84 (.09) 3.88 (0.12) 0.45
Amygdala: left 1.34 (0.04) 1.40 (.06) 0.34
Amygdala: right 1.4 (.06) 1.48 (.05) 0.32

Cortical Thinning and Volumetric Analyses

QDEC analysis revealed statistically significant cortical thinning
in the frontal, insula, and temporal regions of the right hemi-
sphere, as well as frontal cortex and cingulate of the left hemi-
sphere of the Australian footballers compared with controls
(Fig. 2).

Results of between-group analysis of subcortical regions
are presented in Table 2. No significant group differences were
found for any of the subcortical regions examined.

Cavum Septum Pellucidum

The presence and length of CSP between groups is summarized
in Table 3. No significant group differences were found on any
CSP measures (P > 0.05).

Discussion
This study used multimodal MRI to examine for micro- and
macrostructural brain abnormalities in Australian footballers
with a remote HoC (i.e., no concussion in at least 6 months
before study onset) compared to control athletes with no HoC.

In support of our hypothesis, we found widespread evidence of
alterations in white matter microstructure in the CC, SFL, and
CST of the Australian footballers. There was also evidence of
subtle cortical thinning in both the right and left hemispheres.
There were no differences between the groups on measures
of subcortical brain structure volumes or the prevalence and
severity of CSP.

We previously conducted a preliminary multimodal MRI
analysis, including DTI and CSP, in a subset of the current
cohort that did not identify statistically significant differences in
Australian footballers with HoC compared to controls (Clough
et al. 2018). The primary outcome in that study was cognitive
ocular motor function and was explicitly stated in that paper,
the MRI analysis was underpowered and required additional
participants. The current study is, therefore, an extension of
that preliminary analysis with an additional 23 participants
included to reach adequate group sizes.

The present finding of decreased FA in major white matter
tracts is generally consistent with previous SRC (e.g., ice hockey,
American football, rugby) and mTBI literature (Tremblay et al.
2014; Wallace et al. 2018; Zhang et al. 2019; Wright, Gardner, et al.
2021a). The location of these abnormalities (i.e., SLF, CST, and CC)
also aligns with past findings in the context of HoC in American
football, ice hockey, and rugby (Henry et al. 2011; Koerte et al.
2012; Lancaster et al. 2018; Wright, Gardner, et al. 2021a). Notably,
there is a commonality in the physical properties of the affected
areas, with each comprised of long-range fibers. Despite differ-
ent modes of injury across studies (e.g., sports, motor vehicle
accidents, military injuries), these common abnormalities found
in long-range white matter fibers suggest a point of vulnerability
in the brain to mTBI. It remains unclear whether it is the location
of these structures (e.g., near the center of mass) or physical
properties (e.g., long axons) that make them so susceptible to the
shear and strain forces induced in mTBI (Arbogast and Margulies
1998). In vivo investigations into forces (both shear and strain)
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Figure 2. Areas of cortical thinning in Australian footballers with a history of concussion. Australian footballers with a history of concussion had cortical thinning in

the frontal, insula, and temporal regions of the right hemisphere (A), as well as in the frontal cortex and cingulate of the left hemisphere (B) relative to noncollision
sport control athletes with no history of concussion. Blue = Australian footballers < controls; red indicates Australian footballers > controls; P < 0.05.

Table 3 CSP findings

Controls (n = 27) HoC (n = 26) Analysis

CSP grade N % N % X2 P

0 3 11.1 2 7.7
1 16 59.3 10 38.5
2 7 25.9 9 34.6
3 0 0.0 5 19.2
4 1 3.7 0 0.0

Prevalence of CSP N = 8 N = 14 3.199 0.098
Mean S.E. Mean S.E. P

Length (mm) 4.60 2.670 4.29 2.00 0.758

exerted on the brain during mTBI, corroborate our findings, and
demonstrate particular areas of vulnerability (Hirad et al. 2019).
Namely, the areas identified in the current study, including the
frontal lobes, brainstem, and tracts that border the gray matter,
may experience high tension, even with minimal rotational
motion.

Considering the remote (>6 months) nature of past concus-
sions in the current investigation, our evidence suggests that
HoC is associated with either persistent or delayed microstruc-
tural abnormalities in white matter. It is inherently difficult
to determine the exact progression and pathology underlying
DTI changes in clinical HoC studies. Previous studies suggest
that changes in DTI metrics may reflect disruptions of the

axonal structure (Arfanakis et al. 2002), Wallerian degeneration
(Pierpaoli et al. 2001), axonal degeneration (Song et al. 2003),
demyelination (Song et al. 2002), edema (MacDonald et al. 2007),
or gliosis (Budde et al. 2011). Such pathologies could be induced
by the biomechanical forces at the time of impact, and/or via
secondary injury pathways such as oxidative stress and inflam-
mation. For example, a recent study from our group found that
Australian footballers had diffusion MRI abnormalities acutely
after SRC that were still present at 2 weeks postinjury (i.e.,
the final recovery time they were scanned; Wright, Symons,
et al. 2021b). Furthermore, we also found that serum levels of
neurofilament light, a protein abundant in myelinated axons,
continued to rise for at least 2 weeks after SRC (McDonald et al.
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2021). These findings suggest that the immediate consequences
of SRC can persist for at least several weeks and could potentially
result in chronic changes. We have also investigated circulat-
ing protein biomarkers associated with oxidative stress and
inflammation in separate cohorts of Australian footballers with
a remote HoC (Major et al. 2020; O’Brien et al. 2020; Symons,
Clough, O’Brien, et al. 2020b). Overall, these studies have found
evidence of both increased inflammation and oxidative stress
(i.e., secondary injury mechanisms) in Australian footballers
(Major et al. 2020; O’Brien et al. 2020; Symons, Clough, O’Brien,
et al. 2020b). Notably, these findings occurred in the presence
of increased levels of blood biomarkers indicative of axonal
injury and neurodegeneration (i.e., tau and phosphorylated tau;
Symons, Clough, O’Brien, et al. 2020b). Preclinical findings in rats
also link persisting neuroinflammation and oxidative stress to
white and gray matter damage after mTBI (Shultz et al. 2012;
Shultz et al. 2013; Webster et al. 2015). Taken together, these
findings support the notion that both the primary impact as
well as secondary injury pathways may have mechanistic roles
in long-term brain damage after mTBI.

Our study also found evidence of subtle cortical thinning,
primarily in the frontal areas, of the HoC athletes compared to
controls. This aligns with previous work reporting cortical thin-
ning in former collision sport athletes (Meier et al. 2016). There
were no other overt morphological changes within the HoC ath-
letes (i.e., subcortical volumes or CSP). A possible explanation for
the lack of more robust morphological findings is the relatively
young age of these participants not affording secondary injury
processes enough time to manifest into subcortical changes,
compared to previously studied retired American football (Strain
et al. 2015) and rugby players (Wojtowicz et al. 2018) of more
advanced years. Currently, there is conflicting evidence regard-
ing cortical changes following mTBI. While there is evidence
supporting a reduction in cortical volume in mTBI participants
when compared with healthy controls (Meier et al. 2016), recent
work has also indicated an increase in cortical thickness in HoC
athletes compared to healthy controls (Mills et al. 2020). The
mode of injury, exposure, and age are all factors that might
contribute to these variable findings and should be examined
further.

With regards to the CSP findings, again, age, and exposure
are two possible explanations for our nonsignificant results. For
example, previous studies that have reported CSP abnormalities
in American football players with HoC have been conducted
in substantially older cohorts of symptomatic retired athletes
(Gardner et al. 2016; Koerte et al. 2016), as well as in boxers with
a more extensive HoC (Ng et al. 2014). The exact mechanisms
responsible for CSP after neurotrauma remain to be elucidated,
but might involve shearing forces causing immediate fenes-
tration and/or a more progressive formation due to secondary
injury, cerebral atrophy, and ventricular dilation. It should also
be noted that CSP is not specific to neurotrauma and has been
linked to neurodevelopmental and genetic conditions (Shenton
et al. 2001; Beaton et al. 2010; Hwang et al. 2013). The reported
prevalence of CSP in the general population (Born et al. 2004; Gur
et al. 2013), as well as control athletes with no HoC (e.g., >50% in
Koerte et al. 2016), also varies greatly.

This study had several limitations that should be consid-
ered when interpreting the results. Our study was limited to
male participants, and future studies should include females
particularly in light of evidence indicating that biological sex
might influence the pathobiology of mTBI (Colantonio 2016).
Notably, Australian football may provide the ideal sport for such

studies given the similar full-contact rules in both men and
women leagues (Symons, Clough, Fielding, et al. 2020a). Our
study also focused on relatively young-adult athletes, and it
would be of interest to follow these athletes longitudinally to
investigate whether the observed abnormalities worsen, recover,
or plateau with age. HoC was self-reported, and details related to
the criteria used for clinical diagnosis and the exact timing of the
injuries (apart from not occurring in the past 6 months) were not
available for all participants, which could impact the accuracy of
this measure. Previous studies have also reported neurological
consequences of participating in collision sports independent of
HoC (Manning et al. 2020). However, because our study focused
on Australian footballers with HoC, and did not include an
Australian football group with no HoC for comparison, we are
unable to ascertain whether the findings are specific to those
with HoC. For example, the observed differences may be due
to subconcussive impacts irrespective of HoC. It is also possible
that individuals who choose to participate in Australian football
have inherent neurological differences compared to athletes
participating in noncollision sports. Lastly, other neuroimaging
modalities such as magnetic resonance spectroscopy, arterial
spin labeling, or positron emission tomography (Gorgoraptis
et al. 2019; Symons, Clough, Fielding, et al. 2020a) could be
applied in future studies to investigate whether metabolic, cere-
brovascular, or other molecular abnormalities are also present
in Australian footballers with HoC.

In conclusion, this multimodal MRI study found evidence of
persisting white and gray matter damage in young-adult Aus-
tralian footballers with HoC in comparison with control athletes
with no HoC. Despite the abovementioned limitations and the
need for further studies, this is the first study to report chronic
macro- and microstructural brain abnormalities in young-adult
Australian footballers with HoC and raises concerns related to
the long-term neurological health of these athletes.
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