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White matter abnormalities characterize
the acute stage of sports-related mild
traumatic brain injury

®Remika Mito,' Donna M. Parker,' ®David F. Abbott,'? Michael Makdissi, '’
Mangor Pedersen®* and (®Graeme D. Jackson'*>

Sports-related concussion, a form of mild traumatic brain injury, is characterized by transient disturbances of brain function. There is
increasing evidence that functional brain changes may be driven by subtle abnormalities in white matter microstructure, and diffusion
MRI has been instrumental in demonstrating these white matter abnormalities in vivo. However, the reported location and direction
of the observed white matter changes in mild traumatic brain injury are variable, likely attributable to the inherent limitations of the
white matter models used. This cross-sectional study applies an advanced and robust technique known as fixel-based analysis to in-
vestigate fibre tract-specific abnormalities in professional Australian Football League players with a recent mild traumatic brain in-
jury. We used the fixel-based analysis framework to identify common abnormalities found in specific fibre tracts in participants
with an acute injury (<12 days after injury; 7= 14). We then assessed whether similar changes exist in subacute injury (>12 days
and <3 months after injury; 7= 15). The control group was 29 neurologically healthy control participants. We assessed microstruc-
tural differences in fibre density and fibre bundle morphology and performed whole-brain fixel-based analysis to compare groups.
Subsequent tract-of-interest analyses were performed within five selected white matter tracts to investigate the relationship between
the observed tract-specific abnormalities and days since injury and the relationship between these tract-specific changes with cognitive
abnormalities. Our whole-brain analyses revealed significant increases in fibre density and bundle cross-section in the acute mild trau-
matic brain injury group when compared with controls. The acute mild traumatic brain injury group showed even more extensive
differences when compared with the subacute injury group than with controls. The fibre structures affected in acute concussion in-
cluded the corpus callosum, left prefrontal and left parahippocampal white matter. The fibre density and cross-sectional increases
were independent of time since injury in the acute injury group, and were not associated with cognitive deficits. Overall, this study
demonstrates that acute mild traumatic brain injury is characterized by specific white matter abnormalities, which are compatible
with tract-specific cytotoxic oedema. These potential oedematous changes were absent in our subacute mild traumatic brain injury
participants, suggesting that they may normalize within 12 days after injury, although subtle abnormalities may persist in the subacute
stage. Future longitudinal studies are needed to elucidate individualized recovery after brain injury.
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concussion; mild traumatic brain injury; diffusion MRI; fixel-based analysis; white matter

AFL = Australian Football League; DTI=diffusion tensor imaging; DWI=diffusion-weighted imaging; FA=
fractional anisotropy; FBA =fixel-based analysis; FC=fibre bundle cross-section; FD =fibre density; FDC =fibre density and
cross-section; FOD = fibre orientation distribution; MD = mean diffusivity; mTBI = mild traumatic brain injury
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Introduction

Over the past two decades, there has been rapidly growing
interest in the short- and long-term pathophysiological ef-
fects of sports-related concussion, in large part, prompted
by affected high-profile athletes and forced retirements
across numerous different sporting codes. Sports-related
concussion, or mild traumatic brain injury (mTBI), is charac-
terized by a complex cascade of neurometabolic events,
which can impact brain function for days to weeks and
months.! Given the absence of macroscopic abnormalities
on conventional structural MRI, mTBI is considered a func-
tional disturbance, rather than structural injury.?> In moder-
ate to severe TBI, however, the functional disturbances that
arise are thought to be a consequence of structural damage to
axonal fibre pathways within large-scale brain networks.*’
Traumatic axonal injury is a hallmark pathological feature
of TBL®™ and despite the paucity of post-mortem studies
in mild TBL'® there is now increasing consensus that

subtle damage to white matter (WM) microstructure also
underpins the functional deficits experienced in mTBIL
Investigating subtle changes to WM fibre structures in vivo
could thus be valuable in the diagnosis and management of
mTBI.

To this end, advances in human neuroimaging have re-
sulted in an improved capability to examine tissue micro-
structure in vivo, and in particular, diffusion-weighted
imaging (DWI) has provided a means to non-invasively
examine WM architecture. A particular form of DWI, known
as diffusion tensor imaging (DTI), has been widely adopted
by researchers to assess subtle WM abnormalities in mTBI
participants. DTT studies have identified abnormalities at
various time points following sports-related mTBL'!'~'®
These studies have typically assessed changes to metrics
such as fractional anisotropy (FA) and mean or radial diffu-
sivity, which in more severe cases of TBI have been used as an
in vivo proxy for traumatic axonal injury.!” However, in
mTBI, the subtle nature of neurophysiological effects means
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that WM tract changes are challenging to assess. There has
correspondingly been substantial variability in the direction
of detected DTI-based changes, as well as the spatial location
of these abnormalities across studies.'®*

A potential explanation for the inconsistencies across DTI
studies may stem from the limitations of the DTI model itself.
While DTI is sensitive to subtle abnormalities in WM micro-
structure, it is unable to model complex or crossing fibre po-
pulations, which account for up to 90% of WM imaging
voxels.”? In the presence of such crossing fibre structures,
the same underlying pathologies could drive both increases
and decreases in DTI-based metrics.>*” For example, a loss
of axons could result in decreased FA; however, in the presence
of unaffected crossing fibre structures, loss of axons could re-
sult in increased anisotropy in that region.”>*” Indeed, in the
context of mTBI, both increases'">'>*%*? and decreases®*>*
in FA have been reported. These conflicting findings, though
they have been suggested to reflect the same pathophysiological
changes,'" can be difficult to interpret biologically, and as such,
researchers have stopped short of recommending DTI as a diag-
nostic biomarker in the clinical setting.

Higher-order DWI models overcome some of the limita-
tions inherent to the DTI model and may be critical for de-
tecting subtle WM abnormalities in mTBI without being
confounded by the presence of crossing fibre structures.
While several models can estimate multiple fibre orientations
within voxels,>>° one recent DWI analysis technique
known as fixel-based analysis (FBA)*® also enables the quan-
tification of changes to specific fibre populations within vox-
els. FBA can be used to estimate: (i) differences in the density
of fibres within a fibre bundle, (ii) differences in fibre bundle
cross-section (FC) and (iii) differences arising from a combin-
ation of density and cross-sectional changes.*®*” By perform-
ing statistical analyses at each WM ‘fixel’ (specific fibre
population within a voxel), FBA can ascribe detected changes
to specific WM tracts and does not suffer from interpretability
issues that can arise in crossing fibre populations when using
DTIL?”*® Moreover, even in the absence of potential con-
founding factors that arise due to crossing fibre populations,
FBA metrics can offer greater biological interpretability,
which could be highly valuable in the clinical setting in mTBI.

In this cross-sectional study, we applied FBA to investigate
fibre tract-specific abnormalities in 29 professional
Australian Football League (AFL) players with a recent
mTBI. These professional players were available to partici-
pate in the study only when they were unable to return to
training and play. This was either after acute injury before
return-to-play, or sub-acutely when they had persistent
symptoms that prevented them from return-to-play. This
study aims to investigate whether sports-related mTBI is
characterized by abnormalities within specific WM fibre
tracts at these acute and subacute stages. We hypothesized
that individuals with acute mTBI would exhibit tract-specific
fibre density (FD) abnormality and that these abnormalities
would be less pronounced in participants at the subacute
phase of injury. Additionally, we investigated the association
of these fibre-specific abnormalities with time since injury
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and cognition in mTBIL, hypothesizing a decline of abnormal-
ity with greater time since injury and more apparent abnor-
mality in those with greater cognitive symptomatology.

Materials and methods

Male participants (7 =38) were recruited from professional
AFL teams in Australia between 2014 and 2019. AFL is a
sport played at speed and with a high incidence of concussion,
of up to 17.6 concussions per 1000 player hours.**~*! All par-
ticipants were recruited after having suffered a suspected
mTBI (concussion). Concussion was diagnosed by experi-
enced team doctors who were present at the time of injury.
AFL team doctors have a consistent approach to the diagnosis
and management of concussions due to ongoing research and
education programmes over the past 20 years.>”>*?

All concussed participants were assessed at the time of in-
jury with the Sports Concussion Assessment Tool (SCAT3),
and a sideline video review was used where available.** All
concussed players had clinical signs and symptoms of con-
cussion lasting 72 h or longer. Participants were excluded
from the study where a diagnosis of concussion was not clin-
ically confirmed (7=2). Anatomical MRI scans were re-
viewed by a neurologist (G.D.].). Participants were also
excluded if they exhibited a focal injury or more severe TBI
resulting in intracranial bleeding (e.g. subdural haematoma;
n=1). Participants were also excluded from the study if their
MRI scan was more than 3 months after their concussion
(n = 3), if they had been scanned using a different MRI scan-
ner type or head coil (z=1), or if their MRI acquisition was
incomplete (n=2).

In total, 29 male professional AFL footballers were in-
cluded in the study. These 29 mTBI participants were cate-
gorized into two groups, based on the time delay from the
concussion until MRI scan. Those participants who had their
MRI scan <12 days since concussion were categorized into
an acute mTBI group (n=14), while those whose MRI
scan was >12 days since concussion were categorized into
a subacute mTBI group (7 =15). Although acute concussive
injury is commonly defined as injury within a 48 h period,”
researchers use various time periods to describe acute
mTBI across studies.”> Here, we use a cut-off period of 12
days in line with the current AFL protocol that mandates a
12-day rest period following mTBL**

Given that all mTBI participants were professional ath-
letes with substantial training commitments, involvement
in the study was possible when the footballers had not yet re-
turned to training and competition. This meant that partici-
pants categorized into the subacute mTBI group tended to
have persistent symptoms lasting beyond 12 days, preventing
them from returning to play.

Healthy control participants were recruited for the study,
or selected from previously acquired DWI control data ob-
tained at our institute (7 =29). For each mTBI participant,
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a male control participant was selected who matched the
mTBI participant in age.

All participants provided written informed consent before
participating in the study. The study was approved by the hu-
man research ethics committees at the University of
Melbourne (ID: 0830367) and at Austin Health (ID:
49573/2019 and H2012/04475).

All participants underwent an MRI scan at the Florey
Institute of Neuroscience and Mental Health, which in-
cluded high angular resolution DWI acquisition.

MRI data were acquired at 3 T on a Siemens Skyra with a
20-channel head coil receiver (Erlangen, Germany). Echo pla-
nar imaging DWI data were acquired with 60 axial slices, TR/
TE=28400/110 ms, 2.5 mm isotropic voxels, 64 diffusion-
weighted images (b = 3000 s/mm?) and at least 1 b =0 image.
A reverse phase-encoded b = 0 image was acquired in all cases
to correct for BO-field inhomogeneities.

Isotropic T1-weighted magnetization-prepared acquisition
gradient echo images were also acquired from all participants
with the following parameters: TR/TE =1900/2.5 ms, inver-
sion time = 900 ms, flip angle = 9°, voxel size =0.9 mm?>, ac-
quisition matrix256 x256x192. The intracranial volume
was computed from T1 images using SPM12.*

All DWI data were pre-processed and analysed using
MRtrix3,* using commands implemented in MRtrix3, or
using MRtrix3 scripts that interfaced with external software
packages.

Pre-processing of diffusion-weighted images included de-
noising*” and Gibbs ringing removal.*® Following this, eddy-
current and motion correction was performed using FSL’s
‘eddy’ tool (version 6.0). Susceptibility-induced off-
resonance fields were estimated using the different
phase-encoded b=0 images,* after which gross subject
movement and eddy-current-induced distortions were esti-
mated.’® The quality of the diffusion data sets was assessed
using eddy QC tools.”! Estimates of subject motion obtained
from eddy QC were used to determine whether groups dif-
fered in motion. Bias field correction was then performed,?
and diffusion-weighted images were finally upsampled to a
voxel size of 1.3 mm? using cubic b-spline interpolation.*?

Following these pre-processing steps, fibre orientation dis-
tribution (FOD) functions were computed using single-shell,
3-tissue constrained spherical deconvolution,** with group-
averaged response functions for WM, grey matter and
CSF, using MRtrix3Tissue (http:/3Tissue.github.io). Joint
bias field and intensity normalization were then performed.

A study-specific population template image was generated
using FOD images from a subset of participants who were
randomly selected from the study cohort. FOD images
from 40 participants (10 acute mTBI, 10 subacute mTBI
and 20 controls) were used to generate a population template
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image using an iterative registration and averaging ap-
proach.”® FOD images from all subjects were then registered
to the unbiased template image using FOD-guided non-
linear registration.’>>>°

A whole-brain tractogram was generated using probabil-
istic tractography on the population template. Twenty mil-
lion streamlines were generated, which were subsequently
filtered to 2 million streamlines to reduce reconstruction
biases using the SIFT algorithm.®”

Abnormalities in WM pathways were assessed using the FBA
framework,*® whereby the term ‘fixel’ refers to a specific fi-
bre population within a voxel. In brief, this involved comput-
ing measures of apparent FD, FC and a combined metric of
fibre density and cross-section (FDC) for each subject at
each WM fixel in template space.

FD was computed according to the apparent FD frame-
work,>® whereby a quantitative measure of FD can be de-
rived from FOD images, as the integral of the FOD along a
given direction is proportional to the intra-axonal volume
of axons aligned in that direction. FD values for each subject
at each fixel were assigned to the template fixel mask so that
FD could be compared across groups in corresponding fixels.
FC was computed for each fixel by using the non-linear
warps to compute the change in FC required to normalize
each subject to the template image. While the FD measure
provides insight into the intra-axonal density of fibre path-
ways in a given direction (a microstructural change), the
FC measure estimates changes to the spatial extent occupied
by a fibre bundle (i.e. a macrostructural or morphological
change).?”-* Finally, the FDC metric combined both sources
of information (FD and FC), to estimate both density and
cross-sectional changes in specific WM pathways.

Cognitive testing was performed at the time of the MRI scan
using CogSport, a computerized cognitive test battery
(CogState Ltd, Melbourne, VIC, Australia). The battery
comprised four tasks: simple reaction time, complex reaction
time, one-back and continuous learning, which have previ-
ously been shown to be sensitive to the cognitive effects of
concussion in sport.’®°? These tasks are designed to assess
psychomotor function, decision-making, working memory,
and learning, respectively. Normalized scores from these
tests based on neurologically normal healthy individuals®®
(where 100 reflects the mean score from healthy individuals)
were used in subsequent regression analyses to examine the
relationship between fibre-specific changes and cognition.

Whole-brain FBA was performed to compare measures of
FD, FC and FDC in the three groups of interest (acute
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mTBI, subacute mTBI and controls). Statistical comparisons
of these fixel-based metrics were performed between groups
ateach WM fixel using a general linear model, by performing
the following group-wise comparisons: (i) acute mTBI versus
controls; (ii) subacute mTBI versus controls; and (iii) acute
mTBI versus subacute mTBI. Age and intracranial volume
were included as nuisance covariates. Connectivity-based
smoothing and statistical inference were performed using
connectivity-based fixel enhancement, using 2 million
streamlines from the template tractogram and default
smoothing parameters (smoothing =10 mm full-width half-
maximum).®! Family-wise error (FWE)-corrected P-values
were assigned to each fixel using non-parametric permuta-
tion testing over 5000 permutations.®” Statistical signifi-
cance was set at an FWE-corrected P-value < 0.05.

The fixels that exhibited significant differences in our whole-
brain FBAs were selected for exploratory post hoc
tract-of-interest analyses, to examine if the observed fixel-
based differences were associated with clinical measures.

For post hoc analyses with clinical measures, there were five
fixel clusters selected: the genu, splenium and body of the
corpus callosum, left frontal WM cluster, and left parahip-
pocampal/isthmus WM cluster. These fixel clusters were se-
lected from significant results from whole-brain FBA:
between the acute mTBI and control groups for the genu
and left parahippocampal/isthmus cluster; and between the
acute and subacute mTBI groups for the remaining three fixel
clusters (the splenium, the body of corpus callosum and left
frontal WM cluster). The mean FD, FC and/or FDC values
were computed within each of these five tract clusters, for
the fixel-based metrics that exhibited a significant difference
upon whole-brain FBA (i.e. if significant differences were
only observed in a given cluster for the FD metric, only FD
was examined for these post hoc analyses). Given that post
hoc regression analyses were performed only in the mTBI
participants, we then expressed FD, FC and FDC values as
a percentage change in the mTBI participants from the con-
trol group mean.

Exploratory post hoc linear models were performed with-
in the acute mTBI cohort, to examine the relationship be-
tween the mean FD/FC/FDC in the five fixel clusters with
time since injury. The intracranial volume was included as
a covariate in these analyses (given the likely association be-
tween FC and head size, and inherent interdependency of
FD, FC and FDC), and Bonferroni correction was used to
correct for the five tract comparisons.

We then explored the relationship between the mean FD/
FC/FDC in the five fixel clusters and cognitive scores across
the mTBI cohort (both acute and subacute mTBI). Here, lin-
ear models were performed to examine the relationship be-
tween the mean fixel-based metrics within each of the five
fixel clusters and normative scores (expressed as a percentage

BRAIN COMMUNICATIONS 2022: Page 5of 14 | 5

of the mean value from a healthy control sample) for the four
cognitive tests (assessing psychomotor function, decision-
making, working memory and learning). The intracranial
volume was again included as a covariate in these analyses,
and the Bonferroni correction was used to correct for the
five tract comparisons.

All post hoc statistical analyses were performed in R
(version 3.6.3).

The data that support the findings of this study are available
upon reasonable request from the corresponding author. The
data are not publicly available as they include participant
data that could compromise the privacy of participants.

Results

Participant demographics are available in Table 1. The pro-
fessional athletes in the acute mTBI group had a mean age
(£SD) of 24.07 (£3.82), and had all been scanned within
12 days of injury, with a mean delay since the injury of 7.6
days (+3.3) (range: 3-12 days). Athletes in the subacute
mTBI group had a mean age of 25.18 (+3.45), and had all
been scanned later than 2 weeks but within 3 months of in-
jury, with a mean delay between the MRI scan and injury
of 34.33 days (+19.4) (range: 16-86 days). There were no
significant differences between the three groups in age, intra-
cranial volume or DWI motion, although the subacute mTBI
group had marginally higher intracranial volume than the
acute mTBI and control groups (Table 1).

Athletes in the acute and subacute mTBI groups had com-
parable years of professional sporting career and did not dif-
fer substantially in CogSport cognitive test measures at the
time of MRI scan (Table 1).

Figure 1 shows the fixel-wise pattern of FDC differences
when comparing the three groups (acute mTBI, subacute
mTBI and control groups), coloured by FWE-corrected
P-value. While increased FDC was observed in the acute
mTBI group when compared with both the control and sub-
acute mTBI groups, predominantly in callosal fibre struc-
tures, there was no evidence of decreased FDC in the acute
mTBI group when compared with the other groups. In con-
trast, we did not observe any significant increases in FDC in
the subacute mTBI group when compared with controls or
acute mTBI. Some fibre structures appeared to have lowered
FDC in the subacute mTBI group (namely, the left fornix);
however, these did not survive FWE correction.
Participants with acute mTBI had a small number of fixels
with a statistically significant increase in FD compared with
controls, in the left posterior parahippocampal WM extend-
ing into the isthmus (FWE-corrected P-value<0.05).
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Table | Overview of mTBI participants and controls
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Acute mTBI Subacute mTBI Controls
(n=14) (n=15) (n=29) Statistic, P-value

Age (years) 24.1 (3.8) 252 (3.4) 24.1 (4.8) F(2,55)=0.34,P=0.714
Intracranial volume® (cm?) 1556.5 (104) 1622.9 (137) 1541.7 (119) F(2,55)=2.29, P=0.11
DWI motion® (mm) 0.58 (0.20) 0.53 (0.17) 0.63 (0.17) F(2,55)=1.48, P=0.236
Days since injury (days) 7.6 (3.3) 343 (194) = t(15)=-5.25, P=<0.001
Professional sporting career (years) 6.0 (4.08) 6.13 (3.44) — t(26) =-0.09, P=0.925
Cognitive assessments available at the time of MRI n=13 n=14
CogSport©

Simple reaction time 93.73 (6.59) 87.03 (14.06)° — t(17)=1.56,P=0.138

Complex reaction time 99.94 (10.54) 93.19 (10.54) — t(25)=1.66, P=0.109

One-back 103.56 (11.29) 99.96 (8.78) — t(22)=0.92, P=0.368

Learning 101.77 (12.36) 100.1 (8.22) — t(21)=0.41, P=0.686

®Intracranial volume computed using SPM|2.

"DWI motion computed using FSL's eddy QC tool.*'

“CogSport measures are provided as normative scores.

9Simple reaction time data missing for one participant in subacute group.

Reported statistics and P-values are from one-way between-groups ANOVA for age, intracranial volume, and DWI motion, or from Welch’s t-test for the remaining measures.

A significant increase in FDC was also observed in the acute
mTBI group compared with controls in the genu and body of
the corpus callosum (Fig. 2).

No significant changes were observed in the subacute
mTBI group when compared with controls, in any of the
fixel-based metrics.

Fibre-specific increases appeared to be characteristic of the
early stages of mTBI, given that significant differences in the
fixel-based metrics were observed when comparing those

Acute mTBI > healthy control

Subacute mTBI > healthy control

with a recent concussion (<12 days post-concussion; acute
mTBI) to those with a longer delay since concussion (>12
days post-concussion; subacute mTBI). Figure 3 shows the
fibre-specific differences between the acute and subacute
mTBI groups, for each of the three fixel-based metrics.
Significantly greater FD was observed in the acute mTBI group
compared with the subacute mTBI group in the splenium of
the corpus callosum, as well as in select fixels within the left
posterior parahippocampal WM. Greater FC was also evident

Acute mTBI < healthy control

Figure | Fixel-based analysis results for FDC in acute and subacute mTBI. Whole-brain FBA was performed to compare the acute
mTBlI, subacute mTBI and neurologically healthy control groups. The results of these whole-brain analyses are shown for the FDC metric, on a
single sagittal, coronal and axial slice. Fixels (specific fibre populations within a voxel) are unthresholded and coloured by FWE-corrected P-value.
As can be appreciated from these comparisons, increased FDC was observed in the acute mTBI cohort, when compared with both the control and

subacute mTBI groups, particularly in callosal fibre structures. In contrast, subtle decreases in FDC were apparent in the subacute, but not acute,
mTBI group, although these did not survive multiple comparison correction.
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Figure 2 Fibre tracts exhibiting significant abnormalities in acute mTBI. Top row: acute mTBI participants exhibited significant
(FWE-corrected P-value < 0.05) increases in FD within select fixels in the left parahippocampal WM. These fixels are mapped onto the template
tractogram and shown on axial and coronal slices at 10 mm increments and are coloured by their percentage increase in the acute mTBI group

compared with controls. The inset on the right shows the affected fixels (white lines), with the template tractogram overlaid. Bottom row:
significant increases in the FDC metric were observed in the acute mTBI group compared with controls, in the genu and body of the corpus
callosum. These fixels are again mapped onto the template tractogram, with the axial slice displaying the tract streamlines at 10 mm increments
corresponding to the affected fixels in the genu, and the coronal slice displaying the streamlines corresponding to the affected fixels in the body of
the corpus callosum. The right image shows a sagittal slice with all affected streamlines displayed.

in the acute mTBI group in the splenium, as well as in an area
of left frontal WM within the superior longitudinal fasciculus.
Significant increases in FDC were observed in the acute mTBI
group in the fibre tracts affected by the FD and FC metrics—
the splenium and left frontal WM—as well as in the body of
the corpus callosum at the level of the motor cortices.

Fixels that exhibited significant changes in the acute mTBI
group when compared with either the control or subacute
mTBI groups were grouped into five tract clusters. These
tracts-of-interest are shown in Fig. 4. Within the acute
mTBI group, we did not observe any significant associations
between fixel-based metrics in the tracts-of-interest with
days since injury (Supplementary Table 1).

Cognitive data were available for 27 mTBI participants,
while they were unavailable for 2 participants, who were ex-
cluded from these analyses. We did not observe any significant
associations between mean fixel-based measures in the tracts
of interest with cognitive test scores (see Supplementary
Table 2). Scatterplots showing the relationship between fixel-

based measures in the select tracts and normative cognitive
test scores are available in the Supplementary Figs 1-4.

Discussion

In this study, we applied advanced diffusion MRI method-
ology to investigate fibre tract-specific WM abnormalities
in professional athletes after an mTBI. The major findings
of our work were that: (i) participants with acute mTBI ex-
hibit abnormalities in selected fibre tracts, which can be in-
terpreted as WM tract-specific cytotoxic oedema and (ii)
these fibre-specific abnormalities do not seem to persist
into the subacute stage beyond 12 days after injury, even
when symptoms may persist.

Abnormalities were observed in specific fibre pathways in
acute mTBI participants when compared with control partici-
pants in this study, as measured by increases in FDC.
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Figure 3 Fibre tracts exhibiting significant differences between the acute and subacute mTBI groups. Fixels exhibiting significant
increases in the acute mTBI group when compared with the subacute mTBI group are mapped onto the template tractogram. Significantly affected
streamlines are displayed for FD(top), FC (middle) and FDC (bottom), and are coloured by the percentage increase in the acute mTBI group

compared with the subacute group. For the FD metric, the splenium of the corpus callosum and the left parahippocampal WM exhibited significant
increases in the acute mTBI group, while for the FC metric, the splenium and the left frontal WM in the superior longitudinal fasciculus exhibited
significant increases. The splenium and body of the corpus callosum along with the left frontal WM were affected in the acute mTBI group for FDC

metric.

Significant changes occurred in the left posterior parahippo-
campal WM, and the genu and body of the corpus callosum.
Moreover, when comparing acute mTBI with subacute mTBI
participants, FDC were also found to be elevated in additional
WM structures: within the splenium of the corpus callosum
and left frontal WM of the superior longitudinal fasciculus.
The location of these tract-specific WM abnormalities is in
line with the body of mTBI literature using DTI, in which cer-
tain fibre structures like the corpus callosum have consistent-
ly been implicated,'!-'3%63:6% despite variability in other
neuroanatomical locations involved.'®?° Indeed, callosal
structures and midline WM tracts appear to be preferentially
vulnerable to traumatic axonal injury, as has been demon-
strated in post-mortem studies,® animal models® as well as
laboratory reconstructions of sports-related concussions.®®
In addition to midline structures, we observed significant
abnormalities within the left prefrontal WM and left para-
hippocampal WM, but not in any right hemisphere WM
structures. This is consistent with several studies in
mTBI*****¢7 and TBI more broadly®®®’ that suggest there
is greater left hemisphere abnormality than right. The same

left hemisphere fibre tracts that have been shown to exhibit
abnormalities in DTT studies in mTBI have also shown left-
ward asymmetry in healthy individuals,”””" whereby higher
WM integrity has been reported. Some have hypothesized
that this asymmetry may render these WM regions more vul-
nerable to sports-related mTBL®” Alternatively, it may be that
left-sided injury with verbal disturbance is more often diag-
nosed as concussion, and overrepresented in these cohorts.
Interestingly, in a recent case study from our cohort, increased
water content (MRI-T2 relaxometry) was observed within the
left frontal WM, which we suggested reflects selective vulner-
ability to post-concussive neuroinflammation or oedema in
this brain region.””

While there is increasing consensus about which WM fibre
tracts that are affected in mTBI, both increases and decreases
in the same DTI-based metrics have been reported, making
biological interpretation difficult. In the present study, we
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Figure 4 Tracts-of-interest. (Top) Fixels that exhibited significant increases in acute mTBI compared with either controls or subacute mTBI
were categorized into five tracts-of-interest. These tracts are shown in coronal, axial and sagittal glass brain representations, and coloured by the
tract to which they belong. The mean fixel-based metrics were computed in these tracts for each mTBI participant for exploratory post hoc
analyses. (Bottom panel) Scatterplots show the mean fibre density and/or cross-section in each tract of interest, plotted against days since
concussion. Data points correspond to individual subjects, with solid circles representing acute mTBI participants, and unfilled circles representing
subacute mTBI participants. No significant associations (FDR-corrected P-value < 0.05) were observed between fixel-based metrics and days since
injury within the acute mTBI group, from linear models including ICV as a covariate in analysis (see Supplementary Table I). For all scatterplots,
fixel-based metrics are expressed as percentage (%) change from the control group mean (the dotted line indicating control mean, and the shaded

area showing control group standard deviation).
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observed significant increases rather than decreases in FDC
(a fixel-based, rather than DTI-based metric) in the acute
mTBI group. Decreases in this FD metric can be interpreted
as a loss of axons.>®%3 In contrast, increases in FD can be in-
terpreted as an increase in the total intra-axonal volume oc-
cupied by fibre structures aligned in a given direction, even in
the presence of crossing fibre pathways.’® In the present
context, our finding of increased FD is entirely compatible
with cytotoxic oedema in these fibre structures. An
increase in membrane permeability could result in axonal
swelling,”?””° and larger axonal diameters’® (see Fig. 5). In
the presence of enlarged axons, fibre bundles could also in-
crease in cross-section, which would drive the observed in-
creases in the FC metric. While decreases in FD have been
suggested to reflect acute injury and decreases in FC have
been suggested to reflect chronic WM injury,*®>” in this con-
text, the FD and FC increases are likely to reflect the same
underlying acute process.

DTI studies in which increased FA has been reported have
similarly suggested that mTBI is characterized by cytotoxic oe-
dema.”®””>”® In longitudinal DTI studies, persistent FA in-
creases [and/or mean diffusivity (MD) decreases] have been
observed at the acute, subacute and chronic stages following
injury, for up to 6 months.'">'*”® The chronic nature of in-
creases in FA has raised questions about its interpretability as

Normal fibre density (FD) Increased fibre density (FD)

C mare axons

or

D enlarged axons

Figure 5 Schematic figure showing potential causes of
increased FD. (A and B) are adapted from Raffelt et al.,** where
(A) shows a depiction of axons that are coherently ordered withina
single imaging voxel, and (B) shows the perpendicular plane through
(A). For DWI data with high b-values such as those acquired in this
study (b= 3000 s/mm?), the FD metric is approximately
proportional to the volume of the intracellular component of axons
oriented in a given direction (shown as circles in B). Increases in the
FD value could arise if there is an increase in the volume of the
intracellular component; for example, if there are more axons (C),
or if there is increased intracellular volume occupied by the same
number of axons (D). In the present study, the observed increase in
FD is likely to reflect increased axonal volume in the absence of
change to the number of axons (D). Provided that axonal diameters
stay within the normal range (<6 um), this increase in FD is entirely
compatible with cytotoxic oedema, whereby increased
permeability of the axonal membrane can result in axonal swelling.

R. Mito et al.

cytotoxic oedema,”” particularly if the inflammatory process
were to be followed by necrotic cell death.®* Chronically in-
creased FA, however, may be misleading, as the same direction
of FA changes in the acute and chronic stages following mTBI
could arise from different processes, for example, the loss of
crossing fibre structures in the chronic phase of the injury."!
In our study, the increases in fixel-based metrics observed
in the acute mTBI group did not appear to persist into the
subacute stage. Indeed, if anything, our findings suggest
there may be subtle decreases in FDC by the subacute stage
(Fig. 1), given the greater extent of significant fixel-based dif-
ferences between the acute and subacute mTBI groups than
between the acute mTBI and control groups. Such a finding
is in line with a meta-analysis of DTI studies in mTBI that
suggest the direction of anisotropy changes may relate to
timing since injury.*> This would be compatible with an oe-
dematous process, whereby cytotoxic oedema in the acute
stage is followed by axonal loss at later time points.
Alternatively, oedema may be followed by recovery of neu-
rons,®! and indeed faster recovery profiles have been sug-
gested to be characteristic of professional athletes who are
exposed to repeated concussive events.®” It is also possible
that a given individual could follow one of these two trajector-
ies: (i) recovery following transient inflammation and/or oe-
dema or (ii) cytotoxic oedema followed by neuronal loss
due to axotomy. Thus, the trajectory of changes in fixel-based
metrics may predict clinical recovery in that individual.

There is some evidence from DTI studies to suggest that in-
flammatory processes in acute mTBI may relate to symptom
severity and clinical outcomes.”®””>”% In the present study,
while we hypothesized that FD and cross-sectional increases
observed in the acute mTBI group would relate to cognitive
abnormalities, we did not find any evidence to support this.

Cognitive abnormalities and symptom severity following
mTBI are generally quite transient, with longitudinal studies
showing abnormal clinical measures evident at 24-48 h nor-
malizing by 8 or 9 days following concussion.'*!*1¢ Given
that our acute mTBI group had a mean time since the injury
of 7.5 days (Table 1), it is likely that any cognitive abnormal-
ities that may have been evident in this group would have
normalized by the time of our clinical assessment. This
may explain why we did not observe any significant associa-
tions between the fibre-specific abnormalities in the acute
mTBI group with reduced cognitive scores. It should be
noted that in DTI studies, clinical signs and symptoms, ra-
ther than cognitive performance, have been shown to be
more sensitively related to brain injury, as measured by in-
creases in FA.?%78

Within the acute mTBI group, we also did not find any evi-
dence of an association between tract-specific abnormalities
and days since injury. It is possible that we were under-
powered to observe such an association within the acute
mTBI group. Moreover, it is difficult to assess the
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relationship of these tract-specific changes with time in a
cross-sectional study design. Nonetheless, given that tract-
specific measures were not markedly elevated in individuals
at the subacute stage of injury, these tract-specific increases
could be considered a useful marker of the early stage (first
12 days) of mTBI irrespective of time since injury.

In our study, the acute period was relatively long (<12
days). This period was selected to align with current proto-
cols for the AFL footballers (a minimum 12-day break
from return-to-play following a concussion).** Our present
findings suggest that tract-specific abnormalities may nor-
malize after 12 days. However, it is essential to emphasize
the highly individualized nature of brain injury, symptoms
and recovery. Injured players may exhibit different recovery
profiles and require an individualized assessment to guide
return-to-play.

One of the major advantages of applying FBA to investigate
mTBI is that its fibre-specific nature offers greater interpret-
ability than more commonly used approaches such as DTI.
Changes in DTI-based metrics such as FA and MD are poten-
tially attributable to a range of non-specific causes, including
partial volume effects,®> loss of crossing fibre popula-
tions***>” and gliosis.®* This can result in difficulty interpret-
ing the clinical significance of DTI-based findings. In the
present study, due to how diffusion MRI data have been ac-
quired, modelled and analysed, we can better interpret
changes in FDC (see Fig. 5).

While DTT has been applied to detect axonal injury in indi-
viduals with moderate to severe TBL® no neuroimaging tools
currently exist that can diagnose mTBI in individuals.*" It has
been suggested that DTI possesses adequate sensitivity to de-
tect WM abnormalities in mTBI at both acute and subacute
stages using group analyses;'® however, the inherent biases in-
troduced by voxel-based analyses and tract-based spatial sta-
tistics make their use for detection of mTBI in individual
subjects inappropriate.®® In this regard, FBA may prove valu-
able, as it enables the detection of highly localized, yet import-
ant tract-specific changes—such as those observed here in the
left parahippocampal WM—without being confounded by
the presence of crossing fibre populations. Moreover, if fibre-
specific changes follow a dynamic trajectory over time (as our
cross-sectional findings suggest), FBA may be valuable in
guiding safe return-to-play following injury in the future.

It should be noted that there have been various advanced
diffusion methods that have been developed over the past
decade. Some mTBI studies have implemented such diffusion
models including diffusion kurtosis imaging and neurite
orientation  dispersion and density imaging.'*%"!
However, the major advantage of FBA is that it moves entire-
ly beyond a tensor-based model in which comparisons are in-
herently voxel-averaged, to using a fibre tract-specific model
which enables more directly interpretable measures of struc-
tural connectivity.>® FBA has now been applied across nu-
merous neurological disorders,*® as well as in recent TBI
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studies.”™”* Of note, our findings corroborate recent work
in a small cohort of Australian Rules footballers that has
similarly reported increases in fixel-based metrics in con-
cussed individuals.”

While we argue that FBA presents a major technical advan-
tage, there are limitations pertaining to our study cohort.
Our findings are based on a relatively small cohort of mTBI
participants, and although we had a well-matched sample of
control participants, demographic measures that could influ-
ence fibre-specific measures (such as years of education)
were not available for these participants. Our study included
a highly controlled cohort of professional athletes, in whom
findings may not be generalizable to other TBI cohorts.

Professional AFL players often report numerous concus-
sions during their sporting careers,’* and there is increasing
evidence regarding the deleterious effects of repeat concus-
sions.”®”” However, in this study, we were unable to account
for the number of previous concussions, as this self-reported
and often unreliable data were not available for all partici-
pants. Despite this, the subacute mTBI cohort used in this
study can in many ways be considered an almost ideal con-
trol cohort for the acute mTBI participants, given that they
were professional athletes likely to be well matched in demo-
graphic measures, concussion history, sporting ability and
training requirements. The similarities in the affected fibre
pathways when comparing the acute and subacute mTBI
groups, to when we compared the acute mTBI with the
healthy control cohort, provide comfort that these changes
relate to acute effects of mTBI, and not to other potential dif-
ferences between the acute and healthy control participants.

Finally, while we hypothesize on the potential trajectory of
fibre-specific changes over the acute and subacute stages of
mTBI, we cannot assess the temporal changes with our cross-
sectional data. Given that this study included professional
athletes who were recruited by team doctors, their inclusion
in the study was potentially driven by concern from the med-
ical professionals who assessed their recovery and was also
only possible when athletes did not have substantial training
and competition commitments. The acute mTBI group repre-
sented a cohort of professional athletes recruited during their
mandated rest period. However, participants in the subacute
mTBI group (more than 12 days after injury) were likely re-
cruited due to poor recovery or persistent symptomatology.
The subtle abnormalities detected in the subacute stage in
our cohort may be characteristic to those with poor recovery
or persistent symptoms (Fig. 1). Future work investigating the
longitudinal trajectory of fibre-specific changes across acute
and subacute stages will be invaluable in this regard.

Conclusion

Acute mTBI is characterized by subtle abnormality in select
fibre structures. The location and direction of these fibre-
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specific changes are consistent with previous literature, and
our findings support the theory of cytotoxic oedema in the
days to weeks following mTBI. However, we did not find evi-
dence to suggest that these fibre tract changes in the first 2
weeks following injury are associated with cognitive deficits
nor time since injury. Future work incorporating FBA into
longitudinal studies will be critical for further understanding
these changes including the time course of these fibre tract
changes following sports-related mTBI.
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