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Myelin sensitive MRI techniques, such as diffusion tensor imaging and myelin water
imaging, have previously been used to reveal changes in myelin after sports-related
concussions. What is not clear from these studies, however, is how myelin is affected:
whether it becomes degraded and possibly removed, or whether the myelin sheath
loosens and becomes “decompacted”. Previously, our team revealed myelin specific
changes in ice hockey players 2 weeks post-concussion using myelin water imaging.
In that study, 45 subjects underwent a pre-season baseline scan, 11 of which sustained
a concussion during play and received follow-up scans: eight were scanned within
3 days, 10 were scanned at 14 days, and nine were scanned at 60 days. In the
current retrospective analysis, we used quantitative susceptibility mapping, along with
the diffusion tensor imaging measures axial diffusivity and radial diffusivity, to investigate
this myelin disruption. If sports-related concussive hits lead to myelin fragmentation
in regions of lowered MWEF, this should result in a measurable increase in magnetic
susceptibility, due to the anisotropic myelin fragmenting into isotropic myelin debris,
and the diamagnetic myelin tissue being removed, while no such changes should be
expected if the myelin sheath simply loosens and becomes decompacted. An increase in
radial diffusivity would likewise reveal myelin fragmentation, as myelin sheaths block water
diffusion out of the axon, with little to no changes expected for myelin sheath loosening.
Statistical analysis of the same voxels-of-interest that were found to have reduced
myelin water fraction 2 weeks post-concussion, revealed no statistically significant
changes in magnetic susceptibility, axial diffusivity, or radial diffusivity at any time-point
post-concussion. This suggests that myelin water fraction changes are likely due to a
loosening of the myelin sheath structure, as opposed to fragmentation and removal of
myelin debris.

Keywords: concussion, quantitative susceptibility mapping, diffusion tensor imaging, axial diffusivity, radial
diffusivity, myelin, white matter, magnetic resonance imaging
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INTRODUCTION

Concussions are the most common form of traumatic brain
damage, with between 1.6 and 3.8 million injuries per year in
the United States alone (1). Despite how common they are,
the underlying pathophysiological changes that take place after
injury are poorly understood. One reason for this may be due
to the lack of detectable changes by conventional magnetic
resonance imaging (MRI). Current clinical neuroimaging
techniques are unable to reliably detect, let alone quantify, signs
of concussion, resulting in an inability to predict who will recover
completely, who will have long-term impairments, or when it is
safe to return to play in contact sports.

Recent advances in neuroimaging have provided more specific
information on the sequelae of concussion, at least at a group
level. Diffusion MRI, such as diffusion weighted imaging,
diffusion tensor imaging, and diffusion kurtosis imaging, looks
at the restriction of water diffusion to measure microstructural
changes. These methods hold promise in traumatic brain injury
(TBI) research due their sensitivity to microstructural changes in
white matter (WM), such as axonal injury using axial diffusivity
or myelin damage using radial diffusivity (2-4), but often times
lack tissue specificity.

Myelin water imaging is another advanced MRI method,
and is able to quantify metrics associated with changes specific
to myelin, such as myelin water fraction (MWEF) (5). In a
prospective study in a cohort of 45 ice hockey players, we
previously showed that the MWF is significantly reduced,
upwards of 10% in some regions, 2 weeks after concussion
compared to pre-injury baseline data, and then normalizes by
2 months after injury (6). Although myelin water imaging is
more specific to myelin than any other MRI technique (7), it
is not known from these data whether the observed changes
in MWF are due to degradation/removal of myelin followed
by establishment of a new myelin sheath, or due to a transient
change in the structure of the myelin sheath, or a combination of
both.

An MRI technique that may shed further light on these
changes in myelin is quantitative susceptibility mapping (QSM).
QSM is a relatively new technique that turns the resonance
frequency measured with gradient echo MRI scans into maps of
underlying tissue magnetic susceptibility (8). Strong modifiers of
the magnetic susceptibility are the paramagnetic iron found in
deoxygenated blood and in the basal ganglia, and diamagnetic
myelin. In multiple sclerosis, significant magnetic susceptibility
increases (MR frequency in earlier studies) have been seen
occurring up to 3 months prior to lesion formation seen
on gadolinium enhanced MRI (9). This increase in magnetic
susceptibility was detectable by averaging across as few as
7MS lesions. Due to its high sensitivity, QSM is widely used
in MS research (10-12). The increase in MR frequency and
magnetic susceptibility observed from myelin loss occurs due to
anisotropic healthy WM degrading into more isotropic myelin
debris, and the removal of diamagnetic myelin from the affected
area (13). An important property of MR frequency and QSM
is that its contrast to noise ratio is seven times higher than
that of the corresponding magnitude (14). This high sensitivity

to myelin degradation demonstrates that susceptibility sensitive
MRI may allow for the distinction of decompaction—defined
as the loosening of myelin sheaths around the axon and other
myelin layers, with increased myelin water volume—from actual
myelin breakdown.

One nice advantage to QSM analysis is that often times
the required scan, SWI, is already routinely acquired when
investigating concussion and TBI damage, due to its ability to
detect and evaluate microhemorrhages (15). We had previously
acquired susceptibility weighted images (SWI) in the same
cohort of ice hockey players in which we performed myelin
water imaging, and have previously reported finding no signs
of microbleeds using this data (16). In recent years, QSM has
undergone considerable maturation (17, 18), allowing us to now
explore the magnetic properties of WM in this cohort.

DTI data, also acquired in the same study, can be used
in tandem to corroborate these findings, as the DTI metrics
previously mentioned, axial diffusivity (AD) and radial diffusivity
(RD), have been shown to relate to axonal and myelin damage,
respectively, in both animal (4, 19, 20) and human (3) models.
In voxels of high anisotropy with aligned axons, AD is the
measure of the primary eigenvalue, which is parallel to the axonal
fibers. Damage to the axon can lead to reduced diffusion along
this direction (4, 21, 22). Meanwhile, RD is the mean value of
the secondary and tertiary eigenvalues, which run perpendicular
to the fibers. Damage to myelin will lead to water diffusing
perpendicularly out of the axon more easily, thus increasing RD
(4, 19, 20).

Here, we investigated susceptibility changes along with axial
and radial diffusivity in the same voxels-of-interest in which
reductions of MWF were previously found (6) in 11 ice hockey
players longitudinally after receiving a concussion during game-
play. All players were scanned pre-season, and were subsequently
scanned 3 days, 2 weeks, and 2 months post-injury. Based on
animal studies that demonstrated decompaction of the myelin
sheath after a single mild TBI (23), we hypothesized that
the magnetic susceptibility and radial diffusivity would remain
unchanged in areas of reduced MWF due to a lack of myelin
fragmentation and removal.

METHODS

Participants and Data Acquisition

Complete details of the original study have been previously
reported (16). All subjects gave written informed consent prior
to the study, which was approved by the University of British
Columbia Clinical Research Ethics Board (H11-00423). Briefly,
20 female and 25 male ice-hockey players (mean age = 21.2 &
3.1 years) underwent pre-season baseline and post-season clinical
examination and MRI scans. If a player suffered a concussion
during play, as diagnosed by a physician present during all
games based on criteria outlined in the 3rd Consensus Statement
on Concussion in Sport (signs of poor balance, confusion, and
disorientation) (24), they were removed from play, given a
clinical evaluation at the rink, followed by Sport Assessment Tool
2 (SCAT2) (24) tests in the dressing room. The players were
then scheduled to receive additional follow-up scans at 72h, 2
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weeks, and 2 months following the concussion. All images were
acquired with a 3T Philips Achieva scanner equipped with an 8-
channel SENSE head coil. 11 players were concussed and eight
were scanned within 72 h of being injured. 10 out of 11 athletes
were scanned at 2 weeks, and nine out of 11 were scanned at 2
months post-injury.

All subjects underwent the following set of scans: (a) 3D-
sagittal T1-weighted image (TR = 8.1ms, TE = 3.7ms, flip
angle = 6°, voxel size = 1 x 1 x 1 mm?, acquisition matrix = 256
x 256 x 160, field of view = 256 x 256 x 160 mm?>,
SENSE factor = 2 along left-right direction); (b) DTI scan
(TR/TEAlip angle = 7,015/60 ms/90°; acquisition matrix/field
of view/acquired voxel size/reconstructed voxel size = 100 x
99/224 x 224 x 154 mm>/2.2 x 2.2 x 2.2 mm?®/2 x 2 x 2.2
mm?; SENSE factor of 2.1 along the anterior-posterior direction,
by = 0, by = 700 s/mm?, 60 non-collinear directions); and
(¢) multi-echo SWI with a 3D gradient echo (TR = 36ms,
TE = 6,12,18,24,30 ms, flip angle = 17°, acquisition matrix = 440
X 222 x 64, field of view = 220 x 166 x 128 mm?’, voxel
size = 0.5 x 0.5 x 1 mm?®, SENSE factor = 1.2 along left-right
direction).

Methods of the MWI acquisition and analysis can be found
in Wright et al. (6) Briefly, a 32-echo T,-weighted scan was
used to decompose the T, decay using a non-negative least
squares fit with an extended phase graph algorithm and flip
angle optimization (25). MWF was calculated as T, signal
from 0 to 40 ms divided by the total T, signal. MWEF changes
were evaluated through comparison of concussed athletes
baseline scans to those acquired at 72h, 2 weeks, and 2
months post-injury. Voxelwise statistical analysis of the data was
performed using tract-based spatial statistics (TBSS) (26) from
the Functional MRI of the Brain Software Library (FSL, Oxford,
United Kingdom) (27), created using fractional anisotropy maps
obtained from diffusion tensor images.

Post-processing

All multi-echo SWI images were post-processed as QSM images.
For full details of this technique, please refer to Kames et al.
(18). In brief, phase unwrapping was accomplished using a
3D Laplacian algorithm (28), while background field removal
was performed by using the V-SHARP method (29). The
inverse problem was solved using a two-step dipole inversion
algorithm, first by addressing the well-conditioned k-space
region by reconstructing using a Krylov subspace solver, and
then reconstructing the ill-conditioned k-space region by solving
a constrained 1j-minimization problem (18). This proposed
pipeline does not incorporate a priori information, but utilizes
sparsity constraints in the second step. QSM was implemented
using custom in-house Matlab code.

Raw diffusion data was first converted from Philips PAR/REC
format to NIfTT using Chris Rorden’s freely available dcm2nii
(30) software (BSD License). Data was then eddy current and
motion corrected using FSUs FDT (31) (FMRIBs Diffusion
Toolbox) software. AD and RD values were calculated using the
dem2nii’s calculated gradient directions and b-values and FSLs
DTIFIT.

Image Analysis

FSL was further used for display, brain extraction, and
registration of the voxels of interest. Registration between TBSS
derived MWF significant voxels and QSM/DTI was accomplished
using FSIs FLIRT (32), and were inspected individually. The
mean QSM, AD, and RD values from within the previously
identified voxels of interest (VOI) from Wright et al. (6) were
then computed. A sample QSM axial slice image, with VOI
overlayed, is shown in Figure 1.

Statistics

Statistical analysis tools R (33), Ime4 (34), and languageR (35)
were used to perform a linear mixed-effects analysis on the
relationship between QSM, AD and RD values and time. Fixed
effects were set as gender and age, while random effects were set
for subjects, including by-subject random slopes for the effect of
time:

[QSM/AD/orRD]~Time + (1|Subject) + Age + Sex + ¢

Visual inspection of residual plots did not reveal any obvious
deviations from homoscedasticity or normality. A linear mixed-
effects model was used due to its advantages in dealing
with missing data (36). Time was treated as a numeric
variable. P-values were obtained by likelihood ratio tests of
the full model with time against the “null” model without
time, with a p-value of 0.05 set as the threshold required
to reject the null hypothesis. Power was calculated for the

FIGURE 1 | Sample QSM axial slice of a subject obtained at baseline, with
overlay registered VOI mask in red. QSM underlay is shown in the range of
—0.2 ppm (black) to +0.2 ppm (white), with 0 ppm shown in neutral gray.
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QSM retrospective analysis using 10,000 simulated longitudinal
studies of similar size using baseline mean and standard
deviation values from our results and expected QSM changes
to calculate effect size. A further 10,000 power simulations
were performed resulting in a power estimate of 88% (see
Supplementary Materials).

RESULTS

All 11 concussed subjects [five male, mean age 21.18 + 1.66
(SD) years] scored 15 on the Glasgow Coma Scale, indicating
a mild TBI/concussion. They were all scanned during the
preseason (baseline), with eight participating in the 3 day follow-
up scan, 10 at 2 weeks, and nine at 2 months. Results from
conventional MRI, MWI, and psychometrics were reported
previously (6, 16). Previous results of particular relevance to
the present paper are a cluster of voxels detected using TBSS
with significantly reduced MWF at 2 weeks post-concussion;
no other time-points achieved statistical significant changes
(6). The voxel clusters were located in the splenium of the
corpus callosum, right posterior thalamic radiation, left superior
corona radiata, left superior longitudinal fasciculus, and left
posterior limb of the internal capsule. Across all significant
voxels, this represented a 5.9 + 1.2% (mean =+ standard error)
decrease from baseline, and upwards of 10% reduction in
voxels located in the left splenium. Mean QSM values from
all 11 concussed subjects at baseline in the VOI was —0.0079
ppm (confidence interval: —0.0104 to —0.0053). Longitudinal
values are listed in Table 1. The fixed effects of gender and
age did not show any statistically significant influence on the
model. Likelihood ratio-test analysis of the full model with
time against the “null” model without time did not show
a significant change in QSM values in the VOI (p = 0.94;
Figure 2A).

Mean AD and RD values from all 11 concussed subjects over
time are listed in Table 1. The fixed effects of gender and age did
not show any statistically significant influence on either model.
Likelihood ratio-test analysis of the full model with time against
the “null” model without time did not show a significant change

in AD or RD values in the VOI (p = 0.92 and 0.25, respectively;
Figures 2B,C).

DISCUSSION

This study used measurements of WM magnetic susceptibility
along with DTT measures AD and RD to examine the impacts
of concussion on the brain of varsity ice hockey players. To our
knowledge, this is the first study to look for changes in magnetic
susceptibility, from data before injury, and at 3 days, 2 weeks,
and 2 months post-injury. Our data revealed no statistically
significant QSM, AD or RD changes at any time-point post-
concussion. This finding has implications for how myelin is
affected by a concussive hit in the first 2 months post injury.

In the same cohort of patients as in the present study, we have
previously reported finding a significant reduction in MWE, with
up to 10% reduction seen in the sCC (6). At the time, however,
we could not deduce what was causing this MWF reduction:
myelin degeneration, myelin sheath loosening (decompaction),
or a mix of the two. A previous study by Johnson et al. provided
evidence for myelin degeneration and active phagocytosis of
myelin fragments in humans following moderate/severe TBI (37).
Another study by Donovan et al. demonstrated that repeated
mTBI in rats leads to a spectrum of changes, including separation
of the myelin sheath from the axon, decompaction of the myelin
sheath, and fragmentation of the myelin sheath (23). Finally,
investigations into secondary degeneration in rat optic nerves,
characterizing ongoing changes associated with neurotrauma,
have shown that myelin is particularly susceptible to secondary
damage, which can lead to myelin sheaths becoming loose
(38, 39). Payne et al. found a maximum of 15% of myelin sheaths
to be decompacted in rats following secondary degeneration (39).
This is due to the fact that myelin’s compact layers of lamellae are
held together with proteins that are vulnerable to damage from
reactive oxidative species and lipid peroxidation from secondary
degeneration (40), processes we know occur following concussive
hits and mTBI (41, 42). Thus, there is circumstantial evidence to
support myelin decompaction, a mixture of decompaction and
degeneration, or only degeneration, following a concussion.

TABLE 1 | Mean QSM, AD, and RD values with standard deviations and confidence intervals.

Baseline 72h 2 Weeks 2 Months p-Value

n= 11 8 10 9

QsMm Mean —0.0079 —0.0089 —0.0085 —0.0075 0.94
SD 0.0043 0.0035 0.0035 0.0040
Cls —0.0104 to —0.0053 —0.0112 to —0.0064 —0.0106 to —0.0063 —0.0101 to —0.0049

AD Mean 0.0013 0.0013 0.0013 0.0013 0.92
SD 3.7e-5 3.8e-5 2.8e-5 3.1e-5
Cls 0.0013 t0 0.0014 0.0013t0 0.0013 0.0013 t0 0.0013 0.0013t0 0.0013

RD Mean 0.00048 0.00047 0.00049 0.00046 0.25
SD 3.0e-5 3.0e-5 1.9e-5 1.7e-5
Cls 0.00047 to 0.00050 0.00045 to 0.00049 0.00047 to 0.00050 0.00046 to 0.00048

Mean values over time in the VOI, with p-values from likelihood ratio test. n, number of subjects scanned at time-point; SD, standard deviation, Cl, confidence interval.

Frontiers in Neurology | www.frontiersin.org

August 2018 | Volume 9 | Article 575


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Weber et al.

Insights Into Myelin Damage After Concussion

A
0.000-
Py - ]
°, s
/E\ -0. A e
& 0.005 i !
= (B¢ ® $
Z 3 4
2 $ ?
g -0.010- 4/ ?
[) ®
(&) [ ] P 1
4
CO [ ]
T °
-0.015- T T
0 20 40 60
Time (days)
B (] _
L 0.000525- 4
. ' s
0.000500- 4 %
‘ o o I ¢ °
- >
> 0.00135 it E ! ‘ '
= [ ] ‘S At
é) [ ] ¢ é 0.000475- 3\
= ° o ® [ ]
9 = L ®
© [ ] o ! ®
b ¢ g 0.000450- ® ¢ °
< 0.00130- : ® $ o T
[ 0.000425-
o °
[ ]
[ ] °
0 20 40 60 0 20 40 60
Time (days) Time (days)
FIGURE 2 | QSM, AD, and RD Values in VOI Over Time. (A) QSM values (in ppm); (B) AD values; and (C) RD values plotted against time post-concussion by individual
subjects separated by color, and mean and standard deviation (error bars) plotted in dark gray; against time post-con Note: time zero refers to baseline scan.

Together, the reduction in MWE, and the absence of
statistically significant changes in magnetic susceptibility or RD
in the same region observed in the current study, suggest
that the myelin sheath structure has been altered, such as
becoming decompacted, rather than degraded or fragmented
(23, 39). Degradation or removal of myelin should result in
an increase in magnetic susceptibility and an increase in radial
diftusivity. The decompaction interpretation is in agreement with
the observed recovery of the myelin water fraction by 2 months
post-injury, suggesting a normalization of the myelin sheath
structure.

Decompaction, while not as severe as myelin degeneration,
should still be considered a serious injury, as it leads to
reductions in action potential conduction (43). Unmyelinated
axons, in mice and rats, have a conduction rate of 0.4 m/s,
significantly lower than the myelinated conduction rate of
2.4 m/s (44, 45). Axons of mice with decompacted myelin,
however, have a conduction rate of about 1.05 m/s, a reduction
of more than half the healthy rate (43). This reduction in

conduction could be responsible for some of the known
cognitive deficits following concussive hits (46), such as
affected memory, attention, processing speed, and executive
functioning.

Myelin decompaction is likely to be caused by secondary
mechanisms, such as oxidative stress (39). Petronilho et al.
looking at oxidative damage following mTBI and severe TBI
in adult male Wistar rats, found an inversely proportional link
between trauma severity and oxidative damage (47). Thus, for
mTBI, there was more evidence of oxidative stress than in
the severe TBI rats. What secondary mechanisms could be
causing this separation of the myelin layers? While iron is a
known reactive oxidative species, and has been implicated in
mTBI secondary damage (41), we would expect an increase
in magnetic susceptibility if iron levels were increased, for
example due to hemorrhage related formation of hemosiderin.
As reported, no such increase in susceptibility was observed.
Other potential candidates include high levels of radical species
such as nitric oxide and hydroxyl radicals (39). Ultimately it is
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beyond the scope of this paper to identify the exact cause of this
decompaction.

One possible criticism of our interpretation of the previously
reported MWF results is that MWF changes can occur due
to increased edema/inflammation instead of changes to the
myelin layers. While it is true, in theory, that MWF can be
modified by edema/inflammation (48), this is likely not the case
in our present study. As demonstrated previously by Chiang
et al, an increase in extracellular fluid, such as vasogenic
edema, should lead to increased radial diftusivity, and a partial
increase in axial diffusivity (49). Neither AD or RD showed
increases in the same regions that showed reduced MWF as
previously reported. If edema was to blame for this reduction
in MWE we should expect a simultaneous increase in AD and
RD, which is not seen. Furthermore, as demonstrated in our
2016 Frontiers in Neurology publication, no microbleeds or
hemorrhages were detected as a result of concussion or playing
a season of ice hockey, nor was there any increase in brain
volume (16). Finally, as stated in our 2016 PLOS One publication,
we found decreases in MWF of up to 10% in voxel clusters
in the sCC (6). For “diffuse edema” to explain this change,
we would likely see a reduced MWF throughout the whole
brain (which was not observed), and a ~9% swelling of the
brain, which would cause enough intracranial pressure to prove
lethal (50).

Another counter to our proposed explanation would be to
suggest that perhaps myelin degradation is occurring, but that
the increased magnetic susceptibility is being masked by a
concurrent and equal reduction in susceptibility due to some
other factor. This, however, is negated by our finding no changes
in AD or RD over time, suggesting that axial damage and
myelin fragmentation is not occurring. Furthermore, in order
for QSM values to remain constant despite myelin loss, an
equivalent reduction in iron should be expected. A reduction in
iron, however, is highly unlikely given the past literature (see
Nisenbaum et al.’s review of iron in mTBI in the Journal of
Neurotrauma) (41).

There are several limitations to this work that should be
highlighted and addressed in future studies. This study included
some missing data points of subjects. A linear mixed-effects
model was therefore used due to its ability to handle missing
data-points. Another limitation is our decision to only look at
the region where myelin water imaging detected a reduction in
myelin signal in the same cohort. Since myelin water comprises
only about 10% of tissue water, MWI is a noisy technique by
definition. It is possible that other areas were damaged but not
detected by MWI.

Finally, we do not know what may happen between 2
weeks and 2 months after concussion, and after 2 months
post-concussion. Future studies should have an MRI scan at
4 weeks, 6 months and up to 1 year post injury to provide
additional information on the trajectory of recovery after injury.
In particular, denser sampling of the time period between 2 weeks
and 2 months after concussion will provide further insight on
the time course of tissue recovery after concussion. Such work
will lead to a better understanding of how much later tissue
recovery succeeds functional recovery. Such knowledge is critical

for return to play decision making in contact sports, which is
based on clinical assessment of functional recovery.

In summary, we report a repeated measures QSM, AD
and RD analysis of the same regions previously reported to
have reduced MWF due to sports related concussion. We
did not find any statistically significant changes in magnetic
susceptibility, axial diffusivity, or radial diffusivity in these
regions after 3 days, 2 weeks, or 2 months post-concussion.
This finding provides evidence that a sports-related concussion
leads to decompaction in myelin sheaths, as opposed to myelin
degradation.

DATA AND MATERIALS AVAILABILITY

Data is available and may be provided under the transfer policies
of UBC.

DISCLOSURE

DL has received research funding from the Canadian Institute
of Health Research and Multiple Sclerosis Society of Canada.
He is the Emeritus Director of the UBC MS/MRI Research
Group which has been contracted to perform central analysis
of MRI scans for therapeutic trials with Novartis, Perceptives,
Roche and Sanofi-Aventis. The UBC MS/MRI Research
Group has also received grant support for investigator-
initiated independent studies from Genzyme, Merck-Serono,
Novartis and Roche. He has acted as a consultant to Vertex
Pharmaceuticals and served on the Data and Safety Advisory
Board for Opexa Therapeutics and Scientific Advisory
Boards for Adelphi Group, Celgene, Novartis, and Roche.
He has also given lectures which have been supported by
non-restricted education grants from Teva, Novartis and
Biogen.

AUTHOR CONTRIBUTIONS

AR, JT, and DL designed the study. AR and DL designed the
imaging protocol. SD collected data and helped coordinate the
study. CK wrote the QSM algorithm. AP performed initial
data and statistical analysis under the supervision of AW. AW
performed subsequent data and statistical analysis. AP wrote the
initial manuscript with major revisions by AW. MJ performed
initial DTI analysis. AR and MJ edited and provided critical
input to the manuscript. All authors interpreted the data.
All authors had full access to the data, and helped critically
revise the manuscript before reviewing and approving the final
version.

FUNDING

This research was funded by a London Drugs Award for Research
Excellence in Radiology (no grant number) and by the BC Sport
Medicine Educational Development Fund. AR was supported
by a New Investigator Award from the Canadian Institutes of
Health Research (CIHR, grant # 201109MSH-261306-183304)

Frontiers in Neurology | www.frontiersin.org

August 2018 | Volume 9 | Article 575


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Weber et al.

Insights Into Myelin Damage After Concussion

and is now supported through a Canada Research Chair. AP was
sponsored by the German Academic Exchange Service (DAAD)
Research Internship (RISE). AW is supported by a British
Columbia Children’s Hospital Research Institute — M.LN.D.
Postdoctoral Fellowship.

REFERENCES

10.

11.

12.

13.

14.

15.

16.

. Borja M]J,

. Faul M, Xu L, Wald M, Coronado V. Traumatic Brain Injury in the United

States: Emergency Department Visits, Hospitalizations and Deaths 2002-2006.
Atlanta, GA: Centers for Disease Control and Prevention, National Center for
Injury Prevention and Control (2010).

Chung S, Lui YW. Diffusion MR Imaging in Mild
Traumatic Brain Injury. Neuroimaging Clin N Am. (2018) 28:117-26.
doi: 10.1016/j.nic.2017.09.009

. Concha L, Gross DW, Wheatley BM, Beaulieu C. Diffusion tensor

imaging of time-dependent axonal and myelin degradation after
corpus callosotomy in epilepsy patients. Neurolmage (2006) 32:1090-9.

doi: 10.1016/j.neuroimage.2006.04.187

. Song S-K, Sun SW, Ju WK, Lin §J, Cross AH, Neufeld AH. Diffusion

tensor imaging detects and differentiates axon and myelin degeneration in
mouse optic nerve after retinal ischemia. Neurolmage (2003) 20:1714-22.
doi: 10.1016/j.neuroimage.2003.07.005

. MacKay A, Whittall K, Adler J, Li D, Paty D, Graeb, D. In vivo visualization

of myelin water in brain by magnetic resonance. Magn Reson Med. (1994)
31:673-7.

. Wright AD, Jarrett M, Vavasour I, Shahinfard E, Kolind S, von Donkelaar P,

et al. Myelin water fraction is transiently reduced after a single mild traumatic
brain injury-a prospective cohort study in collegiate hockey players. PLoS
ONE (2016) 11:¢0150215. doi: 10.1371/journal.pone.0150215

. MacKay AL, Laule C. magnetic resonance of myelin water: an in vivo marker

for myelin. Brain Plast. (2016) 2:71-91. doi: 10.3233/BPL-160033

. Schweser F Deistung A, Lehr BW, Reichenbach JR. Quantitative imaging

of intrinsic magnetic tissue properties using MRI signal phase: an approach
to in vivo brain iron metabolism? Neurolmage (2011) 54:2789-807.
doi: 10.1016/j.neuroimage

. Wiggermann V, Hernandez Torres E, Vavasour IM, Moore GR, Laule C,

MacKay AL, et al. Magnetic resonance frequency shifts during acute MS lesion
formation. Neurology (2013) 81:211-8. doi: 10.1212/WNL.0b013e31829bfd63
Wiggermann V, Hametner S, Herndndez Torres E, Kames C, Endmayr V,
Kasprian G, et al. Susceptibility-sensitive MRI of multiple sclerosis lesions and
the impact of normal-appearing white matter changes. NMR Biomed. (2017)
30:e3727. doi: 10.1002/nbm.3727

Wisnieff C, Ramanan S, Olesik J, Gauthier S, Wang Y, Pitt D. Quantitative
susceptibility mapping (QSM) of white matter multiple sclerosis lesions:
Interpreting positive susceptibility and the presence of iron. Magn Reson Med.
(2015) 74:564-70. doi: 10.1002/mrm.25420

Harrison DM, Li X, Liu H, Jones CK, Caffo B, Calabresi PA, et al.
Lesion heterogeneity on high-field susceptibility MRI is associated with
multiple sclerosis severity. AJNR Am ] Neuroradiol. (2016) 37:1447-53.
doi: 10.3174/ajnr.A4726

He X, Yablonskiy DA. Biophysical mechanisms of phase contrast in
gradient echo MRIL. Proc Natl Acad Sci USA. (2009) 106:13558-63.
doi: 10.1073/pnas.0904899106

Duyn JH, van Gelderen P, Li TQ, de Zwart JA, Koretsky AP, Fukunaga M.
High-field MRI of brain cortical substructure based on signal phase. Proc Natl
Acad Sci USA. (2007) 104:11796-801. doi: 10.1073/pnas.0610821104

Kirov II, Whitlow CT, Zamora C. Susceptibility-weighted imaging and
magnetic resonance spectroscopy in concussion. Neuroimaging Clin N Am.
(2018) 28:91-105. doi: 10.1016/j.nic.2017.09.007

Jarrett M, Tam R, Hernandez Torres E, Martin N, Perera W, Zhao Y, et al. A
prospective pilot investigation of brain volume, white matter hyperintensities,
and hemorrhagic lesions after mild traumatic brain injury. Front Neurol.
(2016) 7:11. doi: 10.3389/fneur.2016.00011

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found

online at:

https://www.frontiersin.org/articles/10.3389/fneur.

2018.00575/full#supplementary-material

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Langkammer C, Schweser F, Shmueli K, Kames C, Li X, Guo L, et al.
Quantitative susceptibility mapping: report from the 2016 reconstruction
challenge. Magn Reson Med. (2017) 79:1661-73. doi: 10.1002/mrm.26830
Kames C, Wiggermann V, Rauscher A. Rapid two-step dipole inversion for
susceptibility mapping with sparsity priors. NeuroImage (2018) 167:276-83.
doi: 10.1016/j.neuroimage.2017.11.018

. Song S-K, Yoshino J, Le TQ, Lin SJ, Sun SW, Cross AH, et al. Demyelination

increases radial diffusivity in corpus callosum of mouse brain. Neurolmage
(2005) 26:132-40. doi: 10.1016/j.neuroimage.2005.01.028

Sun S-W, Liang HE Trinkaus K, Cross AH, Armstrong RC, Song
SK. Noninvasive detection of cuprizone induced axonal damage and
demyelination in the mouse corpus callosum. Magn Reson Med. (2006)
55:302-8. doi: 10.1002/mrm.20774

Kim JH, Budde MD, Liang HE, Klein RS, Russell JH, Cross AH, et al. Detecting
axon damage in spinal cord from a mouse model of multiple sclerosis.
Neurobiol Dis. (2006) 21:626-32. doi: 10.1016/j.nbd.2005.09.009

Budde MD, Kim JH, Liang HE Schmidt RE, Russell JH, Cross AH, et al.
Toward accurate diagnosis of white matter pathology using diffusion tensor
imaging. Magn Reson Med. (2007) 57:688-95. doi: 10.1002/mrm.21200
Donovan V, Kim C, Anugerah AK, Coats JS, Oyoyo U, Pardo AC,
et al. Repeated mild traumatic brain injury results in long-term
white-matter disruption. J Cereb Blood Flow Metab. (2014) 34:715-23.
doi: 10.1038/jcbfm.2014.6

McCrory P, Meeuwisse W, Johnston K, Dvorak ], Aubry M, Molloy M,
et al. Consensus statement on concussion in sport-the 3rd International
conference on concussion in sport held in Zurich, November 2008. ] Sci
Med Sport Sports Med. Aust. (2009) 12:340-51. doi: 10.1097/JSM.0b013e3181
a501db

Prasloski T, Rauscher A, MacKay AL, Hogson M, Vavasour IM, Laule C,
et al. Rapid whole cerebrum myelin water imaging using a 3D GRASE
sequence. Neurolmage (2012) 63:533-9. doi: 10.1016/j.neuroimage.2012.
06.064

Smith SM, Jenkinson M, Johansen-Berg H, Rueckert D, Nichols TE,
Mackay CE, et al. Tract-based spatial statistics: voxelwise analysis
of multi-subject diffusion data. Neurolmage (2006) 31:1487-505.
doi: 10.1016/j.neuroimage.2006.02.024

Smith SM, Jenkinson M, Woolrich MW, Beckmann CF Behrens
TE, Johansen-Berg H, et al. Advances in functional and structural
MR image analysis and implementation as FSL. Neurolmage (2004)
23(Suppl. 1):5208-19. doi: 10.1016/j.neuroimage.2004.07.051

Schofield MA, Zhu Y. Fast phase unwrapping algorithm for interferometric
applications. Opt Lett. (2003) 28:1194. doi: 10.1364/OL.28.001194

Li W, Wu B. Liu C. Quantitative susceptibility mapping of human
brain reflects spatial variation in tissue composition. Neurolmage (2011)
55:1645-56. doi: 10.1016/j.neuroimage.2010.11.088

Li X, Morgan PS, Ashburner J, Smith J, Rorden C. The first step for
neuroimaging data analysis: DICOM to NIfTI conversion. ] Neurosci Methods
(2016) 264:47-56. doi: 10.1016/j.jneumeth.2016.03.001

Behrens TE], Woolrich MW, Jenkinson M, Johansen-Berg H, Nunes RG, Clare
S, et al. Characterization and propagation of uncertainty in diffusion-weighted
MR imaging. Magn Reson Med. (2003) 50:1077-88. doi: 10.1002/mrm.10609
Jenkinson M, Bannister P, Brady M, Smith S. Improved optimization for the
robust and accurate linear registration and motion correction of brain images.
NeuroImage (2002) 17:825-41. doi: 10.1006/nimg.2002.1132

R Core Team. R: A Language and Environment for Statistical Computing.
Vienna: R Foundation for Statistical Computing (2016).

Bates D, Machler M, Bolker B, Walker S. Fitting linear mixed-effects models
using Ime4. J Stat Softw (2015) 67:1-48. doi: 10.18637/jss.v067.i01

Frontiers in Neurology | www.frontiersin.org

August 2018 | Volume 9 | Article 575


https://www.frontiersin.org/articles/10.3389/fneur.2018.00575/full#supplementary-material
https://doi.org/10.1016/j.nic.2017.09.009
https://doi.org/10.1016/j.neuroimage.2006.04.187
https://doi.org/10.1016/j.neuroimage.2003.07.005
https://doi.org/10.1371/journal.pone.0150215
https://doi.org/10.3233/BPL-160033
https://doi.org/10.1016/j.neuroimage
https://doi.org/10.1212/WNL.0b013e31829bfd63
https://doi.org/10.1002/nbm.3727
https://doi.org/10.1002/mrm.25420
https://doi.org/10.3174/ajnr.A4726
https://doi.org/10.1073/pnas.0904899106
https://doi.org/10.1073/pnas.0610821104
https://doi.org/10.1016/j.nic.2017.09.007
https://doi.org/10.3389/fneur.2016.00011
https://doi.org/10.1002/mrm.26830
https://doi.org/10.1016/j.neuroimage.2017.11.018
https://doi.org/10.1016/j.neuroimage.2005.01.028
https://doi.org/10.1002/mrm.20774
https://doi.org/10.1016/j.nbd.2005.09.009
https://doi.org/10.1002/mrm.21200
https://doi.org/10.1038/jcbfm.2014.6
https://doi.org/10.1097/JSM.0b013e3181a501db
https://doi.org/10.1016/j.neuroimage.2012.06.064
https://doi.org/10.1016/j.neuroimage.2006.02.024
https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.1364/OL.28.001194
https://doi.org/10.1016/j.neuroimage.2010.11.088
https://doi.org/10.1016/j.jneumeth.2016.03.001
https://doi.org/10.1002/mrm.10609
https://doi.org/10.1006/nimg.2002.1132
https://doi.org/10.18637/jss.v067.i01
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Weber et al.

Insights Into Myelin Damage After Concussion

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Baayen R. LanguageR: Data Sets and Functions With “Analyzing Linguistic
Data: A Practical Introduction to Statistics”. Nijmegen: Cambridge University
Press (2013).

Ibrahim JG, Molenberghs G. Missing data methods in longitudinal studies: a
review. TEST (2009) 18:1-43. doi: 10.1007/s11749-009-0138-x

Johnson VE, Stewart JE, Begbie FD, Trojanowski JQ, Smith DH, Stewart
W. Inflammation and white matter degeneration persist for years after
a single traumatic brain injury. Brain ] Neurol. (2013) 136:28-42.
doi: 10.1093/brain/aws322

Franklin RJM, Ffrench-Constant C. Remyelination in the CNS: from biology
to therapy. Nat Rev Neurosci. (2008) 9:839-55. doi: 10.1038/nrn2480

Payne SC, Bartlett CA, Harvey AR, Dunlop SA, Fitzgerald M. Myelin sheath
decompaction, axon swelling, and functional loss during chronic secondary
degeneration in rat optic nerve. Invest Ophthalmol Vis Sci (2012) 53:6093-101.
doi: 10.1167/iovs.12-10080

Baumann N, Pham-Dinh D. Biology of oligodendrocyte and myelin in
the mammalian central nervous system. Physiol Rev (2001) 81:871-927.
doi: 10.1152/physrev.2001.81.2.871

Nisenbaum EJ, Novikov DS, Lui YW. The presence and role of iron in
mild traumatic brain injury: an imaging perspective. ] Neurotrauma (2014)
31:301-7. doi: 10.1089/neu.2013.3102

Kochanek PM, Dixon CE, Shellington DK, Shin SS, Bayir H, Jackson EK, et al.
Screening of biochemical and molecular mechanisms of secondary injury and
repair in the brain after experimental blast-induced traumatic brain injury in
rats. ] Neurotrauma (2013) 30:920-37. doi: 10.1089/neu.2013.2862

Gutiérrez R, Boison D, Heinemann U, Stoffel W. Decompaction of CNS
myelin leads to a reduction of the conduction velocity of action potentials in
optic nerve. (1995) Neurosci Lett. 195:93-6.

Cahill GM, Menaker M. Responses of the suprachiasmatic nucleus to
retinohypothalamic tract volleys in a slice preparation of the mouse
hypothalamus. Brain Res. (1989) 479:65-75. doi: 10.1016/0006-8993(89)9
1336-X

45.

46.

47.

49.

50.

Foster RE, Connors BW, Waxman SG. Rat optic nerve: electrophysiological,
pharmacological and anatomical studies during development. Brain Res.
(1982) 255:371-86. doi: 10.1016/0165-3806(82)90005-0

Rabinowitz AR, Levin HS. Cognitive sequelae of traumatic brain injury.
Psychiatr  Clin  North Am. (2014) 37:1-11. doi: 10.1016/j.psc.2013.
11.004

Petronilho E Feier G, de Souza B, Guglielmi C, Constantino LS, Walz R, et al.
Oxidative stress in brain according to traumatic brain injury intensity. J Surg
Res. (2010) 164:316-20. doi: 10.1016/.js5.2009.04.031

. Vavasour IM, Laule C, Li DK, Oger J, Moore GR, Traboulsee A, et al.

Longitudinal changes in myelin water fraction in two MS patients with
active disease. | Neurol Sci. (2009) 276:49-53. doi: 10.1016/j.jns.2008.
08.022

Chiang C-W, Wang Y, Sun P, Lin TH, Trinkaus K, Cross AH, et al.
Quantifying white matter tract diffusion parameters in the presence of
increased extra-fiber cellularity and vasogenic edema. Neurolmage (2014)
101:310-9. doi: 10.1016/j.neuroimage.2014.06.064

Laule C, Vavasour IM, Moore GR, Oger J, Li DK, Paty DW, et al. Water
content and myelin water fraction in multiple sclerosis. J Neurol (2004)
251:284-93. doi: 10.1007/s00415-004-0306-6

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Weber, Pukropski, Kames, Jarrett, Dadachanji, Taunton, Li and
Rauscher. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org

August 2018 | Volume 9 | Article 575


https://doi.org/10.1007/s11749-009-0138-x
https://doi.org/10.1093/brain/aws322
https://doi.org/10.1038/nrn2480
https://doi.org/10.1167/iovs.12-10080
https://doi.org/10.1152/physrev.2001.81.2.871
https://doi.org/10.1089/neu.2013.3102
https://doi.org/10.1089/neu.2013.2862
https://doi.org/10.1016/0006-8993(89)91336-X
https://doi.org/10.1016/0165-3806(82)90005-0
https://doi.org/10.1016/j.psc.2013.11.004
https://doi.org/10.1016/j.jss.2009.04.031
https://doi.org/10.1016/j.jns.2008.08.022
https://doi.org/10.1016/j.neuroimage.2014.06.064
https://doi.org/10.1007/s00415-004-0306-6
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Pathological Insights From Quantitative Susceptibility Mapping and Diffusion Tensor Imaging in Ice Hockey Players Pre and Post-concussion
	Introduction
	Methods
	Participants and Data Acquisition
	Post-processing
	Image Analysis
	Statistics

	Results
	Discussion
	Data and materials availability
	Disclosure
	Author Contributions
	Funding
	Supplementary Material
	References


