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Effects of White-Matter Tract Length

in Sport-Related Concussion:

A Tractography Study from the NCAA-DoD
CARE Consortium

Sourajit M. Mustafi,> Ho-Ching Yang;? Jaroslaw Harezlak? Timothy B. Meier; Benjamin L. Brett,*
Christopher C. Giza,*® Joshua Goldman,” Kevin M. Guskiewicz? Jason P. Mihalik® Stephen M. LaConte}"'®
Stefan M. Duma,” Steven P. Broglio, ' Michael A. McCrea,® Thomas W. McAllister,? and Yu-Chien Wu>*

Abstract

Sport-related concussion (SRC) is an important public health issue. White-matter alterations after SRC
are widely studied by neuroimaging approaches, such as diffusion magnetic resonance imaging (MRI).
Although the exact anatomical location of the alterations may differ, significant white-matter alter-
ations are commonly observed in long fiber tracts, but are never proven. In the present study, we per-
formed streamline tractography to characterize the association between tract length and white-
matter microstructural alterations after SRC. Sixty-eight collegiate athletes diagnosed with acute con-
cussion (24-48 h post-injury) and 64 matched contact-sport controls were included in this study. The
athletes underwent diffusion tensor imaging (DTI) in 3.0 T MRI scanners across three study sites. DTI
metrics were used for tract-based spatial statistics to map white-matter regions-of-interest (ROIs) with
significant group differences. Whole-brain white-mater streamline tractography was performed to ex-
tract “affected” white-matter streamlines (i.e., streamlines passing through the identified ROIs). In the
concussed athletes, streamline counts and DTl metrics of the affected white-matter fiber tracts were
summarized and compared with unaffected white-matter tracts across tract length in the same partic-
ipant. The affected white-matter tracts had a high streamline count at length of 80-100 mm and high
length-adjusted affected ratio for streamline length longer than 80 mm. DTl mean diffusivity was
higher in the affected streamlines longer than 100 mm with significant associations with the Brief
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Symptom Inventory score. Our findings suggest that long fibers in the brains of collegiate athletes are
more vulnerable to acute SRC with higher mean diffusivity and a higher affected ratio compared with

the whole distribution.

Keywords: CARE Consortium; sport-related concussion; diffusion tensor imaging; tract length; tractography;

white matter

Introduction

Sport-related concussion (SRC) is the mildest form of
traumatic brain injury (TBI) with approximately 1.6 to
3.8 million annual incidents occurring annually.'* Despite
the misleading term ‘‘mild,” athletes sustaining SRC
may develop long-term sequalae with post-traumatic
headache, psychological distress, cognitive impairment,
and learning deficits.>* These long-term sequalae often
severely impact the quality of life and sabotage rehabili-
tative efforts. Further, concussed athletes may also be at
increased risk for future concussion,’ neurodegenerative
disorders,® and chronic traumatic encephalopathy.”®

Brain injury involves multiple tiers of mechanical
forces causing immediate local damage and diffuse axonal
injury.”'® Diffuse axonal injury, believed to be the pri-
mary neuropathology associated with mild TBI, is charac-
terized as widespread microscopic injuries involving
physical disruption of axons/cytoskeletons and metabolic
alterations in cellular/subcellular biochemistry reac-
tions.""™'* Following a direct head impact with a linear
and rotational acceleration, the inertia force propagates
through the complexly structured soft tissues of the brain
with shear stress. The shear wave induces physical strain
and stretch on the brain tissues.'>'® It is plausible that
the level of tissue vulnerability to the effects of mechanical
impacts depends on tissue’s micro-and macrostructural
composition. In the case of white matter, myelination
may increase the dynamic modulus of axons, providing
some pliability in a slow shear wave.'”'® Nevertheless,
under high, rapidly propagating shear stress, axons became
stiffer and brittle as demonstrated in previous in vitro'® and
in silico studies.'”"

The human brain has been shown to have a varying
degree of axonal myelination and micro-/macrostructure
with respect to fiber length.?® Thus, we hypothesized that
the level of vulnerability of white-matter fibers will differ
according to their lengths. Indeed, in previous white-
matter studies of mild TBI using diffusion tensor imag-
ing (DTI), despite variations in anatomical location, the
reported significant white-matter alterations usually
occurred in long fiber tracts. White-matter abnormalities
are most commonly noted in the internal capsule (anterior
and posterior limbs) and corona radiata (anterior, supe-
rior, and posterior).”'>° Abnormalities are also com-
monly reported in the corpus callosum?®'*>?’! and the
longitudinal fasciculus.?*2426-272932 The collective find-

ings are intriguing regarding the less-studied hypothe-
sis of varying vulnerability of white-matter fibers with
respect to their lengths.

DTI, a magnetic resonance imaging (MRI) technique, is
widely used in studies of mild TBI to detect white matter-
related microstructural damage.*>° DTI provides scalar
measures that infer microstructural organization of the tis-
sue and exhibit adequate diagnostic sensitivity to SRC.»
The scalar metrics include fractional anisotropy (FA) de-
scribing the coherence of microstructural organization,
mean diffusivity (MD) describing the averaged water dif-
fusion freedom regardless of directionality, axial diffusiv-
ity (AD) describing the longitudinal diffusivity along the
primary orientation of white-matter fibers, and radial diffu-
sivity (RD) describing the perpendicular diffusivity of
white-matter fibers. Most appealingly, DTI also provides
directional information for assessing white-matter fiber
connectivity via tractography.

To characterize the susceptibility of fiber tracts to
brain injury with respect to tract length, this study by
the Concussion Assessment, Research and Education
(CARE) Consortium performed streamline tractography
and extracted tract-specific features, including the DTI
metrics along the fiber streamlines, streamline counts,
and streamline length. We investigated how these physi-
cal features of white-matter tracts affect their susceptibil-
ity to SRC, and how these physical features modulate the
associations with clinical outcomes.

Methods

Participants

The participants were recruited from a multi-site study of
the natural history of concussion conducted through the
National Collegiate Athletic Association-Department of
Defense (NCAA-DoD) CARE Consortium Advanced
Research Core (ARC). All participants received baseline
clinical assessments when recruited into the CARE-ARC
study. Number of previous (self-report) concussions
were recorded, and participants were excluded if they
had previous concussions within 6 months of the baseline
assessments. Concussion events were identified and diag-
nosed by the research and medical staff at each site based
on an evidence-based guideline,40 which decided concus-
sion as ‘‘a change in brain function following a force to the
head, which may be accompanied by temporary loss of
consciousness, but is identified in awake individuals with
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measures of neurologic and cognitive dysfunction.”
Throughout the post-injury process, concussed athletes
also received clinical care by a site’s medical team. All
participants (including concussed and contact-control ath-
letes) received the same clinical assessments, blood sam-
ple collection, and multi-modal MRI scans. The clinical
and imaging assessments of the contact controls
were yoked to the schedule of demographically matched
injured athletes. More detailed study design and the
power calculation of the CARE study can be found in
the method article.*!

The study sites included in this analysis are the Uni-
versity of North Carolina (UNC), the University of
California Los Angeles (UCLA), and Virginia Tech
(VT). At the time (January 2019) when the data was fro-
zen, there were 68 collegiate athletes diagnosed with
acute concussion (24-48h post-injury) and 64 matched
contact-sport controls available for analysis. All were

Table 1. Participant Demographics and Clinical Assessments

included in the present study (Table 1). The two groups
were matched with respect to age, sex, race/ethnicity,
education, estimated pre-morbid level of verbal intellec-
tual functioning (i.e., Wechsler Test of Adult Reading
[WTAR**], number of prior concussions, years of partic-
ipation, sport type, and position played. The sports inclu-
ded football, soccer, and lacrosse. Severity of previous
concussions are listed in Supplementary Table 1 showing
no significant group difference.

All participants provided informed consent appro-
ved by the Medical College of Wisconsin Institutional
Review Board (IRB; protocol #PR0O23196) and the
Human Research Protection Office (HRPO).

Clinical assessments

Clinical assessments followed the CARE Consortium
study protocol and were collected by the on-site research
and medical staff.*' The comprehensive battery of

Concussed, n=68

Contact control, n=64

Mean (SD) or count Mean (SD) or count p value

Demographics
Age (years) 19.31 (0.92) 19.36 (1.26) 0.81
Education (years) 13.63 (0.97) 13.55 (0.77) 0.64
WTAR standard score 104.61 (14.30) 106.62 (14.28) 0.43
Sex (M:F) 58:10 52:12 0.70%
Body mass index 27.66 (5.94) 26.18 (4.24) 0.10
Site (UCLA:UNC:VT) 27:32:9 30:28:6 0.64"
Sport type (Football:Soccer:Lacrosse) 44:19:5 38:20:6 0.80"
Years of participation in primary sports (years) 9.90 (3.60) 10.76 (3.77) 0.18
Time from injury to MRI (h) 50.45 (35.18) na na
Previous concussions
No. of participants with previous concussion (0:1:2:3) 32:27:6:3 42:16:5:1 0.16"
No. of football players with previous concussion (0:1:2:3) 23:16:3:2 26:8:4:0 0.21°
No. of soccer players with previous concussion (0:1:2:3) 7:9:2:1 13:5:1:1 0.35%
No. of lacrosse players with previous concussion (0:1:2:3) 2:2:1:0 3:3:0:0 0.52%
Position
Football (QB:C:CB:DL:WR:LB:LS:Off:RB:S:ST) (0:1:3:9:4:10:0:6:3:7:1) (0:0:4:9:6:10:1:4:3:0:1) 0.32°
Soccer (DB:FA:G:MF) (3:6:5:5) (5:9:0:6) 0.10*
Lacrosse (DB:FA:G:MF) (2:2:0:1) (3:2:0:1) 0.95%
Clinical assessments®
Brief Symptom Inventory (BSI) 6.45 (7.30) 1.15 (2.28) <104
Standardized Assessment of Concussion (SAC) 26.09 (2.64) 27.68 (2.05) <1073
Sport Concussion Assessment Tool (SCAT)

Symptom Score 11.32 (6.38) 2.34 (3.79) <10~*

Symptom Severity Score 27.83 (21.92) 3.43 (5.56) <10~
Balance Error Scoring System (BESS) 16.51 (10.49) 10.42 (5.37) <10~

Bold fonts indicate p value less than 0.05.

“Pearson’s chi-square tests were used for sex, sport types, previous concussion count, and position.
" Assessment scores were logarithmically transformed to adjust skewness.

Two tailed r-test was used unless noted otherwise.
(M:F) = (male:female).
(0:1:2:3) =number of previous concussions.

Site abbreviations: VT, Virginia Tech; UNC, University of North Carolina; UCLA, the University of California, Los Angeles.
Position abbreviations: QB, quarterback; C, center; CB, cornerback; DL, defensive line; WR, wide receiver; LB, linebacker; LS, long snapper; Off, tight
end + off guard + off tackle; RB, running back; S, safety; ST, special team (FG offense + punt return); DB, defensive back; FA, forward attack; G, goal-

keeper; MF, midfielder.

MRI, magnetic resonance imaging; SD, standard deviation; WTAR, Wechsler Test of Adult Reading.
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clinical outcome measures included the Standardized
Assessment of Concussion (SAC)* to assess cognition,
the Sports Concussion Assessment Tool 3 (SCAT3)* to
assess symptoms and their severity, the Balance Error
Scoring System (BESS)* to assess postural stability,
and the Brief Symptom Inventory (BSI)*’ to assess psy-
chological health. The BSI score was a composite score
of three subcategories: BSI-soma for somatic symptoms,
and BSI-anxiety and BSI-depression for evaluating affec-
tive symptoms. Thus, a total of five clinical measures
were studied for associations with white-matter abnor-
malities along the tracts. Both the concussed and control
athletes underwent the same clinical assessments on the
day the MRI scans were performed.

MRI protocol

Participants underwent MRI on Siemens MAGNETOM
3.0 T Tim Trio (VT, UNC, and UCLA) or 3.0 T Prisma
(UNC and UCLA) scanners across three ARC sites with
a 12-channel (VT) or 32-channel (UNC and UCLA)
receiver-only head coil. For anatomical imaging, high-
resolution T1-weighted images (1 mmX 1 mm X 1 mm)
were acquired on 3.0 T MRI scanners at each site.
A three-dimensional (3D) magnetization-prepared rapid
gradient-echo (MPRAGE) sequence was used with repe-
tition time (TR)/echo time (TE)/inversion time (TI)=
2300/2.98/900 msec, flip angle=9 degrees, field of view
(FOV)=256 mm, matrix =256 X256, 176 slices, slice
thickness=1mm. For diffusion imaging, a single-shot
spin-echo echo planar imaging (SS-SE-EPI) sequence
with a twice-refocused spin echo was used. The
diffusion-encoding scheme comprised 30 directions at a
b-value of 2000 sec/mm?, 30 directions at a b-value of
1000 sec/mm?, and 4 by volumes (b-value =0 sec/mm?).
One of the by volumes was acquired with a reversed
phase-encoding direction. Other parameters included
TE/TR=98/7900 msec, FOV =243 mm, matrix size=
90X 90, whole-brain coverage of 60 slices with a slice
thickness of 2.7mm, and an isotropic voxel size of
2.7 mm.

Care was taken to ensure the quality and stability of
the diffusion MRI signal across sites. Briefly, prior to
the present study, three quality assurance and control
(QA/QC) related studies were performed to ensure the
MRI image quality and to evaluate cross-site diffusion
signal stability. These studies included physical phantom
scans, traveling human phantom scans, and analyses of

non-contact-sport controls across sites as described previ-
3
ously, 2314647

Image processing

The diffusion image pre-processing pipelines used were
the same as those employed in a previous study.?!
Briefly, all the raw and motion-corrected diffusion-
weighted images (DWIs) were inspected by a single

trained researcher (SMM). Two data sets with severe
motion artifacts beyond correction were excluded and
not counted toward the total sample size described above.
Diffusion image processing included pre-processing fol-
lowed by computation of DTI metrics and streamline
tractography. The DWIs were first de-noised using the
local principal component analysis approach.*® Unlike
the conventional method of de-noising by smoothing
the image, the local principal component analysis de-
noising approach does not sacrifice spatial resolution.
With a pair of reverse-phase encoded b, images as refer-
ence, the DWIs were then corrected for motion, eddy cur-
rent artifacts, and static-field geometric distortion using
the eddy_openmp command provided in the FMRIB
Software Library (FSL).** After image pre-processing,
DTI metrics were computed from the first shell with a
b-value of 1000sec/mm? and a linear fitting algorithm
using the FSL dtifit command. Four classic DTI met-
rics were computed, including FA, MD, AD, and
RD.*® To prepare for statistical analyses of group dif-
ferences, maps of the DTI metrics were transformed to
the standard Montreal Neurological Institute (MNI)
space using Advanced Neuroimaging Tools (ANTSs)
non-linear registration.”"

Whole-brain white-matter streamline tractography was
performed on all shells (b-value of 1000 s/mm” and
b-value of 2000 s/mm?; see Supplementary Figure S1).
Because only cortical-to-cortical connections were con-
sidered in this study, the white and gray matter interface
was segmented to serve as starting and destination points
for tractography. For each participant, the interface was
derived from their T1-weighted images (see Supple-
mentary Figure S2). Briefly, the T1-weighted images
underwent brain extraction using FSL bet; gray matter
and white matter were segmented using FSL FAST; the
gray-matter and white-matter masks were dilated via
a Gaussian kernel with a width of 1 voxel (fslmaths)
prior to intersection (fslmaths) for rendering the inter-
face; and subcortical structures were identified and
removed by fsl_anat. In the native subject diffusion
space, streamline tractography was performed using the
track command in CAMINO software with a g-ball and
spherical harmonic reconstruction for fiber orientation
distribution functions.”? Other tractography parameters
were: maximum allowable fiber number per voxel=3,
anisotropy threshold=0.5, curvature threshold=60 deg-
rees, step size=0.5mm Euler distance, and iteration=
25 to reach a total whole-brain streamline count of 10°
per participant.

Statistical analyses

Two-tailed t-tests for continuous variables and Pearson’s
chi-square tests for categorical variables were performed
to detect group differences in participants’ demograph-
ics measures, previous concussion history, sport types,
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positions, and clinical assessments (Table 1). Affected
white-matter areas were identified via tract-based spa-
tial statistical (TBSS) analyses. These areas were defined
to have significant differences in DTI microstructural
metrics in the concussed athletes compared with the
contact-sport controls. Briefly, in the standard MNI
space, a common whole-brain white-matter skeleton was
extracted using the FSL toolbox.”> Within the white-
matter skeleton (Fig. 1, green voxels), the non-parametric
permutation-based statistics employed in TBSS (i.e., the
randomise command) were used for voxelwise statis-
tical analysis to test for significant group differences.
A threshold-free cluster enhancement™ and 5000 permu-
tations® were used in the study. White-matter voxels
were deemed significant if p<0.05 after adjusting for
multiple comparisons by controlling family-wise error
rate (FWER). General regression models were used in
TBSS with diffusion metrics as the dependent variable
and the group membership as the independent variable.
Covariates of age, sex, site, and scanner were included
to adjust these differences in means.

Significant white-matter voxels in the standard space
were collected as regions-of-interest (ROIs) and reverse-
transformed back to native subject diffusion space. These
ROIs then served as a filter to identify those streamlines
passing through the affected white-matter areas for each

participant in the concussed group and the contact-sport
controls. These filtered streamlines in the concussed ath-
letes were referred to as ‘‘affected”” white-matter tracts
(Fig. 2). Streamlines passing through the whole-brain
TBSS white-matter skeleton, except the significant vox-
els (only the green voxels in Fig. 1), were referred to as
“unaffected’” white-matter tracts. The number and length
of the streamlines were summarized for affected and
unaffected white-matter tracts in the concussed athletes.
The DTI microstructural metrics were converted to the
intrinsic coordinates of each streamline in the CAMINO
software, and the diffusion metrics along streamlines
were averaged.

With respect to streamline lengths, the following com-
parisons were assessed: (1) the affected ratio (i.e., the
ratio of affected white-matter streamlines relative to the
whole distribution); (2) DTI microstructural measure-
ments along the streamlines between affected and unaf-
fected white-matter tracts; and (3) correlations of the
DTI microstructural measurements along affected white-
matter tracts with the clinical assessments. Paired #-tests
were used for comparisons between affected and unaf-
fected white-matter tracts within a participant, and partial
correlation analyses were used to evaluate the correla-
tion of the DTI metrics with the clinical assessment
scores adjusted for sites and MRI scanners. Matlab

FIG. 1.

statistics.

Maps of white-matter voxels with significant group differences. (A) Maps of white-matter voxels
(yellow) where the concussed athletes had significantly elevated RD compared with the contact-sport
controls. (B) Maps of white-matter voxels where the concussed athletes had significantly elevated MD
compared with the contact-sport controls. TBSS were used with a general linear model; p <0.05 adjusted for
multiple comparisons with the FWER was deemed significant. The green voxels denote the white-matter
skeleton where the statistical test was performed. The dark red is background enhancement for illustration
purposes. FWER, family-wise error rate; MD, mean diffusivity; RD, radial diffusivity; TBSS; tract-based spatial
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Superior Corona Radiata _
~

s Minor

Filter ROI

FIG. 2. Affected white-matter fiber tracts in one concussed athlete. The white-matter voxels with
significant group differences in MD (i.e., yellow voxels in Fig. 1B) were collected to form an ROl in the MNI
standard space. For each concussed participant, the ROl was transformed from the standard space back to
the subject diffusion space, where streamline tractography was performed. Tractography streamlines
passing through the filter ROI (yellow) are shown in the figure for one concussed athlete. Their
corresponding white-matter tracts are the forceps minor, superior corona radiata, posterior corona radiata,
and cingulum. MD, mean diffusivity; MNI, Montreal Neurological Institute; ROI, region of interest.

(The MathWorks Inc., Natick, MA, USA) and the Statis-
tical Package for the Social Sciences (SPSS) version 24
(IBM Corp., Armonk, NY, USA) were used for plotting
and statistical analyses.

Results

The characteristics of the concussed and control groups
are listed in Table 1. There were no significant differ-
ences between the groups in age, education, or WTAR
score (ps>0.43). The sex and sport-type ratios were
also not significantly different between the two groups
(ps>0.70, chi-square tests). At the acute concussion
phase (24-48h), the concussed group performed more
poorly than the control group on all of the clinical out-
come measures (ps<0.01).

The TBSS analyses demonstrated significantly increa-
sed RD and MD in the concussed athletes compared with
the contact-sport controls (p<0.05 after controlling for
FWER). White-matter voxels with significant RD and
MD findings are shown in Figure 1A and 1B, respec-
tively. The extent of the significant white-matter changes
was 1936 mm® (i.e., 1936 1-mm?> voxels in the MNI stan-
dard space) for RD and 4834 for MD. The extent of the
white matter with MD changes encompassed the extent
of the RD changes. FA and AD did not differ significantly
between the groups.

The significant white-matter voxels in MD were col-
lected to form a filter ROI (i.e., all the yellow voxels in

Fig. 1B). Tractography streamlines passing through the
filter ROI were clustered and their corresponding white-
matter anatomies were identified as the forceps minor,
superior corona radiata, posterior corona radiata, and
cingulum (Fig. 2). In the concussed athletes, the mean
streamline counts for the affected white matter ranged
between 200 and 700 across different lengths (Fig. 3A).
Whereas the 80- to 100-mm streamlines had the highest
count, streamlines longer than 120 mm had the lowest
count. The histogram of the affected white-matter tracts
differed from that of the whole-brain white-matter-
skeleton filtered streamlines, where the shortest stream-
lines (i.e., 20-40 mm) had the highest count (Fig. 3B).
Note that the whole-brain streamline histogram included
both affected and unaffected streamlines.

The next step was to assess the affected ratio (i.e., the
ratio of the affected streamlines to the whole brain
streamlines) with respect to streamline length. For each
length category in each concussed athlete, the number
of streamlines in Figure 3A was divided by the number
of streamlines in Figure 3B. To correct for the inherent
bias from the tract length itself, the original percentage
was divided by the streamline length resulting in a length-
adjusted percentage, %-mm '. The length-adjusted
affected ratio was higher in the long fiber tracts than in
the short fiber tracts (Fig. 4). For tract lengths longer
than 80 mm, the affected ratio was from 0.55 to
O.65%-mm_1, compared with 0.3 to 0.4%-mm ! in
tracts shorter than 80 mm.
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Regardless of the length, the mean MD along the
unaffected tracts was approximately 750 10~® mm?*/sec,
similar to the MD value along the short streamlines in
the affected tracts (Fig. 5). Along the affected tracts,
long streamlines (>100mm) had a significantly higher
average MD of 780x10™° mm?%sec (ps<0.05) com-
pared with streamlines of the same length along
unaffected tracts in the concussed athletes. In addition,
MD in the long affected tracts (>80 mm) demonstrated
significant correlations (p=0.015, r=0.732) with one
of the clinical assessment scores (i.e., BSI), whereas the
short tracts were not significant (p=0.063; Fig. 6). This
observation suggested that worse psychological distress
as measured by the BSI may be associated with higher
MD in the affected white-matter tracts among the con-
cussed athletes. Other clinical assessments showed no
significant associations in this study. Due to the explor-
atory nature of this study and potential high correlation
among the five clinical assessments, multiple comparison
adjustment was not performed.

Discussion

In the present study, we first identified a vulnerable
white-matter region in the concussed athletes. In this
region, the concussed athletes had significantly elevated
mean diffusivity 24-48 h post-injury compared with the
contact-sport controls. The anatomical location of this
acute white-matter alteration was consistent with previ-

ous findings from different sample sizes or cohorts*®>?-!

and other studies.?*23-30-56-57 Particularly, this vulnerable
white-matter region was part of four major white-matter
tracts (i.e., forceps minor, superior and posterior corona
radiata, and cingulum) and demonstrated an acute
increase in the freedom of water diffusion. The increase
in MD covers a wider anatomical range than the RD.
The underlying pathology of increased MD could be
axonal swelling,58 extracellular edema,59 cytoskeleton
breakdown,58 demyelination,m’61 or decreased viscosity
in the plasma or extracellular matrix.°> An increase in
RD with unchanged longitudinal diffusivity suggests
additional compromise in the transverse direction of
axons, most likely from demyelination.®®

In the four affected white-matter tracts, the histogram
across length was significantly different from the whole-
brain distribution. A whole-brain white-matter histogram
over length usually demonstrates large numbers of short
fiber streamlines. The number of streamlines decreases
as the fiber length increases.’*®* With higher prevalence
of the short fibers, if propagating shear stress impacts the
white-matter tissue by pure chance, one would expect a
greater affected ratio in short fibers. This was not what
we observed here. In fact, we observed a higher per-
unit-length affected ratio in long fibers, suggesting spe-
cific physical or biological vulnerability of longer fibers.
A possible biomechanical explanation for this observa-
tion is that the myelin sheath that accelerates action
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potentials in long fibers makes longer axons stiffer and
more susceptible to shear stress and strain,'®'*% or
that the central and deep location of long fiber tracts
amplifies the shear and twisting force.®®°” Future studies
of large animals or cadavers with a realistic brain mass
and shear stress may help to validate these hypotheses.

The vulnerability of long fiber tracts was further sup-
ported by two other independent measures. Along the fiber
tract streamlines, long fibers had higher MD and significant
associations with the clinical outcome measure, BSI. The in-
creased MD suggests that microstructural changes were
propagated along the whole tract in long fibers even beyond
those focal points that had significant group differences. This
finding also suggests that the tractography approach to iden-
tifying microstructural changes in long fibers may be more
sensitive than conventional groupwise ROI or voxel-base an-
alyses. A groupwise analysis searches for synchronized ab-
normalities and penalizes inter-subject variation, whereas
the tract-specific analysis is an individualized and subject-
specific analysis. Subject-specific analyses may be more sen-
sitive in SRC, in which the uniqueness of brain injury arises
from differences in the directionality and magnitude of bio-
mechanical forces.”**

Whereas ROI- or voxel-based analyses are used in most
published DTI studies on SRC, individualized and tract-
specific analyses are less well investigated7° due to complex
and computationally demanding data analyses. In white-
matter tractography, data analyses require intense computa-

tion in generating tens of thousands of streamline profiles
for each participant and converting Cartesian-coordinate
scalar maps (e.g., FA, MD) into the streamline intrinsic co-
ordinate. Nevertheless, diffusion MRI tractography is the
only in vivo approach available for studying white-matter
tracts in the brain.”' Previous tractography studies in mild
TBI focused on clinical association with diffusion metrics
in few predefined tracts,lo’n’73 or on connectome network
analyses.”*’® To the best of our knowledge, this is the
first study to provide objective evidence of vulnerability
in terms of the physical features of white-matter fibers.
This study evaluating the effect of physical features in
vulnerability of white matter after acute SRC has some
limitations. The definition of affected and unaffected
white matter was based on the TBSS analysis of group
differences with corrected p<0.05. Although the 0.05
criterion is widely used, it is an arbitrary threshold. Due
to the likely continuum of concussion effects through-
out the brain, different thresholds might yield different
findings. Further, as pointed out in our previous publica-
tion,?*?*3! despite a high degree of sensitivity, the bio-
logical interpretation of changes in DTI metrics
remains challenging. Such limitation stems from trying
to use a simplified diffusion tensor model to describe
an ensemble effect of water diffusion in complex biolog-
ical tissues, such as crossing fibers”""7 5 or compartmen-
talization.®""%? Therefore, to overcome the insufficiency of
the second order proximate (i.e., the diffusion tensor),
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spherical harmonic deconvolution (SHD),** g-ball imaging
(QBI),** or Bayesian estimation® were proposed to esti-
mate multiple crossing fibers. The finer granularity of diffu-
sion compartments may be decomposed by diffusion
modeling such as the composite hindered and restricted
model of diffusion (CHARMED),*® neurite orientation dis-
persion and density imaging (NODDI),*” or diffusion kur-
tosis imaging (DKI).*®

Although diffusion MRI tractography provides a conve-
nient approach for evaluating white-matter fiber tracts
non-invasively, its streamline results may vary across soft-
ware tools. Because there are no standardized tractography
software tools, this study utilized a reputable and well-
maintained toolbox with default settings. The g-ball and
spherical harmonic reconstruction for fiber orientation en-
abled crossing fiber estimation and high-quality seeds and
destination also minimized the noise in tractography.
Nevertheless, this study may still be limited by low angu-
lar sampling resolution, affecting the ability to fully re-
solve crossing, bending, or kissing fibers.

Another limitation of this study is the potential long-
term effects of previous concussions. Previous injury
history is an important factor in SRC. For this reason,
the CARE study excludes participants who have concus-
sions within 6 months prior to the baseline assessments.
Also, participants with abnormal clinical assessment
scores at baseline were excluded, meaning that all the
participants are clinically recovered at the time of recruit-
ment. We believe that these inclusion/exclusion criteria
should minimize the lingering effects of previous con-
cussions (if there are any) to the acute effects investigated
in this study. Lastly, as an exploratory study with a lim-
ited sample size, multiple comparison adjustments were
not performed for the analyses in Figures 5 and 6.

Conclusions

In this study by the CARE Consortium, we characterized
the susceptibility of white-matter fiber tracts to SRC with
respect to tract length. Fiber tracts longer than 100 mm
appeared to be more vulnerable to this mild brain injury
with higher MD and significant clinical correlations.
These findings help further inform the pathophysiological
mechanisms of concussion, which have important impli-
cations for understanding neurobiological recovery and
possible development of therapeutic interventions to pro-
mote brain recovery after mild TBI.
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