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Abstract

The aim of this study was to examine the potential utility of a self-paced saccadic eye movement as a marker of post-
concussion syndrome (PCS) and monitoring the recovery from PCS. Fifty-nine persistently symptomatic participants with
at least two concussions performed the self-paced saccade (SPS) task. We evaluated the relationships between the number
of SPSs and 1) number of self-reported concussion symptoms, and 2) integrity of major white matter (WM) tracts (as
measured by fractional anisotropy [FA] and mean diffusivity) that are directly or indirectly involved in saccadic eye
movements and often affected by concussion. These tracts included the uncinate fasciculus (UF), cingulum (Cg) and its
three subcomponents (subgenual, retrosplenial, and parahippocampal), superior longitudinal fasciculus, and corpus cal-
losum. Mediation analyses were carried out to examine whether specific WM tracts (left UF and left subgenual Cg)
mediated the relationship between the number of SPSs and 1) interval from last concussion or 2) total number of self-
reported symptoms. The number of SPSs was negatively correlated with the total number of self-reported symptoms
(r=-0.419, p=0.026). The number of SPSs were positively correlated with FA of left UF and left Cg (r=0.421, p=0.013
and r=0.452, p=0.008; respectively). FA of the subgenual subcomponent of the left Cg partially mediated the relationship
between the total number of symptoms and the number of SPSs, while FA of the left UF mediated the relationship between
interval from last concussion and the number of SPSs. In conclusion, SPS testing as a fast and objective assessment may
reflect symptom burden in patients with PCS. In addition, since the number of SPSs is associated with the integrity of
some WM tracts, it may be useful as a diagnostic biomarker in patients with PCS.
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Introduction objective biomarker to aid diagnosis and monitor recovery over
time is still lacking.
CONCUSSION OR MILD TRAUMATIC BRAIN INJURY is often as- Changes in white matter (WM) integrity, as measured by dif-

sociated with physical symptoms (e.g., headache, dizziness), fusion tensor imaging (DTI), have been demonstrated in concussed

and emotional (e.g., mood, anxiety) and cognitive impairments
(e.g., memory, attention).! Most concussed individuals recover
within 7-10 days after the injury. However, 10-15% of patients
suffer symptoms for months, years, or even indefinitely.” Persis-
tence of concussion-related symptoms beyond the expected re-
covery period is referred to as post-concussion syndrome (PCS).
Despite the debilitating impact of PCS on patients’ lives, a reliable

patients in both the acute and chronic phases of injury,”™ but
inconsistent results to date on the relationship between DTI WM
integrity and concussion-related symptoms have precluded use of
DTI as a biomarker.*’ In addition to neuroimaging, neuropsycho-
logical testing also is used for evaluating PCS patients.®~'® However,
many studies have shown limited sensitivity and specificity of neu-
ropsychological testing to the subtle cognitive changes of PCS.”!!-1?
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Visual complaints such as double vision and eye fatigue, as well
as impairment in vergence, accommodation, and saccades, are
commonly seen in patients after concussion.'*™'” Several studies
have reported impaired saccadic eye movements in patients with
PCS when compared with healthy individuals.”'®'® The self-paced
saccade (SPS) task is commonly classified as a type of volitional
saccade assessment in which one is asked to execute as many
saccades as possible between two stationary visual targets in a fixed
amount of time.?° Controlling of SPSs employs different cortical
and subcortical areas of the brain. The frontal eye fields (FEF) are
essential for triggering volitional saccades by disengaging fixation
in SPS task.?'? The supplementary eye fields (SEF) and dorso-
lateral prefrontal cortex (DLPFC) also have been shown to be in-
volved in volitional saccades.>> Finally, the anterior cingulate
cortex (ACC) seems to play a crucial role in controlling volitional
saccades by maintaining the patient’s motivation to complete the
SPS task.*

The superior longitudinal fasciculus (SLF), cingulum tract (Cg),
and corpus callosum (CC), in particular its anterior segments, are
WM tracts important for communication between the FEF, SEF,
DLPFC, and ACC and other cortical areas. The CC is the largest
WM tract in the brain and is responsible for interhemispheric com-
munication and is often implicated in DTI studies of concussion and
PCS.?"7*! The SLF connects the frontal lobe/DLPFC with parietal
regions implicated in the attentional network>> and the Cg connects
the cingulate gyrus and DLPFC with structures in the temporal lobe,
including parahippocampal cortices and amygdala.**** The uncinate
fasciculus (UF) is another major WM tract that projects bidirec-
tionally from orbitofrontal cortex to anterior temporal lobe.**> This
tract has been reported to play a crucial role in learning associated
with repeated exposure to a particular visual task.>**” In addition,
integrity of the UF has been shown to be affected in patients with
multiple concussions and is related to their impulsive behavior.*
Given that, these four WM tracts seem to be the major ones that are
involved in volitional controlling of the SPSs.

We hypothesized that cerebral changes that are causing PCS
following brain injury can be detected with oculomotor function
testing. The aim of this study was to test this hypothesis by asses-
sing the relationship between SPS eye movements, symptoms
burden, and the integrity of WM tracts in patients with PCS to
examine the potential utility of the SPS metrics as a marker of PCS
and monitoring the recovery from PCS.

Methods
Participants

Participants with a history of two or more concussions were
recruited from a concussion clinic at the University Health Network
(UHN), Toronto, Ontario. Fifty-nine participants with persisting
post-concussive symptoms of more than 3 months were included
in the study. Two recruited participants had their last concussion
1 month prior to the testing; however, both had been diagnosed with
PCS prior to the last concussion.

Verification of original concussions were based on participants’
self-report of a blow to the head or the body or the exertion of
acceleration/deceleration forces to the head that results in any of the
following symptoms: headache, nausea/vomiting, dizziness/bal-
ance problems, drowsiness, trouble sleeping, fatigue, sensitivity to
noise or li%ht, blurred vision, memory difficulty, and trouble con-
centrating.”®*° Diagnosis of PCS was made by M.C.T (a neurolo-
gist at UHN) or C.T (a neurosurgeon at UHN) based on the
Diagnostic and Statistical Manual of Mental Disorders, Fourth
Edition, Text Revision (DSM-1V) criteria for post-concussional
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disorder.* Key exclusion criteria were the inability to recall the
cause of their concussions, history of neurological or psychiatric
disorder or other illness affecting the brain, developmental disor-
ders, or any lesions on routine magnetic resonance imaging (MRI)
or computed tomography scans. All participants included in this
study completed a neurological examination, neuropsychological
assessment, neuroimaging, and oculomotor function testing. The
Research Ethics Board of the UHN approved the study. Consent
was obtained from all participants, as outlined by the UHN research
protocol.

Self-reported outcomes

During the assessment, participants were asked to report on the
presence or absence of persistent concussive symptoms and the
extent to which these symptoms affected their everyday function-
ing, if present. The symptoms the participants were questioned on
fell into the following domains which comprise the most commonly
encountered physical, emotional, and/or cognitive symptoms in
PCS'*': memory, executive function, language, visuospatial, be-
havior, motor (e.g. weakness, balance), sensory (e.g., numbness),
constitutional (e.g., fatigue, dizziness, sensitivity to noise and/or
light), and neck pain/headache (Supplementary Table 1; see online
supplementary material at http://www.liebertpub.com). These do-
mains were selected to be consistent with DSM-IV criteria to define
PCS* (impaired attention or memory, fatigue, dizziness, irritabil-
ity, aggression, anxiety, personality changes, or ag)athy), as well as
the sport concussion assessment tool (SCAT),**** which is widely
being used in the field of concussion research.**** In addition, since
repeated concussion is a risk factor for neurodegeneration*®*’ and
some participants are years out from their last concussion, domains
affected in various neurodegenerative diseases such as language,
visuospatial, and motor were included. Each domain consisted of
several statements and the participants were asked to respond to
items using a 3-point scale: ‘0 —no problem,”” “‘1 — symptom exists
but does not interfere with day-to-day life,” or “‘2 — symptom exists
and interferes with day-to-day function.” The total number of
symptoms in each domain was calculated by summing all the
symptoms reported in the individual domains (symptoms rated
either 1 or 2). It should be noted that since the number of symptoms
varies across the nine domains, we did not compare differences
among domains but only investigated the relationship between
domain total and the number of SPSs. Finally, total number of
symptoms was calculated by adding the number of symptoms in the
domains together.

Neuropsychological testing

All participants underwent a comprehensive neuropsychological
battery administered by a trained psychometrist. For the purpose of
this study, the following measures were included to provide char-
acterization of visual attention and scanning functions: Trail
Makin§ Test Part A (TMT-A), Trail Making Test Part B (TMT-
B),*** Visuospatial Span-backward (VS-backward), and Digit
Span-Backward (DS—backward).so’5 ! These measures of executive
function were selected because PCS is associated with executive
deficits.**?

Oculomotor function testing

Oculomotor data were collected using Visual Attention Scan-
ning Technology (VAST, EL-MAR Inc.).*** This eye tracking
system consisted of three infrared (IR) light sources, an IR video
camera, and a processor. The system was affixed to a 23” monitor.
Participants were seated 65 cm from the monitor while head was
not fixed, and their binocular gaze positions were estimated 30
times/sec with an accuracy of 0.5° in visual angle.>® Following a
calibration procedure, the participants were instructed to look at a
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series of slides presented on the monitor, and their eye posi-
tions were recorded. The eye positions were segmented into fix-
ations that are linked to the displayed irnages.56 VAST is
composed of various oculomotor function assessments; however,
for the purpose of this study, we exclusively evaluated the SPS
task. In this task, the participants were instructed to alternate
the gaze between two stationary targets (+ 10° off-center in the
horizontal dimension) as many times as possible in 40 sec. The
outcome measure was the number of SPSs executed during this
40-sec time period. The number of SPSs executed in the first,
second, third, and fourth 10-sec sub-intervals also were recorded.
To compare our results with what has been reported in other
studies, we also calculated the number of SPSs executed in the
first 30-sec sub-interval.

Neuroimaging acquisition

All participants underwent MRI with a 3T MRI system (Signa
HDx; GE Healthcare, Milwaukee, WI) using a standard 8-channel
head coil to obtain structural and diffusion-weighted imaging
(DWI). A high-resolution T1-weighted whole-brain scan was ac-
quired using inversion recovery fast spoiled gradient echo sequence
with the following parameters: 180 axial slices with 1 mm thick-
ness; 3-msec echo time (TE); 7.8-ms repetition time (TR); 450-
msec inversion time; 15 flip angle; 20-cm field of view (FOV);
200 x 200 matrix size; 1x 1x 1 mm?> voxel size.

One DWI scan was obtained with diffusion gradients applied
across 60 spatial directions (b= 1000 sec/mm?), as well as 10 non—
diffusion weighted (Bo) scans. The DWI had the following pa-
rameters: 2.4 mm thick axial slices, TR = 17,000 msec, FOV =23 cm,
96 x 96 matrix size, 2.4 X 2.4 mm? in-plane resolution.

Uncinate

DTI processing

DTI processing was performed using Functional MRI of the
Brain Software Library (FSL, v.5.0.9; www.fmrib.ox.ac.uk/fsl).”’
Preprocessing included the following steps: 1) Diffusion weighted
images were corrected for eddy current and motion artefact with
FSL Diffusion Toolbox®; 2) Both TI-wighted and diffusion-
weighted images were skull-stripped using the Brain Extraction
Tool%; 3) Using DTIFit in the Diffusion Toolbox, the preprocessed
images were fit with a diffusion tensor model at each voxel to
obtain fractional anisotropy (FA), mean diffusivity (MD), based
on the three eigenvalues (41, 12, and A3). Axial diffusivity (AD)
and radial diffusivity (RD) were calculated as 11, and (12 + 13)/2,
respectively.

Region of interest definition

To reconstruct specific WM tracts, we used probabilistic DTI
tractography. We defined distinct seed regions (a region of interest
[ROI] consisting of a few voxels in native diffusion space of each
brain) for the following tracts: right and left superior longitudinal
fasciculi (SLF); right and left uncinate fasciculi (UF); right and left
cingulum tracts (Cg); and corpus callosum (CC). The ROIs were
drawn manually on coronal, axial, and sagittal slices through which
all or most fibers of these tracts pass.®® Exclusion masks also were
employed to prevent interference from neighboring tract fibers. The
ROIs for each tract were drawn on the FA and color-coded maps as
follows (Fig. 1):

a. SLF: The seed ROI was placed on the coronal slice pos-
terior to the postcentral gyrus.®®®' The exclusion masks
were drawn on the internal and external capsule to exclude

FIG. 1. Seed placement for tractography of four white matter tracts. Probabilistic tractography methods were used to perform fiber
tracking: Seeds localized where the tracts are known to pass through a bottleneck. SLF: superior longitudinal fasciculus; Cg: cingulum

bundle; CC: corpus callosum.
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FIG. 2. Tractography of the white matter tracts for a single patient. (A) Cingulum bundle: blue: subgenual subcomponent, yellow:
body or retrosplenial subcomponent, green: parahippocampal subcomponent; (B) Uncinate fasciculus; (C) Superior longitudinal fas-

ciculus; (D) Corpus callosum.

fibers of the corona radiata, and on the inferior longitudinal
fasciculus (ILF).

b. UF: The seed ROI was placed on axial cuts, at the area
of transition (purple on color-coded map) from the orbi-
tofrontal cortex to the anterior temporal lobe.%® Two ex-
clusion masks were drawn on the midline sagittal view and
on the coronal view to remove commissural fibers and ILF
fibers, respectively.

c. Cg: The seed ROI was placed on the coronal slice, at the
mid-way point between the back of the genu and the front
of the splenium.>* An exclusion mask was drawn on the
midline sagittal view to exclude commissural fibers.

d. CC: The seed ROI was placed on the midsagittal slice to
define the whole CC tract.®> An exclusion mask was drawn
on the axial plane, superior to the midbrain, to remove
projection fibers going to the brainstem.

Fiber tracking

Using the FSL Bayesian estimation of diffusion parameters
(Bedpostx) and Probtrackx tool, probabilistic tractography was
performed.®* Fiber tracking from each voxel within each seed ROI
using a step length of 0.5 cm and curvature of 0.2 generated 5000
streamline samples. This process was run separately for each tract
in the right and left hemispheres. The outcome was a probabilistic
map of the connections between the voxels in the seed ROI to the
rest of the brain. For each resultant tract, the number of streamlined
samples in the voxels in the tract maps was divided by the total
number of streamlined samples that were not rejected from the
exclusion masks (waytotal), to normalize the tractography maps.
Normalization was necessary since each tractography map might
have been generated from a seed ROI with a different number of
voxels.*®° The obtained tract maps for Cg and UF were thresholded
to a value equal to 20% of the 95th percentile of the intensity
values’ distribution in the voxels in the tract. A threshold of 40% for
the same process was used for the resultant CC and SLF tracts.*%°
This thresholding step was performed to take into account the
possible differences between the tracts, as well as background
noise.®® We chose a higher threshold value for the SLF and CC to

normalize for the larger number of starting seeds that were used
for these tracts, compared with that of the Cg and UF. The thre-
sholded tract maps were then binarized for each participant and
were used to mask the participant’s FA, AD, RD, and MD brain

TABLE 1. PARTICIPANTS CHARACTERISTICS
(MEAN = STANDARD DEVIATION)

N 59
Sex (female/male) 21/38
Age (years) 33.37£13.9
Years of education 14.7+£2.3
Number of concussions 4.0£2.0

(minimum =2;
maximum = 10)
27.1+£12.3
25.9+63.6
(Median=12.0;
minimum= 1.0,
maximum =468)

Total number of symptoms
Interval between last concussion
and testing (months)

Total number of SPSs performed in 40 sec 79+18.7
Number of SPSs in Ist 10-sec interval 21.8+6.0
Number of SPSs in 2nd 10-sec interval 20.1+4.8
Number of SPSs in 3rd 10-sec interval 19.0+5.0
Number of SPSs in 4th 10-sec interval 18.2+4.8

Corpus callosum FA 0.494+0.022

Corpus callosum MD 0.000898 +£0.000034

Right uncinate fasciculus FA 0.357+0.027

Right uncinate fasciculus MD 0.000896 +0.000036

Left uncinate fasciculus FA 0.340£0.028

Left uncinate fasciculus MD 0.000880£0.000040

Right cingulum tract FA 0.340£0.028

Right cingulum tract MD 0.000877£0.000037

Left cingulum tract FA 0.352+0.031

Left cingulum tract MD 0.000873 +£0.000036

Right superior longitudinal fasciculus FA 0.389+0.024

Right superior longitudinal fasciculus MD  0.00814 +0.000027

Left superior longitudinal fasciculus FA 0.391£0.024

Left superior longitudinal fasciculus MD  0.000809 £ 0.000032

SPS, self-paced saccade; FA, fractional anisotropy; MD, mean diffusivity.
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FIG. 3. Correlations with the number of self-paced saccades (SPSs). *Bonferroni-adjusted p value, significant at p < 0.05; controlled for age
and sex. (A) Number of SPS was negatively correlated with total number of concussion related symptoms; (B) positive association between
the number of SPS with the fractional anisotropy (FA) of left uncinate fasciculus (UF); (C) t-score obtained in Trail Making Test Part B was
associated with the performance of patients in SPS task; (D) positive association between the number of SPS with the FA of left Cg.

maps. Finally, the FA, MD, AD, and RD of each tract was cal-
culated by taking the average of the values among the identified
voxels. An example of the tract reconstructions for a single patient
is shown in Figure 2.

Tract partitioning

CC partitioning. We divided the CC into five distinct seg-
ments, as outlined by Hofer and Frahm® which consisted of fibers
projecting to: 1) prefrontal; 2) premotor and supplementary motor;
3) primary motor; 4) primary sensory; and 5) communication fibers
of parietal, temporal, and occipital cortical areas.

Cg bundle partitioning. The Cg is also a long tract, con-
necting regions in prefrontal, parietal, and temporal lobes.*>%*
The Cg is composed of association fibers of different lengths.
Therefore, it is likely that by defining only one inclusion ROI for
the Cg tractography, we might miss many short fibers that do not
pass through the ROI mentioned above. In addition, due to its
various length of the fibers, different parts of Cg are likely to be
responsible for different underlying functions.>> To address this
issue, we applied the same approach proposed by Jones and col-
leagues®* to draw inclusion ROIs at different regions along the
Cg path. This approach also enabled us to reconstruct three dis-

tinct Cg subcomponents: subgenual, retrosplenial, and para-
hippocampal subdivisions.

ROlIs and reconstructed tracts verification

Tractography and partitioning of all tracts was performed by F.T
or S.I, and all were visually assessed and confirmed by an experi-
enced neurologist M.C.T.

Statistical analysis

Statistical analyses were conducted using SPSS software (SPSS
Inc. v. 24). First, a series of Pearson partial correlations were car-
ried out to determine whether there was an association between the
number of SPSs with: i) the number of self-reported concussions;
ii) the number of self-reported symptoms; iii) the FA values of WM
tracts (Right and left SLF, UF, and Cg, as well as CC); iv) neu-
ropsychological parameters; and v) the log of the interval between
last concussion and testing while controlling for age and gender.
We used a log transformed ‘‘interval between last concussion and
testing”” variable for our analyses to correct for the skewed distri-
bution. The two-tailed level of significance was set at «=0.05.
Bonferroni adjustments were applied to account for multiple
comparisons (comparisons between the number of SPSs and the
parameters [i-v] listed above). All the p values reported are adjusted



Downloaded by University Health Network Package from www.liebertpub.com at 08/17/23. For persona use only.

724
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TABLE 3. CORRELATION BETWEEN NUMBER OF SPS wiTH FA
VALUES OF CINGULUM AND CORPUS CALLOSUM SUBCOMPONENTS

r Unadjusted p  Adjusted p* r Unadjusted p ~ Adjusted p*
Corpus callosum Left cingulum tract FA
FA 0.188 0.17 N.S. Subgenual 0.386 0.003 0.009
MD —-0.264 0.05 N.S. Body -0.014 0.918 1.000
Superior longitudinal Parahippocampal 0.311 0.02 0.06
fasciculus Right cingulum tract FA
Right Subgenual 0.073 0.598 1.000
FA 0.063 0.65 N.S. Body —0.098 0.479 1.000
MD -0.122 0.36 N.S. Parahippocampal 0.149 0.284 1.000
Left Corpus callosum FA
FA 0.118 0.39 N.S. 1 0.211 0.126 0.630
MD —-0.105 0.44 N.S. 2 0.341 0.012 0.060
Uncinate fasciculus 3 0.242 0.078 0.390
Right 4 0.241 0.079 0.395
FA 0.023 0.86 N.S. 5 0.031 0.826 1.000
MD -0.75 0.58 N.S.
TLeft Pearson partial correlation, controlled for age and gender.
FA 0.421 0.001 0.013 *Bonferroni adjusted p value; significant at p<0.05 (Bonferroni
_ correction).
Z[l])) —841‘22 gggl (1\10;3 SPS, self-paced saccade; FA, fractional anisotropy.
RD —0.474 <0.001 0.004
Clngulum tract (24 patients), only motor vehicle accidents (MVA; 2 participants),
Right . . ..
FA 0.177 0.19 NS. mixed mechanisms (e.g., sport, fall, fight, MVA; 33 participants).
MD ~0.83 0.54 NS. All participants completed the SPS assessment (i.e., 40 sec) with
Left a mean+SD for number and amplitude of 79.0+18.7 and
FA 0.452 <0.001 0.008 20.1°+0.61°, respectively. Number of SPSs executed in the first
MD -0.322 0.016 0.20 30-sec sub-interval calculated as 60.8 £ 14.4.
AD 0.014 0.92 N.S.
RD —0.404 0.002 0.026

Pearson partial correlation, controlled for age and gender.

*Bonferroni adjusted p value, significant at <0.05.

"To minimize type Il error, AD and RD values measured only for the tracts
with statistically significant correlation between their FA and number of SPS.

SPS, self-paced saccade; DTI, diffusion tensor imaging; WM, white matter;
FA, fractional anisotropy; MD, mean diffusivity; AD, axial diffusivity; RD,
radial diffusivity, N.S., not significant (adjusted p>0.1).

for multiple comparisons unless otherwise stated. To minimize the
number of comparisons and hence type II statistical error, when
applicable, we only ran partial correlation analyses (controlled for
age and gender) between the number of SPSs with subcomponents
of the partitioned tracts that showed significant correlations with
SPS in the previous step. Bonferroni correction for multiple com-
parisons was applied accordingly.

Finally, we carried out mediation analyses to explore the potential
mediation effect of specific WM tracts on the relationship between
each of “log of interval between last concussion and testing” or
““total number of symptoms”’ and the ‘‘number of SPSs.”” To do so,
we used the SPSS macro PROCESS tool®® which is implemented in
SPSS version 24. We estimated the total, direct, and indirect effects,
as well as their associated standard error (SE) and 95% confidence
intervals (CI; while controlling for age) using the 5000 bootstrap
samples.®>%® Mediation ratio also was calculated for each model as
the ratio of direct effect to the total effect.” All mediation analyses
adjusted for participants’ age. For each specific effect, if the interval
did not contain zero, it was considered statistically significant.

Results
Participant profile

Table 1 summarizes participants’ demographic information.
Mechanism of injury for the participants were as follows: only sport

SPS and concussion profile

There was no significant relationship between the number of
SPSs with the self-reported number of concussions (r=-0.064,
p=1.00). However, a significant negative correlation was observed
between the number of SPSs with the total number of symptoms
(r=-0.419, p=0.026; Fig. 3A).

The significant correlation with the total number of concussion
symptoms led us to examine the relationship between the number of
SPSs with each symptom domain separately. Symptoms in three
domains showed a significant association with the number of SPSs:
executive function, behavioral, and constitutional symptoms,
(r=-0441, p=0.013; r=-0.422, p=0.013; and r=-0.400,
p=0.013, respectively). The Pearson partial correlation of the SPSs
and the log of the interval between last concussion and testing also
showed that participants who were concussion-free for longer pe-
riods had a higher number of SPSs (r=0.471, p=0.005).

SPS and neuropsychological parameters

We found a significant positive correlation between the number
of SPSs and the TMT-B t-score (r=0.478, p=0.013; Fig. 3C),
whereas there was no significant association between the number of
SPSs and the TMT-A t-score (r=0.257, p=0.91) or the DS-
backward percentile score (r=0.235, p=0.12). A trend towards a
significant relationship was observed between the number of SPSs
and the VS-backward scaled score (r=0.385, p=0.065).

SPS and WM integrity of the selected tracts

Table 2 shows detailed results of partial correlation between the
number of SPSs with DTI parameters of SLF, UF, Cg, and CC tracts
while controlling for age and gender (Supplementary Fig. 1; see
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TABLE 4. PARAMETERS OF MEDIATION ANALYSES

Whole model Paths
R? F p* Bleffect SE t p* 95% CI
Model a
0.278 642 < 0.001 Total effect (path c) -0.622 0.192  -3.25 0.002  -1.00 _-0.24
Direct effect (path c’) -0.423 0.195 -2.17 0.035 -0.81_-0.03
Indirect effect -0.199 0.098 —-0.45_-0.052
fRatio of indirect to total effect 0.320 0.243 0.10_0.79
Path a —-0.002 0.0005 -2.90 0.006  —0.0025_ -0.0005
Path b 132.7 48.8 2.72 0.009  34.60_230.7
Model b
0.330 821 <0.001 Total effect (path c) —0.622 0.192 -3.25 0.002 -1.00 _-0.24
Direct effect (path c’) -0.563 0.175 -3.22 0.002 -0.91_-0.21
Indirect effect -0.060 0.082 -0.27_0.07
Ratio of indirect to total effect 0.096 0.348 —0.15_0.42
Path a -0.0002  0.0003 -0.711 0.48 —0.0009_0.0004
Path b 248.1 72.1 3.44 0.0012 103.2_392.9
Model ¢
0.338 9.20 < 0.001 Total effect (path c) 15.29 5.1 3.00 0.004  5.10_25.5
Direct effect (path c’) 14.44 4.51 3.20 0.002 5.39_23.5
Indirect effect 0.86 2.29 -3.67_5.52
Ratio of indirect to total effect 0.056 1.28 -0.37_0.49
Path a 0.006 0.016 0.35 0.726  —-0.026_0.037
Path b 154.0 38.4 4.01 <0.001 77.0_231.1
Model d
0.259 6.29  0.001 Total effect (path c) 15.29 5.1 3.00 0.004  5.10_25.5
Direct effect (path ¢’) 10.21 5.1 2.01 0.05 0.032_20.38
Indirect effect 5.09 2.51 0.981_10.83
TRatio of indirect to total effect 0.333 1.0 0.06_1.1
Path a 0.024 0.009 2.70 0.009  0.0061_0.0409
Path b 216.5 73.89 2.93 0.005 68.32_364.6

"Mediation ratio.
*In all mediation analyses, age considered as a covariate.

P, beta coefficient; SE, standard error; CI, confidence interval; path c, total effect of the independent variable (i.e., total number of symptoms or log of
interval from last concussion) on the dependent variable (i.e., number of self-paced saccades); path ¢’, direct effect of the independent variable on the
dependent variable; path a, effect of the independent variable on the mediator (i.e., left subgenual cingulum fractional anisotropy, or left uncinate
fasciculus fractional anisotropy); path b, effect of the mediator on the dependent variable.

online supplementary material at http://www .liebertpub.com). The
number of SPSs was correlated with the parameters of only two of
the tracts: left UF (Fig. 3B), and left Cg (Fig. 3D). To minimize the
risk of statistical type II error, correlations with AD and RD values
were calculated only for these two tracts while FA and MD were
calculated for all the tracts. As is shown in Table 3, the FA of the
subgenual subcomponent was the only part of the left Cg that
demonstrated a significant positive correlation with the number of
SPSs after Bonferroni adjustment.

Mediation analyses

The results from the mediator models are presented in Figure 4
and Table 4. As shown in Figure 4, the left subgenual Cg FA and
left UF FA were entered into separate mediator models to test the
hypothesis that the WM tracts mediate the relationship between the
number of SPSs and the number of symptoms (Fig. 4A, 4B) and the
interval from last concussion (Fig. 4C, 4D) with number of SPSs.
Left subgenual Cg FA significantly and partially mediated the ef-
fects of the total number of symptoms on the number of SPSs
(indirect effect=—0.199, SE=0.098, 95% CI=-0.45 — —0.052;
mediation ratio=0.320, SE=0.243, 95% CI=0.10 - 0.079;
Fig. 4A), while left UF FA showed no significant mediating effect
on this relationship (indirect effect=-0.06, SE=0.082, 95%

CI=-0.27 - 0.07; Fig. 4B). In contrast, an indirect effect of the log
of interval from last concussion on the number of SPSs via left UF
FA was statistically significant (indirect effect=5.09, SE=2.51,
95% CI=0.98 — 10.8; mediation ratio=0.333, SE=1.0, 95%
CI=0.06 — 1.1; Fig. 4D). However, no significant mediating effect
was found for the left subgenual Cg FA (indirect effect=0.86,
SE=2.29, 95% CI=-3.67 — 5.52; Fig. 4C).

Discussion

Our results indicated that number of SPS eye movement was
associated with number of concussion symptoms, interval since last
concussion, and integrity of two major WM tracts, the left UF and
left Cg. Moreover, the association between the number of SPSs and
number of concussion symptoms was mediated through the integ-
rity of the left subgenual Cg, while the association between number
of SPSs and interval from last concussion was mediated through the
integrity of the left UF.

SPS tasks have been conducted differently in most studies.®
Therefore, it is not easy to compare the number of SPSs, which the
PCS patients performed in our oculomotor function test, with the
performance of either PCS patients or healthy individuals in other
studies. However, results from some of the studies that used a
similar SPS task have shown that healthy individuals are able to
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(p=0.035)
C
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Ba= 0.006 __,-""’ b= 154.0%
(p=0.73) -~ (p< 0.001)
Log of Interval
from Last = : > No. of SPS
Concussion fc’=144
(p=0.002)
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(p= 0.48)./,-"
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(p=0.001)

-

Totak o- ok s No.of SPS
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(p=0.002)
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Left UF FA
pa= 0.024* pb=216.5*
(p=0.009) (p= 0.005)
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Concussion Pc’=10.2
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FIG. 4. Mediation models for number of self-paced saccades (SPSs). *Statistically significant at the level of p<0.05. (A) and (B):
integrity of the left subgenual cingulum (Cg) tract mediates the relationship between the number of symptoms and number of SPS; (C)
and (D): integrity of the left uncinate fasciculus (UF) tract mediates the relationship between the log of interval from last concussion and
the number of SPS. fic’, direct effect of the independent variable (i.e., total number of symptoms or log of interval from last concussion)
on the dependent variable (i.e., number of SPSs); fa, effect of the independent variable on the mediator (i.e., left subgenual Cg fractional
anisotropy [FA], or left UF FA); fb, effect of the mediator on the dependent variable.

perform an average of 74 to 84 SPSs in 30sec.®*”’' The mean
number of SPSs that the patients in our study performed in the first
30sec (i.e., 60.8 + 14.4) appears lower than what is reported for the
healthy controls in these studies.

We found that the number of SPSs that a patient could per-
form in the task is negatively correlated with the number of
symptoms reported in three domains: executive function,
behavioral, and constitutional symptoms. These domains in-
clude the symptoms that commonly persist after a concussion,
such as difficulty concentrating, fatigue, dizziness or feeling in a
fog, sensitivity to light and/or noise, depression, and anxiety."*’
This finding also is consistent with the previous observation that
increased number of symptoms in patients with PCS may sig-
nificantly influence several aspects of their performance on the
SPS task, such as number, inter-saccadic interval, and duration
of the saccades.”

In addition to the subjective executive symptoms reported by
patients, we found a significant association between the num-
ber of SPSs and TMT-B, and a trend toward significance with
VS-backward—both conventional neuropsychological tests of ex-
ecutive function. Interestingly, previous studies have shown the
limited ability of neuropsychological assessments to detect the
brain impairment in patients with PCS.”'*> A study published re-
cently’” indicated that saccades could be more useful in reflecting
chronic effects of concussion than many of the conventional neu-
ropsychological tests, including TMT-B. However, the significant
association between the performance on TMT-B and SPS tasks
may indicate an overlap in the brain regions required to perform
both tasks.”

Our findings of correlations between the number of SPSs and
microstructural integrity only in the left UF and left Cg tracts re-

inforce results from previous studies that reported hemispheric
asymmetry in controlling saccades.”*’® Transcranial magnetic
stimulation and lesion studies have shown that the SEF, particu-
larly in the left hemisphere, is crucial in learning and controlling
saccades.”” Similarly, structural and functional asymmetry in the
Cg and the UF has been widely studied.’”’3° Hemispheric
dominance in other regions of the brain, such as the ACC, are not as
well understood.?

Most studies of DTI in PCS have focused only on the FA
changes and few have reported MD, AD, and/or RD values in WM
tracts.®! However, our findings of negative correlations between
MD and RD (and not AD) of the left UF and the left Cg with the
number of SPSs (Table 2) are consistent with the few previous
studies that have reported the pattern of decreased FA and increased
MD and RD in different WM tracts of PCS patients.”>"*® As is
shown in some studies, increased RD is more suggestive of myelin
degeneration, whereas AD is usually increased in WM tracts due to
axonal pathology.®*~%*

Within the left Cg, the subgenual subcomponent was best cor-
related with number of SPSs. The subgenual Cg has been identified
as a target for deep brain stimulation in the treatment of depres-
sion.®># Moreover, it has been shown that the anterior cingulum
FA values in patients with depression correlate with their cognitive
performance, particularly on tasks of planning and attention.®”

The association between SPS performance and the integrity of the
left UF and subgenual Cg tracts that we found in patients with PCS
also may exist in healthy people without a history of concussion.
However, the results from our mediation analyses (Fig. 4A, 4B)
suggest that the left subgenual Cg tract explains approximately 32%
of the concussion symptoms reported by patients. In addition, as
mentioned above, the correlation results revealed significant
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associations between the number of SPSs and the number of con-
cussion symptoms. Hence, taken together, we can conclude that apart
from individual variability in making SPSs that also might be seen in
healthy people with no history of concussion, this task is sensitive to
disruption in the WM integrity that can be caused by concussions.
The UF and Cg tracts are among the commonly affected tracts in
patients with PCS.>%® However, in general, the DTI literature on
patients with PCS contains conflicting results. Some studies have
reported associations between cognitive deficits in PCS and reduced
integrity of WM tracts,**~®! while others have failed to replicate these
results.”> This discrepancy in the concussion literature is likely to be
caused by both the heterogeneous nature of concussion and meth-
odological inconsistencies (e.g., participants’ age and gender, number
of concussions, interval between last concussion and testing, defini-
tion of concussion and PCS, and the neuroimaging approach used).
We tried to minimize the confounding factors by using partial cor-
relation and controlling for important factors such as age and gender.
Our results also revealed that the PCS patients who had ex-
perienced their last concussion more recently tended to generate
fewer SPSs. Interestingly, our mediation analyses clearly showed
that this relationship is mediated only by the integrity of the left UF
tract (Fig. 4D) and not the subgenual Cg tract integrity (Fig. 4C).
This finding suggests that there may be a differential healing pro-
cess in different WM tracts that are involved in controlling and
generating SPSs. In other words, although both the left subgenual
Cg and left UF play roles in the performance of the SPS task in PCS
patients, the tracts do not contribute in the same way to the per-
formance of the SPS and so alteration of integrity of a specific tract
leads to different outcomes: decreased FA in the subgenual Cg is
associated with a higher number of symptoms and a lower number
of SPSs (model a), while longer interval from last concussion is
associated with a greater integrity only in the left UF and not in the
left subgenual Cg, and thus no change in the number of symptoms
(model c and d). Taken together, the results suggest that the number
of SPSs might be considered as a biomarker of recovery that may
reflect the ongoing healing process of patients with PCS. However,
to investigate whether this oculomotor function test can serve as a
suitable recovery biomarker, longitudinal studies are required.®
An important point regarding methodology that needs to be
considered is that many previous studies using DTI in concussed
patients have mainly applied voxel-based methods such as tract-
based spatial statistics (TBSS).319993 1 this study, we used the
probabilistic tractography approach and manually drew ROIs for
each participant. This method let us take advantage of in vivo
dissection and accurately evaluate WM microstructure of the entire
tract while accounting for the inherent variability of brain mor-
phology. This is in contrast to the TBSS method that restricts WM
tracts to core (skeleton voxels) WM structures.”*%>
Our study has a number of limitations. The most important being
the lack of a control group to compare the performance on the SPS
task between healthy individuals and PCS patients. Another limi-
tation of this study was that we sought an association of SPSs with
seven major WM tracts (i.e., CC, and SLF, UF, and Cg at each side)
that previously were shown to be involved in visual perception;
however, other WM tracts, even though less likely, also might be
associated with performance of SPS. Further, we only measured the
number of SPSs but other measurements such as average or peak
velocity of the saccades might also provide some information and
should be investigated in PCS patients. Therefore, more studies
with a control group and larger patient sample size with more
comprehensive oculomotor measures are required to confirm and
extend the results of this study.

In conclusion, our findings indicate that the number of SPSs, a
simple objective tool, correlates with subjective symptom burden
reported by patients with PCS as well as their performance on
certain neuropsychological tests of executive function. Our results
also show a relationship between their performance on the SPS task
to the microstructural integrity of their left UF and Cg tracts. This
simple oculomotor task may provide clinicians and researchers an
objective tool for monitoring the recovery of patients suffering
from post-concussion symptoms.
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