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Concussions result in short-lived to long-lasting neurological function impairment and
disturbances, typically undetectable by standard neuroimaging protocols, which can persist for
several months post-trauma. Eye-tracking and virtual reality can be a powerful tool in the
assessment of short- and long-term concussed individuals. However, it needs a clear and concise
methodology. When acting as an optical flow-induced perturbation of balance metrics and
combined with electroencephalographic data, it can differentiate between a non-concussed fatigue
state and a concussive state. Furthermore, when employed as a secondary cognitive task, it elicits
neural modulations and postural control perturbations that can detect concussion-related
impairments up to eight years post-trauma. In this dissertation we sought to (i) develop a virtual
reality environment that implements known eye-tracking methodologies and validate its accuracy
in differentiating between non-concussed and concussed cohorts, (ii) investigate the presence of
neural signatures that could differentiate between a concussive state and a fatigue state, and (iii)
determine if long-lasting oculomotor and peripheral muscle control impairments could be reliably
detected in a concussed cohort several years post-trauma. Our overarching hypotheses were that

(1) eye-tracking metrics observed in a virtual reality environment can differentiate between non-



concussed and concussed cohorts, (ii) spectral power of cortical activations are different between
non-concussed participants in a fatigued state and concussed participants, and (iii) oculomotor
impairments and corticomuscular correlates of balance metrics can be detected in a concussed
several months post-trauma. Our findings support the majority of the initial proposed investigation.
We detected corticomuscular coherence and postural control differences capable of differentiating
between non-concussed and long-term concussed participants, established a link between
corticomuscular coherence and postural control adaptations observed in the concussed group,

determined some limitations of virtual reality paradigms in concussion assessment.
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Chapter 1: Review of Literature

Traumatic Brain Injuries

Traumatic brain injuries are a major health concern in the US. They have accounted for
approximately 11% of the injury-related emergency department visits in 2013, In the year 2000,
the CDC estimated that 1.7 million people sustained a TBI in the US, with total costs of emergency
department visits and hospitalization of approximately US$60 billion?. Fourteen years later, the
CDC reported an approximately 70% increase in cases of TBI. There were a total of 2.87 million
TBI-related emergency room visits, hospitalizations, and deaths in the US in 2014%. In 2017, there
were approximately 224,000 hospitalizations and 61,000 deaths due to TBI. Out of all cases of
TBI, as many as 75% are mild traumatic brain injuries or mTBI. To illustrate their relevance, a
search on PubMed for the word “mTBI mild traumatic brain injury” returns over 4700 results, just
in the past five years.

We present background information on mild traumatic brain injuries, delineating
symptoms, prevalence, medical and financial significance, and current methods of diagnosis. Next,
we introduce electroencephalography and corticomuscular coherence as means for concussion

impairment assessment and present some data pertinent to our investigation.

Concussion: Mild Traumatic Brain Injuries

Concussions or mTBI, a type of traumatic brain injury, are caused when an impulsive force
is transmitted to the head, resulting in short-lived to long-lasting neurological function
impairment®. The acute symptoms usually present themselves as a neurophysiological disturbance,

undetectable by standard neuroimaging protocols®. Clinical symptoms may deteriorate into



inflammation, cytoskeletal damage, and cell death, resulting in permanent neural damage®. The
symptoms most commonly observed are a loss of concentration, anxiety, depression, fatigue,
memory loss, visual defects, hearing defects, dizziness, and diplopia (double vision)®. These
maladies present themselves immediately after a force is delivered to the head, evolving over the
next minutes or hours®#, and can sometimes be detected or felt even one year posttrauma®.

Given the severity and the prevalence of mTBI symptoms, several efforts have been made
to quantify the incidence and to improve diagnostic methods. The military has reported an increase
of 640% in the number of mTBI cases treated at DVBIC sites between 2005 and 2007°. However,
the measurements of mTBI are yet largely inconclusive and not always accurate’®. The Glasgow
Coma Scale (GCS), commonly used to assess and classify TBIs, fails at the lower end of the
spectrum when brain injuries are mild”®. Other forms of assessment include measurements of level
of TBI, a ranking of the person’s level of consciousness, memory loss, and GCS score; speech and
language skills tests; cognition and neuropsychological assessments'®; and imaging tests, such as
computerized tomography, magnetic resonance imaging, and intracranial pressure monitoring.
Along with neuropsychological assessment and brain imaging methodologies, the balance
impairment metrics to assess mTBI are only reliable during the first 1-2 weeks post-trauma, as the
majority of these tested symptoms tend to disappear in early recovery®. However, some patients
will have long-lasting effects of mTBI, also known as post-concussion syndrome, that may not be
readily identified to be associated with it't. When post-concussion syndrome is thought to be
present, the most common mechanisms of assessment are the ones developed by the International
Classification of Diseases(ICD-10)*? and the Statistical Manual of Mental Disorder (DSM-V)*3,
but these mechanisms are indirect methods of evaluation, which are not accurate in detecting

underlying motor control issues. Since posttraumatic mTBI effects do not yet have specific



neuromuscular markers, the ability and the reliability of diagnostics is compromised. To accurately
assess the health costs of mTBI, both personal and financial, it is imperative to discover and
discretely define potential biological markers associated with it.

Earlier seminal data indicates that some patients can have long-lasting symptoms that can
endure for over a year®. However, in most cases, recovery usually occurs within a couple of weeks
post-trauma®*, and mTBI and post-concussive syndrome studies usually only investigate patients
that are either still suffering the side-effects or presenting symptoms of mTBI, the data available
have remained scarce when considering long-term motor control deficits that are not easily
diagnosed. Despite what is known about the long-term issues by individuals that have sustained
an mTBI, recent data suggests that the complications go beyond the lingering neurological and
psychological conditions. A cohort study with 23,044 individuals points to a 38% increase, on
average, in lower extremity injuries in soldiers that had sustained a concussion up to 2 years earlier
in their lifetime, suggesting a higher risk of lower extremity musculoskeletal injury in physically
active asymptomatic adults following concussion®*. Within the first 15 months of sustaining a
concussion, these individuals showed a 45% risk of injury, somewhat diminished during the
following months 16-24 (Figure 1.1). This study provides some knowledge on the motor outcomes
of mTBI, but it does not provide any data on neurological changes. Given that mTBI occurs due
to trauma to the brain, non-invasive methods, such as electroencephalography, have also been

shown to be a powerful tool in the study of this condition.



Figure 1.1. Monthly lower extremity injury rate in physically active adults during 24 months
after concussion (blue) compared to non-concussed (orange).
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Electroencephalography

Electroencephalography is typically non-invasive electrophysiological method to record
brain activity, in which electrodes are placed on the surface of the scalp. Commonly used in a 32,
64 or 128 channels configuration, it measures the spatial-temporal summation of electric potentials
fluctuations within the skull'®, which are generated the axon membrane depolarization and
repolarization. The method is not without limitations, as the EEG cap lies on the surface of the
scalp, and the signal that it acquires is filtered through the skull, reducing its amplitude.

Furthermore, the spatial resolution is not optimal, especially when trying to locate sources deeper



within the brain. This limitation is known as volume conduction and is usually ablated by using
several mathematical methods to refine source localization by removing cross-correlation between
pools of neurons?®. Given their location in the cortex, the majority of the EEG signal is obtained
from the synchronous excitation and inhibition of pyramidal cells, but it has been shown that Glial
cells also contribute to it due to their morphology and arrangement®. This is particularly
interesting, as changes in Glial cell function were observed in animal models after mTBI*"18,

The EEG signal can be analyzed in different manners. Frequency-domain, or power-based
analyses, target certain frequency bands (i.e., delta = .5-4 Hz; theta = 4-8 Hz; alpha = 8-13 Hz;
beta 13-30 Hz; gamma = 30+ Hz) that can be associated with activity in certain areas of the brain.
This type of analysis describes the magnitude of brain activity within the EEG frequency bands*®.
Temporal correlation or coherence-based analyses are performed to investigate connectivity
between areas of the brain. Time-domain analyses are usually performed in combination with
specific events, for the study of ERPs, or by searching for specific waveforms that repeat over
continuous EEG signal®®. A higher signal correlation is found for time series that co-vary
together?!, and this is believed to be evidence of neural communication. There are several studies
about mTBI that have been published using these types of analyses.

There seems to be no consensus on the results derived from power analyses. The works of
peers further illustrate some of the inconsistencies in results. Thompson et al. (2005) reported a
decrease in alpha, beta, and theta power spectra in concussed athletes when compared to healthy
controls??. Unrelated to the previous example, Munia et al. (2016) found evidence of altered delta
and gamma activity as long as 10 and 12 months after subjects had sustained a concussion?®. Teel
et al. (2014) investigated connectivity and reported that although there was a decrease in alpha,

beta, and theta power across the scalp, there was increased coherence in each band when compared



to controls?*. Two of those studies also reported conflicting data on brain connectivity. Cao &
Slobounov (2010) indicated a significant decrease in the long-distance connectivity and a
significant increase in the short-distance connectivity in mTBI patients when compared to
controls?®, while Virji-Babul et al. (2014) reported differences in the local, but not global
network?®, The biggest limitation of most of these studies is that they lack a pre-concussion
baseline and, therefore, rely solely on the comparison between concussed subjects and non-
concussed healthy controls.

Other studies of clinical samples have also alluded to the usefulness of EEG as a method
of identifying functional electrophysiological changes that may occur to the cerebral cortex post-
mTBI?"-2°, Kaltiainen et al. (2018) found significantly increased theta-band oscillations in patients
6 days to 6 months post-concussion, even when structural lesions were not present in MRI?,
Lewine et al. (2019) compared cortical activity of healthy and mTBI patients, and found global
relative increased theta power, decreased global relative alpha power, and global beta-band

interhemispheric coherence in mTBI patients?®.

Motivation

New technology has the potential to broaden the assessment efforts and may help alleviate
the challenges in detecting long-term impairments post-concussion®. Of particular interest for us,
in this study, is the combination of virtual reality and eye tracking technology, which was not
available until recent years. Eye tracking studies are typically conducted in laboratorial settings,
with the stimulus displayed on a monitor and the participant in a static position, often sitting down,
in front of a computer screen®!. These simulations are often not as immersive as real-world tasks,
e.g., tacking a baseball moving towards you in 3D space. It is also possible that depth perception

is altered due to the locational cues in the environment around the patient. More specifically, the



patient observes the paradigm on a screen, but the screen has a fixed distance from the eyes, and
the environment around it has varying depths, e.g., chairs, tables, walls, and ceiling.

Virtual reality environments can overcome the space and depth confounding variables by
placing the participant in a completely immersive optical flow paradigm without outer
distractions®?. Moreover, the configuration of the eye trackers inside VR googles make them
always optimally placed in relation to the patient’s eyes, therefore eliminating potential issues due
to minor head and trunk movements. With that in mind, myriad scientific questions likely need to
be asked before further inference can be made on the efficacy of using VR-embedded eye tracking
systems to assess concussion impairments. One such questions is the reproducibility of protocols.

Eye tracking protocols can vary substantially between research settings. However, there
are some methodologies that are widely accepted by researchers in the field, such as paradigms
that elicit slow and ballistic eye movements. In virtual reality, the possibility of variance in
protocols is exponentiated due to the limitless creative capacity afforded by it. Therefore, we have
established that the first aim of this investigation would be to (i) implement a standard, static, eye
tracking paradigm in a virtual reality environment that offers immersion and depth perception, as
well as being standardized for all participants, and (ii) determine if this implementation could
detect differences between concussed and non-concussed participants.

Another concern of ours was to understand if our test results could be influenced by
extraneous factors. For example, it is not uncommon for athletes and warfighters to sustain a
concussion while performing exerting physical activity®®, and it is yet unclear if the momentary
effects of this physical exertion can obscure the results of concussion testing using virtual reality-
induced optical flow perturbations®®. Thus, our second aim was to investigate the effects of a

somewhat hard-to-hard physically exerting protocol in the electroencephalographic profile



between concussed and non-concussed participants during a series of balance perturbation tasks.

More specifically, to determine if there were brain activity markers that could differentiate

between to disparaging groups.

The balance perturbation tasks introduce a dynamic task component dependent on postural
control in recently concussed participants. It is not guaranteed that the differences observed would
be detectable for longer periods of time after assumed recovery. Therefore, our third aim was to
investigate the long-lasting impairment effects of concussion on oculomotor function, atypical
postural control, and the corticomuscular coherence of lower extremity muscles in a young adult
collegiate cohort. Our objectives were to verify (i) if the impairments were detectable with eye
tracking, electroencephalography, and balance metrics while being perturbated by a dynamic
optical flow task in virtual reality.

The sum of specific aims in this study were:

e Aim 1: Develop a virtual reality environment that implements known eye-tracking
methodologies and validate its accuracy in differentiating between non-concussed and
concussed cohorts.

o Overarching hypothesis: Eye-tracking metrics observed in a virtual reality

environment can differentiate between non-concussed and concussed cohorts.

e Aim 2: Investigate the presence of neural signatures that could differentiate between a
concussive state and a fatigue state.

o Overarching hypothesis: Spectral power of cortical activations are different between

non-concussed participants in a fatigued state and concussed participants.



Aim 3: Investigate the long-lasting oculomotor impairments and corticomuscular correlates
in a concussed cohort several years post-trauma by using a combination of virtual reality
paradigms and balance testing.
o Overarching hypothesis: Impaired oculomotor function are detectable several years
post-trauma and balance deficits are related to changes in neural modulations

observed in the frontal and sensorimotor cortexes.



Chapter 2: Virtual Reality Eye-Tracking Methods: Concussion Screening

Abstract

Oculomotor control may be impaired by concussions due to their reliance on coordination
and timing of the neural pathways between areas of the brain. Impairments observed in saccadic
eye movements have been linked to suboptimal brain function. Eye-tracking in a virtual reality
environment can provide an immersive and controlled testing environment. A cohort of 29
concussed and 53 non-concussed participants performed common eye-tracking paradigms while
in a virtual reality environment: circular smooth pursuit, vertical/horizontal smooth pursuit, and
vertical/horizontal saccades. The combined results for circular smooth pursuit, horizontal smooth
pursuit, vertical smooth pursuit, horizontal saccades, and vertical saccades suggests that concussed
participants can be differentiated from non-concussed controls in terms of error, standard deviation
of error, root mean square of error, and angular error. Some eye-tracking paradigms may be more
effective at differentiating between concussed and non-concussed cohorts. Precisely, in this
protocol, horizontal saccades were effective while horizontal smooth pursuits, vertical smooth

pursuits, and vertical saccades were not.

Introduction

The investigation of abnormalities in eye movements after brain injury is interesting
because of their reliance on coordination and timing of the neural pathways between the frontal
lobe, basal ganglia, superior colliculus, and the cerebellum®. Impaired saccadic movements have
been shown to indicate suboptimal brain function beyond the influence of depression, malingering,

and intellectual ability in post-concussion syndrome subjects®. Saccades are fast eye movements



that attempt to maintain the stimulus on the fovea by predicting the stimulus’ position, velocity,
and acceleration, while smooth pursuit are slow voluntary eye movements (~100 ms latency) with
the objective of keeping the stimulus, typically a slow-moving target, on the fovea®"*. Smooth
pursuit can occur in a linear®® or circular fashion, or a combination of both*®. When compared to
non-concussed controls, mTBI patients have higher initial and final position error, as well as lower
predicted velocity and acceleration, with increased predicted duration of saccadic movements
when performing an horizontal displacement task®®. The analysis of saccadic and smooth pursuit
movements may be an important tool in the diagnosis of acute mTBI and post-concussive
syndrome, as poorer saccadic movements may indicate injury in key cortical areas. Saccadic
movements are also important correlates of cognitive processes during visual searches* and of
attentional focus during tasks in which superior target detection and identification are required*?.
Therefore, impairments in saccadic eye movements due to mTBI have the potential to hinder
individuals across all activities that require visual sensory input. In recent years, with the advent
of eye-tracking technology in virtual reality (VR) settings, different eye-tracking methodologies
became possible.

Virtual reality provides myriad advantages to challenge the oculomotor system. Virtual
reality goggles prevent distractions from occurring due to extraneous visual stimuli. Likewise, VR
goggles maintain a standard distance between the eyes and tracking cameras for all participants.
With environments completely developed in game engines, e.g., Unity, VR also affords complete
stimulus control and allows for standard and reproducible environmental protocols. Also,
stereoscopic displays inside the goggles allow the perception of motion-in-depth stimuli. Finally,
VR environment can be modified in real-time and respond to the participant’s status. A few studies

have recently employed VR as a method to deliver oculomotor paradigms that challenge the visual
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and vestibular system with the purpose of identifying markers of long-lasting effects of mTBI* or
to assess residual executive disfunction®* and balance impairments post mTBI in military
personnel®,

As such, the combination of eye-tracking and virtual reality can potentially be a powerful
research and diagnostics tool for both short- and long-term mTBI patients. However, before it can
be used effectively as a clinical tool, we must understand how it works and how it performs in a
laboratory setting. Environments developed for VR applications have an infinite number of ways
in which they can designed. Therefore, eye-tracking paradigms delivered in VR environments
require a clear methodology. Moreover, being a relatively new technology means that there is no
software for direct and straightforward data processing. In this report we provide a well-defined
virtual environment, with integrated saccadic and smooth pursuit functionalities. Likewise, we
describe the data processing and results for a sample of young adults with or without mTBI, and
how this method can distinguish between two disparate groups. Our specific aim was to develop
a virtual reality environment that implements known eye-tracking methodologies and validate its
accuracy in differentiating between non-concussed and concussed cohorts. Our hypothesis was
that eye-tracking metrics observed in a virtual reality environment can differentiate between non-

concussed and concussed cohorts.

Methods

Participants

A total of 92, healthy and clinically diagnosed concussed participants aged 18-35 years

with normal or corrected-to-normal vision (i.e., contact lenses) were enrolled in this research. Self-
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reported diagnosis from a clinical practitioner (e.g., physician, physical therapist, athletic trainer)
was required to be included in the concussed group. Participants that did not meet the inclusion
criteria were excluded. Subjects were also excluded if they had been previously diagnosed with
any of the following conditions: (i) ocular, auricular, or neurological abnormalities that impact

visual and hearing function, or (ii) history of stroke or neurodegenerative disease.

Virtual Reality Environment Eye Tracking

An HTC VIVE virtual reality headset with integrated Tobii Pro infrared eye-tracking
system was used to track focal vision during VR simulations. The HTC Vive headset has a
binocular screen configuration that delivers optical flow based on pre-built VR environments, with
a refresh rate of 90 Hz at 4K resolution. The Tobii Pro eye-tracking system is composed of two
infrared cameras, one for each eye, and two circular arrays of infrared light dots. The infrared light
is reflected by the retina and captured by the cameras, providing positioning of the eyes.

Circular smooth pursuit (CSP), horizontal smooth pursuit (HSP), vertical smooth pursuit
(VSP), horizontal saccades (HSA), and vertical saccades (VSA) paradigms were developed in
Unity. The participant was placed within four walls with an open skybox. Walls were high enough
that when looking ahead, the participant could not see above them. The open ceiling (skybox)
design was chosen to introduce realistic parameters into the scene, such as dynamic shadows. The
floor was tiled with a texture that resembled stone squares. The walls were painted with a dark
green and checkered pattern to aid with depth perception. A 3D ball-shaped object was used as
visual focus. This target was a purple ball of 0.52° diameter of visual angle.

Eye tracking and VR headset position data from Unity are saved in an Extensible Markup
Language (XML) file. This file format is similar to HTML but affords the programmer the ability

to create their own tags for each data type. In the example below, we can see the structure of each
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data point saved in XML format. The first attribute of the data point is a time stamp (GazeData
TimeStamp) in microseconds, measured from an arbitrary point in time. Next, we have the tag
“ObjectCoordinates,” which holds the cue position in 3D virtual space. All measurements in VR
space are relative to a chosen reference and measurement system. By default, unity uses increments
of 1 arbitrary unit, which are commonly treated, or defined, as being one meter (1 m). The values
in parenthesis follow the convention of Cartesian systems (X, y, z), with the default axes
orientations in Unity being lateral (x), vertical (y), and longitudinal (z); positive to the
right/up/forward. In this example, the cue is located 1.299m to the right, 1.771m up, and 6m away
from the origin. In the second line, we have “Pose Position” and “Rotation,” two variables relative
to the location of the eyes in the headset. Pose position is also a 3D Cartesian coordinate, with the
same configurations as the cue coordinates. Rotation is represented as a quaternion of terms (x, v,
z, w), in which w corresponds to the angle of rotation and the vector term (x, y, z) indicates the axis
of rotation.

The data points described so far define the VR environment in space-time, place the cue
inside the environment, and define the position and rotation of the eyes in relation to the origin.
Next, we have the three main data structures for eye tracking: “Left” (left eye), “Right” (right eye),
and “CombinedGazeRayWorld” (stereoscopic gaze). Both left and right eye have the same tags.
Gaze direction is a 3D unit vector. Gaze origin is the (x, y, z) relative position of gaze origination
for that specific eye. Pupil diameter is in meters. Finally, “GazeRayWorld” is the calculated gaze
for each individual eye, with an “Origin” position relative to the environment’s origin, and a
“Direction” 3D unit vector. “CombinedGazeRayWorld” is the gaze resultant from the combination
of data from both eyes, with an “Origin” position relative to the VR environment’s origin, and a

“Direction” 3D unit vector. The “Valid” tag in each field is a confirmation that the data point is
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valid, i.e., there were no issues with its acquisition and/or recording. A value of “False” would

indicate a data point that must be discarded.

<GazeData TimeStamp="1599359856" ObjectCoordinates="(1.299, 1.771, 6)">

<Pose Position="(-0.309, 1.804, -0.361)" Rotation="(-0.077, 0.016, -0.007, 0.996)" Valid="True" />
<Left>

<GazeDirection Value="(0.089, -0.220, 0.971)" Valid="True" />

<GazeOrigin Value="(-0.0308, 0.002, -0.0163)" Valid="True" />

<PupilDiameter Value="0.00328996" Valid="True" />

<GazeRayWorld Origin="(-0.340, 1.804, -0.376)" Direction="(0.119, -0.069, 0.990)" Valid="True" />
</Left>
<Right>

<GazeDirection Value="(0.061, -0.314, 0.947)" Valid="True" />

<GazeOrigin Value="(0.0321, 0.002, -0.0172)" Valid="True" />

<PupilDiameter Value="0.00266736" Valid="True" />

<GazeRayWorld Origin="(-0.277, 1.803, -0.380)" Direction="(0.089, -0.1647, 0.982)" Valid="True" />
</Right>

<CombinedGazeRayWorld Origin="(-0.308, 1.804, -0.378)" Direction="(0.104, -0.117, 0.987)" Valid="True" />

Experimental Protocol

Participants gave informed consent upon arrival to the lab. They were asked to complete a
survey addressing their concussion history. Participants were then seated comfortably on a chair
and asked to complete the five vision tasks (conditions) in the VR environment: CSP, HSP, VSP,
HSA, and VSA. Each task consisted of three trials with a duration of 30 seconds each. The order
of conditions was randomized and counterbalanced. Participants were given a brief period of rest
between trials and were instructed to request larger rest if they felt fatigued. The eye tracker was
calibrated (5-point calibration) before the beginning of each session and whenever the goggles
needed to be readjusted/were moved. Eye tracking data were collected at a sampling frequency of

120 Hz.
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Data Reduction

A Python script was used to extract the relevant data from the .XML files. The original
sampling rate of 120 Hz was unchanged. The timestamp for each data point was converted to
milliseconds by dividing the value by 1000. Time zero (t0) was established as the first valid time
point in milliseconds. Next, the script iterated over every data point checking that the data point
was valid before extracting six variables: time range, left eye direction and origin, right eye
direction and origin, and cue position.

Time range is the range of time since the beginning of the trial (t0) to the end of the trial
(variable; at least 30 s). Time range was later used to extract an epoch of time starting five seconds
after t0 and spanning for the next 20s. Left and right eye direction and origin were used to calculate
left and right gaze x-y transform starting at the center of the pupil and extending for 6m to the x-y

plane where the cue was located (Eq. 1).

6—071iginpysition

Eqg. 1: Gaze Point Transform = Directiony,; * ————
q f Unit Vector |Directionynpit vectorl

This coordinate represents where the vector originating from each eye landed on the plane
where the cue was presented, six meters away. Next, a constraint was applied to the gaze points to
identify potential artifacts that needed to be filtered. Eye movements with an angular velocity
greater than 900 deg. « s™ were considered too fast to be natural biological responses. This was
achieved by obtaining the squared root of the sum between two squared neighboring gaze points
(xi, yi) and (xy, ys), divided by the range to the plane, and multiplied by the sampling frequency

(Eq. 2).
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Eq. 2: Vanguiar = - x 120

Those data points were excluded from further calculations. At this point, data were reduced
into 20-second epochs. Since we were interested in absolute error, and absolute error is either zero
or positive, we opted to use a squared error formula to avoid negative values. Squared tracking
error between the cue position and focal gaze position was then calculated for each eye across the
whole epoch as the linear difference between the squared x-y position of the cue and the squared

X-y position of the gaze point for the corresponding eye (Eq. 3).

Eq. 3: Squared Linear Error = (Xgaze — Xcue)® + (Ygaze — Yeue)?

Similarly, angular error was calculated by taking the arc tangent of the root-mean-squared

of the x-y position of the cue and the x-y position of the gaze point for each eye, adjusted for the

distance from the plane (Eq. 4).

\/(XGaze_XCue)2 +(YGaze_YCue)2)

Eq. 4: Angular Error = tan™! ( -

Next, the root-mean-square of error across the whole epoch for each eye was calculated by

taking the square root of the sum of all squared error points, divided by the number of data points

(Eq. 5).

211\’ Squared Linear Error

Eg. 5: RMSerror = J N
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Finally, the mean and standard deviation of the squared error were calculated. Sample
entropy was calculated as an additional measurement of variance (See Lake et al., 2002). The
outcome variables of the data analysis process were the mean squared error of the left (EL) and
right eye (Er), the standard deviation of mean squared error of the left (SD.) and right (SDR) eye,
angular error of the left (AL) and right (Ar) eye, sample entropy for the left (ENTL) and right

(ENTR) eye, and the root-mean-square of error for the left (RMSEL) and right (RMSR) eye.

Statistical Analyses

Data were analyzed using IBM SPSS Statistics for Windows (Version 27.0. Armonk, NY:
IBM Corp). Normality was assessed by dividing Skewness by the S.E. of Skewness, and Kurtosis
by the S.E. of Kurtosis. A critical value of z = .01 was used to test this hypothesis. A two-way
multivariate analysis of variance (MANOVA) was conducted to test the hypothesis that there
would be one or more mean differences between groups (healthy, concussed) and conditions (CSP,
HSP, VSP, HAS, VSA) based on the dependent variables (Er, Er, SD, SDr, AL, Ar, ENT(, ENTR,
RMSEL, RMSR). Pairwise comparisons were performed with Bonferroni correction. The level of

significance was set at a = .05.

Results
All enrolled participants completed the protocol. After initial processing and inspection,
data from four participants were excluded. The final sample consisted of 86 participants (N = 86;

Nconcussed = 30). None of the data were normally distributed. Box’s test of equality of covariance
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matrices revealed that the assumption of homogeneity of variance-covariance matrices was
violated, Box’s M = 5835.94, F(495, 87722.58) = 10.48, p < .001.

A statistically significant effect was observed between groups, Wilk’s 4 = .99, F(10,
396=5) = 2.57, p = .005. Levene’s test for equality of variances was violated for all dependent
variables, all p < .001. The test of between-subjects effects revealed a significant main effect of
concussion in the squared error in the left eye (EL), F(1, 404) = 4.50, p = .034, sp? = .011, the
standard deviation of error in the left eye (SDvL), F(1, 404) = 5.89, p = .016, 5p? = .014, the root-
mean-square of error in the left eye (RMSEL), F(1, 404) = 5.46, p = .020, p? = .013, and angular
error of the left eye (AL), F(1, 404) = 4.27, p = .039, np? = .010. Pairwise comparisons with
Bonferroni correction revealed that concussed participants had increased SDi, p = .016; RMSE,
p =.020; EL, p=.034; and AL, p =.039.

Individual independent samples Student’s t-tests were performed to investigate which
specific conditions were responsible for discerning between concussed and healthy participants.
When separated by conditions, all dependent variables met Levene’s test for equality of variances,

all p > 0.01. The results are summarized in Table 1.1.

Table 1.1. Summary of Statistics for Eye Tracking Metrics

Healthy Concussed
M SD M SD df t p Cohen’s d

CSP EL 54 43 e .64 80 -1.68 .097 .366
nph =53 SD. .26 18 .36 .26 80 -1.85 .067 447
n.=29 RMSEL .60 46 .83 .68 80 -1.73 .086 .396

AL .08 .06 A1 10 80 -1.64 145
HSP EL 27 .20 .30 .20 80 =75 452
nph =53 SD. A7 A0 .20 10 80 -.95 341
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ne =29 RMSEL .32 .23 37 22 80 -.83 408

AL .04 .03 .05 .03 80 -.76 449
HSA EL 1.01 .10 1.06 18 83 -1.44 152
Nh = 56 SD. .88 .09 .92 .08 83 -2.03 .045* 469
ne=29 RMSE. 1.35 .09 1.41 19 83 -1.78 .078 403
AL .16 .01 A7 .02 83 -1.39 .166
VSP EL 31 21 .35 31 83 -.55 581
nph =55 SD. 19 12 19 .26 83 -.07 943
nc =30 RMSEL 37 .25 41 .39 83 -.55 579
AL .05 .03 .05 .04 83 -.50 .614
VSA EL 40 31 43 27 78 -.37 122
nh = 54 SD. 51 21 .56 .20 78 -1.04 298
ne = 26 RMSEL .67 .36 72 31 78 -.65 515
AL .06 .05 .07 .04 78 -35 124

Note. M = mean; SD = standard deviation; df = degrees of freedom; E_ = left eye; SD. = standard
deviation of error in the left eye; RMSE_ = root-mean-square of error in the left eye; AL = angular
error of left eye; CSP = circular smooth pursuit; HSP = horizontal smooth pursuit; HSA =
horizontal saccades; VSP = vertical smooth pursuit; VSA = vertical saccades; n, = sample size of
non-concussed group; nc = sample size of concussed group.
Discussion

In this study we sought to describe the methodology surrounding the combination between
eye-tracking and virtual reality as means of concussion testing. The virtual reality environment
deployed had built-in eye-tracking paradigms that are commonly used to produce smooth pursuits
and saccades. Furthermore, we sought to demonstrate how this methodology can be used to
distinguish between previously concussed and non-concussed cohorts. Overall, we have found that
conventional eye-tracking tasks implemented in a VR environment can differentiate between two

disparate groups. The combined data of circular smooth pursuit, horizontal smooth pursuit, vertical

smooth pursuit, horizontal saccades, and vertical saccades suggests that concussed participants can
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be differentiated from non-concussed controls in terms of error, standard deviation of error, root
mean square of error, and angular error.

In the current context of concussion screening, assessment of oculomotor function stands
as a valuable tool in the monitoring of post-concussive symptoms*’. Analyses of saccadic and
smooth pursuit eye movements are correlated to symptom severity*® and may be associated with
cumulative effects of repeated neurological damage*®. Oculomotor testing is also becoming more
common in sideline screening, as a guide for specialized referral and further assessment or
treatment*®, even as an indicator of vestibular impairment post-concussion®. In most cases, there
are evidence of disrupted tracking ability, conducive to an increase in linear and angular error
during oculomotor task*’°!. In the near future, we may see these assessments become more
widespread during all stages post-concussion events, from initial diagnosis to long-term screening
of recovery.

Interestingly, independently of the metric chosen for analysis, participants’ left eye
appeared to be the most impaired when executing these eye tracking paradigms in VR. This finding
brings to the fore one of the limitations of this study, i.e., we did not account for eye dominance in
the data, which may be a limiting factor®?. However, assuming the prevalence of right eye
dominance in the population, it is safe to expect poorer left eye motor control in a randomly
sampled population. Independent evaluation of the efficacy of each eye-tracking paradigm
revealed that some may be more effective at differentiating between concussed and non-concussed
cohorts. To be precise, in this protocol, horizontal saccades were effective while horizontal smooth
pursuits, vertical smooth pursuits, and vertical saccades were not. Circular smooth pursuits showed

promising results but were nonetheless not statistically significant. These findings differ slightly
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from Heitger et al. (2009), however we should note that the saccadic and circular smooth pursuit
protocols are substantially different between both studies.

Our protocol used a simplified approach that may not have introduced enough complexity
to fully challenge the participants, although similar paradigms produce consistent results within
the same metrics in studies done outside of a VR environment®, It is possible that the perception
demands introduced with the 3D environment significantly affect the outcome measures®s.
Specifically, EEG analyses of the cognitive load during the observation of 2D mapping and 3D
projection tasks indicate higher cognitive processing is required to interpret the 2D task®*. The
choice of Bonferroni corrections was also quite conservative. It is possible that more statistically
significant changes were not observed in post-hoc univariate testing due to this choice.
Nevertheless, the MANOVA results established that the independent grouping variables
simultaneously explained the variances observed between groups. In other words, when analyzed
individually, these metrics are not sufficient to assess long-term mTBI oculomotor impairments,
but they are sufficiently sensitive for that purpose when analyzed together.

Lastly, the time since concussion ranged from two weeks to seven years and was not large
enough to allow its division in more uniform groups according to time since concussion. This study
is not without limitations but offers promising insights into future research endeavors depending
on eye-tracking VR protocol development. We believe the next steps would be the investigation
of how certain parameter variations, e.g., cue size and velocity, can affect the results. Not only
that, but it may be beneficial to explore more complex tracking tasks that incorporate smooth

pursuits and more variants of saccadic parameters, e.g., angular displacement and velocity.
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Abstract

Traumatic brain injuries can result in short-lived and long-lasting neurological impairment.
Identifying the correct recovery timeframe is challenging, as balance-based metrics may be
negatively impacted if testing is performed soon after exercise. Thirty-two healthy controls and
seventeen concussed individuals performed a series of balance challenges, including virtual reality
optical flow perturbation. The control group completed a backpacking protocol to induce physical
exertion. Concussed participants had lower spectral power in the motor cortex and central sulcus
when compared to fatigued controls. Moreover, concussed participants experienced a decrease in
overall theta band spectral power while fatigued controls showed an increase in theta band spectral
power. This neural signature may be useful to distinguish between concussed and non-concussed

fatigued participants in future assessments.

Keywords: concussion; fatigue; EEG; neural signature; virtual reality

Introduction

Traumatic brain injuries can result in short-lived and long-lasting neurological impairment
and identifying the correct recovery timeframe is challenging. Fatigue induced by physical
exertion can negatively impact balance-based metrics due to muscular fatigue® and increased use
of cognitive resources for postural control®. This can be problematic when time is of the essence,
i.e., in deployed service men and women. Another factor that must be taken into consideration is
that some populations, with similar duties to warfighters, may not afford the chance to be tested
immediately after injury or while completely at rest. More specifically, some patients may not

have access to testing within the first two weeks. In cases in which they do have access to a
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deployable field test for mTBI, the protocol would need to account for confounding factors, such
as the effects of physical and mental fatigue on balance.

Balance represents the final common output of a complex and dynamical system that is
susceptible to challenges from many sources, including illness and injury, as well as sensory
perturbations. There has been a marked increase in the commonality of balance testing for the
assessment of concussive symptoms*” 57 In some cases, although rare, balance testing may be
available for immediate sideline testing®’, where confounding issues abound. Fatiguing activities
create a mismatch between central nervous system control and mechanical output. Muscles have
lower neural excitation and are less responsive to balance perturbations when fatigued®®. This
lower responsiveness causes modifications in motor control output, postural control, and increases
the risk of injury®®. Fatigue can be induced at the whole-body level or at local muscle level. Whole-
body fatigue involves multi-joint muscle groups and has greater metabolic costs while local muscle
fatigue only affects the neuromuscular system. Thus, whole-body physical fatigue deteriorates
sensory integration of proprioceptive and exteroceptive feedback®. One of the unique strengths of
using balance is its sensitivity to mechanical and optical-flow-induced perturbations, which
provides the ideal environment to study the central neural origins of balance control using EEG
assessments and virtual reality interventions.

Electroencephalography is a typically non-invasive electrophysiological method to record
brain activity, in which electrodes are placed on the surface of the scalp to measure the spatial-
temporal summation of electric potentials fluctuations within the skull*>. A review study by Conley
et al. (2019) focused on the resting-state EEG of athletes that had suffered an mTBI found sixteen
studies that included 506 concussed athletes, with thirteen of those studies including 367 non-

concussed healthy athletes as controls. Of the reviewed studies, ten of them drew comparisons
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between concussed and controls without a pre-concussion baseline, while four studies compared
baseline and post-concussion with controls, and two only assessed athletes after concussion. Seven
studies utilized a power-based approach in their analysis. Thompson reported a decrease in alpha
(~8-12 Hz) and theta (~4-8 Hz) power spectra in concussed athletes when compared to healthy
controls. Similarly, Teel et al. (2014) reported a decrease in alpha and theta power across the scalp
and increased coherence in each band when compared to controls. Kaltiainen et al. (2018) found
significantly increased theta-band oscillations in patients 6 days to 6 months post-concussion, even
when structural lesions were not present in MRI. Lewine et al. (2019) compared cortical activity
of healthy and mTBI patients and reported a global relative increase of theta power and decrease
of alpha power in mTBI patients. It appears that mTBI generally leads to short and long-term loss
of alpha and theta power all over the brain. In some cases, theta power seemed to upregulate over
time after the injury.

Virtual reality paradigms can be used to challenge balance control. Virtual reality
environments facilitate stimulus control, and stereoscopic vision allows participants to perceive
motion-in-depth. They also allow the deployment of standardized and reproducible protocols.
Previous studies have shown that virtual reality paradigms can challenge balance control, resulting
in increased postural sway®?, center of pressure (COP) displacement®?, and modifications in ground
reaction forces®®. Horlings et al. (2009) comparing three visual conditions: eyes closed, eyes open,
and virtual reality. The authors demonstrated an increase in postural sway with the latter. Sandri
Heidner et al. (2020) tested a fore-and-aft sinusoidal room displacement virtual reality
environment with varying frequencies and displacements, under the eyes open, eyes closed, and
virtual reality conditions. They did not find increased balance sway under any condition for any of

the frequency-amplitude pair but found that COP velocity and approximate entropy varied at a
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frequency of 5 Hz and an amplitude of 0.1-0.2 meters, suggesting that motor control strategies can
be challenged in a life-like virtual reality environment.

In this research we sought to compare the effects of somewhat hard-to-hard physical
exertion and the symptoms of acute concussion on brain activity by submitting participants to a
series of balance perturbation conditions. We separated the groups between concussed and non-
concussed and opted to test the baseline of concussed participants against the post-exertion state
of non-concussed participants. We chose not to submit concussed participants to the bout of
physical exertion due to uncertainties regarding their actual level of recovery. Although they had
all been cleared to return to activities, recovery metrics are often inaccurate®®. It was our first
hypothesis that brain activity would be different between physically exerted and concussed
participants. More specifically, we expected to find a higher alpha and theta spectral power in
healthy controls soon after a somewhat hard-to-hard exertion protocol when compared to baseline
and to concussed participants. Our specific aim was to investigate the presence of neural signatures
that could differentiate between a concussive state and a fatigue state. Our hypothesis was that
spectral power of cortical activations would be different between non-concussed participants in a

fatigued state and concussed participants.

Methods
This research was performed in accordance with all regulations specified by the Internal

Review Board of East Carolina University (UMCIRB 17-000797).
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Participants

The study cohort was comprised of thirty-two (N = 32) healthy, non-concussed, young
adults, and individuals recovering from mTBI. All healthy participants (n = 15) were repeatedly
tested under normal and balance impaired conditions. This group was comprised of collegiate
athletes, ROTC cadets, and law enforcement officers. All participants recovering from mTBI (n
= 17) were tested once. Due to the extenuating nature of the exertion protocol, it was deemed safer
to only test their baseline. Also, some concussed participants did not meet the minimum physical
activity requirements to be included in the fatigue protocol. For non-concussed participants,
inclusion criteria were designated as healthy young males and females aged between 18 and 35
years. For this project, the term healthy was defined as having no other current or previous
neurological pathology that would interfere with postural stability during standing. All healthy
participants exercised regularly (30+ minutes of vigorous physical activity 3+ times per week),
had experience carrying a heavy backpack, and had no exercise counter indications such as cardiac
issues or asthma. Additionally, the term healthy also referred to the lack of systemic disease that
alters the ability of participants to participate in activities of their choice. Specific exclusion criteria
included: (1) a history of stroke or neurodegenerative disease, (2) lower extremity neuromuscular
pathology, (3) lower extremity orthopedic pathology, and (4) ocular or neurological abnormalities
that impact visual function. These exclusion criteria were designed to prevent extraneous factors

from confounding the neural activation and behavioral patterns related to balance.

Fatigue Protocol

A group of healthy young adults had their balance perturbed by a whole-body fatigue
protocol. Physical fatigue was induced by having participants perform a 30-minute walk on an

inclined treadmill (1.9 m/s) while wearing a weighted backpack (27 kg). Based on past work in
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our laboratory this represented somewhat hard-to-hard exercise. This load can be sustained for 2
hours but will induce substantial fatigue in 30 min®. To ensure participants stay in the desired
range of intensity, exertion was assessed through several means: subjective level of exertion
through Borg’s RPE scale®’, heart rate was monitored using a polar monitor (Polar Electro, Lake
Success, NY), the talk test®® was used to ensure that the participants maintained their exertion level
below ventilatory threshold. Exercise intensity (pace, incline) were adjusted to keep all participants
at a somewhat hard-to-hard exercise intensity (Borg:12-14, heart rate: 50-70% of max HR, talk
test: able to talk, but not sing) After the exercise, a general measure of fatigue was obtained with
the Visual Analog Scale®®. The objective of this protocol was to cause some level of physical
fatigue, not complete exhaustion. Fatigue induced changes in sway have been shown to return to

baseline after 20 minutes of rest’®, so balance measurements were collected within this period.

Conditions

Participants were assessed under a variety of conditions: eyes-closed (EC), eyes-open
(EO), single leg (SL), mental distraction (SS), unstable surface (US), virtual reality-induced optical
flow (VR), and virtual reality baseline (VB). During the single leg condition, participants stood on
their dominant leg only. The mental distraction task consisted of counting down backwards in
decrements of seven. The unstable surface condition was achieved by having participants stand on
a foam pad. The virtual reality-induced optical flow consisted of a lifelike 3D replica of the
laboratory inside a virtual reality environment; the virtual environment was moved fore and aft
with an amplitude of 0.2m and 0.5 Hz®. The virtual reality baseline consisted of quiet standing
while inside the virtual reality environment. The environment was developed in Unity (Unity
Technologies, San Francisco, CA) and deployed using the Oculus RIFT virtual reality goggles

(Oculus RIFT, Menlo Park, CA).
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Electroencephalography

For participants in the Fatigue group, EEG was measured pre- and post-fatigue. For
participants with mTBI, EEG was only measured once. Eye movements were recorded with
electrodes placed above and below the left eye to capture electrooculographic (EOG) activity. Data
acquisition was performed using a right ear reference at a sampling rate of 1KHz and filtered at
DC-100 Hz. The left ear was also recorded and used (offline) to create a linked ear reference. Each
trial onset provided a unique marker in the EEG record. Offline, a low pass filter (1 Hz) was
applied. Data was re-epoched time zero through 20 seconds of the trial. Time zero (0 ms) was
established as the beginning of the epoch, and each epoch was baseline corrected over the interval
from 0 ms to 500 ms. Epochs were sorted into unique trial variants corresponding to the balance
challenge. An autoregressive model was used to remove any blinks or other ocular artifact from
the data based on the EOG signal’*"2. Any trials with residual artifacts were visually identified

and removed from analysis.

Testing Procedure

Upon arrival at the lab, participants were seated in a chair and any hair care products were
removed from the hair with an alcohol-saturated cotton pad. The forehead was prepared by wiping
the area with a cotton pad and a solution of pumice and Vitamin E, thereby removing any residual
oil and dirt from the skin. Then, participants were fitted with a 64-channel EEG cap (Compumedics
Neuroscan, Charlotte, NC) to record neural activity using SynampsRT (Compumedics Neuroscan,
Charlotte, NC). Once the cap was in place and properly aligned, the scalp under each electrode

was prepared by first gently abrading the skin using the wooden end of a standard cotton swab
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with pumice and Vitamin E to reduce impedance to the electrode, and then inserting a conductive
gel with a 16-gauge blunt needle.

Once participants were prepared, measurement of standing balance were conducted across
three trials for all the challenges mentioned above, and quiet standing with no challenges. EEG
was recorded for each test. For VR-based challenges, an output from the controlling computer was
sent to the EEG acquisition computer to mark the onset of each trial. All trials lasted 30 seconds
for each condition’3, after which the participant received a brief rest period before starting the next
trial. After the initial bout of trials was performed, participants in the non-concussed group were
transitioned to a treadmill, without removing the EEG cap, to perform the fatigue protocol. At the
end of the fatigue protocol, participants were then seated, and all EEG electrodes were checked
for proper impedance. Electrode preparation was repeated as needed. This process was kept under
10 minutes, after which, participants underwent a complete bout of trials through all conditions,

identical to their baseline testing.

Data Analysis

Data were inspected for normality using the Zskewness and Zxurtosis Scores’*’>, The normality
tests had a level of significance set at « =.001. Non-parametric data sets were treated with a natural
logarithmic (Ln) function and re-tested for normality. Two four-way ANOVAs were conducted to
investigate the differences within and between groups. The dependent variable was mean natural
log of spectral power. The independent variables were condition (EC, EO, SS, SL, US, VR, VB),
time/group (pre-/post-fatigue, post-fatigue/concussed), brain region (Frontal, Motor Cortex,
Temporal, Central Sulcus, Sensorimotor Cortex, Parietal, Occipital), and frequency band (alpha,
theta). The first univariate design was strictly within-subjects repeated-measures model and

analyzed the pre- and post-fatigue protocol in the non-concussed group across all conditions, brain
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regions, and frequency bands. Post-hoc analysis was done through a means and confidence
intervals approach. The second univariate design was a between-subjects comparison of the post-
fatigue non-concussed group and the concussed group baseline, also across all conditions, brain
regions, and frequency bands. Tukey’s HSD post-hoc test and equality of means with Bonferroni
correction were used to investigate main effects and interactions. The level of significance for

these tests was set at a = .05.

Results

Non-concussed: pre- and post-fatigue EEG

A total of thirty-two (N = 32) experimental participants were enrolled in this research.
Fifteen participants (n = 15) completed the fatigue protocol. After visual inspection, data
processing, and removal of outliers, there were 4277 (94.0 %) valid and 273 (6.0 %) missing data
points. Spectral power had a textbook exponential distribution and was normalized by taking the
natural logarithm of the data points. Natural log spectral power (LnP; M = 2.59, SD = 1.54) was
positively skewed (Skew/SE Skew = 17.32, p <.001, two-tailed) and mesokurtic (Kurt/SE Kurt =
2.57, p =.002, two-tailed).

A four-way repeated measures ANOVA was conducted to investigate the effects of Time
(baseline, fatigue), Condition (EC, EO, SL, SS, US, VR, VB), Region (Frontal, Motor Cortex,
Temporal, Central Sulcus, Sensorimotor Cortex, Parietal, Occipital), and Bandwidth (Alpha,
Theta) on spectral power. The test of within-subjects effects revealed a significant main effect of
Time, F(1, 4) = 7.82, p = .049, »,> = .662, and significant interactions between Condition x
Bandwidth, F(6, 24) = 8.84, p < .001, »,% = .689, Region x Bandwidth, F(6, 24) = 6.00, p = .001,
1% = .600, and Condition x Region x Bandwidth, F(36, 144) = 2.24, p < .001, 5,? = .360. Estimated

marginal means and 95% confidence intervals are shown in Figure 3.1. A pairwise comparison of
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Time was made using Tukey’s HSD pots-hoc test. Spectral power (Mpre = 2.38, SDpre = .19)

increased by approximately 27.3% (Mpost = 3.03, SDpost = .32) when participants were fatigued.

Figure 3.1. Estimated Marginal Means of Band Power Across Conditions and Brain Regions:
Non-concussed pre- and post-exertion
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Note. Graphs show the relationship between frequency bands (Alpha, Theta) and condition (top), and brain region
(bottom) in the non-concussed group. Error bars represent the 95% confidence interval. EC: eyes closed; EO: eyes
open; SL: single leg; SS: subtraction of sevens; US: unstable surface; VR: virtual reality intervention; VB: virtual
reality baseline; FC: frontal cortex; MC: motor cortex; TC: temporal cortex; CS: central sulcus; SMC: sensorimotor
cortex; PA: parietal cortex; OC: occipital cortex.

Non-concussed post-fatigue and concussed EEG

Seventeen participants (n = 17) completed the mTBI protocol. Their data was combined
with the post-fatigue protocol (n = 15) for comparison. After visual inspection, data processing,
and removal of outliers, there were 2802 (92.3 %) valid and 236 (7.7 %) missing data points.
Spectral power was normalized by taking the natural logarithm of the data points. Natural log
spectral power (LnP; M = 2.60, SD = 1.57) was positively skewed (Skew/SE Skew = 10.69, p <

.001, two-tailed) and mesokurtic (Kurt/SE Kurt = 1.14, p = .127, two-tailed).
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A two-way univariate ANOVA was conducted to investigate the effects of Group (fatigue,
mTBI), Condition (EC, EO, SL, SS, US, VR, VB), Region (Frontal, Motor Cortex, Temporal,
Central Sulcus, Sensorimotor Cortex, Parietal, Occipital), and Bandwidth (Alpha, Theta) on
spectral power. Levene’s Test of Equality of Error Variances showed that the assumption of
heteroskedasticity was not met, F(195, 2606) = 1.98, p <.001. The test of between-subjects effects
revealed a significant main effect of Condition, F(6, 2606) = 8.08, p < .001, #p? = .018, and
significant interactions between Region x Bandwidth, F(6, 2606) = 4.64, p < .001, 5,? = .011,
Region x Group, F(6, 2606) = 17.34, p < .001, 5,%> = .038, and Bandwidth x Group, F(1, 2606) =
22.79, p < .001, #y% = .009. Estimated marginal means and 95% confidence intervals are shown in
Figure 3.2. A pairwise comparison of Condition was made using Tukey’s HSD pots-hoc test.
Homogenous subsets showed that spectral power was lowest for EC, EO, SL, and SS; US power

was lower than VR and VB; VR power was lower than VB.

Figure 3.2. Estimated Marginal Means of Frequency Band Power: Fatigued v. Concussed
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Note. Error bars represent the 95% confidence interval. FC: frontal cortex; MC: motor cortex; TC: temporal cortex;
CS: central sulcus; SMC: sensorimotor cortex; PA: parietal cortex; OC: occipital cortex. Top left: depiction of overall
typical brain function without group discrimination. Bottom left: frequency-independent cortical power across groups.
Right: whole brain alpha and theta power differences between non-concussed and concussed groups.

Balance Metrics

A two-way MANOVA was conducted to investigate the effects of balance metrics (AP
COP displacement, ML COP displacement, AP COP velocity, ML COP velocity, AP COP
displacement approximate entropy, and ML COP displacement approximate entropy) DVs on
group (non-concussed pre-fatigue, non-concussed post-fatigue, and concussed) and condition (EC,
EO, SL, SS, US, VR, VB) IVs. Box’s test of equality of covariance matrices showed that the
assumption of homogeneity of variances and covariances was not met, F(420, 25306.49) = 3.15,
p <.001. Wilk’s lambda revealed a significant Group x Condition interaction, F(72, 1398.59) =
1.43,p=0.011, #p=.063. Levene’s test of equality of error variances was significant for all balance
metrics, all p <.001. The tests of between-subjects effects showed Group x Condition interactions
in AP COP displacement, F(12, 261) = 2.02, p =.022, p, = .085, and AP COP velocity, F(12, 261)
=1.98, p =.026, np = .084. There were also significant main effects of Group on ML COP velocity,
AP COP displacement ApEn, and ML COP displacement ApEn, [F(2, 261) = 29.91, p < .001, 7,
=.186; F(2, 261) = 11.01, p <.001, #p = .078; F(2,261) = 3.68, p =.026, p = .027, respectively],
as well as significant main effects of Condition on ML COP displacement, ML COP velocity, AP
COP displacement ApEn, and ML COP displacement ApEn [F(6, 261) = 19.51, p < .001, #p =
:310; F(6, 261) = 9.33, p < .001, 57, = .177; F(6, 261) = 10.17, p < .001, 5, = .190; F(6, 261) = 8.90,

p <.001, np =.170, respectively]. Means and standard deviations are show on Figure 3.3.
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Figure 3.3. Means and Standard Deviations of Balance Metrics Comparing Non-concussed Pre-

and Post-exertion, and Concussed Participants
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Note. AP: antero-posterior; ML: mediolateral; EC: eyes closed; EO: eyes open; SL: single leg; SS: subtraction of
sevens; US: unstable surface; VR: virtual reality intervention; VB: virtual reality baseline; Displacement unit is
meters; Velocity units is mm-s™; Approximate Entropy (ApEn) is a probabilistic range between 0-1.

Discussion

In this project, we sought to investigate and better understand the relationship between

concussion, somewhat hard-to-hard physical exertion, and modulation of alpha and theta power
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spectra on seven major regions of the brain. Seven different conditions were used to challenge the
nervous system in four diverse ways: optical flow restriction, mechanical balance perturbation,
cognitive loading, and virtual reality induced optical flow. Our initial hypothesis was that non-
concussed participants who were subject to the exertion protocol would have higher alpha and
theta spectral power soon after their bout of physical activity when compared to concussed

participants.

Non-concussed: pre- and post-exertion

The significant main effect of time and subsequent pairwise comparison confirmed that
spectral power of both theta and alpha bands was higher immediately post-exertion. In addition to
this, when the frequency bands were analyzed in relation to the several stimuli conditions, theta
power was greater than alpha power during the mental task of subtraction of sevens, the physical
task of unstable surface, and the optical flow tasks of virtual reality baseline and virtual reality
perturbation. When analyzed across brain regions, theta power was greater than alpha power in the
frontal cortex, with no differences observed between theta and alpha power in the motor cortex,
temporal cortex, central sulcus, sensorimotor cortex, parietal, or occipital lobes in non-concussed
participants. Further analysis revealed that alpha power in the parietal lobe was greater than in the
frontal cortex, motor cortex, temporal cortex, and central sulcus across all conditions. Also, alpha
power in the sensorimotor cortex was greater than in the frontal, motor, and temporal cortexes
during the single leg, subtraction of sevens, unstable surface, virtual reality baseline, and virtual
reality perturbation conditions.

Alpha and theta rhythm are related to cognitive processing’®’’. Increases in alpha and theta
power were observed as a result of the exhaustion of cognitive resources’’. As expected, non-

concussed participants had an increase in alpha and theta rhythm power after their bout of exertion,
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suggesting some level of exhaustion of their cognitive resources. Moreover, this cognitive
bottleneck was present during cognitive and balance-related motor tasks, and virtual reality
induced optical flow perturbations. Since an increase in alpha power in the parietal lobe has
previously been linked to a greater demand for internal processing, i.e., when bottom-up
processing is prevented®, it would be fair to assume that the combination of mental fatigue and
the different conditions can interfere with the ability to perform sensory-intake tasks. Also of note
is the increase in theta power during this mentally fatigued state. Cavanagh & Frank (2014)
reported an increase in theta band activity in the mid-frontal cortex when subjects needed to exert
cognitive control over a task. In another study, prefrontal theta power increase was associated with
response inhibition®?. This may indicate an interference with goal-driven behavior. As such, we
can safely assume that the mental fatigue induced by a somewhat hard-to-hard bout of physical

activity is sufficient to disrupt the normal neurocognitive processing of non-concussed individuals.

Concussed and Post-exertion Non-concussed

The concussed group had an overall lower spectral power for both alpha and theta when
compared to the post-exertion group. This is in line with some previous research??2*, Decreases in
alpha and theta power have been previously associated with active processing in cortical
systems®384, More specifically, alpha and theta tend to either be suppressed in the activated brain
region or incited in the contralateral brain region®. Also, alpha has been found to be inversely
related to grey matter blood flow while theta was shown to have the opposite behavior®. Our
results agree with these findings but contrast with others. Previous studies have found that theta
and alpha were higher in temporal and deep-grey regions of mTBI patients when compared to non-
mTBI®, and an increase in theta power during the first six months post-injury?®. However,

Dunkley’s study was performed in resting state as opposed to using mental or motor tasks. There
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seems to be a dichotomous behavior of alpha and theta spectral power in concussed patients
depending on whether they are presented with a task or analyzed in resting state.

Theta and alpha spectral power were mostly the same across all brain regions, except for a
theta power greater than alpha in the frontal cortex and a theta power lower than alpha in the
occipital lobe. Decreased frontal alpha power was previously observed in concussed athletes
compared to non-concussed athletes®. Conversely, alpha activity greater than theta activity in the
posterior regions are expected in typical individuals®. However, in mTBI®® and certain
pathologies®, alpha’s predominance over theta decreases, presumably due to deficits in pre-
synaptic cholinergic markers in the cerebral cortex. In our findings, overall spectral power was not
different in the frontal or temporal cortexes when comparing concussed and non-concussed groups.
However, it was overall lower in all other regions of concussed participants. The greatest
differences were observed in the central sulcus and the motor cortex, respectively, followed by the
sensorimotor cortex, parietal, and occipital lobes.

When we consider the whole cerebral cortex, the largest difference was observed in theta
power, which was greater than alpha in the fatigued group, but lower than alpha in the concussed
group. This reduction of theta power resulting in an increase of the alpha-theta ratio is related to
residual symptoms of mTBI°2%, Conversely, while executing certain tasks, the alpha-theta ratio
was lower in the exerted group. A decreased alpha-theta ratio has been previously reported as an
indicator of decreased mental processing capacity associated with degenerative conditions, such
as Alzheimer’s disease®. However, these changes in alpha-theta ratio between non-concussed pre-
and post-exertion occurred only during task execution. This decrease in processing during mental

fatigue is expected.
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Overall, we have found a neural signature that can differentiate between two disparate
groups of people: concussed and post-exertion non-concussed. The most significantly different
neural signatures were found in (i) a reduced overall spectral power on the motor cortex and central
sulcus of concussed participants, and (ii) in the increase in theta spectral power in an exerted state
compared to the reduction of theta spectral power in a concussed state. Future research should
likely be aimed at differentiating between perturbation paradigms to ascertain which ones are

specifically responsible for the variances in spectral power when assessing concussed participants.
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Chapter 4: Long-lasting oculomotor and postural control impairment after mTBI
Gustavo Sandri Heidner?, J.C. Mizelle!, Zachary J. Domire!, Stacey Meardon?, Brian Sylcott?,
Nicholas P. Murray?.
Department of Kinesiology?, Department of Physical Therapy?, Department of Engineering?,

East Carolina University, Greenville, NC, USA

Abstract

Concussions often result in short-lived to long-lasting neurological function impairment,
with symptoms appearing immediately, and possibly deteriorating into permanent neural damage.
Several efforts have been made to quantify the incidence concussions and to improve diagnostic
methods, which are still largely inconclusive and not always accurate. An absence of specific
neuromuscular markers compromises diagnostic ability and reliability. For that purpose, we chose
to investigate the neural correlates of oculomotor metrics (eye tracking) and corticomuscular
coherence (EEG-EMG) metrics when participants are submitted to a virtual reality-implemented
optical flow paradigm. A cohort of 13 concussed and 20 non-concussed participants were screened
for levels of physical activity before undergoing a secondary cognitive task in virtual reality
environment. Eye-tracking and corticomuscular coherence metrics were compared between
groups. Both groups performed similarly in the eye-tracking task but differed significantly in
corticomuscular coherence metrics. The concussed group had a significant increase in beta and
low gamma band correlations between the frontal and sensorimotor cortexes and their contralateral

soleus and tibialis anterior muscles.



Introduction

Concussions (mTBI) occur when an impulsive force is transmitted to the head, resulting in
short-lived to long-lasting neurological function impairment®. Symptoms present themselves
immediately, and may deteriorate into permanent neural damage®. Among those symptoms, loss
of concentration, fatigue, oculomotor impairments, and dizziness are common and can be present
for at least one year posttrauma®. Given the severity and the prevalence of mTBI symptoms, several
efforts have been made to quantify the incidence and to improve diagnostic methods®. However,
the methods to assess impairments due to concussions are still largely inconclusive and not always
accurate’*°, Since posttraumatic mTBI effects do not yet have specific neuromuscular markers,
the ability and the reliability of diagnostics is compromised. To better assess the long-term
impairments of mTBI, it is imperative to discover and discretely define potential biological
markers associated with it. For that purpose, we chose to investigate the neural correlates of
oculomotor metrics (eye tracking) and corticomuscular coherence (EEG-EMG) metrics when
participants are submitted to a virtual reality-implemented optical flow paradigm.

A power-based analysis of the EEG signal targets certain frequency bands (i.e., delta = .5-
4 Hz; theta = 4-8 Hz; alpha = 8-12 Hz; beta 12-30 Hz; low gamma = 30-50 Hz; high gamma = 50+
Hz) that can be associated with activity in certain areas of the brain, e.g., frontal cortex and
sensorimotor cortex. This type of analysis describes the magnitude of brain activity within the
EEG frequency bands®®. The frontal cortex is where higher processing of sensory information
occurs before voluntary input is sent to be integrated and translated into movement commands in
the sensorimotor cortex. The frontal cortex is also responsible for managing selective attention and
distinguishing between objects, making it a prime target for investigation when visual choice tasks

are present. Temporal correlation or coherence-based analyses are performed to investigate
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connectivity between areas of the brain. A higher signal correlation is found for time series that
co-vary together?, and this is believed to be evidence of neural communication.

In addition to EEG, electromyography is a non-invasive electrophysiological technique
also used to study the peripheral consequences of mTBI. Surface EMG is employed to record and
evaluate electrical activity produced by skeletal muscles® and measures the electric potential of
muscle fibers, from which inferences of functionality can be drawn. Electromyography is in the
clinical setting to diagnose peripheral neuromuscular conditions, and in kinesiology and motor
control research, since it provides information on the time, frequency, velocity, and delay of
muscle activation®*. It is a valuable tool in the study of corticomuscular coherence.

In a bipolar configuration of SEMG, the two electrodes measure the summation of the
differential electric potential of each muscle cell membrane polarization and depolarization that
occurs at each discrete point in time. This muscle cell membrane oscillation in electric potential is
dependent on the stimulation of cholinergic receptors following the motor neuron nerve impulses
that arrive at the neuromuscular junction. If a sufficient potential is generated, voltage-gated
sodium channels propagate the depolarization into the skeletal muscle cell®®, and through the T-
tubules. Hence, the magnitude of the SEMG signal depends on the synchronization of membrane
potentials. This synchronization is a key factor in the generation of muscle force®®, and is
dependent on the integrity of the neuromuscular pathway. Transient conditions, such as fatigue®’,
as well as some chronic neurological conditions, like Parkinson’s disease®, can alter the frequency
synchronization of skeletal muscle cells.

Mathematically, coherence is an extension of Pearson correlation coefficient in the
frequency domain and defined as cross spectra normalized by auto spectra®. Corticomuscular

coherence is the temporal correlation between brain activity, measured by electroencephalography,
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magnetoencephalography, or local field potentials, and muscle activity, measured by surface
electromyography®. The temporal synchronization between waveforms suggests the existence of
a source-target coupling, represented, in this case, by the brain (source) and the muscle (target). It
is yet unknown how mTBI affects corticomuscular coherence. The general hypothesis is that
temporal desynchronization may be present if there is significant neural damage post-trauma.

An increasing, albeit low, amount of studies have identified beta- and gamma-band
corticomuscular coherence between the brain and lower-extremity muscles*®®1%, but studies do
not typically investigate brain waves in frequencies above 30 Hz (i.e., low- and high-gamma)*®®-
195 This is particularly important because data suggest that although beta-range corticomuscular
synchronization has been extensively investigated during steady-state motor output, a significant
shift from beta- to gamma-range synchronization occurs when the force output is dynamic®. This
phenomenon has also been demonstrated during corticomuscular synchronization of the lower-
limbs, with isometric contractions favoring beta-range oscillations, while isotonic contractions
favor gamma-range oscillations!®. Moreover, a majority of unrectified EMG activations occur
between 40-100 Hz. This range changes (see Figure 4.1) when EMG signal is rectified. Although
there is still an intense debate over the need to rectify' or to not rectify'®” EMG waveforms, there
are evidences that rectification of the EMG waveform can cause a substantial decrease in signal

power over higher frequencies, along with an increase in signal power on lower frequencies®.
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Figure 4.1. Comparison of Spectral Power Between Rectified and Non-rectified EMG
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Note. A substantial portion of unrectified EMG activations are found between 12-90 Hz, the same range shared by
beta (12-30 Hz), low gamma (30-50 Hz) and high gamma (50-90 Hz) frequency bins.

Even though corticomuscular coherence is a good method to study interactions between
the cortex and relatively large peripheral muscles, it is impractical in the assessment of oculomotor
function. The three motor nerves responsible for eye movement (Cranial Nerves Il1, IV, and VI)
control the recti and obliqgue muscles, which are responsible for vertical and longitudinal
translation, and rotation of the eye. Since non-invasive EMG cannot reach those muscles,
researchers tend to use eye tracking techniques to investigate abnormalities in visuomotor control.

There are four types of eye movements: smooth pursuit, saccade, vergence movements,
and vestibulo-ocular movements. Smooth pursuit are slow voluntary eye movements with the
objective of keeping the stimulus on the fovea®®. Smooth pursuit can occur in a linear® or circular
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fashion, or a combination of both*. Saccades are ballistic movements of the eye when they change
the fixation point. They can be of small or large amplitude and can happen voluntarily or
involuntarily. Involuntary saccades occur as a reflex response when the eyes are open. Saccadic
movements have a refractory period (15-100 ms) when the eyes start to move and cannot change
direction after movement has started. In that sense, they depend on an estimation of the target’s
position. If the target changes position during the saccade, another saccade has to be made to
correct the error®. Given that saccades are controlled by the frontal cortex, this second saccadic
movement is called an anti-saccade and can be used as a gross estimation of dysfunction of the
frontal lobe!®. Circular smooth pursuit data of subjects that had sustained an mTBI within the past
two weeks was compared to subjects that had not sustained an mTBI. The circular tracking ability
of the mTBI subjects was significantly impaired when compared to the controls*® (Figure 4.2,

Figure 4.3).
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Figure 4.2. Circular Smooth Pursuit Trace: Concussed and Non-Concussed.
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Note. From Maruta et al., 2014; Two graphs depicting the differences in circular smooth pursuit traces (left) and target
frame cue fixation (right) between concussed (top) and non-concussed (bottom) participants; SDRE: standard
deviation of radial error; SDTE: standard deviation of tangential errors.
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Figure 4.3. Pilot Data — Circular Smooth Pursuit Trace: Concussed and Non-Concussed

Non concussed - Circular Smooth Pursuit Concussex d (1 month post) - Circular Smooth Pursuit

-3 @ Object ®  Object
LeftEye -1 Left Eye
Right Eye Right Eye

-15 -1.0 -05 0.0 05 1.0 e =1 0 1 2 3 4 5

Note. Data plot of circular smooth pursuit task performed in virtual reality, featuring individual eye tracking. Red
dots: right eye; Blue dots: left eye; Black line: cue trajectory. Concussed participant depicted on the right-side graph.
Non-concussed participant depicted on the left-side graph. Axes units are meters.

The investigation of abnormalities in saccadic movements after brain injury is interesting
because of their reliance on coordination and timing of the neural pathways between the frontal
lobe, basal ganglia, superior colliculus, and cerebellum3. This analysis may be an important tool
for diagnosing post-concussion syndrome and acute mTBI, as poorer saccadic movements may
indicate injury in those areas. An interesting point is that impaired saccadic movements are
associated with suboptimal brain function beyond the influence of depression, malingering, and
intellectual ability in post-concussion syndrome subjects®®. Regarding mTBI specifically, Cifu et
al. (2015) present data to support the hypothesis that mTBI subjects, when compared to controls,
have higher initial and final position error, as well as lower predicted velocity and acceleration,

with increased predicted duration of saccadic movements when performing an horizontal
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displacement task®®. It stands to reason that cortical and visuomotor control impairments stemming
from a concussive event can influence other processes that are dependent on vision and higher
neural processing, such as making correct visual distinction between similar cues and making
decisions based on that distinction. During this process of identifying the cue and making a
decision, several variables can be extracted from eye-tracking metrics, such as the time spent
actively looking at the cue (lingering time), the time it takes to visually react to the cue (visual
reaction time), the time to process the information and provide a response after the presentation of
the cue (motor reaction time), how close their gaze gets to the center of the target (accuracy), and
for how long do they accurately look at the center of the cue (a composite score of accuracy and
lingering time).

Decision-making is a process that happens in a situation in which some of the goals,
constrained by the environment and personal capacity, and consequences of the possible actions
are not known precisely!'?. In this case, a constraint may be the configuration of the field during a
game at a certain point in time, or the athlete’s perception of how fast he can move his body out
of the way of an incoming player. In physical activity and sports, this paradigm is slightly different
than in controlled laboratory situations. Given that an observer constructs most of his knowledge
about environmental constraints when he is stationary in the lab, this knowledge might not be
precise when the environment in which a decision must be made is dynamic!'?. Therefore,
exposure to practice in a dynamic task may help to generate a better pool of possible responses for
certain situations that tend to repeat themselves or that are similar. However, it is also not only the
dynamic nature of the environment or task, but the number of choices and uncertainty about the
constraints that tend to increase lag in response time or induce a ‘wrong’ solution to the problem

at hand, which adds complexity to the decision-making process***1°, When visual perception is
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negatively affected during acute mTBI and post-concussion states, it can influence the decision-
making process and play an important role in the performance outcome during physical activity.
This hypothesis is supported by data on animal*'® and human'*"1'® models, indicating a decreased
decision-making ability after sustaining a traumatic brain injury. Cardoso et al. (2014) showed that
not only did TBI patients score worse on the lowa Gambling Task (IGT) when compared to healthy
controls, but also that there were no score differences between mild and severe TBI participants®:é,
Similarly, Levine et al. (2005) had also previously reported the lower performance of TBI
participants on the IGT, and no difference in test scores between mTBI and severe TBIY.
Besides the IGT, other common methods of testing decision-making capability are go/no-
go and reaction time tasks*'®'%, Ho et al. (2018) showed that adolescents that have previously
sustained a TBI and had symptoms of depression engaged the frontal areas of the brain to a greater
extent than those that had not had a TBI, but they did not observe any activity the prefrontal cortex,
which may be indicative of disruption of frontal networks*®. This increased activity in the frontal
regions in patients with depression subjected to emotional tasks is believed to occur due to their
need to disengage from emotional processing in order to allocate resources towards the cognitive
task at hand'?!. With a different design, Howell et al. (2017) demonstrated that children and
adolescents with mTBI have lower performance on a go/no-go paradigm also had slower dual-task
gait speed®®. Furthermore, the lower dual-task gait speed was independently correlated with
participants brain network activation, to which the authors suggest that motor and neural deficits
may reflect the disruption of several abilities after concussion*?. Virtual reality can be used as a
method to deliver both oculomotor and choice reaction time paradigms that challenge the visual

and vestibular system with the purpose of identifying markers of long-lasting effects of mTBI* or

50



to assess residual executive disfunction®* and balance impairments post mTBI in military
personnel®,

Despite the available evidence that corroborates abnormal eye control and neuromotor
deficits during acute mTBI, the knowledge gap remains when subjects are asymptomatic (i.e.,
when they cannot be diagnosed as either acute mTBI or in post-concussive syndrome). It is still
unclear for how long these abnormalities in visuomotor control and neuromuscular function can
be detected after the symptoms of acute mTBI and/or post-concussive syndrome have subsided.
Furthermore, aside from a single military cohort study that shows a higher prevalence of lower
extremity injuries, there is a lack of knowledge about which motor control mechanisms may be
related to these long-lasting effects of mTBI.

Although there are some data on the negative effects of mTBI on oculomotor ability and
corticomuscular coherence of concussed subjects, there appears to be no study that have
investigated the persistence of oculomotor ability decrease, and the link between corticomuscular
coherence and balance impairments in this cohort. It is still unclear what role oculomotor function
plays in the maintenance of postural control several years post-concussion. The purpose of this
study was to investigate these long-lasting oculomotor impairments and corticomuscular correlates
in mTBI participants compared to non-concussed controls over the course of 8 years. Our first
hypothesis was that impaired oculomotor function would be detectable several years post-trauma.
Our second hypothesis was that balance deficits would be related to changes in neural modulations

observed in the frontal and sensorimotor cortexes.
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Methods
This research was performed in accordance with all regulations specified by the Internal

Review Board of East Carolina University (UMCIRB 20-000410).

Participants

The study cohort was comprised of thirty-three (N = 33, n = 13 concussed) young adults
(Mage = 21.6 £ 3.0 years), with a BMI lower than 30, with normal or corrected-to-normal vision
(i.e., glasses or contact lenses) that had or had not had a concussion in the past 8 years (Mtime =
33.8 £ 26.0 months since last concussion). Concussion status, severity, and time since injury were
determined by self-provided clinical record that came from a licensed clinical practitioner (e.g., physical

therapist, athletic trainer, physician). Participants that did not meet the inclusion criteria were
excluded. Participants were also excluded if they had visually obvious or self-reported (excluding
mTBI): (i) current or previous neurological pathology that would interfere with the postural
stability, (ii) history of stroke or neurodegenerative disease, (iii) lower extremity neuromuscular
pathology, (iv) lower extremity orthopedic pathology, (v) ocular, auricular, or neurological
abnormalities that impact visual and hearing function. These exclusion criteria were designed to
prevent extraneous factors from confounding the neural activation and behavioral patterns related

to balance.

Levels of Physical Activity

Epidemiological data shows that the majority (>54%) of concussions are sport-related*??.
In the 16—34-year-old group, sports were associated with over 85% of the concussive event!??,
Participants were asked to answer a questionnaire about their weekly levels of physical activity

(IPAQ; Appendix B.2), which was used to match the groups. Participants were asked to answer a
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questionnaire about their weekly levels of physical activity (IPAQ; Appendix B.2). From the
questionnaire, three types of physical activity were extracted: vigorous, moderate, and walking
time. Data were reduced to reflect the number of weekly minutes spent doing vigorous, moderate,
and walking activities.

Physical activity levels of participants were not normally distributed (Vigorous: skew =
1.26, kurtosis = 2.08; Moderate: skew = 1.02, kurtosis = .48; Walking: skew = 2.26, kurtosis =
5.31). Levene’s test for equality of variances showed that the assumption of homogeneity of
variance was met for vigorous physical activity (F = 1.86, p =.182), not met for moderate physical
activity (F = 6.78, p =.014), and met for walking time (F = .01, p =.912). Independent samples t-
tests showed no differences between groups in levels of vigorous physical activities, t(31) = -.14,
p =.882, d =.053, moderate physical activity, t(16.68) = -1.75, p =.097, d = .705, or walking time,

t(31) =-.43, p =.666, d = .155. Means and standard deviations are shown in Table 4.1.

Table 4.1. Weekly Time Spent in Physical Activities by Group

Group N Mean SD
Vigorous Non-concussed 20 160.5 140.7
Concussed 13 169.6 2115
Moderate Non-concussed 20 158.2 142.8
Concussed 13 297.6 262.16
Walking Non-concussed 20 62.0 88.6
Concussed 13 74.6 67.8

Note. N = sample size; SD = standard deviation.
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EEG
The g.Nautilus RESEARCH (g.tec medical engineering GmbH, Austria) wireless EEG

with a 10-20 configuration 32 channel cap and gold-plated dry electrodes were used to collect
cortical desynchronizations. A reference Ag/AgCI electrode was placed on the right and left
mastoid processes. The skin under the reference electrodes was abraded with a pumice solution

and thoroughly cleaned with isopropyl alcohol. The sampling rate was of 500 Hz.

EMG
A Biopac MP35 with Ag/AgCI bipolar configuration electrodes was used to monitor

muscle activities. Electrodes were placed over the motor points of the left and right solei and
tibiales anterior to monitor ankle flexion and extension. Electrode placement followed the
SENIAM guidelines. The electrode placement sites were prepared by shaving the hairs and
abrading the skin with an exfoliant cream. The area was then cleaned with isopropyl alcohol.
Electrode centers were placed 30 mm away from each other along the muscle length and secured
in place with tape. A reference electrode was placed on the lateral malleolus of the right foot. The

sampling rate was 1 kHz. Data were down sampled to 500 Hz for analyses.

Virtual Reality Environment Eye Tracking and Reaction Time

An HTC VIVE virtual reality headset with integrated Tobii Pro infrared eye-tracking
system was used to track focal vision during VR simulations. The HTC Vive headset has a
binocular screen configuration that delivers optical flow based on pre-built VR environments. The
Tobii Pro eye-tracking system is composed of two infrared cameras, one for each eye, and two
circular arrays of infrared light dots. The infrared light is reflected by the retina and captured by

the cameras, providing positioning of the eyes. A dynamic paradigm was delivered in the VR
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environment (Figure 4.4) in which participants were moving straight ahead in a procedurally
generated tunnel. Every 5 seconds a ball-shaped target would appear in a random spot 15 meters
away from the participant. The targets were stripped black and white, with ether a left or right tilt.
Participants were instructed to pull the trigger on the controller when the target had a right tilt.
Each target remained visible for 1.5 seconds and had a coded proximity measurement in the format
of a 0-10 score, with 0 being not at all in the vicinity of the target and 10 being in the central 0.5°
of it. Eye movement data were sampled at 120 Hz. A saccade was be defined as movement greater
than 0.1°, within a maximum time limit of 15-150 ms, with an angular velocity greater than 20 °/s,
and angular acceleration greater than 400 °/s, with a momentary fixation at the end of the
movement*?®, Saccadic accuracy was determined by averaging the scores during the first 25 ms
after initiation of the saccade. Visual reaction time was determined as the time between the
presentation of the target and the initiation of eye movement towards the target. Motor reaction
time was determined as the time between the presentation of the target and the detection of a trigger

pull.
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Figure 2.4. Virtual Reality Simulation Environment with Right-tilting Cue

Testing Procedures

Participants were walked through and signed an informed consent when they arrived at the
lab. Next, they completed a survey addressing their concussion history (Appendix B.1), and
weekly physical activity levels (Appendix B.2). They were then prepped with the EEG cap and
EMG electrodes. Next, participants received visual and verbal instructions about the paradigm
before being asked to stand at a relaxed position on a Bertec force plate (sampling rate = 960 Hz).
A 5-point calibration was then performed in the VR environment and a set of mock targets was
used to visually verify the calibration at the beginning of each trial. They completed three trials,

each with a duration of 30 seconds. Data across all devices were time-locked with markers.
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Statistical Analyses

Data were first visually inspected and analyzed descriptively. Normality was assessed by
dividing the Skewness by the S.E. of Skewness, and the Kurtosis by the S.E. of Kurtosis. A critical
value of z = .01 was used to test this hypothesis. Independent samples t tests were conducted to
compare the levels of physical activity (vigorous, moderate, walking), balance metrics (COP
displacement, approximate entropy), and virtual reality metrics between groups. A two-way
ANOVA was conducted to analyze the effects of concussion history and brain region-muscle pair

on mean coherence values in each frequency bin. The level of significance was of o = .05.

Data Reduction

Electroencephalographic data were re-referenced to average, bandpass filtered between 1-
90 Hz, and epoched into segments of 15 seconds (1 trial). Electromyographic data were down-
sampled to match the EEG sampling rate of 500 Hz and bandpass filtered between 1-250 Hz using
a fourth order Butterworth zero-lag filter. Each trial was epoched to a length of 15 seconds, with
the start time-locked to their corresponding epoched EEG trial. The magnitude-squared coherence
was calculated for each individual trial pair of EEG-EMG data, with EEG data being averaged
across four regions of the scalp, the left and right frontal cortex and sensorimotor strip. Cross-
spectra of delta (1-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), beta (12-30 Hz), low gamma (30-50 Hz),
and high gamma (50-90 Hz) frequency bins were calculated for each individual trial, over each
contralateral brain region, in relation to each one of the four leg muscles before being averaged
across the three trials for each participant. The brain region-muscle pairs were as follows: right
frontal cortex and left soleus (FCr-SL), right sensorimotor cortex and left soleus (SMgr-SL), left
frontal cortex and right soleus (FCL-Sr), left sensorimotor cortex and the right soleus (SM¢-Sr),
right frontal cortex and left tibialis anterior (FCr-TAL), right sensorimotor cortex and left tibialis
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anterior (SMr-TAL), left frontal cortex and right tibialis anterior (FC_L-TAR), left sensorimotor

cortex and the right tibialis anterior (SM_-Sr),. Data were missing for one participant.

Results

A two-way ANOVA was conducted to analyze the effects of concussion history (non-
concussed, concussed) and brain region-muscle pair (FCr-S., SMr-Si, FCL-Sr, SML-Sg, FCr-TAL,
SMRr-TAL, FCL-TAR, SM.-Sr) DVs on mean coherence values in each frequency bin (delta, theta,
alpha, beta, low gamma, high gamma) IV. For the solei muscles, there were significant main effects
of concussion history on the beta, F(1, 120) = 4.37, p =.039, np = .035, and low gamma, F(1, 120)
=7.35, p =.008, np = .058, frequency bins. Similarly, for the tibiales anterior muscles, there were
significant main effects of concussion history on the beta, F(1, 120) = 4.49, p = .036, np = .036,
and low gamma, F(1, 120) =6.12, p =.015, #p = .049, frequency bins. In all cases, corticomuscular
coherence in the beta and low gamma frequency bins increased in concussed participants when

compared to their non-concussed counterparts. The results are summarized in Figure 4.5.
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Figure 4.5. Means and standard deviations of corticomuscular coherence in beta and low
gamma frequency bins for the solei and tibiales anterior muscles of concussed and non-
concussed groups.
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Note. TA: tibialis anterior; Beta = 12-30 Hz; Low-gamma = 30-50 Hz; *: statistically significant difference (p <.05)
between concussed and non-concussed.

An independent samples t-test revealed statistically significant differences in
anteroposterior COP displacement approximate entropy between non-concussed (M = .02, SD =
0.05) and concussed (M = .10, SD =.12) participants, t(15.35) = -2.29, p = .036, d = .088, as well
as in mediolateral COP displacement approximate entropy between non-concussed (M = .03, SD
=.05) and concussed (M = .11, SD =.12) participants, t(15.00) =-2.33, p =.034, d =.090. Levene’s
test of equality of variances was significant for both anteroposterior (F = 33.31, p < .001) and
mediolateral (F = 37.21, p < .001) metrics. The effect sizes were small. A stabilogram with

superimposed COP displacement traces for each participant is shown in Figure 4.6.
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Figure 4.6. COP Displacement Traces for Non-concussed and Concussed Participants.
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Note. X-axis: medio-lateral direction; Y-axis: antero-posterior direction; Displacements are in millimeters.

A series of independent samples t-tests were performed to investigate the difference in eye-
tracking metrics between groups (non-concussed, concussed) after the cue was presented. The
assumption of homogeneity of variance was met for all metrics. There were no differences between
groups for time spent on target (lingering time), how close they spent to the center of the target
(lingering time), how close to the actual center of the target they looked (score accuracy), and
visual reaction time (visual RT). All metrics were calculated for the duration that the cue remained
visible, except score accuracy, which was calculated for the first 25 ms after the presentation of

the cue. The results are summarized in Table 4.2.
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Table 4.2. Dynamic Virtual Reality Task Eye-Tracking Metrics Statistics

Levene's Independent Samples Student's t-test
Non-concussed Concussed
F p t df p M SD M SD
Lingering Time 0.36 0.550 0.40 30 0.690 64.48 52.29 55.91 68.09
Mean Score 2.26 0.143 -0.65 30 0.519 7.75 1.23 8.00 7.95
Score Accuracy 1.66 0.207 -0.23 30 0.814 7.10 1.23 7.20 1.03
Visual RT 0.22 0.636 -1.02 21 0.318 0.17 0.09 0.21 0.08

Note. M = mean; SD = standard deviation; Levene’s = Levene’s test for equality of variances.

Discussion

In this project, we sought to investigate long-lasting oculomotor and postural control
impairments in mTBI participants compared to non-concussed controls over the course of 8 years
post-trauma. We initially hypothesized that some level of oculomotor and balance impairments
would be observed in concussed participants several months after their head trauma incident. We
also expected to find disparaging neural modulation between groups. The participants in both
groups had similar levels of weekly physical activity. Both concussed and non-concussed groups
performed approximately two hours and forty-five minutes of vigorous activity and approximately
one hour of walking activity per week. The concussed group, on average, had an approximately
88% higher volume of moderate activity than the non-concussed group, but the variability in the
concussed group was also large, which did not afford a statistically significant difference.

Our analyses of oculomotor control metrics revealed no differences between groups in
terms of the variables chosen for this project. Our findings contradict typical results in eye-tracking

concussion trials'?#1% but it is worth noting that these studies have tested mTBI patients withing

61



72 hours'?* and 14 days*?® from the time they had suffered the concussion. One of the possibilities
for our findings is that the impairments commonly observed subside over time as neuromuscular
control adapts. Another possibility is the difference in methodologies employed in this study, i.e.,
performing eye-tracking tasks while standing instead of sitting down. We have previously
demonstrated that VR simulations and blinding (eyes closed) can produce significant changes in
postural control when used to induce balance perturbations®°. Nevertheless, it remained unclear if
oculomotor control would also be affected during a balance task if attentional focus was directed
towards the visual task. This was an important question in this project, as the VR visual secondary
cognitive task served not only as an eye-tracking paradigm, but also as an optical flow-induced
balance perturbation paradigm.

The analysis of COP trajectories and overall displacement revealed a stark difference
between non-concussed and concussed participants, with COP displacement being greater in the
non-concussed group while approximate entropy was greater in the concussed group. Previous
findings in a cohort of athletes that had suffered concussions suggest that sway metrics (e.g., COP
displacement) would normalize after three weeks while non-linear dynamics could detect
differences between concussed and non-concussed participants up until 90 days post-concussion®’.
In contrast to their findings, we observed reduced postural sway in the concussed group and
increased non-linear dynamics (approximate entropy) in the concussed group. That is to suggest
that concussed participants had shorter and more variable sway patterns while non-concussed
participants had greater and more uniform sway patterns. Our findings are in line with those of
Cavanaugh, Mercer & Stergiou (2007), who demonstrated that postural sway approximate entropy
increases when participants are engaged in a secondary cognitive task*?®. Furthermore, increased

complexity in COP trajectories may be the outcome of employing cognitive resources to actively
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control posture by increasing degrees of freedom and attenuation of movement?’. The overall
result are shorter COP displacements and COP velocity, leading to increased perceived stability.
The corticomuscular coherence values supported by our balance metrics. There were no
statistically significant differences between left and right-side brain-muscle couples. There were
also no differences in coherence measurements between the frontal and sensorimotor cortexes.
These findings suggest that neural modulations and muscle activity couplings were independent
of limb dominance, and that the differences observed in the cerebral cortex between groups were
similar across the frontal and sensorimotor cortexes. Overall, participants with a history of
concussion had greater beta and low gamma corticomuscular coherence in the solei and tibiales
anterior muscles, which suggests that increased processing demands observed in a concussive state
are also present in lower-extremity muscle activations. There is evidence that beta and low gamma
desynchronization is decreased during the first 12 months after a concussive event?3, Conversely,
Dunkley et al. (2018) described increased beta and low gamma activity in the motor cortex and
frontal cortex within three months of injury'?®. Our results imply that those intra-cortical
modulations are being passed on to peripheral muscle control, which would explain, at least in
part, the observed impairment and increased variability of postural control in concussed
participants. Lastly, the increased coherence in the beta and low gamma frequency bins in the
frontal cortex and sensorimotor cortex suggest a link between the increased processing demands,
both cognitive and sensorimotor, when concussed participants are submitted to a cognitive task.
Perhaps, concussion-related impairments of cognitive processing and postural control are
not necessarily impairments, but a shift in specific strategy to circumvent cortical structure
damage. It is well-known that EMG amplitude increases with activation intensity'?® and that

increased activation amplitude during dynamic loading is a product of faster cross-bridge
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cycling'®. Similarly, cortical activity shifts towards greater frequencies (e.g., from beta to low
gamma) during dynamic force tasks, especially when rapid integration of somatosensory and
visual information is present!®. By establishing a link between beta and low-gamma bands
between lower leg muscles, their contralateral loci of neural control, and the corresponding
cognitive processing area we have now tied together these two phenomena. This link had
previously been established at lower frequencies in non-concussed individials®®!, but it remained
unclear if the increased cortical activity in higher frequency bins, due to concussion, would also
be reflected in muscle activations. Considering that higher frequencies observed in muscle
activations during dynamic loading appear to be independent of contraction velocity and power
output®®, instead being more closely related to the type of muscle fiber being recruited'®, the
conservative postural control strategies adopted by concussed individuals'** may persist far past
early recovery. If so, the road to recovery may need to be based on learning new strategies instead
of regaining lost ones, i.e., training.

This project is not without limitations. The biggest one is, perhaps, the absence of a greater,
and more uniformly distributed concussed cohort in terms of time since their sustained brain
trauma. Secondly, the VR environment deployed with the eye-tracking paradigm was novel, which
makes comparisons in the literature difficult, if not currently impossible. The metrics chosen for
the assessment of oculomotor function may also not be the most sensitive, and thus serve as modest
guidance for future research projects. Such projects should also consider segregating each group
into subgroups, according to their levels of physical activity.

To conclude, we managed to demonstrate that concussion-related balance impairments not

only persist through the years, but there is also a link between cortical and lower extremity muscle
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activity dysfunction. Future endeavors should focus on either a more uniform or a more concise

timing in concussion history, as well as some different metrics of oculomotor function.
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Chapter 5: Discussion

In this manuscript we have described how traumatic brain injuries are a major health
concern in the US! and delineated how they result in long-lasting neurological impairment?,
sometimes permanent®, which can translate into lower extremity and ocular motor control
impairment®>. We have also discussed how current methods of recovery assessment can be
inaccurate during the acute phase’®, and may fail to identify impairments after usual symptoms
subside during early recovery®. These methods are also indirect and not accurate at detecting
underlying motor issues*2*3. In the absence of specific neuromuscular markers, the ability and the
reliability of diagnostics is compromised. In an attempt to address this issue, we sought to discover
and discretely define potential biological markers associated with it. Our specific aims were to
develop a virtual reality environment in which we could implement known eye-tracking
methodologies and validate its accuracy in differentiating between non-concussed and concussed
cohorts (Chapter 2), investigate the presence of neural signatures that could differentiate between
a concussive state and a fatigue state (Chapter 3), and determine if long-lasting oculomotor and
peripheral muscle control impairments could be reliably detected in a concussed cohort several
years post-trauma, as well as if there was a link between those impairments and a higher incidence
of lower body injurie rates post-trauma when compared to non-concussed controls (Chapter 4).

Virtual reality and eye-tracking as means of concussion testing are still a relatively new
field which seeks not only to implement new testing methodologies based on the freedom afforded
by the VR environment, but also to recreate reliable laboratorial methods in the VR environment,
with the purpose of creating immersion and eliminating outside distractors®. It is not without
limitations, but overall, eye tracking in VR appears to produce similar responses to eye-tracking

in a real world setting as far as vergence and focal distance are concerned*®. Our approach took



advantage of previous work® to determine cue size, and eye movements of interest: circular
smooth pursuit, vertical/horizontal smooth pursuit, and vertical/horizontal saccades. Within those
conditions, we analyzed eye movements for each individual eye. The metrics chosen for the
analyses were linear and non-linear. Linear metrics were tracking error, root mean squared tracking
error, and angular tracking error, while the non-linear metrics were standard deviation of mean
squared tracking error and sample entropy of tracking error. The pool of concussed participants
was heterogenous in terms of how long after a concussion they were tested, which may have
affected the results. Nevertheless, we have found that non-linear measurements of saccadic
movements were the most sensitive to oculomotor impairments, even many years post-trauma.
More specifically, the standard deviation of mean squared tracking error of horizontal saccades,
which had a moderate effect size (d = .469). Since the focus of this first aim was methodological.
As such, its report includes detailed descriptions of the environment and of the mathematical
equations used, including the VR googles used (HTC Vive Pro) and the eye trackers (Tobii Pro
VR).

Our next aim (Chapter 3) was to determine if it was possible to reliably differentiate
between impairments caused by a concussive state and physical exertion, a common condition for
athletes and warfighters. To achieve that aim, a cohort of recently concussed (recovering from
mTBI) young adult participants was tested alongside non-concussed controls. Groups were
comprised of a mix of ROTC cadets, collegiate athletes, and law enforcement officers. A mix of
cortical activity (EEG) and balance metrics were assessed while participants were submitted to
different balance-challenging conditions: eyes open, eyes closed, standing on their dominant leg,
performing a mental task (counting down from a random number in intervals of seven), a virtual

reality baseline in which the lab space was recreated in VR, and a VR optical flow induced balance
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perturbation in which an anteroposterior sway of the room was introduced®. Non-concussed
participants underwent a fatigue-inducing protocol which consisted of a 30-min walk®® carrying a
backpack weighing 27 kg at pace in which they could maintain a somewhat hard-to-hard level of
physical activity as measured by heart rate and rate of perceived exertion. Our results showed a
27.3% overall increase in whole brain spectral power in the non-concussed group after they were
submitted to the fatigue protocol. When the concussed and non-concussed post-fatigue groups
were compared, a stark difference was observed in the alpha and theta frequency bands between
groups, along with a decrease in overall spectral power in the motor cortex and central sulcus of
concussed participants. More specifically, concussed participants had overall lower alpha and theta
power than non-concussed fatigued participants, but while theta increased in the non-concussed
group, it decreased in the concussed group.

Alpha and theta rhythms are closely linked to cognitive resources’®’’, with increases in
alpha and theta power being observed when cognitive resources are exhausted’®’®, which is in
agreement with our findings for the fatigued group. This was evidence that a relatively short bout
of physical activity is sufficient to exhaust cognitive resources, which may in turn affect sensory
intake and processing'®. Theta power increases are also linked to increased cognitive demands,
when an individual must exert cognitive control over a task®'. This supports our belief that this
protocol was sufficient to disrupt their neurocognitive processing. In the concussed group, it was
reasonable that their alpha and theta activity were depressed, as this has been previously observed
and linked to increasing demands for active processing in the cortex®24. Moreover, the alpha-theta
ratio is associated with the modulation of blood flow in the cerebral cortex; increases in alpha
spectral power are inversely related levels of blood blow and theta spectral power is directly related

to it®. It is no surprise that we have observed increased alpha and decreased theta spectral power
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in concussed participants, evidence of overall reduced blood flow in the cortex, while the opposite
was observed in the non-concussed group shortly after the induced fatigue state. This shift in the
alpha-theta ratio was previously reported by peers®?3,

Finally, differences between groups were also observed in postural control. Concussed
participants had greater anteroposterior COP velocity and approximate entropy, with decreased
COP displacement when submitted to the sinusoidal VR balance perturbation. When compared to
the non-concussed group, linear balance metrics either remained unchanged or increased after the
fatiguing protocol, while non-linear metrics decreased. Specifically, there were decreases in
complexity during the fatigue state while the concussed group showed greater complexity when
compared to either the pre- or post-fatigue non-concussed group. This supported our initial
hypothesis that the VR induced optical flow postural control perturbation would be successful in
challenging the participants’ balance in ways that would elicit a disparaging response between a
non-concussed fatigue state and a concussed state. Concussed participants also showed much
greater variation in balance metrics when performing the cognitive task. This outcome was further
supported by our cortical spectral power analyses, where we observed higher cognitive demands
in the concussed group.

Our third aim (Chapter 4) sought to expand on these previous findings by introducing a
novel VR optical flow protocol, which served a double purpose as an eye-tracking paradigm and
as a secondary cognitive task to challenge the balance of non-concussed controls and concussed
participants that were past their recovery period, up until 8 years post-trauma. The objectives of
this aim were to assess if the new optical flow paradigm, along with the different metrics selected,
could elicit similar balance perturbations in participants with a history of concussion, and to

investigate if these different metrics would be sensitive enough to detect oculomotor impairments
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in support of a standalone testing using solely eye-tracking in a VR environment. Concomitantly,
we also sought to determine if the impairments observed would be associated with evidence of
impairments in corticomuscular coupling.

To achieve our objective, we implemented a novel VR environment in which participants
had to discriminate between randomly appearing cues while standing on a force platform. At the
same time, we measured their cortical activity and lower extremity muscle activity. Visual metrics
chosen were the time spent looking at the cue, how close to the center of the cue participants
focused on, how close to the center of the cue they got during their initial saccadic movement, and
their visual reaction time. Balance metrics chosen were COP displacement and complexity
(approximate entropy). Corticomuscular coherence was calculated between the contralateral
sensorimotor and frontal cortexes and the respective soleus and tibialis anterior muscles. Levels of
weekly physical activity were used to match the groups.

The groups displayed similar levels of physical activity. There was substantial variance in
the levels of moderate physical activity in the concussed group, which may have been exacerbated
by a lack of a more homogenous cohort in terms of time since their concussive event. Oculomotor
metrics were also unsuccessful in detecting differences between groups. While they are typically
sensitive during the early stages of concussion recovery'?#?° we hypothesize that it is possible
that concussed participants adapted around those impairments over time, to the point of being able
to eventually exhibit typical oculomotor control levels. Our protocol also differed from commonly
used eye tracking paradigms by having participants stand and perform a visual identification and
choice reaction task. We believe the task took precedence in the higher processes of concussed

participants and served solely as a challenge to postural control.
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This assumption was supported by the balance metrics, but clearly differed from
participants recovering from concussion. Non-concussed participants exhibited typical COP
trajectories in both mediolateral and anteroposterior directions, while these same trajectories were
substantially shortened in the concussed cohort. Conversely, non-concussed participants had lower
variability (approximate entropy) in their COP trajectories, while the concussed group had grater
variability in their COP trajectories. This finding points to the possibility of a different long-term
adaptation post-concussive trauma, given that opposing results were observed in the group that
was undergoing concussion recovery (see Chapter 3). There are evidence to support the sensitivity
of approximate entropy as a reliable measurement of postural control impairment following a
concussion®’, especially while they are engaged in a secondary cognitive task'?®.

Corticomuscular coherence results were supportive of our findings about balance control.
There were significant differences between groups in terms of beta and low gamma correlations
in connections between the frontal cortex and sensorimotor cortex with the lower extremity
muscles, solei and tibiales anterior. Coherence over those frequency bins was increased in the
concussed group, suggesting that the increased excitability and cognitive demands stemming from
a concussive injury overspill to their muscle control. This may have caused shorter and jerkier
CORP traces. Furthermore, it was surprising to not find any coherence differences in the theta and
alpha frequency bands, which were the primary neurological markers to differentiate concussed
from non-concussed participants in our second aim (see Chapter 3). It is unclear, at this point, if
the introduction of a visual cognitive task caused a shift in the processing demands, depressing
theta and alpha, which we propose should be the focus of future research. However, we cannot
discard the main difference between the two concussed groups: time post-trauma. A fair

assumption here would be that, over time, significant neural reorganization occurs, as evidenced
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by changes in postural control. Alternatively, it is possible that the beta and gamma couplings
observed were due solely to the introduction of a visual task that promotes dynamic force output®.

Our findings are overall satisfactory to the initial proposed investigation. Even so, we
managed to detect corticomuscular coherence and postural control differences capable of
differentiating between non-concussed and long-term post-trauma concussed participants. We
were also able to establish a link between the observed changes in corticomuscular coherence and
postural control adaptations observed in the concussed group. The virtual reality protocol used
needs further testing and development if it is to serve as a standalone assessment tool for long-
term motor control symptoms of concussion.

In summary, virtual reality proved to be a valuable tool in detecting concussion-derived
impairments of oculomotor function, and to deliver optical flow-induced postural control-
challenging perturbations, making possible the detection of balance impairments several months
past concussion. It can also be used to elicit significant cortical manifestations that allow the
distinction between two disparate groups. The assessment of balance metrics continues to be a
valuable tool in the determination of concussion impairment, but we have expanded its capability
by detecting differences between groups, supported by electroencephalographic data, several
months post-trauma. We also managed to identify, in the alpha-theta ratio, a clear neurological
marker that can differentiate between those that are recovering from a concussion and those that
are not concussed but are under some level of fatigue stemming from a somewhat hard-to-hard
bout of physical exertion. When expanded into a long-term analysis, EEG results suggested that
although cognitive processing is depressed during early concussion recovery, it is substantially
more demanding several months after a concussive event. Finally, we established a link between

increased frequency rates, e.g., neural demands, in the cerebral cortex, in the cognitive and

72



sensorimotor processing areas, and the leg muscles, which could be responsible for atypical
modifications of balance control in the long-term post-trauma.

These findings are a substantial contribution to the literature, with the potential to change
how we address concussion recovery. Specifically, it poses the question whether the neurological
trauma is in fact permanent. If so, it remains to be determined if people adapt their neurological
pathways and motor control strategies to circumvent those impairments, assuming structural

plasticity is possible after major damage to the structural pathways*®’.

Limitations

Our third aim (Chapter 4) could certainly benefit from a higher pool of participants, and
more uniformly distributed concussed cohort in terms of time since their sustained brain trauma.
Secondly, the VR environment deployed with the eye-tracking paradigm was novel, which makes
comparisons in the literature difficult, if not currently impossible. The metrics chosen for the
assessment of oculomotor function may also not be the most sensitive, and thus serve as modest

guidance for future research projects.

Future Directions

Future research endeavors should consider accounting for the presence of control-drive
stiffening of the target postural control muscles. Activations of fast-twitch fibers are expected to
reduce stiffening by not allowing slow-twitch fibers enough time to activate fully*3. However,
elderly populations and those that had previously experienced falls'*® typically employ stiffening
strategies in attempts to prevent their COP from moving beyond their base of support'3 while also
exhibiting greater activation of faster muscle fibers'“°. Furthermore, greater focus should be given

to the exploration of non-linear balance and oculomotor control metrics. Lastly, all three aims
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would benefit greatly from substantial data gathering efforts to address the lack of comparable

projects in the body of knowledge.
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APPENDIX: SUPPORTING DOCUMENTS

1. Concussion Screening Questionnaire

Age

Race: [ Caucasian [] Afro-American [_] Hispanic [] Asian/Pacific [] Alaskan/indian  [] Other
Sport(s) Pasition(s)

Height Weight [C] RightHanded  [] Left Handed

Head Injuries / Concussion:
History of Head Injury / Concussion Injury? [0 YEs [ wNO
+ List Dates (month and year, if know)

+ Please Describe
Were Any Diagnostic Tests Performed?  [] YES  [] NO (check all that apply)
[0 MR [ CT-Scan [] Neuropsychological Testing [] Other
Have You Ever Been Hospitalized, Knocked Out, Become Uncaonscious, and/or Lost Your Memory Due To A Head Injury /

Concussion? [ ves ] no
Do You Suffer From Headaches? [ YEs ] No
+  When? [] Every Day [ 1-2 Times/Week [ 1-2 TimesMonth
+ Where Are Your Headaches Located? [] Left Side of Head [C] Right Side of Head
[] Front of Head [] Back of Head [ Al Over Your Head
Do You Have A History of Migraine Headaches? [ YES [ NO
+ How Often Please Describe

+ Medicafions Taken for Migraines?
Have You Had Headaches For More Than Three (3) Months? [ YES [ NO

+ |Ifyes, please explain

Eyes:
Do you routinely wear glasses? [ YEs [ nNo
Do you routinely wear contact lenses? [ YES [ nNO

+ Prescription?




2. International Physical Activity Questionnaire — Short Version 7 Days Self-Administered

INTERNATIONAL PHYSICAL ACTIVITY QUESTIONNAIRE
(August 2002)

SHORT LAST 7 DAYS SELF-ADMINISTERED FORMAT

FOR USE WITH YOUNG AND MIDDLE-AGED ADULTS (15-69 years)

The International Physical Activity Questionnaires (IPAQ) comprises a set of 4 questionnaires.
Long (5 activity domains asked independently) and short (4 generic items) versions for use by
either telephone or self-administered methods are available. The purpose of the questionnaires
is to provide common instruments that can be used to obtain internationally comparable data on
health—related physical activity.

Background on IPAQ

The development of an international measure for physical activity commenced in Geneva in
1998 and was followed by extensive reliability and validity testing undertaken across 12
countries (14 sites) during 2000. The final results suggest that these measures have
acceptable measurement properties for use in many settings and in different languages, and are
suitable for national population-based prevalence studies of participation in physical activity.

Using IPAQ

Use of the IPAQ instruments for monitoring and research purposes is encouraged. It is
recommended that no changes be made to the order or wording of the questions as this will
affect the psychometric properties of the instruments.

Translation from English and Cultural Adaptation

Translation from English is supported to facilitate worldwide use of IPAC. Information on the
availability of IPACQ in different languages can be obtained at www.ipag.ki.se. If a new
translation is undertaken we highly recommend using the prescribed back translation methods
available on the IPAC) website. If possible please consider making your translated version of
IPAQ) available to others by contributing it to the IPAC website. Further details on translation
and cultural adaptation can be downloaded from the website.

Further Developments of IPAQ
International collaboration on IPAQ is on-going and an International Physical Activity
Prevalence Study is in progress. For further information see the IPAC) website.

More Information

Maore detailed information on the IPAQ) process and the research methods used in the
development of IPAQ instruments is available at www.ipaq.ki.se and Booth, M.L. (2000).
Assessment of Physical Activity: An International Perspective. Research Quarterly for Exercise
and Sport, 71 (2): 5114-20. Other scientific publications and presentations on the use of IPAQ
are summarized on the website.
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INTERNATIONAL PHYSICAL ACTIVITY QUESTIONNAIRE

We are interested in finding out about the kinds of physical activities that people do as
part of their everyday lives. The questions will ask you about the time you spent being
physically active in the last 7 days. Please answer each question even if you do not
consider yourself to be an active person. Please think about the activities you do at
work, as part of your house and yard work, to get from place to place, and in your spare
time for recreation, exercise or sport.

Think about all the vigorous activities that you did in the last 7 days. Vigorous
physical activities refer to activities that take hard physical effort and make you breathe
much harder than normal. Think only about those physical activities that you did for at
least 10 minutes at a time.

1. During the last 7 days, on how many days did you do vigorous physical
activities like heavy lifting, digging, aerobics, or fast bicycling?

days per week

No vigorous physical activities — === Skip to question 3

2. How much time did you usually spend doing vigorous physical activities on one
of those days?

hours per day

minutes per day

Don't know/Not sure

Think about all the moderate activities that you did in the last 7 days. Moderate
activities refer to activities that take moderate physical effort and make you breathe
somewhat harder than normal. Think only about those physical activities that you did
for at least 10 minutes at a time.

3. During the last 7 days, on how many days did you do moderate physical
activities like carrying light loads, bicycling at a regular pace, or doubles tennis?
Do not include walking.

days per week

Mo moderate physical activiies === Skip to question 5
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4. How much time did you usually spend doing moderate physical activities on one
of those days?

hours per day

minutes per day

D Don't know/Not sure

Think about the time you spent walking in the last 7 days. This includes at work and at
home, walking to travel from place to place, and any other walking that you have done
solely for recreation, sport, exercise, or leisure.

3. During the last 7 days, on how many days did you walk for at least 10 minutes
at a time?

days per week

D Mo walking = Skip to question 7

. How much time did you usually spend walking on one of those days?

hours per day

minutes per day
D Don't know/MNot sure

The last question is about the time you spent sitting on weekdays during the last 7
days. Include time spent at work, at home, while doing course work and during leisure
time. This may include time spent sitting at a desk, visiting friends, reading, or sitting or
lying down to watch television.

7. During the last 7 days, how much time did you spend sitting on a week day?

hours per day

minutes per day
D Don't know/MNot sure

This is the end of the questionnaire, thank you for participating.
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