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ABSTRACT
Concussions are a growing public health concern, with rising incidence across all levels

of sport and age groups. Among the many consequences of concussion, visual dysfunction is
both highly prevalent and underexamined despite over half of the brain being dedicated to visual
processing. Most clinical assessments emphasize oculomotor control, often neglecting sensory
and perceptual components that may be more sensitive to lingering post-concussion deficits.
Additionally, few studies have explored how visual disturbances affect gait performance,
particularly under real-world visual stressors like glare. This dissertation aimed to evaluate
visual performance in individuals with and without a history of concussion using a novel
psychophysical battery, and to examine how glare exposure influences gait performance across
simple and complex gait tasks. Thirty-one participants (16 with a concussion history, 15 matched
controls) completed assessments of macular pigment optical density, temporal contrast
sensitivity, critical flicker fusion threshold, and glare sensitivity/discomfort. Gait was assessed
during straight path walking and planned/unplanned gait termination, with and without glare

exposure administered via mobile glare goggles. There were no significant group differences in



visual or gait outcomes. However, glare significantly altered gait in all participants, reducing
stride length and velocity and increasing gait termination time specifically during unplanned gait
termination. These findings suggest that even in asymptomatic individuals, visual stressors like
glare can affect motor control. Although group differences were not detected, this study
introduces novel tools that may have the ability to uncover subtle impairments overlooked by
standard clinical measures. The integration of gait analysis under glare conditions offers a
promising framework for advancing concussion assessment within everyday scenarios. These
findings emphasize the importance of considering visual disturbances in post-concussion care
and highlight the need for more comprehensive, real-world evaluations to inform recovery and

return-to-activity decisions.
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CHAPTER 1
INTRODUCTION

Concussions are a rising epidemic that affect millions of people every year.!-
Concussion rates have risen from 1.7 per 10,000 athletic exposures in 1988-1989 to 4.47 per
10,000 in athletic exposures from 2009-2014 within collegiate sports.®® A rise in concussion
incidence is also seen in high school and adolescent children.”%1 Elite level sports, where
concussions are more common, like the National Football League, have even demonstrated a rate
of 66.1 per 10,000 athletic exposures.”!! While concussion education and identification have
improved, leading to more diagnoses, 35-62% of concussions still go unreported demonstrating
that these rates underestimate what may be truly experienced.”!?"!> Concussions result in clinical
symptoms, physical signs, cognitive and neurobehavioral impairments, sleep/wake disturbances,
and visual dysfunction.!® Of the resultant impairments, the extent of visual dysfunction may be
the least understood despite its prevalence.

Although the entire visual system is not typically assessed post-concussion, up to 69% of
adolescents and 90% of adults report oculomotor dysfunction following concussion.!”! This is
not surprising given that over 50% of the brain is devoted to vision. Oculomotor dysfunction
may result in diplopia, abnormal pupils, and an increase in abnormal eye-tracking movements. !¢~
Y Despite being classified as a mild traumatic brain injury, concussions can lead to lasting
neurological and functional effects. Increasing evidence suggests that concussions are not a

transient injury but rather a condition with potential chronic effects, including lasting impacts to



vision. Understanding visual disruptions post-concussion is the first step in understanding many
of the subsequent deficits following concussion.

Our daily lives rely heavily on the ability to accurately and efficiently process visual
stimuli, whether reacting to headlight glare while driving or scanning a complex game
environment in real time. The ability to react swiftly and accurately to different stimuli is critical

20-22 yet current

for ensuring safety in various scenarios. Concussions disrupt this processing,
assessments do not fully capture the sensory-perceptual changes that follow injury. Most visual
assessments focus on oculomotor control, including saccadic movements, smooth pursuits,
fixations, and the vestibular-ocular reflex.?>32* Clinical assessments, such as King-Devick and
the Vestibular Oculomotor Screening assessment, were developed with the intention to isolate
these movements.?*?* Additionally, modern visual tracking technology is used with a focus on
these movements.!” While important, these assessments do not assess true visual deficits
experienced post-concussion. The inability to measure perception and sensation of visual stimuli
limits our understanding of how concussions impact vision and cognition. For example, critical
visual components such as sensory and receptor pathways connecting to the brain’s visual
centers are ignored.?!*? The brain has the ability compensate for injury without human
comprehension in real time in order to maintain adequate function on a singular task at hand,
although it may be less efficient in doing s0.2°2¢ Therefore, measuring visual function and the
magnitude of variability on different tasks at a sensory level could provide a detailed profile of
the visual system and its current recovery status post-concussion which is not currently
understood.?>2

Visual psychophysics is a field of study that seeks to quantify the relationship between

physical stimuli commonly encountered in everyday life, such as light and motion, and the



perceptions and sensations they evoke. Despite its importance in understanding visual and
neurological function, this line of research has not been explored in individuals with a
concussion history. However, it has been used in other clinical populations such as aging
populations, patients with dementia, and those with tumors or lesions, proving to be sensitive to
these conditions.?’ ! Integrating visual psychophysics into a concussed population could reveal
novel insights into visual sensory and receptor damage that is currently overlooked. The brain
can compensate for injury in ways not felt or experienced by humans in real time, so measuring
visual function at a sensory level following concussion would provide a detailed profile of the
visual system and its current recovery status, which is not currently understood.?>?® This would
potentially lead to improved management strategies and outcomes.

Psychophysics assessments such as macular pigment optical density (MPOD), glare
sensitivity measurements, and temporal contrast sensitivity offer detailed information on visual
acuity, neurocognitive processing, and retinal health. These measures can provide a more
complete picture of the visual and cognitive impact of concussions, ensuring that the true sensory
aspects of the visual system are not overlooked.>*=37 For example, assessing macular pigment,
composed of lutein and zeaxanthin, is particularly relevant in the context of concussion as it
plays a critical anti-inflammatory and antioxidant role in the brain and retina.**-° Low MPOD
has been associated with impaired neurocognitive processing and increased susceptibility to
oxidative stress.*’ Given the inflammatory nature of concussion,*! assessing MPOD may serve
not only as an indicator of retinal health but also as a window into the broader inflammatory state
of the brain.?-%’

Beyond simply understanding the extent of post-concussion visual impairments, it is

important to recognize that everyday life requires the complex integration of visual information



during movement. Functional movement patterns are important to identify and understand
because of the ability to potentially identify injury concerns.*** Following a concussion, there is
an increased rate of musculoskeletal injury, and more research is needed to understand the
underlying causal mechanisms.***¢ Prior research has identified that gait impairments can lead to
an increase in musculoskeletal injury risk even in non-concussed individuals.*’” Acutely
concussed individuals demonstrate more conservative gait strategies that can be detrimental to
performance and may make someone more vulnerable to injury.*3-3° Importantly, alterations in
gait patterns can linger beyond when a concussed individual is deemed healthy.>!->2

Previous research has established links between eye movements and performance on
simple gait and balance tasks.’*>* However, as mentioned, these eye movements do not reflect
the entire visual system and its current state during movement.?!?%25-26 Although concussions
alter gait performance and cause visual impairments little is known on the complex relationship
between the two. No previous work has attempted to measure the influence of visual stimuli on
simple gait. This is crucial to identify because common everyday visual stimuli may play an
unknown role in the reason an increased risk of additional injury is identified post-
concussion.***¢ For example, light sensitivity is a common symptom following concussion, but it
is not known if glare stimuli, which causes light sensitivity, can alter gait movement strategies in
ways that may increase risk of further injury.>>¢

In addition to identifying the relationship between visual function and gait, it is critical to
understand how increasing the complexity of gait may alter performance. Higher difficulty tasks,
like dual-task and complex gait tasks, can detect motor deficits subacutely after concussion.*®

For example, dual-task tandem gait has shown sensitivity to lingering deficits post-concussion

that were not identified during just single-task conditions.’*>” A gait termination task can



effectively evaluate complex gait and has been used to assess gait acutely and subacutely post-
concussion.’®% However, it is unclear whether a history of concussion affects performance on
this task and how visual stimuli influence performance on this task. Gait and motor control
deficits might persist for months or even years after the initial injury, making the evaluation of
these potential deficits valuable.’!>? If a history of concussion is linked to impaired gait
termination and impairments increase in the presence of visual stimuli, it may provide valuable
information on the factors that influence injury risk post-concussion. Therefore, the purpose of
this dissertation was to investigate performance on visual psychophysics measures among
individuals with and without a concussion history, and to identify the visual influence on simple

and complex gait assessments.

Aim 1: To determine whether individuals with a history of concussion exhibit poorer visual
psychophysical performance compared to individuals with no history. Since vision is primarily
processed in the brain, disruptions to visual function can reflect broader neurological deficits.
We assessed macular pigment optical density (MPOD), glare sensitivity, temporal contrast
sensitivity (TCSF), and the variability during each task to evaluate visual function. We
hypothesized that individuals with a concussion history would demonstrate worse performance

across all measures.

Aim 2: To investigate gait performance between individuals with and without a concussion
history and examine whether a glare stimulus further influenced gait outcomes such as stride
velocity, stride length, stride width, single leg support percent, gait termination time, and the

within trial variability on each outcome. We used a gait walkway and portable glare goggles to



assess spatiotemporal gait outcomes during simple walking and planned and unplanned gait
termination tasks, both with and without glare exposure. We hypothesized that individuals with a
concussion history would demonstrate more conservative gait patterns, worse performance
across all gait tasks, and increased variability during trials, and that glare would exacerbate these

effects.



CHAPTER 2
LITERATURE REVIEW
Concussion
Epidemiology

Concussions are a rising epidemic that affect millions of people every year.!”> Within the
military, traumatic brain injury, especially concussions, are the most common traumatic injury
Service members experience.®® One of the most common causes is sport participation. Athletic
concussion rates have risen from 1.7 per 10,000 athletic exposures in 1988-1989 to 4.47 per
10,000 in athletic exposures from 2009-2014 within collegiate sports alone.® A similar rise in
high school and adolescent children is also noted.”*!° Elite level contact sports, like American
football in the National Football League, have demonstrated a rate of 66.1 per 10,000 athletic
exposures.”!! Also in the National Football League, one study found that there were 61.7
concussions per 100 regular season games between 2015-2019.%! Other high contact leagues, like
the men’s National Hockey League, have seen concussion rates continually rise from 0.42
concussions per 100 games in 1986 to 4.88 concussions per 100 games in 2012.

Other common injury mechanism includes motor vehicle accidents and military-related
activity (e.g., blasts, falls, training injurie). Between 2006-2012, the rate of concussions seen in
emergency departments in the United States rose from 569.4 per 100,000 visits to 807.9.% Motor
vehicle accidents often result in various injuries, with 1 in 61 individuals sustaining a concussion

£.93

during an accident.®® Of all brain injuries in the military, 83.1% are classified as concussions.%*

Broken down by military branch, 84.03% in the Army, 81.04% in the Navy, 84.13% in the Air



Force, and 80.6% in the Marines of all traumatic brain injuries reported between 2000-2023 were
concussions.% Since it is very difficult to track during deployment, 80% of injuries are diagnosed
before or after deployment.®® One study found that undergraduate students who get treated at a
student health clinic has a concussion prevalence of 4.3% of all conditions treated, with an
incidence rate was 4.5 per 1,000 person months.®® In line with athletics, female undergraduate
students experienced higher rates than males.®> The rise and prevalence rate of concussion
increasing could be due to better education and reporting behaviors. While concussion education
and identification have improved, leading to more diagnoses, 35-62% of concussions go
unreported, demonstrating these rates still underestimate what may be truly experienced.”!>1
Pathophysiology

In the most recent consensus statement on concussion in sport a concussion can be
defined by a traumatic brain injury caused by a direct blow to the head, neck or body resulting in
an impulsive force being transmitted to the brain that occurs in sports and exercise-related
activities.! Symptoms and signs may present immediately, or evolve over minutes or hours, and
commonly resolve within days, but may be prolonged.'®

The pathophysiology of concussion is often referred to as the neurometabolic cascade.*!
This cascade is broken into seven parts: ionic flux and glutamate release, energy crisis,
cytoskeletal damage, axonal dysfunction, altered neurotransmission, inflammation, and finally,
cell death.!

Beginning with ionic flux and the release of glutamate, there is a resultant efflux of
potassium and influx of sodium and calcium which can trigger voltage- or ligand-gates ion
channels.*-6¢-67 This leads to a depression-like state that will cause post-concussion

impairments.*! In order to restore homeostasis, ionic pumps shift into overdrive, causing



hyperglycolysis, and depleting energy reserves and increasing ADP.#1%® An increased energy
demand results in an uncoupling between energy supply and demand.*! The intracellular calcium
flux also leads to the sequestration of calcium into the mitochondria worsening the cellular
energy crisis.*! After this period of hyperglycolysis and metabolic uncoupling, glucose metabolic
rates are impaired, lasting up to 7-10 days, leading to behavioral impairments in spatial
learning.*1-%%-6° The biomechanical forces placed on the neurons and glia result in damage to
components such as the dendritic arbors, axons, and astrocytic processes.*! Axons can lose
structural integrity following intra-axonal calcium flux, causing neurofilament sidearms to
become phosphorylated and collapse.*!:’° This damage, along with axonal stretching, can disrupt
axonal transport and increase axolemmal permeability, leading to dysfunction and potential
axonal disconnection.*’’%’! Even if axonal disconnection occurs and does not lead to cell death,
the neuron will not be able to function normally. After axonal dysfunction, altered
neurotransmission results due to changes in ligand-gated excitatory and inhibitory
neurotransmission.*! Glutamate receptor subunit composition and functional alterations occur
with the potential interference of normal developmental plasticity, electrophysiology, and
memory.*!"7>-7> The post-injury excitatory inhibitory balance can be upset by the disruption of
inhibitory neurotransmission involving GABA and its receptors.*! While studies were performed
in rat models this dropout of GABAergic interneurons can lead to the development of anxiety
disorders and affects the amygdala which is critical in fear-based learning.*!-7¢-89 Although
previously overlooked in concussive injuries, an inflammatory response is triggered.*! This
response, with the upregulation of cytokine and inflammatory genes, has been associated with
damage to the substantia nigra and can increase risk for Parkinson’s disease.*!#1-83 It is worth

noting that this inflammatory response and the resultant damage has been mostly focused on
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more severe traumatic brain injuries, but it is also reported in mild injuries, like concussion.*
Finally, while rare, complete cell death is possible.*!

In relation to this project, ionic flux is associated with photophobia and migraine
headaches highlighting a connection to the visual system and symptoms that also result from
visual dysfunction.*!#>-8¢ Axonal injury and impaired neurotransmission lead to cognitive
impairments, slower processing speeds, and slower reaction times, all of which are linked to the
visual system.4!-87-89
Visual Performance Post-Concussion

Over 50% of the brain is devoted to vision, explaining why oculomotor dysfunction is
one of the most common complaints following a concussion.”® Oculomotor dysfunction can
result in specific impairments like diplopia, abnormal pupils, and an increase in abnormal eye-
tracking movements. Visual impairments can occur following injury to both afferent and efferent
systems.?!?? Afferent dysfunctions are associated with optic nerve, white matter tract, and
cortical damage which causes impairments to visual acuity, color vision, contrast sensitivity,

visual field deficits, spatial neglects, and visual processing.?!-*

Efferent damage may result in
impairments to accommodation, pursuits, saccades, stereopsis, convergence, and pupillary
reaction time.?!?2 Definitions for these terms are seen in Table 1.2!221-98 One study attempting
to identify the frequency of oculomotor dysfunction in adolescents found that 70% of individuals
who had sustained a concussion experienced oculomotor dysfunction.!® The most common
dysfunctions were vergence disorders (60%) and accommodative disorders (57%).'® Another
study identified similar rates with 69% of adolescents experiencing a vision diagnosis, with

accommodative disorders (51%) and convergence insufficiency (49%) again being the most

common.” In adults with a concussion, as high as 90% of individuals experience oculomotor
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dysfunction.”® 1% The current state of post-concussion oculomotor function assessment focuses
on the efferent visual system and saccadic movements, accommodations, smooth pursuits,
fixations, vergence and the vestibular-ocular reflex.!”:19-23:90.10L102 Definitions for these measures

are seen in Table 2.1,21:22:91.92.94-98

Table 2.1. Visual terms definitions

Term Definition

Visual acuity The clarity or sharpness of vision

Color vision The ability to discriminate based only on spectral differences between stimuli

Contrast sensitivity The ability to perceive sharp and clear outlines of objects and identify differences in shadings
and patterns

Visual field The portion of space in which objects are visible at the same moments during a steady gaze in
one direction

Spatial neglects The reduction or loss of spatial awareness

Visual processing The detection of movement, pattern, and color and integrating all these inputs into a coherent
picture

Stereopsis Perception of depth due to the slight positional differences in images received by each eye

Pupillary reaction time Time to contract pupil in response to light

Saccades Rapid eye movements that enable quick and accurate scanning from one object to another

Accommodations The ability to maintain or change focus by adjusting focal length using ciliary muscle control

Fixations The ability to steadily gaze at an object

Pursuits Eye movements to smoothly and accurately track a moving object

Vergence The ability to aim eyes in opposite directions to follow an object as it moves towards or away
oneself

Vestibular-ocular reflex The use of eye muscles to create an eye movement opposite to that of head movement at the

same speed to stabilize the retinal image by keeping focus on an object despite head motion.

One of the most common vision-based assessments on the sideline or in the clinic is the
King-Devick test. Performance on this test is based on rapid number naming, while capturing eye
movements, during a trial of reading numbers arranged in variable horizontal spacing requiring

concentration, attention, and language skills.”%!%

Impairments in any of these skills could result
from a concussion with a common performance deficit being slower reading time.”%!% The
Vestibular Ocular Motor Screening (VOMS) assessment is another very common clinical
measure to assess vestibular and visual-related impairments following a concussion.?%1%4 It

consists of measurements in five domains: smooth pursuits, horizontal and vertical saccades,

convergence, horizontal vestibular ocular reflex, and vertical motion sensitivity.?’ Following
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each measurement, the individual is also to rate any change in headache, dizziness, nausea, and
fogginess on a scale of 0 (none) to 10 (severe).?’ An increase in symptom provocation and
convergence distance greater than 5 cm are findings that can identify concussed individuals.?°
However, similar to King-Devick, this assessment has a basis in having an individual perform
saccadic, convergence, or fixation movements. The main difference is that VOMS includes the
assessment of the vestibular ocular reflex, and King-Devick includes rapid number reading. Both

King-Devick and VOMS are clinically valuable as they are sensitive to concussion,?#105-108

Performance on these tests have also been linked to recovery time from concussion. 07108
However, even with a link to recovery they still are not able to assess the state of the sensory and
receptor components of the visual system the way psychophysical assessments can. This
limitation means the results of King-Devick and VOMS may be confounded by the brain’s
adaptations instead of the true extent of visual system deficits post-concussion.?>-?6

Attempts have been made to incorporate technology and more objective measurements of
post-concussion visual performance. Camera-based eye tracking technologies are becoming

19.109-11 However, a systematic

more common, as they are accurate, objective, and non-intrusive.
review and meta-analysis on the use of eye tracking technology post-concussion identified that
the predominant focus of this technology was on smooth pursuit or saccadic eye movements.!”
As previously stated, these movements are important to identify as the provide information on
brain areas involved in attention and executive function and with the use of camera-based
systems it allows for more objective and accurate measures.!*?!>2 One study has even focused on

micro-saccadic movements showing the depth and preciseness at which these camera systems

can measure,!!? but are still used for the same style of movements that have been previously
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studied. While providing more accurate measures of these movements, there has been very
minimal literature focusing on any other visual performance outcomes.
With efferent parts of the visual system being heavily addressed in the current

literature,?!->?

more work is needed to address the afferent visual system to identify if
impairments exist for the sensory aspect of vision instead of just oculomotor. Typical concussion
recovery takes place within six months, but one study found visual symptoms in military
individuals persist greater than five years post-concussion.!!* Another study, this time college-
aged individuals, also reported visual dysfunction over one year following concussion.!''*

Identifying the extent to which the entire visual system is impaired could provide valuable

information to clinicians to limit these lingering effects.

Visual Psychophysics
Macular Pigment Optical Density

Structural isomers known as carotenoids are broken into subclasses known as
xanthophylls and carotenes.*® They are synthesized by plants and designed for the coloration and
absorption of light energy.*® Like all carotenoids, since they are not made within the body they
must be obtained from dietary items such as dark green, leafy vegetables and supplements.3®
Lutein and zeaxanthin, which are xanthophylls and collective known as macular pigment, are
concentrated within the macula more than any other part of the body.*®!!> As a result of their
concentration, the macula appears yellow.*®!!'> The concentration of both lutein and zeaxanthin is
located in the center of the macula and begins to decrease eccentrically within millimeters
outside of the center.’® Focused centrally in the macula, it is designed to reduce and protect

against short wavelengths of visible light, with maximum absorption of 460 nm
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wavelengths.3¥116 These wavelengths are more dangerous since they are efficient at general
reactive oxygen species.*® The outer retina, which is oxygen rich, is very vulnerable to oxidative
damage due to fatty acids that are susceptible to photo-oxidation and exposure to high-energy
blue light, like the 460 nm wavelength continuing to demonstrate the importance of macular
pigment.*® Lutein and zeaxanthin are also antioxidants to aid in reducing reactive oxygen
species.®

Initial attempts to measure macular pigment used serum carotenoid levels or dietary
surveys, but they were not good indicators and non-invasive techniques were needed, especially
for clinicians.*® Macular pigment optical density (MPOD) is a non-invasive measure of how well
the macular pigment in the eye attenuates blue light.*® MPOD is associated with the amount of
lutein and zeaxanthin in the macula.’® Due to the decreasing and undetectable levels of macular
pigment at 6 to 8 degrees eccentricity it has been recommended to assess MPOD at multiple
locations to gain a complete profile of the true MPOD levels.!!” Only measuring MPOD at one
central site may not accurately predict the true amount of macular pigment one has.?*!!> The
distribution of macular pigment is believed to be based on the distribution of the cone
photoreceptors, which also decrease from the center of the fovea outwards.!'® Cone
photoreceptors are critical for detecting color and visual acuity.!!®

Multiple techniques are available to measure MPOD, but one of the most commonly used
is heterochromatic flicker photometry.3*:115!17 This procedure uses a 460 nm blue test
wavelength, which is absorbed by macular pigment, and a green wavelength around 550 nm, but
can vary from 550 to 570 nm.!'> Measurements are made at the center of the fovea and a location
where there is minimal macular pigment.!'> Both wavelengths are presented in a square wave

alternation pattern with the test stimuli at the foveal location presented at 12 to 15 Hz and 6 to 7
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Hz for the parafoveal condition.!!® The stimulus appears flickering to the subject, and they are to
adjust the intensity of the blue light stimulus until the flickering ceases.!!®> Subjects with higher
MPOD values indicate better protection from harmful wavelengths.!!> While this method is a
good non-invasive approach, methodological concerns were raised regarding temporal
sensitivity, light transmission, and perceptual differences at the foveal and parafovea location.!!”

To ensure the best results and highest accuracy, customized heterochromatic flicker
photometry was developed. This involves two additions to the traditional procedures. The first
procedural addition is to determine the best flicker frequency for each subject.!! If this is not
performed there is a chance that the subject will experience a large zone of no flicker as the
settings are adjusted, or they will not be able to eliminate flicker at all.''® The use of a quick
critical flicker fusion (CFF) task will reduce measurement error and ensure good performance on
the MPOD task.!! For example, older subjects and those with age-related macular degeneration
(AMD) have significantly slower temporal vision, so optimizing the flicker rate is crucial for
them.!!” Secondly, the short-wave test stimulus is to be inversely yoked with the mid-wave
reference component.'! This means when the short-wave is increased the mid-wave is also
decreased, and vice versa. This was created to keep the stimulus brightness the same and to not
confuse brightness changes as changes in flicker.!"”

No research has assessed macular pigment within individuals with a concussion.
However, multiple studies show the importance of macular pigment in protecting against AMD.
It is estimated that 54% of visual impairment and 22.9% of blindness are a result of AMD.!?° It is
also worth noting that AMD is irreversible, so it is crucial to identify all that influences AMD,
especially early onset.?® Rates of early onset AMD cases are estimated to continue to rise and

increase to 17.8 million cases by the year 2050.?! There is adequate evidence supporting the
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consumption of lutein and zeaxanthin reducing the risk and prolonging the effects of AMD,38122-

124 but more information is needed to develop a causal relationship. In addition to visual
impairments, MPOD is associated with worsening cognitive performance.!'?®> Using the Montreal
cognitive assessment and mini-mental state examination, one study found those with lower
MPOD values has poorer prospective memory, took longer to complete a trail-making task, and
had slower reaction times compared to individuals with higher MPOD values.!?*> Within aging
and mildly cognitively impaired groups a similar trend was identified with worsening/aging
participants associated with lower macular pigment levels compared to healthy control groups.!?
Within brain tissue, specifically in the cerebellum, pons and frontal and occipital cortices,
lutein and zeaxanthin have been discovered.'?”!?8 Importantly, macular pigment levels are found
to significantly correlate with the concentrations found within the brain.!?® Similar to how the
retina has an important protective role within the eye, it is possible that these carotenoids within
the brain can provide functions like antioxidant, anti-inflammatory, structural and functional
enhancement of synaptic membranes and gap junction communication.** These functions are
critical to deter potential cognitive impairments caused by disease or injury. One research group
found that patients with Alzheimer’s disease exhibit lower macular pigment, worse vision, and
higher rates of AMD compared to controls.!?” Supplementing lutein and zeaxanthin, and
increasing macular pigment, has resulted in improvements to visual function in patients with
Alzheimer’s.!3° Other recent work has identified macular pigment levels are related to better
global cognition, verbal learning and fluency, recall, and processing and perceptual speed.*
These relationships have been crucial to identify as they demonstrate that in addition to macular
pigment being an important factor for visual performance, it may also demonstrate use as a

biomarker for cognitive function. In relation to this project, aging, Alzheimer’s and cognitive
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performance have all been linked to concussion. In individuals over the age of 65, one study
found those with a concussion performed worse on composite neuropsychological and
computerized tasks, with age being a direct predictor of cognitive performance compared to a

131 Based on the evaluation of event related potentials, a subset of

control group.
electroencephalogram (EEG), older concussion history populations may be unable to compensate
for their neurophysiological deficits, especially on complex tasks, as well as younger concussion
history groups.!3? One study that focused on the early onset of Alzheimer’s in retired football
players noted that although there was no association between the number of recurrent
concussions and Alzheimer’s, there was an earlier onset of the disease compared to the general
American male population.!3® Other contradictory work has found no early onset dementia in
retired contact sports athletes.!3* Cognitive performance impairment is one of the trademark
aspects of a concussion leading to a lower health-related quality of life.!*> The link between
aging, Alzheimer’s, cognitive performance and concussion, as well as macular pigment, is
crucial to understand as it demonstrates a potential link between a concussion and visual
psychophysical measures. The ability to prolong and aid in minimizing visual decline using
supplementation within these populations related to concussed groups suggest these same
methodologies may be able to be focused on improving individuals visual and cognitive
performance who had sustained a concussion, 331227124
Glare

Glare is the result of light entering the eye in excess of its adaptive state that does not aid
vision.!3¢137 Humans experience glare in everyday life from sources such as the sun, car

headlights, and indoor lighting. Many factors can influence how uncomfortable a light is

including the adaptive state, spectral composition of the glare source, luminance of the
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background and glare source, spatial properties of the glare source, angle of the glare source with
respect to the line of sight and the time of day.!3*!3 Macular pigment also influences outcomes
as individuals with more macular pigment have faster photostress recovery times, lower
disability glare contrast thresholds, and lower visual discomfort.!3¢:140-142 Different categories of
glare exist with two of the most common being disability glare (glare that impairs vision) and
discomfort glare (glare that causes annoyance).!3” They are usually concurrent, but may be
independent, and can range from insignificant to incapacitating for humans.!*” Disability glare is
caused by intraocular light scattering (straylight) that reduces the contrast of retinal images by
spreading a veiling luminance across them.!3” The point spread function (PSF) describes how
light from a point stimulus is focused on the retina.!*” Straylight is the light energy that spreads
beyond one degree from the center of the PSF.!37 Photostress is the exposure of very short,
intense light that also results in loss of vision.!*¢ This loss of sight is cause by a combination of
photopigment bleaching and adaptation and requires photopigments to regenerate slowly over
many seconds.!*%!37 Discomfort glare is caused by light that is deemed too intense or variable for
a human.!” Discomfort can be manifested as subjective annoyance measures, squinting,
distraction, blinking, tearing, pain, and light aversion.!3” An abnormal response to discomfort
glare is referred to as photophobia.'3’

Like many visual functions, alterations in glare discomfort are noticed with aging
populations. With an increase in aging there is an increase in straylight which is due to large
particle light scattering by multilamellar bodies in the crystalline lenses.!3” Cataracts, which is
common in older adults, also increases glare disability.!*® This is crucial because older drivers in
conditions where glare is present, i.e., nighttime driving with headlights, put themselves at

greater risk of crashing and sustaining an injury if they cannot see properly.'** A study focused
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on glare while driving found that subjects who experienced increased susceptibility to glare and
diminished vision reported more real-life accidents over a five year span.'# Photostress recovery
time, which is the time from when a photostressor is experienced until when vision returns to
normal, is linked to AMD with prolonged recovery times being associated with both early and
late cases of AMD, 145146

When evaluating glare discomfort in experimental settings, the spectral qualities of the
light source are important to consider. The custom-built stationary glare apparatus and portable
glare goggles used in this study each consist of a circular ring of bright white LEDs, with the
lights in the portable version encased in an adjustable goggle frame and powered by a battery
pack. These LEDs are considered broad-spectrum and produce a strong spike in blue light at
around 460 nm which is the same wavelength as bright blue sky light.!#”-!4¥ This type of LED is
commonly used and is also a well-documented contributor to glare discomfort.!*” A typical
spectrum of this kind of LED light and its intensity is seen in Figure 2.1.!%° The discomfort
induced by such lighting is especially relevant in ecologically valid environments, as blue-rich

white light has been shown to exacerbate subjective annoyance and visual strain.'4’
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Figure 2.1. Typical spectrum of LED light used in
glare assessments!#’
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While objective measures of post-concussion glare may be limited, photophobia is
commonly associated with concussion.!*° It has been considered the second most common
symptom of concussion, and post-concussion syndrome, with 60-75% of Service members
experiencing photophobia after blast-related concussion.’® In a separate study not limited to
military-specific injuries, it was estimated that 43% of individuals after a concussion experience
photophobia with the majority of these patients rating it as severe.>>>® While it is present acutely
after concussion, patients with photosensitivity were also found to have an increase in sensitivity
to light up to six months following concussion.'>!!32 It is thought that this may be due to a
variety of causes such as magnocellular damage, cortical hyperexcitability, and binocular vision
disorders.!>? Recent research has also implied that intrinsic photosensitive retinal ganglion cells,
which project to both trigeminovascular and trigeminoautonomic pathways, contribute to

153 Given its potential to

photophobia which may play a role in post-concussion light sensitivity.
interfere with daily activities such as mobility, reading, and driving, photophobia should be
thoroughly evaluated as part of post-concussion assessments.

Only one subjective question on common clinical concussion assessments addresses
sensitivity to light. On the Sport Concussion Assessment Tool 6 (SCAT6) symptom evaluation
individuals are asked to rate their sensitivity to light on a scale from 0 (no sensitivity) to 6
(extreme sensitivity).!>* This question is similar to the De Boer index which quantifies glare
discomfort on a scale from 9 (unnoticeable) to 1(unbearable).!> Little work has focused
specifically on the SCAT sensitivity to light symptom on its own. However, in adolescents, light
sensitivity on the SCAT was a significant predictor for distinguishing between concussed and

non-concussed individuals, highlighting the importance of assessing this symptom.!>¢ No

objective measures for glare disability or discomfort are common post-concussion. This is an



21

important gap in the literature to identify as light sensitivity may last up to months or years
following injury.>®> More is needed to assess the impact of glare following concussion.
Temporal Contrast Sensitivity Function

Human’s visual contrast sensitivity function characterizes its frequency response, and it
can be described as a bandpass filter, increasing and decreasing sensitivity at various
frequencies.!>” The contrast sensitivity function can be broken into temporal and spatial vision.!>®
Temporal vision is characterized by the sensitivity to contrast as a function of time, known as the
temporal contrast sensitivity function (TCSF).!>® This is different from spatial vision which is
sensitivity to contrast as a function of spatial frequency.!>® In order to obtain this function, one
must present a stimulus that varies sinusoidally over time.!>® The visibility of the modulated
stimuli is dependent on the rate of presentation and the depth of modulation which refers to the
difference between the maximum and minimum luminance of the stimuli.!*® For example, a
higher modulation depth means that there is a greater difference between the maximum and
minimum luminance of the stimuli. The TCSF can be depicted by an inverted U-shaped function
with high frequencies decreasing sharply, and less sharply at low frequencies (Figure 2.2).1%
While the specific anatomical properties of the TCSF may not be fully understood, it is accepted
to view TCSF as an envelope of more narrowly defined sub-channels, as it is unlikely temporal
channels operate in isolation.!>®15° These temporal channels also do not operate in isolation with

interactions between spatial, temporal, and chromatic channels.!*®
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Figure 2.2. Temporal contrast sensitivity function curve from Renzi and Hammond, 2010.%

Critical Flicker Fusion (CFF) does not fully characterize temporal vision, but it has been
used as an index of temporal vision.?®!3° CFF is the highest flicker frequency someone can detect
at 100% modulation.!>® Prior research has stated that this function of temporal vision is
determined post-receptorally, and even after someone believes the stimulus is no longer
flickering the retina is still responding to high-frequency flicker.!**1%° CFF is correlated with
cortical arousal as measured by the alpha component of an EEG.!6!:162

Many factors, like any visual function, are important to capture and interpret with TCSF
and CFF. These factors include stimulus size (Granit-Harper law),'%* luminance (Ferry-Porter
law),!64165 and retinal location.!>® The Granit-Harper law describes how stimulus size influences

163

visual function.'®’ For example, in relation to CFF, the Granit-Harper law states that CFF values

increase as the size of the stimulus increases. The Ferry-Porter law states that CFF increases
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directly with the logarithm of stimulus illuminance.!®*!%> For example, increases in the
luminance of the stimuli result in increases in CFF.

Control of these factors when measuring TCSF can be challenging. A practical method
for measuring TCSF has used a device that was customized to successfully measure TCSF while
controlling for potential confounding factors.!*® To minimize absorption by the anterior media
and macular pigment, a red LED stimulus consists of a one-degree, 660 nm target with a 5.5-
degree 660 nm surround.'*® A knob is presented to the participant to allow for fine changes in
modulation depth from 0% to 100% at different frequencies.!>® A 3mm artificial pupil is used to
control pupil size variation.!*® This size was determined to be the smallest consistent size for
humans regardless of individual differences.!*® Similar to MPOD, a foveal and parafoveal
measurement is needed.!*® Participants are asked to view a point and fixate at a point in the
center of the vision for the foveal measurement, and a fixation point 7-degrees laterally for the
parafoveal measurement.!>® Starting at 0% modulation the participant is to use the dial and adjust
the depth of the modulation until they see a fused stimulus.!>® There are also trials where the
participant begins with a fused stimulus and adjusts the modulation until a flicker is just
noticeable.!>® Previous research has used multiple frequencies to capture the entire TCSF and
confirm the recreation of the U-shaped curve.'*® Multiple studies performed by Wooten et. al.
and Renzi and Hammond have used the frequencies of 2.5, 4, 6.3, 10, 12.6, 15.8, 20, 25, and 32
Hz.!13%15% All frequencies are assessed in the fovea and parafovea. For the purposes of this
project, not all frequencies will be assessed. This is due to consistent replication of the TCSF
which allows for the calculation of the curve without all frequencies measured, if low, medium,
and high frequencies are measured to encompass the extremes of the curve. A previous study

using four frequencies (0, 5, 10, 15 Hz) was able to recreate the same temporal curve seen in
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Figure 1.1 This study also noted that the differences between the 5 and 10 Hz frequencies were
minimal and considered within measurement variation demonstrating that potentially one
frequency within the 5-10 Hz range will suffice for measurement.!%® CFF is measured on the
same device with the same one-degree stimulus at the center of a 5.5-degree, 660 nm
surround.'®” Only focused on the center of the target for this measure, light flickers at 100%
modulation and the participant identifies when flicker ceases or is just viewable as the frequency
is adjusted.!®’

TCSF, and CFF, provides valuable information into the functioning of the visual system,
but also cognitive processing and neural integrity.!®” Specifically, many studies have focused on
the impact of aging and disease on the TCSF and have identified the measure as prognostic.!¢7-168
As is the case with other aspects of neural processing, aging and various disease cause significant
processing slowing which is due to anatomical and physiological alterations.!>® Due to age-
related breakdown of myelin the conduction rate of neural axons is decreased.!®® It was
previously found these temporal-based measurements are sensitive indicators of optic nerve
damage in patients with open angle glaucoma.!’® TCSF is sensitive to the visual processing

ability, and any potential deficits.!®

Differing frequencies during the TCSF measurement are
sensitive to different conditions as well.!”! Deficits at lower to moderate frequences are
correlated with drusen (yellow deposits under the retina made up of lipids and protein) and/or
retinal pigment epithelium atrophy.!”! These are known to be very accurate predictors of AMD
development. One study found that 84% of people with early AMD had flicker abnormalities in

their central foveal region.!”? TCSF at high frequencies is strongly related to normal aging and

disease.!”! CFF is negatively affected by tumors and lesions in all four lobes of the brain,
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demonstrating that it is an adequate measure of overall neural integrity.!”>!7* Multiple studies
have shown that Alzheimer’s disease results in a decreased CFF performance.!3815%174

The full TCSF has not been assessed following a concussion, or in individuals with a
history of concussion. CFF specifically has been minimally assessed in individuals with a
concussion, but differing methods were used for these studies.!”>"!77 One study used a participant
group ranging from 19-83 years of age with the concussion group ranging from 0.25-15 years
post-concussion.!”® They also used a different stimulus and apparatus which used white LED’s
with a spectrum on 460-555 nm and a frequency range of 30-60 Hz instead of the method
described above.!”® This study found no differences in CFF values between the concussed group
and healthy group but did mention the concussion group had higher variability in their
performance and trended toward lower CFF values.!” This study did record whether motion or
light sensitivities were present in the concussed individuals and found that CFF among the
concussed group was higher for those with light and motion sensitivity compared to those not
experiencing these symptoms at the time of testing. Another study, using the same methodology
and similarly large age and time since injury ranges, also found no significant differences
between a concussed and control group but also reported trends towards worsening performing
in individuals with a previous concussion.!”® One other study using a Pocket CFF tester among
other visuomotor and visual perception tasks found no differences in individuals with a previous
concussion.!”” While not measured in concussed individuals, a study conducted using younger
and older-aged groups used CNS Vital Signs, a common concussion neurocognitive assessment
to understand the relationship between CFF and higher cognitive function.!¢”!”® The CFF
methods from this study are similar to what will performed for this project.!®” The authors found,

as they expected, that age was inversely related to CFF and all CNS cognitive measures except



26

for visual memory with higher age resulting in lower scores.!®” They also found that CFF
predicted executive function across both groups and accounted for variance in performance.'®’
Psychophysics measures, i.e., MPOD, glare sensitivity, and TCSF, may provide critical
information into sensory and perceptual visual functions that have not been measured in
concussed individuals. Current common visual assessments post-concussion do not capture this
information as they are limited to just oculomotor function which could be altered due to
protective mechanisms by the brain.?!2%232¢ Deficits on psychophysics tasks are linked to aging,
cognitive decline, disease, tumors, and lesions.?’3! Treatment strategies using supplementation
has prolonged and aided in minimizing visual decline in these clinical populations.38122-124.130
These strategies could also be performed in people with a concussion, however, only a very
small amount of work has focused on any of these assessments.!’>~1”7 There has also been no
work done on a link of visual psychophysics methods and gait in concussed individuals. With an

increased risk of injury post-concussion,*” visual sensation and perception may be a role in gait

alterations which can lead to injury that has not been explored.

Increased Injury Risk Post-Concussion
Gait

Gait, the pattern of walking, is a fundamental part of human movement.!” Within gait
there is the stance phase, when the foot is on the ground, and the swing phase, when the foot is
moving forward.'® In one gait cycle, 60% is spent in stance phase while 40% is spent in the
swing phase.!*® Disruptions to normal gait patterns can signal underlying health defects and
various medical conditions.!” In older adults, changes in gait patterns are associated with the

likelihood of a being recurrent faller.!8!:182 Aging populations exhibit lesser knee extension at
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heel-strike and knee flexion during the swing phase.!®134 Lower extremity injuries can also alter
gait, causing antalgic gait (limping) when a person shortens their stance on the effected side and
have a rapid swing phase with the contralateral leg to minimize loading.!'®® A neurological
disorder like Parkinson’s can cause decreased gait speed, step height, and length, 85186

Gait is often impaired following concussion.>”!87-188 Gait analysis after a concussion has
revealed neuromuscular control deficits that persist longer than what standard postural control
assessments, such as the Balance Error Scoring System, can detect.**!% Gait is normally
assessed through various measures including tandem gait and normal walking gait with single
and dual task condition.” A single-task condition is when the individual performs the gait task
and only focuses on the gait task, and a dual-task condition is when a cognitive task is performed
while performing a gait trial.>” Various dual-task conditions exist, ranging from counting
backwards during the trial to terminating walking when a buzzer is heard, known as planned or
unplanned gait termination.>’>’

Currently there is little existing literature on planned or unplanned gait
termination/initiation in individuals with a history of concussion. Healthy individuals without a
history of concussion exhibit shorter stride and step lengths, slower gait velocity, wider stride
width, and more time in double leg support during unplanned compared to planned gait
termination.>® Gait termination has been used in elderly and neurodegenerative clinical
populations as a single- and dual-task gait measurement.!”*!°! Few studies exist using gait
termination in acutely concussed individuals. During gait initiation, acutely concussed
individuals exhibit significantly slower step velocity and shorter step length compared to those
with a concussion history and control groups.> Also acutely post-concussion, it was found that

concussed individuals exhibit alterations in braking and propulsion patterns.’® These alterations
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were found to linger into the subacute phase, showing that this task is sensitive enough to pick up
on changes in gait even post-recovery on other clinical concussion tests.>® While it seems to be
useful immediately following a concussion, no work has been done to identify gait termination
deficits in individuals with a history of a concussion and adding visual stressors to mimic
everyday life while performing this task. This could provide valuable information on the true
recovery time for performance on the gait termination task following a concussion, and how real-
world influence may alter performance potentially adding to why there is an increased risk of
injury following a concussion.
Vision and Gait

Vision during gait is critical as it allows for us to collect crucial information about the
environment and remain safe.’*!°? Previous work has described the importance of saccadic
movements on efficient locomotion.!*? For example, the visual information gathered during the
latter half of the preceding step influences the step length of the following step.!”> On uneven
terrain it was found that fixations increased to where individuals eventually stepped.'* The
timing of footfalls is altered based on the amount of visual information present, e.g., slower
footfalls in conditions with less visual information.!®> During turning tasks, the initiation of
saccadic movement preceded the head, trunk, or leg, continuing to support that movement is
influenced by vision.!?®!°7 In an elderly population participants with a fall history focused on the
more imminent footfall target instead of two steps ahead of them which is common for healthy
participants.!®®1%° A study on individuals with Parkinson’s disease, who are known to have gait
and saccadic abnormalities, found that patients who would freeze during gait were slower in
initiating saccadic movements and had increase saccadic variability.?°’ In concussion, gait and

vision have been dually assessed rarely.>* It was found that people with a concussion had



29

reduced saccadic frequency, duration, and velocity which was correlated with gait velocity.**
However, like previous visual studies focused on concussed individuals, the visual tasks of
interests in these studies are focused on saccadic and fixation movements which ignores the
sensory and receptor pathways connecting to the brain’s visual centers. The current study aims to
provide an understanding of the visual sensory and perceptive systems which has not been done

in people with a concussion.?!>?

In addition, it will add to the literature on how gait is influenced
by visual stimuli. Instead of a focus on how saccadic movements are linked to gait, we will
identify how visual stimuli common in everyday environments may alter gait. This will provide

valuable insights into the interaction between visual processing and motor control post-

concussion which can lead to improved management strategies.
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CHAPTER 3
METHODOLOGY

Participants

Participants were included if they were 18 years of age or older. Concussion history was
collected and self-reported using the National Institutes of Health common data element form
(Supplementary Figure 1),2°! and participants were categorized into either a concussion history
or no concussion history group. Per the 6" international consensus statement, a concussion was
defined as a “traumatic brain injury caused by a direct blow to the head, neck or body resulting
in an impulsive force being transmitted to the brain.”!® Participants in the concussion history
group must have sustained a concussion within two years of study enrollment and be
asymptomatic, defined as having a total severity score < 13 on the symptom inventory
(Supplementary Figure 2).2°2 This cut off was based on normative data that, at baseline, males
have a 2.7 total symptom score, and females have 2.9, which was rounded up to 3.22 The
published reliable change score of 10 was then applied, resulting in a final cutoff score of 13.202

Participants were excluded if they reported a significant lower extremity injury (e.g.,
fractured leg, lower extremity surgery) within a year of testing, visual impairment (measured by
the test administrator to be greater than 20/50 even if corrected), neurological disorder, or ocular
disease. Those in the no concussion history group must have never had a diagnosed concussion.

Participants without a self-reported concussion were matched to those with a history
based on age (2 year), sex, and height (+10cm). Participants were recruited from across the

university through online university postings, flyers, and in-class verbal recruitment. These
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methods have previously been used successfully.?%3-2%4 Participants were also paid an honorarium
of $20 in total for participation.
Demographics

Demographic information included age, sex, height, mass, dominant eye, activity level,
and injury history. Participants were also given the National Institutes of Health concussion
history common data element form.2°! Concussion mechanism, diagnosed/undiagnosed
concussion, date of concussion, age at time of injury, loss of consciousness, loss of
consciousness duration, difficulty remembering before or after concussion, minutes with memory
loss, and symptom duration were obtained from this form.?%!
Sport Concussion Assessment Tool 6 Symptom Inventory

The Post-Concussion Symptom Scale is a 22-item symptom checklist designed to assess
and track symptoms following a concussion.?%>-2¢ Each symptom was scored on a Likert scale
from 0 to 6, with 0 indicating the symptom is not present, and 6 indicating the symptom is
present and severe. The total number of symptoms was calculated by adding the symptoms that
are present together, with a possible score of 0 to 22.20>-20¢ Total symptom severity was
calculated by adding the total severity values from each symptom with a possible score of 0 to
132.295296 This scale was administered upon enrollment, and after the completion of each
assessment to identify if, and by how much, the visual psychophysics and gait tasks increase
total symptom burden as compared to the participants’ baseline, which was the first one
completed upon enrollment.
Temporal Contrast Sensitivity

The assessment order of temporal contrast sensitivity and macular pigment optical

density were randomized. There were two parts to the measurement of temporal contrast
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sensitivity: temporal contrast sensitivity function (TCSF) and critical flicker fusion threshold
(CFF).1¢7 Although CFF is a component of the TCSF, slight modifications to the test stimulus
were necessary to accurately measure CFF.!¢” Therefore, it was treated and described as a
standalone assessment. The order in which the TCSF and CFF are measured was randomized.
Participants were measured using their dominant eye. Dominant eye was assessed by instructing
the participant to focus with both eyes on an object smaller in size (e.g., doorknob, letter on a
Snellen eye chart).?” The participant then brought their hands together in front of them to form a
triangle-shaped hole with the focal point in the center of that hole.?%” They were then instructed
to close one eye at a time and verbally indicate when the target remains visible through their
hands and when it does not remain in focus.?’” The eye that was open when the target was still
visible through the hole is deemed the dominant eye.??” Participants were then seated in front of
a custom apparatus designed to accurately measure TCSF and CFF.!%8:167.208 They were
instructed to look through a 3 mm artificial pupil designed to control the variation in the
luminance that is caused by individual differences in pupil size.!>%-167.208

When measuring CFF a circular flickering stimulus, a one-degree, 660 nm target on a
5.5-degree 660 nm surround, was presented at 100% modulation, and participants were
instructed to focus on the one-degree target in the center of the surround.!¢” Using a method of
ascending (increasing flicker frequency until the stimulus appears solid) and descending
(decreasing the flicker frequency until a flicker is detected) trials, a final CFF threshold value
was determined after six trials of this task were completed. Following these trials, the stimulus

was changed to create the TCSF curve seen in previous literature.!>%208

Instead of adjusting the
frequency, like CFF, the next trials were completed by adjusting the modulation while keeping

set frequencies at low (2.5 Hz), optimal (10 Hz), and high (25 Hz) frequencies. These
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frequencies were selected due to previous work showing the use of them being able to provide
enough data in order to create the temporal contrast sensitivity function curve.!*® At each
frequency the participant viewed a flickering stimulus through the same artificial pupil.!>®2% Just
as the previous assessment, the participant tried to identify when the flicker ceases and the
stimulus seems to have fused.!*®2% The test administrator used the same style of ascending and
descending trials, but instead of increasing and decreasing frequency, the modulation was
adjusted from 0-100%.!3%-2%8 Six trials at each frequency were completed for a total of 24 trials
total to measure the entire TCSF and CFF. Practice of this task was completed on a small scale
by the main investigator with results similar to that of experts in the field when testing the same
individual.
Macular Pigment Optical Density

To accurately measure MPOD and account for individual differences at different loci in
the fovea, customized heterochromatic flicker photometry was used.!!>119:126.209 The yse of
customized heterochromatic flicker photometry requires the assessment of CFF before measuring
MPOD. CFF must be obtained to reduce measurement error and facilitate good participant
performance.!!%1262% This customization helped to ensure the participant is correctly seeing and
identifying what the assessment is designed for. Since the flicker stimulus presented by the
macular densitometer differed slightly from that used in the full CFF assessment described
below, a separate CFF value was calculated specifically to customize the MPOD measurement.
This CFF value was not included in data analysis. It was used solely to tailor the flicker stimulus
to each participant’s threshold and ensure accurate MPOD assessment. The participants’ CFF
value was then input into the densitometer to customize the stimulus to their flicker threshold.

Participants were seated in a chair and positioned themselves in front of the macular
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densitometer so they could view the initial stimulus centrally in their vision using just their
dominant eye.?” They viewed the stimulus through a small hole while their chin rested on an
adjustable chin rest. The non-dominant eye remained closed throughout the task. If the
participant could not close their non-dominant eye for the duration of the task, an eye patch was
provided.

When measuring MPOD the participant viewed a stimulus wavelength, centrally, at 30°
(distance from the center of the fovea in arcminutes) eccentricity because that is where macular
pigment is the densest.!!*12629 The stimulus was the combination of two wavelengths, 460 and
570 nm light sources. These were presented in square-wave counter-phase orientation which
gave the appearance of a uniform flicker.!!%12620 Like the measurement of CFF, the participant
perceived this flickering stimulus while the test administrator used a rotary knob to adjust the
stimulus until the flicker ceased. Once the flicker ceased a red button linked to the densitometer
was pressed to mark that moment.!!%12629 This was done five times. After that was completed,
similar procedures were performed in the participants’ peripheral vision to capture a value where
there is no macular pigment present to provide a baseline comparison. The peripheral (also
known as parafoveal) location was at 7° (degrees away from the center of vision)
eccentrically.!!%126-209 The participant remained looking through the same small hole, but were
presented with a small red focal light in their peripheral vision. Without moving their head, the
participant focused their eyes on this red dot for the duration of the trials, and was instructed to
perform a similar task, which was to identify when the flickering of the stimulus ceases, but the
stimulus was now in their peripheral vision.!'%!26-20° This was also performed five times and the

difference between locations allowed for a final MPOD calculation.!!?-126:209 Practice of this task
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has been completed on a small scale by the main investigator with results similar to that of
experts in the field when testing the same individual.
Glare Discomfort

When measuring glare discomfort participants were seated in front of a custom apparatus
with a video camera directly in front of their eyes. They rested their chin on an adjustable chin
rest in a manner that allows for the video camera to view their left eye in optimal focus for data
processing. Once the apparatus and camera were set up to record, the participant was told to look
straight ahead at the wall in front of them in the absence of the photostressor and act as they
normally would.!3%21% The test administrator then introduced the photostressor (a light stimuli
produced by a 1000-Watt xenon arc source) for a period of five seconds.!*®2!? This was done
once. After the trial, participants were given a glare sensitivity questionnaire to identify how
bothersome they believed the stimulus to be. After testing was completed, the video recording of
the participants eye was opened in QuickTime by a different rater who was not aware of which
group the participant was in.!321% Two frames were identified for analysis, and these were a
frame when the participant’s eye were open before the stimulus and a frame with the maximum
level of squint in the presence of the stimulus.!3¥21° The distance of the palpebral fissure between

the top and bottom lids was measured in millimeters for a final glare discomfort value.!3%21

Table 3.1 Visual psychophysics outcome variable descriptions

QOutcomes Description

Visual Psychophysics

MPOD The density of macular pigment (lutein and zeaxanthin) within the retina
TCSF The sensitivity to contrast as a function of time (0.2, 0.8, 1.4 log Hz)

CFF The highest average flicker frequency at which light appears to be flickering
Glare discomfort The difference in distance of the palpebral fissure (in mm) after exposure to

glare stimulus
Glare sensitivity Subjective rating of how bothersome the glare stimulus was on a scale of 1-9
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Glare Sensitivity Questionnaire

A glare sensitivity questionnaire was administered after the glare assessment.?! It was
designed to assess how sensitive and bothersome the participant feels the glare exposure during
the trial was.?!% It is a Likert scale ranging from 1 to 9, with 1 indicating minimal to no
sensitivity to the glare stimulus and 9 indicating severe sensitivity and bother.?!°
Straight Path Gait with Glare Stimulus

As soon as the glare discomfort measurement was completed, participants were fitted
with mobile glare goggles and an adjustable belt which housed the battery pack for the goggles.
These goggles were a portable version of previously published procedures assessing the effects
of photostressors.!*3219 Before testing, participants were given practice trials for all gait tasks and
practiced initiating and terminating gait in response to an audible buzzer, which served as the
start cue for all tasks and the stop cue for the unplanned gait termination task. All gait trials were
completed on a 6.1 x 0.61-m Zeno Walkway (Protokinetics, Havertown, PA). Straight path gait
was always completed first, but the order of unplanned and planned gait termination was
randomized.

In order to collect baseline straight path gait trials the participant began at a starting point
on the walkway and was instructed to walk as they normally would throughout their everyday
life while keeping their focus straight ahead of them through the end of the walkway. This was
completed three times. For the glare condition, participants were told to get set at the same initial
starting point and close their eyes. Once their eyes were closed the glare goggles were turned on
by the test administrator. The participant was then instructed to open their eyes and begin

walking once they heard the audible buzzer cue.
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A member of the research team was there to spot the participant in case they began
walking off the walkway to ensure safety. They will continue walking until through the end of
the mat as they did with the baseline trials. The administrator then turned off the stimulus, giving
a washout time, and instructed the participant to return to the starting point. This was be
completed three times. Clinical spatiotemporal gait variables such as stride velocity (cm/s), stride
width (cm), stride length (cm), and percent of time in single leg stance (%) were calculated by
the ProtoKinetics Movement Analysis Software (PKMAS; Table 3.2).58

Table 3.2. Gait outcome variable descriptions

QOutcomes Description

Spatiotemporal

Stride Velocity Stride length divided by the stride times (cm/s).*>43

Stride Length Distance from the heel of one foot to the following heel of the same
foot (cm).

Stride Width Distance between a line connecting two ipsilateral foot heel contacts

(one stride) and the contralateral foot heel contact between those
events and is measured perpendicular to the stride (cm).
Single Leg Support Single support time presented as a percentage of gait cycle time
Percent (percent).

Planned/Unplanned Gait Termination With and Without Glare

All planned and unplanned gait trials were completed on the same Zeno Walkway
(Protokinetics, Havertown, PA). Participants were instructed to stand on the walkway and to get
set and wait for the audible buzzer to initiate movement. They were instructed to walk at a
normal self-selected pace. When performing planned termination trials, participants were
instructed to terminate gait once they reached a marked location near the end of the walkway.->
During unplanned termination trials, participants were instructed to begin the walk the same way
as the planned trials. They then terminated their gait as soon as they heard a second audible
buzzer that was manually triggered upon a right heel strike, and this buzzer occurred at any point

in the trial after gait initiation.’®° To minimize anticipation, catch trials were randomly inserted
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into the testing session, where no signal was used to cue gait termination and participants walked
through the end of the walkway.>®> Participants were made aware catch trials would occur at
least once. A total of three trials per condition (unplanned/planned termination with and without
glare exposure) was performed for a total of 12 trials. The glare condition was performed in the
same manner as the straight path gait. Gait termination time (GTT) was calculated, in seconds, as
the time from the third to last step until the center of pressure velocity matches or falls below the
average center of pressure velocity prior to gait initiation.”® GTT was normalized to the
participants’ gait velocity by dividing GTT by gait velocity, resulting in a normalized GTT
outcome (GTT/velocity = normalized GTT, s*/m).>® Gait velocity was calculated as the
displacement in the anteroposterior plane between the footfall of the first step and the second to
last termination step divided by time (m/s).>® Clinical spatiotemporal gait variables such as stride
velocity (cm/s), stride width (cm), stride length (cm), and percent of time in single stance (%)
were calculated by the ProtoKinetics Movement Analysis Software (PKMAS; Table 3.2).58
Statistical Analysis

Demographic characteristics were compared between the concussion history and no concussion
history group using an independent samples t-test, Mann-Whitney U or chi-square based on

distribution.

Aim 1: To determine whether individuals with a history of concussion exhibit poorer visual
psychophysical performance compared to individuals with no history.

Statistical Analysis: Visual psychophysical performance (MPOD, CFF, temporal contrast
sensitivity function, glare discomfort, and glare sensitivity rating; Table 3.1) were compared

between groups using an ANCOVA. Time since concussion was included as a covariate.
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Aim 2: To investigate gait performance between individuals with and without a concussion
history and examine whether a glare stimulus further influences gait outcomes such as stride
velocity, stride length, stride width, single leg support percent, gait termination time, and the
within trial variability on each outcome.

Statistical Analysis: For gait performance, a 2 (glare vs no glare) x 2 (concussion history vs no
concussion history) mixed model analysis of variance was used. The dependent variables were
GTT, stride velocity, stride length, stride width, single leg support percent (Table 3.2). Within
trial variability was also compared using a 2 x 2 mixed model analysis of variance. If the
omnibus test was significant, post hoc testing was completed using Tukey’s HSD.

Power Analysis

We conducted a power analysis to determine an optimal sample size. Based on our alpha level of
0.05 and desired power of 80%, we calculated that 52 participants (26 in each group) would be
necessary, and this was the desired sample size. This analysis was informed by a study
comparing CFF values in younger and older adults, given the relevance of CFF to our project’s
focus on younger adults and its association with other visual assessments we determined this to

be an adequate sample size.'¢’
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CHAPTER 4
A NOVEL VISUAL ASSESSMENT BATTERY IN INDIVIDUALS WITH A HISTORY OF

CONCUSSION!

"Prato TA, Renzi-Hammond L, Hammond BR, Schmidt JD, Lynall RC. To be submitted to a

peer reviewed journal
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Abstract
Purpose: Visual dysfunction is one of the most common post-concussion symptoms and may
persist even after other symptoms resolve. However, clinical assessments often focus on
oculomotor function while overlooking perceptual and cortical visual processing. This study
aimed to assess visual function using a novel battery of macular pigment optical density
(MPOD), temporal contrast sensitivity function (TCSF), critical flicker fusion threshold (CFF),
glare sensitivity and discomfort, and the between trial variability in individuals with a history of
concussion compared to matched healthy controls.
Methods: A cross-sectional design was used to compare 16 participants with a concussion
history to 15 matched controls. MPOD was assessed using customized heterochromatic flicker
photometry. Temporal vision was measured using temporal contrast sensitivity function at
differing frequencies and critical flicker fusion threshold. Glare sensitivity was assessed via a
subjective discomfort rating and discomfort via an objective squint response to a light stimulus.
Group comparisons were made using independent t-tests or Wilcoxon rank-sum tests.
Results: There were no statistically significant differences between groups in MPOD (p = 0.62,
Partial n?> = 0.01), CFF (p = 0.40, Partial n?> = 0.03), TCSF at any frequency (p = 0.50-0.84
Partial n? < 0.01-0.02), glare sensitivity rating (p = 0.64, Partial n*> = 0.01), or glare discomfort (p
= 0.83, Partial n?> = 0.05). Variability for MPOD (p = 0.43, Partial n?> = 0.02), CFF (p = 0.12,
Partial n? = 0.08), and all TCSF frequences (p=0.30-0.70, Partial n?> = 0.01-0.04) was not
significantly different between groups.
Conclusions: This is the first study to examine this visual battery in individuals with a
concussion history. The lack of group differences across all measures may indicate full visual

recovery in this asymptomatic sample or that persistent perceptual visual deficits are too subtle
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for detection using these methods. Future work should include acutely concussed individuals and

consider additional markers of visual and neural function.

Introduction

Concussions are a growing public health concern, with millions of cases reported
annually and rising rates across all age groups and levels of sport.'"!® Concussions can result in a
variety of symptoms, including headaches, dizziness, cognitive impairments, and visual
dysfunction.'®"!” Among these, visual symptoms are especially common, affecting 69-90% of
individuals, and can present as blurred or double vision, light sensitivity, or impaired eye
tracking.!’~!* Given that more than half of the brain is involved in visual processing, these
disruptions are not surprising, but they remain poorly understood.

Current post-concussion vision assessments focus largely on oculomotor control, like
saccades and smooth pursuits, through tools like the Vestibular Oculor Motor Screening and
King-Devick tests.?%2%2* While useful, these assessments focus on motor output rather than
sensory processing and offer limited insight into perceptual and cortical-level visual
dysfunction.?!?? This is particularly concerning given that many individuals continue to
experience visual deficits, including light sensitivity, photophobia and impaired visual
processing, long after concussion symptoms have resolved.>>¢ These lingering visual
impairments may also contribute to increased injury risk, particularly in dynamic environments
requiring rapid visual-motor integration.

To address these limitations, the field of visual psychophysics offers promising methods
to quantify perceptual responses to visual stimuli and assess neural integrity. For example, visual

disturbances such as glare are frequently encountered in daily life, and light sensitivity is
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commonly reported well after the resolution of other concussion symptoms.*>>-¢ Despite its
prevalence, glare sensitivity is rarely measured objectively in clinical settings. Incorporating
assessments of glare sensitivity into a broader visual battery may provide valuable insight into
persistent visual dysfunction and everyday challenges experienced by those following a
concussion. The brain can compensate for injury allowing individuals to maintain normal
function on tasks, although this compensation may come with reduced efficiency or increased
cognitive or sensory load.?>?® Therefore, assessing not only visual performance but also the
magnitude of variability across tasks may provide a more detailed profile of visual system
function and recovery status following concussion. This variability may reflect increased effort
or instability in the system, even when overall performance appears normal.?!2

Temporal vision, an underexplored component of post-concussion visual function, refers
to the ability to detect changes in visual contrast over time which is an important function for
detecting motion and visual changes in a dynamic environment.!>® It is typically evaluated using
the temporal contrast sensitivity function (TCSF). Additionally, critical flicker fusion threshold
(CFF) does not fully characterize temporal vision, but it has been used as an index of temporal
vision.?®!% CFF is the highest flicker frequency that someone can detect at 100% modulation. !>
Both TCSF and CFF provide valuable information into the functioning of the visual system, but
also cognitive processing and neural integrity.'*®!> These measures may reveal post-concussion
deficits not detected by standard clinical tools. While TCSF and CFF have been minimally
studied in concussion populations, evidence from aging and neurodegenerative research suggests
it may be a valuable indicator of visual and cognitive performance such that lower TCSF and

CFF values have been associated with worse visual and cognitive performance.!38:15%167.173.174
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Macular pigment, measured through macular pigment optical density (MPOD), has
emerged as a potential noninvasive biomarker of retinal and neural health.!?”-!28 Composed of
dietary carotenoids lutein and zeaxanthin, macular pigment plays an important protective role by
filtering blue light and reducing oxidative stress.*®!!> These carotenoids are also found in the
brain, and are highly correlated with the concentration found in the retina, where they offer
antioxidant and anti-inflammatory benefits.!?”-!28 Studies in older adults and individuals with
Alzheimer’s disease have shown that a lower MPOD is associated with slower reaction times,
poorer cognitive performance, and visual deficits.*0-125:126:129 Degpite some overlap between
Alzheimer’s symptoms and concussion symptoms, no studies to date have investigated MPOD in
individuals with a history of concussion, representing a critical gap in our understanding of post-
injury neural and visual integrity.

Therefore, the purpose of this study was to assess MPOD, TCSF, CFF, glare discomfort
and sensitivity, and the between trial variability on all tasks in individuals with a concussion
history compared to matched healthy controls. We hypothesized that individuals with a
concussion history would demonstrate lower MPOD levels, worse performance on TCSF and
CFF, have higher sensitivity and discomfort to glare compared to controls and have greater

variability in visual outcomes.

Methods
Participants

This cross-sectional study recruited a convenience sample of participants aged 18 years
or older. Individuals were excluded if they reported any of the following within one year of

testing: a significant lower extremity injury (e.g., fracture or surgery), visual impairment (worse
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than 20/50 even with correction, as assessed by the test administrator), neurological disorder, or
ocular disease.

Participants were assigned to either a concussion history group or a control group. To
qualify for the concussion history group, individuals had to have self-reported sustaining a
concussion within two years of study enrollment and be asymptomatic at the time of testing,
defined as a total symptom severity score < 13 on the SCAT6 symptom inventory.?%? Participants
in the control group had to have no self-reported history of concussion and were matched to an
individual in the concussion group based on age, sex, and height. Prior to the beginning of the
study, institutional review board approval was obtained, and all participants provided signed
informed consent.

Macular Pigment Optical Density

To accurately measure MPOD and account for individual differences at different loci in
the fovea, customized heterochromatic flicker photometry was used and has been previously
described in detail.!1>:119:126.209 Previous evidence shows that this technique is highly reliable
when measuring macular pigment.!'” The use of customized heterochromatic flicker photometry
requires the assessment of critical flicker fusion threshold (CFF) before measuring MPOD. CFF
must be obtained to reduce measurement error and facilitate good participant
performance.!!%1262% This customization helped to ensure the participant was correctly seeing
and identifying what the assessment was designed for. Since the flicker stimulus presented by the
macular densitometer differs slightly from that used in the full CFF assessment described below,
a separate CFF value was calculated specifically to customize the MPOD measurement. This
CFF value was not included in data analysis. It was used solely to tailor the flicker stimulus to

each participant’s threshold and ensure accurate MPOD assessment.
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Participants were seated in a chair and positioned themselves in front of the macular
densitometer so they could view the initial stimulus centrally in their vision using just their
dominant eye.?” Dominant eye was assessed by instructing the participant to focus with both
eyes on an object smaller in size (e.g., doorknob, letter on a Snellen eye chart).2?” The participant
then brought their hands together in front of them to form a triangle-shaped hole with the focal
point in the center of that hole.?’” They were then instructed to close one eye at a time and
verbally indicate when the target remains visible through their hands and when it does not
remain in focus.??” The eye that was open when the target was still visible through the hole is
deemed the dominant eye.?’” They viewed the stimulus through a small hole while their chin
rested on an adjustable chin rest. The non-dominant eye remained closed throughout the task. If
the participant could not close their non-dominant eye for the duration of the task, an eye patch
was provided.

The participant viewed a stimulus wavelength, centrally, at 30’ (distance from the center
of the fovea in arcminutes) eccentricity because that is where macular pigment is the
densest.!1%126:209 The stimulus was the combination of two wavelengths, 460 and 570 nm light
sources. These were presented in square-wave counter-phase orientation which gave the
appearance of a uniform flicker.!'-12620 ike with the measurement of CFF, the participant
perceived this flickering stimulus while the test administrator used a rotary knob to adjust the
stimulus until the flicker ceased. Once the participant said the flicker ceased, a red button linked
to the densitometer was pressed to mark that moment.!!%126-20% This was done five times.

After this was completed, similar procedures were performed in the participants’
peripheral vision to capture a value where there is no macular pigment present to provide a

baseline comparison. The peripheral (also known as parafoveal) location was set at 7° (degrees
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away from the center of vision) eccentrically.!!-12629 The participant continued looking through
the same small hole, but they were presented with a small red focal light in their peripheral
vision. Without moving their head, the participant adjusted their focus to this red dot for the
duration of the trials, and were instructed to perform a similar task, which is to identify when the
flickering of the stimulus ceased, but the stimulus was now in their peripheral vision,!!%:126.209
This was also performed five times and the difference in values between locations allowed for a
final MPOD calculation,!!%:126:209
Temporal Vision

The methods to measure TCSF and CFF have been previously described.!58:167:208
Although CFF is a component of the temporal contrast sensitivity function, slight modifications
to the test stimulus were necessary to accurately measure CFF.!%7 Participants were measured
using their dominant eye.?’” Both TCSF and CFF have proven to be valid and highly
reliable. 158173213

Participants were then seated in front of a custom apparatus designed to accurately
measure TCSF and CFF.!58167208 They were instructed to look through a 3 mm artificial pupil
designed to control the variation in the luminance that is caused by individual differences in
pupil size.!9%167:208 When measuring CFF a circular flickering stimulus, a one-degree, 660 nm
target on a 5.5-degree 660 nm surround, was presented at 100% modulation, and participants
were instructed to focus on the one-degree target in the center of the surround.!¢” Using a method
of ascending (increasing flicker frequency until the stimulus appears solid) and descending

(decreasing the flicker frequency until a flicker is detected) trials, a final CFF threshold value

was determined after six trials of this task were completed and averaged.
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When measuring the entire TCSF the stimulus was changed to create the TCSF curve
seen in previous literature.!%2% Instead of adjusting the frequency, like CFF, the modulation was
adjusted while keeping set frequencies at low (2.5 Hz), optimal (10 Hz), and high (25 Hz)
frequencies. These frequencies were selected due to previous work showing the use of these
being able to provide enough data in order to create the TCSF.!>® At each frequency the
participant viewed a flickering stimulus through the same artificial pupil.!>®2% Just as with CFF,
the test administrator used the same style of ascending and descending trials, but instead of
increasing and decreasing frequency, the modulation was adjusted from 0-100%.!982%% Six trials
at each frequency were completed for a total of 24 trials total to measure the entire TCSF
function and CFF.

Glare

When measuring glare discomfort participants were seated in front of a custom apparatus
with a video camera directly in front of their eyes. They rested their chin on an adjustable chin
rest in a manner that allowed for the video camera to view their left eye in optimal focus for data
processing. Once the camera was set up to record, the participant was told to look straight ahead
at the wall in front of them in the absence of the photostressor and act as they normally
would.!3#210 The test administrator then introduced the photostressor (a light stimuli produced by
a 1000-Watt xenon arc source) for a period of five seconds.!3%2!° This was done once. After the
trial, participants were given a one-item questionnaire to rate how bothersome the light was to
them. The question was a Likert scale ranging from 1 to 9, with 1 indicating severe sensitivity
and bother to the glare stimulus and 9 indicating little to no sensitivity and bother.?!° This value

was used as the participants final glare sensitivity value.
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After testing was complete, the video recording of the participants eyes was opened in
QuickTime to capture the glare discomfort value..!*®21? All video analysis was completed by the
same rater, who was different than the test administrator, who was blinded to group. Two frames
were identified for analysis; 1) a still frame of when the participant’s eye was open normally
before the stimulus was triggered, and 2) a frame with the maximum level of squint in the
presence of the stimulus (Figure 4.1).13821% The difference in distance of the palpebral fissure

between the top and bottom lids was measured in millimeters for a final glare discomfort

138,210

value.

Figure 4.1: Example of squint response captured for glare discomfort analysis

Statistical Analysis

The outcomes of interest were MPOD, CFF threshold (Hz), TCSF modulation values
(average modulation at 2.5, 10, and 25 Hz), glare discomfort (mm), glare sensitivity rating
(Likert rating), and between trial variability (the standard deviation around the mean of each task
outcome). Between trial variability was only calculated for MPOD, CFF, and TCSF outcomes
since the glare outcomes only resulted from a single trial. These were compared between groups
using separate ANCOVA’s with effect size calculations. Days since most recent concussion was

used as a covariate. The number of days post-concussion for each concussion group participant
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was subtracted from the mean (252.5 days), and control participants were assigned a value of

zero.”!* This created a mean centered days since concussion value which was then used for

analysis.?!* For all outcomes, normality and homogeneity of variance were assessed using the

Shapiro-Wilk and Levene’s tests, respectively. Glare discomfort data violated the assumption of

normality, so a Wilcoxon rank-sum test was used for that comparison. An alpha level of 0.05

was set a priori for statistical significance. All statistical analyses were conducted using R

version 4.4.2.

Table 4.1. Group means, mean differences, and statistical findings from vision assessments.

Mean
Control Concussion Difference
Outcome Mean (SD) Mean (SD) (95% CI) p-value Partial n?
TCSF
(% modulation)
2.5 Hz 852(379) 8260604 7(;226 26) 0.84 <0.01
20.93
10 Hz 1122(386) 10293.70) 377" o) 0.50 0.02
7731 2.17
25 Hz 1948(733) (1540 (1113, 6.79) 0.63 0.01
CFF 2.74.67) 260280 105'82 - 0.40 0.03
MPOD 0.61 (0.05)  0.63 (0.06) 0'0%) (1'8506’ 0.62 0.01
Glare 031
sensitivity 494(161)  538(203) 0% oo 0.64 0.01
(Likert) T
Glare
. 2.4% 3.19 * 0.77* . .
?;;frf)rff"“ (2.71-438)  (2.03-3.63)  (-1.12,1.23) 083 0.05

Abbreviations: TCSF, temporal contrast sensitivity function; CFF, critical flicker fusion
threshold; MPOD, macular pigment optical density. *denotes that the glare discomfort statistics
are different. Instead of mean value (SD) it is median value (IQR). Mean difference was
replaced with median difference with 95% CI. Due to the use of Wilcoxon rank-sum test r was
used as effect size instead of partial eta squared.
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Results

A total of 31 participants were enrolled and completed all testing procedures. The control
group consisted of 15 participants (age = 20.3 £ 1.23, height =171.92 £ 10.05 cm, sex = 67%
female) and the concussion history group consisted of 16 participants (age =21.1 £ 2.9, height =
172.83 £ 11.34 cm, sex = 67% female, average time since injury = 252.5 + 209.12 days, median
time since injury = 235 days, [QR=84.25-368 days). There were no statistically significant
differences between groups for MPOD, all TCSF outcomes, CFF, and both glare outcomes
(Table 4.1). The variability for MPOD (p = 0.43, Partial n?> = 0.02), CFF (p = 0.12, Partial n*> =
0.08), and all TCSF frequences (p=0.30-0.70, Partial n* < 0.01-0.04) were not significantly

different between groups (Table 4.2).

Table 4.2. Variability group means and statistical findings from vision assessments.

Control Mean Concussion
Outcome (SD) Mean (SD) p-value Partial n?

TCSF
(% modulation)

2.5 Hz 1.47 (0.90) 1.35 (0.64) 0.67 0.01

10 Hz 1.43 (0.72) 1.21 (0.43) 0.30 0.04

25 Hz 3.93 (1.01) 3.77 (1.26) 0.70 0.01
CFF 0.76 (0.24) 0.92 (0.29) 0.12 0.08
MPOD 0.05 (0.01) 0.06 (0.03) 0.43 0.02

Abbreviations: TCSF, temporal contrast sensitivity function; CFF, critical flicker fusion
threshold; MPOD, macular pigment optical density.
Discussion
This study is the first of its kind to utilize novel psychophysics measures of visual
function in individuals with a concussion history compared to matched healthy controls. By
examining visual performance using tools known to reflect cortical and retinal function, this
study directly addresses a gap in the literature regarding how post-concussion changes in the

visual system can be monitored. Despite previous literature suggesting potential long-term visual
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impairments following concussion, no statistically significant differences were observed between
groups across any of the measured outcomes. The assessments used were selected for their
sensitivity to subtle visual and neurological changes, making them strong candidates to uncover
lingering effects of concussion that might not be detected through standard clinical assessments.
However, with an average time since their concussion of 252.5 days it is reasonable to suggest
that participants in the concussion history group may have experienced full visual recovery by
the time of testing.

No significant differences were found between groups in the variability of visual
performance across tasks. The absence of group differences in variability suggests that any
underlying neural adaptations or compensations had either resolved or were not severe enough to
disrupt performance at the time of testing. Another potential consideration is the possibility that
certain visual or neurological deficits following concussion may not emerge until long after the
initial injury, potentially even beyond the average time since concussion of 252.5 days. While
our findings suggest that visual function appeared normal in the concussion history group, it is
possible that some visual or cognitive functions could decline gradually over many months or
even years due to subtle, progressive changes in the brain or visual pathways. This reasoning
aligns with research indicating that some consequences of traumatic brain injury may have
delayed onset or evolve over time, especially in individuals who had experienced multiple
concussions.?!>217 If this were the cause of our null findings, it may have been possible that
deficits simply had not yet manifested or progressed to a degree detectable by the current
methods and time frame of this study.

Although MPOD has been linked to visual performance, cognitive function, and

neurodegenerative disease, our findings did not reveal differences between groups.*%-12-126,129



53

This null result may indicate that concussion does not substantially affect MPOD or that any
effects are too subtle to detect in asymptomatic individuals. Given that macular pigment is solely
gained through dietary intake, it is possible that concussion or other forms of traumatic brain
injury cannot meaningfully alter MPOD levels since they do not influence one’s diet before their
injury. However, without including individuals in the acute phase of concussion, it remains
unclear whether any transient changes in MPOD might occur shortly after injury.

Another important consideration is that the participants in this study appeared to exhibit
unusually high MPOD values. Previous studies using the same methodology as ours have
reported considerably lower average MPOD values, and other regions across the United States
have reported averages of 0.22 and 0.35, compared to our sample averages of 0.61 and 0.63.2!%~
222 These studies included a wide age range, from young adults to elderly populations (mean age
=41.5 years, range = 17-92 years), which may limit their generalizability to our sample. In
younger adults similar in age to our participants (mean age = 21.3 years), average MPOD levels
were reported around 0.41, which is still considerably lower than the average observed in our
sample.??*-22* This suggests that our sample may have been exceptionally high performing in this
regard. Since higher MPOD has been associated with enhanced visual and cognitive function it is
plausible that the elevated levels in both groups could have masked any visual deficits associated
with concussion history.!2>:126

Similarly, no differences were found across the three TCSF frequencies tested. TCSF is
sensitive to aging and neurodegenerative conditions, but its application in post-concussion
assessment had not previously been explored in the manner we tested.!®”-19%:17! Qur results

suggest that TCSF may have been fully recovered by the time of testing. It is also possible this

assessment does not capture lingering visual deficits in individuals who are asymptomatic,
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although acute effects and the time course of recovery remain unknown. The small effect sizes
from these comparisons and modest sample size limit the strength of these conclusions and
underscore the need for further research.

CFF which has shown to be a marker of cortical processing speed and neural integrity
also showed no significant group differences.!®”19%:17! However, the small effect size (partial n> =
0.03) may point to a potentially meaningful difference not detectable with the current sample
size. As with TCSF, it is unclear how long any post-concussion deficits in CFF may last or
whether they are only present during the acute or symptomatic phases.

Both subjective (glare sensitivity) and objective (glare discomfort) measures in response
to glare revealed no differences between groups. Glare sensitivity and photophobia are
commonly reported post-concussion symptoms, and this study aimed to quantify both the
perception and behavioral response to glare.!3%:15%:173.174 The negligible group differences suggest
that any glare-related impairments may resolve by the time individuals are asymptomatic. This
contradicts previous research indicating lingering glare sensitivity. A prior literature review on
post-concussion light sensitivity suggested that symptoms can persist for up to six months to
years’ post-injury.>-¢ One potential reason we did not observe group differences may be related
to methodological differences between studies. For example, a previous study that identified
increased light sensitivity six months post-concussion utilized five different photostressors at
varying intensities to participant, with eight separate trials per intensity.*® In contrast, our study
used a single glare trial at one fixed intensity which may not have been sufficient to detect
lingering differences between groups in asymptomatic individuals. Another study that reported
chronic light sensitivity used a symptom questionnaire which asked participants to rate their

overall sensitivity to light at multiple time points without presenting an actual photostressor.??®
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That approach focused strictly on subjective symptom tracking over time rather than assessing
reactions to glare exposure. While our study also included a subjective glare sensitivity rating,
our participants were asymptomatic at the time of testing, which may have limited the potential
of detecting differences. Given that the average time since injury in our sample was
approximately eight months, it is plausible that recovery from glare sensitivity may have
occurred between the six-month mark and the time of testing. It is also worth noting that
although no statistically significant differences were observed between groups, the concussion
history group demonstrated an increased squint response of 0.79 mm, which is approximately a
33% increase compared to controls. This difference resulted in a small effect size (Partial n> =
0.05) which may indicate that a true effect exists but was not detectable with the current sample
size. Prior research that reported significant differences in squint response following concussion
observed a mean difference of 1.87 mm.??® While the difference found in our study is smaller, a
33% increase in squint response may suggest a trend that could potentially reach statistical
significance in a larger sample.

Several limitations must be acknowledged. The modest sample size limits statistical
power and the ability to interpret our findings. Additionally, all participants were asymptomatic
and tested an average of 252.5 days post-injury, which may mean that any visual dysfunctions
had resolved. Without baseline or acute-phase data, the trajectory of visual recovery cannot be
determined. Given the influence of diet in relation to MPOD, not tracking participants dietary
habits is another limitation.

Future research should incorporate longitudinal designs beginning in the acute post-injury
phase to better understand how these visual metrics may change over time. Including participants

with prolonged recovery or persistent symptoms may also help identify whether these tools can
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capture meaningful impairments in more affected individuals. Additionally, investigating
whether dietary supplementation of macular pigment impacts recovery or visual outcomes
following concussion warrants further exploration.

In conclusion, although no significant differences were found in MPOD, TCSF, CFF, or
glare sensitivity between individuals with and without a history of concussion, this study
contributes novel insights. As the first to apply these visual assessments to a concussed
population, it lays the groundwork for future research to determine whether these measures are
useful in tracking recovery, informing return-to-activity decisions, or identifying persistent visual

dysfunction after concussion.
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CHAPTER 5
THE IMPACT OF GLARE ON GAIT PERFORMANCE IN INDIVIDUALS WITH A

HISTORY OF CONCUSSION

"Prato TA, Renzi-Hammond L, Hammond BR, Schmidt JD, Lynall RC. To be submitted to Gait
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Abstract
Background: Concussions are a rising public health concern and often lead to oculomotor
dysfunction and gait deficits, even after symptoms resolve. Visual disturbances, such as glare,
are common in daily life but it is not clear how glare impacts movement post-concussion.
Understanding how visual stimuli influence gait may help explain the increased injury risk
following concussion.
Research Question: Does a history of concussion impact gait on various tasks, and does glare
alter gait performance?
Methods: Thirty-one participants (16 with concussion history, 15 controls) completed three gait
tasks, straight path gait, planned gait termination, and unplanned gait termination, with and
without glare. Outcomes included stride velocity, length, and width, single leg support
percentage, within- and between-trial variability for all gait tasks, and normalized gait
termination time during planned and unplanned gait termination tasks. Separate two (glare vs. no
glare) x two (concussion history vs. control) ANOV As were conducted for each outcome.
Results: No significant interaction or main effect of concussion history was observed for any
outcome. A significant main effect of glare was found for stride velocity and stride length across
all gait tasks (p<0.05), with slower and shorter strides during glare conditions. Stride width and
single leg support were unaffected. Glare also significantly increased GTT during unplanned gait
termination (p=0.044) but not during planned termination. For the straight path task, there were
no significant group or interaction effects for variability (p = 0.295-0.684, d = 0.12-0.23), but
glare significantly increased variability across all spatiotemporal outcomes (p < 0.05,d =0.37—
0.76). For the planned gait termination task, there were no significant group or interaction effects

for variability in stride velocity, length, single leg support, or gait termination time (p = 0.069—
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0.841, d = 0.05-0.57). Glare significantly increased variability for stride velocity and length (p <
0.05, d = 0.37-0.79) but not single leg support or gait termination time (p > 0.05, d = 0.04-0.25).
Both group (p = 0.020, d = 0.72) and glare effects (p = 0.049, d = 0.37) were observed for stride
width variability. For the unplanned gait termination task, no significant group, interaction, or
glare effects were observed for variability in stride velocity, stride length, single leg support, or
gait termination time (p = 0.077-0.902, d = 0.02-0.34), but glare significantly increased stride
width variability (p <0.001,d=0.71).

Significance: Glare alters gait regardless of concussion history, suggesting that visual
disturbances can disrupt motor control. These findings emphasize the role of visual input in
motor control and suggest that real-world visual challenges may be useful in identifying subtle

deficits not captured by standard assessments.

Introduction

Concussions are a significant public health concern, with millions of cases occurring each
year and rising rates across all age groups and levels of sport.!"!? Despite advances in education
and identification, many concussions go unreported suggesting that the true incidence is likely
still underestimated.!"!® Symptom presentation varies widely in severity and duration but
commonly includes headaches, dizziness, cognitive impairments, functional impairments, and
visual dysfunction.”!2-15

Visual dysfunction is highly prevalent post-concussion with up to 90% of individuals
reporting oculomotor impairments.'3!%13> Given that over half the brain is involved in visual
processing, these disturbances are not surprising. However, common assessments such as the

King-Devick test and Vestibular Ocular Motor Screening focus primarily on evaluating
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oculomotor control and often overlook broader aspects of visual function, such as sensory
integration, visual perception, and response to stimuli, all of which are critical for daily
functioning and athletic performance.!”"! Glare is a frequently encountered visual stimulus
experienced in everyday life, and individuals with a concussion history often report increased
sensitivity to light, or photophobia. This heightened sensitivity can persist well after individuals
are deemed asymptomatic, impacting vision and potentially influencing motor control after a
concussion.?%-22:24

Also identified acutely post-concussion are altered gait characteristics, including slower
walking speed, shorter stride length, and impaired postural control which can persist even after
clinical recovery.**-> Notably, individuals with a concussion history are at an increased risk for
lower extremity musculoskeletal (LEMSK) injury, with rates up to 2.5 times higher in the year
following injury.*®->° These injuries are believed to stem, at least in part, from lingering
neurophysiological disruptions that affect motor coordination and balance, but specific
mechanisms remain unclear. Given that specific gait patterns have been linked to injury risk in
other populations, there is the potential that uncovering lingering motor control deficits during
gait may shed light on the heightened LEMSK injury risk following concussion.*>4¢

Although post-concussion gait impairments may sometimes appear subtle and vary
depending on the task, they often reflect meaningful disruptions in sensorimotor integration and
attentional control which is essential for safe movement.**->° Although individuals may appear to
perform normally on functional tasks after concussion, they may rely on compensatory strategies
that increase cognitive or sensory demands.*-% As task difficulty increases, these compensations

may lead to mpaired performance. Assessing not only gait performance but also variability

across trials may offer a more sensitive measure of lingering deficits or increased effort, even
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when outward performance appears unaffected. Traditional straight-path gait can uncover some
of these deficits but more complex gait tasks, such as gait termination, can challenge higher-level
motor planning and adaptability.?>¢ In particular, tasks that involve unplanned components, like
unplanned gait termination, may be especially sensitive for detecting lingering functional
impairments that may not otherwise be captured.>%->%>

Impaired visual function may disrupt gait and motor control, potentially increasing the
risk of injury in unpredictable, real-world conditions. Although vision and gait are known to be
linked, few studies have explored how visual disturbances, such as glare, impact gait
performance.®®>° This is a critical gap, as real-world environments are visually dynamic and
often require individuals to make rapid adjustments in response to complex visual cues.

Investigating how visual challenges, such as glare, affect gait may provide a critical
missing link between concussion-related visual dysfunction and the elevated risk of LEMSK
injury. Therefore, the purpose of this study was to examine whether individuals with a
concussion history demonstrate differences in gait performance on various gait tasks compared
to controls, and to determine whether the presence of glare alters gait outcomes in both groups. A
secondary aim was to explore whether individuals with a concussion history exhibited greater
variability in gait performance, and if variability increased with a glare stimulus. We
hypothesized that participants with a concussion history would demonstrate slower gait
termination times and altered spatiotemporal gait measures relative to controls. Additionally, we
hypothesized that glare conditions would result in slower and more conservative gait across all
participants, with greater disruption in the concussion group. Finally, we hypothesized that
individuals with a concussion history would exhibit greater variability in gait performance across

all tasks, and glare would increase the variability in gait performance within trials.
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Methods
Participants

This cross-sectional study recruited a convenience sample of participants aged 18 years
or older. Individuals were excluded if they reported any of the following within one year of
testing: a significant lower extremity injury (e.g., fracture or surgery), visual impairment (worse
than 20/50 even with correction, as assessed by the test administrator), neurological disorder, or
ocular disease.

Participants were assigned to either a concussion history group or a control group. To
qualify for the concussion history group, individuals must have self-reported sustaining a
concussion within two years of study enrollment and be asymptomatic at the time of testing,
defined as a total symptom severity score < 13 on the SCAT6 symptom inventory.>*>*
Participants in the control group must have no self-reported history of concussion and were
matched to an individual in the concussion group based on age, sex, and height. Prior to the

beginning of the study, institutional review board approval was obtained, and all participants

provided signed informed consent.

Figure 5.1. Example of goggles with and without
glare stimulus
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Study Protocol

Participants completed three gait tasks: straight-path walking, planned gait termination,
and unplanned gait termination. Each task was performed under two conditions: with glare and
without glare, resulting in six total conditions. Three trials per condition were completed, totaling
18 trials per participant, with the no glare conditions always coming before the glare trials for
each task. All gait tasks were conducted on a 6.1 m x 0.61 m Zeno Walkway (Protokinetics,
Havertown, PA).

Prior to testing, each participant was fitted with mobile, custom made glare goggles
(Figure 5.1) and a belt that held the battery pack. The goggles,
designed without lenses, consisted of a circular ring of bright white
LEDs housed in an adjustable goggle frame. For the no-glare
conditions, the goggles still remained on the participant but were not
connected to the battery pack. Participants were given practice trials
for each gait task and practiced initiating and terminating gait in
response to an audible buzzer, which served as the start cue for all
tasks and the stop cue for the unplanned gait termination task.

For the straight path gait, the participant began at a set starting

point on the walkway and was instructed to walk as they normally

would throughout their everyday life while keeping their focus straight

Figure 5.2. Image of the
mobile glare goggles
during a glare trial.

ahead of them through the end of the walkway. The first three trials
were completed without glare before continuing to the glare condition
(Figure 5.2). For the glare condition, participants were told to get set at the same initial starting

point and close their eyes. Once their eyes were closed the glare goggles were turned on by the
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test administrator. The participant was then instructed to open their eyes and begin walking once
they heard the audible buzzer cue.

For the planned and unplanned gait termination tasks the participants began on the same
starting point as the straight path gait, and the audible cue to begin walking remained the same.
When performing planned termination trials, participants were instructed to terminate gait and
come to a rest once they reach a marked location near the end of the walkway.?’? During
unplanned termination trials, participants began the walk the same way as the planned trials.
However, for this task they terminated their gait as soon as they heard the buzzer again. The
buzzer was manually triggered upon a right heel strike, at a random point during the walk after
gait initiation.’®> To minimize anticipation, catch trials were randomly inserted into the testing
session, where no signal was used to cue gait termination and participants walked off the end of
the walkway.®>° The glare conditions for these tasks were performed in the same manner as the
straight path gait.

Data Processing

Clinical spatiotemporal gait variables such as stride velocity (cm/s), stride width (cm),
stride length (cm), and percent of time in single leg stance (%) are calculated by the
ProtoKinetics Movement Analysis Software (PKMAS).>%>° The PKMAS software also
calculates the within trial standard deviation for stride velocity, length, and width, which was
then averaged across all trials within each task to generate a variability value for each gait
variable. For the gait termination tasks, gait termination time (GTT) was calculated, in seconds,
as the time from the third to last step until the center of pressure velocity matched or fell below
the average center of pressure velocity prior to gait initiation.’® GTT was then normalized to the

participants’ gait velocity by dividing GTT by gait velocity, resulting in a normalized GTT
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outcome (GTT/velocity = normalized GTT, s*/m).>® Only normalized GTT was used for data
analysis. Variability for GTT and single leg support percent was calculated between trials and
was the standard deviation around the mean GTT.
Data Analysis

For each gait task, separate 2 (glare vs. no glare) x 2 (concussion history vs. no
concussion history) mixed model analyses of variance were conducted. The gait outcomes of
interest were normalized GTT, stride velocity, stride length, stride width, single leg support
percent, and within trial variability for spatiotemporal variables and between trial variability for
GTT. If a significant interaction was observed, post hoc testing was completed using Tukey’s
HSD. Comparisons of performance between each gait task were not completed because
differences between tasks was not a focus of this study as they were already identified in
previous literature.’® An alpha level of 0.05 was set a priori for statistical significance. All

statistical analyses were completed using R version 4.4.2.

Results

A total of 31 participants were enrolled and completed all testing procedures. The control
group consisted of 15 participants (age = 20.3 £ 1.23, height =171.92 £ 10.05 cm, sex = 67%
female) and the concussion history group consisted of 16 participants (age =21.1 £ 2.9, height =
172.83 £ 11.34 cm, sex = 67% female, time since concussion = 252.5 £ 209.12 days). There
were no significant differences between groups on age, height, and sex (p>0.05). Output values
and findings for each outcome variable across conditions are presented for straight path gait in
Table 5.1, planned gait termination in Table 5.3, and unplanned gait termination in Table 5.5.

Variability outcomes are presented in Table 5.2 for straight path gait, Table 5.4 for planned gait
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termination, and Table 5.6 for unplanned gait termination. No significant interaction effects were
observed between glare condition and concussion history group for any of the outcomes
(p>0.05). No significant main effects of concussion history were detected for any of the outcome
measures (p>0.05). A significant main effect of glare condition was found for stride velocity and
stride length across all gait tasks, with participants exhibiting slower stride velocities and shorter
stride lengths in the glare condition compared to the no-glare condition (p<0.05). For GTT,
during the planned gait termination task there was no significant group main effect (p=0.83) or
condition main effect (p=0.94). There was a significant glare condition main effect (p=0.04) for
the unplanned GTT task such that glare increased GTT, but no group main effect (p=0.32).

For the straight path gait task, there were no significant interaction effects for variability
(p = 0.295-0.402) or group main effects (p = 0.407—0.684, Cohen’s d = 0.12-0.23). However,
there were significant main effects of glare condition across all spatiotemporal variability
measures (p < 0.046, Cohen’s d = 0.37—0.76). For the planned gait termination task, there were
no significant interaction effects for variability on any spatiotemporal variable or GTT (p =
0.154-0.738). For stride velocity and stride length variability, there were no significant group
main effects (p = 0.069-0.566, Cohen’s d = 0.18—0.57), but there were significant main effects of
glare condition (p < 0.012, Cohen’s d = 0.48—0.57). For stride width variability, there were
significant group effects (p = 0.020, Cohen’s d = 0.72) and glare condition effects (p = 0.049,
Cohen’s d = 0.37) such that the concussion history group and glare conditions resulted in
significantly greater strider width variability. For single leg support and GTT variability, there
were no significant group (p = 0.147-0.841, Cohen’s d = 0.05-0.44) or glare condition (p =
0.185-0.804, Cohen’s d = 0.04-0.25) main effects. For the unplanned gait termination task, there

were no significant interaction effects for variability across all spatiotemporal variables and GTT
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(p = 0.324-0.596). Additionally, there were no significant group main effects (p = 0.356-0.902,
Cohen’s d = 0.07—0.28) or glare condition main effects (p = 0.077-0.787, Cohen’s d = 0.02—
0.34) for stride velocity, stride length, single leg support, and GTT variability. However, for
stride width variability, there were no significant group effects (p = 0.356, Cohen’s d = 0.29), but
a significant main effect of glare condition was observed such that variability was significantly

increased for the glare conditions (p <0.001, Cohen’s d =0.71).

Table 5.1. Straight path gait means and statistical findings

Group Condition

Group Glare Main Main
Mean Mean Effect [p Effect [p
Difference Difference Interaction (Cohen’s (Cohen’s
Outcome Group Condition (95% CI)  (95% CI) (p) d)] D)]
No
Glare  Glare
(Mean (Mean
+SD) +SD)
Stride 117.59 113.24 | _6.04 -6.71
Velocity | Control  (1528) (19.03)| (1359, (-10.67,- o212 0223~ 0002
(cm/s) 11377 10497 | 1.50) 2.76) (-0.40)  (-0.61)
Concussion (9.2) (14.98)
Stride 13478 13097 | 437 571
Length | control (12.95) (14.16) | . 83 . 0.252 <0.001
(cm) (-11.46, (-8.32, 0.125 (037)  (-0.79)*
131.71 124.32 1.74) 3.09) : :
Concussion (11.61) (13.43)
Stride 1137 11.44 -1.06 0.57
Width | Control (3.98) (4.78) (-2.85, (-0.30, 0.137 0.365 0.099
(cm) 9.84 10.85 0.73) 1.43) (-0.30) 0.24)
Concussion (2.82) (2.67)
Single
Legg 37.54  36.04 -1.03 -0.96 0.251 0.203
Support | Control  (6.13) (1.55) | (263, (2310353 a5 (03
(%) 3601 3550 | 0-6) 0.56)

Concussion (1.01) (1.36)

*denotes statistical significance (p<0.05)
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Group Main Condition

Interaction  Effect [p Main Effect [p
Outcome Group Condition (p) (Cohen’s d)] (Cohen’s D)]
No Glare Glare
(SD) (SD)
3.47 4.45
Stride Velocity | Control (1.59) (2.06) 0.402 0.684 0.002
(cm/s) 3.39 5.05 ' (0.12) (0.61)*
Concussion (1.34) (2.90)
. 2.56 3.66
Smd(i;;’ngth Control 0.90)  (1.81) 0295 0.465 <0.001
2.55 4.40 (0.20) (0.74)*
Concussion (1.02) (2.50)
1.91 2.78
Stride Width | Control (0.61) (0.98) 0.375 0.407 <0.001
(cm) 1.97 2.43 ' (0.23) (0.76)*
Concussion (0.59) (0.97)
0.43 0.84
Single Leg Control (0.35) (0.89) 0.334 0.634 0.046
Support (%) 0.50 0.65 ' (-0.12) (0.37)*
Concussion (0.26) (0.40)

*denotes statistical significance (p<0.05). Stride velocity, length, and width were within trial variability
calculated using PKMAS software. Single leg support % was between trial variability around the mean.
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Group Condition
Group Glare Main Main
Mean Mean Effect [p Effect [p
Difference Difference Interaction (Cohen’s (Cohen’s
Outcome Group Condition (95%CI)  (95%CI)  (p) d)] D)]
No
Glare Glare
(Mean  (Mean
+SD) +SD)
Strldg 116.64 113.79 -8.37 -4.89 0.164 0.001
Velocity | Control (20.09) (20.06) | (-17.11, (-7.77, - 0.133 (~0.48) (-0.61)*
(cm/s) 110.19 103.50 0.37) 2.01) ’ '
Concussion (12.85) (16.80)
Stride
134.13  131.65 -6.68 -4.16
Length | o nirol (16.61) (1627) | (-1435,  (-637.-  0.081 0.195 =~ <0.001
(cm) 12903 12338 | 0.98) 1.95) (-044)  (-0.68)
Concussion (13.30) (15.43)
. 11.08 11.99 0.36 0.76
Wif&ﬂ‘i‘zm) Control  (421) (379 | (215  (-00L 0.684 ((_)(')75’3) 3603762)
10.85 11.49 1.42) 1.54) ' '
Concussion  (3.02) (3.41)
Single Leg 3594 35.86 (_01~8967 (_% 1678 0,588 0241 0717
Support (%) | Control (1.60)  (2.20) 02 6)’ ) (')2)’ ' (-0.39) (0.07)
3485 3586 : :
Concussion  (3.17)  (2.20)
. 0.85 0.86
Gait | control  (0.38)  (0.41) | 001 -0.02 0845 0897
Termination (-0.19, (-0.15, 0.802
Time (s) 0.88 0.84 0.21) 0.12) (0.02) (-0.04)
Concussion (0.36)  (0.46) ' )

* denotes statistical significance (p<0.05)
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Table 5.4. Planned gait termination task mean variability and statistical findings

Group Condition
Main Effect Main Effect
Interaction [p (Cohen’s [p (Cohen’s

Outcome Group Condition (p) d)] D)]
No Glare Glare
(SD) (SD)
2.35 2.59
Stride Velocity | Control (1.58) (1.53) 0.154 0.566 0.012
(cm/s) 2.29 3.13 ' (0.18) (0.48)*
Concussion (0.87) (1.01)
. 1.75 2.67
Smd(iz;ngth Control 132) (1.22) 0738 0.069 <0.001
2.47 3.55 ' (0.57) (0.79)*
Concussion (1.18) (1.60)
1.41 1.57
Stride Width | Control (0.60) (0.54) 0357 0.020 0.049
(cm) 1.82 2.28 ' (0.72)* (0.37)*
Concussion (0.92) (0.90)
0.71 0.71
Single Leg | Control (0.35) (0.34) 0.185 0.841 0.185
Support (%) 0.57 0.82 ' (-0.05) (0.25)
Concussion (0.42) (0.42)
. 0.35 0.30
Terncl}iiletltion Control (0.21) (0.23) 0.529 0.147 0.804
Time (s) 0.43 0.46 ' (0.44) (-0.04)
Concussion (0.37) (0.20)

*denotes statistical significance (p<0.05). Stride velocity, length, and width were within trial variability
calculated using PKMAS software. Single leg support % was between trial variability around the mean.
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Group Condition
Group Glare Main Main
Mean Mean Effect [p  Effect [p
Difference Difference Interaction (Cohen’s (Cohen’s
Outcome Group Condition (95% CI)  (95% CI) (p) d)] D)]
No Glare  Glare
(Mean + (Mean
SD) + SD)
Stride 113.13 109.77 -8.48 -3.81
Velocity | Control (21.15) (18.46) | (-17.05, (-6.25, - 0.717 0(')153 %‘%064*
(cm/s) 105.07 100.86 0.09) 1.38) (-0.50) (-0.56)
Concussion (14.82) (14.53)
Stride 13111 12856 | 7.8 2.56
Length | conrol  (1672)  (1625) | (11503,  (449,- o912 1% OOIL
(em) 12385 12127 | 047 0.64) (-047)  (-048)
Concussion (15.36) (14.53)
. 11.03 11.32 0.19 0.29
Stide ) conwol  (388)  (387) | (198, (046, 0873  OX6) 0353
Width (cm) 10.85 11.13 1.61) 1.04) (-0.05) (0.14)
Concussion  (2.84) (3.93)
Single Leg 34.79 35.35 01%81 %030 0.18 0.989 0.837
Support (%) | Control  (3.14)  (1.29) | CL.OL(-0.70, A8 004 001
35.21 34.77 0.85) 0.75)
Concussion (1.19) (1.30)
: 0.68 0.81
Tenﬁ’iﬁﬁon Control  (027)  (0.32) (_gzgz’ (g:éi 0,855 0343 0.044
Time (s) ‘ 0.78 0.89 0.24) 0.22) (0.31) (0.39)
Concussion (0.29) (0.30)

*denotes statistical significance (p<0.05)
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Table 5.6. Unplanned gait termination task mean variability and statistical findings

Group Main Condition Main

Effect [p Effect [p
Outcome Group Condition Interaction (p) (Cohen’s d)] (Cohen’s D)]
No Glare Glare
2.25 2.52
Stride Velocity | Control (0.64) (1.08) 0.324 0.461 0.736
(cm/s) 2.27 2.14 ' (-0.21) (0.06)
Concussion (0.82) (0.84)
1.70 1.92
Stride Length (cm) |-<ontrol (1%14) (2%951) 0.596 ?5’2589) ?6%747)
Concussion (0.84) (1.03)
1.55 1.94
. . ntrol 74 . . <0.
Stride Width (cm) |-=22T° (10 679 ) (2(?2993 ) 0.387 ?0?’2596) (09701%
Concussion (0.66) (0.88)
0.72 0.62
Single Leg Control (0.53) (0.32) 0.488 0.902 0.787
Support (%) 0.66 0.73 ' (0.07) (-0.02)
Concussion (0.39) (0.48)
0.33 0.44
Gait Termination | Control (0.15) (0.24) 0.370 0.695 0.366
Time (s) 0.40 0.40 ' (0.09) (0.16)
Concussion (0.28) (0.19)

*denotes statistical significance (p<0.05). Stride velocity, length, and width were within trial variability calculated using
PKMAS software. Single leg support % was between trial variability around the mean.
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Figure 5.3. Plot of stride velocity and stride length during the straight path gait task. Glare
condition significantly decreased stride velocity (p=0.002, d=0.61) and stride length (p<0.001,
d=0.79), both with medium effect sizes. Group differences were not significant for stride
velocity (p=0.23, d=0.40) or stride length (p=0.28, d=0.37), but small effects were observed.
There were no significant interaction effects (p>0.05).
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Figure 5.4. Plot of stride velocity, stride length, and gait termination time during the planned gait
termination task. Glare condition significantly decreased stride velocity (p=0.002, d=0.61) and
stride length (p<0.001, d=0.68), both with medium effect sizes, while no glare effect was
observed for gait termination time (p=0.83, d=0.04). Group differences were not significant for
any variable, though stride velocity (p=0.18, d=0.48) and stride length (p=0.22, d=0.44) showed
small to medium effects and gait termination time showed a negligible group effect (p=0.94,
d=0.02). There were no significant interaction effects (p>0.05).
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Figure 5.5. Plot of stride velocity, stride length, and gait termination time during the unplanned
gait termination task. Glare condition significantly decreased stride velocity (p=0.004, d=0.56),
stride length (p=0.01, d=0.48), and increased gait termination time (p=0.04, d=0.39), with small
to medium effect sizes. Group differences were not significant for any variable, though stride
velocity (p=0.18, d=0.50) showed a medium effect size, while stride length (p=0.19, d=0.47) and

gait termination time (p=0.32, d=0.31) reflected small effects. There were no significant
interaction effects (p>0.05).

Discussion
Main Findings

We aimed to examine the effects of a concussion history on various gait tasks and to
identify if glare impacts gait mechanics. Our findings indicate that glare significantly impacts
certain aspects of gait performance, specifically stride velocity and stride length, regardless of
task, and GTT in more complex tasks like unplanned gait termination. However, there were no
differences between participants with and without a concussion history, and there were no
interaction effects found, suggesting that while glare negatively affects gait across tasks, a
history of concussion does not appear to exacerbate this effect. This indicates that the impact of
glare on gait performance may be a general sensory-motor challenge rather than one specifically

heightened by prior concussion.



75

Concussion History Main Effect

Our group main effect findings contradict previous evidence showing that gait
impairments can linger for a significant duration after symptom resolution.>® However, they are
consistent with research indicating that straight path gait impairments can resolve within a
shorter timeframe after concussion, particularly in less challenging motor tasks.'®” The lack of a
main effect of group may suggest that the participants in the concussion history group may be
fully recovered functionally at the time of testing. All individuals in this group were
asymptomatic and had sustained their concussion within the past two years, and therefore, were
not still injured. With an average time since their concussion of 252.5 days it is reasonable to
suggest that any potential gait differences identified on these tasks may resolve at some point
between two months, when lingering gait impairments have previously been observed, and
approximately eight months.

This interpretation also aligns with a previous study assessing somatosensory cortical
connectivity after concussion, which may play a role in LEMSK injury risk.??® The authors found
that connectivity impairments were delayed after one month, but improvements were
experienced at five months post-concussion.??® This suggests that there is a delayed recovery, but
the recovery may have occurred before the time of our testing. It is also possible that our sample
size limited our ability to detect smaller but meaningful group differences which may be
supported by the smaller effect sizes.

Although our findings did not reveal statistically significant group differences or
interaction effects across any gait task, it is important to consider the potential trends observed in
the data. While stride velocity and stride length did not differ significantly between groups, the

associated effect sizes were notable. Stride velocity demonstrated small to medium effects
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(Cohen’s D =-0.40 to -0.50) and stride length showed small to approaching medium effects
(Cohen’s D =-0.37 to -0.47). These differences can be visually observed in Figures 5.3, 5.4, and
5.5. Given the magnitude of these effect sizes and the directional trends in the data, it is possible
that meaningful group differences may actually exist but were not detected due to the limited
sample size. This possibility suggests that individuals with a history of concussion may
experience subtle lingering gait alterations that larger sample sizes could better identify.

Additionally, it is important to note that the current study used only single-task gait
assessments. Prior research has demonstrated that gait differences following concussion are often
most apparent under dual-task conditions, where cognitive demands may unmask motor
deficits.??® The absence of dual-task conditions in our study may have limited our ability to
detect group differences.
Glare Main Effect

A significant main effect of glare was found for stride velocity and stride length, with
participants demonstrating slower and shorter gait patterns in glare conditions across all tasks.
This suggests that a common visual stimulus, like glare, can significantly influence motor control
and efficiency, and the effect sizes for these main effects suggest that these are meaningful
differences. Since visual information is fundamental to guiding safe and effective movement,
visual stimuli and photostressors like glare may alter gait strategy in ways that could increase the
risk of trips, falls, or other injuries in real-world environments. During the unplanned gait
termination task, we observed a significant main effect of glare on GTT. The increased
complexity and need for the ability to react to a random cue in this condition may increase the
reliance on accurate visual input, making the impacts of glare more apparent in how quickly one

comes to a stop. These results suggest that glare becomes a more meaningful factor when tasks
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demand rapid adjustment and integration of sensory information, potentially mirroring the kinds
of challenges individuals may encounter in their everyday life. This is particularly relevant for
populations vulnerable to visual or functional disruptions, including individuals recovering from
concussion.

Additionally, our analyses of spatiotemporal variability measures further supports the
disruptive impact of glare on gait. We found significant main effects of glare on variability
across several tasks, particularly stride velocity, stride length, and stride width. These findings
suggest that glare not only alters average gait performance but also increases gait inconsistency,
which may reflect heightened sensorimotor processing demands under glare conditions.
Increased variability is often interpreted as a marker of reduced gait stability or increased
cognitive-motor load, supporting the interpretation that glare taxes the sensory-motor system
during movement.>%>” This broad impact across tasks and gait parameters indicates that glare
disrupts gait strategy and consistency, potentially elevating fall risk or injury in real-world glare
settings.

We did not find significant effects of glare for stride width or single leg support
percentage. This is consistent with previous research showing that, in individuals with
concussions or other traumatic brain injuries, variables such as step length and velocity are more
likely to change significantly, while stride width and single leg support percentage often remain
unaffected.??23! One possible explanation is that changes in these particular gait outcomes may
not be as pronounced in otherwise healthy, asymptomatic individuals with a history of
concussion compared to those with more severe neurological impairments.?32-233
Our findings add to the growing evidence highlighting the connection between vision and

functional movement. While visual impairments are well-documented following concussion, few
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studies have explored how everyday visual disturbances might affect motor performance. This is
the first study to assess the impact of a glare on gait in individuals with a history of concussion.
Our data suggests that glare is a meaningful stimulus that can alter basic gait patterns, and it may
be a useful tool for uncovering subtle functional deficits. Although not a concussed population,
one study focused on individuals with migraines found with increasing light intensity and light
sensitivity, only step width was impacted and patients actually presented with a less conservative
gait strategy.?** This contrasts with our findings. While our study examined the impact of
increased glare during walking, another study investigating gait under poor lighting conditions
found that participants adopted a more cautious gait in dim settings.?*> This supports the broader
link between impaired visual input and altered gait mechanics, highlighting the potential for
increased fall and injury risk.
Limitations

The smaller sample size may have limited our ability to detect group differences or
interactions, as reflected in the lack of statistically significant differences between groups despite
small to moderate effect sizes on all gait tasks. Additionally, participants with a concussion
history were asymptomatic and likely in a chronic recovery phase, which may not reflect
ongoing deficits that occur closer to injury. Finally, while our chosen gait tasks captured key gait
characteristics, they may not have been complex enough to fully reveal subtle impairments at the
time of testing.
Future Directions

Future research should target individuals in the acute or early subacute stages of
concussion, where gait and visual-motor deficits are more likely to be pronounced. Additionally,

incorporating more complex tasks may increase the sensitivity of assessments and uncover
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lingering impairments that are not evident during simpler gait evaluations. Other types of visual
challenges, such as differing environments and other visual distractors, should also be
investigated to better simulate real-world conditions and demands. Understanding how various
visual stimuli affect motor control could offer insight into why individuals with concussion are at
elevated risk for musculoskeletal injury upon return to activity. Assessing how visual
dysfunction contributes to motor instability may help improve clinical tools and return-to-
activity decision-making. Expanding the sample size may help to confirm the glare main effects
and may also reveal potential interaction effects or group main effects that were not detected in
this study due to limited sample size.
Conclusion

This study demonstrates that glare, a common visual stimuli, significantly alters gait by
reducing stride length and stride velocity across various walking tasks, and increases GTT in an
unplanned gait termination task. However, no effects were found for stride width and single leg
support percentage. No significant group differences were observed between individuals with
and without a history of concussion but small to moderate effect sizes for between group
differences on gait outcomes may suggest there are meaningful differences that are potentially
limited by the current sample size. These findings highlight that even subtle, everyday visual
disturbances like glare can meaningfully alter how we move, reinforcing the critical role of

vision in safe and effective motor performance.



80

CHAPTER 6
FINDINGS SUMMARY

Aim 1 of this study examined the visual function in individuals with and without a
history of concussion using a novel battery of psychophysical tests, i.e., MPOD, TCSF, CFF, and
glare responses. A total of 31 participants were enrolled (15 controls, 16 with concussion
history). There were no statistically significant group differences across any visual measures.
Although prior research has suggested lingering visual impairments following concussion, our
findings showed no detectable deficits in MPOD, TCSF, CFF, or glare sensitivity/discomfort.
These null results may reflect full recovery in our sample, as all participants were well beyond
the acute phase with an average time since concussion of 252 days. The psychophysical tests
used are sensitive to cortical and retinal function and have demonstrated utility in aging and
neurodegenerative populations, making them strong candidates for detecting subtle changes post-
concussion. However, the lack of group differences may suggest these impairments may not
persist into the chronic stage, or they may only be present in individuals with ongoing symptoms.

Aim 2 looked to evaluate the effects of concussion history and visual glare on gait
performance during three tasks: straight path walking, planned gait termination, and unplanned
gait termination. No significant main effects of concussion history or interactions between
concussion history and glare condition were found for any gait outcomes. However, a significant
main effect of glare condition existed for stride velocity and stride length which were
significantly reduced on all gait tasks (p < 0.05). Additionally, glare increased GTT during the

unplanned gait termination task (p = 0.04). No significant effects were observed for stride width
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or single leg support percentage. Furthermore, glare significantly increased gait variability for
several spatiotemporal measures, including stride velocity, stride length, and stride width across
tasks. Increased gait variability is often interpreted as reduced gait stability or increased
cognitive-motor demand, suggesting that glare not only alters average gait performance but also
taxes sensory-motor processing and consistency during movement.

The absence of group differences suggests participants with a concussion history were
functionally recovered at the time of testing, consistent with previous research showing gait
deficits resolve within months post-injury, especially during simple, single-task walking. Glare
significantly impacted gait by reducing stride length and velocity, indicating that visual
disturbances can impair motor control and efficiency even in healthy individuals. The lack of
glare effects on stride width and single leg support aligns with prior findings that these
parameters are less sensitive to mild neurological changes. The increased GTT during unplanned
termination under glare suggests that tasks requiring rapid adjustments rely heavily on clear
visual input. These findings emphasize the importance of vision in safe movement and suggest
that glare could potentially elevate fall and injury risk in real-world environments.

Additionally, it is important to note the novelty in the use of glare goggles during gait
tasks. To our knowledge, this is the first application of this technology in any population. These
goggles provided a standardized and controlled method to bring a photostressor commonly
experienced in daily life into a research setting. The successful implementation of the goggles in
this sample demonstrates their feasibility for future use and their ability to produce transient
visual disturbances that result in significant gait changes across all participants, regardless of

concussion history.
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This study’s findings are limited by a modest sample size and the inclusion of only
asymptomatic individuals, which reduces the generalizability of these findings. Future research
should prioritize recruiting individuals in the acute stages of concussion to better capture the
recovery of visual and gait impairments. Incorporating more complex motor tasks and a variety
of visual challenges, such as differing environments, glare, and other sensory distractors, may
enhance sensitivity to subtle functional deficits that are not apparent during simpler assessments.

In conclusion, while this study found no lasting visual impairments or gait differences in
asymptomatic individuals with a history of concussion, it highlights that everyday visual
disturbances like glare can meaningfully alter gait performance in both concussed and non-
concussed populations. These results highlight the critical role of vision in safe and effective
motor control and suggest that visual disturbances represent a general sensory-motor challenge

rather than a condition specifically exacerbated by concussion history.
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APPENDIX A

MICHIGAN TBI IDENTIFICATION METHOD

Michigan TBI Identification Method

CONCUSSION HISTO

. Did/do you have
Did you lose How long were oY
. . difficulty
€onsclousness (I.S. you . .
2 remembering things
knocked unconsciousness

out/blacked out)? (seconds)? befor§ or af;er the
injury?

How many How many days did
minutes do you you experience
not remember symptoms related to
(min) the injury?

The concussion Approximate Age at
Mechanism was diagnosed date of injury time of
or undiagnosed (mm/yyyy) injury

[ Blow to head or neck
[ Motor vehicle crash -
pedestrian/ bicyclist

O Motor vehicle crash

Inju occupant [ Diagnosed _ (se0) _ (mim) | (days)
ilry [ Sport / recreation [ Undiagnosed R O 1BNE [ Unknown O BRE [ Unknown [ Unknown

[ Fall

[ Fight or being hit

[ Explosion / Blast

[ Other

[ Blow to head or neck

[ Motor vehicle crash -

pedestrian/ bicyclist

[ Motor vehicle crash

Injury occupant O Diagnosed _ (se0) _ (mim) | (days)
#2 [ Sport / recreation [ Undiagnosed | ————— HYes [No [J Unknown DYes HNo [ Unknown [ Unknown

[ Fall

[ Fight or being hit

[ Explosion / Blast

[ Other

** Additional Injury lines can be added as needed

Mechanism Prompts:

Blow to the head or neck: Have you ever been hospitalized or treated in an emergency room following an injury to your head or neck? Think about any childhood injuries you
remember or were told about.

Car / vehicle accident: Have you ever injured your head or neck in a car accident or from some other moving vehicle accident (e.g. motorcycle, ATV)?

Sport / recreation: Have you ever been hit in the head or fallen on your head while participating in an organized sport or recreational activity, including on the playground?
Fall: Have you ever injured from falling?

Fight or being hit: Have you ever injured your head or neck in a fight, from being hit by someone/something, or from being shaken violently?

Explosion / Blast: Have you ever been nearby when an explosion or a blast occurred? If you served in the military, think about any combat- or training-related incidents.

* adapted from the Ohio State University TBI Identification Method (Corrigan, J.D., Bogner, J.A. (2007). Initial reliability and validity of the OSU TBI Identification Method. J
Head Trauma Rehabil, 22(6):318-329,

SRC Version 1.0



Headaches

Pressure in head

Neck pain

Nausea or vomiting
Dizziness

Blurred vision

Balance problems
Sensitivity to light
Sensitivity to noise
Feeling slowed down
Feeling like “in a fog”
“Don’t feel right”
Difficulty concentrating
Difficulty remembering
Fatigue or low energy
Confusion

Drowsiness

More emotional
Irritability

Sadness

Nervous or anxious

Trouble falling asleep (if applicable)

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
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APPENDIX B

SCAT6 SYMPTOM INVENTORY

N e N N e e . Y NS Uit Ui Uis U U Qe G G e = = N

N NN DNMNDNMDNDMDDNDDNDDMNMDMNDNDDMNMDMDMDMNDMNMDNDDNDDMNDDMNDMNNDNDNDND

W W W WWW W WWWoOWOoWoWwowWwowWwowowowowowowow
L - S R TR R N N N N R )

(3 TS IS RS NS S TS IS IS IR IR IS IS % S IS IS IS, IR S I3 L IS I3 |

0O OO OO OO OO OO OO OO OO OO OO OO OO O

Do your symptoms get worse with physical activity? Y N

Do your symptoms get worse with mental activity? Y N

If 100% is feeling perfectly normal, what percent of normal
do you feel?

If not 100%, why?

PLEASE HAND THE FORM BACK TO THE EXAMINER

Once the athlete has completed answering all symptom items, it may be useful for the clinician to revisit items that were endorsed positively to gather

more detail about each symptom.

Total number of symptoms:

of 22

Symptom severity score: of 132



