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ABSTRACT
TARYN ELIZABETH GILREIN: Reliable change indices of visual and sensory
performance measures.
(Under the direction of Jason P. Mihalik)
The purpose was to determine the test-retest reliability and establish reliable
change indices for measures of visual and sensory performance in healthy college
students. Participants were administered several clinical and research tests of static and
dynamic visual acuity, gaze stability, and visual-motor sensory performance 14 days
apart. The test-retest ranged from 0.08 to 0.81 across all measures, and some
demonstrated significant practice effects. Clinicians should recognize employing reliable
change indices is but one method to manage concussed patients, and should consider
employing other tools to assess those tests demonstrating the lowest reliability. A
secondary purpose was to explore if visual deficits exist in college athletes who have
been cleared to return to play following concussion. We were unable to sufficiently
power these exploratory analyses. Therefore, subsequent studies should evaluate the
sensitivity, specificity, and predictive values of visual performance testing in the context
of concussion diagnosis and management.
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CHAPTER I
INTRODUCTION
Concussions have recently become a spotlight health concern in today’s society.
The number of reported concussions continues to rise with approximately 1.6 to 3.8
million reported each year2 and many other suspected head injuries that go unreported.3
Concussion, or mild traumatic brain injury, has been defined as a complex
pathophysiologic process affecting the brain and its functioning capacities following an
injury to the head.4 Concussions typically results from either a direct blow to the head or
a traumatic force to the body that transmits an impulsive force to the head.5 The trauma to
the head leads to an energy crisis in the brain that results in decreased oxygen delivery
and functioning.6 As a result, concussions can result in multiple debilitating symptoms
including cognitive, balance, and visual deficits. These deficits typically resolve in 7-10
days, but may last several months in a subset of the population.4 Currently, concussion
evaluation typically includes reliable and sensitive7-9 measures of symptoms,
neurocognition, and postural control, but often does not address aspects, such as dynamic
or static vision or gaze stability, which may be associated with concussion.
Ideally, the results of the current post-concussion assessments are compared to the
individual’s baseline measures. Not all sports teams have the benefit of baseline testing
every athlete or have the medical staff to assess concussed patients. In the absence of preinjury scores for an athlete, the post-injury measures can be compared to normative data
that has been compiled from various populations.7-9 The reliable change indices for
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cognitive, memory, and balance measures should be utilized when comparing subjects to
a ‘norm’ for return to play decisions in addition to the individual baseline comparison.10
The computerized neuropsychological tests provide more sensitive and objective
measures when compared to the subjective pencil and paper battery tests. The
computerized battery also demonstrated a longer duration of symptoms in patients postconcussion when compared to paper and pencil assessments.11
An important performance measure that is not considered in current postconcussion return to participation is visual performance. Vision is critical to athletes of
all expertise levels and every sport.12,13 The visual demands and subsequent skills needed
for hitting a baseball, catching a football, and spotting a 4-inch balance beam are vastly
different. In order to objectively determine the demands necessary of the specific athlete,
a task analysis is performed considering the environment, opponents, targets and other
external factors involved in the particular sport. Athletes are required to take visual
perception and interpret the information to create a motor response dependent on the
stimuli. If an athlete is not receiving visual feedback fast enough to assess the situation
and act on the information, performance will suffer.14 Both static and dynamic visual
acuity measures should be taken and analyzed to expose deficits that could potentially
affect an athlete’s functional ability during dynamic sport. Visual performance measures
should be incorporated into the baseline testing of athletes to compare and observe
progress or deficit throughout the season, regardless of injury.15 These measures should
include assessments that address visual skills such as depth perception, reaction time, and
near-far quickness.12 If there are deficits in the visual system due to concussion, an
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objective measure of a subject’s vision should be recorded and evaluated, similar to a
subject’s cognitive processing and postural stability.
Concussion evaluation paradigms typically use a pre-injury (baseline) to postinjury comparison to identify deficits caused by concussion. In some cases, baseline
measures are not available, so it is important to have a ‘normal’ value with which to
compare an athlete’s results. The change from an individual’s pre-injury to post-injury
score can be compared to a reliable change index (RCI). Comparison to an RCI creates a
more sensitive conclusion as to if the athlete has returned to a normal measure prior to
resuming participation after injury, specifically concussion. Visual deficits have been
demonstrated following concussion,16 but there is a lack of data supporting the validity
and reliability of visual assessments that might aid in concussion evaluation and
management. To accurately assess the visual system in order to manage patients with
visual deficits, a clinical measure must be reliable, sensitive, and clinically applicable.
The primary purpose of this study was to determine the test-retest reliability and reliable
change indices for measures of visual performance in college athletes. A secondary and
exploratory purpose was to determine if visual deficits exist in college athletes who
report being asymptomatic following concussion.
Research Questions
1.

What is the reliability of visual and sensory performance measures (Nike SPARQ
Sensory Station, NeuroCom Gaze Stability Test, NeuroCom Dynamic Visual
Acuity Test, and King-Devick Test) in healthy college students?
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2. What are the reliable change indices for visual and sensory performance measures
(Nike SPARQ Sensory Station, NeuroCom Gaze Stability Test, NeuroCom
Dynamic Visual Acuity Test, and King-Devick Test) in healthy college students?
3. Exploratory: Is there a significant difference in visual and sensory performance
between concussed patients compared to match healthy controls?
Research Hypotheses
1. There will be moderate reliability across serial visual and sensory performance
assessments (Nike SPARQ Sensory Station, NeuroCom Gaze Stability Test,
NeuroCom Dynamic Visual Acuity Test, and King-Devick Test) in healthy
college students.
2. Reliable change indices will be computed and yield clinically reasonable
confidence intervals.
3. Exploratory: Concussed individuals will perform worse on visual and sensory
performance measures compared to match healthy controls.
Variables
Independent variables
1. Time
a. Testing Session One
b. Testing Session Two
2. Group
a. Healthy College Students
b. Concussed Patients (exploring potential)
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Dependent variables
1. Nike SPARQ Sensory Station
a. Visual Clarity (Static visual acuity)
b. Contrast Sensitivity
c. Depth Perception
d. Near-Far Quickness
e. Target Capture (Dynamic visual acuity)
f. Perception Span
g. Eye-Hand Coordination
h. Go/No-Go
i. Reaction Time
j. Response Time
k. Motor Movement Time
2. Gaze Stability Test (NeuroCom)
a. Maximum head speed (degrees/second) achieved while correctly identifying
orientation of visual stimulus; measured in yaw, pitch, and roll directions
3. Dynamic Visual Acuity (NeuroCom)
a. Dynamic visual acuity loss (dynamic visual acuity minus static visual acuity);
measured in the Logarithm of the Minimum Angle of Resolution (logMAR)
4. King-Devick Test
a. Completion time
b. Number of errors committed
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Operational Definitions
1. Healthy participants: athletic individual participating in physical activity three to
four times per week.
2. Concussed participant: varsity or club athlete ages 18-25 who underwent a direct
blow to the head, neck, or elsewhere on the body with an impulsive force
transmitted to the head that resulted in concussive symptoms and were diagnosed
by the respective doctor with a concussion.
3. Matched control: uninjured individual matched to the concussed patients based on
age, gender, sport, and position on team. (Exploratory Research Question 3)
Delimitations
1. Data limited to college athletes at the University of North Carolina at Chapel Hill.
2. There will only be two data collection time intervals.
3.

The SPARQ Sensory Station, Neurocom GST and DVAT, and the King-Devick
Test are the only visual measures that were used.

Limitations
1. Attrition rate leading to small sample size.
2. Low concussion rate leading to small sample size.
3. Forced to cease testing if symptoms return during assessments.
Assumptions
1. Nike SPARQ and NeuroCom SOT will accurately record data.
2. All participants will provide full effort during testing.
3. All participants will return for second testing session.
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4. All participants will be truthful and honest about concussion symptoms and
history.
5. The ability of the examiner will not interfere with testing results.
6. Effects of mental and physical fatigue will not significantly alter participant’s
visual performance.
7. A convenient sample of athletes chosen based on proximity and availability will
accurately represent the population.
8. Data will be properly interpreted by examiner.
9. Team physicians and athletic trainers are properly evaluating and diagnosing
concussions.
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CHAPTER II
REVIEW OF LITERATURE
Introduction
Concussions are a serious health concern in today’s society and have led to a
heightened sense of awareness in all factions of sports and athletics. It has been estimated
that well over 1 million people in the United States sustain a concussion annually, leading
to a critical movement for prevention, education, and research surrounding
concussion.2,17 The main focus of current sports-related concussion research is the
identification of cognitive and vestibular deficits post-injury. Due to the complexity of
the injury, a comprehensive paradigm of assessments examining cognitive function,
postural-stability, and neurological symptoms should be used to assess an individual who
has sustained a suspected concussion.4 The more assessments utilized by a clinician for
evaluation of a potential concussed individual, the more sensitive the tests become to
identifying deficits due to a concussion.18 A multifaceted approach is recommended,
because a combination of measures increases the sensitivity to greater than 90 percent,
compared to the sensitivities of one single assessment, which range from 43 to 80
percent.19,20
While the current evidence based assessments are sensitive and reliable, there is a
possibility that these assessments are missing certain deficits post-concussion. This
potential flaw in the standard assessment may result in an individual’s premature return
to activity, leaving them at risk for further injury and the potential for a prolonged
8

recovery. This leads us to ask the question: what deficits are we missing in our current
assessment of a concussed individual in the absence of symptoms? One potential deficit
we may be missing is visual disturbances. The visual system accounts for 80 percent of
an individual’s sensory input and 50 percent of the brain’s pathways are devoted to
vision.21 Visual deficits and symptoms related to vision have been identified in concussed
individuals upon sideline evaluation post-concussion but visual testing is still not always
recognized as part of the recommended evaluation.16 Visual performance measures
should be considered in evaluation of a concussion, because vision is important to all
individuals, but particularly athletes.
Concussion Epidemiology
Annually, there are approximately 44 million children and young adults
participating in organized sports, and approximately 170 million adults participating in
some type of physical activity in the United States.22,23 The large number of children and
adults participating in physical activity and sports further confirms the need for
educational programs that promote awareness of high risk situations and demonstrate
preventative measures. With the implementation of educational programs in the past few
years, there has been a significant decrease in the number of catastrophic injuries from
head injuries.24
Each year, there are an estimated 1.6 to 3.8 million people who report sustaining a
sports concussion,17,25,26 making it the most common traumatic brain injury in athletic
young adults.27 The number is only an approximation because many of these head
injuries may go unreported.3,28 The culture of the sport, attitude of the athlete, and
pressure from the team or coaches has been found to affect the validity of an individual’s
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subjective statements and athletes are now admitting to lying about symptoms in order to
continue playing.3,29
There is a higher incidence of concussion in adolescents that is speculated to be
the result of younger, more susceptible brains. Traumatic brain injury in children and
adolescents can lead to persistent cognitive dysfunction, even when no initial effects are
observed.6 Increased susceptibility to concussion in children and adolescents, as
compared to adults, has been attributed to decreased myelination, a greater head-to-body
ratio, and thinner cranial bones, all which provide less protection to the developing
cortex.30-32 Females are also thought to be at a higher risk for sustaining a concussion,
both at the high school and collegiate level.33 Barnes et al. suggested that female soccer
players are more susceptible due to the biomechanical factors such as smaller head to ball
ratios and weaker musculature.34 It is speculated that the higher frequency of concussion
in male sports compared to female sports may be attributed to the different styles of play
including lacrosse, basketball, and softball.33 Concussions after getting hit by a pitch are
more likely in baseball than in softball.33 Other studies have suggested that females are
more likely to report symptoms after a potential concussion when compared to males
who may try to play through the pain.3
There is no single agreed upon definition of concussion. In 1996, the Congress of
Neurological Surgeons in America agreed on the following definition: a concussion is
“...a clinical syndrome characterized by immediate and transient post-traumatic
impairment of neural functions, such as alteration of consciousness, disturbance of vision
or equilibrium due to brain stem involvement.”35 It is important to point out the inclusion
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of vision comprised in the definition of concussion, as it is part of some clinician’s postinjury evaluation, but is not always highlighted.
The most recent National Athletic Training Association Consensus Statement
released included the following definition: “Concussion is defined as a complex
pathophysiological process affecting the brain, induced by traumatic biomechanical
forces.”5 The statement goes on to describe common features that are typically, but not
always seen in those individuals who sustain a concussion. The most common
mechanism includes either a direct blow to the head, or indirect blow to anywhere on the
body transmitting “impulsive” forces to the head that lead to the rapid onset of temporary
neurologic function impairment.5 Recently, it has been determined that a concussion is a
functional injury rather than a structural injury and typically there is no abnormalities
found on standard neuroimaging that identify a concussion.5
The etiology of concussion is largely dependent on the sport;36 the majority of
these injuries occurring in contact sports such as football, boxing, hockey, in addition to
soccer and basketball.32,36-38 Concussions occur during a direct blow or indirect impact to
the head, face, or neck and lead to a rapid acceleration and subsequent deceleration of the
brain.5 The biomechanical forces lead to linear and rotational accelerations in the brain
causing injury to delicate white matter and brain tissue, ultimately leading to the
biochemical response that results in the presence of the acute symptoms of a
concussion.6,39
The rotational and linear acceleration and deceleration of the head are the most
common mechanisms of injury and result in shearing, compressive, and tensile forces to
the axons, tissue, vessels and other structures in the brain.40 The injury to the brain causes
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the presentation of temporary clinical signs and symptoms that should be evaluated by a
healthcare professional to determine the status and further management of the
individual.6,40 Physical signs that present after a concussion include loss of
consciousness, amnesia, behavioral changes including irritability, cognitive impairment,
slowed reaction time, sleep disturbance, headaches, blurred or double vision, feeling in a
‘fog’, or increased emotional sensitivity.5,41
After the physical trauma of a concussion, a metabolic cascade ensues at the
cellular level in the pathways of the brain.6 There is a release of potassium as well as an
influx of calcium in the neurons that ultimately reduces the cell’s ability to generate
oxygen.6 Essentially, the high energy demand of brain cells, restricted blood flow, and
oxygen debt cause mental confusion, failed memory, and dizziness in an individual.6
These changes do not result in any abnormality on standard structural neuroimaging
studies including MRIs or CTs.5 While this process leads to neuropathological changes,
the acute symptoms observed post-concussion are indicative of a functional impairment
rather than a structural deficiency.42,43
Current assessments/management of concussion
There are several consensus statement and position statements outlining the
evaluation and management of sport-related concussion.4,5 According to the most recent
recommendations, when an athlete sustains a blow to the head, either from an object, an
opponent, the ground, or experiences a severe ‘whiplash’ activity, a healthcare
professional should be suspicious of a concussion.5 The athlete should be removed from
activity for the remainder of the day if he or she is experiencing concussion symptoms, or
appears ‘out of it.’ In the past, if an individual’s symptoms had resolved in less than 15
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minutes, he or she could potentially return to participation at that time. Instead of relying
on a subjective decision, clinicians should take the functioning of the brain into account.
The sideline assessment has become more in depth, allowing for improvement upon the
15-minute symptom “check-up”. A concise evaluation using tools such as the
Standardized Assessment of Concussion (SAC) in addition to an evaluation of symptoms
and motor response should be performed during the primary survey of an athlete with a
suspected concussion. If the athlete is diagnosed with a concussion, they are removed
from the event and should be taken through further physical evaluation and close
monitoring of symptoms.28,44
If an individual has experienced more than one concussion, the result of any
subsequent head impact may be worse and can lead to long lasting repercussions.45,46
Poorly managed concussions may lead to a host of complications such as post-concussion
syndrome, second impact syndrome, post-traumatic stress disorder and potential lasting
memory, visual, vestibular, or cognitive impairments.31,47 Prompt and thorough
evaluation and management of concussion may aid in preventing long-term
consequences, but the deterioration process cannot be terminated if mental and physical
stresses persist.5
Baseline Measures
Recent studies recommend pre-injury baseline testing for each athlete on
neurocognitive measures, symptoms, and postural control abilities post-injury.5 Baseline
tests are suggested to account for differences in individual scores and measures on
specific tasks compared to post-injury to determine an appropriate return to play.4,5 A
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complex baseline testing battery is beneficial for the detection of deficits in objective
measures of neurocognition and postural control despite symptom resolution.48
Baseline testing should take place prior to the beginning of season, in a quiet
setting allowing the individual to focus and take the test seriously for accurate results.49
These measures may be influenced by predisposing factors such as developmental
disorders, attention deficit hyperactivity disorder (ADHD), migraine history, or previous
concussions.41,50 The time of day an individual completes the evaluation, the individual’s
mood, external stress level, and fatigue may all have a detrimental effect on the testing
and outcome measures, therefore affecting the return to participation decision for that
individual.49,50
Baseline testing for all measures discussed would provide a comprehensive
representation of college athletes, but it is not practical in all scenarios. The equipment
and resources needed are costly and testing can be time-consuming.51 If administering
baseline measures is not an option in a certain setting, clinicians may look into using
normative data for comparison of differences.48,52 Organizations that have limited
resources and do not have access to balance-diagnostic equipment or computerized
neurocognitive testing programs typically use the standardized, self-reported symptom
checklist as a practical method for monitoring concussion symptoms53 in addition to
simpler, more cost-effective measures such as other paper-pencil batteries, BESS testing,
and King-Devick Testing.
Symptoms
The comprehensive symptom checklist is one of the most commonly used
portions of the post-concussion evaluations and requires a subjective interpretation of the
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symptoms experienced at a given time.54,55 Most checklists include a numerical scale
allowing the individual to rate the presence and intensity of symptoms commonly
exhibited in concussed individuals such as headache, dizziness, drowsiness, vision
problems, balance difficulty, trouble falling asleep, drowsiness, sadness, difficulty
concentrating, difficulty remembering, feeling “in a fog”54,55 and irritability.4,5,56,57
Symptom checklists have been further studied by many researchers and have been found
to carry well-distinguished validity and reliability.51,58,59 While symptom checklists
provide a clinically relevant and useful tool for identifying symptoms that are typically
present post-concussion, it should be combined with other recommended tests for a
complete assessment of an individual.51
Piland et al. examined the validity of subjective symptom reports and found
evidence of factorial and construct validity for the Head Injury Scale, a checklist that
includes nine of the most common symptoms reported in concussed individuals and is
typically used in the SAC and SCAT2 forms.51 The commonly associated symptoms with
concussions can be separated into three constructs: somatic, neuropsychological, and
cognitive symptoms.51,60 While the symptoms may interrelate and overlap, the theoretical
distribution of symptoms is as such:
Somatic symptoms include headache, nausea, vomiting, balance, sensitivity
numbness; those considered in the cognitive construct include “slowed down”, “in
a fog”, difficulty concentrating, difficulty remembering; and those thought to be
neuropsychological in nature include fatigue, difficulty falling asleep, sleeping
more than usual, nervousness, drowsiness, and sadness.51,60
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Each individual concussion is unique and there is no way of predicting which
symptoms an individual will exhibit after a concussion or how long the symptoms will
last. Certain symptoms and risk factors are more likely to contribute to prolonged
recovery, such as history of previous concussions45 or sustaining a concussion at a young
age.31 Deficits may be masked in the absence of symptoms during the return to play
progression and might not present until the individual returns to a high level of activity.
Athletes returning to an environment with excessive visual stimuli such as a soccer field
or a basketball court might experience the return of symptoms when dynamic visual
acuity is necessary. If visual performance tests were performed prior to return to
participation post-concussion, deficits in dynamic visual acuity might be identified to
avoid premature return to play.
Neurocognitive Evaluation
Concussions are typically associated with neurological and mental status
impairments that affect cognitive, academic, and behavioral functioning.61
Neurocognitive testing can help identify deficits in an athlete’s sustained attention,
executive functioning, processing speed, reaction time, and recall of new information.62
Neurocognitive tests provide a more concrete and objective measure of deficits present
after concussion when compared to a subjective symptom report from the individual.9,63
The Standardized Assessment of Concussion (SAC) is a screening instrument in
the form of a paper-pencil test that was developed in order for clinicians to establish an
idea of the athlete’s current mental status within minutes of an athlete sustaining a
concussion.9 While the test can be quick and efficient, it does not test brainstem or
cerebellar function.21,64 The traditional neurocognitive assessment includes a paper and
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pencil battery that has been proven valid and reliable and has been shown to be sensitive
to concussion symptoms.65 Computerized tests may be more beneficial, than the
traditional paper and pencil tests, because computer tests provide a large variety of
various forms, minimizing the learning effect of athletes who take assessment multiple
times.62,65 The traditional neurocognitive evaluation is also dependent on the ability of the
tester to correctly time processing speed and reaction time of the concussed individual,
potentially leading to inaccurate response times and false conclusions regarding
neurocognitive functioning.62,65
Computerized neurocognitive testing is a fairly novel assessment that addresses
the flaws in the paper-pencil battery of neurocognitive testing. The computerized tests
carry a well-established reliability and validity and similar to traditional testing, they also
have been shown to be sensitive and reliable for the effects of concussion.29,66,67 Several
computerized testing programs have been developed in recent years including Automated
Neuropsychological Assessment Metrics (ANAM)(National Rehabilitation Hospital
Assistive Technology and Neuroscience Center, Washington, DC), ImPACT Concussion
Management Software (ImPACT Applications, Pittsburgh, PA), and HeadMinder
Concussion Resolution Index (CRI)(Headminder Inc, New York, NY).4 Computerized
neurocognitive testing typically assesses verbal memory, visual memory, processing
speed, executive function, psychomotor speed, reaction time, complex attention and
cognitive flexibility.7
Postural Control
Postural stability is the ability of a person to control the position and action of
their body against the demands placed upon it. There are measures of postural stability
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that can be used to assess for vestibular deficits in concussed individuals.68 Fatigue,
vestibular disturbances, and removal of visual stimuli are all factors that affect the body’s
ability to control postural sway.69-71 The Balance Error Scoring System (BESS) is used
currently as a sideline measure of an athlete’s balance after a suspected concussion.68 The
inexpensive assessment gives a clinician an objective measure of postural stability after a
suspected head injury.68,72 Visual and vestibular function are affected after an individual
sustains a concussion5,41 and therefore difficulties with an individual’s ability to control
postural sway may indicate disturbances in the brain’s pathways for vision. Results of
these sideline tests should then be compared to the athlete’s baseline BESS scores that
should have been established in the athlete’s resting state during preseason screening.
Multifaceted Approach
A concussion is a complex injury, affecting many different systems of the body as
previously discussed. The convolution of the injury leads to the need for a multifaceted
approach to evaluation of an athlete with a suspected concussion. The Standardized
Concussion Assessment Tool is a quick subjective assessment that includes a symptom
checklist along with a brief evaluation of attention, concentration, and memory.5,73 In
addition to cognitive processing, balance and coordination have been widely researched
for the identification of deficits and other vestibular problems8,74 and can be assessed
with the BESS test. Slower reaction time, slower processing speed and reduced memory
performance are among the deficits seen in concussed individuals during post-injury
testing.75 While encompassing many systems and identifying present deficits in those
concussed individuals, the evaluation of a concussed athlete is not complete. One deficit
that might be overlooked in the assessment of these individuals is vision.
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Return to Play Decision
Once all of the athlete’s symptoms have resolved and he or she has returned to
baseline on all neurocognitive and balance tests, the next step is a gradual progression
that includes five levels of physical exertion, each increasingly more demanding.5,76 No
concussed individual should begin the physical activity progression without being
evaluated and cleared by a physician or alternate health care professional specifically
trained in concussion evaluation.5
The gradual progression protocol is the generally accepted return to play protocol
used by clinicians in accordance with the most recent NATA Consensus Statement.5 The
clinician should take into account the specific individual’s symptoms and response to the
injury, the severity of the concussion, and the number of previous concussions the
individual has experienced. The individual is allowed to return to limited activity when
they are completely asymptomatic at rest, demonstrates performance comparable to
baseline values, or normative values on all accepted assessments of neurocognitive
function and postural stability and remains asymptomatic with physical exertion.4,5 An
individual may not exhibit visual deficits during post-concussive testing as most current
assessments do not require dynamic head motion, which may contribute to the return of
symptoms when individuals resume activity. Visual performance during dynamic
movement is essential for athletes and if deficits are not identified before the individual’s
return to sport, performance may be affected and it may be an indicator that the athlete
returned prematurely from concussion.
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Importance of Sports Vision for Athletes
Regardless of athletic classification, vision is the dominant sense in most
individuals and is critical for optimal performance in high intensity athletics as well as in
everyday life.77-79 Sensorimotor and semantic visual functioning are two important
factors necessary for the analysis of multiple visual stimuli during sport and the ensuing
motor response.80 The combination of the sensorimotor function with the semantic visual
function allows an individual to identify and interpret a situation.80 Elite athletes
demonstrate an advanced ability to combine these senses when compared with nonathletes in situations with multiple stimuli.80
It has been said that hitting a baseball is “the single most difficult skill in all of
sports.”81 The ability to see a round object moving at such a high velocity accompanied
with spin and trajectory and then analyze how and when to hit the ball in such a short
amount of time with a separate round object moving in the opposite direction proves to
be a skill for those with elite senses and efficient responses.80-83 Constant convergence of
both eyes is required to assess the speed of the ball, predict the movement pattern and
path, and intercept the ball or object.14 These athletes must adjust quickly to the
approaching object and initiate efficient and appropriate motor responses based on the
sensory stimuli.14
When compared to non-athletes, athletes display heightened visual skills
including visual acuity, reaction speed, and contrast sensitivity.13,82,84 Kirschen et al.
developed a diagram to demonstrate the many layers of visual functions that build upon
each other, such that of a pyramid.79 This “Sports Vision Pyramid” describes monocular
vision as the stable foundation of the pyramid necessary for all other functioning.
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Monocular vision, or that of the single eye, utilizes the functions of visual acuity and
contrast sensitivity and may be affected by astigmatism or a change in the amount of light
available.79 The next level of the pyramid is concerned with how both eyes work
together, or binocular vision, and stereopsis, or the visual perception of depth. The eyes
are designed to work together to produce visual images yet when under visual conditions
causing motor problems such as fixation disparity or sensory problems such as
amblyopia, the loss of one eye’s ability to see details, the information processed and
produced through binocularity may be incorrect.79 If both monocular and binocular
processes are working efficiently and correctly, the visual mechanics will be optimized.
There is an important interaction between the brain and the rest of the body when a visual
stimulus is interpreted and a motor response ensues.79 Athletes perform at the optimal
intensity if all three levels of the pyramid are functioning properly.79
The visual system provides information about target distance and the presence of
obstacles in the visual field, both frontal and periphery, in a static situation. In addition,
the visual stimuli provides additional information to maintain balance during standing,
walking, running, and in adjusting pathways when obstacles appear, the target moves, or
the pathway changes.85
Visual Deficits after Concussion
Memory, anticipation, pathways for fast eye movements, and accuracy of the eye
muscles are controlled by the cerebral cortex and are not always flagged during cognitive
testing.21 Common symptoms post-concussion that are related to the visual system
include blurred vision, double vision, difficulty focusing vision, balance problems, and
difficulty in busy visual environments.21,64 Blurred vision can be a result of either an
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efferent or afferent pathway dysfunction from the eyes to the brain.86,87 Other visual
issues including double vision, vertigo and photophobia may be a sign of brainstem or
cerebellar pathway dysfunction from the widespread energy crisis occurring during the
biochemical response to a concussion.86 According to Heitger et al., impaired eye
movements are an indicator of suboptimal brain function and “may help demonstrate
incomplete recovery of brain function.”86
Visual symptoms do not always present for obvious diagnosis of concussion as
some may be masked or confused with neurologic deficits.16 The frontal lobe of the brain
is a primary site of injury in many mechanisms of concussion and can lead to temporary
disturbances in the frontal eye fields, impaired visual attention and delayed visual
saccades.88 Disturbances to the midbrain may produce impairments in the visual system
including double vision, abnormal pupil activity, or difficulty controlling eyelid
functions.16 Impairments with convergence and nystagmus may be indicative of injury to
cranial nerves or the brain stem.16
Quality vision is critical for optimal performance for athletes at any level. Just as
baseline measures are taken for neurocognitive, balance, and symptom scores, baseline
visual performance measures should be taken for both static and dynamic visual acuity.78
The vestibulo-ocular reflex is a critical reflex of the eye in response to movement that
provides information and proprioception that stabilizes vision and the line of sight.89
These visual signals interact and combine with vestibular information to stabilize gaze
during most normal head motions.89 If there is a deficit in either system, the individual
may experience balance problems or vertigo and is prone to further injuries and falls.
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Visual performance tests exist to measure and compare injured patients, but are
not widely used at this time. The additional time commitment for the tests, questionable
reliability and validity, lack of normative values, and lack of sensitivity for concussion
identification may be among reasons why visual performance tests are not always used.90
One purpose of this study is to justify the necessity for a visual performance assessment
post-concussion in order to identify potential deficits prior to the individual’s full return
to participation.
Visual Assessments
Over 50% of the brain’s pathways are examined via visual assessments, yet visual
performance measures are not always considered part of the comprehensive concussion
evaluation.86 Visual assessments include assessments of static visual acuity, dynamic
visual acuity, gaze stability and several other functional measures. Static visual acuity is
the ability to see clearly when remaining still and watching a nonmoving object. It is
typically assessed using chart systems such as Snellen eye chart. The optimal acuity
measurement for a non-athlete is 20/20.91 There are no differences in static visual acuity
between athletes and non-athletes.13,82,83
Dynamic visual acuity (DVA) is the ability to resolve detail when there is relative
movement between the target and the observer.13 DVA can be measured by a
computerized system that assesses the ability of the patient’s vestibulo-ocular reflex to
maintain accurate and optimal visual acuity while moving their head with a fixed head
velocity requirement.90 Maintaining focus and sight while moving the head is a crucial
function, which is essential for athletes to accurately perceive and identify a moving
target during dynamic situations.91 Patients with vestibular or visual deficits exhibit lower
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scores on a DVAT, reflecting a decrease in functioning and requiring some type of
compensation from the visual and vestibular systems.92,93 Compensations such as
vestibular adaptation and central programming have been observed in some subjects with
vision loss or decreased visual acuity.92 The vestibular system is adaptive in nature,
contributing to the recovery of vestibular response after vestibular loss or injury.93 The
computerized NeuroCom DVAT has high sensitivity and specificity for diagnosing
vestibular dysfunction.92 The high sensitivity and specificity further support the reliability
of the dynamic visual acuity test and the ability of the test to distinguish between healthy
participants and subjects with vestibular or visual deficits.92
The Gaze Stability Test was created to assess how quickly a participant can move
their head while maintaining focus on a computer-generated target of fixed size.94 The
GST quantifies the ability of a person to recognize a target projected on a personal
computer monitor during active head movement. Outcomes are calculated using the
means of the three fastest head velocities with accurate identification and orientation of
the target.90 The information produced demonstrates the functional capacity of vestibuloocular reflex and the maximum active head velocity at which a person can stabilize their
gaze.90
Dynamic visual acuity is often not assessed clinically due to limitations in
instrumentation for measurements of DVA. Measures of DVA appear to have similar
within session reliability and lower between session reliability when compared to
measures of the Gaze Stability Test.1,90,94,95 The DVAT has been associated with less
muscle fatigue than GST. While both use a fixed wait time for the optotype to appear on
the screen in front of the individual, the DVAT has a fixed moderate head velocity as
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compared to the GST which requires the subject to maintain higher head velocities during
the trials. The DVAT also has caused the return of symptoms in some affected subjects
leading to nausea, blurred vision, dizziness, and headache due to the nature of the test and
accompanying head movements.90,94,95
The inVision System from NeuroCom can be used for the assessment of dynamic
visual acuity and gaze stability. The reliability and sensitivity of these tests vary in the
literature but when combined, the sensitivity to visual and vestibular disturbances
increased to 79% and the specificity was 88%.92,94 The GST has good test-retest
reliability and may be more useful as a measure of treatment outcome or identification of
deficits and disabilities when compared to DVAT.94 Both tests have been found to
minimal symptoms in healthy participants.
The Nike SPARQ Sensory Station was created as a functional measure of visual
clarity, near far quickness, target capture, reaction time, and eye hand coordination. The
SPARQ allows for an interactive testing environment that is able to identify deficits in
visual measures and reaction times.91 A single study has examined the reliability of the
SPARQ in a group of younger adults. There were no practice effects for the following
measures: visual clarity, contrast sensitivity, depth perception, target capture, perception
span, and reaction time. There were practice effects for near-far quickness, eye-hand
coordination, and go/no go. The motor response characteristics of these measures are a
possible explanation for the practice effect associated with near-far quickness, eye-hand
coordination, and go/no go.91 While Erickson et al. provided a preliminary estimation of
reliability for the SPARQ, their sample was not required to be physically active and
ranged in ages from 18-30. In order to implement the SPARQ as a concussion evaluation
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measure in college athletes, the reliability of the measure in healthy physically-active
college-aged individuals must be established.
King-Devick Test
The King-Devick (K-D) test is a sideline visual screening tool that assesses an
individual’s ability to read aloud single digit numbers on a screen or a card quickly and
efficiently. The test is based on measurement of the speed of rapid number naming
(reading single-digit numbers from 3 test cards in addition to any errors the individual
makes. The King-Devick test captures impairments of eye movements, attention,
language, and visual-motor functioning and it can be used to identify individuals with
dyslexia, learning disabilities, suboptimal brain or vision function, and it may be useful in
detecting visual impairments following concussion.96 In addition, it may be used as a
rapid sideline assessment for faulty or slow eye movements and other characteristics
following a potential brain injury.96 The King-Devick test has been used to accurately
diagnose concussions in some boxers and mixed-martial arts fighters.97 Similar results
were found in a collegiate athletic population.96 The lower scores recorded for individuals
who sustained a concussion suggest that the King-Devick test may be sensitive to visual
tracking deficits that occur post-concussion.
Why Test Vision?
It is important to examine vision following a head injury to identify deficits that
may go unnoticed in the absence of reported subjective symptoms. Blurred vision,
dizziness, sensitivity to light, and inefficient convergence are all symptoms commonly
experienced in concussed individuals and all could be indicative of suboptimal
functioning in some part of the brain.86 While there are reliable change indices for
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measures of symptoms,91 postural sway,91 and neurocognitive functioning,91 there is
limited evidence establishing the reliability of visual performance measures in an athletic
collegiate population.
There is a gap in the literature regarding psychometric properties of visual
assessments that may be used in the evaluation and management of concussion. Reliable
change indices demonstrate the change in an individual’s score we should expect to see
between a first and second testing session. Reliable change indices for visual measures
will allow for a comparison in the change of concussed individual’s scores between a first
and second testing session and the change we would expect to see if that individual was
healthy. If the change in the patient’s scores is within the RCI for those measures, then
we would expect that the individual is healthy. If the change is the patient’s scores is
larger than the RCI for those measures, then we would expect that there is some type of
deficit.
Visual assessments should be involved in concussion evaluation. Athletes should
not return to full participation until visual performance measures have returned to
baseline. The addition of visual assessments to the composite evaluation may identify
deficits that are masked in the absence of symptoms and create a more conservative
return to play paradigm, ultimately leading to better prognosis for concussion.
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CHAPTER III
METHODS
Participants
We studied a convenience sample of 44 active, healthy college students (29 male
and 15 female; age = 19.90 ± 0.96 yrs; height = 172.03 ± 11.13 cm). Participants were
excluded from this study if they had known neurocognitive deficits or disorders, known
psychological conditions, color blindness, history of dizziness, imbalance or abnormal
vestibular function, or musculoskeletal abnormalities to the head, neck, shoulder, or back
that would disrupt normal range of motion. All participants read and signed consent
forms approved by our institution’s ethics review board. Participants also completed a
pre-participation form providing us with demographic, sleep habit, history of vision
problems, and concussion history.
Our third research question sought to explore the effect of concussion on vision.
Unfortunately, we were only able to capture 5 injuries, an insufficient number to yield
any meaningful data to address this research question. These 5 cases are instead used to
support some aspects of the discussion related to our other two research questions.

Instrumentation
Dynamic Visual Acuity Test
The Dynamic Visual Acuity Test (DVAT) was performed using the InVision
system (NeuroCom International Clackamas, OR). An IBM-PC compatible computer and
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a 15-in flat panel high contrast liquid-crystal display monitor were used to display an
optotype (the letter “E”). The DVAT began with assessment of the participant’s static
visual acuity by having them identify the orientation of the optotype “E” on a computer
screen located 8 feet in front of them, as illustrated in Figure 3.1. Responses were
recorded using a handheld remote with buttons that indicated whether the “E” was
positioned to the right, left, upwards, or downwards. The size of the “E” was reduced if
the participant correctly identified 3 out of 5 “E”s of a given size. Static visual acuity was
defined based on the smallest “E” correctly identified, and measured in logMAR.
The participant’s dynamic visual acuity (DVA) was measured in three different
axes: the “yaw” (vertical axis rotation), “pitch” (medial-lateral rotation), and “roll”
(antero-posterior axis rotation). The participant wore a head harness (InterSense Inertia
Cube, Engineering Systems Technology, Kaiserslautern, Germany) with a sensor that
integrated the 3 axes the head was moving about to determine rotational velocity
(deg/sec) of the head. Participants were required to generate rotational head movements
at least 20 degrees from midline in each direction while still being able to correctly
analyze an optotype “E” of varying sizes. Each test allowed for a practice trial. The size
of the smallest optotype identified correctly while rotating the head faster than the
minimum velocity was recorded for results of the DVAT. The DVAT scores were
converted to visual loss by subtracting dynamic visual acuity from baseline static visual
acuity for each eye, averaging the two means, and reporting the outcome in logMAR.90
Gaze Stability Test
The InVision system (NeuroCom International,Clackamas, OR) used for the
DVAT was also used for the Gaze Stability Test. The GST uses the same static visual
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acuity measured with the DVAT. The GST measures head movement velocities that the
participant achieves while maintaining their static visual acuity. Participants were
required to maintain gaze on the center of a computer screen, demonstrated in Figure 3.1,
and correctly identify the orientation of the optotype “E” while generating repetitive head
movements at varying velocities. Participants used the same headband with a 3-axis
integrating gyro to determine velocity for each trial. The participants were instructed to
perform a smooth sinusoidal head shake movement until the display screen was visible.
Two feedback bars gave the participant information on the velocity and amplitude of the
head and disappeared when the participant’s head velocity exceeded the required
minimum threshold for a trial. The optotype was displayed on the monitor until the
participant’s head velocity fell below the requirement for that trial or the participant
reached a maximum time. If three out of five “E”s were identified correctly, the
minimum head velocity that the participant must attain was increased. This was repeated
until the participant was unable to correctly identify three out of five “E”s, at which point
the velocity was reduced. If the participant was unable to achieve the minimum required
head velocity within 8 seconds from the start of head movement or unable to maintain
velocity for the required duration, or if the participant achieved and maintained the
required velocity but incorrectly identified the orientation, the trial was recorded as a
failure.90 The GST generated maximum head movement velocity (deg/sec) at which the
participant was able to maintain visual acuity in each of the three axes of movement
(yaw, pitch, and roll).
Nike SPARQ Sensory Station
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The Nike SPARQ Sensory Station is operated by a single computer controlling 2
high-resolution liquid crystal display monitors as shown in Figure 3.3. A handheld Apple
iPod touch (Apple Corporation, Cupertino, CA) was connected via wireless input to the
computer and was used to send the participant’s response to the computer software for
processing. Prerecorded instructions were automatically played at the start of each
assessment and repeated if the participant was unclear on the procedure. Participants
completed testing on the Nike SPARQ Sensory Station standing upright under ambient
lighting. Participants were aligned at 16 feet away from the monitor for Visual Clarity,
Contrast Sensitivity, Depth Perception, Near-Far Quickness, and Target Capture and
moved to within arm’s length distance from the monitor for Perception Span, Eye-Hand
Coordination, Go/No-Go, and Reaction Time assessments. More detailed descriptions of
each of the individual tests are included in Table 3.2.
King-Devick Test
This quick sideline assessment requires an individual to read aloud a series of
single digit numbers from left to right on three test cards. Standardized instructions are
used; the test requires less than 2 min to administer. The King-Devick test includes one
demonstration card and three test cards. Participants are asked to read the numbers on
each card from left to right as quickly as possible but without making any errors. The
sum of the three test card time scores constitutes the summary score for the entire test.
Numbers of errors made in reading the test cards are also recorded. The King-Devick test
can either be administered with paper cards or on portable computerized devices,
illustrated in Figure 3.3.
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Procedure
Participants were tested under best-corrected vision condition. Participants
completed a questionnaire to ensure that all inclusion and exclusion criteria were met,
and to gather information about sleep patterns and cognitive load on the day of testing
(Appendix 1). All participants completed the Dynamic Visual Acuity Test (DVAT), Gaze
Stability Test, and the complete Nike SPARQ Sensory Station battery. Additionally, 40
of the 44 participants also completed the King-Devick Test. The order in which the test
batteries were administered was counterbalanced to control for order effect (Table 3.1).
The data collection session was concluded after the participant completed all three test
batteries. Participants reported to the research center for a total of two visits each with at
least 14 days, but no more than 19 days, between visits (mean time between testing
session: 14.6 ± 1.6 days). The second data collection session consisted of repeating the
four protocols in the same test order as the initial data collection session. Each testing
session lasted approximately one hour.

Data Reduction
We computed a number of outcome measures pertaining to our research study.
The two King-Devick Test measures included total completion time and number of
committed errors. The SPARQ Sensory Station measures included Visual Clarity
(measured in logMAR), Contrast Sensitivity (contrast ratio), Depth Perception (mean of
left and right threshold reached; measured in arc seconds), Near-Far Quickness
(frequency of trials completed within 30 seconds), Target Capture (threshold response
time in milliseconds), Perception Span (frequency of correct responses), Eye-Hand
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Coordination (time in milliseconds), Go/No-Go (number of correct responses minus
number of incorrect responses), and Reaction Time (consisting of Reaction Time,
Response Time, and Motor Movement Time; all in milliseconds). We calculated DVA
loss in logMAR by subtracting the dynamic visual acuity for each eye from the
participant’s static visual acuity, and then computed the average between the two sides.
We computed this in yaw, pitch, and roll directions. Similarly, the Gaze Stability Test
measured rotational velocity (in degrees/second) in the left and right directions; these
were averaged for each direction (yaw, pitch, and roll).

Data Analysis
General descriptive statistics were computed for each clinical outcome measure
on the Gaze Stability Test, the Dynamic Visual Acuity Test, the King-Devick Test, and
the Nike SPARQ Sensory System in our sample of healthy participants. Additionally,
interclass correlation coefficients were computed using Pearson correlations to assess the
test-retest reliability of our measures. Since this technique is unable to identify systematic
differences, we also employed paired-samples t-tests comparing both test sessions for
each outcome measure. We employed this approach since the Pearson correlation
coefficient is a required step in determining the Reliable Change Index (RCI) for our
measures.
The RCI outcomes were computed using an identical and systematic approach
employed for each outcome measure. First, the correlation (r) between the two test
sessions was determined. Descriptive statistics included standard deviations (SD) for
each outcome measure derived for each test session. This information was used to

33

compute the standard error of the measurements (SEM) for each test session using the
following formula:
!"# ! !" ! ! !
Next, we computed the standard error of the difference (SEdiff):
!"!"## !

!"#! ! !"#!

Lastly, the SEdiff was multiplied by the z scores associated with 80% (z = 1.282), 90% (z
= 1.684), and 95% (z = 1.96) confidence intervals to compute the RCI values for each of
the measures as follows:98,99
RCI = SEdiff x z score for associated confidence level
Data were analyzed using SPSS 19 (SPSS Inc.; Chicago, IL). An a priori ! level of
significance was set at 0.05 for all analyses.
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Table 3.1. Counterbalanced test order for all assessments.
Testing
First Assessment
Second
Third
Order Option
Assessment
Assessment
1
Dynamic Visual
Gaze Stability
Nike SPARQ
Acuity Test
Test
Assessment
2
Gaze Stability
Dynamic Visual
Nike SPARQ
Test
Acuity Test
Assessment
3
Nike SPARQ
King-Devick
Gaze Stability
Assessment
Test*
Test
4
Nike SPARQ
King-Devick
Dynamic Visual
Assessment
Test*
Acuity Test

Fourth
Assessment
King-Devick
Test*
King-Devick
Test*
Dynamic Visual
Acuity Test
Gaze Stability
Test

*King-Devick Test was always performed after Nike SPARQ Assessment for logistical purposes
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Table 3.2. Data analysis summary table.
Research
Description
Data Source
Question
1

2

Are athletes’ visual test
performances reliable
on Nike SPARQ, KingDevick Test, Neurocom
gaze stability test and
Neurocom dynamic
visual acuity test?

IV: Time
Test Session 1
Test Session 2 (14
days)

What are the reliable
change indices between
testing session 1 and
testing session 2 on the
measures?

IV: Time
Test Session 1
Test Session 2 (14
days)

Comparison

Method

Visual performance
on SPARQ, GST,
DVAT from testing
session 1 to testing
session 2

Pairedsamples t-test
Pearson
correlations
ICC3,1 values

Visual performance
on SPARQ, GST,
DVAT from testing
session 1 to testing
session 2

Sdiff
RCI 80%,
90%, 95%

Difference of
scores between
groups on SPARQ
domains and
between the two
testing sessions.

2x2 mixed
model
repeated
measures
ANOVAs,
with
Tukey post
hoc
when the
omnibus test
for
interaction
effects were
significant

DV: SPARQ
measures (10)
DVT (3)
GST (3)
King-Devick (2)

DV: SPARQ
measures (10)
DVT (3)
GST (3)
King-Devick (2)
Is there a significant
3
(Exploratory) difference in scores on

visual performance
measures between
individuals with a
concussion and
matched controls across
time?

IV: Group
Healthy vs.
Concussed
Time
Asmptomatic/Full
Participation
DV: SPARQ
measures (10)
DVT (3)
GST (3)
King-Devick (2)
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Protocol Description
Outcome Measure Computation
A Landolt ring of 20/50 equivalent stimulus appears on the screen -Athlete is instructed to swipe in the direction of the gap
System identifies the threshold
If correct, the ring decreases in size until the athlete does not correctly identify stimulus
acuity between 20/8 and 20/99 using
Stimulus then increases in size until gap direction is identified correctly Assessment continues until several reversal points
a staircase reversal algorithm
are complete
LogMar values for oculus Uterque
Performed with vision occluded in left eye, then right eye, and then binocularly
(both eyes) were used
Contrast Sensitivity †
4 black circles present in a diamond configuration on a light gray background
System identifies the cycles per
1 circle contains a pattern of concentric rings that vary in brightness from the center to the edge
degree threshold
Athlete swipes their finger on screen in the direction of the circle with the contrasted pattern
Contrast sensitivity at 18 cycles per
Assessed at 6 and 18 cycles per degree
degree was used
Depth Perception †
Athletes wear a pair of liquid crystal goggles that cause 1 of the 4 rings to appear to float 3-dimensionally in front of the
System identifies the arc second
screen
threshold between 237 and 12 using
Instructed to swipe in the direction of the floating ring
a staircase reversal algorithm
Near-Far Quickness †
Athlete holds the iPod 16 inches from the eyes, with the top edge positioned just below the bottom of the display
Calculated by summing the # of
A black Landolt ring of 20/80-equivalent presents on the far screen
times each subject correctly responds
Athlete swipes in the direction of the gap in the ring presented on the far display
by swiping towards the gap in the
If correct, a Landolt ring appears on the iPod screen
Landolt ring within the 30 second
Continually switch focus between far and near for 30 seconds
trial
Target Capture ‡
Athlete is instructed to fixate on a central black dot
System identifies the millisecond
A Landolt ring (0.1 log unit > visual clarity threshold) appears briefly in 1 of the 4 corners of the screen
threshold between 0 at 500 using a
Athlete swipes in the perceived direction of the gap in the ring
staircase reversal algorithm
Perception Scan !"
Focused on a black dot in the center of a grid pattern composed of up to 30 blank circles
Calculated by summing the number
A pattern of turquoise dots flashes within the grid of circles simultaneously for 100 milliseconds
of correct responses minus the
Athlete is instructed to touch the screen to recreate the pattern of dots
number of missed responses and
If 75% correct, the grid increases in size and # of dots.
extra guesses
The first two levels consist of 6 blank circles in the grid pattern with 2 and 3 turquoise dots, the next 5 levels consist of 18
blank circles with 3 to 7 turquoise dots, and the last 4 levels consist of 30 blank circles with 7 to 10 turquoise dots
If not 75% correct, the level is be repeated - If failed twice, the assessment is terminated
Eye-Hand Coordination !"
Athletes hold arms parallel to the ground at shoulder height in front of an 8x6 grid of equally spaced blank circles
Calculated as the total time to touch
A turquoise dot appears within one blank circle of the grid
all 96 dots
Athlete is instructed to touch the dot as quickly as possible using either hand
As soon as they touched the dot, another turquoise dot appears. 96 dots total
Go/No-Go !"
Same as the eye hand coordination, except that the dot stimulus could be either turquoise or red
Calculated by summing the # of
Turquoise dot: touch dot at quickly as possible / Red dot: do not to touch.
turquoise dots touched minus any
96 total dots (64 turquoise, 32 red)
red dots touched
Each dot is presented for 450 milliseconds, with no time gap between dot presentations
Reaction Time !
Two annular patterns appear on the screen - place fingertips of dominant hand on the annulus on that side of the screen
Calculated as the elapsed time
Center body in front of the opposite annulus and focus attention on the center of that annulus
between onset of the test annulus and
After a randomized delay of 2, 3, or 4 seconds, the test annulus turns turquoise
release of the control annulus
Move hand to touch the annulus as quickly as possible
† Athlete stands 16 feet away from the 22-inch display and respond to stimuli using iPod touch
‡ Athletes stood 16 feet away from the 42-inch display and respond to stimuli using iPod touch
! Athletes were positioned within arm’s length of the 42-inch touch-sensitive display, with the center of the screen adjusted to their height using a ruler mounted on the right side of the Sensory Station.
" Dots were pseudorandomized to maintain equivalent spatial distribution within each presentation and to eliminate ‘‘clustering’’ of dots and easily recognizable patterns.

Measure
Visual Clarity †

Table 3.3. Nike SPARQ Sensory Station module descriptions.

Figure 3.1. NeuroCom test setup
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Figure 3.2. Nike SPARQ Sensory Station test constructs
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Figure 3.3. King-Devick paper battery
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CHAPTER IV
MANUSCRIPT
Introduction
Concussions are a public health concern in today’s society, with as many as 3.8
million reported each year in the United States from sports and recreational activity
alone.2 Many other suspected head injuries may go unreported.3 The frequency of head
injuries has seen a steady increase over the past 5-10 years,32,100 likely due to an
escalation in education efforts and improvements in concussion assessment tools and
treatments. Concussion, a form of mild traumatic brain injury, has been defined as a
complex pathophysiologic process affecting the brain and its functioning following an
injury to the head.4 Concussions result in debilitating symptoms including cognitive,
balance, and visual deficits that can last anywhere from 24 hours to several months after
the initial injury.4 While subjective assessments can expose acute symptoms such as
mental status deterioration, dizziness, headache, nausea, confusion, tinnitus, and blurry
vision,4 objective assessments are typically employed to expose cognitive, balance, and
vision disturbances.
The commonly used symptom, neurocognitive and balance assessments are well
established, reliable and sensitive for specific deficits,7-9 but do not address aspects such
as dynamic or static vision or gaze stability, which may be associated with concussion.
Recent literature suggests incorporating visual evaluations may lead to a more complete
assessment of an individual.15 This is not surprising given the critical role general vision
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plays for all athletes,12,13 and the sport-specific visual skills required to perform tasks
such as hitting a baseball, catching a football, or spotting a 4-inch balance beam. To
accomplish these tasks, athletes interpret visual information and pattern motor responses
dependent on the stimuli. There is proportional relationship between an athlete’s
perceptual ability and motor response.14 Successful athletes generally interpret visual
information better and, therefore, have sharper visual acuity, accuracy and spatiotemporal awareness.14 If an athlete is not receiving visual feedback fast enough to assess
the situation and act on the information, performance will decline.14 Impaired visual
performance may inhibit the ability to anticipate potentially injurious mechanisms during
participation and, thus, increase injury risk.101,102 To account for the changing nature of
athletic performance, static visual acuity is an insufficient measure of visual and sensory
performance. We posit that dynamic visual acuity measures may be more appropriate to
expose deficits that could potentially affect an athlete’s functional visual ability during
sport participation. Given the potential interrelationship between performance and injury
prevention, we believe that visual performance measures may have a doubly important
role in the concussion management paradigm that has too long been limited to symptoms,
cognition, and balance testing.15 Such measures should include functional visual skills
such as depth perception, dynamic visual acuity, contrast sensitivity, and vergenceaccomodation12 If there are deficits in the visual system due to concussion, employing
objective measures of an athlete’s vision as part of the baseline-testing program will yield
helpful clinical information for the athlete’s post-injury care. Unfortunately, very little is
known about the potential clinical utility of vision and sensory performance measures in
this context.
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Therefore, the purpose of this study was to determine the test-retest reliability and
reliable change indices for measures of visual and sensory performance in healthy college
participants. Reliable change methodology has been described in detail,103-106 and revised
over the years to encompass both the reliability and the practice effects of an
instrument.103 The RCI incorporates the reliability and variance of a measure to produce a
value that represents a clinically meaningful change, which can be defined as change that
occurred beyond the scope of measurement error or variability. Reliable change
methodologies have been used for various concussion assessment measures including
cognition and balance.19,99,107,108

Methods
Participants
We studied a convenience sample of 44 active, healthy college students (29 male
and 15 female; age = 19.90 ± 0.96 years). Participants were excluded from this study if
they had known neurocognitive deficits or disorders, known psychological conditions,
color blindness, history of dizziness, imbalance or abnormal vestibular function, or
musculoskeletal abnormalities to the head, neck, shoulder, or back that would disrupt
normal range of motion. All participants read and signed consent forms approved by our
institution’s ethics review board.
Instrumentation
Dynamic Visual Acuity Test
The Dynamic Visual Acuity Test (DVAT) was performed using the InVision
system (NeuroCom International; Clackamas, OR). An IBM-PC compatible computer
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and a 15-in flat panel high contrast liquid-crystal display monitor were used to display an
optotype (the letter “E”). The DVAT began with assessment of the participant’s static
visual acuity by having them identify the orientation of the optotype “E” on a computer
screen located 8 feet in front of them seen in Figure 3.1. Responses were recorded on the
computer by the clinician after the subject indicated whether the “E” was positioned to
the right, left, upwards, or downwards. The size of the “E” was reduced if the participant
correctly identified 3 out of 5 “E”s of a given size. Static visual acuity was defined based
on the smallest “E” correctly identified, and measured in logMAR units.
The participant’s dynamic visual acuity (DVA) was measured in three different
axes: the “yaw” (vertical axis rotation), “pitch” (medial-lateral rotation), and “roll”
(antero-posterior axis rotation). The participant wore a head harness (InterSense Inertia
Cube, Engineering Systems Technology, Kaiserslautern, Germany) with a sensor that
integrated the 3 axes the head was moving about to determine rotational velocity
(deg/sec) of the head. Participants were required to generate rotational head movements
at least 20 degrees from midline in each direction while still being able to correctly
analyze an optotype “E” of varying sizes. Each test allowed for a practice trial. The size
of the smallest optotype identified correctly while rotating the head faster than the
minimum velocity was recorded for results of the DVAT. The DVAT scores were
converted to visual loss by subtracting dynamic visual acuity from baseline static visual
acuity for each eye, averaging the two means, and reporting the outcome in logMAR
units.90
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Gaze Stability Test
The InVision system (NeuroCom International; Clackamas, OR) used for the
DVAT was also used for the Gaze Stability Test. The GST uses the same static visual
acuity measured with the DVAT. The GST measures head movement velocities that the
participant achieves while maintaining their static visual acuity. Participants were
required to maintain gaze on the center of a computer screen and correctly identify the
orientation of the optotype “E” while generating repetitive head movements at varying
velocities. Participants used the same headband, seen in Figure 3.1, with a 3-axis
integrating gyro to determine velocity for each trial. The participants were instructed to
perform a smooth sinusoidal head shake movement until the display screen was visible.
Two feedback bars gave the participant information on the velocity and amplitude of the
head and disappeared when the participant’s head velocity exceeded the required
minimum threshold for a trial. The optotype was displayed on the monitor until the
participant’s head velocity fell below the requirement for that trial or the participant
reached a maximum time. If three out of five “E”s were identified correctly, the
minimum head velocity that the participant must attain was increased. This was repeated
until the participant was unable to correctly identify three out of five “E”s, at which point
the velocity was reduced. If the participant was unable to achieve the minimum required
head velocity within 8 seconds from the start of head movement or unable to maintain
velocity for the required duration, or if the participant achieved and maintained the
required velocity but incorrectly identified the orientation, the trial was recorded as a
failure.90 The GST generated maximum head movement velocity (deg/sec) at which the
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participant was able to maintain visual acuity in each of the three axes of movement
(yaw, pitch, and roll).
Nike SPARQ Sensory Station
The Nike SPARQ Sensory Station is operated by a single computer controlling 2
high-resolution liquid crystal display monitors illustrated in Figure 3.3. A handheld
Apple iPod touch (Apple Corporation, Cupertino, CA) was connected via wireless input
to the computer and was used to send the participant’s response to the computer software
for processing. Prerecorded instructions were automatically played at the start of each
assessment and repeated if the participant was unclear on the procedure. Participants
completed testing on the Nike SPARQ Sensory Station standing upright under ambient
lighting. Participants were aligned at 16 feet away from the monitor for Visual Clarity,
Contrast Sensitivity, Depth Perception, Near-Far Quickness, and Target Capture and
moved to within arm’s length distance from the monitor for Perception Span, Eye-Hand
Coordination, Go/No-Go, and Reaction Time assessments. More detailed descriptions of
each of the individual tests are included in Table 3.2.
King-Devick Test
This quick sideline assessment requires an individual to read aloud a series of
single digit numbers from left to right on three test cards. Standardized instructions are
used; the test requires less than 2 min to administer. The King-Devick test includes one
demonstration card and three test cards. Participants are asked to read the numbers on
each card from left to right as quickly as possible but without making any errors. The
sum of the three test card time scores constitutes the summary score for the entire test.
Numbers of errors made in reading the test cards are also recorded. The King-Devick test
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can either be administered with paper cards, as seen in Figure 3.3, or on portable
computerized devices.
Procedure
Participants were tested with best-corrected vision. Participants completed a
questionnaire to ensure that all inclusion and exclusion criteria were met, and to gather
information about sleep patterns and cognitive load on the day of testing (Appendix 1).
All participants completed the Dynamic Visual Acuity Test (DVAT), Gaze Stability Test,
and the complete Nike SPARQ Sensory Station battery. Additionally, 40 of the 44
participants also completed the King-Devick Test. The order in which the test batteries
were administered was counterbalanced to control for order effects (Table 3.1). The data
collection session was concluded after the participant completed all four test batteries.
Participants reported to the research center for a total of two visits each with at least 14
days, but no more than 19 days, between visits (mean time between testing session:
14.6 ± 1.6 days). The second data collection session consisted of repeating the four
protocols in the same test order as the initial data collection session. Each testing session
lasted approximately one hour.
Data Reduction
We used the following outcome measures for the King-Devick Test: total
completion time (seconds) and number of committed errors. The SPARQ Sensory Station
outcome measures included Visual Clarity (measured in logMAR units), Contrast
Sensitivity (average between 6 and 18 cycles/degree thresholds), Depth Perception (mean
of the forward-, left- and right-facing condition threshold reached; measured in
arcseconds), Near-Far Quickness (number of correctly identified targets completed within
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30 seconds), Target Capture (minimum duration of stimulus in milliseconds), Perception
Span (total number of correct responses minus errors), Eye-Hand Coordination (total
completion time in milliseconds), Go/No-Go (number of correct responses minus number
of incorrect responses), and Reaction Time (which also includes Motor Movement Time;
in milliseconds). We subtracted the dynamic visual acuity for each eye from the
participant’s static visual acuity, and then computed the average between the two sides to
calculate the Dynamic Visual Acuity loss in logMAR units. We computed this in yaw,
pitch, and roll directions. Similarly, the Gaze Stability Test measured rotational velocity
(in degrees/second) in the left and right directions; these were averaged for each direction
(yaw, pitch, and roll).
Data Analysis
General descriptive statistics were computed for each clinical outcome measure
on the Gaze Stability Test, the Dynamic Visual Acuity Test, the King-Devick Test, and
the Nike SPARQ Sensory System in our sample of healthy participants. Additionally,
intraclass correlation coefficients (ICC2,1) were computed to assess the test-retest
reliability of our measures. The RCI outcomes were computed using an identical and
systematic approach employed for each outcome measure. First, the correlation (r)
between the two test sessions was determined. Descriptive statistics included standard
deviations (SD) for each outcome measure derived for each test session. This information
was used to compute the standard error of the measurements (SEM) for each test session
using the following formula:
!"# ! !" ! ! !
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Next, we computed the standard error of the difference (SEdiff):
!"!"## !

!"#! ! !"#!

Lastly, the SEdiff was multiplied by the z scores associated with 80% (z = 1.282), 90% (z
= 1.684), and 95% (z = 1.96) confidence intervals to compute the RCI values for each of
the measures as follows:98,99
RCI = SEdiff x z score for associated confidence level
We also employed paired-samples t-tests comparing both test sessions for each outcome
measure to identify significant practice effects, as these findings are factored into RCI
interpretation. Data were analyzed using SPSS 19 (SPSS Inc.; Chicago, IL). An a priori !
level of significance was set at 0.05 for all analyses.
Results
All participants completed the Dynamic Visual Acuity Test, Gaze Stability Test,
and the complete Nike SPARQ Sensory Station battery. Additionally, 40 of the 44
participants also completed the King-Devick Test. Only 43 subjects were included for
Visual Clarity, Contrast Sensitivity, Near-Far Quickness and Target Capture for the
SPARQ, because one participant’s Visual Clarity measurement during their second
testing session was an outlier, consequently affecting the other measures that use Visual
Clarity. Only 42 participants were analyzed for Reaction Time on the SPARQ, because 2
participants were not properly saved due to technical issues.
All data are presented in Tables 4.1 and 4.2. We observed a learning effect
(improvement) on the following SPARQ Sensory Station measures: Visual Clarity (t41 =
2.30; P = 0.027); Near-Far Quickness (t41 = -4.13; P < 0.001); Eye-Hand Coordination
(t42 = 4.73; P < 0.001); Go/No-Go (t42 = -4.34; P < 0.001) and Reaction Time (t40 = 2.24;
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P = 0.031). No other significant learning effects were observed on the remaining SPARQ
Sensory Station measures, or those observed for the King-Devick Test, DVAT, or GST
(P > 0.05 for all). The following tests demonstrated statistically significant test-retest
correlations: Visual Clarity (r41 = 0.50; P = 0.001), Depth Perception (r42 = 0.39; P =
0.009), Near-Far Quickness (r41 = 0.42; P = 0.005), Perception Span (r42 = 0.60; P
<0.001), Eye-Hand Coordination (r42 = 0.46; P = 0.002), Reaction Time (r40 = 0.53; P
<0.001), and Motor Movement Time (r40 = 0.47; P = 0.002).
Discussion
This study highlights the reliability of visual and sensory performance
assessments that have the potential use of evaluating concussion. We examined the testretest reliability in the GST, DVA, King-Devick and Nike SPARQ System to determine
if any measures could be used to assess visual performance in athletes and identify
potential deficits in individuals after returning from a head injury or other visual
disturbances. The majority of correlations that we calculated demonstrated that the GST
and DVA test on the NeuroCom system possess low reliability across two testing
sessions, which corresponds to results previously presented in the literature.19,90 Ward et
al. examined test-retest reliability in the NeuroCom DVA and GST within a single
session and across a 7-10 day interval. Intrasession reliability for the GST (pitch = 0.69;
yaw = 0.75) and DVA (pitch=0.60; yaw = 0.56) were good to excellent. The intersession
reliability across two serial testing sessions separated by 7-10 days for the GST (pitch =
0.54; yaw = 0.59) and DVA (pitch = 0.10; yaw = 0.49) were fair to good.90 One possible
explanation for the differences in findings is the disparity in ages and physical activity
level of our participants. Ward et al. looked at a sample of subjects in two very different
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age groups; mean age of the younger adults was 25.2 years and mean age of the older
adults was 76.3 years. These subjects performed the GST and DVA test twice on the first
testing session and followed up with a repeat performance on a second testing session 710 days later.90 This may account for the high stability and test-retest reliability on the
same day as the subjects were familiarized with the testing and did not have as much time
as our subjects did between testing sessions. Participants in our study were healthy and
active but more importantly the first group of 20 participants were tested at the end of the
semester while the second group of 24 subjects were testing toward the middle of the
school semester. This may have resulted in extra stress weighing on the subjects,
potentially affecting their level of focus or motivation to perform the tests. The
NeuroCom tests require a great deal of focus and concentration. If participants lost focus
or were not putting forth their best effort during the assessments, the results may be
different from one session to the next. An alternate explanation for the change in results
on visual and sensory performance measures could be how participants achieved their
“best corrected vision.” For example, it is possible that old prescriptions, or damaged or
dirty corrective lenses, may have led to a test-retest difference in vision. Another
consideration with the NeuroCom testing is the potential for return of symptoms in an
injured population. Out of the 44 healthy participants tested, 5 subjects complained of
dizziness or a headache following the testing session. In our small sample group of
concussed individuals for the exploratory project, there were no complaints or return of
symptoms. We tested the concussed individuals when they had reported being symptomfree for 24 hours, which may be why we did not see any testing-induced symptoms in
these individuals. Among our healthy sample, there were 2 participants who reported a
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previous attention disorder diagnosis, and were currently taking medications (Adderall)
over the course of the testing session. One of these participants complained of dizziness,
and became irritable and frustrated due to NeuroCom DVA and GST testing procedures.
Since many vision tests inherently require attention demands, future studies should
explore how attention disorders and learning disabilities—and the medications used to
manage them—may influence visual performance assessments, and may point to a
different set of RCI values that may better apply to these unique clinical populations.
Out of the 10 Nike SPARQ tests that make up the full assessment, 5 of them
demonstrated a high, statistically significant correlation. The results from session 2 were
strongly related to the results from session 1 on the Visual Clarity, Near-Far Quickness,
Perception Span, Eye-Hand Coordination, and Go/No-Go testing constructs. These tests
are also those that require a quicker motor response, potentially leading to a learning
effect between the two testing sessions, similar to that seen in previously presented
research by Erikson.91 The SPARQ assessment of static visual acuity (Visual Clarity)
demonstrated a strong reliability; whereas, the NeuroCom assessment of static visual
acuity did not. Interestingly, the NeuroCom SVA demonstrated good concurrent validity
with the Visual Clarity test on the SPARQ for time session 1 (r = 0.61) and for time
session 2 (r = 0.45). These were the only significant correlations we observed between
the test batteries; the NeuroCom DVA and the Target Capture (Nike SPARQ measure of
dynamic visual acuity) were not significantly correlated. Participants on the NeuroCom
are required to maintain visual acuity while moving their head in three different planes
for the DVA test. Dyamic visual acuity is measured on the Nike SPARQ in the Target
Capture assessment which requires more eye tracking and the participants are not
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required to move their entire head as much as they are on the NeuroCom. The subjects
stood approximately 12 feet away from the HD monitor when performing the SPARQ
test and sat at about 8 feet away from the computer monitor during the NeuroCom test.
Looking at the change between sessions for static visual acuity, the average mean static
visual acuity measured on the SPARQ Visual Clarity test increased from 20/13 (-0.18
logMAR units) on the first testing session to 20/12 (-0.21 logMAR units) on the second
testing session. This improvement may be attributed to participants familiarizing
themselves with the testing and not an actual improvement in the subject’s visual acuity.
Those tests that show a low correlation include Contrast Sensitivity, Depth
Perception, and Reaction Time. Both Contrast Sensitivity and Depth Perception require
the subject to identify correct optotypes with varying background patterns, shading and
different dimensions. The low correlation may be due to the lighting in the testing
environment or the use of the 3D glasses which is discussed later in the section. Erikson
performed a reliability test on the Nike SPARQ with 1 week between testing sessions and
also found no significant difference on these same three constructs.91 If clinicians have
the opportunity to use the Nike SPARQ Sensory Station for evaluation or rehabilitation
purposes in an injured population, they should consider employing other tools to assess
individuals’ contrast sensitivity, depth perception, and reaction time. These oculomotor
tasks may be assessed by more sideline-accessible and clinically relevant tests. Low
performers in Target Capture and Depth Perception have been reported to subsequently
experience higher head accelerations suggesting that while the strength in those two
measures may not be clinical, they do provide a potential metric that may be used for
injury prevention purposes.101
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We then looked at the reliability and stability of the King-Devick Test, the quick
sideline assessment that has been used to accurately diagnose concussions in a collegiate
population, boxers, and mixed martial art athletes.97,96 The lower scores recorded for
individuals who sustained a concussion in the previous mentioned studies suggest that the
King-Devick test may be sensitive to visual tracking deficits that occur post-concussion.
In our study, the King-Devick test proved to be the quickest assessment, required the
least amount of equipment, and demonstrated good reliability.
Our results provide the preliminary data to consider the inclusion of nontraditional visual performance measures in the evaluation—and possible rehabilitation—
of concussed athletes. Future studies should explore the clinical utility of visual
performance testing in injured athletes, as subtle visual deficits may identify still-injured
athletes when other traditional measures (e.g. neurocognition, balance testing, symptoms)
may have fully resolved. Subsequent studies should evaluate the sensitivity, specificity,
and predictive values of visual performance testing in the context of concussion diagnosis
and management. Clinicians should measure multiple domains of function
(neurocognition, balance testing, symptoms, etc.), as this will likely increase their ability
to identify impaired athletes and provide the best medical care. Injured individuals may
be identified when compared to the RCIs found in this study; however, clinicians should
recognize it is possible that patients who do not exceed clinical RCI may still be
experiencing problems related to their injury. A common approach to chart recovery is to
compare an athlete’s score on post-concussion measures to their own baseline score. A
anecdotally employed practice is to clear an athlete of a domain-specific impairment if
they meet 95% of their own pre-injury score (e.g. neurocognitive function, symptom
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score, and balance performance). Using RCIs may prove to be a more conservative
approach in identifying athletes who may continue to present with deficits. For example,
suppose a women’s soccer athlete completes the Eye-Hand Coordination test during a
pre-injury baseline test session in 50 seconds, and sees a decline in performance (52.5
seconds) when she completes the test post-injury. While she meets the 95% of her preinjury baseline measure, a 2.5-second departure exceeds the 80%, 90%, and 95% reliable
change index for this measure. In this example, her clinical care provider would be able
to identify a persistent deficit by employing a RCI approach to clinical interpretation of
her post-injury data.
Previous studies have applied reliable change methodology to concussion
assessment measures, but there had not been extensive research incorporating visual and
sensory performance assessments. The computerized NeuroCom DVAT has been seen to
carry high sensitivity and specificity for diagnosing vestibular dysfunction,92 further
supporting the potential of the test to reliably distinguish between healthy participants
and subjects with vestibular or visual deficits.92 The vestibular system is adaptive in
nature, contributing to the recovery of vestibular response after vestibular loss or injury,
which may be a potential reason for the learning affect from session 1 to session 2.93
With regard to the use of visual and sensory performance assessment procedures
in sports medicine, it is important to stress that the reliable change indices are meant to
support and supplement clinical judgment along with the paradigm of other assessments
post-concussion. If a clinician choses to incorporate visual performance assessments
post-injury, the RCIs computed in this study may be helpful to compare to changes in a
healthy individual. The RCIs may allow clinicians to estimate the probable range of
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measurement error surrounding test-retest difference scores. If a clinician is still
questioning an individual who does not present with deficits outside of the RCI, the
ancillary tests may provide more information on the subject’s motor, visual, and
somatosensory functioning.
The results in the healthy participants demonstrate the reliable change index that
we would expect to see between two testing sessions on the same test. While we were
able to establish RCIs in our study, an important next step will be to validate these RCIs
(sensitivity, specificity, and predictive values) in a larger study of injured participants and
uninjured controls. Our healthy participants were tested approximately 14 days apart as
an initial investigation of test-retest reliability and development of RCIs. It is unknown at
this time whether we would see the same degree of reliability and precision of our RCIs
were we to employ a longer test-retest interval. Future studies should also explore the
implications of longer test-retest periods to mimic those likely to occur in a traditional
baseline—post-injury concussion management paradigm. If a post-concussive
individual’s scores fall outside the range of the RCI relative to their own baseline, the
clinician can be confident that the reason for the deficit is due to some reason other than
chance of testing variance depending on the confidence interval chosen (80%, 90%, and
95%). Mean improvements were then added to the RCIs for the specific variable as an
indicator of reliable improvement in the presence of a significant practice effect for that
measure. The three different confidence intervals may be applied based on clinician
preference and the complexity of the individual case. The 80% RCI is the most clinically
conservative value as more values outside of the normal change range are identified as
deficits. Though the 80% RCI is not as clinically liberal as the 95% RCI, the clinician is
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accepting a higher probability that the change was due to error or variance in test
performance. The 95% RCI is typically the most statistically accepted value, but
identifies fewer deficits outside the range. The RCIs we computed are designed to
identify the reliable clinical deficit change among patients measured on the domains.
Since several of our tests resulted in observed practice/learning effects, the magnitude of
these differences should be added to the respective RCI values presented to identify
clinical improvement in patients evaluated for whom we may not have pre-injury data
with which to compare post-injury scores.
Our study measured the reliability of visual performance measures, and used this
information to develop clinical RCIs. In conducting our study, however, we observed the
potential role these platforms—though evaluative in nature—may play in rehabilitating
concussed athletes who are complaining specifically of visual and visual-motor
dysfunction. Under currently accepted concussion management guidelines, athletes are
required to complete a gradual progression into physical and mental stress once they are
symptom-free. During this process, designed to gradually enhance physical exertion as a
means to functionally re-integrate them back into their sport, we feel that many of the
visual performance measures may be used as a visual training and rehabilitative tool.
Along these lines, reintegration into activity should begin by first verifying and
correcting any visual deficits including, but not limited to, restoring static visual acuity,
addressing any monocular and binocular convergence and accommodative issues, and
enhancing dynamic visual acuity. Addressing these visual deficits may also play a
considerable role in mitigating symptoms athletes often experience during acute recovery
when they are returned to the classroom prematurely. Future studies should continue to
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explore the role of ophthalmological and neuro-optometric interventions as part of the
concussion management care plan.
Limitations
This study is not without some limitations. Our research was limited by the
relatively small sample size as well as the assessments on only the NeuroCom DVA,
GST, Nike SPARQ, and the King-Devick Tests. Future studies should examine the
performance in concussed individuals and either compare to an individual’s baseline
measures or compare the change between testing session to the RCIs of the healthy
subjects. We attempted to control for the variability in the participants’ daily schedules
by scheduling the participants’ testing sessions at the same time of day 2 weeks apart, and
advised them to maintain a similar exercise and sleep schedule, water and caffeine
consumption, and any medications they were taking over both testing sessions. Our
finding of low reliability for the Depth Perception test on the Nike SPARQ System may
best be explained by technical limitations with our instrumentation that affected the
synchronization between our test platform and 3D glasses the participants wear during
the test. While none of our participants complained about glare on the screen, researchers
should recognize this may adversely affect test performance on some of our
measures.12,91 We kept our testing conditions consistent from one test session to the next
by using black-out blinds over windows, maintaining consistent level of overhead
lighting, and draping the test area to separate participants from the rest of the clinical
research center.
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Conclusions
It is important for clinicians to consider test reliability and validity when using
test instruments of any kind to make return to activity decisions. Based on our
experiences with these two platforms—NeuroCom DVA/GST and Nike SPARQ Sensory
Station—we feel the RCIs we reported fall within tolerable ranges in the participants we
evaluated. Unfortunately, both of these instruments are costly and likely not to be found
widely used in most clinical settings. In our study, the King-Devick Test performed
reliably well and was a cost-effective and easy to administer instrument to evaluate basic
saccadic function in both healthy and injured individuals. Future work in this should
continue developing cost-effective portable platforms that evaluate visual performance
(e.g. dynamic visual acuity, gaze stability, and visual-motor function) beyond that of the
saccadic movements addressed by the King-Devick.
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0.053
0.092
0.072
0.107
28.9
31.2
31.5
0.1
0.2
61.9
5.6
136.5
10.5
4.6
10.7
34.5
42.7
7.1
0.8

-0.176
0.2
63.0
26
315.3
38.2
55.5
20.6
373.1
139.8
44.9
0.6

SD

-0.229
0.112
0.147
0.179
144.0
130.0
117.6

Mean

1.1
0.1

0.016
0.02
9.3
0.9
21.1
1.6
0.7
1.6
5.4
6.3

0.043
0.014
0.011
0.016
4.4
4.7
4.8

SEM

43.8
0.7

-0.21
1.9
64.8
29.6
304.1
40.4
52.5
29.2
361.2
128.4

-0.240
0.010
0.132
0.157
143.1
131.0
113.3

Mean

7.0
1.2

0.089
0.2
66.0
5.0
140.4
12.7
3.6
11.1
28.0
45.8

0.047
0.080
0.082
0.102
28.9
29.1
33.2

SD

Time 2

1.1
0.2

0.014
0.03
10.0
0.8
21.4
1.9
0.6
1.7
4.3
7.1

0.037
0.012
0.0123
0.015
4.357
4.386
5.007

SEM

0.81
0.30

0.50
0.09
0.39
0.42
0.08
0.60
0.46
0.28
0.53
0.47

0.36
0.09
0.08
0.19
0.19
0.18
0.37

r

0.81
0.30

0.49
0.09
0.39
0.42
0.08
0.59
0.45
0.28
0.52
0.47

0.36
0.09
0.08
0.19
0.19
0.18
0.37

ICC

0.127
0.593

0.027*
0.339
0.869
<0.001*
0.688
0.163
<0.001*
<0.001*
0.031*
0.223

0.196
0.506
0.353
0.282
0.871
0.862
0.442

t-test p-value

Abbreviations: DVA=Dynamic Visual Acuity; GST=Gaze Stability Tets; r=Pearson Correlation between Time 1 and Time 2; SD = standard
deviation; SEM = standard error of the measurement; Sdiff = standard error of the difference
*Denotes a significant difference between test time 1 and test time 2
a
These values are measured as Visual Clarity (static visual acuity) and Target Capture (dynamic visual acuity) on the Nike SPARQ Sensory
Station

NeuroCom
Static visual acuity, logMar units
DVA (yaw), logMar units
DVA (pitch), logMar units
DVA (roll), logMar units
GST (yaw), deg/sec
GST (pitch), deg/sec
GST (roll), deg/sec
Nike SPARQ Sensory Station
Static visual acuitya, logMar units
Contrast Sensitivity, cycles/deg
Depth Perception, seconds
Near-Far Quickness, # correct
Target Capturea, milliseconds
Perception Span, #/64
Eye-Hand Coordination, seconds
Go/No-Go, # correct response
Reaction Time, milliseconds
Motor Time, milliseconds
King-Devick Test
Time, seconds
Error

Test Variable

Time 1

Table 4.1. Healthy sample descriptive statistics used to compute predictive values

1.6
0.2

0.021
0.040
13.6
1.2
30.0
2.5
876.5
2.3
6.9
9.5

0.057
0.018
0.016
0.022
6.160
6.441
6.902

Sdiff
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95%CI
Predictive Cut
0.111
0.036
0.032
0.044
12.1
12.6
13.5
0.041
0.1
26.7
2.3
58.9
4.9
1.72
4.6
13.5
18.5
3.1
0.5

90%CI Predictive
Cut
0.0931
0.030
0.027
0.034
10.1
10.6
11.4
0.035
0.1
22.4
1.9
49.4
4.1
1.44
3.8
11.3
15.6
2.6
0.4

Testing Variable
NeuroCom
0.073
Static visual acuity, logMar units
0.023
DVA (yaw), logMar units
0.021
DVA (pitch), logMar units
0.029
DVA (roll), logMar units
7.9
GST (yaw), deg/sec
8.3
GST (pitch), deg/sec
8.9
GST (roll), deg/sec
Nike SPARQ Sensory Station
Static visual acuity, logMar units
0.027
Contrast Sensitivity, cycles/deg
0.1
Depth Perception, seconds
17.5
Near-Far Quickness, # correct
1.5
Target Capture, milliseconds
38.5
Perception Span, #/64
3.2
Eye-Hand Coordination, seconds
1.12
Go/No-Go, # correct response
3.0
Reaction Time, milliseconds
8.8
Motor Time, milliseconds
12.1
King-Devick Test
Time, sec
2.0
Errors
0.3
*These practice effects are all in the direction of improvement

80%CI
Predictive Cut

Table 4.2. Predictive values for concussion testing battery outcomes measures

—
—

0.034
—
—
3.6
—
—
3.08
8.6
12.0
—

—
—
—
—
—
—
—

Practice
Effect*

APPENDIX 1. PARTICIPANT DEMOGRAPHIC FORM
To Be Completed by Research Assistant
ID-

Participant Questionnaire
Please answer all of the questions below to the best of your ability. If you have any
questions, please ask your research assistant.
Gender:
Male
Female
What is your date of birth? _______/________/__________
(month) (date)
(year)
What year are you? Please check the correct response.
1st year (Freshman) 2nd year (Sophomore)
3rd year (Junior)
year (Senior)
5th year
Graduate Student
Other

4th

How many days a week do you typically workout (cardio or resistive exercises)?
_______ days/week
How long do you typically workout for on those days? ________ minutes/day
How long have you been working out? _________ months or _________ years
Have you suffered a head injury, vestibular dysfunction or any injury that has affected
your physical activity within the past 6 months? Please check the correct response.
Yes No
If yes, please explain:

How many times have you been diagnosed with a concussion?
! 0
! 1
! 2
! 3 or more
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Indicate whether you have experienced the following:
! Yes ! No
Received speech therapy
! Yes ! No
Attended special education classes
! Yes ! No
Repeated one or more years of school
! Yes ! No
Diagnosed attention deficit hyperactivity disorder (ADHD)
! Yes ! No
Diagnosed learning disability
! Yes ! No
Treatment for headaches by physician
! Yes ! No
Treatment for migraine headaches by physician
! Yes ! No
Treatment for epilepsy/seizures
! Yes ! No
History of brain surgery
! Yes ! No
History of meningitis
! Yes ! No
Treatment for substance/alcohol abuse
! Yes ! No
Treatment for psychiatric condition (depression, anxiety, etc.)
Please list any medications you are currently taking:
How many hours sleep did you get last night?

How many hours have you spent in class or studying today?

How many minutes have you worked out today?

Approximately how many ounces of water have you had today (1 cup= 8 ounces)?

Approximately how many ounces of caffeine have you had today?
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APPENDIX 2. ADDENDUM TO SPARQ DESCRIPTIONS
Visual Clarity. Static visual acuity was measured by having the participant stand 16 feet
away from the 22-inch display. During this test, black Landolt rings (-ring that has a gap,
looking similar to the letter C), with gaps at the top, bottom, left, and right, were
presented in random order on a white background at preset acuity demands. Participants
were instructed to swipe the screen of the iPod touch in the direction of the gap in the
Landolt ring as soon as they identified the gap. Participants saw an example before the
test begun and completed three practice trials. If the gap direction was not easily
discriminated, the participants were instructed to guess. The test started with a large
(20/50 equivalent) stimulus and decreased in size until the participant did not correctly
identify the stimulus. If the participant could no longer correctly identify the direction of
the gap, the stimulus increased in size until it was identified correctly. This procedure
continued until several reversal points were complete. The procedure was then repeated
isolating the right and left eye. In order to obtain monocular visual clarity, the
investigator held a vision occluder over the non-tested eye.
Contrast Sensitivity. Four black circles were presented on a light gray background in a
diamond configuration. One circle at random contained a pattern of concentric rings that
varied sinusoidally in brightness from the center to the edge. Participants were instructed
to swipe the screen of the iPod touch in the direction of the circle with the pattern.
Animation examples were shown, followed by 3 practice trials. If the patterned circle was
not easily discriminated, the participant was encouraged to guess, per the instructions.
Contrast sensitivity was measured binocularly at 2 spatial frequencies, 6 and 18 cycles
per degree (cpd), using a staircase reversal algorithm similar to that described previously.
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Final threshold contrast sensitivity was measured between 10 and 1.0 percent contrast at
6 cpd, and between 32 and 25 percent contrast at 18 cpd.
Depth Perception. Depth perception was a measurement of stereopsis in a participant. For
this test, the participant wore a pair of liquid crystal goggles (NVIDIA 3D Vision, Santa
Clara, California), connected via wireless link to the computer, while viewing the 22-inch
display at 16 feet. The liquid crystal shutter system created simulated depth in 1 of 4
black rings presented on a white background, such that the ring should appear to float in
front of the screen. The sizes and arrangement of the rings were identical to those of the
circles used in Contrast Sensitivity. The width of the lines defining each ring was 12mm.
Participants were instructed to swipe the screen of the iPod touch in the direction of the
floating ring and were encouraged to respond as quickly as possible. Animation examples
were shown, followed by 3 practice trials. If the floating ring was not easily
discriminated, the participant was encouraged to guess, per the instructions. Threshold
stereopsis was measured between 237 and 12 arc seconds using a staircase reversal
algorithm similar to that described previously. In addition, response time for the first 2
stimulus presentations at the participant’s threshold was recorded, and an average
response time for the testing was calculated.
Near Far Quickness. Participants stood 16 feet away from the 22-inch display holding the
iPod touch 16 inches from the eyes, with the top edge of the iPod touch positioned just
below the bottom of the display. Positioning and instructions were presented with an
animation example, and if needed, the researcher helped the participant with the
positioning adjustments. Alternating between screens, a black Landolt rings of 20/80equivalent was presented in a box on the far screen and then on the handheld iPod screen.
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The participant was instructed to swipe the screen of the iPod touch in the perceived
direction of the gap in the ring presented on each display. The assessment began with
three practice trials. The first Landolt ring was always presented on the far screen,
followed by a Landolt ring appearing on the handheld screen once the correct direction
was chosen. Participants then continually alternated focus between far and near for 30
seconds, trying to correctly identify as many rings as possible.
Target Capture. Participants stood 16 feet away from the 42-inch display and were
instructed to fixate on a central white dot until a yellow-green Landolt ring appears
briefly in one of the four corners of the screen. As before, participants indicated the
perceived direction of the gap by swiping the screen of the iPod touch. Participants
watched an animation example before the test began and completed three practice trials.
Participants were instructed to guess if the orientation of the gap was not easily
discriminated.
Perception Span. The participant was positioned within arm’s length of the 42-inch
touch-sensitive display, with the center of the screen at about eye level. Automated
instructions directed the participant to focus on a shrinking white dot in the center of a
grid pattern composed of up to 30 circles. When the dot disappeared, a pattern of yellowgreen dots (same color parameters as above) flashed simultaneously for 100 milliseconds
within the grid. The participant then touched the screen to recreate the pattern of dots. If
the participant answered more than 75 percent correct, considered passing, the grid
pattern increased in size with an increasing number of dots. The first 2 levels had 6
circles in the grid pattern with 2 and 3 dots, the next 5 levels had 18 circles with 3 to 7
dots, and the last 4 levels had 30 circles with 7 to 10 dots. Each circle was 19 mm in

66

diameter, and the largest grid pattern was 18 cm in diameter. The grids and dot patterns
were preset to maintain standardization. The dot patterns at each level were
pseudorandomized to maintain equivalent spatial distribution of the dots for each
presentation and to eliminate ‘‘clustering’’ of dots and easily recognizable patterns or
shapes. Animation examples were shown, followed by 2 practice trials. The overall score
for this assessment was based on the cumulative number of correct responses; missed
responses and extra guesses were subtracted from the cumulative score. If the participant
did not achieve a passing score on a level, that level was repeated. If the participant again
failed to pass that level, the assessment was terminated. If the participant achieved a
passing score on the second attempt, only the higher score was used for the overall score
and testing continued. The maximum score possible was 64.
Eye-hand coordination. For this assessment, participants held their arms parallel to the
ground at shoulder height within easy reach of a grid of circles presented on the 42-inch
touch-sensitive display. The grid consisted of eight columns (68.6 cm) and six rows (44.5
cm) of equally spaced circles. During the assessment, a yellow-green dot appeared within
1 circle of the grid. Participants were instructed to touch the dot as quickly as possible
using either hand. As soon as they touched the dot, another dot was presented. A
sequence of 96 dots were pseudo-randomized to maintain equivalent spatial distribution
within each presentation and to eliminate ‘‘clustering’’ of dots and easily recognizable
patterns. Participants watched an animation example before the test began and completed
one practice trial.
Go/No-Go. The participant was in the same position as during the Eye-Hand
Coordination assessment. However, the dot stimulus could be either yellow-green (same
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color parameters as above) or red. Although these colors could be confused by some
color-deficient individuals, the difference in apparent brightness of the dots is sufficient
to allow easy discrimination. If the dot was yellow-green, the participant was directed to
touch it as before. But if the dot was red, the participant was instructed not to touch it.
Both the red and yellow-green dots appeared at random locations for only 450
milliseconds, with no time gap between dot presentations. If a yellow-green dot was not
touched within this time, no point was awarded for that presentation; if a red dot was
touched, a point was subtracted from the overall score. Again, participants were
encouraged to touch as many yellow-green dots as possible. Automated instructions and
animation examples were shown, but there was no practice trial for this assessment.
Ninety-six total dots (64 yellow-green, 32 red) were presented in a pseudorandomized
sequence to maintain
equivalent spatial distribution within each presentation and to eliminate “clustering” of
dots and easily recognizable patterns. The overall score was the cumulative number of
yellow-green dots touch minus any red dots touched.
Reaction Time. For the final assessment, participants remained at arm’s length from the
42-inch touch-sensitive display. Two annular patterns appeared on the screen, consisting
of two concentric circles. Automated instructions directed the participant to place the
fingertips of the dominant hand on the inner circle of the annulus on that side of the
screen, with no portion of the hand extending across the boundary line marked on the
screen. If the hand was aligned correctly, the control annulus would change color to
yellow-green. The athlete was instructed to center the body in front of the opposite
annulus and focus attention on the center of that annulus. After a randomized delay of
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two, three, or four seconds, the test annulus turned yellow-green, and the participant
moved the hand to touch its inner circle as quickly as possible. Participants watched an
animation example before the test began and completed two practice trials.

69

REFERENCES
1.

Langlois JA, Rutland-Brown W, Wald MM. The epidemiology and impact of
traumatic brain injury: a brief overview. The Journal of head trauma
rehabilitation. Sep-Oct 2006;21(5):375-378.

2.

McCrea M, Hammeke T, Olsen G, Leo P, Guskiewicz K. Unreported concussion
in high school football players: implications for prevention. Clinical journal of
sport medicine : official journal of the Canadian Academy of Sport Medicine. Jan
2004;14(1):13-17.

3.

Guskiewicz KM, Bruce SL, Cantu RC, et al. National Athletic Trainers'
Association Position Statement: Management of Sport-Related Concussion.
Journal of athletic training. Sep 2004;39(3):280-297.

4.

McCrory P, Meeuwisse W, Johnston K, et al. Consensus statement on concussion
in sport - the Third International Conference on Concussion in Sport held in
Zurich, November 2008. The Physician and sportsmedicine. Jun 2009;37(2):141159.

5.

Giza CC, Hovda DA. The Neurometabolic Cascade of Concussion. Journal of
athletic training. Sep 2001;36(3):228-235.

6.

Gualtieri CT, Johnson LG. Reliability and validity of a computerized
neurocognitive test battery, CNS Vital Signs. Archives of clinical
neuropsychology : the official journal of the National Academy of
Neuropsychologists. Oct 2006;21(7):623-643.

7.

Hunt TN, Ferrara MS, Bornstein RA, Baumgartner TA. The reliability of the
modified Balance Error Scoring System. Clinical journal of sport medicine :
official journal of the Canadian Academy of Sport Medicine. Nov
2009;19(6):471-475.

8.

Barr WB, McCrea M. Sensitivity and specificity of standardized neurocognitive
testing immediately following sports concussion. Journal of the International
Neuropsychological Society : JINS. Sep 2001;7(6):693-702.

9.

Hinton-Bayre AD, Geffen GM, Geffen LB, McFarland KA, Friis P. Concussion
in contact sports: reliable change indices of impairment and recovery. Journal of
clinical and experimental neuropsychology. Feb 1999;21(1):70-86.
70

10.

Bleiberg J, Cernich AN, Cameron K, et al. Duration of cognitive impairment after
sports concussion. Neurosurgery. May 2004;54(5):1073-1078; discussion 10781080.

11.

Erickson GB. Give athletes a shot at better vision: whether they shoot foul shots
or target rifles, your athletic patients require the best vision to stay at the top of
their game. Review of Optometry. 2012;149(5 ).

12.

Hitzeman SA, Beckerman SA. What the literature says about sports vision.
Optometry clinics : the official publication of the Prentice Society. 1993;3(1):145169.

13.

Paul M, Biswas SK, Sandhu JS. Role of sports vision and eye hand coordination
training in performance of table tennis players. Brazilian Journal of Biomotricity.
2011;5(2):106-116.

14.

Erickson GB. Sports Vision: Care for the Enhancement of Sports Performance.
Vol 1. St. Louis, MO: Butterworth Heinemann Elsevier; 2007.

15.

Jacobs SM, Van Stavern GP. Neuro-ophthalmic deficits after head trauma.
Current neurology and neuroscience reports. Nov 2013;13(11):389.

16.

Rutland-Brown W, Langlois JA, Thomas KE, Xi YL. Incidence of traumatic brain
injury in the United States, 2003. The Journal of head trauma rehabilitation.
Nov-Dec 2006;21(6):544-548.

17.

Van Kampen DA, Lovell MR, Pardini JE, Collins MW, Fu FH. The "value
added" of neurocognitive testing after sports-related concussion. The American
journal of sports medicine. Oct 2006;34(10):1630-1635.

18.

Broglio SP, Ferrara MS, Sopiarz K, Kelly MS. Reliable change of the sensory
organization test. Clinical journal of sport medicine : official journal of the
Canadian Academy of Sport Medicine. Mar 2008;18(2):148-154.

19.

Broglio SP, Ferrara MS, Macciocchi SN, Baumgartner TA, Elliott R. Test-retest
reliability of computerized concussion assessment programs. Journal of athletic
training. Oct-Dec 2007;42(4):509-514.

71

20.

Galetta SL. The Neurology of Vision: Are We Blind to Vision in Concussion. In:
Symposium GN, ed. Chapel Hill, NC 2013.

21.

Stuart FL. Report on trends and participation in youth sports. . National Council
Of Youth Sports 2001.

22.

CDC. Behavioral risk factor surveillance system: exercise. National Center for
Chronic Disease Prevention & Health Promotion. . 2006.

23.

Theye F, Mueller KA. "Heads up": concussions in high school sports. Clinical
medicine & research. Aug 2004;2(3):165-171.

24.

Echemendia RJ, Julian LJ. Mild traumatic brain injury in sports:
neuropsychology's contribution to a developing field. Neuropsychology review.
Jun 2001;11(2):69-88.

25.

Guskiewicz KM, Weaver NL, Padua DA, Garrett WE, Jr. Epidemiology of
concussion in collegiate and high school football players. The American journal
of sports medicine. Sep-Oct 2000;28(5):643-650.

26.

Ryan LM, Warden DL. Post concussion syndrome. Int Rev Psychiatry. Nov
2003;15(4):310-316.

27.

Broglio SP, Guskiewicz KM. Concussion in sports: the sideline assessment.
Sports health. Sep 2009;1(5):361-369.

28.

Erdal K. Neuropsychological testing for sports-related concussion: how athletes
can sandbag their baseline testing without detection. Archives of clinical
neuropsychology : the official journal of the National Academy of
Neuropsychologists. Aug 2012;27(5):473-479.

29.

McKeever CK, Schatz P. Current issues in the identification, assessment, and
management of concussions in sports-related injuries. Applied neuropsychology.
2003;10(1):4-11.

30.

Field M, Collins MW, Lovell MR, Maroon J. Does age play a role in recovery
from sports-related concussion? A comparison of high school and collegiate
athletes. The Journal of pediatrics. May 2003;142(5):546-553.

72

31.

Powell JW, Barber-Foss KD. Traumatic brain injury in high school athletes.
JAMA : the journal of the American Medical Association. Sep 8
1999;282(10):958-963.

32.

Gessel LM, Fields SK, Collins CL, Dick RW, Comstock RD. Concussions among
United States high school and collegiate athletes. Journal of athletic training.
Oct-Dec 2007;42(4):495-503.

33.

Barnes BC, Cooper L, Kirkendall DT, McDermott TP, Jordan BD, Garrett WE,
Jr. Concussion history in elite male and female soccer players. The American
journal of sports medicine. May-Jun 1998;26(3):433-438.

34.

Surgeons CoN. Proceedings of the Congress of Neurological Surgeons: Report of
the Ad Hoc Committee to Study Head Injury Nomenclature. Paper presented at:
Clin Neurosurg; October 14-19, 1996; San Francisco, California.

35.

Powell JW. Cerebral Concussion: Causes, Effects, and Risks in Sports. Journal of
athletic training. Sep 2001;36(3):307-311.

36.

Jinguji TM, Krabak BJ, Satchell EK. Epidemiology of youth sports concussion.
Physical medicine and rehabilitation clinics of North America. Nov
2011;22(4):565-575, vii.

37.

Langlois JA, Sattin RW. Traumatic brain injury in the United States: research and
programs of the Centers for Disease Control and Prevention (CDC). The Journal
of head trauma rehabilitation. May-Jun 2005;20(3):187-188.

38.

Guskiewicz KM, Mihalik JP. Biomechanics of sport concussion: quest for the
elusive injury threshold. Exercise and sport sciences reviews. Jan 2011;39(1):411.

39.

Cantu RC. Head injuries in sport. British journal of sports medicine. Dec
1996;30(4):289-296.

40.

Erlanger D, Kaushik T, Cantu R, et al. Symptom-based assessment of the severity
of a concussion. Journal of neurosurgery. Mar 2003;98(3):477-484.

41.

Vagnozzi R, Signoretti S, Cristofori L, et al. Assessment of metabolic brain
damage and recovery following mild traumatic brain injury: a multicentre, proton
73

magnetic resonance spectroscopic study in concussed patients. Brain : a journal
of neurology. Nov 2010;133(11):3232-3242.
42.

Guskiewicz KM, Ross SE, Marshall SW. Postural Stability and
Neuropsychological Deficits After Concussion in Collegiate Athletes. Journal of
athletic training. Sep 2001;36(3):263-273.

43.

Heegaard W, Biros M. Traumatic brain injury. Emergency medicine clinics of
North America. Aug 2007;25(3):655-678, viii.

44.

Guskiewicz KM, McCrea M, Marshall SW, et al. Cumulative effects associated
with recurrent concussion in collegiate football players: the NCAA Concussion
Study. JAMA : the journal of the American Medical Association. Nov 19
2003;290(19):2549-2555.

45.

Collins MW, Lovell MR, Iverson GL, Cantu RC, Maroon JC, Field M.
Cumulative effects of concussion in high school athletes. Neurosurgery. Nov
2002;51(5):1175-1179; discussion 1180-1171.

46.

Jotwani V, Harmon KG. Postconcussion syndrome in athletes. Current sports
medicine reports. Jan-Feb 2010;9(1):21-26.

47.

Schmidt JD, Register-Mihalik JK, Mihalik JP, Kerr ZY, Guskiewicz KM.
Identifying Impairments after concussion: normative data versus individualized
baselines. Medicine and science in sports and exercise. Sep 2012;44(9):16211628.

48.

Collins MW, Hawn KL. The clinical management of sports concussion. Current
sports medicine reports. Feb 2002;1(1):12-22.

49.

Bailey CM, Samples HL, Broshek DK, Freeman JR, Barth JT. The relationship
between psychological distress and baseline sports-related concussion testing.
Clinical journal of sport medicine : official journal of the Canadian Academy of
Sport Medicine. Jul 2010;20(4):272-277.

50.

Piland SG, Motl RW, Ferrara MS, Peterson CL. Evidence for the Factorial and
Construct Validity of a Self-Report Concussion Symptoms Scale. Journal of
athletic training. Jun 2003;38(2):104-112.

74

51.

Echemendia RJ, Bruce JM, Bailey CM, Sanders JF, Arnett P, Vargas G. The
utility of post-concussion neuropsychological data in identifying cognitive change
following sports-related MTBI in the absence of baseline data. The Clinical
neuropsychologist. 2012;26(7):1077-1091.

52.

Macciocchi SN, Barth JT, Alves W, Rimel RW, Jane JA. Neuropsychological
functioning and recovery after mild head injury in collegiate athletes.
Neurosurgery. Sep 1996;39(3):510-514.

53.

Maroon JC, Lovell MR, Norwig J, Podell K, Powell JW, Hartl R. Cerebral
concussion in athletes: evaluation and neuropsychological testing. Neurosurgery.
Sep 2000;47(3):659-669; discussion 669-672.

54.

Mittenberg W, Strauman S. Diagnosis of mild head injury and the postconcussion
syndrome. The Journal of head trauma rehabilitation. Apr 2000;15(2):783-791.

55.

Notebaert AJ, Guskiewicz KM. Current trends in athletic training practice for
concussion assessment and management. Journal of athletic training. Oct-Dec
2005;40(4):320-325.

56.

Barth JT, Diamond R, Errico A. Mild head injury and post concussion syndrome:
does anyone really suffer? Clin Electroencephalogr. Oct 1996;27(4):183-186.

57.

Lovell MR, Iverson GL, Collins MW, et al. Measurement of symptoms following
sports-related concussion: reliability and normative data for the post-concussion
scale. Applied neuropsychology. 2006;13(3):166-174.

58.

Piland SG, Ferrara MS, Macciocchi SN, Broglio SP, Gould TE. Investigation of
baseline self-report concussion symptom scores. Journal of athletic training.
May-Jun 2010;45(3):273-278.

59.

Grindel SH, Lovell MR, Collins MW. The assessment of sport-related
concussion: the evidence behind neuropsychological testing and management.
Clinical journal of sport medicine : official journal of the Canadian Academy of
Sport Medicine. Jul 2001;11(3):134-143.

60.

Kelly JP, Rosenberg JH. Diagnosis and management of concussion in sports.
Neurology. Mar 1997;48(3):575-580.

75

61.

Iverson GL, Brooks BL, Collins MW, Lovell MR. Tracking neuropsychological
recovery following concussion in sport. Brain injury : [BI]. Mar 2006;20(3):245252.

62.

Collie A, Maruff P, McStephen M, Darby DG. Psychometric issues associated
with computerised neuropsychological assessment of concussed athletes. British
journal of sports medicine. Dec 2003;37(6):556-559.

63.

Galetta KM, Brandes LE, Maki K, et al. The King-Devick test and sports-related
concussion: study of a rapid visual screening tool in a collegiate cohort. Journal
of the neurological sciences. Oct 15 2011;309(1-2):34-39.

64.

Collins MW, Lovell MR, McKeag DB. Current issues in managing sports-related
concussion. JAMA : the journal of the American Medical Association. Dec 22-29
1999;282(24):2283-2285.

65.

Schatz P, Glatts C. "Sandbagging" Baseline Test Performance on ImPACT,
Without Detection, Is More Difficult than It Appears. Archives of clinical
neuropsychology : the official journal of the National Academy of
Neuropsychologists. Feb 11 2013.

66.

Valovich TC, Perrin DH, Gansneder BM. Repeat Administration Elicits a Practice
Effect With the Balance Error Scoring System but Not With the Standardized
Assessment of Concussion in High School Athletes. Journal of athletic training.
Mar 2003;38(1):51-56.

67.

Riemann BL, Guskiewicz KM. Effects of mild head injury on postural stability as
measured through clinical balance testing. Journal of athletic training. Jan
2000;35(1):19-25.

68.

Derave W, De Clercq D, Bouckaert J, Pannier JL. The influence of exercise and
dehydration on postural stability. Ergonomics. Jun 1998;41(6):782-789.

69.

Gauchard GC, Gangloff P, Vouriot A, Mallie JP, Perrin PP. Effects of exerciseinduced fatigue with and without hydration on static postural control in adult
human subjects. The International journal of neuroscience. Oct
2002;112(10):1191-1206.

76

70.

Wilkins JC, Valovich McLeod TC, Perrin DH, Gansneder BM. Performance on
the Balance Error Scoring System Decreases After Fatigue. Journal of athletic
training. Jun 2004;39(2):156-161.

71.

Riemann BL, Schmitz R. The relationship between various modes of single leg
postural control assessment. International journal of sports physical therapy. Jun
2012;7(3):257-266.

72.

McCrea M. Standardized Mental Status Testing on the Sideline After SportRelated Concussion. Journal of athletic training. Sep 2001;36(3):274-279.

73.

Catena RD, van Donkelaar P, Chou LS. Altered balance control following
concussion is better detected with an attention test during gait. Gait & posture.
Mar 2007;25(3):406-411.

74.

Collins MW, Iverson GL, Lovell MR, McKeag DB, Norwig J, Maroon J. On-field
predictors of neuropsychological and symptom deficit following sports-related
concussion. Clinical journal of sport medicine : official journal of the Canadian
Academy of Sport Medicine. Jul 2003;13(4):222-229.

75.

Dicker G, Maddocks D. Clinical management of concussion. Australian family
physician. May 1993;22(5):750-753.

76.

Posner MI, Nissen MJ, Klein RM. Visual dominance: an information-processing
account of its origins and significance. Psychological review. Mar
1976;83(2):157-171.

77.

Ciuffreda KJ, Wang B. Vision Training and Sports. In Biomedical Engineering
Principles in Sports. New York: Kluwer Academic/Plenum Publishers; 2004.

78.

Kirschen D, Laby D. The Role of Sports Vision in Eye Care Today. Eye &
contact lens. Mar 23 2011.

79.

Ripoll H. The understanding-acting process in sport: The relationship between the
semantic and the sensorimotor visual function. International Journal of Sport
Psychology. 1991;22(221-243).

80.

Kindel S. The hardest single act in all of sports. Forbes. 1983;132(7):180-187.

77

81.

Christenson GN, Winkelstein AM. Visual skills of athletes versus nonathletes:
development of a sports vision testing battery. Journal of the American
Optometric Association. Sep 1988;59(9):666-675.

82.

Laby DM, Rosenbaum AL, Kirschen DG, et al. The visual function of
professional baseball players. Am J Ophthalmol. Oct 1996;122(4):476-485.

83.

Miller BT, Clapp WC. From Vision to Decision: The Role of Visual Attention in
Elite Sports Performance. Eye & contact lens. Apr 9 2011.

84.

Hallemans A, Ortibus E, Meire F, Aerts P. Low vision affects dynamic stability of
gait. Gait & posture. Oct 2010;32(4):547-551.

85.

Heitger MH, Jones RD, Macleod AD, Snell DL, Frampton CM, Anderson TJ.
Impaired eye movements in post-concussion syndrome indicate suboptimal brain
function beyond the influence of depression, malingering or intellectual ability.
Brain : a journal of neurology. Oct 2009;132(Pt 10):2850-2870.

86.

McCrea M, Barr WB, Guskiewicz K, et al. Standard regression-based methods for
measuring recovery after sport-related concussion. Journal of the International
Neuropsychological Society : JINS. Jan 2005;11(1):58-69.

87.

Nyffeler T, Hubl D, Wurtz P, Wiest R, Hess CW, Muri RM. Spontaneous
recovery of visually-triggered saccades after focal lesions of the frontal and
parietal eye fields: a combined longitudinal oculomotor and fMRI study. Clinical
neurophysiology : official journal of the International Federation of Clinical
Neurophysiology. Jun 2011;122(6):1203-1210.

88.

Herishanu YO. Abnormal cancellation of the vestibulo-ocular reflex (VOR) after
mild head and/or neck trauma Neuro-ophthalmology 1992;12(4):237-240.

89.

Ward BK, Mohammad MT, Whitney SL, Marchetti GF, Furman JM. The
reliability, stability, and concurrent validity of a test of gaze stabilization. Journal
of vestibular research : equilibrium & orientation. 2010;20(5):363-372.

90.

Erickson GB, Citek K, Cove M, et al. Reliability of a computer-based system for
measuring visual performance skills. Optometry (St. Louis, Mo.). Sep
2011;82(9):528-542.

78

91.

Herdman SJ, Tusa RJ, Blatt P, Suzuki A, Venuto PJ, Roberts D. Computerized
dynamic visual acuity test in the assessment of vestibular deficits. The American
journal of otology. Nov 1998;19(6):790-796.

92.

Herdman SJ. Role of vestibular adaptation in vestibular rehabilitation.
Otolaryngology--head and neck surgery : official journal of American Academy
of Otolaryngology-Head and Neck Surgery. Jul 1998;119(1):49-54.

93.

Goebel JA, Tungsiripat N, Sinks B, Carmody J. Gaze stabilization test: a new
clinical test of unilateral vestibular dysfunction. Otology & neurotology : official
publication of the American Otological Society, American Neurotology Society
[and] European Academy of Otology and Neurotology. Jan 2007;28(1):68-73.

94.

Frazier TW, Youngstrom EA, Chelune GJ, Naugle RI, Lineweaver TT. Increasing
the reliability of ipsative interpretations in neuropsychology: a comparison of
reliable components analysis and other factor analytic methods. Journal of the
International Neuropsychological Society : JINS. Jul 2004;10(4):578-589.

95.

Burg A. Visual acuity as measured by dynamic and static tests: a comparative
evaluation. The Journal of applied psychology. Dec 1966;50(6):460-466.

96.

Galetta KM, Brandes LE, Maki K, et al. The King–Devick test and sports-related
concussion: Study of a rapid visual screening tool in a collegiate cohort. Journal
of the neurological sciences. 2011;309(1–2):34-39.

97.

Galetta KM, Barrett J, Allen M, et al. The King-Devick test as a determinant of
head trauma and concussion in boxers and MMA fighters. Neurology. Apr 26
2011;76(17):1456-1462.

98.

Register-Mihalik JK, Guskiewicz KM, Mihalik JP, Schmidt JD, Kerr ZY, McCrea
MA. Reliable change, sensitivity, and specificity of a multidimensional
concussion assessment battery: implications for caution in clinical practice. The
Journal of head trauma rehabilitation. Jul-Aug 2013;28(4):274-283.

99.

Iverson GL, Lovell MR, Collins MW. Interpreting change on ImPACT following
sport concussion. The Clinical neuropsychologist. Nov 2003;17(4):460-467.

100.

Guerriero RM, Proctor MR, Mannix R, Meehan WP, 3rd. Epidemiology, trends,
assessment and management of sport-related concussion in United States high
schools. Current opinion in pediatrics. Dec 2012;24(6):696-701.
79

101.

Harpham JA, Mihalik JP, Littleton AC, Frank BS, Guskiewicz KM. The effect of
visual and sensory performance on head impact biomechanics in college football
players. Annals of biomedical engineering. Jan 2014;42(1):1-10.

102.

Mihalik JP, Blackburn JT, Greenwald RM, Cantu RC, Marshall SW, Guskiewicz
KM. Collision type and player anticipation affect head impact severity among
youth ice hockey players. Pediatrics. Jun 2010;125(6):e1394-1401.

103.

Chelune G, Naugle R, Luders H. Individual change after epilepsy surgery:
practice effects and base rate information. . Neuropsychology. 1993;7:41-52.

104.

Maassen GH. The standard error in the Jacobson and Truax Reliable Change
Index: the classical approach to the assessment of reliable change. Journal of the
International Neuropsychological Society : JINS. 2004;10(6):888-893.

105.

Maassen GH, Bossema E, Brand N. Reliable change and practice effects:
outcomes of various indices compared. Journal of clinical and experimental
neuropsychology. Apr 2009;31(3):339-352.

106.

Sawrie SM, Chelune GJ, Naugle RI, Luders HO. Empirical methods for assessing
meaningful neuropsychological change following epilepsy surgery. Journal of the
International Neuropsychological Society : JINS. Nov 1996;2(6):556-564.

107.

Parsons TD, Notebaert AJ, Shields EW, Guskiewicz KM. Application of reliable
change indices to computerized neuropsychological measures of concussion. The
International journal of neuroscience. 2009;119(4):492-507.

108.

Roebuck-Spencer T, Sun W, Cernich AN, Farmer K, Bleiberg J. Assessing
change with the Automated Neuropsychological Assessment Metrics (ANAM):
issues and challenges. Archives of clinical neuropsychology : the official journal
of the National Academy of Neuropsychologists. Feb 2007;22 Suppl 1:S79-87.

80

