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ABSTRACT

BACKGROUND: Concussions have been classified as a significant
health problem and are a potential risk to an individual across the entire lifespan.
Impaired postural control is a cardinal symptom following concussion, but current
clinical post-concussion assessments (e.g., BESS) have poor sensitivity and specificity
for identifying appropriate impairments in dynamic postural control. Conversely, gait
related challenges have successfully identified both acute and lingering postural
control impairments following concussion. These impairments have traditionally been
elucidated through the use of sophisticated motion capture instrumentation that is not
feasible for most clinical settings; thus, there is a need for postural control assessments
that are more clinically feasible. Furthermore, impaired postural control has been
hypothesized as a potential factor in the elevated risk of subsequent musculoskeletal
injury following concussion; however, the true underlying mechanism is still
unknown. PURPOSE: Therefore, the purpose of this study was threefold: 1) utilize an
instrumented dynamic battery to identify postural control impairments across the
typical concussion clinical recovery timeline, 2) determine the efficacy of tandem gait
as a more clinically feasible alternative to instrumented gait, 3) investigate the

association between concussion and subsequent lower extremity musculoskeletal
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injury risk and examine the role of dynamic postural control impairments as possible
determinants. METHODS: This study utilized the APDM Opal IMUs to evaluate
changes in gait from baseline to return to play in concussed collegiate student-athletes
and matched healthy controls. Linear mixed models were used to examine the gait and
tandem gait variables. A Cox proportional hazard model and binary logistic regression
were used to evaluate injury risk and subsequent predictors. RESULTS: There were
no significant differences between the concussion and control groups across the
recovery timeline in single task gait; however, more challenging tasks (i.e. dual-task,
step initiation, turning) were able to identify group differences. Tandem gait
demonstrated better overall efficacy than the BESS, which is the most commonly used
post-concussion postural control assessment. The AUC for the tandem gait variables
ranged from 0.717-0.723, whereas the AUC for the BESS was only 0.427 acutely
post-concussion. Further, tandem gait performance was significantly worse acutely
post-concussion while BESS performance remained the same. Finally, there was a
1.82x increased risk of subsequent lower extremity injury in the year following
concussion, compared to those who did not sustain a concussion. In the concussion
group, 91% of athletes sustained an injury in the following year, compared to only
66% of controls. There were significant differences between the injured and non-
injured groups for multiple gait parameters; however, none of the gait variables
demonstrated to be significant predictors for injury risk. DISCUSSION: These results
suggest that an instrumented dynamic battery can identify postural control

impairments; however, more challenging tasks may be required. Further, tandem gait
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appears to be a more robust assessment than the BESS in identifying post-concussion
impairments; therefore, clinicians may adopt the tandem gait test, particularly during
the acute window. This investigation did identify an elevated risk of subsequent lower
extremity musculoskeletal injury in the year following concussion, and there were
significant group differences between those who did and did not sustain and injury
across multiple gait variables. Future research should continue to work toward
identifying possible predictors of subsequent injury. CONCLUSION: Dynamic
postural control impairments were observed through both instrumented and clinical
gait assessments following concussion, and the athletes who displayed a conservative
gait strategy were more likely to be in the group sustaining a subsequent lower

extremity injury in the following year.
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Chapter 1

LITERATURE REVIEW

Epidemiology of Concussion

The term concussion dates back to the 10™ century, where it was first clearly
described by the Arabic physician, Rhazes.! In modern day, the definition of
concussion is still widely debated, but the most accepted definition is that a
concussion is defined as a complex pathophysiological process in the brain, induced
by biomechanical forces from a direct or indirect blow to the head, neck or face.? It is
estimated that 1.6-3.8 million sports-related concussions (SRCs) occur annually in the
United States; however, that number is most likely a low estimate, as 50-80% of
concussions go unreported.® As the definition of concussion has evolved over the
years, it is no longer defined by the presence of loss of consciousness (LOC).?

The normal rate of concussion, per athlete exposure (AE), in the NCAA is
4.47/10,000 AEs.* In the NCAA student-athlete population, an AE was defined as 1
student-athlete participating in 1 NCAA practice or competition where he or she was
exposed to a possible injury.* Football is always in the spotlight when it comes to
SRC, mostly due to the fact that there is higher participation in football than all other
sports; however, depending on the population, it is not always the sport with the
highest incidence rate. Among NCAA student-athletes, football is actually fourth on
the list, behind wrestling and men’s and women’s ice hockey, in terms of incidence

rate per athlete exposure. Men’s wrestling had the highest concussion rate at



10.92/10,000 AEs, followed by men’s ice hockey (7.91/10,000 AEs), women’s ice
hockey (7.50/10,000 AEs) and football (6.71/10,000 AEs).*

The incidence rate differs at the high school level, for which there are 2.5
concussions per 10,000 AEs, and where football does have the highest rate.® In the
high school population, football had 6.4/10,000 AEs, followed by boys’ ice hockey
(5.4/10,000 AEs) and boys’ lacrosse (4.0/10,000 AEs).% Similar to the definition seen
in the NCAA student-athletes, an AE at the high school level was defined as 1 athlete
participating in 1 practice or competitive event.®

In pediatric concussion cases that reported to the ED, injury due to sports
accounted for 58% of those in the 8-13 year old age group and 46% of concussions in
the 14-19 year old group.® It has been suggested that the effects of a concussion are
more detrimental to a pediatric population, defined as those athletes between 5 and 18
years old, compared to collegiate or professional athletes.”® Concussions sustained in
youth athletics (i.e. below high school) are concerning because they will most likely
have a longer competitive career than high school or collegiate athletes and thus their
window during which subsequent concussions can occur is greater.® Delayed cognitive
recovery has already been demonstrated in a high school athletic population compared
to a collegiate one.1%12 Recovery of pediatric athletes is expected to take longer than a
collegiate or professional athlete;1%13 however, the specific recovery patterns of youth
athletes are not well established in the literature and warrants future research.

Biomechanically, the mechanism (i.e. linear and rotational accelerations and
forces) behind a concussive injury does not differ with age.® It is hypothesized that the
differences seen between age in the aftermath of a concussion are due to the

developing brain. There are a number of characteristics in the developing brain that



differ in an adult brain, such as water content, degree of myelination, metabolic rate of
glucose, increased blood flow, blood volume, synapse number and elasticity of the
brain’s natural sutures, and any of which could play a role in the delayed recovery
time of a younger athlete.1418

In terms of sex differences, in sports with both males and females, that follow
the same rules, females have a higher rate of concussion diagnosis than males.* In
NCAA sports, women’s soccer, women’s basketball, women’s lacrosse and softball all
report higher overall concussion rates than their corresponding male teams, which is
consistent with previous NCAA findings.**° This holds true at the high school level as
well, where females not only have a higher rate of concussion, but also have a greater
proportion of concussions compared to other injuries. It is not fully understood as to
why females tend to suffer more concussions than males, but there are multiple
theories, with the most common being that females have biomechanical differences in
the head and neck region.?>-?> Some examples of these biomechanical differences
include females having greater angular rotation and head-neck peak accelerations and
displacements?® and females having a larger ball-to-head size ratio.?* Female athletes
also tend to be smaller in size and have weaker neck muscles, which could make them
more susceptible to a concussive injury.?? It has also been suggested that female
athletes may be more truthful about reporting concussive injuries than males, although

the research is mixed.2426

Metabolic Cascade

Physiologically, a concussion results in an energy crisis within the brain. The

physiological chain reaction following a concussion includes neuronal depolarization,



release of excitatory neurotransmitters, ionic shifts, changes in glucose metabolism,
altered cerebral blood flow, and impaired axonal function.?” Immediately after a
concussive injury, an abrupt release of neurotransmitters and ionic fluxes occur,
specifically, an efflux of potassium and influx of calcium.?” As the amount of
extracellular potassium continues to rise, neuronal depolarization is initiated and
followed by a spreading neuronal suppression, which could lead to a loss of
consciousness.?”?8 Intracellular magnesium levels are also immediately reduced after a
concussion, which can lead to a greater influx of calcium.?” The calcium accumulation
in the mitochondria can result in decreased oxidative metabolism, and ultimately, cell
energy failure.?”28 In an effort to correct the neuronal depolarization, the sodium-
potassium (Na+-K+) pump, which relies on adenosine triphosphate (ATP),
dramatically increases its workload, causing a significant increase in glucose
metabolism.?”28 The increased glycolysis also leads to an increase in lactate
accumulation, which sends to brain into an acidotic state, making it possibly more
susceptible to a second injury.?”?8 This “hypermetabolism” results in an energy crisis
within the brain due to decreased cerebral blood flow coupled with an increased need
for energy.?’? This state of impaired metabolism persists 7-10 days following a
concussive injury, which reinforces the importance of the recovery timeline.?’:?
Although what is known about the metabolic cascade comes from an animal
model, certain phases of the cascade have now been linked to specific symptoms
following concussion.?® The “spreading depression” seen following the ion flux has
been linked to the migraine-type symptoms post-concussion.?’?¢ The aforementioned

energy crisis that occurs in the brain as a result of the mismatch between glucose



metabolism and cerebral blood flow is thought to cause the period of vulnerability to a

second injury.?"28

Signs & Symptoms of Concussion

When a concussion is suspected, signs can include one or more of the
following domains: 1) symptoms- somatic (headache), cognitive (feeling in a fog),
emotional (lability), 2) physical signs (LOC or PTA), 3) changes in behavior
(irritability), 4) cognitive impairment (slowed reaction times), 5) sleep disturbances
(insomnia).>? If there is evidence of any of the domain components, a concussion
should be suspected.? Post-concussion symptoms will manifest differently in each
individual, but the most commonly reported symptoms are headache, blurred vision,
confusion and “feeling slowed down.”30-32

Following concussion, symptoms typically resolve in 5-7 days; however,
approximately 10% of individuals will experience signs and symptoms past the usual
time frame, and this is termed post-concussion syndrome.33-35 Although it is not
feasible to fully predict who and who will not experience a prolonged recovery, there
are a few signs, following concussion, that may help to identify those individuals who
could be at a great risk. In high school football players, the presentation of dizziness at
the time of injury was associated with a 6.34 times increased risk of protracted
recovery, which is designated as being greater or equal to 21 days.3®

Across a high school and collegiate population, the research regarding the role
of LOC and amnesia following concussion is mixed. In the aforementioned study,

dizziness was a risk factor for prolonged recovery, but neither LOC nor amnesia were

significant predictors.® At 48 hours post-concussion, student-athletes who



demonstrated a poor presentation, as determined by total symptom score and
composite memory score, were over 10 times more likely to have experienced
retrograde amnesia following the injury and over 4 times more likely to have
experienced posttraumatic amnesia.®” There was no significant relationship between
LOC and presentation, however.®” In a similar population, acute injury severity,
including LOC, amnesia and elevated symptoms, was associated with an increased
risk of prolonged recovery, where LOC significantly increased the risk of a longer

than normal recovery window.

Concussion Underreporting

There is no way of telling when an individual is being truthful regarding post-
concussion symptoms. It is estimated that ~50% of concussions go unreported, so the
true concussion incidence is in reality probably much greater than statistics show.3® As
many as 53% of concussions in high school football were unreported in the 2000s, and
the most common reason for not reporting was that the high school athletes did not
think their injury was serious enough to report.® In addition to not taking the injury
serious enough, the role of the coach can also be a huge factor in concussion
underreporting. Following their career, collegiate athletes disclosed the main driving
factor behind hiding a concussion was to not upset the coach and risk losing playing
time.*? Contrary to popular belief, it was the issue of coach approachability and fear of
missing playing time, not a lack of concussion knowledge, that drove collegiate
athletes to not report concussions.*® Concussions can also go unrecognized by student-
athletes. In a collegiate population, 26.1% of student athletes reported having an

unrecognized concussion during their collegiate career because the major symptom



was seeing stars, which is still not considered to be a concussive injury to many

student-athletes.?

Dose-Response Relationship

There appears to be a dose-response relationship with multiple concussions;
however, the literature is inconsistent. Individuals with three or more concussions are
at a three times increased risk of future concussion.®>3? In a survey of retired
professional football players, those with a history of three or more concussions
presented with a fivefold rate of mild cognitive impairment, compared to those
without a history of concussion and a threefold rate of reported memory
impairments.* Although three or more is the most widely associated number with
dose-response, longer recovery has been associated with fewer. Acutely concussed
collegiate athletes with a history of two or more concussions took longer to recover on
reaction time and verbal memory, as assessed by ImMPACT, than those with no history
of concussion.*? Impairments associated with multiple concussions have also been
seen in the high school population.t*43 High school athletes with a history of two or
more concussions performed similarly on cognitive tasks as those athletes who were
concussed in the last week.** Although the evidence of a dose-response relationship
has been established, there is still refuting evidence. There did not appear to be any
cumulative effect of concussion history on neuropsychological test scores in high
school or collegiate athletes.***” However, the individuals in the aforementioned
studies were only tested on ImMPACT, which is known to have multiple limitations.

In terms of postural control, those with a history of at least one concussion

have demonstrated balance impairments, as well as a conservative gait strategy. 5!



Buckley et al., demonstrated that student-athletes with a history of concussion
presented with a conservative gait strategy, as evidenced by slower velocity, shorter
steps, wider step width and increased double support time; however, the only variable
that differed between those with a history of 1-2 concussions versus 3 or more was
step width.5° Although it was acknowledged that the sample sizes were small, the
differences in gait pattern observed with the varying concussion histories could be
early indications of long-term postural control deficits and/or neurological
impairment.5°

Specifically, in an NCAA population, 75-91% of repeat concussions occurred
within 7-10 days of the first.3? The energy crisis within the brain following a
concussive injury is thought to be the underlying cause of this period of vulnerability
to a second injury. One of the major concerns during this vulnerable period is not
putting an individual at risk for second impact syndrome (SIS), which is rare, but does
occur. Second impact syndrome is defined as a rapid cerebral herniation following a
head injury, and it can occur when an individual suffers a second head injury before
initially recovering from the initial concussion.>? The underlying pathophysiology
behind SIS is thought to be an increase in intracranial pressure as a result the energy
mismatch and chaotic autoregulation of the brain’s blood supply.>?

While SIS is an acute consideration of multiple concussions, there are long-
term considerations as well. After examining a survey of retired professional football
players, there was an association between concussion history and a prior or current
diagnosis of depression later in life.53 When compared to those retired players who did
not report a history of concussion, those with concussion history of three or more

concussions were 3 times more likely to be diagnosed with depression and those with



a history or one or two concussions were 1.5 times more likely to have a depression
diagnosis.®® In addition, retired players with three or more reported concussions during
their career had a fivefold prevalence of mild cognitive impairment and a threefold
prevalence of significant later-life memory issues than those who had no reported
history of concussion.** The major limitation to these studies investigating long-term
impairments is that the results are dependent on how accurately the retired players
were able to recall their concussion health history. This was combated with the use of

a spouse or family survey, which again is limited by the accuracy of reporting.*-53

Long-Term Effects

One of the most controversial topics surrounding concussion research today,
especially in the media, is whether or not concussions lead to long-term damage. The
majority those who sustain a concussion (80-90%) recover within a 7-10 day time
frame.? However, there is increasing concern regarding the effect of a concussion, or
multiple concussions, on the brain over time. The first incidence of progressive
neurodegeneration over time was seen in boxers in the early 1900s, and the pathology
was termed dementia pugilistica, or “punch drunk syndrome.”>* Sport-related head
trauma have been reported to be risk factors for the development of Parkinson’s
disease, dementia, such as Alzheimer’s, and amyotrophic lateral sclerosis (ALS).5%%6:57
In a spousal-reported survey of former NFL players, 35.1% of the population was
reported to have some form of cognitive impairment, suggesting NFL players are at
risk for developing later life cognitive issues; however, the study was preliminary.5®

Conversely, in a retrospective analysis of high school football players from the 1940s



and 1950s found no increased risk of developing later life Parkinson’s, dementia or
ALS compared to those who did not play a sport with high risk of head trauma.5°

The most common term being thrown around today is chronic traumatic
encephalopathy, or CTE. Unlike concussion and post-concussion syndrome, CTE is a
neurodegenerative disease that typically develops years after the head trauma.®® The
disease is characterized by neurofibrillary tangles, and a buildup of tau proteins,
similar to those seen in Alzheimer’s, but CTE is unique in its distribution of the tau.®
Clinically, CTE is associated with increased irritability, impulsivity, aggression,
depression and memory loss.®%2 Among the most controversial issues surrounding
CTE is the link between the disease and suicide. A heightened risk of suicide has been
listed under the clinical characteristics of CTE®12; however, there is currently
insufficient evidence to make a causal link between CTE and increased risk of suicide
in former athletes, and further research is needed.%3

Another controversial issue surrounding CTE is the influence of subconcussive
hits and whether or not they are a factor in the development of the disease. Collegiate
football players sustain approximately 1,000 subconcussive head impacts over the
course of a single season, but do not demonstrate any clinically meaningful changes
from preseason to postseason.® In a high school population, the average number of
impacts recorded over the average 14 week season was 652, with variations in playing
position and starting status; however, upwards of 2,000 seasonal impacts have been
recorded in a high school individual.®® The discrepancy in the number of impacts
between the high school and collegiate level is thought to be a result of the difference

in number of practices and games over the course of a season.5®
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Repetitive subconcussive hits over a single season do not appear to result in
short-term neurologic impairment, nor do they appear to have widespread, short-term
detrimental effects.®*5¢ However, from a long-term perspective, post-mortem
pathological changes associated with the early stages of CTE have been discovered in
contact sport athletes who were never officially diagnosed with a concussion, which
would make it appear that subconcussive hits could potentially play a role in the
development of the disease over time.®* Further research is necessary to elucidate the

role of subconcussive impacts in the development of long-term impairments.

Concussion Assessment

A multifaceted concussion assessment battery, consisting of self-reported
symptoms, cognitive and postural control exams, is recommended.? When compared
to baseline data, the multifaceted battery is up to 96% sensitive in acutely identifying a
concussion.®’

The presence of any self-reported symptom is a contraindication for an athlete
to return to play. The easiest way to evaluate an individual following a suspected
concussion is through self-reported symptoms, and the most common symptom tool is
the Graded Symptom Checklist (GSC).? The GSC is a checklist of 17 different
symptoms that are rated on a 0 (no symptoms) to 6 (severe symptoms) Likert scale.®®
In collegiate football players, the mean baseline score on the GSC was 1.97, and it
increased to approximately 20 immediately post-concussion.3* At the time of injury,
the GSC is the most sensitive (0.89) and specific (1.00) of the concussion assessments,
and symptoms typically take about 5-7 days to return to normal values.3* The biggest

limitation of the GSC is that it is completely dependent on the student-athlete being
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honest about his or her symptoms, and with the issue of underreporting, hiding
symptoms can put an individual at risk of returning to play too soon and sustaining a
second injury.

Impaired postural control is a cardinal symptom following concussion.? The
most commonly used postural control assessment in the multifaceted concussion
battery is the Balance Error Scoring System, or BESS.? The BESS requires three
different stances (double leg, single leg, tandem) on two different surfaces (firm,
foam).®® Student-athletes are asked to hold each position for 20 seconds with hands on
hips and eyes closed, and the total number of errors is scored.®® Each error is worth
one point, and the six possible errors include removing the hands from the hips,
opening the eyes, taking a step or falling, flexing the hip greater than 30 degrees,
lifting the forefoot or heel and remaining out of position for longer than 5 seconds.®°
The average score of the BESS at baseline is approximately 12, and it increases to
around 19-20 immediately following concussion.®* It typically takes about 3-5 days
for BESS scores to return to baseline value.3* The sensitivity of the BESS is highest at
time of injury, but even then it is only 0.34, which is one of its many limitations.®* In
addition to low sensitivity, the BESS is limited by poor reliability, practice effects and
testing environment.’®-72

In terms of cognitive testing, the Standard Assessment of Concussion (SAC) is
the most commonly used assessment.? The SAC is a mental assessment that examines
orientation, immediate and delayed memory, and concentration.” Traditional SAC
scores fall between 26-27 and drop 3-4 points immediately post-concussion.3*"* The
sensitivity of the SAC is relatively high at time of injury (0.80), but it rapidly declines

post-injury, and scores typically return to baseline in about 2 days.3*7* For this reason,
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the consensus recommends that SAC should not be used for assessment of recovery.?
Athletes who sustained LOC at time of injury have demonstrated to have significantly
impaired SAC scores the first 15 minutes post-injury compared to those without LOC
or amnesia, but by 48 hours post-concussion, significant differences were no longer
seen.’ It is important to note that cognitive and balance tests recover independently,
but both recover before symptoms.3*

A subset of the larger umbrella of cognitive testing is neuropsychological
testing, which is commonly assessed by the Immediate Post-Concussion Assessment
and Cognitive Testing (IMPACT). The ImMPACT is a computerized test that measures
verbal memory, visual memory, visual motor speed, reaction time and impulse
control.” While ImPACT is currently considered to be the “gold standard” of
neuropsychological testing, it is estimated that a false positive result occurs
approximately 46% of the time.’® Although alternative neuropsychological tests were
utilized, the sensitivity of the full concussion assessment battery doubled (0.14 to
0.30) on Day 7 post-concussion when neuropsychological tests were incorporated,
which lends support to their use throughout the recovery process.3

A more recent addition to the concussion assessment battery is the King-
Devick (KD) test. Vision is commonly affected following concussion, and the KD test
is a rapid number naming exam that requires saccadic eye movements, which have
been shown to reflect impaired brain function.””-”® The KD test requires the athlete to
read a series of single-digit numbers, from left to right, as quickly as possible.”-8!
There are 3 sets of cards, for both paper and iPad, and the score is the time it takes to
get through all of them.”®-8! The average baseline score in collegiate student-athletes is

approximately 42 seconds, and any change in time from baseline is considered a
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meaningful change.”” Combining the KD and SAC assessments identified 89% of
concussions in a collegiate student-athlete population, and this jumped up to 100%
when BESS was incorporated; however, this was in a small subset of student-athletes

already suspected of having a concussion, and there were no controls.””

Coqgnitive and Physical Rest

Cognitive and physical rest following concussion is the “cornerstone” of
concussion management, and an initial rest period is recommended in the acute post-
concussion stage (24-48 hours); however, specific research on cognitive rest is
limited.? The initial rest period is advised to include limited cognitive and physical
activity through the restriction of school attendance, academic work and exercise.? The
rationale behind a period of rest following concussion is to reduce symptoms and
lower the risk of the aforementioned SIS, but total reliance on rest as a treatment
following concussion has demonstrated to do more harm than good.828384 Compared
to those who were given a mandatory rest period on the day of injury and the
following day, collegiate student-athletes with no rest restrictions following
concussion became asymptomatic approximately 1.3 days earlier, demonstrating that a
day of prescribed physical and cognitive rest was not a successful treatment for
reducing concussion recovery time.® Furthermore, a recommendation of 5 strict rest
days, compared to the usual 1-2, in a pediatric population did not improve symptom,
neurocognitive or balance recovery outcomes.® In terms of post-concussion activity
level, collegiate student-athletes performed better on neurocognitive tasks when they
were allowed to do school activity and light household activity (e.g. mowing the lawn)

compared to those who were restricted from all activity and those who were allowed
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to return to full activity.®” These results suggest that a light level of prescribed activity
may be beneficial in speeding up the recovery process compared to strict rest.

The reason behind the failure of strict rest to improve recovery time following
concussion is not fully known; however, multiple theories have been proposed. One
possibility is that removing an individual from his or her activities of daily living, such
as academic and team functions, may increase risk of depression.8? The term
“situational depression” has been coined to describe the emotional distress a pediatric
patient might experience during restriction of school and other activites.® Along with
depression, removing student-athletes from their daily routines and limiting social
interaction can increase feelings of anxiety and isolation.® It is important to
acknowledge that removing an individual from normal activities for a short period of
time is unlikely to result in clinically diagnosed depression or anxiety; however, this
strict rest period and change in environment could prolong concussion recovery and

should be considered throughout the recovery process.®®

Return to Exercise

Returning an athlete to full participation following a concussion is one of the
most challenging questions medical professionals face today. Thankfully, it has been
unanimously agreed upon that no athlete should return to play on the same day as a
concussive injury.? An athlete’s response to a physiological stressor, such as exercise,
can provide valuable insight as to when the body has fully recovered from a
concussion.® It is essential to gain an understanding of how exercise affects the
current clinical assessments, and if exercise induces an adverse effect in an athlete’s

sports performance, the return to play protocols can be compromised.®%% It is
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currently recommended that athletes recovering from a concussion undergo a period of
both physical and cognitive rest until all symptoms subside. Growing research
demonstrates the value of exercise in brain repair due to its ability to enhance
cognitive performance and restore the disrupted autonomic balance.%%

Time and exercise intensity are two of the most important factors to consider
when progressing an athlete back to full participation. As with the metabolic cascade,
a majority of the post-concussion exercise models come from animals. Rats introduced
to exercise within the week first week post concussion had a decrease in plasticity
markers and increase in memory impairments, but an increase in BDNF and cognitive
function when exercise was withheld for 14-21 days, suggesting that post-concussion
exercise is only beneficial when administered at the right time.®>% Documenting the
presence of neurological symptoms following a concussion is a vital component in the
decision of when an athlete can return to full athletic participation.®® If exercise
negatively affects the cognitive function of an athlete, a neuropsychological test
should not be administered until he or she has recovered.®® When administered to
healthy individuals, a VO2 max treadmill test resulted in an impairment of verbal
memory, immediate memory, and delayed memo.%® These results have important
clinical implications because they demonstrate that maximal exercise can have an
adverse effect and therefore, a neuropsychological test should not be administered to
an athlete with a suspected concussion immediately after the injury.9%

While high intensity exercise protocols, in research, have resulted in cognitive
dysfunction, moderate-intensity exercise seems to produce a more positive result.
Symptom evaluation following high intensity exercise tasks demonstrated an increase

in the presence of symptoms when compared to moderate intensity exercise, even
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continuing through fifteen minutes of rest.% Additionally, moderate intensity exercise
actually improved two of the three outcome measures of common motor performance
tasks used in neurological assessments.® These results demonstrate that post-
concussion symptoms during recovery can be influenced by exercise intensity, and
clinicians need to take the intensity of the exercise protocol into consideration when

rehabbing an athlete.

Concussion & Musculoskeletal Injury

There is increasing evidence of an association between concussion and
subsequent lower extremity injury within the following year.®”-97 Within the first year
after a concussive injury, collegiate athletes are 1.64-2.48 times more likely to suffer
an acute lower extremity musculoskeletal injury in the year following concussion,
compared to healthy controls who are not concussed.?8100.102 The risk is similar for
professional athletes (1.47-2.23 increased risk).%7:99:101.104.108 Apnroximately 61% of
retired NFL players reported suffering a concussion during their NFL careers, and
there was a dose-response relationship between concussion history and odds of
reporting a musculoskeletal injury.1% The players who reported one concussion had an
18-63% increased risk of musculoskeletal injury, two concussions was associated with
a 15-126% increased risk and three or more had 73-165% higher odds of reporting
musculoskeletal injury.%® Additionally, European male soccer players were found to
have a 2.2 times increased risk of injury in the year following concussion, as well as
an elevated risk of injury in the year prior to concussion.!

These results raise the question of are these athletes just more injury prone, or

is there something happening on the motor control level that is putting them at
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increased risk for injury following concussion. Postural and neural control deficits,

similar to those seen following concussion, have demonstrated to increase the risk of
noncontact lower extremity injuries in healthy individuals.'*® Therefore, it is possible
that these athletes are suffering from lingering postural deficits up to a year following

concussion, which is putting them at risk for subsequent musculoskeletal injury.

Concussion and Gait

As previously mentioned, postural control, as assessed by the BESS test,
typically recovers in 3-5 days.3* However, the BESS is a test of static postural control,
and it has been suggested that more dynamic tasks are better at identifying postural
deficits following concussion.*'? It is possible that the increased number of lower
extremity injuries occur because there are still lingering postural deficits in the year
following concussion that are not uncovered by traditional clinical assessments. Gait
parameters can be utilized to determine level of neurological functioning.'*? Gait is an
innate, or non-novel, dynamic task, which makes it a useful tool because gait
parameters are not susceptible to the practice effects seen in some of the more novel
tasks of the concussion assessment battery.!'3 After the age of ten, changes in gait
parameters (e.g. gait velocity, stride length) are minimal.**® A voluntary destabilizing
movement, such as gait, is derived from motor commands that arise in the cerebral
cortex and travel down to the brainstem and spinal cord, with supraspinal control
coming from multiple higher-level centers (basal ganglia, motor cortex, supplementary
motor area, cerebellum)4-116 The lower-level controller in the spinal cord is a
network of interneurons referred to as central pattern generators (CPGs) that control

rhythmic motor patterns.*1>-11° While there is evidence that CPGs can generate
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rhythmic activity without inputs from higher-level supraspinal controllers,*>-1° they
appear to also receive descending commands from the motor cortex and pyramidal
tract to initiate the appropriate motor program to carry out the rhythmic movements
necessary for locomotion.,1*"120 Unlike quiet stance, gait is less reliant on sensory
feedback, as CPGs and supraspinal planning are predominantly responsible for the
feedforward control 121122

Concussions can lead to deficits in the ability to maintain gait stability.123124
Maintaining balance and limb coordination during sports requires a complex
interaction of sensory input and motor output.*?® The combination of motor disabilities
and cognitive impairments increase a concussed athlete’s chances of experiencing
postural instability and/or subsequent concussions.?* Acutely post-concussion, there
is evidence of impaired postural control, as indicated by slower gait velocity, reduced
horizontal separation of the COP-center of mass (COM), and increased double support
time have been observed both acutely post-concussion and up to 2 months following
injury; therefore, these observations suggest the presence of a conservative gait
strategy that persists beyond typical post-concussion clinical recovery.111124-134 |n 3
healthy individual, gait velocity will typically fall somewhere between 1.4-1.6 m/s.1%
In the acute window following concussion, gait velocity has been observed to drop
approximately 0.13 m/s.111123.124.136 \When gait velocity returns to normal following a
concussion varies across studies. Typically, a return to normal value is seen within 5-6
days post injury; however, there is evidence that gait velocity is still abnormal as far as
28 days post-concussion,111112130.137 Byckley et al., noted that gait velocity had

returned to normal in collegiate athletes by day 10 post-concussion; however, there
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was still evidence of a conservative gait strategy, independent of gait velocity, at day

10_138
Gait is not the only dynamic movement that should be addressed following

concussion. Gait initiation is the transition from quiet stance to steady-state gait, and it
requires the generation of propulsive forces while maintaining appropriate postural
control during the motor task.*3%14% The supraspinal control of gait initiation is thought
to originate from the supplementary motor area and motor cortex, based on evidence
from animal and stroke studies.*?%141.142 Anticipatory postural adjustments (APAs) are
likely responsible for the feedforward control to maintain postural control during the
transition gait initiation to gait.!4* Transitional movements, such as gait initiation and
gait termination, have demonstrated to be successful in identifying post-concussion
postural control impairments.126:140

Access to full biomechanics and gait labs is limited; however, recent advances
with inertial sensors and accelerometers have demonstrated post-concussion
impairments in postural control and may improve clinical feasibility for postural
control assessment.**® The advancement of inertial sensors (accelerometers and
gyroscopes) embedded in inertial measurement units (IMUs) has provided an
alternative to expensive laboratory setups for gait evaluation.'4-147 Wearable IMUs
have demonstrated success in evaluating postural sway and quantifying APAs during
gait initiation in Parkinson’s disease!*4148-150 and mild traumatic brain injury®®?, as
well as gait in healthy collegiate athletes.'> The APDM Opals, which are utilized in

this study, have demonstrated to be feasible for use in a clinical setting, reliable when
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compared to laboratory force plates, and valid for use in both neurological and healthy
populations.144149.150.153,154 Accelerometer-based measurements are providing the
opportunity to transition post-concussion gait analysis, which has traditionally been
performed with sophisticated lab setups, to more clinically-friendly settings, as they
have been introduced as a tool for analyzing postural control both acutely post-

concussion'3* and in individuals with a concussion history.'%®

Tandem Gait

Another test that can be used clinically to determine dynamic balance during
locomotion is tandem gait (TG).1%-158 The third version of the Sport Concussion
Assessment Tool, or SCAT3, has included TG as an alternative balance assessment to
use in addition to or instead of the BESS; however the updated 5" version (SCAT5)
has removed the standardized TG protocol and replaced it with a more subjective
assessment.15%160 A standard TG trial involves an individual walking, with an alternate
heel to toe gait pattern, down a 3 meter line, performing a 180 degree turn at the other
end and coming back to the starting line.®®1% The normative value for a TG trial is
approximately 11.2 seconds in healthy individuals, and it has been found to be highly
reliable when administered by the same individual in the same session (ICC: 0.971)
and in sessions a week apart (ICC:0.705), which demonstrates that it is a dependable
measure of dynamic balance and should be utilized to examine neurological function
following concussion.'*® When utilized as a screening tool for those with vestibular
impairments, it was recommended that a tandem walking test not be used because it
failed to identify differences between a normal healthy population and those with
vestibular issue.'®* However, the TG task used in the vestibular study*®! only involved

taking 10 TG steps forward, so it could be argued that the TG task performed
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following concussion is more challenging to the postural control system and is
therefore better at identifying possible impairments.

Following a bout of high intensity exercise, a significant decline in both static
and dynamic balance tasks can be seen.®* When compared to a single leg static task,
however, such as the stance utilized in the BESS, TG returned to baseline much
quicker, suggesting that dynamic balance assessments are less affected by exercise
than tasks more static in nature.®® Clinicians should take this into consideration when
examining individuals for a suspected concussion, both acutely and throughout the
recovery process, particularly if the injury takes place during high-intensity exercise.
Additionally, when examined as a predictor of prolonged recovery following
concussion, a tandem walking task was not found to be a significant risk factor.®

Normative values of TG have been established in children'®?, collegiate
student-athletes'®3, and professional athletes'®*; however, TG performance following
concussion has been minimally explored.1%51%¢ Qldham et al., recently identified that
TG performance was significantly worse acutely post-concussion, compared to
controls, whereas the BESS performance slightly improved post-injury.t6® Further, TG
presented with overall better psychometric properties than the BESS acutely post-
concussion, which suggests that it may be better suited to identify impairments during
that injury window.%°

Concussions are a complex injury, and presentation and recovery differs from
person to person. The number of concussions each year is alarmingly high, and it is
imperative to protect athletes from the vast array of consequences that can result from
concussive injuries. The multifaceted battery has demonstrated success with

establishing appropriate tools for concussion assessment; however, future research is
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still warranted to improve upon the existing assessments, particularly in the realm of
postural control. In addition, now that the relationship between concussion and
subsequent lower extremity musculoskeletal injury has been identified, further
research is needed to examine which variables put an individual at risk for injury

following concussion.
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Chapter 2

ASSESSMENT OF POST-CONCUSSION DYNAMIC POSTURAL CONTROL
USING AN INSTRUMENTED DYNAMIC BATTERY

Introduction

Concussions are classified as a significant public health problem by both the
NIH and the CDC, with an estimated 1.6-3.8 million concussions occurring annually,
and an annual economic burden of approximately $22 billion.'671% In reality, 1.6-3.8
million is likely a low estimate since up to 80% of concussions go unreported.6” A
concussion poses significant health risks both acutely and chronically. Immediately
following concussion, there is an elevated risk of suffering a recurrent concussion, as
well as the risk of second impact syndrome, which is a rare, but potentially fatal
condition.3216%-174 Individuals with a concussion history are 3-5x more likely to suffer
a future concussive injury compared to those with no history.32174 There are a number
of long-term risks, such as later life depression, dementia, early onset Alzheimer’s
disease, and chronic traumatic encephalopathy, in those who have suffered a
concussion;#:5361.62.175 therefore, concussions are a health risk to an individual across
an entire lifespan.

Due to the heterogeneous nature of the injury, a multifaceted assessment
battery, consisting of self-reported symptoms, cognitive, and postural control, is

recommended to examine an individual throughout recovery and determine readiness
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for return to play.?®16177 The multifaceted battery is necessary because the different
domains of concussion assessment recover independently.?%1’® While the total
assessment battery is highly sensitive (0.89-0.96) for acute concussion diagnosis, the
sensitivity significantly drops (0.30) within 7 days; therefore, it is an insufficient
indicator of concussion recovery.®”.1® The most commonly used postural control
assessment is the Balance Error Scoring System (BESS), which is a novel assessment
that requires an individual maintain an upright stance while holding 3 different
balance positions (double limb, single limb, tandem) on firm and foam surfaces.?*17°
The BESS has unacceptably low sensitivity (0.34) even acutely post-concussion, as
well as low interrater (0.57) and intrarater (0.74) reliabilities, and high minimum
detectable change scores (7.3-9.4 errors) that exceed normal post-concussion
change.178180.181 Typjcal BESS scores return to baseline within 3-5 days, which is
prior to symptom resolution and highlights the need for a more robust measure of
post-concussion postural control assessment.*31® Further, the BESS examines
postural control from a quiet or static stance domain, in which the goal is to maintain
upright balance as opposed to coordinated movement; thus, it has been suggested that
dynamic tasks are more suitable for identifying postural control deficits following
concussion.'?> A dynamic motor activity of daily living, such as gait, is less likely to
be susceptible to the limitations of a novel assessment like the BESS, potentially
making it a more appropriate task for identifying post-concussion impairments in

postural control.>*
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Gait is an innate, dynamic task that requires the activation of both the nervous
and musculoskeletal systems and can be utilized to assess neurological
functioning.1>125182 Healthy postural control requires a successful integration of the
visual, vestibular, and somatosensory systems, as well as the motor and cognitive
systems.'!# A voluntary destabilizing movement, such as gait, is derived from motor
commands that arise in the cerebral cortex and travel down to the brainstem and spinal
cord, with supraspinal control coming from multiple higher-level centers (basal
ganglia, motor cortex, supplementary motor area, cerebellum)4-116 The lower-level
controller in the spinal cord is a network of interneurons referred to as central pattern
generators (CPGs) that control rhythmic motor patterns.1>-119 While there is evidence
that CPGs can generate rhythmic activity without inputs from higher-level supraspinal
controllers,'*>-119 they appear to also receive descending commands from the motor
cortex and pyramidal tract to initiate the appropriate motor program to carry out the
rhythmic movements necessary for locomotion,'”12% and unlike quiet stance, gait is
less reliant on sensory feedback, as CPGs and supraspinal planning are predominantly
responsible for the feedforward control.t2%122

Gait is not the only dynamic component of locomotion that should be
evaluated. Based fMRI evidence, transitional movement paradigms, such as gait
initiation (GI), are controlled by their own supraspinal regions and are likely more
challenging to the dynamic postural control system, as they require a greater number
of neurological resources.®® Gait initiation is the transition from quiet stance to

steady-state gait which requires the generation of propulsive forces while maintaining
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appropriate postural control during the motor task.13%4% The neurologic control of Gl
on a supraspinal level is thought to originate from the supplementary motor area and
motor cortex, based on evidence from animal and stroke studies.!2!.141.142

During a planned action, anticipatory postural adjustments (APAS) are likely
responsible for the feedforward control to maintain postural control during the
transition gait initiation to gait.'*! During GI, center of pressure (COP) displacement is
divided into three phases: the APA phase (S1), the transitional phase (S2), and the
locomotor phase (S3).18418> Alterations in the COP phases of GI have been observed
following concussion,?6140 suggesting that it is a transitional movement capable of
elucidating postural control impairments in a concussed population.

Evidence of impaired postural control, as indicated by slower gait velocity,
reduced horizontal separation of the COP-center of mass (COM), and increased
double support time have been observed both acutely post-concussion and up to 2
months following injury, which suggests the presence of a conservative gait strategy
that persists beyond typical post-concussion clinical recovery.11124-134 Alterations in
post-concussion transitional gait movements have also been identified.126140 Gait
initiation has demonstrated to be a sensitive indicator of balance dysfunction in
individuals with neurological impairments,'® including Parkinson’s disease, stroke,
and the elderly.'8+187 Additionally, Buckley et al., noted postural deficits in the APA
phase of Gl acutely post-concussion, which suggests impairment in the planning of
G110 These COP alterations during GI reflect changes in APAs acutely following

concussion'?®; therefore, it is important to examine planned GT beyond the acute time
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point to determine how long the postural control impairments persist. Although these
postural control impairments have been observed to extend beyond clinical recovery,
the full extent remains largely unknown; however, conservative gait strategies have
been observed in individuals with a history of at least one concussion, which suggests
that gait deficits could potentially persist chronically and serve as early indicators of
long-term neurological impairment.48-50

While these overall postural control deficits have been observed during single-
task gait, the impairments are particularly evident during dual-task.'33188.18% Dyal-task
(DT) paradigms have been utilized to study the combination of attention and postural
control, during which postural control and a cognitive task are combined with the each
other.® A decline in the performance of either task is indicative of an interference
between the two, due to a possible sharing of attentional resources, or a bottleneck
approach, where the two tasks require the same underlying mechanism
simultaneously.**%1%2 Both motor and cognitive performance are impaired post-
concussion?®1%3, and the use of a DT paradigm allows one to simultaneously evaluate
both domains. Dual-task gait has been successful in identifying postural control
impairments acutely post-concussion, as well as up to 2 months following
injury.t24125127,128,133,188,189,194 Eyrther, the evaluation of gait stability during a DT
assessment has also been suggested to be a sensitive indicator of long-term deficits in
motor control.® Impairments in postural control during steady state gait have been

clearly identified in a DT environment; however, DT GI following concussion has not
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been explored, which could potentially serve as a more robust indicator of post-
concussion postural control recovery.

The altered movement strategies observed during gait tasks have been
elucidated utilizing sophisticated, instrumented labs with full motion capture systems
and force plates; thus, the technology is costly and largely unavailable in many clinical
settings. The advancement of inertial sensors (accelerometers and gyroscopes)
embedded in inertial measurement units (IMUs) has provided an alternative to
expensive laboratory setups for gait evaluation.!#+147 The use of these wearable IMUs
has been successful in evaluating postural sway and quantifying APAs during Gl in
Parkinson’s disease!#4148-150 and mild traumatic brain injury®®, as well as gait in
healthy collegiate athletes.'> The APDM IMUs have demonstrated to be feasible for
use in a clinical setting, reliable when compared to laboratory force plates, and valid
for use in both neurological and healthy populations.144149.150.153,154 Accelerometer-
based measurements have been introduced as a tool for analyzing postural control both
acutely post-concussion®** and in individuals with a concussion history?®®, which has
the potential to transition post-concussion gait analysis from labs to more portable,
clinician-friendly settings.

The presence of dynamic postural control impairments, specifically a
conservative gait strategy, during both gait related tasks, has been well established;
however, the existing studies are cross-sectional in nature and lack pre-injury baseline
data for a within-subject comparison. This investigation provided both a between and

within-subject approach, as it not only compared post-concussion postural control
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outcomes to those of healthy controls, but also to each individual’s own baseline data.
Further, it remains unclear how these postural control impairments evolve across a
traditional clinical post-concussion recovery timeline; therefore, the purpose of this
aim was to identify post-concussion Gl and gait deficits using an instrumented
dynamic battery utilizing both single-task and dual-task challenges. We have proposed
the use of a dynamic postural control battery that uses wearable accelerometers to
identify post-concussion deficits in postural control potentially not detected by
traditional clinical milestones and to examine the duration of these deficits across a
typical concussion recovery timeline. We hypothesize that these gait measures will
identify impaired postural control, both acutely post-concussion and at return to play.
Specific Aim 1: Description
To identify post-concussion gait initiation and gait deficits using an instrumented
dynamic battery utilizing both single-task and dual-task challenges across the
traditional recovery timeline.
H1. All gait measures will identify postural control impairments acutely post-
concussion during both single-task and dual-task challenges. The single-task gait
outcomes will stabilize by return to play; however, the dual-task outcomes will remain
impaired. Gait initiation will identify postural control impairments during both single
and dual-task challenges that will persist through return to play. The significance of
Aim #1 will be the identification of gait deficits throughout post-concussion recovery,

despite apparent clinical recovery.
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Methods

Participants

All student-athletes and cheerleaders at the University of Delaware were
recruited to participate in the baseline component of the study. Concussion
participants were included in the study if they were diagnosed with a concussion
within the study timeframe and had valid baseline data (i.e. the student-athlete
completed the full gait protocol prior to the start of his or her competitive season). All
concussions were identified by a certified athletic trainer and formally diagnosed by a
physician, consistent with the 51" International Consensus Statement on Concussion in
Sport.2° Control participants were active, healthy non student-athletes with no history
of concussion within the past 6 months. Concussion history included both diagnosed
and undiagnosed concussions, which was determined from a health history
questionnaire.

The exclusion criteria for both the concussion and control groups included any
self-reported neurological disorder, current lower extremity orthopedic injury, and
self-reported metabolic, vestibular, vision, or other disorders that would impair normal
gait performance. Each participant provided oral and written informed consent in

accordance with the university’s Institutional Review Board (IRB).
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Concussion Controls
(n=34) (n=28)
Age 206+ 1.6 208+15
(years)
Height 174.3 + 11.0 171.3+9.2
(cm)
Mass 722 +12.4 74.2 +16.0
(kg)
0, 0,
Concussion history 380/% 9%/34) Zé g’ £6(/)2§ )
() (range, 0-4) (range, 0-4)
Sex
(M/F) 14/20 15/13

Table 1. There were no significant differences between the concussion and control
groups at baseline for age (p= 0.72), height (p= 0.16), weight (p= 0.18), or concussion
history (p=0.29).
Instrumentation

All participants were instrumented with three wearable triaxial accelerometers
(Opal Sensor, APDM Inc., Portland, OR.)**® (Figure 1) The APDM accelerometers
have demonstrated to be feasible for use in a clinical setting, reliable when compared
to laboratory force plates, and valid for use in both neurological and healthy
populations.144149.150.153,154 Each accelerometer included a triaxial gyroscope and
triaxial magnetometer, and the sampling was 128 Hz. There was an Opal on the dorsal

surface of each foot, as well as at L5, and each accelerometer was secured with an

adjustable, elastic band. (Figure 2)
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Figure 1. APDM Opal IMU

Procedures

The dynamic postural control battery consisted of GI and gait stepping

Figure 2. Placement of the Opal IMUs

characteristics. Each gait task was performed first in a single-task setting, followed by

dual-task. The dynamic battery was performed across multiple concussion clinical

milestones: baseline (prior to the student-athlete’s competitive season), acute post-

concussion (within 48 hours post-injury), asymptomatic (the day the student-athlete no

longer reported symptoms), and return to play (the day the student-athlete was cleared

to return to full sports participation). (Figure 3)

Pre-season
Baseline Testing

Concussion

Figure 3. Timeline of the clinical concussion testing battery.

24-48 hours
—_—

Acute Time
Point

Asymptomatic
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All participants began each trial standing behind a visible starting line and, in
response to a verbal cue, walked down a 10-meter walkway at a self-selected pace,
turned around a specified endpoint, and return to the original starting point. (Figure 4)
During the dual-task condition, participants completed the same gait protocol while
simultaneously answering a mini-mental style battery of questions (Appendix B). Each
participant was instructed to begin walking when the first question was administered.
There were no instructions given as to how to prioritize the cognitive versus motor
task. Five trials of both single-task and dual-task gait were performed, along with 5

trials of quiet stance static balance.

Gait Initiation Path of Progression

% IS UC N ARy
SI=4g =1 = 'ap

10m Length

Figure 4. Path of progression

Gait Initiation

Gait initiation was measured as a component of the dynamic postural control
battery. The first two steps the participant took were considered the GI component.
Movement initiation (i.e. the onset of APAs) was based on the first measurable change

from baseline and was detected by an automated threshold-based algorithm, with a

34



threshold of twice the standard deviation of the acceleration signal during the initial

period of each trial.**® The APAs were considered completed when COP in both the

forward and lateral directions returned to baseline values.**® (Figure 5)

Anterior - Posterior Displacement (cm)

40

35

30

25

20

Locomotor Component

/

Movement
Initiation

Transitional Component

33 38 43 48
Medial - Lateral Displacement (cm)

Figure 5. Exemplar figure of GI COP.

After the first two steps (one heel strike to the contralateral heel strike), the participant

kept walking, turned around the specified turning point, and returned to the original

starting line. (Figure 4) Each participant initiated gait with a self-selected limb, which

could vary from trial to trial, in response to a verbal cue given by a member of the

research team following an auditory signal from Mobility Lab. For the dual-task

challenge, the participant was instructed to begin walking as soon as a member of the

research team gave one of the specific tasks (i.e. said a word for the participant to

spell). The dual-task protocol is listed below in the “Dual-Task Cognitive Battery”

section.

Dual-Task Cognitive Battery
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The cognitive questions consisted of 3 different forms: 1) reciting the months
of the year in reverse order, 2) spelling a five-letter word backwards, and 3) serial
subtraction by 6s or 7s from a randomly selected number.133166 (Appendix B) The
individual was awarded a check mark for each correct month of the year he or she
recited. If a month was skipped, that month was considered an incorrect answer. The
five-letter word had to be spelled correctly backwards to receive a correct score. Any
error in spelling was counted as incorrect. Similarly, each number subtracted correctly
was correct; however, if the individual said an incorrect number, but later corrected
the pattern, the subsequent answer would be counted as correct. For example, if the
task was to subtract by 7s, and the individual said “100, 93, 87, 80...,” 87 would be
marked as incorrect, since it was only 6 less than 93, but 80 would be counted correct.
There were no prioritization instructions given for the cognitive or motor task. There
were 5 trials performed under the dual-task condition, and the order of cognitive tasks

was randomized each time.

Data Analysis and Statistical Approach

This study utilized a within and between-subjects prospective longitudinal
approach, during which post-concussion postural control parameters were compared at
multiple clinical milestones throughout the concussion recovery process. All of the
dependent variables of the instrumented dynamic battery were measured with the
APDM Opals and analyzed within the Mobility Lab software,'% and a detailed table

outlining analysis of the variables can be found in the Appendix. (Appendix A)
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There were four dependent variables included during gait: gait speed, cadence,
stride length, and double support time. The gait speed (m/s), was reported as the
distance divided by time.'®® The cadence was the number of steps taken per minute,
which the Opals analyzed from the angular velocities recorded from the gyroscopes on
the left and right feet.24+1% The stride length was calculated from the distance between
consecutive heel strikes on the same foot and was also analyzed by the Opals from the
angular velocities recorded by the gyroscopes on the left and right feet.2441% Double
support time was the percentage of the gait cycle during which both feet are in contact
with the ground.t°®

The dependent variables analyzed during gait initiation included APA
duration, first step duration, first step range of motion (ROM), forward peak APA
acceleration, and lateral peak APA acceleration. The APA duration was recorded as
the time from APA onset to the heel strike and was analyzed by an algorithm within
Mobility Lab that utilized the 3D acceleration signals and the angular velocities from
the left and right foot Opals to quantify first step characteristics.'**14° The APA first
step duration was the time-to-peak angular velocity from the end of the APA to the
heel-strike and was analyzed by an algorithm within Mobility Lab that utilized the 3D
acceleration signals and the angular velocities from the left and right foot Opals to
quantify first step characteristics.2444° The APA first step ROM was the integrated
angular velocity of the shank from the end of the APA to the heel strike and was
analyzed by an algorithm within Mobility Lab that utilized the 3D acceleration signals

and the angular velocities from the left and right foot Opals to quantify first step
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characteristics.'4414° The forward peak APA acceleration was the forward trunk peak
acceleration from baseline and was analyzed from an algorithm that used the 3D
acceleration signals from the Opal worn on L5.24414% The lateral peak APA
acceleration was the peak acceleration toward the stance foot from baseline and was
analyzed from an algorithm that used the 3D acceleration signals from the Opal worn
on L5.144‘149

The dependent variables measured during turning included turn duration
(seconds) and peak turning velocity (degrees/second). Turning was detected and
assessed based on the gyroscropes within the lumbar Opal. A previously established
mathematical model was utilized to determine the exact moment of the beginning and
end of the turn.**®1%7 The turning duration was defined as the duration of the 180
degree turn and was measured by the lumbar Opal.'°® The peak turning velocity was
the 95% angular velocity of the trunk during the turning period, and it was measured
by the lumbar Opal.1%

The dependent variables analyzed during the DT conditions were cognitive
accuracy (i.e. the percentage of correct answers out of the total possible answers), and
the total number of correct answers.

Demographic data for the study participants were compared between groups
using independent samples t-tests. The dependent variables of interest were compared
utilizing a linear mixed-effects model. Any significant group x time interactions were
followed up with post-hoc testing for fixed effects, which allowed for examination of

between group differences. Statistical significance was set at alpha < 0.05, and all
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statistical models were performed with SPSS Statistics Version 25 (IBM Cop,

Armonk, NY).

Results

There were 34 student-athletes eligible for inclusion in the concussion group,
and 28 healthy controls for Aim 2. (Table 1) Within the control group, two
participants were removed due to no longer meeting inclusion criteria during the

testing sessions. The time between testing sessions can be seen in Table 2.

Time Points Concussion Controls
Injury to Acute 1.90 £0.40 1.92 +£0.40
Acute to Asymptomatic 10.60 £ 13.00 19.90 + 11.26
Asymptomatic to RTP 6.78 +£7.18 7.82+£8.13

Table 2. Mean + SD of the number of days between testing time points. There were no
significant differences between groups for injury to acute (p=0.50), or acute to
asymptomatic (p= 0.62). There was a significant difference between groups for
asymptomatic day to RTP (p=0.03).

Single-Task APA Characteristics

There were no significant group x time interactions for ST APA duration (F=
0.854, p=0.466), forward peak APA acceleration (F=0.343, p= 0.795), or lateral peak
APA acceleration (F= 0.304, p= 0.822). Single-task APA duration had no significant
group (F=3.407, p=0.067) or time (F= 0.773, p= 0.511) effects. Single-task forward

peak APA acceleration had no significant group (F= 0.469, p= 0.494) or time (F=
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1.051, p=0.371) effects. Single-task lateral peak APA acceleration had no significant

group (F=2.207, p=0.139) or time (F= 0.664, p= 0.575) effects. Raw data for ST

APA characteristics can be found in Appendix C.

Dual-Task APA Characteristics

There were no significant group x time interactions for DT APA duration (F=

0.820, p= 0.484), forward peak APA acceleration (F=0.570, p= 0.636), or lateral peak

APA acceleration (F= 0.869, p= 0.458). Dual-task APA duration had no significant

group (F=0.135, p=0.714) or time (F= 0.209, p= 0.890) effects. Dual-task forward

peak APA acceleration had no significant group (F= 1.366, p= 0.244) or time (F=

1.669, p= 0.175) effects. Dual-task lateral peak APA did have a significant group

effect (F=4.469, p=0.036) (Table 3), but no significant time (F= 0.456, p=0.714)

effect. Raw data for DT APA characteristics can be found in Appendix C.

95% Confidence Interval Mixed Model
Standard Lower Upper
Group Mean Error Bound Bound F P
Concussion | 0.040 0.002 0.036 0.043
4.469 | 0.036
Controls 0.035 0.002 0.032 0.039

Table 3. Estimates of significant group effect for DT lateral peak APA (m/s"2) during

gait initiation.
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Single-Task First Step Characteristics

There were no significant group x time interactions for ST first step duration
(F=0.209, p=0.890) or first step range of motion (F= 0.688, p= 0.561). There were
significant group (F= 12.480, p=0.001) and time (F= 3.671, p= 0.013) effects for ST
first step duration. (Table 4 A and B) Raw data for ST first step characteristics can be
found in Appendix C.

A. Single-Task First Step Duration Group Effect

95% Confidence Interval Mixed Model
Standard Lower Upper
Group Mean Error Bound Bound F P
Concussion | 0.486 0.004 0.477 0.494
12.480 | 0.001
Controls 0.464 0.004 0.455 0.472

B. Single-Task First Step Duration Time Effect

95% Confidence Interval Mixed Model
. Standard Lower Upper
Time Mean Error Bound Bound F P
Baseline 0.487 0.006 0.475 0.498
Acute 0.482 0.006 0.470 0.495
3.671 | 0.013
Asymptomatic | 0.466 0.007 0.453 0.480
RTP 0.463 0.006 0.451 0.475

Table 4. A: Significant group effect for ST first step duration (s). B: Significant time
effect for ST first step duration (s). There was no difference from baseline to acute (p=
0.616). There was a significant difference between baseline and asymptomatic (p=
0.023), and baseline and RTP (p= 0.005).

There was a significant group effect (F= 11.283, p= 0.001), but not time effect

(F=0.382, p=0.766) for ST first step ROM. (Table 5)
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95% Confidence Interval Mixed Model
Standard Lower Upper
Group Mean Error Bound Bound F P
Concussion | 26.44 0.73 25.00 27.88
11.283 | 0.001
Controls 23.01 0.72 21.59 24.42

'Ic;allble 5. Estimates of significant group effect for ST first step ROM (degrees) during
Dual-Task First Step Characteristics

There were no significant group x time interactions for DT first step duration
(F=1.020, p=0.385), or first step ROM (F=0.488, p= 0.691). There were no
significant group (F= 1.015, p= 0.315) or time (F=1.988, p= 0.118) effects for DT
first step duration. There were no significant group (F= 0.338, p= 0.562) or time (F=
0.815, p= 0.487) effects for DT first step ROM. Raw data for DT first step

characteristics can be found in Appendix C.

Gait Speed

There was not a significant group x time interaction for ST gait speed (F=
0.880, p= 0.452). There was not a significant effect for group (F= 0.000, p= 0.991) or
time (F= 1.296, p=0.277) for ST gait speed.

There was a significant group x time interaction (F= 2.966, p=0.033) for DT

gait speed. (Figure 6) There was not a significant effect for group (F= 0.517, p=0.473)
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or time (F=1.654, p= 0.178) for DT gait speed. Raw gait speed data can be found in

Appendix D.
Dual-Task Gait Speed
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Figure 6. Interaction between the concussion and control groups for DT gait speed.

Double Support

There was not a significant group x time interaction for ST double support time
(F=0.208, p= 0.891). There was not a significant group effect (F= 1.774, p=0.185) or
time effect (F= 1.873, p= 0.136) for ST double support time.

There was not a significant group x time interaction for DT double support
time (F= 1.706, p=0.167). There was not a significant group effect (F=2.171, p=
0.142) or time effect (F= 1.394, p= 0.246) for DT double support time. Raw data for

double support time can be found in Appendix D.
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Cadence

There was not a significant group x time interaction for ST cadence (F= 0.060,
p=0.981). There was not a significant group effect (F= 2.824, p= 0.094) or time effect
(F=2.620, p=0.052) for ST cadence.

There was not a significant group x time interaction for DT cadence (F= 0.125,
p= 0.945). There were significant group (F= 4.646, p= 0.032) and time (F= 2.836, p=

0.039) effects for DT cadence. (Table 6 A and B) Raw data for cadence can be found

in Appendix D.
A. Dual-Task Cadence Group Effect
95% Confidence Interval Mixed Model
Standard Lower Upper
Group Mean Error Bound Bound F P
Concussion | 106.4 3.1 925 120.2
4.646 | 0.032
Controls 109.8 3.1 98.1 121.4

B. Dual-Task Cadence Time Effect

95% Confidence Interval Mixed Model
. Standard Lower Upper
Time Mean Error Bound Bound F P
Baseline 104.7 3.2 90.9 118.4
Acute 107.9 3.3 935 122.4
2.836 | 0.039
Asymptomatic | 109.2 3.3 93.4 125.0
RTP 110.4 3.3 98.0 122.9

Table 6. A. Significant group effect for DT cadence (steps/min). B. Significant time
effect for DT cadence (steps/min). There was no difference from baseline to acute (p=
0.133). There was a significant difference between baseline and asymptomatic (p=
0.040), and baseline and RTP (p= 0.007).
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Stride Length

There was not a significant group x time interaction for ST stride length (F=
1.386, p= 0.248). There was not a significant group effect (F= 0.288, p= 0.592) or time
effect (F= 1.917, p=0.128) for ST stride length.

There was a significant group x time interaction (F= 2.816, p=0.040) for DT
stride length. (Figure 7) There was not a significant group effect (F= 0.004, p= 0.949)
or time effect (F= 1.015, p= 0.387) for DT stride length. Raw data for stride length can

be found in Appendix D.

Dual-Task Stride Length
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Figure 7. Interaction between the concussion and control groups for DT stride length.

Single-Task Turning
There were no significant group x time interactions for ST turn duration (F=

0.429, p=0.733) or turn velocity (F= 0.645, p=0.587). There was a significant time

45



effect (F=4.616, p= 0.004) (Table 7) for ST turn duration, but no significant group

effect (F= 3.059, p= 0.082).

95% Confidence Interval Mixed Model
. Standard Lower Upper
Time Mean Error Bound Bound F P
Baseline 2.39 0.24 1.93 2.85
Acute 2.24 0.24 1.78 2.70
4.616 | 0.004
Asymptomatic | 2.14 0.24 1.67 2.60
RTP 2.20 0.24 1.74 2.67

Table 7. Estimates of significant time effect for ST turn duration (s). There was a 0.15
second difference between baseline and acute (p= 0.039), a 0.25 second difference

between baseline and asymptomatic (p< 0.001), and a 0.18 second difference between
baseline and RTP (p=0.009).

There was a significant time effect (F= 3.861, p=0.010) for ST turn velocity,

but no significant group effect (F=0.757, p= 0.385). (Table 8) Raw data for turning

can be found in Appendix E.
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95% Confidence Interval Mixed Model
i Standard Lower Upper
Time Mean Error Bound Bound F P
Baseline 181.6 48.3 103.8 259.4
Acute 189.3 48.3 50.6 328.0
3.861 | 0.010
Asymptomatic | 209.3 48.4 74.0 344.5
RTP 200.1 48.3 475 352.7

Table 8. Estimates of significant time fixed effect for single-task turn velocity
(degrees/s). There was a 7.7 second difference between baseline and acute (p=0.372).
There was a 27.7 second difference between baseline and asymptomatic (p= 0.002).

There was an 18.5 second difference between baseline and RTP (p=0.028).

Dual-Task Turning

There were no significant group x time interactions for DT turn duration (F=

0.777, p=0.508) or turn velocity (F= 0.562, p= 0.641).

There was a significant group effect (F= 6.267, p=0.013), but not time effect

(F=1.792, p=0.150) for DT turn duration. (Table 9)

95% Confidence Interval Mixed Model
Standard Lower Upper
Group Mean Error Bound Bound F P
Concussion | 2.41 0.15 1.75 3.06
6.267 | 0.013
Controls 2.26 0.15 1.51 3.02

Table 9. Estimates of significant group effect for DT turn duration (s).
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There were significant effects for both group (F=5.009, p= 0.026) and time

(F=2.901, p=0.036) for DT turn velocity. (Table 10 A and B) Raw data for turning

can be found in Appendix E.

A. Dual-task Turn Velocity Group Effect

95% Confidence Interval Mixed Model
Standard Lower Upper
Group Mean Error Bound Bound F P
Concussion | 172.9 4.8 163.4 182.5
5.009 | 0.026
Controls 188.4 49 178.7 198.1
B. Dual-task Turn Velocity Time Effect
95% Confidence Interval Mixed Model
i Standard Lower Upper
Time Mean Error Bound Bound F P
Baseline 167.0 6.3 154.6 179.3
Acute 175.7 7.2 161.5 189.9
2.901 | 0.036
Asymptomatic | 190.3 7.3 175.9 204.7
RTP 189.7 6.8 176.3 203.1

Table 10. A. Significant group effect for DT turn velocity (degrees/s). B. Significant
time effect for DT turn velocity (degrees/s). There was no difference from baseline to
acute (p= 0.364). There was a significant difference between baseline and
asymptomatic (p= 0.016), and baseline and RTP (p= 0.015).

Cognitive Variables

There were no significant group x time interactions for total number correct

(F=1.086, p=0.356) or cognitive accuracy (F= 1.605, p= 0.189). Raw data for the

cognitive tables is in Table 11.
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Cognitive
Accuracy

Concussion Controls
n Mean = SD n Mean + SD
Baseline 34 37.29 +£17.05 28 29.82 +8.14
Total Acute 20 35.35+18.16 25 30.12+7.54
Correct ]
Asymptomatic | 25 38.28 £ 20.99 19 29.16 £ 7.14
RTP 25 46.52 +21.79 25 31.00 £5.36

Baseline 34 | 89.46+11.29% | 28 95.40 £ 6.34%
Acute 20 96.21 +6.40% 25 95.71 £ 6.26%
Asymptomatic | 25 | 92.50+10.01% | 19 96.26 + 3.92%
RTP 25 95.11 +6.48% 25 98.63 £ 1.96%

Table 11. Mean £ SD of total number of correct dual-task answers during TG in the
concussion and control groups across the four time points. The “n” columns include
the number of participants for both conditions at each time point.

There was a significant group effect (F= 5.009, p= 0.026) for total number of

correct answers. (Table 12)

95% Confidence Interval Interaction
Standard Lower Upper
Group Mean Error Bound Bound F P
Concussion | 39.36 12.02 -5.35 1825
5.009 | <0.001
Controls 30.03 12.03 178.7 198.1

Table 12. Significant group effect for total number of correct answers.
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There were significant group (F= 8.807, p= 0.003) and time (F= 3.725, p=
0.012) effects for cognitive accuracy. (Tables 13 A and B) Raw data for the cognitive

variables can be found in Table 11.

13A. Cognitive Accuracy Group Effect

95% Confidence Interval Interaction
Standard Lower Upper
Group Mean Error Bound Bound F P
Concussion | 93.32 3.28 70.60 116.05
8.807 | 0.003
Controls 96.50 3.29 77.39 115.61
13B. Cognitive Accuracy Time Effect
95% Confidence Interval Interaction
) Standard Lower Upper
Time Mean Error Bound Bound F P
Baseline 92.4 3.3 82.5 102.4
Acute 96.0 34 84.3 107.7
3.725 |0.012
Asymptomatic | 94.4 3.4 84.1 104.7
RTP 96.9 3.4 77.1 116.6

Table 13. A. Significant group effect for cognitive accuracy (%). B. Significant time
effect for cognitive accuracy (%). There was a significant difference from baseline to
acute (p= 0.018). There was not a significant difference between baseline and
asymptomatic (p=0.191). There was a significant difference between baseline and
RTP (p=0.002).
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Discussion

The effect of concussion on dynamic postural control has become an
increasingly popular area of research, and the presence of a conservative gait strategy
following concussion has been identified in numerous post-concussion
populations,111:114-116,124-134,198 Thyjs jnvestigation was the first to utilize a within-
subject approach with baseline data to examine a single-task and dual-task
instrumented dynamic postural control battery across the clinical concussion recovery
timeline. The primary finding of this study was a lack of significant single-task gait
changes from baseline through RTP. However, more challenging tasks such as dual
task gait, gait initiation, and turning did identify group differences, likely because
these present greater neurological challenges. Thus, both researchers and clinicians
can utilize dual-task gait movements following concussion to identify postural control
deficits that may not appear during single-task challenges.

In the last decade, increasing evidence has shown that individuals utilize a
conservative gait strategy following concussion,111:114-116,124-134,198 Neyrophysiological
control of gait arises in the cerebral cortex and is supraspinally controlled from the
multiple higher-level centers consisting of the basal ganglia, motor cortex,
supplementary motor area, and cerebellum.*4-116 There is evidence that all of these
neural centers are potentially affected by a concussive injury; thus, it is not surprising
that impairments would arise post-concussion.?-292 We did not observe any

significant interactions or main effects for single-task gait speed, stride length,
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cadence, or double support time, which were the specific variables chosen due to
having a history of successfully identifying post-concussion changes.>013318 (Table 1)
While evidence of a conservative gait strategy during single-task was not observed
herein, our results compliment an existing body of literature that observed no change
in gait speed, stride length, and cadence within the first 10 days following
concussion,111:124,127,131,133,155,188,203-206 Eyrther, our results were similar to those
reported by Howell et al., who utilized the same outcome measures from the APDM
Opals to evaluate male and female adolescents following concussion.?°” This study is
the first to examine these variables using a within-subject approach versus baseline,
which is a potential reason for not seeing significant differences. It is possible that
single-task gait is too automated to identify impairments in dynamic postural control
when making the comparison of within-subject to healthy baseline, which is a more
appropriate measure than a cross-sectional approach. Further, the conservative gait
strategy that has been observed was done utilizing sophisticated motion capture
systems with outcome measures related to center of mass acceleration; therefore, it is
possible that those environments are better suit at identifying subtle single-task
impairments.

Gait initiation has successfully identified postural control impairments in
individuals with a variety of neurological disorders, and recently, in an acutely
concussed population.140.144.149.186 Herein, we utilized the APDM Opal wearable IMUs
and Mobility Lab software, which have demonstrated to be valid and reliable in

quantifying gait parameters, including those of the APA and locomotor phases of gait
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initiation; however, we did not observe any significant interactions in our APA
variables during either single or dual-task conditions,144:149.150,154,208,209 (Appendix C)
These results differ from the recent literature demonstrating significant deficits in the
APA phase of gait initiation following concussion.'#%2% The APA component of Gl is
thought to be controlled by the supplementary motor area (SMA),%41142 which has
demonstrated adverse effects following concussion;**® however, we did not observe
any indication of GI impairment in this population. As Gl is a challenging task that
encompasses motor planning, the lack of APA impairments would suggest adequate
planning occurred during both ST and DT conditions. The lone difference observed
among our APA variables was a significant group effect during DT lateral peak APA
(peak acceleration toward the stance foot), whereby the concussion group had an
overall 0.005g increase in lateral peak APA. (Table 3) Although slight, the increase in
lateral peak APA was a surprising finding, and it could be attributed to compensatory
strategy, as lateral displacement loads the limb and generates separation of the COP-
COM. Mancini et al., observed a significantly smaller peak lateral APA acceleration in
those with mild to moderate Parkinson’s disease, compared to healthy older
adults,144149.186.202 Degpite the general absence of significant differences herein, our
APA measures for both the concussion and control groups were similar to those
previously established in healthy controls; thus, there did not appear to be differences
between the populations in the planning and execution of GI.144149

Similarly, there were no significant interactions for the first step variables in

the locomotor phase of gait initiation. The first step measures utilized in this study
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were consistent with first step length and first step velocity, which have been utilized
in prior post-concussion and Parkinson’s disease gait initiation studies.!40144149 We
observed significant group effects for ST first step duration and first step range of
motion, whereby the concussion group had a longer duration (0.022 sec) and larger
range of motion (3.4 degrees) thus suggesting longer but slower steps. (Tables 4A and
5) Therefore, it would appear that there was Gl was planned successfully in the
concussion group, but executed differently than the controls. Unlike the APA
component, the GI locomotor component is primary regulated by motor cortex
output,#142 5o it is possible that motor cortex activity was influenced by the injury,
resulting in altered initial step characteristics. Our first step duration and first step
range of motion were fairly similar in both groups to what was previously reported in
healthy controls, but more closely resembled the first step characteristics of those
tested with mild Parkinson’s disease.*** Overall, these results elucidate alterations in
the locomotor, as opposed to preparatory, phase of GI.

Significant interactions were present for DT gait speed and stride length,
whereby the concussion group decreased speed and stride length acutely following
concussion compared to controls at the same time point. (Figure 6 and 7) Similar
results have been observed across multiple populations in the 10 days following
concussion suggesting DT protocols may be better situated than ST to identify post-
concussion postural control deficits,124125127,131,134,203205206 A significant group effect
was observed, where the concussion group had an overall slower cadence ({.3.39

steps/min) than controls. (Table 6A) As gait speed is a product of cadence and stride
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length, it was not surprising to see a slower cadence with the reduced gait speed in the
concussion group. Increased activity in prefrontal areas has been observed in young
adults during dual-task walking, and it has been suggested that the prefrontal cortex
may be impaired acutely post-concussion, which could potentially be a factor in the
slower gait parameters.?*1-215> Appropriate activation in the prefrontal cortex is critical
for working memory tasks, and fMRI evidence has demonstrated that concussed
athletes required greater neural resources to achieve the same outcome in a dual-task
challenge, thus requiring compensation.?'® We observed significant differences in our
cognitive variables, as the total number of correct answers given during DT decreased
($1.94), but the cognitive accuracy increased (16.75%); thus, individuals were
providing fewer answers but getting more of them correct acutely post-concussion.
(Tables 12 and 13) It appears the concussion participant’s prioritized cognitive
accuracy, so they reduced both gait and cognitive speed to prioritize cognitive
accuracy. However, even though the accuracy increased, the number of answers given
decreased, so it may still be considered a deterioration of the cognitive task. This
could be a suggestive of the bottleneck theory, as both the motor and cognitive
components of gait deteriorated.'®>2!” Conversely, the control group’s cognitive
performance remained relatively consistent from baseline to acute for both total
number correct (70.30) and cognitive accuracy (10.31%). (Tables 12 and 13)
Concussed individuals may have a different task-related response than controls, which
is considered to be a recruitment of other brain regions to compensate for the deficits

in the prefrontal cortex following injury.?® This weakened response is likely the
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reason for the differences in cognitive performance between the concussion and
control groups further supporting the utilization of dual task challenges to assess
neurological recovery following a concussion.

Turning is a necessary component of gait that requires a coordinated
reorientation of the body; however, the turning aspect of post-concussion gait has been
minimally explored compared to other gait components.?1821° Herein, there were no
significant group and time interactions for ST turn duration or turn velocity; however,
significant time effects were observed for both. (Tables 7 and 8) There was a longer
turn duration (ST: 2.39 sec, DT: 2.41 sec) and slower turn velocity (ST: 181.6
degrees/sec, DT: 167.0 degrees/sec) at baseline, with significant improvements across
the four testing points. These results could be attributed to a general improvement in
performance, which we also observed in single-task stepping characteristics. During
DT turning conditions, a significant group effect demonstrated that the concussion
group had an overall longer turn duration (0.15 sec) and lower turn velocity (15.5
degrees/sec) compared to controls. (Table 9) It has been suggested that turning
movements are more susceptible to functional impairments than walking in a straight
line, as it requires more coupling between posture and gait and different patterns in
locomotion from the frontal lobe.??® The aforementioned role of the prefrontal cortex
during DT challenges, as well as the potential impairment of that brain region
following concussion could explain the slower turns in the concussion group during
DT gait. As this challenging aspect of postural control has received limited attention

in the post-concussion population, future studies should further investigate the

56



determinants of turning and incorporate both cognitive tasks (e.g., go/no-go) and
planned vs unanticipated turning task challenges.

This investigation examined ST and DT gait in a collegiate athlete population;
thus, extrapolations to other populations should be cautiously considered. Future
research should utilize a within-subject approach in younger athlete populations to
examine possible differences. As we were unable to predict when and where a
concussion would occur, the testing environment for the concussion group was not
consistent across all testing sessions, which could have potentially influenced gait
characteristics, but this is common in concussion management clinical practice. All
testing environments, however, were in a quiet, uninterrupted location. The controls
could be more easily scheduled and were all tested in the same environment. Missing
data across all four time points in the concussion group was another limitation of this
investigation; however, it does provide a realistic view of clinical testing within a
collegiate athlete population, as there are a number of factors that can result in missed
follow-up sessions. We utilized wearable IMUs to evaluate our gait parameters, which
are costly and not feasible for use across all clinical settings; however, they are more
economically and clinically feasible than full motion capture laboratories. Regardless,
future research should investigate more clinician-friendly postural control assessments
(i.e. tandem gait) that can be utilized across all athletic environments.

This investigation did not identify the presence of an overall conservative gait
strategy during instrumented ST gait across clinical concussion recovery. There were

significant differences during more complex gait tasks, such as gait initiation initial
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step and turning, as well as significant cognitive differences during dual-task, which
could be evidence of a compensatory strategy. While the lack of significant
differences in ST gait, particularly acutely, was surprising, our results suggest that
more challenging gait movements may be better suited for identifying impairments in

dynamic postural control following concussion.
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Chapter 3

EFFICACY OF TANDEM GAIT AS A POST-CONCUSSION POSTURAL
CONTROL ASSESSMENT

Introduction

Impaired postural control is a common occurrence following concussion, and a
gait/balance evaluation is recommended as part of a multifaceted approach to
concussion assessment.?®5 The old, but still widely used, Sport Concussion
Assessment Tool-3 (SCAT-3) specifically recommends either tandem gait (TG) and/or
the modified Balance Error Scoring System (mBESS) to assess post-concussion
balance.??! The recently released Sport Concussion Assessment Tool-5 (SCAT-5) still
recommends the mBESS as the primary balance assessment; however, the previous
SCAT-3 TG protocol of 4 timed trials has been replaced with the examiner’s
subjective evaluation of whether or not an individual can perform TG normally as part
of the neurological screen of the SCAT-5.1% While both the SCAT-3 and SCAT-5
include the mBESS as the recommended post-concussion balance assessment, 60221
there is substantially less literature on it compared to the regular Balance Error
Scoring System (BESS).

Recent studies have identified the sensitivity of the mBESS acutely post-
concussion; however, the results are conflicting, with acute sensitivity values ranging

from poor to moderate (0.47-0.71).165222 Poor sensitivity is also one of the multiple
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limitations of the BESS, with acute sensitivity values ranging from 0.34-0.45,13.165.178
Further, the BESS has poor psychometric properties, with low interrater (0.57) and
intrarater (0.74) reliabilities and high minimal detectable change (MDC) scores (7.3-
9.4 errors) that exceed the normal post-concussion BESS change of 3-6 errors.180.181
The BESS is also susceptible to a significant practice effect and is negatively
influenced by the testing environment, ankle instability, and exertional fatigue,
demonstrating that BESS performance is likely influenced by many factors other than
concussion.’*?23-226 Thys, the results of the utilization of BESS as a diagnostic tool
should be cautiously interpreted.

Tandem gait has not been investigated to the same degree as the BESS or
mMBESS in the concussion literature. The mBESS and BESS assess balance in a quiet
stance environment, but it has been suggested that dynamic tasks are more suitable for
identifying postural control impairments following concussion;?® further,
sophisticated gait measurements are costly and require extensive training, making
them an unsuitable option across the majority of clinical settings; therefore, TG
represents an alternative, clinically feasible method to evaluate postural control
following concussion. A task originally developed to assess balance in individuals
with cerebellar ataxia, TG is a clinically feasible and highly reliable (ICC: 0.97)
method that evaluates dynamic balance, speed, and coordination.%:227-229 The
cerebellum, considered the “regulator of motor output,” receives and processes
afferent information from multiple sensory systems, via the spinocerebellar pathway,

and signals to the motor cortex and other control centers to carry out specific

60



motions.!4230 These signals are sent to the brainstem and relayed to the spinal cord
via the vestibulo, rubro, and reticulospinal pathways, which in turn act directly on
motor neurons to fine-tune movements to the specific need of the task, thus playing a
key role in the regulation of balance and posture during coordinated movements. 14230
The nature of the heel-to-toe pattern of TG makes it a highly coordinated movement;
thus, it is a likely task to demonstrate impairments following concussion, 14165231232
Normative values of TG have been established in children'®?, collegiate
student-athletes'®3, and professional athletes'®4; however, the effect of concussion on
TG is largely underexplored. Oldham and colleagues recently examined TG
performance acutely post-concussion, compared to each concussed athletes’ own
premorbid baseline, as well as a group of healthy controls, and demonstrated a
significant and meaningful worsening (slower time) in TG following concussion
compared to the healthy controls.'®> Further, when compared to mBESS and BESS,
TG presented with better overall psychometric properties, including higher sensitivity
(AUC(TG)=0.704 compared to AUC(BESS)= 0.508 and AUC(mBESS)=0.535,
respectively).1®> Another recent cross-sectional investigation identified worse TG
performance (16.4 seconds vs 10.1 seconds) in a concussion group compared to
controls, particularly in the dual-task setting. % Dual-task TG has also demonstrated to
be associated with gait speed, which is one of several gait parameters that has
demonstrated to be a useful marker following concussion;?3 therefore, TG may serve
as an additional tool that clinicians can utilize in the assessment of post-concussion

postural control.
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Instrumented assessments utilizing transitional and steady state gait paradigms
have been successful in identifying postural control impairments following
concussion;111124-134 however, much of the post-concussion postural control literature
has identified deficits through the use of sophisticated motion capture and force plate
systems. Unfortunately, these instrumented measures are cost prohibitive and are not
clinically feasible in the majority of clinical testing settings. While wearable
accelerometers are an advancement over laboratory approaches, they are not yet
economically feasible (~$17,000) for many sports medicine settings. The success of a
TG task could allow for a translational approach from the laboratory to the sideline,
due to its applicability in all post-concussion testing environments, minimal time and
training, and low cost.

While TG has recently been explored acutely post-concussion,6°166 the
change of TG performance across the concussion recovery timeline is currently
unknown. Other instrumented dynamic gait tasks have elucidated impairments up to 2
months after concussion, which is beyond typical clinical recovery of the BESS (3-5
days) to return to baseline.!3188.189.194 These lingering deficits are particularly evident
during DT gait, suggesting that including a simultaneous cognitive task with a motor
task increases the sensitivity of the task to detect post-concussion postural control
impairments. Howell et al., examined ST and DT TG across a 2-month time point
following concussion and observed a longer duration of deficits in DT TG
performance of the concussion group compared to controls.'% The mean time to

complete DT TG was significantly longer in the concussion group than controls at 72

62



hours, 1 week, and 2 weeks post-injury, which further suggests that TG impairments
may persist beyond typical recovery of the most commonly used clinical tests. ¢
Similarly, an examination of the best TG completion time revealed slower times in the
concussion group versus controls at 72 hours and 1 week.*6® However, the Howell
study utilized a cross-sectional approach, lacking pre-injury baseline data for the
concussion participants, and utilized a sample size of only ten concussion and seven
controls;18 therefore, this investigation will provide a more robust examination of
post-concussion TG performance, with the inclusion of pre-morbid data and a larger
sample size.

The previously recommended SCAT-3 protocol instructed that four trials of
TG be performed, with the best of the four times being recorded as the true TG
time.??! Early work by Schneiders et al., utilized three trials of TG and recorded the
mean time of completion as the dependent variable.®®! The mean and best TG times
have been included in the concussion literature, both as normative®® and post-injury*6®
data; therefore, both variables have been included in this investigation in order to
provide the most true comparison between our study and previously published
literature.

The presence of acute postural control deficits has been observed in both gait
and TG following concussion, and lingering deficits have been observed in standard
gait tasks; however, the effect of concussion on TG throughout the concussion
recovery timeline is unexplored. Therefore, the purpose of this aim was the examine

both ST and DT TG performance at clinical milestones across the post-concussion
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timeline. We hypothesize that TG will be a sensitive assessment acutely post-

concussion and will stabilize by return to play.

Specific Aim 2: Description
To determine the efficacy of the clinically-feasible single-task and dual-task tandem
gait task as a post-concussion postural control assessment.
H1. Single-task and dual-task TG will remain impaired through the asymptomatic day.
Single-task TG will stabilize by return to play, but dual-task TG will continue to be
impaired at return to play.
H2. Tandem gait will be a sensitive assessment for identifying postural control
impairments following concussion. The success of the tandem gait task will translate

post-concussion postural control assessment from the lab to clinical settings.

Methods
Participants
There were 65 participants in the concussion group, and 30 healthy individuals
in the control group. (Table 14) All student-athletes and cheerleaders at the University
of Delaware were recruited to participate in the baseline component of the study.
Concussion participants were included in the study if they were diagnosed with a
concussion within the study timeframe and had valid baseline data. All concussions

were diagnosed by a certified athletic trainer and confirmed by a physician. Control
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participants were active, healthy individuals with no history of concussion within the
past 6 months. Concussion history included both diagnosed and undiagnosed
concussions, which was determined from a health history questionnaire.%® The
exclusion criteria for both the concussion and control groups included any self-
reported neurological disorder, current lower extremity orthopedic injury, and self-
reported metabolic, vestibular, vision, or other disorders that would impair normal gait
performance. Each participant provided oral and written informed consent in

accordance with the university’s Institutional Review Board (IRB).

Concussion Controls
(n= 65) (n= 28)
Age 20415 208+ 15
(years)
Height 1751 +11.6 1713492
(cm)
Mass 75.4+18.2 74.2+16.0
(kg)
9 0
Concussion history 430/% (f%/?;) 28 g) £6(/)2§)
™ (range, 0-4) (range, 0-4)
Sex
(M/F) 26/39 15/13

Table 14. Participant demographics. There were no significant differences between the
concussion and control groups at baseline for age (p=0.51), height (p=0.15), weight
(p=0.17), or concussion history (p=0.61).
Instrumentation

The 3-m tape line utilized during the task was created from standard athletic

tape (Johnson & Johnson, New Brunswick, NJ). All trials were timed using a hand-

held stopwatch (Champion Sports, Marlboro, NJ).
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Procedures

All participants began standing behind a starting line and, on a verbal cue,
walked forward as quickly and accurately as possible along a 38mm wide, 3-meter
long line with an alternate heel-to-toe gait. Each participant was instructed to touch the
heel and toe on each step, consistent with SCAT-3 guidelines, which were in effect
when the study began. (Figure 8) Once the participant crossed the opposite end of the
line, he or she was instructed to complete a 180-degree turn and return to the starting
line with the same heel-to-toe gait pattern. The time was stopped once the participant’s
full foot was across the starting line. To be considered a successful trial, participants
could not step off the line or have separation between the heel and the toe. Any
unsuccessful trials were repeated; however, this was a rare occurrence, as the majority

of trials were successful.

Figure 8. Tandem gait.
A total of 4 trials were completed, for both ST and DT, and the best time out of

the 4 trials was recorded. The mean of the 4 times was also calculated. The ST trials
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were to be completed in <14 seconds in healthy individuals, and there was no time cap
for concussed individuals. There was no time cap for DT TG.

Dual-Task Cognitive Battery

The cognitive questions consisted of 3 different forms: 1) reciting the months
of the year in reverse order, 2) spelling a five-letter word backwards, and 3) serial
subtraction by 6s or 7s from a randomly selected number.133166 (Appendix B) The
individual was awarded a check mark for each correct month of the year he or she
recited. If a month was skipped, that month was considered an incorrect answer. The
five-letter word had to be spelled correctly backwards to receive a correct score. Any
error in spelling was counted as incorrect. Similarly, each number subtracted correctly
was considered correct; however, if the individual said an incorrect number, but later
corrected the pattern, the subsequent answer would be counted as correct. For
example, if the task was to subtract by 7s, and the individual said “100, 93, 87, 80...,”
87 would be marked as incorrect, since it was only 6 less than 93, but 80 would be
counted correct. There were no prioritization instructions given for the cognitive or
motor task. There were 4 trials performed under the DT condition, and the order of

cognitive tasks was randomized each time.

Data Analysis and Statistical Approach
This study utilized a within and between-subjects prospective longitudinal
approach, during which post-concussion postural control parameters were compared at

multiple clinical milestones throughout the concussion recovery process. The
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independent variables were group (concussion, control) and time (Baseline, Acute,
Asymptomatic, RTP). The dependent variables for tandem gait included 1) the best
overall time of the four trials (BEST), and 2) the mean of the four trials (MEAN).
During the DT conditions, in addition to the BEST and MEAN times, two cognitive
variables were assessed: cognitive accuracy (i.e. the percentage of correct answers out
of the total possible answers), and the total number of correct answers.

Demographic data for the study participants were compared between groups
using independent sample t-tests. The dependent variables of interest were compared
utilizing six linear mixed-effects model (ST BEST, ST MEAN, DT BEST, DT
MEAN, cognitive accuracy, and total number of correct answers). Any significant
group X time interactions were followed up with post-hoc testing for fixed effects,
which allowed for examination of between group differences.

The efficacy measures (sensitivity, specificity, positive predictive value,
negative predictive value) were calculated on the basis of the clinically diagnosed
classification of “concussion/no concussion,” with the control participants
representing the “no concussion” group.

A receiver operating characteristic (ROC) analysis was performed to identify
the trade-off between sensitivity and specificity for TG and BESS. The diagnostic
accuracy of the dependent variables was calculated using the area under the curve
(AUC) for the ROC. We utilized the following criteria values to determine the
accuracy of the AUC to distinguish between groups following concussion: 1.00-0.90,

excellent; 0.89-0.80, good; 0.79-0.70, acceptable; 0.69-0.60, poor; and below 0.59,

68



failure.?** Statistical significance was set at alpha < 0.05, and all statistical models

were performed with SPSS Statistics Version 25 (IBM Corp, Armonk, NY).

Results
All 65 of the concussion participants had ST TG and 38 had both ST and DT,
as 27 were tested prior to the addition of the DT TG protocol. All 28 of the control
subjects had both ST and DT TG. All of the raw ST/DT TG and BESS data can be

found in Appendix F.

Time Points Concussion Controls
Injury to Acute 1.90 £0.40 1.92 +£0.40
Acute to Asymptomatic 10.60 + 13.00 19.90 + 11.26
Asymptomatic to RTP 6.78 £7.18 7.82+£8.13

Table 2. Mean + SD of the number of days between testing time points. There were no
significant differences between groups for injury to acute (p= 0.50), or acute to
asymptomatic (p= 0.62). There was a significant difference between groups for
asymptomatic day to RTP (p=0.03).
Single-Task BEST Tandem Gait

There was a significant group x time interaction (F= 3.136, p= 0.026) for ST
BEST tandem gait completion time. There was not a significant difference between
the concussion and control groups at baseline (p= 0.983), asymptomatic day (p=

0.093), or RTP day (p= 0.187). There was a significant difference between groups at

the acute time point (p <0.001). (Figure 9)
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Figure 9. Significant group x time interaction for ST BEST TG performance across
time.

There were significant group (F= 13.039, p <0.001) and time (F=6.154, p <
0.001) effects during ST BEST TG. The group and time effect tables can be found in

the Appendix. (Appendix G)

Dual-Task BEST Tandem Gait

There was not a significant group x time interaction for DT BEST TG (F=

2.463, p= 0.063).
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Figure 10. Dual-task BEST TG performance across the four time points.

There were significant group (F= 17.490, p <0.001) and time (F=7.931, p <
0.001) effects during DT BEST TG. The group and time effect tables can be found in

Appendix G.

Single-Task MEAN Tandem Gait

There was a significant group x time interaction (F= 2.983, p=0.032) ST
MEAN TG. There was not a significant difference between the concussion and control
groups at baseline (F=0.140, p= 0.708), asymptomatic day (F= 2.702, p= 0.101), or
RTP day (F= 3.202, p= 0.075). There was a significant difference between groups at

the acute time point (F= 18.721, p=<0.001). (Figure 11)
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Figure 11. Significant interaction for ST MEAN TG across time.

There were significant group (F= 17.128, p < 0.001) and time (F=7.211, p <
0.001) effects during ST MEAN TG. The group and time effects table can be found in

the Appendix. (Appendix G)

Dual-Task MEAN Tandem Gait

There was not a significant group x time interaction for DT MEAN TG (F=

2.006, p= 0.114).
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Figure 12. Dual-task MEAN TG performance across the four time points.

There were significant group (F= 19.320, p <0.001) and time (F= 7.595, p <
0.001) effects during DT MEAN TG. The group and time effects table can be found in

Appendix G.

Cognitive Performance
There was not a significant group x time interaction for cognitive accuracy (F=
0.075, p= 0.973) or total number of correct answers (F= 1.550, p= 0.203) during DT

TG.
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Concussion Controls
n Mean = SD n Mean = SD

Baseline 38 19.32 £6.74 28 20.82 £ 7.04

Total Acute 31 23.94 + 7.66 25 20.64 +6.28
Correct

Asymptomatic | 31 23.00 + 8.89 21 19.48 +7.37

RTP 26 23.38 £7.61 23 21.30 £5.51

Baseline 38 90.20 £ 9.97% 28 | 90.82 £11.82%

. Acute 31 | 91.01+10.76% | 25 | 91.41+12.46%
Cognitive

Accuracy

Asymptomatic | 31 92.38 £ 9.80% 21 | 92.81+11.23%

RTP 26 96.30 £ 5.22% 23 98.30 £ 2.49%

Table 15. Mean + SD of total number of correct dual-task answers during TG in the
concussion and control groups across the four time points. The “n” columns include
the number of participants for both conditions at each time point.

There was a significant effect for time (F= 5.031, p= 0.002) for cognitive
accuracy. (Table 16) There were no significant group or time effects for total number

of correct answers.
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95% Confidence Interval Mixed Model
. Standard Lower Upper
Time Mean Error Bound Bound F P
Baseline 90.5 1.2 88.1 92.9
Acute 91.2 1.3 88.6 93.8
5.031 |0.002
Asymptomatic | 92.6 14 89.9 95.3
RTP 97.3 1.4 94.5 100.1

Table 16. Significant time effect for cognitive accuracy during DT TG. There was no
difference from baseline to acute (p=0.697). There was not a significant difference
between baseline and asymptomatic (p= 0.262). There was a significant difference

between baseline and RTP (p<0.001).

BESS

There was not a significant group x time interaction (p= 0.387, F= 1.013) for

BESS scores. There were significant group (F=41.109, p < 0.001) and time (F= 3.037,

p < 0.001) effects. (Table 17 A and B)

75




95% Confidence Interval | Mixed Model
Standard Lower Upper
Group Mean Error Bound Bound F P
Concussion 12.1 0.4 11.3 12.8
41.109 | 0.001
Controls 7.8 0.5 6.7 8.9
B.
95% Confidence Interval | Mixed Model
. Standard Lower Upper
Time Mean Error Bound Bound F P
Baseline 11.0 0.6 9.8 12.2
Acute 10.9 0.7 95 12.2
3.037 | 0.029
Asymptomatic | 9.0 0.7 7.7 10.4
RTP 8.9 0.7 75 10.2

Table 17. A: Significant group effect for BESS. B: Significant time effect for BESS.
There was no difference from baseline to acute (p= 0.890). There was a significant
difference between baseline and asymptomatic (p= 0.033), and baseline and RTP (p=

0.020).

Efficacy Measures

A comparison of efficacy measures for ST/DT BEST TG, MEAN TG, and

BESS can be seen in Tables 18 and 19.

76




Acute

Asymptomatic

RTP

BEST | MEAN
Metric ST DT ST DT
(95% CI) (95% CI) (95% CI) (95% CI)
L 53.5% 66.7% 51.2% 56.7%
Sensitivity (37.7% - 68.8%) (47.29-82.79%) (35.5%-66.7%) (37.4%-75.5%)
L 92.0% 68.0% 100% 84%
Specificity (73.8%-99.0%) | (46.5%-85.1%) (86.3%-100%) (63.9%-95.5%)
Positive Likelihood 6.69 208 W 0 3.54
Ratio (1.72 - 26.00) (1.12 - 3.89) (1.37-9.17)
Negative Likelihood 0.51 0.49 0.49 0.52
Ratio (0.36-0.71) (0.28-0.87) (0.36-0.66) (0.33-0.80)
Positive Predictive 92.0% 71.4% 100% 80.95%
Value (74.7% - 97.8%) (57.2% -82.4%) 0 (62.15%-91.67%)
Negative Predictive 53.5% 62.95% 54.4% 61.8%
Value (45.0% - 61.8%) (48.9%-75.1%) (46.72%-61.78%) (50.9%-71.6%)
AUC 0.723 0.732 0.717 0.732
(0.605-0.841) (0.597-0.867) (0.597-0.836) (0.598-0.866)
\
Sensitivi 27.5% 44.8% 27.5% 44.8%
ensitivity (15.9% - 41.7%) (26.5%-64.3%) (15.9%-41.7%) (26.5%-64.3%)
i 81.0% 71.4% 85.7% 81.0%
Specificity (58.1% - 94.6%) @rs%-88.7%) [  (63.7%-97.0%) (58.19%-94.6%)
Positive Likelinood 1.44 1.57 1.92 2.35
Ratio (0.54 - 3.87) (0.71 - 3.45) (0.62-6.00) (0.89-6.21)
Negative Likelihood 0.9 0.77 0.85 0.68
Ratio (0.69 - 1.17) (0.50 — 1.18) (0.66-1.08) (0.46-1.00)
Positive Predictive 77.8% 68.4% 82.4% 76.5%
Value (56.6% - 90.4%) (49.6%-82.7%) (59.9%-93.6%) (55.2%-90.0%)
Negative Predictive 31.5% 48.4% 32.7% 51.5%
Value (26.2% - 37.5%) (38.0%-58.9%) (27.6%-38.3%) (41.9%-61.0%)
|
o 30.4% 29.2% 26.1% 29.2%
Sensitivity (17.7% - 45.8%) (12.6% -51.1%) (14.3%-41.1%) (12.6%-51.1%)
o 95.7% 91.3% 91.3% 95.7%
Specificity (78.1% - 99.0%) (72.0% -98.9%) (72.0%-98.9%) (78.1%-99.9%)
Positive Likelihood 7.00 3.35 3.00 6.71
Ratio (0.98 - 50.00) (0.78 - 14.50) (0.73-12.30) (0.89-50.36)
Negative Likelihood 0.73 0.78 081 0.74
Ratio (0.59 - 0.90) (0.58 - 1.03) (0.65-1.00) (0.56-0.97)
Positive Predictive 93.3% 77.8% 805-7% . 807-5% .
Value (66.2% - 99.0%) (44.8% -93.8%) (59.4%-96.1%) (48.3%-98.1%)
Negative Predictive 40.7% 55.3% 38.2% 56.4%
Value (35.8% - 45.9%) (48.1% -62.2%) (33.3%-43.3%) (49.7%-62.9%)
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Table 18. Efficacy measures for ST/DT BEST and MEAN TG.

Acute

Asymptomatic

RTP

BESS
Measure (95% CI)
0
Sensitivity 38.1%
(23.6% - 54.4%)
o 56%
Specificity (34.9% - 75.6%)
o _— . 0.87
Positive Likelihood Ratio (0.48 — 1.56)
. - . 1.11
Negative Likelihood Ratio (0.73— 1.68)
- - 59.26%
70 - . 0
Positive Predictive Value (44.7% - 72.3%)
. - 35%
170 - .170
Negative Predictive Value (26.1% - 45.1%)
0.427
AUC (0.291-0.563)
- 28.9%
Sensitivity (17.1% - 43.1%)
I 75%
Specificity (50.9% - 91.3%)
. _— . 1.15
Positive Likelihood Ratio (0.48 — 2.76)
. - . 0.95
Negative Likelihood Ratio (0.70 — 1.29)
. - 75%
Positive Predictive Value (55.7% - 87.8%)
28.9%

Negative Predictive Value

(23.0% - 35.5%)

0,
Sensitivity P
(21.4% - 50.3%)
O 65.2%
Specificity (42.7% - 83.6%)
- — ] 1.00
Positive Likelihood Ratio (0.50 — 1.98)
- ] 1.00
Negative Likelihood Ratio (0.69 — 1.44)
B o 66.7%
Positive Predictive Value (50.2% - 79.9%)
33.3%

Negative Predictive Value

(25.8% - 41.9%)

Table 19. Efficacy measures for BESS
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Discussion

The TG task has been included in the SCAT as an alternative to the BESS for
post-concussion postural control assessment; however, it has received limited
attention, particularly in how performance changes following concussion,15%165166.235
This investigation is the first to evaluate both single and dual-task TG performance,
including the BEST and MEAN of the trials, from baseline across the traditional
concussion recovery milestones. The primary finding of this study was a worse
performance for both BEST and MEAN single-task TG acutely post-concussion.
Conversely, no significant changes were observed for the BESS. These differences
suggest that TG may be a better suited than BESS to identify acute post-concussion
impairments.

There was a significant group-time interaction for both BEST (Figure 9 A and
B) and MEAN (Figure 11 A and B) single-task TG. Acutely following concussion, the
concussion group performed significantly worse (i.e. took longer) on single-task TG,
relative to their baseline performance on both BEST (0.84 sec) and MEAN (0.77 sec),
which exceeds the established MDC time (0.38 sec), but is less than previously
reported (1.21 sec).!% Conversely, the control participants’ performance slightly
improved (0.20 sec) between their first two TG assessments. Furthermore, there was a
significant group effect whereby concussion participants were slower (~ 1 sec) at each
time point post-concussion. Alterations in dynamic postural control following
concussion, as evidenced by a conservative gait strategy, have been repeatedly

observed; however, there is limited evidence as to why the impairments exist. 113114
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116,124-134,198 \While the underlying mechanism behind slower TG performance
following concussion is unknown, it is possible that it could be due to the “goal
oriented” nature of the task (i.e. successfully completing the task as quickly as
possible without stepping off the line).'%® Goal-directed locomotion is thought to be
controlled by an indirect motor pathway that regulates movement via the prefrontal
cortex, supplementary motor area, and basal ganglia, all of which are areas that have
been suggested to be adversely affected by a concussion.199200,202.212,236.237 Qur
findings were consistent with Howell et al., who demonstrated that concussed
individuals took longer to complete single-task TG than healthy controls when tested
within 72 hours following concussion.®® The inclusion of baseline data herein,
compared to the cross-sectional approach used by Howell, as well as the use of true
post-concussion clinical milestones as opposed to specific dates, strengthens our
knowledge of post-concussion TG performance. Of clinical importance, is the
acknowledgement that both the Howell study and this investigation observed an
improvement in TG performance across time in the control populations, which
suggests that TG is likely susceptible to a practice effect with repeat administration.66
There was not a significant group-time interaction observed for dual-task TG;
however, within 48 hours of injury both BEST and MEAN dual-task TG times were
approximately two seconds slower (worse) than baseline. (Figures 10 and 12) During
level over-ground gait tasks, dual-task challenges have shown more pronounced
postural control impairments than single-task gait; thus, it was not surprising that a

dual-task environment resulted in a larger time deficit.133166.188.189 Both the total
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number of correct answers and the cognitive accuracy improved from baseline to acute
in the concussion group; thus, the slower times could be a result of task prioritization,
whereby the individuals are electing to slow the motor task in order to facilitate the
cognitive task. (Table 15) Increased activation in the cerebellum has been observed
under dual-task conditions, which could also be influencing the cognitive-motor
relationship following concussion, as TG is thought to be critical for coordinating and
controlling balance.114217.230-232 Qur baseline BEST dual-task TG time (12.5 seconds)
was highly consistent with Howell’s normative reference of 12.6 seconds.?®® As
observed during single-task TG, the healthy controls improved at the acute time point
for both BEST and MEAN times likely due to a practice effect from repeat
administration. A significant time effect demonstrated that both BEST and MEAN
dual-task TG times slowed at the acute time point before improving across
asymptomatic day and RTP. (Appendix G) Oldham et al., observed a significant order
effect, with improvement in TG performance across the four recommended trials;
therefore, it would appear this improved performance across trials can potentially be
extrapolated out across multiple testing sessions. Future investigations should examine
TG time across trials to determine how many repetitions are necessary before reaching
a plateau in performance.

Improved performance, secondary to repeat administration, is characteristic of
the clinical concussion battery as a whole, but specific to postural control assessment,
a notable practice effect is trademark of the BESS.”2223 Herein, there was no

significant group-time interaction for the BESS, and scores improved by ~3.5 errors
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from baseline (13.6 errors) to RTP (10 errors) in the concussion group. These results
resemble Oldham et al., who identified a worsening of 1.2 seconds in TG, but an
improvement in BESS performance acutely post-concussion.'®® Consistent with larger
studies, McCrea et al., reported an approximately 1.0 error increase in BESS scores at
48 hours post-concussion in NCAA collegiate student-athletes whereas herein we
noted a nearly identical performance (0.1 errors) between baseline and acutely post-
concussion.'31"® As observed with TG, there was an improvement in BESS
performance of the concussion group following the acute time point through RTP.
(Appendix F, Table 17 A and B) The BESS is a novel assessment that examines
postural control during quiet stance, which is more reliant on sensory feedback than
dynamic gait tasks that rely more on feedforward control.114.125.126,140,230,238 \\/hjle there
is novelty in a TG task, the nature of the heel-to-toe motion makes it a highly-
coordinated movement that is likely to demonstrate post-concussion impairments,
based on the role of the motor cortex in regulating balance and posture during such
movements.114165230-232 Therefore, it was not surprising to see more deficits in TG
compared to BESS following injury.

While group means are important, clinical decisions are made on an individual
basis; thus, the test efficacy is arguably more valuable. Herein, both BEST and MEAN
ST and DT TG presented with higher overall efficacy than the BESS. (Tables 18 and
19) The acute sensitivity (true positive) of the TG variables ranged from 0.51 to 0.67
where the BESS was 0.38, which is similar to previous reports. 65178 The lowest acute

specificity (true negative) of the TG measures was 0.68 while the BESS was 0.56,
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which is marginally higher than the 0.50 previously identified by Oldham et al., and
substantially lower than McCrea et al.’s 0.91 specificity at 48 hours post-
concussion.'’® In addition, the AUC for all four TG measures (range: 0.71-0.73) was
classified as “acceptable” acutely post-concussion, whereas the BESS (0.43) classified
as a “fail.”?34 (Tables 18 and 19) For a clinician, the positive and negative predictive
values of a test, which indicate the percentage of individuals who truly do (PPV) or do
not (NPV) have the disease after testing positive or negative are just as important as
sensitivity and specificity.?*® The best PPV was ST MEAN TG acutely post-
concussion, which had a perfect 100% for identifying those who tested positive for
concussion (i.e. failed TG) and were actually concussed. Conversely, the lowest PPV
was the BESS (59%) acutely post-concussion, further demonstrating that TG may be a
stronger assessment in identifying acute impairments. (Tables 18 and 19) This study is
the first to investigate efficacy measures of DT TG, and while the acute DT PPVs
were not as high as ST, the NPV's were higher, suggesting DT is potentially more
useful in identifying those who are healthy. (Table 18) Overall, TG appears to have
better psychometrics for identifying post-concussion impairments.

Tandem gait was originally utilized as a general balance test when examining
cerebellar function, and impairments have been localized to abnormalities in the
cerebellar vermis, flocculonodular lobe, and a disconnect between the cerebellar
pathways and brainstem nuclei.?*-24 Although different underlying pathologies, TG
has also displayed deficits in those with Huntington’s Disease, Parkinson’s disease,

and peripheral neuropathies.?43246-249 Successful postural control requires the
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integration of visual, vestibular, and somatosensory systems, and it has been suggested
that postural control impairments could result from a deficit in sensory interaction,
which has routinely been observed following concussion.8%114.250 Reduced sensory
interaction has also been observed via decreased activation in healthy young adults in
vestibular and somatosensory areas during locomotion and increased activation in
visual cortical areas.?*223¢ Tandem gait has traditionally been considered a vestibular
assessment; thus, it is possible that slower TG times could result from this impaired
vestibular function being exacerbated following concussion due to the spreading
depression and energy crisis initiated by the neurometabolic cascade.?’ It is also
possible that altered TG performance may be related to an individual’s ability to
control frontal plane movement.%® Howell et al., identified moderate to high
correlations between frontal plane movement and mean TG time, suggesting that those
who took longer to perform TG displayed greater mediolateral center of mass
displacement.'%¢ Mediolateral balance impairments have been thought to be the reason
for abnormal TG in those with Parkinson’s; thus, while the fundamental
neuropathologies of concussions and Parkinson’s are inherently different, it appears
they might initially result in similar postural control impairments during TG.?4
Tandem gait abnormalities have traditionally been determined as an inability to
successfully perform TG (i.e. taking multiple steps off of the designated line);
however, as a post-concussion assessment, time has clinically been the primary TG
outcome. Herein, and as expected, we observed slower post-concussion TG times

during both single-task and dual-task conditions suggesting impaired postural
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control.1851% Although TG was slowed following concussion, there were no instances
where an individual could not successfully complete the TG task following injury, as
seen in the aforementioned populations with more advanced neurological disorders.
This is clinically relevant, as the TG guidelines have recently changed from the best of
four timed trials in the SCAT-3 to a subjective “yes” or “no” response to whether or
not an individual can perform TG normally, which is not defined, in the SCAT-5,160.22
The TG protocol has developed over the last decade, starting with Schneiders et al.,
evaluating the mean of three timed TG trials, and progressing to the SCAT-3
evaluating the best of four timed trials.®%156:221 Despite the lack of evidence-based
guidelines for TG procedure, there is a clinical need for a standardized protocol, which
has been removed in the SCAT-5.26° Our results suggest that a subjective response to
whether or not TG performance is normal will not be sufficient enough to identify
post-concussion postural control impairments, as all of our participants were able to
complete TG successfully, albeit slower following injury. Therefore, these results
suggest that time to complete TG should be included in clinical assessment, especially
under a dual-task condition, as time differences following concussion were more
pronounced than single-task.

The acute ST and DT TG assessments herein were completed in a quiet
environment within 48 hours post-concussion; thus, sideline applicability should not
be interpreted. This investigation focused solely on collegiate student-athletes, and
extrapolations to other populations (i.e. youth, high school) should be cautiously

considered. Preliminary research in a high school population demonstrated that the
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majority of athletes were unable to complete single-task TG in the 14 second cutoff
suggested by the SCAT-3; however, future research is needed among those
populations to determine how TG performance changes over time following
concussion. Further, this study utilized mostly non-athlete controls, as it was
challenging to recruit healthy student-athletes for multiple testing sessions; thus, it
should be a priority in future research to match concussed athletes to non-injured
athletes as closely as possible. Although controlled for by the mixed model statistical
approach, the amount of missing data across concussion time points was a limitation
of this investigation; however, the missing data provides clinicians with a realistic
approach to post-concussion recovery assessment, as there are any number of
confounding factors that cause a student-athlete to miss follow-up time points. We did
not include foot size in this investigation, which has the potential to be an influencing
factor in TG time, but our within-subjects approach allowed us to provide consistency
across anthropometric measures.

Tandem gait is a clinically feasible, but underutilized, postural control
assessment following concussion.6%166 performance on both single and dual-task TG
was worse acutely post-concussion, compared to both baseline values and healthy
controls. Conversely, there was no change in BESS performance acutely post-injury,
which suggests TG may be a more robust postural control assessment for identifying
impairments acutely concussion. Further, the overall efficacy of TG was better than
the BESS, particularly acutely post-injury. While a practice effect appears to influence

TG performance over time, it is a valuable assessment with strong psychometric
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properties in identifying acute postural control impairments and can be utilized in a

clinical setting.
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Chapter 4

THE ASSOCIATION BETWEEN CONCUSSION AND SUBSEQUENT
LOWER EXTREMITY MUSCULOSKELETAL INJURY RISK

Introduction

There are an estimated 1.6-3.8 million occurrences of concussions annually in
the United States, and both the NIH and the CDC have classified concussion as a
major health disorder.%67.168 Additionally, concussions are estimated to have an
economic burden of approximately $22 billion annually.®® Nearly 500,000 athletes
participate in NCAA sports; thus, the number of individuals are at risk for concussion
is significant.?>! Concussions pose serious health risks, both acutely and chronically.
Acutely following concussion, there is an elevated risk recurrent concussion, as an
individual is more likely to sustain a subsequent concussion if he or she returns to
participation within the first 7-10 days after the original injury.3? A concussion also
puts an individual at risk for second impact syndrome, which is a rare, but potentially
fatal condition.'®%-17* Further, those with a concussion history are 3-5x more likely to
sustain a future concussion compared to those with no history, and are at risk for a
number of long-term risks, such as later life depression, dementia, early onset
Alzheimer’s, and chronic traumatic encephalopathy.41:5361.62.174.175 These potential
short term and long term risks demonstrate that concussions pose as a health threat

across an individual’s entire lifespan.
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The current post-concussion return to play assessment utilizes a multifaceted
approach that incorporates a battery of self-reported symptoms, cognitive, and postural
control examinations.?® While many of the assessment techniques are highly sensitive
(0.89-0.96) for acute concussion diagnosis, the sensitivity drops significantly (0.30)
within the first seven days following injury, largely due to practice effects from repeat
administration, therefore making the multifaceted battery an insufficient indicator of
concussion recovery.5”.178 Impaired postural control is one of the cardinal symptoms of
concussion, and the currently recommended postural control assessment is the Balance
Error Scoring System (BESS).?%2%2 The BESS is a novel assessment that examines
postural control during three different quiet stances on firm and foam surfaces.*”
Despite the frequent use of the BESS across clinical settings, it has multiple
limitations. Most notably, the test has a significant practice effect with repeat
administration.??* Further, the BESS has unacceptably low sensitivity (0.34), even
acutely post-concussion, and poor psychometric properties, including low interrater
(0.57) and intrarater (0.74) reliability and high minimum detectable change scores
(7.3-9.4 errors) that exceed normal post-concussion change.178180.181 Typically, BESS
scores return to baseline within 3-5 days following concussion, which is prior to 5-7
days of symptom resolution.'® Therefore, the BESS alone is not sufficient for the
identification of concussion recovery. Further, the BESS evaluates postural control in
a quiet stance realm, with the end goal being to maintain upright balance, but it has
been suggested that dynamic tasks are better suited to identify deficits following

concussion.12®
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Gait is an innate, dynamic task that has demonstrated to be a reliable method in
evaluating postural measures, and the latest Consensus Statement on Concussion in
Sport has recommended that gait evaluations be included within the neurological
exams following injury.? Evidence of alterations in gait, demonstrated by metrics
such as slower gait velocity, reduced horizontal separation of the COP-center of mass
(COM), and increased double support time have been observed acutely post-
concussion and up to 2 months following injury, particularly under dual-task
conditions, which suggests the presence of an overall conservative gait strategy that
persists beyond typical post-concussion clinical recovery.!1%124-134 It is possible that
this persistent alteration in gait strategy is due to an incomplete neural recovery, as the
physiological control of gait is thought to be rooted in higher level centers that have
demonstrated to be affected by concussive injuries.11:114-116,124-134,198 \\/hjle this
conservative gait strategy exists following concussion, it is unknown as to how it
affects individuals long term.

There is increasing evidence of a relationship between concussion and
subsequent lower extremity musculoskeletal (LEMSK) injury across a variety of
populations.®7-106253.254 |n collegiate athletes, a 1.64-2.48 elevated risk of injury exists
within the 365 days following a concussion.®®190.192 A similar risk has been identified
in professional athletes (1.47-2.23) and more recently, high school athletes
(1.34).97:99,101,103,104254 The elevated risk of subsequent injury is consistent across a

wide variety of sports (i.e. contact/non-contact), as well as across both males and
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females; thus, there do not appear to be any obvious risk factors based on specific
athlete characteristics.

While the research is convincing that an association between concussion and
subsequent LEMSK exists, the underlying reason behind the elevated risk remains
unknown. One of the original theories was the possibility that certain individuals are
simply more injury prone than others, as multiple studies have demonstrated an
increased risk of sustaining an injury in the year prior to concussion; however the
literature remains mixed.19%-192 Another speculation behind the increased injury risk is
the presence of deficits in postural control following concussion.%-100.105107 Thege
deficits could be resulting from a disruption of cortical pathways that would interfere
with the ability to control and coordinate movements.%%103 Further, a disconnect in
sensory interaction has been observed following concussion, which could result from
an inability to successfully coordinate the somatosensory systems with the motor and
cognitive systems, and therefore lead to impairments in postural control.14:25

There is increasing evidence that a relationship exists between concussion and
subsequent lower extremity musculoskeletal injury; however, the underlying
mechanism behind this connection has yet to be elucidated. The purpose of this
investigation was to examine the relationship between concussion and subsequent
injury. Further, impaired postural control has been speculated as a possible influence
in the elevated post-concussion injury risk; therefore, a secondary purpose of this
study was to evaluate gait variables as potential predictors of subsequent injury. We

hypothesized that individuals who suffered a concussion would have an increased
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incidence of lower extremity musculoskeletal injury in the following year. Our
secondary hypothesis was that the gait-related independent variables would predict

injury incidence.

Specific Aim 3: Description
Aim 3A: To investigate the association between concussion and subsequent lower
extremity musculoskeletal risk.
Aim 3B: To investigate the role of gait variables as predictors for subsequent injury
H1. Individuals who suffer a concussion will have an increased incidence of lower
extremity musculoskeletal injuries than matched non-concussed individuals.
H2. Individuals who demonstrate dynamic postural control impairments will have an

increased risk of lower extremity musculoskeletal injury.

Methods
Participants
For Aim 3A, there were 103 concussions during the window of data collection.
However, only 32 were eligible to be included for injury assessment. The majority of
individuals were excluded because the concussion fell outside of the August 2015-
February 2017, and we were unable to track subsequent injuries for a full 365 days.
timeline All student-athletes and cheerleaders at the University of Delaware who

suffered a concussion during the course of their athletic participation were eligible for
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inclusion in the study, as long as the concussion occurred between August 2015 and
February 2017. Both sport-related and non-sport related concussions were included in
the analysis. Individuals were excluded from the study if the injury required
hospitalization, or resulted in positive neuroimaging findings. All concussions were
initially assessed by a certified athletic trainer and confirmed by a team physician. The
32 eligible concussions were matched with 32 student-athlete controls who did not
suffer a concussion, bringing the total number of student-athletes included in the
analysis to 64. Matches were made based on sport and position, when possible. Each
participant provided oral and written informed consent in accordance with the

university’s Institutional Review Board (IRB).
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Concussion Controls
(n=32) (n=32)
Age 19.9+15 21.9+1.0
(years)
Height 177.1+12.0 173.1 +53.0
(cm)
Mass 78.3+20.8 746 +19.2
(kg)
0, 0
Concussion history 3%/% 9%)/%2) 18 g’ £4(/)3§ )
() (range, 0-2) (range, 0-1)
Sex
(M/F) 16/16 16/16
Baseball Baseball
Football Football
Field Hockey Field Hockey

Sport Breakdown

Men’s Lacrosse
Women’s Lacrosse
Men’s Soccer
Women’s Soccer
Tennis
Softball
Men’s Basketball
Women’s Basketball
Track and Field
Rowing
Cheerleading
Volleyball

Men’s Lacrosse
Women’s Lacrosse
Men’s Soccer
Women’s Soccer
Tennis
Softball
Men’s Basketball
Women’s Basketball
Track and Field
Rowing
Cheerleading
Volleyball

Injury Breakdown

29/32 (91%) were injured
Ankle: 34%
Knee: 31%
Hamstring: 10%
Other: 25%

21/32 (66%) were injured
Ankle: 33%
Knee: 33%
Hip: 10%
Other: 24%

Table 20. Aim 3A demographics. There were no significant differences between
groups for age (p= 0.63), height (p= 0.56), or weight (p= 0.24).

94




For Aim 3B, there were 34 participants included in the gait group and 65
participants included in the tandem gait group. The 34 participants are the same
demographics as Aim 1 (Table 1), and the 65 are the same demographics as Aim 2
(Table 14). Any student-athlete utilized in Aims 1 and 2 were additionally consented
to participate in this study during the preseason baseline testing. Individuals were
included in the analysis if 1) he or she had both baseline and post-concussion data for
gait and/or tandem gait and 2) a timeframe of at least a year post-concussion to track
subsequent injury data. Both sport-related and non-sport related concussions were
included in the analysis. Each participant provided oral and written informed consent
in accordance with the university’s Institutional Review Board (IRB).

Procedures

Injuries were tracked using the SportsWareOnLine (SWOL) injury database.
The definition of injury given by the NCAA’s Injury Surveillance System states that a
reportable injury must 1) occur as a result of participation in an organized
intercollegiate practice or competition, 2) require attention from the team athletic
trainer of physician, and 3) result in restriction of participation for 1 or more days.?%
Our definition of injury was consistent with the NCAA, with the exception that we
also included non sport-related concussions. Injuries were classified by three major
categories: mechanism (acute vs chronic), location (ankle, knee, etc), and type
(sprains, fractures, etc). All injuries were recorded, but only acute injuries were

included in the statistical analysis.
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Data Analysis and Statistical Approach

During this investigation, we prospectively examined subsequent lower
extremity musculoskeletal injuries in individuals concussed during their time as a
student-athlete. For Aim 3A, the dependent variable was the time to the first lower
extremity injury, and the independent variable was categorical (concussion or no-
concussion).

For Aim 3B, the dependent variable was categorical (injured or non-injured).
The independent predictor variables included 1) ST/DT APA duration, 2) ST/DT first
step duration, 3) ST/DT first step range of motion, 4) ST/DT peak forward APA, 5)
ST/DT peak lateral APA, 6) ST/DT gait speed, 7) ST/DT double support time, 8)
ST/DT cadence, 9) ST/DT stride length, 10) ST/DT best tandem gait time, and 11)
ST/DT mean tandem gait time.

Demographic data for the study participants were compared between groups
using independent sample t-tests. For Aim 3A, we utilized a Cox-Proportional Hazard
Model to determine if concussion increased the risk of lower extremity
musculoskeletal injury in the next year. For Aim 3B, we utilized 1) a linear mixed
effects model to identify any significant interactions or main effects between those
who were injured and not injured for the ST and DT gait-related independent variables
and 2) a binary logistic regression to evaluate if any of the dependent variables from
Aims 1 and 2 were predictors of subsequent injury in the year following concussion.
Statistical significance was set at alpha < 0.05, and all statistical models were

performed with SPSS Statistics Version 25 (IBM Corp, Armonk, NY).
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Results

Aim 3A: Injury Risk
There was a significant risk of acute lower extremity injury in the concussion

group, compared to controls, the year following concussion (HR: 1.82, p= 0.037,

95%Cl: 1.04-3.20). (Figure 13)

Lower Extremity Injury

1.0 GROUP

- 1Controls
~J1Concussion

0.8

0.6

Cum Survival

0.2

0.0

0 100 200 300 400

TIME_TO_FIRST_LE

Figure 13. Cox proportional hazard model for injury risk between concussion and no
concussion groups
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Aim 3B: Group Comparison

The raw data for the gait initiation variables can be found in Appendix 8. The

raw data for the gait variables can be found in Appendix 9. The raw data for TG can

be found in Appendix J.

Gait Initiation

There were no significant group effects for ST APA duration (F= 0.567, p=

0.454), forward peak APA (F=0.284, p= 0.596), lateral peak APA (F= 3.533, p=

0.064), first step duration (F= 0.051, p=0.822), or first step ROM (F= 0.785, p=

0.506).

There were no significant group effects for DT APA duration (F=1.829, p=

0.180), forward peak APA (F=0.122, p=0.728), lateral peak APA (F=1.017, p=

0.316), first step duration (F= 0.734, p=0.394), or first step ROM (F=1.337, p=

0.251).

Gait Speed

There was a significant group effect for ST gait speed (F= 6.457, p= 0.013).

(Table 21, Figure 14).

95% Confidence Interval Mixed Model
Standard Lower Upper
Group Mean Error Bound Bound F P
Injured 1.14 0.11 0.93 1.35
N 6.457 | 0.013
on- 1.21 0.11 0.91 1,51
Injured

Table 21. Significant group effect for single-task gait speed between those who did
and did not sustain a lower extremity injury following concussion.
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Figure 14. Single-task gait speed in individuals who did and did not sustain a lower

extremity injury following concussion.

There was a significant group effect for DT gait speed (F= 8.532, p=0.004).

(Table 22, Figure 15)

95% Confidence Interval Mixed Model
Standard Lower Upper
Group Mean Error Bound Bound F P
Injured 0.99 0.10 0.80 1.18
8.532 | 0.004
Non-Injured 1.07 0.10 0.85 1.30

Table 22. Significant group effect for dual-task gait speed (m/s) between those who

did and did not sustain a lower extremity injury following concussion.
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Figure 15. Dual-task gait speed in individuals who did and did not sustain a lower
extremity injury following concussion. There was a significant group difference (p=

0.004).

Double Support Time

There was a significant group effect (F= 7.103, p= 0.009) for ST double

support time. (Table 23, Figure 16)

95% Confidence Interval Mixed Model
Standard Lower Upper
Group Mean Error Bound Bound F P
Injured 19.9 0.4 19.2 20.6
7.103 | 0.009
Non-Injured | 18.4 0.4 175 19.2

Table 23. Significant group effect for single-task double support time (%) between
those who did and did not sustain a lower extremity injury following concussion.
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Figure 16. Single-task double support time in those who did and did not sustain a
lower extremity injury following concussion.

There was a significant group effect for DT (F= 10.617, p= 0.002) double

support time. (Table 24, Figure 17)

95% Confidence Interval Interaction
Standard Lower
Group Mean Error Bound Upper Bound F p
Injured 22.0 0.3 21.3 22.7
10.617 | 0.002
Non-Injured 20.3 0.4 19.5 21.1

Table 24. Significant group effect for dual-task double support time (%) between those
who did and did not sustain a lower extremity injury following concussion.
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Figure 17. Dual-task double support time in those who did and did not sustain a lower

extremity injury following concussion.

Cadence

There was no significant group effect for ST cadence (F= 1.782, p= 0.185), but

there was a significant group effect for DT (F= 4.061, p= 0.047). (Table 25, Figure 18)

95% Confidence Interval Interaction
Standard Lower
Group Mean Error Bound Upper Bound F p
Injured 105.7 6.2 89.1 122.2
4.061 | 0.047
Non-Injured | 109.2 6.3 97.9 120.5

Table 25. Significant group effect for dual-task cadence (steps/min) between those
who did and did not sustain a lower extremity injury following concussion.
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Figure 18. Dual-task cadence in those who did and did not sustain a lower extremity
injury following concussion.

Stride Length
There were no significant group effects for ST (F=2.512, p=0.116) or DT (F=

3.521, p= 0.064) stride length.

Tandem Gait

There were no significant group effects for ST BEST TG (F= 0.023, p=0.879)
or ST MEAN TG (F= 0.059, p= 0.808).

There were no significant group effects for DT BEST TG (F= 0.146, p=0.703)

or DT MEAN TG (F= 0.196, p= 0.659).
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Aim 3B: Binary Logistic Regression
There were no significant predictors of acute lower extremity injury in the year

following concussion from the independent variables in the regression model. (Table

26).

Variable B Sig Exp (B)

APA Duration 0.44 0.83 1.55

Forward Peak APA -3.06 0.79 0.05

Lateral Peak APA -6.18 0.86 0.002

First Step Duration 2.55 0.30 1.49

% First Step ROM 0.002 0.97 1.002

Z Gait Speed 0.41 0.54 1.51

_55: Double Support -0.17 0.55 0.85

Cadence 0.10 0.37 1.10

Stride Length 2.46 0.66 1.45

BEST TG 0.17 0.25 1.19

MEAN TG 0.24 0.13 1.27

APA Duration 0.76 0.15 2.13

Forward Peak APA 60.09 0.06 1.25

Lateral Peak APA 55.07 0.12 8.25

First Step Duration 2.43 0.31 1.79

f‘(,,u First Step ROM -0.068 0.48 0.94
i Gait Speed -0.81 0.69 0.45
§ Double Support -0.188 0.48 0.83
Cadence 0.07 0.47 1.08

Stride Length -1.44 0.55 0.24

BEST TG 0.26 0.76 1.03

MEAN TG 0.02 0.82 1.02

Table 26. Binary logistic regression using change scores from baseline to RTP. A

positive change reflects and improvement from baseline at RTP.

104




Discussion

There is emerging evidence of an association between concussion and
subsequent lower extremity musculoskeletal (LEMSK) injury among athletes;
however, the underlying mechanism of this relationship remains unknown, 7106253254
This investigation is the first to examine post-concussion ST and DT gait variables as
potential predictors for subsequent LEMSK injury. The primary finding of this study
was an increased risk (11.82x) of acute lower extremity injury in the year following
RTP from concussion. Additionally, there were significant differences in ST and DT
gait parameters between those who sustained a subsequent injury following
concussion and those who did not; however, none of the gait parameters were
significant predictors of subsequent injury. While there are a number of proposed
theories, the mechanism behind the increased injury rate following concussion remains
unclear although the results herein suggest that lingering postural control deficits
likely contribute to the elevated risk.

Herein, we observed a 1.82 increased risk (95% CI: 1.04-3.20, p= 0.037) of
acute lower extremity injury in the concussion group compared to matched controls
across the 365 days following RTP from concussion. (Figure 13) Our results are
consistent with prior investigations that observed an increased risk of subsequent
lower extremity injury in high school (1.34),%%* collegiate (1.64-2.48)%100,105.106 gnq
professional athletes (1.47-2.23).97.99.101.103.104 gpecifically in collegiate student-

athletes, a 1.64-2.48 elevated risk of subsequent LEMSK has been observed following
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concussion; however, the 2.48 was restricted to the first 90 days after concussion, %8100
We examined injury risk in all of our varsity sports (50% contact/collision, 50% non-
contact), and had an even number of males (16/32) 50% and females (16/32) 50%,
whereas previous studies in the collegiate population were predominantly male
collision sport athletes (e.g., football).%81% Our findings extend the existing literature
by identifying similar elevated injury rates in both females and non-collision sport
athletes. The majority of the injuries seen in both groups were ankle (44%) and knee
(41%) sprains, which is consistent with other post-concussion injury data in collegiate
athletes.%1% (Table 20) Despite the inclusion of a wide variety of athletes in these
injury studies, the mechanism of increased subsequent injury risk remains unknown;
therefore, our second aim of this investigation was to examine the possibility of gait
variables as predictors.

There were significant differences in post-concussion stepping characteristics
between those who did and did not sustain a subsequent injury in the next year. The
subsequent LEMSK injury group had a significantly slower ST (0.07 m/s) and DT
(0.08 m/s) gait speed than those who did not sustain a subsequent injury. (Tables 21
and 22, Figures 14 and 15) Further, the injury group also spent more time in double
support during ST (1.5%) and DT (1.7%) conditions. (Tables 23 and 24, Figures 16
and 17) These characteristics of reduced gait speed and increased double support time
are similar to those of the conservative gait strategy observed following
concussion,#8:124.125,127,134,206,257 Gajt speed is thought to be controlled by glutamatergic

excitatory neurons that are heavily regulated by the motor action of the basal ganglia,

106



which is a region of the brain that has been adversely affected by concussion.?°22%8 In
addition, there is evidence of lowered glutamate in the primary motor cortex following
concussion;?%! therefore, it is possible that the slower gait speed and overall distinct
motor programming of the injury group could be a lingering post-concussion postural
control deficits. Impaired postural control has been suggested as a risk factor for
sustaining acute ankle sprains, which was one of the most common subsequent injuries
we observed in both the concussion and controls groups.?*® Gait measures have
successfully demonstrated postural control impairments following concussion, as the
physiological control is rooted in higher level centers that are thought to be affected by
concussive injuries; thus, if an individual is presenting with an altered gait strategy, it
could be a driving factor behind subsequent injury.111.114-116.124-134.198 Qegpite
differences in postural control, it is also possible that certain individuals are simply
more injury prone than others, as increased rates of injury have also been observed in
the year prior to concussion in some, but not all, studies.00-192

In order to further investigate postural control impairments as a potential cause
for elevated injury risk, we examined ST and DT gait variables to identify potential
lingering deficits at RTP as predictors of subsequent LEMSK injury. The tertiary
finding of this investigation was that there were no significant predictors for any of the
ST or DT gait-related independent variables which was the opposite of the a-priori
hypothesis. (Table 26) Thus, while there were differences between the injury and non-
injury groups for a number of gait variables, the specific variables themselves were

unable to identify which individuals were more likely to belong to a specific group.
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From our results, we were able to observe that the athletes who presented with a
conservative gait strategy tended to belong to the group who went on to sustain a
subsequent injury after concussion, but analysis of the individual gait variables did not
demonstrate the likelihood of belonging to one group over another (i.e. individuals
who walked with a slower gait speed were more likely to be in the injury group, but a
slower gait speed did not identify an individual as sustaining an injury or not).
Clinically, this is challenging as there is not an individual predictor of subsequent
LEMSK injury, but rather it appears that those with an overall conservative gait
strategy are the higher re-injury group. Regardless, our study was not able to identify
significant predictors of subsequent injury following concussion, so future research
should look to other potential variables.

Our results contribute to the growing evidence of a concussion-subsequent
LEMSK injury risk, but the underlying reason behind this increased risk of injury has
yet to be elucidated. An early hypothesis for the elevated injury risk was impaired
postural control secondary to a disruption of cortical pathways that could alter the
ability to control and coordinate movement.1%%193 Successful postural control requires
a successful integration of the visual, vestibular, and somatosensory systems, as well
as the motor and cognitive systems, and it has been suggested that impairments could
result from a disconnect in sensory interaction, which has been observed following
concussion.°250 Working memory tasks require appropriate activation in the
prefrontal cortex, which has shown to be adversely affected following

concussion.209.212-216 |ncreased neuronal activity, identified as elevated BOLD signall
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on fMRI, in the prefrontal areas occurs during DT gait requires a greater number of
neural resources to achieve the same ST results, which suggests that individuals are
having to utilize compensatory strategies during DT challenges to achieve the
appropriate motor and cognitive output. As the majority of our differences were
observed under DT conditions, it is possible that DT challenges may be appropriate
risk factors for injury, which lends further support of including DT assessments in
routine post-concussion clinical care, as they are not typically included currently.
The addition of DT to tandem gait is a clinically feasible method that can be easily
implemented across all clinical settings that do not have access to sophisticated
instrumentation. Dual-task gait challenges have not only exhibited more pronounced
postural control deficits than ST, but these deficits have also demonstrated to linger as
far out as 2 months beyond clinical recovery, which could be a factor in subsequent
injury.134189.194252 There were significant differences in DT stepping characteristics
between the injured and non-injured groups, and poor DT outcomes could be
manifesting from incomplete brain recovery, which could be exposing these
individuals to further risk of subsequent injury. Howell et al., observed an association
between a worsening DT gait cost and time-loss injuries, whereby the group who went
on to sustain an injury displayed worse DT cost over time; however, that relationship
was not investigated herein.?®® The DT utilized herein was the same task as Howell et
al., therefore, future research should focus on a variety of DT challenges to examine

the influence of task choice on DT gait and subsequent injury.?%°
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As the gait variables did not demonstrate to be significant predictors of the
association between concussion and LEMSK injury, other potential causes must be
explored moving forward. Prior injury is considered to be one of the leading risk
factors for subsequent injury, particularly in the four most common lower extremity
injuries (hamstring strain, ACL rupture, Achilles tendon injury, and ankle sprain).25!
As there is mixed evidence of increased injury rate in the year before concussion, this
risk needs to be taken into consideration.%%-1%2 The structure of our data collection did
not allow us to investigate injury prior to concussion due to a change in the electronic
medical records utilized, so future research should continue to examine injury rates
before a concussive injury. Furthermore, we were unable to reliability obtain pre-
college injury data on the participants; thus, pre-existing injuries were not explored.
Our concussed student-athletes who went on to sustain a LEMSK injury in the next
365 days were out for an average of 18 + 11 days due to the concussion, which is
longer than the 7-10 day window during which the majority recover.?® Further, 19%
(6/32) of the individuals in the concussion group took longer than 28 days to be
cleared, which is traditionally classified as prolonged recovery, and all 6 of these
individuals sustained a subsequent injury. Future research should examine the
relationship between concussion time loss and the rate of subsequent LEMSK injury
as prolonged symptoms may be associated with the subsequent injuries. Finally, the
psychological, and not just physical, aspect of returning to sport should also be
considered as a potential influencer to subsequent injury. Individuals recovering from

concussion tend to present with a negative emotional response, particularly elevated
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anxiety and depression as well as reduced vigor.262-264 Individuals with anxiety
disorders present with increased activity in the emotion-processing regions of the
brain, such as the amygdala, which could be influenced by concussion, and could be
associated with an increased injury risk.265266 Therefore, psychological measures
should be evaluated at the time of RTP to help identify any individuals who might
need more focused monitoring of mental health.

These results demonstrate that the subsequent LEMSK injury rate was higher
in the groups who presented with poorer DT performance. Now that there is an
increased level of certainty surrounding an association between concussion and
subsequent injury, future research needs to shift to begin investigating prevention
strategies. Injury prevention programs have been successful in lowering the risk of
subsequent injury in individuals with ACL injury, as neuromuscular control
deficiencies are a known risk factor of secondary ACL injury.?®” These programs
target specific movement strategies with correct execution requirements and goals set
at each stage of the program.?7” As our results demonstrated an increased risk of injury
specifically in the lower extremity, it is possible that targeting specific exercises to
work on neuromuscular control of these areas may lower subsequent injury risk.
Athletic healthcare providers can work with strength and conditioning staffs to
specifically target injury prevention strategies in those with elevated risks to
potentially reduce the subsequent injury rate.

Our results are not without limitations. There was a change to the electronic

medical records software after the study was initiated; therefore, the only athletes who
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were eligible for inclusion in the study were those who sustained a concussion after
the software change, had a full year of injury data prior to their concussion, and had a
full year after RTP to examine subsequent injury. As a result, our sample size herein
(n=64) was smaller than other collegiate student-athlete studies (102-335
participants);%-190.195 however, we also incorporated gait at both baseline and RTP,
which made for a more stringent participant inclusion criteria. We were reliant on
team athletic trainers to input injury data into the SWOL software, and there were
multiple cases of no data entry to athletes on given days. Despite these limitations, we
were still able to add to the growing evidence of a concussion-subsequent injury
association.

There is an emerging scientific consensus indicating a 1.5 — 2.5x elevated risk
of subsequent lower extremity musculoskeletal injury in the year following concussion
and the results herein support these findings. Our study found a 1.82x increased risk of
acute lower extremity injury in the concussion group, compared to controls. Further,
we were able to identify distinct differences in gait parameters between the injury and
non-injury groups. Thus, now that a risk factor for subsequent injury has been
identified, future research can begin to focus on strategies to lower the number of

injuries that occur following concussion.
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Appendix A

AIM 1 DEPENDENT VARIABLE DEFINITIONS

Task Definition | Calculation
ST Gait Initiation
(Gh
APA Duration The time from APA onset to the second heel strike. | An algorithm uses the
APA First Step The time-to-peak angular velocity from APA end to | 3D acceleration signals
Duration heel-strike. from the Opal worn on

APA First Step ROM

The integrated angular velocity of the shank from
APA end to heel-strike.

Forward Peak APA
Acceleration

Forward trunk peak acceleration from baseline
(Peak AP Acc)

Lateral Peak APA
Acceleration

Peak acceleration toward the stance foot from
baseline (Peak ML Acc)

L5 to quantify the
APA and the angular
velocities from the left
and right foot opals to
quantify first step
characteristics.

ST Gait
. . Gait velocity =
Gait Speed Gait speed (m/s) distance/time
The Opals calculate
cadence from the
Cadence The amount of steps per minute (steps/min) angular velocity of the

pitch axis of the
gyroscopes.

Stride Length

The distance between consecutive heel strikes on
the same foot (m)

The Opals calculate
stride length from the
angular velocity of the

pitch axis of the
gyroscopes.

Double Support Time

The percentage of the gait cycle during which both
feet are on the ground (%)

DS=IDS + TDS

Turning

Turning Duration

The duration of the 180 degree turn

Peak Turning Velocity

The peak (95%) angular velocity of the trunk during
turning.

Measured from the
lumbar Opal according
to mathematical model

Dual-task (DT)

Participants will perform the same gait protocol as
single-task, but will simultaneously complete mini-
mental style questions.

Cognitive Accuracy

(# of correct answers/# of total answers)/*100

Total Number Correct

Total number of correct answers
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DUAL-TASK DATA COLLECTION SHEET

trial Words  V/Xx trial
visit
learn
alert
twist
snack
earth
fence
lemon
crawl
dance
brave
mouse
noble
guest

— Ppaper —

(7)) S-Twalk
_ (8)S-Twalk
_(9)S-TWwalk
_(10) S-T Walk

(1) S-T Walk

Appendix B

Subtraction

V / x | 0 = correct/incorrect/omitted

85
64
95
71
98
66
61
72
87
93
88
70
69
90
75

X6
X7
X6
X6
X7
X7
X6
X7
X7
X6
X7
X7
x6
X7
X6

79
57
88
65
91
59
55
65
80
87
81
63
63
83
69

73
50
81
59
84
52
49
58
73
81
74
56
57
76
63

_ (12) D-T Walk
_ (13) D-T Walk
_ (14) D-T Walk
__ (15) D-T Walk

__(16) D-T Walk
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67
43
74
53
7
45
43
51
66
75
67
49
51
69
57

61
36
67
47
70
38
37
44
59
69
60
42
45
62
51

55
29
60
41
63
31
31
37
52
63
53
35
39
55
45

WALKING TRIAL

49
22
53
35
56
24
25
30
45
57
46
28
33
48
39

43
15
46
29
49
17
19
23
38
51
39
21
27
41
33

37

39
23
42
10
13
16
31
45
32
14
21
34
27

Months
December
November
October
September
August
July

June

May

April
March
February

January

Trial
vix/o

Trial
vix/o



Appendix C

AIM 1 GAIT INITIATION RAW DATA

Dual Task

APA First Step First Step Forward Lateral Peak
Task Group Time n Duration Duration ROM Peak APA APA
(s) (s) (degrees) ) (9)
Baseline 24 | 0.46+0.17 | 0.49+0.03 | 24.58+5.17 | 0.056 +0.028 | 0.044 + 0.014
Acute 18 | 0.48+0.26 | 0.49+0.04 | 26.53+7.74 | 0.054 £0.022 | 0.043 +0.019
Concussion

Asymptomatic | 23 | 0.41+0.16 | 0.48+0.03 | 27.41 +6.37 | 0.066 +0.033 | 0.048 +0.017

X
é RTP 22 | 0.47+0.16 | 0.48+0.03 | 27.26 +9.19 | 0.052 +0.025 | 0.045 +0.016

(5]
=) Baseline 28 | 0.42+0.21 | 0.48+0.04 | 23.14+5.32 | 0.056 +0.024 | 0.043+0.013

=
Acute 25| 0.43+0.27 | 0.47+0.06 | 23.73+6.52 | 0.057 +0.024 | 0.038 +0.012

Controls

Asymptomatic | 16 | 0.40+0.14 | 0.45+0.04 | 22.93+5.63 | 0.064 +0.031 | 0.042 +0.012
RTP 24 | 0.33+0.12 | 0.45+0.04 | 22.23+7.53 | 0.062 +0.033 | 0.044 +0.020

Baseline 24 | 0.44+£0.16 | 0.50£0.07 | 22.66 £5.94 | 0.045+0.015 | 0.042 £ 0.019
Acute 17| 0.41+0.14 | 0.51+0.07 | 26.76 £6.03 | 0.043+0.017 | 0.036 +0.014
Concussion
Asymptomatic | 23 | 0.41+£0.15 | 0.48+0.05 | 25.31+7.72 | 0.048 +0.029 | 0.038 + 0.015
RTP 22 | 0.45+0.18 | 0.48+0.03 | 24.33+6.58 | 0.051+0.024 | 0.043 +0.015
Baseline 28 | 042+0.14 | 051+0.12 | 23.57+6.16 | 0.042+0.017 | 0.036 £0.014
Acute 25| 0.46+0.23 | 0.48+0.05 | 24.64+7.19 | 0.051+0.026 | 0.035+0.013
control Asymptomatic | 19 | 0.41+0.16 | 0.47+0.04 | 23.17 +5.86 | 0.056 +0.025 | 0.037 +0.012
RTP 25| 0.39+0.15 | 0.47+£0.05 | 24.89+13.96 | 0.054+0.025 | 0.033 £0.013

148




Appendix D

RAW MEAN x SD OF THE AIM 1 GAIT VARIABLES

Cadence Double Gait Stride
Task Group Time n (steps/min) Support Speed Length
P (%) (m/s) (m)

Baseline 34 | 1115+11.2 | 196+4.1 | 1.18+0.15| 1.2+0.1
Acute 20 | 1133+6.1 | 19.7+18 | 1.13+0.11| 1.2+0.1

Concussion :
Asymptomatic | 25 | 1151+7.2 | 188+23 | 1.18+0.15| 1.2+0.2
Single RTP 25| 1155+78 | 187+19 (120+£0.11| 1.2+09
Task Baseline |28 | 1133+7.7 | 195+25 | 1.13+015| 1.2+0.1
Acute 25| 1161+75 | 188+23 | 1.17+0.13| 1.2+0.9

Controls .
Asymptomatic | 19 | 116.4+79 | 183+£23 | 1.19+0.16 | 1.2+0.1
RTP 25| 1175+86 | 184+28 |1.20+0.16 | 1.2+0.1

Baseline 33 11028+109 | 203+3.1 | 1.06£0.17 | 1.2+0.1

_ Acute 20| 105.8+54 | 221+21 |096+0.08 | 1.1+0.1

Concussion .
Asymptomatic | 25 | 108.4+7.5 | 21.0+2.3 | 1.04£0.16 | 1.1+0.2
Dual RTP 25| 1086+77 | 21.2+23 | 1.04+010 | 1.1+0.1
Task Baseline | 28| 106.6+7.7 | 21.6+25 | 0.98+0.15| 1.1+0.1
Acute 25| 1102+82 | 209+26 | 1.04+0.16 | 1.1+0.1

Controls .
Asymptomatic | 19 | 110.1£81 | 202425 | 1.05£0.17 | 1.1+0.1
RTP 25| 112.3+79 | 200+3.0 | 1.09+0.16 | 1.1+0.1
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Appendix E

RAW MEAN £ SD OF TURNING VARIABLES (AIM 1)

Task Grou Time N Turn Duration Turn Velocity
b (seconds) (degrees/second)
Baseline 34 25+04 177.4+30.1
) Acute 20 2.3+0.3 180.8 + 22.1
Concussion -
Asymptomatic | 25 2.2+04 213.4+79.0
Single RTP 25 2.2+0.3 197.7 £ 25.6
Task Baseline 28 23104 185.7 £41.1
Acute 25 2.2+0.3 197.9+37.8
Controls -
Asymptomatic | 18 21+0.3 205.1+46.0
RTP 25 22+04 202.4 £ 40.7
Baseline 34 26+0.4 157.1+26.4
. Acute 20 24+04 163.2 £ 23.5
Concussion -
Asymptomatic | 25 23+0.5 190.3 £ 86.6
Dual RTP 25 24+0.3 181.1 + 35.7
Task Baseline 28 23+04 176.9+46.3
Acute 25 23+04 188.2+45.1
Controls -
Asymptomatic | 19 23+04 190.3 + 46.6
RTP 25 2.2+0.3 198.2 +45.8
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Appendix F

RAW MEAN £ SD OF TANDEM GAIT, BEST TANDEM GAIT, BESS (AIM 2)

Concussion Controls
n | Single-Task | n | Dual-Task | n | Single-Task | n Dual-Task
Baseline 65 | 10.14+1.74 | 38 |1251+3.08 | 28 | 10.14+197 | 28 | 12.11+2.74
Acute 43 | 10.98+235 | 31 |14.42+325| 25 | 907+1.78 | 25 | 11.35 + 3.03
Asymptomatic | 51 | 9.71+£2.03 | 31 | 12.09+2.40 | 21 | 8.89+1.65 | 21 | 10.90 +2.60
RTP 46 | 9.27+144 | 26 |11.21+1.85| 23 | 864+1.73 | 23 | 9.67 £2.24
Mean + SD of BEST tandem gait
Concussion Controls
n | Single-Task | n | Dual-Task | n | Single-Task | n | Dual-Task
Baseline 65 | 10.97+1.66 | 38 | 13.98+3.70 | 28 | 10.80+2.00 | 28 | 13.32 + 3.16
Acute 43 | 11.74+251 | 31 | 15.70+4.06 | 25 | 962+1.84 | 25 | 12.24 +3.15
Asymptomatic | 51 | 10.37 +2.23 | 31 | 13.47+2.68 | 21 | 954+1.71 | 21 | 11.81 +2.77
RTP 46 | 995+153 | 26|1219+2.06 | 23 | 9.06 £1.78 | 23 | 10.42 + 2.59

Mean + SD of MEAN tandem gait
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Concussion Control
n BESS Errors n BESS Errors
Baseline 65 13.6 £ 6.8 28 8.4+3.0
Acute 42 13.5+6.3 25 8.3+27
Asymptomatic | 52 11.2+6.0 21 6.9+3.7
RTP 46 10.0+5.2 23 7.7+3.0
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Appendix G

GROUP AND TIME EFFECTS FOR SINGLE-TASK AND DUAL-TASK BEST

AND MEAN TANDEM GAIT (AIM 2)

95% Confidence Intervals Mixed Model
Standard Lower Upper
Group Mean Error Bound Bound F P
BEST | Concussion | 10.02 0.13 9.76 10.28
é 13.039 | <0.001
= Controls 9.19 0.19 8.81 9.56
@
2 I I
@ Concussion | 10.75 0.14 10.48 11.03
MEAN 17.128 | <0.001
Controls 9.76 0.20 9.36 10.15
Concussion | 12.56 0.25 12.07 13.04
BEST 7.931 | <0.001
x Controls 11.01 0.28 10.46 11.56
5 N N N
E
a)] Concussion | 13.84 0.30 11.48 16.19
MEAN 19.320 | <0.001
Controls 11.95 0.34 9.40 14.50

153



95% Confidence

Mixed Model
Intervals
. Standard | Lower | Upper
Time Mean Error Bound | Bound F P
Baseline 10.14 0.21 9.73 10.56
= Acute 1002 | 024 9.56 | 10.49
6.154 | <0.001
é Asymptomatic | 9.30 0.24 8.83 9.78
= RTP 8.96 0.24 8.49 | 9.42
.|
=
@ Baseline 10.88 0.22 1045 | 11.32
Acute 10.68 0.25 10.20 11.16
MEAN 7.211 | <0.001
Asymptomatic | 9.95 0.25 9.45 10.45
RTP 9.51 0.25 9.02 9.99
Baseline 12.31 0.34 11.64 12.98
Acute 12.88 0.37 12.16 13.60
BEST 7.931 | <0.001
Asymptomatic | 11.49 0.39 10.74 12.25
fc@ RTP 10.44 0.39 9.67 11.21
|
(_U -
S Baseline 13.65 0.41 7.90 19.40
Acute 13.97 0.44 8.11 19.84
MEAN 7.595 | <0.001
Asymptomatic | 12.64 0.46 6.56 18.72
RTP 11.31 0.46 5.55 17.06
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Appendix H

RAW MEAN + SD OF GAIT INITIATION VARIABLES BETWEEN INJURY
GROUPS (AIM 3)

. APA First S_tep First Step Forward Lateral Peak
Task | Group Time N | buration ©) Duration ROM Peak APA APA
) | (degrees) ) ©
Baseline | 13 | 0.40+0.09 | 0.49+0.04 | 22.88+4.67 | 0.049+0.021 | 0.042 +0.015
_ Acute 10 | 047+021 | 0.49+0.04 | 2551+7.86 | 0.040+0.012 | 0.040+ 0.014
iniores Asymptomatic | 12 | 0.46+0.15 | 0.48+0.04 | 26.13+6.43 | 0.053+0.026 | 0.041+ 0.013
zvg RTP 13 | 0.46+0.16 | 0.48+0.03 | 25.68+7.98 | 0.049+0.025 | 0.042 +0.017
5 Baseline | 11 | 0.47+0.12 | 050+0.03 | 26.59 +5.19 | 0.040+0.014 | 0.042 + 0.023
? Non Acute 8 | 039+0.16 | 0.50+0.04 | 27.80+7.92 | 0.046+0.023 | 0.031+0.013
Injured | Asymptomatic | 11 | 0.36+0.16 | 0.47+0.02 | 28.80+6.29 | 0.044+0.032 | 0.036 = 0.017
RTP 9 | 047018 | 047003 | 5" | 0.055+0023 | 0.042+0014
e
Baseline | 13 | 0.43+0.15 | 050+0.09 | 22.06 +5.31 | 0.045+0.015 | 0.042 +0.019
_ Acute 10 | 0.39+0.10 | 0.49+0.05 | 2551+7.14 | 0.043+0.017 | 0.036 + 0.014
e Asymptomatic | 12 | 0.41+0.09 | 0.48+0.04 | 23.62+9.80 | 0.048 +0.029 | 0.038 + 0.015
E RTP 13 | 0.41+0.17 | 0.49+0.04 | 24.78+7.88 | 0.051+0.024 | 0.043+ 0.015
§ Baseline | 11 | 0.46+0.19 | 0.50+0.05 | 23.37 +6.80 | 0.042+0.017 | 0.036 + 0.014
Non Acute 7 | 045+0.20 | 0.54+0.09 | 28.53+3.78 | 0.051 +0.026 | 0.035+ 0.013
njured | symptomatic | 11 | 0.41+0.20 | 0.48+0.05 | 27.17+4.26 | 0.056 £ 0.025 | 0.037 £ 0.012
RTP 9 | 0514018 | 0.48+0.02 | 23.68+4.42 | 0.054+0.025 | 0.33 +0.013
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Appendix |

RAW MEAN £ SD OF GAIT VARIABLES BETWEEN INJURY GROUPS

(AIM 3)
Double . Stride
Task Group Time n Cadenc.e Support Gait Speed Length
(steps/min) (%) (m/s) (m)

Baseline 17 111.6 £ 8.0 209+48 | 1.16+0.14 | 1.22+0.09

Acute 12 112.4+£5.0 203+1.7 | 1.12+0.11 1.17 £0.08
Injured

Asymptomatic | 14 | 113.6+7.8 | 19.1+27 | 1.14+0.14 | 1.11+0.28
Single RTP 15 | 1139+6.7 | 194+16 | 1.16+0.10 | 1.21+0.09

Task
° Baseline 17 | 111.3+£139 | 184+28 | 1.21+0.17 | 1.24+0.12
. Acute 8 1147+77 | 19.0£18 | 1.14+0.11 | 1.18+0.12

Non-Injured

Asymptomatic | 11 117.0+6.1 185+19 | 1.23+£0.16 | 1.23+0.13
RTP 10 1179+9.1 17.7+19 | 1.26+0.10 | 1.24%0.09

Baseline 16 105.8 £ 8.0 21.6+32 | 1.04+0.17 1.16 £0.15

; Acute 12 | 1045+59 | 22.7+22 | 093+0.08 | 1.07+0.07

Injure
Asymptomatic | 14 | 105.9+7.6 | 21.6+20 | 1.00+0.17 | 1.02+0.28
Dual RTP 15 | 1064+62 | 221+19 | 099+009 | 1.12+0.07
Task Baseline 17 | 1059+143 | 201436 | 1.09+0.17 | 1.18+0.10
_ Acute 8 | 107.6+43 | 212+17 | 1.00+0.06 | 1.09+0.10

Non-Injured

Asymptomatic | 11 | 1114+6.6 | 201+24 | 1.09+0.14 | 1.16+0.10
RTP 10 | 111.8+88 | 19.8+21 | 1.11+0.08 | 1.16+0.06
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Appendix J

RAW MEAN x SD OF TANDEM GAIT BETWEEN INJURY GROUPS

Injured Non-Injured
n | Single-Task | n | Dual-Task | n | Single-Task | n | Dual-Task

Baseline 25 |11025+1.75| 14 | 12.87+298 | 40 | 10.06 +1.75 | 24 | 12.30 + 3.18

Acute 17 | 10.88+2.61 | 13 | 13.76 £3.27 | 26 | 11.05+2.22 | 18 | 14.89+3.25

BEST

Asymptomatic | 20 | 9.63+1.99 | 15 | 12.22+2.08 | 31 | 9.76 £2.09 | 16 | 11.97 +2.72

RTP 22 | 924+1.25 | 13 |1097+188 | 24 | 930+£1.62 | 13 | 11.45+1.86

Baseline 25 | 11.23+1.72 | 14 | 14.36+3.66 | 40 | 10.80+1.63 | 24 | 13.75+ 3.79

Acute 17 | 11.68+2.77 | 13 | 15.09+4.33 | 26 | 11.78+2.38 | 18 | 16.15+3.92

MEAN

Asymptomatic | 20 | 10.39+2.22 | 15 | 13.60+2.63 | 31 | 10.35+2.27 | 16 | 13.35+2.81

RTP 22 1 991+£1.38 | 13 | 11.75+224 | 24 | 999+1.68 | 13 | 12.63+1.85
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Appendix K

IRB APPROVAL LETTER

. SITY or
@ EIAWARE‘J RESEARCH OFFICE 210 Hullihen Hall

University of Delaware

Newark, Delaware 19716-1551
Ph:302/83 3
Fax: 302/831-2828

DATE: October 20, 2017

TO: Thomas Buckley, Ed.D.

FROM: University of Delaware IRB

STUDY TITLE: [755528-5] Assessments and Determinants of Concussion Recovery

SUBMISSION TYPE: Amendment/Modification

ACTION: APPROVED
APPROVAL DATE: October 22, 2017
EXPIRATION DATE: May 19, 2018
REVIEW TYPE: Expedited Review

REVIEW CATEGORY:  Expedited review per 45 CFR 46.110 (b)(2)

Thank you for your submission of Amendment/Modification materials for this research study. The
University of Delaware IRB has APPROVED your submission. This approval is based on an appropriate
risk/benefit ratio and a study design wherein the risks have been minimized. All research must be
conducted in accordance with this approved submission.

This submission has received Expedited Review based on the applicable federal regulation.

Please remember that informed consent is a process beginning with a description of the study and
insurance of participant understanding followed by a signed consent form. Informed consent must
continue throughout the study via a dialogue between the researcher and research participant. Federal
regulations require each participant receive a copy of the signed consent document.

Please note that any revision to previously approved materials must be approved by this office prior to
initiation. Please use the appropriate revision forms for this procedure.

All SERIOUS and UNEXPECTED adverse events must be reported to this office. Please use the
appropriate adverse event forms for this procedure. All sponsor reporting requirements should also be
followed.

Please report all NON-COMPLIANCE issues or COMPLAINTS regarding this study to this office.

Please note that all research records must be retained for a minimum of three years.

Based on the risks, this project requires Continuing Review by this office on an annual basis. Please use
the appropriate renewal forms for this procedure.
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