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ABSTRACT

Purpose: Interdisciplinary research in epidemiology, neurology, neuroscience, and sports
medicine commonly highlight the dangerous short- and long-term sequelae of sportrelated concussions (SRC). Despite advancements in clinical evaluation and recognition,
many SRCs are not properly diagnosed and managed, leaving many athletes in danger of
acute and chronic neurological deficits. Epidemiological studies suggest the prevalence
of chronic traumatic encephalopathy (CTE) is three times, and Alzheimer's disease is four
times greater in former athletes with a history of SRC than non-athletes. The underlying
mechanisms linking SRC and contact-sport participation to neurodegeneration are not
fully understood. Herein, I hypothesized that transient insufficiency of the lymphatic and
glymphatic clearance systems in the central nervous system (CNS) could play a crucial
role in the SRC-mediated neurological conditions. Therefore, this study aimed to
examine the differences in plasma levels of extracellular vesicles (EV) that are associated
with the lymphatic and glymphatic clearance systems of the CNS among athletes
following sport-related head impacts. Participants: Plasma EV concentrations were
analyzed in collegiate athletes (controls n=29, SRC n=19) with and without SRC. In a
parallel study, fourteen college-aged soccer players participated in a laboratory-based,
repetitive subconcussion paradigm. All participants provided written informed consent,
and the study was approved by institutional review board at Temple University.
Methods: We evaluated EVs containing markers associated with the CNS lymphatic and
glymphatic systems, including lymphatic vessel endothelial hyaluronan receptor 1
(LYVE1), astrocyte-specific glial fibrillary acidic protein (GFAP), aquaporin 4 (AQP4),
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and the platelet and endothelial cell adhesion molecule 1(PECAM-1 or CD31).
Tetraspanin-28 (CD81) was used as an EV-specific marker. Blood samples from athlete
controls were collected once during preseason baseline assessments. Samples from
athletes with SRC were collected within 72 hours of injury. Whole blood was doublecentrifuged to obtain platelet-poor plasma, snap-frozen in liquid nitrogen, and stored at 80°C until analyzed. Quantification of plasma EVs was performed using spectral flow
cytometry. Mann-Whitney U tests were used for group comparisons of single and doublepositive EV concentrations, and receiver-operating characteristic curve (ROC) and area
under the curve (AUC) analyses assessed diagnostic efficacy. Within-group changes in
plasma EVs following repetitive, subconcussive head impacts were assessed with
Friedman's test using Dunn's correction for multiple comparisons. Results: Among
athletes with SRC, plasma concentrations of LYVE1+EVs and CD31+EVs were
significantly elevated within 72 hours of injury compared to controls (LYVE1+EVs, p <
0.0001; CD31+EVs, p = 0.005). ROC analysis revealed plasma concentrations of
LYVE1+EVs demonstrated significant diagnostic accuracy to differentiate athletes with
SRC from athlete controls (AUC: 0.971, 95% C.I. = 0.933-1.000, p < 0.0001). Notably,
concentrations of LYVE1+/CD81+ double-positive EVs, CD31+/CD81+ double-positive
EVs, and GFAP+/CD81+ double-positive EVs were significantly higher among athletes
with SRC within 72 hours of injury compared to control athletes (p < 0.0001; p = 0.0002;
p < 0.0001, respectively). Plasma AQP4+/GFAP+ double-positive EVs and
AQP4+/CD81+ double-positive EVs were not. However, plasma concentrations of
GFAP+/CD81+ double-positive EVs and AQP4+/GFAP+ double-positive EVs were
significantly elevated after repetitive, subconcussive head impacts (p < 0.0001 and p =
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0.004, respectively). Conclusion: Plasma concentrations of double-positive EVs,
including LYVE1+/CD81+EVs, CD31+/CD81+EVs, and GFAP+/CD81+EVs, may be
promising biomarkers for acute SRC. EVs associated with the glymphatic system,
GFAP+/CD81+EVs and AQP4+/GFAP+EVs, were significantly elevated after repetitive
subconcussive head impacts. The differences observed in EV responses to SRC and
subconcussion may provide novel mechanistic insights about sport-associated
neurodegeneration for current and future athletes.
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CHAPTER 1
REVIEW OF LITERATURE
1.1 Sport-related Concussion and Repetitive Subconcussion
1.1.1 Sport-related Concussion
Each year, an estimated 1.6 - 3.8 million TBIs occur due to sports
participation[1], and 90% are classified as concussions[2,3]. Specifically, a sport-related
concussion (SRC) is a TBI resulting from biomechanical forces acting directly at the
head, neck, or other body areas, transmitting an impulsive force to the brain. These forces
cause rapid, transient neurological dysfunction, which resolves spontaneously over a
variable amount of time, and may or may not involve loss of consciousness[4].
Participation in contact and collision sports such as American football, soccer, rugby, ice
hockey, and lacrosse poses the greatest risk of SRC. Among athletes younger than 18
years of age, an estimated 1.1 - 1.9 million SRC occur annually. Also, a suspected
occurrence of 2.5 SRC for every 10,000 athletic exposures (i.e., a game or practice) has
been reported among high school athletes[5]. SRC accounts for roughly 5% of all sportrelated injuries among college athletes across all sports, twice the prevalence of anterior
cruciate ligament injury[6]. Despite advancements in clinical evaluation and recognition,
many SRC are not recognized, diagnosed, and treated[3]. Epidemiological findings
suggest that as many as 50% of SRC are unreported by athletes[7], causing a significant
number of SRC to go unrecognized and undiagnosed[8]. Collisions that cause SRC can
be subtle, with few observable signs and symptoms detected by witnesses, and
concussion symptoms such as headache, nausea, and dizziness are often nonspeciﬁc[9].
For these reasons and others, accurately distinguishing SRC from the benign head
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impacts, termed “subconcussion”, has become increasingly challenging. Risks associated
with unreported SRC include the severe risk of subsequent brain injury during a period of
cerebral vulnerability[10–12], known as “second impact syndrome”[13–15]. Also,
athletes diagnosed with a SRC are more likely to sustain another SRC. For these reasons,
the rapid identification, evaluation, and management of athletes who have suffered a SRC
are vital for clinicians to address immediate safety concerns. Additionally, the long-term
risk of neurocognitive impairment must be considered during clinical management of
SRC, including potential treatment for prolonged symptoms and the safe return to play
(RTP) process[16].

1.1.2 Subconcussion
More extensive research efforts to understand the mechanisms and risk of
subconcussion have ensued in recent years. Subconcussion refers to head impacts that
occur in contact and collision sports without clinically discernible neurobehavioral or
physical symptoms of SRC[17]. There is evidence that neurodegenerative diseases,
especially chronic traumatic encephalopathy (CTE), strongly correlate with years of head
impact exposure[18]. It is believed that subconcussive head impacts sustained during
sports participation may potentiate physiological changes similar to those observed in
athletes with SRC. However, researchers must consider if these changes are due to
unreported SRC injuries. Mansell and colleagues report that almost 60% of college
athletes who did not report a SRC the prior year experienced signs and symptoms of SRC
following head impact[19]. An estimated 20% of college athletes believed they had
suffered a SRC during a previous game or practice, but over 75% did not seek medical
attention[16]. Estimations as high as 60% of athletes stated they previously withheld
2

reporting concussive symptoms following head impacts to sports medicine clinicians[19],
highlighting the need for improved diagnostic tools for SRC.

1.1.3 Biomechanics of Sport-related Concussion
Typically, SRC is caused by blunt, nonpenetrating head trauma, but clinicians rely
on patient self-reporting since clinically apparent observations by witnesses are rare[20].
SRC symptoms are highly heterogeneous and can include physical (e.g., nausea,
dizziness, headache), cognitive (e.g., poor concentration and memory), sleep (e.g.,
trouble falling asleep and fatigue), and behavioral (e.g., irritability and depression)
symptoms[20]. The biomechanics involved in SRC are heterogeneous as well. Both
linear and rotational acceleration forces acting on the head and neck are significantly
associated with SRC. However, we cannot currently measure the forces acting directly on
the brain. Nonetheless, Gennarelli[21] used Newton’s second law (force x mass =
acceleration) to demonstrate how head accelerations without impact cause TBI and was
able to calculate the “threshold” of necessary force to provoke injury. Advancements in
computer simulation models and accelerometers used to measure forces acting on the
head have led to the exponential growth in this area of SRC research. To date, head
acceleration measurements have been reported with peak linear and rotational
accelerations used as metrics of force magnitude[22–25]. Using these metrics, Zhang et
al.[26] provided an early report of an apparent kinematic threshold believed to induce
SRC. His group used a computerized finite-element head model to recreate head-to-head
collisions observed in professional American football games. It correlated the stress, or
strain, of brain tissue areas to incidence of SRC. They found that most instances of SRC
occurred with linear head accelerations of 60-80g, while lower magnitude forces did not
3

result in injury. In line with these findings, but using rotational head accelerations,
Rowson and colleagues[27,28] also noted that higher head accelerations were
significantly associated with a higher risk of SRC. In contrast, lower head accelerations
sustained at higher frequencies, especially with shorter time intervals between each
impact, have also been suggested to result in SRC. For example, ice hockey players
experience lower peak linear accelerations over a longer duration than American football
players, who experience higher peak linear accelerations over a shorter duration.
However, both impact profiles resulted in clinically diagnosed SRC[29,30].

1.1.3.1 Considerations for Subconcussive Head Impacts
Subconcussive head impacts reportedly have longer durations of lower peak
acceleration forces without acute SRC symptoms[29]. However, when comparing
maximum principal strain (MPS; a measure of brain strain) values between impacts
categorized as SRC versus subconcussive, there was considerable overlap between MPS
values between athletes with and without SRC diagnosis[29]. Reconstructions of
subconcussive head impacts in American football linemen showed 9–12% MPS[31],
enough to cause cytoskeleton damage to neurons and glial cells[32]. Football linemen
experience roughly 15 subconcussive impacts per game and likely more than 1,000
impacts per season[31], highlighting the potential for physiological damage without
symptom provocation.
Interestingly, the MPS value alone is not predictive of SRC or future degenerative
brain injury[33]. For example, kendo, a Japanese martial art where practitioners
experience a very high frequency of head strikes, does not precipitate the same risks for
SRC or abnormal rates of long-term neurological impairment among its practitioners as
4

seen in soccer and American football[28]. However, kendo's simulated head impacts
produced a 5–7% MPS value[28], highlighting the need to better understand
subconcussive head impacts and the associated health risks.

1.1.4 Pathophysiology of Sport-related Concussion
The pathophysiology of SRC has been studied using computer models, in
vitro, and in vivo animal studies to better understand the cellular damage resulting from
acceleration forces on the brain. Computational finite element models demonstrate that
CNS tissue strain levels as low as 5–15% functionally impaired signal transmission
without the apparent structural damage commonly observed in moderate and severe
TBI[32,34,35]. In humans, advancements in neuroimaging techniques have been used to
detect changes in axons and white matter due to SRC. Through imaging techniques like
diffusion tensor imaging (DTI)[36,37] and functional magnetic resonance imaging
(fMRI)[17,36–38], previous studies show changes to white matter integrity in collegiate
contact-sport athletes following SRC[36,38,39]. Currently, alterations and injury to axons
are considered the anatomical abnormalities underlying adverse outcomes associated with
SRC[40], including the development of CTE and neurodegenerative diseases. Axons are
particularly vulnerable to biomechanical stretch, and after experimental TBI, early studies
showed increased axolemmal permeability and demyelination[10,41].
Like axons, the delicate cytoskeletons of neurons and glial cells are sensitive to
acceleration forces. Immediately following biomechanical damage, neurons
indiscriminately release glutamate accompanied by ionic fluctuations due to
mechanoporation[42,43]. The simultaneous influx of calcium and sodium combined with
potassium efflux causes depolarization and a diffuse “depression-like” state, setting the
5

stage for observed post-concussive impairments[10]. Due to the intracellular calcium
influx and subsequent sequestration, mitochondrial dysfunction ensues[10,44]. High
intracellular calcium levels also cause N-methyl-D-aspartate (NMDA) channels to open,
creating a greater influx of sodium and efflux of potassium[10]. The opening of NMDA
channels activates the transmembrane ionic “pumps,” which require adenosine
triphosphate (ATP) to move ions across their concentration gradients. The dysfunctional
mitochondria produce insufficient ATP to fuel the transmembrane pumps due to impaired
glucose metabolism. Neuronal energy metabolism undergoes a glycolytic shift leading to
an eventual hypometabolic state[45]. Previous studies have found that this hypometabolic
state can persist for 7-10 days following SRC. Clinically, the first ten days postconcussion appear to have the most substantial risk for subsequent SRC[15,46].
In addition, following SRC glial cells experience altered neurotransmission, and
changes to cerebral blood flow (CBF) may result from cerebrovascular dysfunction.
Cerebrovascular dysfunction has been linked to CTE by the deposition of
hyperphosphorylated tau aggregates found around the small blood vessels of the cerebral
cortex, especially in the depths of the cortical sulci[47–50]. Recent studies suggest that
tau accumulation, independent of SRC, induces vascular injury and initiates chronic
cerebral vasculature dysfunction and blood-brain barrier (BBB) breakdown[51,52].
Amyloid beta (Aβ) accumulation following SRC has also been shown to induce
endothelial dysfunction in the microvasculature leading to BBB permeability and
dysfunction.
Cerebrovascular damage caused by SRC includes microhemorrhages,
neuroinflammation, alterations in CBF, vasospasms, and BBB disruption[53]. Such
6

damage may create a feed-forward loop by increasing tau and Aβ production and
accumulation while reducing their clearance, leading to the development of
neurodegenerative disease[54–56]. Due to the intimate relationship between axonal injury
and tau aggregation, potential links between axonal damage and cerebrovascular function
have been recently investigated. With arterial spin labeling, Shafi et al.[57] showed that
white matter cerebrovascular reactivity (CVR), defined as the change in blood flow per
unit change of an applied vasoactive stimulus, had the highest sensitivity for detecting
vascular dysfunction following acute SRC. These results suggest a relationship exists
between axonal injury and dysfunctional blood flow control mechanisms since they are
colocalized in white matter.
In healthy brains, increases in CBF depend on concerted actions of neurons, their
axons, and glial and vascular cells[58]. Astrocytes are glial cells that maintain the
necessary environment for well-functioning axons and myelin-producing
oligodendrocytes by supporting extracellular ion concentrations, preventing
excitotoxicity through the uptake of excess glutamate, and minimizing oxidative
stress[59]. Oligodendrocytes synthesize the CNS myelin sheath by enveloping axon
segments with elongations of their plasma membrane[60]. The unique ability of
oligodendrocytes to form myelin in the CNS has long been used as a biomarker of CNS
disease with demonstrable clinical utility in neuroimaging studies[61]. Damage-induced
demyelination of axons can create a dysfunctional oligodendrocyte-myelin-axonal unit
that cannot provide metabolic support or physical protection for the axon, possibly
increasing axon loss and neuron dysfunction[62,63]. Dysfunctional synaptic activity then
follows, disrupting astrocytes’ abilities to modulate local CBF and leads to regional
7

hypoperfusion. These findings suggest that SRC disrupts the delicate, interconnected
cellular processes necessary to maintain proper neural function, which may cause
clinically undetectable cerebral vulnerability and increased risk of repetitive injury[4].
Currently, there is evidence that contact-sport athletes exhibit variability in CNS
biomarker concentrations at baseline, which is thought to be the effect of repetitive
subconcussive head impacts[64]. Although there is no clinically observable symptom
provocation, subconcussive head impacts may elicit microstructural and physiological
damage. As seen with forces that result in SRC[10], subconcussive forces cause calcium
influx into damaged glia, neurons, and their axons, triggering proteolytic damage to
cytoskeletal structures and reduced axon integrity[65,66]. A recent in vitro study[32]
demonstrated that the minimum tissue strain required to induce calcium influx was only a
5% MPS. Furthermore, a significant calcium influx was observed when two
“subthreshold injuries” were repeated within 24 hours[32], emphasizing the potentially
damaging effects of repetitive subconcussive trauma. These results are echoed in human
studies where significant changes in white-matter structure and functional activity were
reported among contact-sport athletes after the completion of a competitive season even
though they did not have a SRC diagnosis[17,36,67,68].

1.1.5 Current Diagnostic Tools for Sport-related Concussion
During the acute phase of injury, SRC can evolve with rapidly changing clinical
signs and symptoms, potentially reflecting the underlying physiological sequalae within
the brain[4]. Consequently, SRC is considered one of the most complex injuries to
diagnose, assess, and manage in sports medicine. Additionally, the symptom onset and
severity seem to result from functional alterations rather than structural damage, as most
8

conventional neuroimaging tests do not show abnormalities[4]. The acute risks of SRC
have been well documented, including the risk of prolonged recovery[69], post-traumatic
headaches[70,71] and severe risk of subsequent brain injury known as “second impact
syndrome”[13–15]. The heterogeneous nature of SRC due to vast interpersonal
differences in immediate or delayed symptom presentation[72,73], and the number and
severity of symptoms[74] poses challenges for accurate diagnosis. SRC is a multifaceted
injury, and it has been recommended to employ multiple tests for accurate diagnosis[75].
These include a physical examination of observable signs and symptoms, and clinical test
batteries assessing neurocognitive function, static and dynamic balance, and visual
tracking or eye movement[76].
Evidence-based best practices for SRC diagnosis and management include an
initial sideline injury assessment with more extensive clinic-based assessments following
suspected SRC. Full medical clearance to RTP is granted when the athlete completes a
progressively phased program without symptom provocation.
Before each season, athletes should complete baseline and pre-participation
testing to determine intra-athlete reference values. During the post-injury evaluation, a
thorough assessment of athletes’ mental and symptom status, cognitive functioning,
sleep/wake disturbance, ocular and vestibular function, gait and balance is performed and
compared to baseline testing scores to determine clinically relevant changes indicative of
SRC. If more serious injury is suspected during this assessment, the clinic staff must
determine if emergent neuroimaging assessments are warranted to rule out potentially
life-threatening structural damage[4].
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Numerous sign and symptom scales have been used to assess SRC severity. Some of the
most common include the Rivermead Post-Concussion Symptom Questionnaire
(RPCSQ), Concussion Symptom Inventory, Immediate Post Concussion Assessment
Tool (ImPACT)[77], and the most updated version of the Sport Concussion Assessment
Tool (SCAT5). Due to their widespread use among sports medicine professionals, the
ImPACT and SCAT5 assessments will be discussed further. The ImPACT is often used
to assess neurocognitive function and provides valid testing scores when completed in a
quiet, distraction free space. ImPACT testing has a 91.4% sensitivity and 69.1%
specificity to differentiate athletes with and without SRC[78]. When compared to
baseline values, data from the initial post-injury ImPACT scores showed a 94.6%
sensitivity and 97.3% specificity[78], making it difficult for athletes to hide SRC. Also, it
is recommended to reassess any athletes with invalid or suboptimal scores, as high
percentages of valid scores (87%-98%) were reported upon reassessment[79,80].
The SCAT5 is a comprehensive assessment tool that meets all recommended
evaluation domains by scoring an athlete's symptoms, memory, concentration, balance,
gait, and finger-to-nose coordination[81], and provides phased steps for accurate SRC
diagnosis. For example, athletes suspected of a SRC are to be immediately removed from
activity and assessed with the SCAT5's "Immediate or On-field assessment" by a trained
sports medicine professional[4]. If the on-field assessment results in a SRC diagnosis,
athletes are removed from athletic activity for the remainder of the day and monitored for
new or changing signs and symptoms. Then, athletes undergo a re-evaluation at a clinic
or other appropriate setting to assess all recommended evaluation domains[75]. The
SCAT5 post-injury scores from the clinical evaluation can be compared to baseline
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values with high sensitivity and specificity[82]. Since immediate removal from activity is
critical for proper assessment and SRC diagnosis, athletes and coaches are encouraged to
complete concussion education courses about the signs, symptoms, and basic
management of SRC to better assist the sports medicine team in spotting a concussion
during games and practices[72,73].
Another diagnostic tool was developed because of the observed deficits in ocular
motor control and balance following SRC is the Vestibular/Ocular Motor Screening
(VOMS). Vestibular/ocular motor functioning and determination of pre-existing
vestibular (e.g., Benign Positional Vertigo) or visual dysfunctions can be assessed
through the VOMS at baseline testing and during the initial post-injury assessment. The
VOMS tool assesses vestibular and ocular motor impairments and related symptoms in
the acute phase of injury with demonstrated internal consistency and good sensitivity for
identifying athletes with SRC[83].
Although there is growing empirical data accurate diagnosis of SRC, there is far
less research concerning SRC management and athletes’ safe RTP. Much of the RTP
progression for safe return to participation is based on position statements through
leading organizations focused on the clinical management of SRC. The graded RTP
protocol varies slightly between sports medicine organizations and position statements.
However, all recommendations state that athletes should complete subsequent phases of
the progression protocol with no less than 24 hours between successful completion of
each phase.
Unfortunately, little is known about early RTP can be initiated following SRC.
For example, the Australian Institute of Sport and Australian Medical Association
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position statement[84] recommends that athletes start the RTP progression once
symptoms have entirely resolved. However, some findings suggest that athletes should
engage in aerobic exercise maintained at a sub-symptom threshold after 24-48 hours of
cognitive and physical rest following SRC diagnosis regardless of symptom
resolution[85,86]. Also, emerging evidence suggests that physiological changes may
persist after the clinical symptoms have resolved[10,87].
Many athletes reportedly sustained additional injuries in the weeks and months
following SRC. College athletes were twice as likely to sustain an acute lower extremity
injury for up to 1-year post SRC[88] and are 2.5 times more likely to sustain a lower
extremity injury within 90 days after RTP clearance[89]. Also, for at least one year
following a SRC, elite-level European football players have a 50% elevated risk of injury
compared to footballers who did not sustain a SRC[90]. These findings may be
influenced by pathophysiological changes such as CBF reductions and hypometabolism
following SRC, which have persisted up to 30 days after injury[10,87] Consequently,
athletes may continue to experience physiological deficits and cerebral vulnerability after
the RTP progression is complete, increasing the risk of subsequent injury[15,46]. For
these reasons, it is necessary to better understand the mechanisms underlying
physiological recovery following SRC to aid clinical decisions regarding clinical
management and safe RTP.

1.1.6 Association of Sport-related Concussion and Neurodegenerative Disease
In recent years, SRC has received considerable attention due to evidence
suggesting that SRC increases the risk of neurodegenerative diseases[91,92] such as AD
and CTE[18,48,93], which have been reported among retired athletes[18,48,94,95].
12

Although the mechanism by which SRC can lead to the future development of CTE and
neurodegeneration is unclear, evidence suggests the repetitive head impacts experienced
during contact-sports participation may play a role[65].
Evidence suggests that sport-related brain injury contributes to 3-15% of
diagnosed cases of dementia and is a leading risk factor for neurodegenerative
disease[91,92]. Recent reports show that neurodegeneration-associated mortality is
almost three times higher among former professional soccer[96,97] and American
football[47] players than demographic and socioeconomically-matched nonathlete
populations. CTE is explicitly associated with a history of SRC and head impact exposure
from contact sports[49], causing immense concern surrounding contact-sport
participation among public health professionals. Neuropathologic changes specific to
CTE include abnormal deposits of hyperphosphorylated tau aggregates in neurons,
astrocytes, and their extensions surrounding the cerebral cortex's deep blood
vessels[18,48,50]. These findings characterize CTE as a tauopathy[65], a condition that
currently must be diagnosed by postmortem examination[98]. Although these
pathological criteria have been widely accepted, efforts to establish clinical diagnostic
criteria for CTE have been less successful. Currently, the clinical presentation of CTE is
often indistinguishable from AD, frontotemporal dementia, and other neurodegenerative
diseases[50], further complicating accurate diagnosis and management of CTE. Efforts to
establish other risk factors for CTE have also faced many challenges. CTE remains a
diagnosis mostly for individuals with a history of TBI across severity levels[49].
Furthermore, the association between contact-sport participation and CTE[18] has fueled
a growing public health concern. The largest retrospective cohort study (n=2,566 autopsy
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cases) to date showed 9% of former high school and youth athletes had pathology
indicative of CTE; a frequency that was three times higher than cases with no history of
athletic participation (3.3%)[99].
Like AD pathology, Aβ plaques have been found in almost half of CTE
cases[100]. Some subjects met the diagnostic criteria for both CTE and AD, presenting
with increased Aβ plaques and hyperphosphorylated tau deposits at the depths of the
cortical sulci. Aβ deposition is thought to be altered and accelerated in CTE.
Additionally, sport-related brain injury accelerates the aging process and may alter the
dynamics of Aβ deposition[100], leading to protein misfolding and aggregation followed
by neurotoxicity[101].
Initially, only moderate and severe TBIs were established as a risk factor for the
development of neurodegeneration, with increasing evidence that a single incidence of
severe TBI increases the risk of dementia later in life[102,103] and may accelerate AD
progression[104,105]. SRC is the only known risk factor associated with contact sports
for neurodegenerative disease[33]. Although a link between SRC and neurodegenerative
disease was first proposed almost a century ago with descriptions of “punch drunk
syndrome”[106], now termed CTE, it was generally considered to be confined to
boxers[33]. Only recently were findings of CTE discovered in athletes of other contact
sports, including soccer[107,108], American football[47,96,109], ice hockey[48], and
rugby[107,110]. Incidental head impacts from contact-sports participation are associated
with acceleration forces that result in axonal stretching[111] and cellular damage. These
forces are thought to play a dominant role in the development of CTE[65] and other
neurodegenerative diseases. Although, compelling evidence has linked repetitive SRC
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and CTE[18,48,49,112], a significant, positive correlation between years of contact sport
participation and the severity of CTE has also been reported[18,47]. Similarly, a history
of SRC (i.e., number of SRC incidents) alone showed no such predictive results. These
findings suggest that repeated subconcussive head impacts can cause detrimental CNS
tissue damage that may lead to long-term neurological health complications, including
CTE.

1.2 Biomarkers for Sport-related Concussion Diagnosis
1.2.1 Conventional Biomarkers for Diagnosis
1.2.1.1 Neuroimaging
Newly developed, advanced neuroimaging techniques have shown that SRC is
associated with metabolic and physiological changes in the brain that correlate with postinjury symptoms and cognitive function[10]. For example, hypoperfusion has been
reported among athletes following SRC[10,57,113,114]. Imaging techniques to measure
these changes include Doppler ultrasound, arterial spin labeling, and partial pressure of
carbon dioxide positron emission tomography (PaCO2 PET) scans. Hypoperfusion
following SRC is believed to contribute to a hypometabolic state and cellular energy
crisis. Alterations in CBF have been associated with disruptions in vital energydependent processes and the clearance of metabolic byproducts, including carbon
dioxide, excess lactate, other metabolites, and heat produced by neuronal activity[58].
Even small regional reductions of 20% CBF can have deleterious effects on the brain by
inhibiting cerebral protein synthesis[115]. Larger reductions of 50% CBF leads to
extracellular accumulation of glutamate and lactate, and intracellular water movement to
extracellular compartments[115]. The duration of hypoperfusion is variable; however,
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Giza and Hovda[10] suggest CBF can remain decreased 10 days following SRC.
Previous findings show significant decreases in CBF among college football players 24
hours and up to eight days after SRC compared with controls[87]. The authors report that
the most significant difference between groups was observed eight days following SRC.
Decreases in CBF following SRC were also significant compared with injured athletes’
baseline measures both at 24 hours and eight days after injury, with the greatest decrease
on day eight[87]. Other studies show CBF can be reduced up to one month postSRC[114]. Emerging evidence suggests chronic CBF alterations and related
cerebrovascular dysfunction could affect BBB and neurovascular function[54],
potentially facilitating neurodegenerative pathology following SRC.
Other neuroimaging techniques have focused on axonal injury and white matter
changes. Bazarian and colleagues[36] suggested that white matter changes are associated
with impact intensity and, thus, injury severity. They reported greater white matter injury
in an athlete with a diagnosed SRC, intermediary changes for a subconcussive group, and
the least amount of white matter change for nonathlete controls. However, anatomic
distinctions in white matter injury from preseason to post-season are reported as highly
heterogeneous and scattered diffusely across the entire white matter region of the
brain[116]. Although great strides continue to be made in neuroimaging for diagnostic
assessment, evidence suggests that differences in patients following SRC could result
from pre-existing differences[117] requiring regular neuroimaging assessments to
determine incidence of SRC. If accurate, these findings combined with the high cost of
neuroimaging, both financially and in the time required for diagnostic assessment, would
greatly limit these diagnostic tools' availability.
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1.2.1.2 Biofluids
Biomarkers can be found in many biofluids, including cerebrospinal fluid (CSF),
blood, and isolated plasma. Earlier studies isolated candidate biomarkers from CSF due
to the inability to detect brain-specific proteins in the blood. However, blood-based
diagnostics offer a less invasive and more cost-effective avenue than CSF analysis. The
ease of conducting blood-based diagnostics in a typical sports medicine setting could also
provide insight into athletes’ physiological recovery following clinical symptom
resolution and aid RTP decisions. Consequently, various serological markers have been
proposed, including glial fibrillary acidic protein (GFAP), neurofilament light chain
polypeptide (NfL), tau, and ubiquitin carboxyl-hydrolase L1 (UCH-L1). However,
previous studies evaluating blood concentrations of these proteins following SRC report
mixed findings[118–121]. One such reason could be the short half-life of proteins when
they enter the peripheral circulation due to protease-mediated degradation[122] and
filtration through the liver and kidneys[123]. Also, these proteins have multifaceted roles
in the brain, making their response to SRC challenging to predict.
Previous findings of increased serum tau and Aβ42, a precursor to pathological Aβ
plaques, were observed in athletes within four hours of sport-related SRC[124]. Elevated
concentrations of serum Aβ42 were also positively correlated with a history of SRC in
contact sport athletes at baseline[64,125]. Interestingly, reduced Aβ42 concentrations in
the CSF were observed among athletes with post-concussion syndrome[126,127],
although CSF concentrations of GFAP and NfL were significantly elevated[120,126].
Recently, significantly elevated CSF concentrations of the axon markers tau and NfL
were reported in boxers after repetitive, head impacts[128,129]. Similarly, after a single
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competitive season, elevated serum NfL was reported in American football players
without SRC[130,131]. Such changes support evidence of the axon and white matter
damage may result from contact sports participation, an observation consistent with
previous neuroimaging studies.
The early rationale for measuring tau as a potential marker for SRC diagnostics
arose from reports suggesting that SRC may cause the accumulation of extracellular tau
and Aβ observed in neurodegenerative diseases. Significant associations between tau and
Aβ accumulation and neurodegenerative pathology, combined with previous findings that
these proteins are significantly elevated in the CSF after brain injury[128,129,132], made
these proteins promising candidate blood-based diagnostics for SRC. Although tau is
released by normal neuron activity, previous reports show that experimental TBI can
induce abnormal neuron functioning and the indiscriminate release of tau[111].
Additionally, TBI can induce tau hyperphosphorylation[133,134], causing an ordered
process of phosphorylation at specific sites leading to tau oligomer formation and
aggregation[135,136]. Acceleration forces experienced during contact-sport participation
and SRC are believed to induce the abnormal release of tau[111] comparable to what has
been previously observed in more severe TBI. Therefore, the abnormal release of tau
following SRC would increase the risk of tau phosphorylation, aggregation, and
neurodegenerative pathology.
Previous findings show that SRC induces a neurometabolic cascade, causing
calcium influx into the neurons and axons. The majority of tau is localized to the axons as
microtubule stabilizers[136]. Consequently, calcium-induced calpains are activated and
facilitate the phosphorylation of tau, which causes a reduction in its binding affinity for
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microtubules[65]. As a result, tau is released into the extracellular space. Phosphorylated
tau has a higher affinity for aggregation than tau in its native form, increasing the risk of
oligomerization or aggregation. Tau oligomers can disrupt synaptic function which
underlies impairment of cognitive function[137] and be taken up by nearby neurons.
Once within the neuron, oligomeric tau can induce mitochondrial dysfunction by
decreasing NADH-ubiquinone oxidoreductase and activating caspase-9[138]. These
events activate the mitochondrial apoptotic pathway and lead to neuronal injury.
Furthermore, after tau is released into the extracellular space, the loss of axon
microtubule stability is suggested to cause dysfunctional axon transport and further
neuronal injury.
Phosphorylated tau oligomers form neurofibrillary tangles (NFTs), a hallmark of
CTE and AD pathology[47,139]. Perivascular deposits of NFTs of are found in the
neurons and astrocytes of deep cortical sulci in patients with CTE[48]. The increased
release of phosphorylated tau from SRC has raised concerns for athletes’ long-term
health. Evidence suggests that phosphorylated tau aggregates and tau oligomers may be
more neurotoxic than monomeric tau. Hyperphosphorylation of tau also results in the
redistribution of tau from the axon to the neuronal dendritic spine, leading to impaired
synaptic function[140]. Additionally, accumulation of hyperphosphorylated tau
surrounding the penetrating capillaries (paravascular space) has been shown to be
toxic[141,142] and can increase inflammation and BBB dysfunction[143,144]. Blair and
colleagues[51] showed that abnormally released extracellular tau sufficiently initiated
BBB impairment in concert with perivascular tau accumulation. Similarly, LasagnaReeves[138] showed that an injection of human tau oligomers into the brains of mice
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resulted in impaired memory consolidation, and synaptic and mitochondrial dysfunction.
Therefore, it is possible that in tauopathies such as CTE, SRC may trigger a misfolding
cascade which can then perpetuate further CNS damage and lead to
neurodegeneration[145].
Similarly, deposition of Aβ has been implicated in multiple neurodegenerative
diseases including AD[146], vascular[56] and other dementias[107], and CTE[100]. Aβ
deposition has also been significantly associated with Lewy body disease and increases in
alpha-synuclein oligomerization and parkinsonism[147,148]. Although it was once
thought that Aβ accumulation was not involved in CTE development, evidence suggests
Aβ deposition in CTE is linked to increased disease severity. Pathological findings of Aβ
deposition among patients with CTE have shown significant associations with co-morbid
Lewy body disease when adjusted for age-related increases of Aβ[100]. Also, the
presence of Aβ deposition with CTE had an almost nine times greater increase in the
odds of developing parkinsonism than those who were CTE positive but Aβ
negative[100]. Increased extracellular Aβ is suggested to be a pathological trigger of
neurodegenerative diseases with Aβ accumulation and deposition. Hypoperfusion has
been shown to activate β and γ secretases which increase Aβ production[149,150].
Following SRC, local changes in CBF and hypoperfusion can increase Aβ production.
Aggregate Aβ formation in the perivascular space may worsen trauma-induced
cerebrovascular damage, oxidative stress, mitochondrial damage, and BBB permeability
by increasing secondary injury cascades[54]. In addition to CBF alterations,
SRC[151,152], and ischemic[153,154] brain injuries induce altered brain metabolism by
accelerating glycolysis, thereby increasing lactate production and pH (i.e., metabolic
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acidosis). Metabolic acidosis following SRC is suggested to contribute to Aβ
accumulation since Aβ is shown to aggregate in a pH-dependent manner[155].
Additionally, SRC-induced mitochondrial dysfunction impairs oxidative
metabolism[156,157] and reduces ATP production which further stimulates glycolysis.
The increased lactate production combined with the decreased lactate metabolism further
increases pH and precipitates Aβ production and accumulation. Increased lactate
production also leads to lactate accumulation and metabolic acidosis-driven neuron
dysfunction[113]. Furthermore, aggregated Aβ oligomers have been shown to influence
the activation of mitochondria- and death receptor-mediated pathways of endothelial cells
that potentiate apoptosis[54,158–160]. These findings suggest that increases in
pathological tau and Aβ oligomers following SRC could influence the future
development of neurodegenerative diseases, making them promising biomarkers of SRC
pathology associated with long-term neurodegenerative risk[97].
Another promising blood biomarker is GFAP, the major cytoskeletal protein in
astrocytes, which has been detected in the blood following incidents of
TBI[118,119,124,161–165]. During the immediate hours and days after SRC,
significantly higher blood concentrations of GFAP were reported among injured athletes
compared to baseline values and healthy controls[118,119,164]. Recently, Laverse and
colleagues[166] reported significant increases in plasma GFAP among rugby players at
both one hour and ten days post-SRC compared with uninjured teammates.
The delicate structure of astrocytes makes them exceptionally vulnerable to
acceleration forces[10] experienced during contact-sport participation. When astrocytes
are injured protease-induced breakdown of GFAP occurs and fragments are released into
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the interstitial fluid (ISF) of the brain[167]. It has been suggested that GFAP fragments
may enter the blood after ISF drains through a damaged BBB or when fragments enter
the CSF and drain to the peripheral circulation through the meningeal lymphatic system
or other clearance mechanisms[168]. The abundance of astrocytes compared with
neurons has led some to believe blood concentrations of GFAP may be more indicative of
physiological alterations consistent with brain injury than concentrations of neuronspecific molecules[61]. Indeed, of the nearly 160 billion cells that form the human brain,
astrocytes are the most numerous of the glial cells, outnumbering neurons five to
one[169]. Astrocytes also play important roles in BBB integrity, perivascular
homeostasis, the transport of solutes from the blood, and cerebrovascular contractility in
response to neuron activation[170]. Further, astrocytes are essential for the maintenance
of the electrochemical environment that must be strictly preserved for proper neuron
functioning[171].
The physical and biochemical changes caused by SRC to astrocytes or their
interconnections with neurons, microvasculature, and other adjacent cells can initiate
physiologically relevant disruptions without clinical presentation of brain
injury[67,171,172]. Recently, investigators found that enriched astrocyte proteins in high
school American football players significantly increased following competitive gameplay
and correlated with head impact exposure in athletes without discernible signs or
symptoms of SRC[173]. However, other studies have shown the fluctuations in biofluid
concentrations of freely circulating GFAP and other markers to be transient. Elevations
of GFAP, NfL, and tau in the CSF reportedly return to baseline levels following extended
time intervals between head impacts, e.g., through cessation of sports participation at the
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end of a competitive season[128,129,129]. In fact, McCrea et al. showed that serum
GFAP, NfL, and tau concentrations did not significantly differ between contact-sport
athletes and noncontact athlete controls at baseline[119]. Likewise, plasma
concentrations of GFAP did not significantly differ from 1-hour post-match in rugby
players compared to preseason baseline values[166]. These findings support the use of
GFAP as a potential biomarker for SRC; however, the use of freely circulating GFAP and
other brain-specific makers for diagnostics is limited.

1.2.2 Unconventional Biomarkers for Sport-related Concussion
1.2.2.1 Central Nervous System Lymphatics
The lymphatic clearance system of the brain has been recently “rediscovered” but
is yet to be elucidated. Historically, the CNS was considered immune privileged, or void
of the “conventional” immune vessels observed in the rest of the body[174].
Neuroimaging and animal studies have disproven this long-held belief and identified a
lymphatic vascular network as well as multiple pathways for CNS drainage and
clearance[175]. The lymphatic vessels in the meninges are associated with the dural
venous sinuses[174,176–178], the astrocyte-mediated “glymphatic” pathway[179,180]
within the paravascular space surrounding penetrating blood vessels, and the intramural
periarterial drainage (IPAD) pathway that runs along basement membranes within the
perivascular space of the cerebrovascular[175,180]. All drainage pathways associated
with CNS clearance must work concertedly to remove waste from the brain and
meninges. For this reason, mention of all pathways working as a collective system will
hereafter be referred to as the CNS lymphatic system, while specific pathways will be
explicitly named when discussed.
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Recently, an imbalance between the production of neurotoxic proteins and the
CNS lymphatic system in the brain[181] is suggested to play a dominant role in the
development of tau aggregates and CTE[65]. Therefore, the increased clearance of
pathological proteins from the extracellular space is considered vital to healthy CNS
functioning[176]. Enlarged paravascular spaces (EPVS) observed using MRIs have been
proposed as a surrogate marker of glymphatic dysfunction and are significantly correlated
with AD and small vessel disease[182,183]. Currently, PET-visible Aβ in the EPVS is
considered to reflect parenchymal deposits, while MRI-visible Aβ in the EPVS may be a
correlate of vascular dysfunction due to vascular Aβ deposits[184]. Enlarged EPVS may
reflect dysfunctional clearance due to inflammation. Through use of C-reactive protein as
a marker of inflammation, C-reactive protein cytotoxicity was associated with Aβ
accumulation in AD[185]. Taken together, these results suggest that inflammation
following SRC could induce CNS lymphatic dysfunction and Aβ accumulation.
Using fMRI, astrocytes have been studied to better understand the key roles they
play in CNS lymphatic clearance. Astrocytes change in morphology and gene expression
profile as a result of astrogliosis[61]. Astrogliosis decreases the polarization of the water
channel aquaporin 4 (AQP4) away from the astrocyte end-feet, which is a key
determinant of impaired lymphatic clearance[181]. Studies using PET imaging show an
increased expression of monoamine oxidase B (MAO-B), a byproduct of astrocytes
undergoing astrogliosis[61]. When developing MAO-B PET imaging for astrogliosis,
researchers observed increases in MAO-B among pre-symptomatic, but not early
symptomatic AD patients[186]. During the transition of nonreactive astrocytes to a state
of astrogliosis, astrocytes experience high enzymatic activity, as indicated by the
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increases in MAO-B. However, after the transition is complete, as with symptomatic AD
patients, astrocytes are considered MAO-B deficient and less enzymatically active[186].
These findings indicate that enzymatic activity related to astrogliosis might be preclinical feature of dementia, AD, or other neurodegenerative diseases.
Astrogliosis has been observed following SRC, making MAO-B PET imaging a
potential indicator of astrogliosis-induced CNS lymphatic dysfunction. However, MAOB expression in astrocytes undergoing astrogliosis differs across brain regions[187]
underscoring the need for a better understanding of SRC and neurodegenerative disease
pathology. Further, imaging techniques used to assess physiological changes related to
CNS lymphatic clearance are limited by high operational costs, including the arduous
procedures to perform the tests and the high financial burden. An ideal solution to assess
CNS lymphatic clearance efficiency would be through blood-based biomarkers.

1.2.2.2 Extracellular Vesicles
Extracellular vesicle (EV) is an all-encompassing term used to identify nanosized,
membrane-bound particles released by all mammalian cells during normal and
pathological processes[188,189]. EVs have recently been detected in the blood[190–192],
making these subcellular particles promising candidate biomarkers for SRC. Larger EVs
(150-1000nm), also known as microvesicles, are formed by shedding from the plasma
membrane[193] and are released through exocytosis. This process allows large EVs to
retain the outer membrane properties of the cell of origin. Small EVs (30-150 nm), or
exosomes, are formed through endocytic mechanisms and invagination of the plasma
membrane that further buds into smaller multivesicular bodies. The multivesicular bodies
then fuse with the plasma membrane and are released as exosomes[193]. Both large EVs
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and exosomes can transport components of the intracellular environment from the cell of
origin, including nucleic acids, proteins, and ribonucleic acids which act as a functional
cargo to facilitate intercellular communication[194–197]. All EVs contain membranebound proteins that can identify their cell of origin and unique protein markers that have
been used to distinguish EVs from other cell fragments[193]. Membrane-bound proteins
of the tetraspanin family are considered unique to EVs and include CD81, CD63, and
CD9[198–200].
EVs are at the forefront of biomarker research in a wide array of diseases such as
oncological, cardiovascular, and neurological diseases[123], making them a novel means
of detecting cells undergoing activation, injury, inflammation, or infection[201–203].
EVs show promise as biomarkers for SRC because they are released by all neural cells
during pathophysiological processes[188] and can cross the BBB[204]. Also, their
enclosed membrane is thought to increase the half-life of their protein cargo in the blood
and reduce the effects of protease degradation[123]. A longer half-life may increase the
probability of detecting CNS damage days after SRC. For these reasons and others, EVs
are viable candidate biomarkers for diagnosis of SRC.

1.3 Relevance of the Lymphatic System to Sport-related Concussion
1.3.1 Lymphatics of the Central Nervous System
Recent evidence shows that tau[205], Aβ[206], and other metabolites such as
lactate, are cleared from the brain through the CNS lymphatic system and all pathways
have been affected by SRC or TBI[207–209]. Even subconcussive head impacts are
suggested to cause reductions in CNS lymphatic clearance, as evidenced by longitudinal
decreases in plasma tau concentrations concurrent with increased head impact
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exposures[23]. The three pathways of the CNS lymphatic system are suggested to work
in concert to drain CSF and ISF solutes from the depths of the parenchyma to the outer
dural sinuses and the peripheral lymphatics[175].

1.3.1.1 Meningeal Lymphatic Pathway
Once thought to be void of lymphatic vasculature, secondary transport lymphatic
vessels were recently observed in the brains of humans using MRI [210,211]. The
lymphatic vessels in the outer most covering of the brain, the dura matter, run parallel to
the cardiovascular circulation. Meningeal lymphatic vessels have been shown to express
a lymph-specific marker, lymphatic vessel endothelial hyaluronan receptor 1
(LYVE1)[212,213] which distinguishes them from cerebrovascular vessels. Studies show
meningeal lymphatic vessels drain CSF, ISF, tau, Aβ, and immune cells from the brain
and meninges to the deep cervical lymph nodes where they enter the peripheral lymphatic
system[177,178,214]. However, some suggest the meningeal lymphatic pathway is
mostly a pathway for CSF drainage, while ISF drains through the glia limitans of the
glymphatic pathway before flowing within the arterial walls of the IPAD pathway[175].
In humans, CSF passes from the ventricular system into the subarachnoid spaces, part of
which drains into the blood via the arachnoid villi and granulations of the dural sinuses.
Other portions of CSF drain to the cervical lymph nodes via the meningeal
lymphatics[214–217]. Recent experiments using Indian ink and Microfil[215,216] have
demonstrated the capacity of meningeal lymphatic vessels for CSF drainage, and others
have demonstrated the efflux of immune cells from the CSF into deep cervical lymph
nodes[218,219]. Additionally, after axonal injury and (autoimmune) demyelination,
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myelin and axon epitopes have been found in deep cervical lymph nodes[220,221],
further demonstrating the CSF clearance capacity of the meningeal lymphatic pathway.
Whether the meningeal lymphatic vessels also drain ISF and solutes from the
brain parenchyma is currently debated. Studies have shown that the meningeal lymphatic
pathway is critical for clearing extracellular Aβ, tau, and alpha-synuclein (α-synuclein)
from the ISF, and disruption of this lymphatic pathway can promote the accumulation of
these proteins in the parenchyma[176,222,223]. Mouse models of AD show that the
meningeal lymphatic pathway is responsible for draining dissociated Aβ plaques and tau
NFTs[223,224], both of which may be too large to be cleared through the glymphatic or
IPAD pathways[225]. Animal models of Parkinson’s disease also showed increased
pathological aggregation of α-synuclein[226] and worsened cognitive outcomes after
meningeal lymphatic ligation[222]. Studies using ablation[178] or genetic removal of the
meningeal lymphatic vessels resulted in the retention of injected tau and delayed tau
clearance to the peripheral circulation[176]. Furthermore, Patel and others showed
significant retention of fluorescently tagged tau after injection into the brain for one week
in mice lacking meningeal lymphatic vessels[176]. These transgenic mice also
experienced delayed tau clearance from the brain into the peripheral circulation, as
evidenced by significantly lower plasma tau concentrations 24 hours after injection
compared with wild-type mice.
Likewise, previous studies show that experimental TBI can induce meningeal
lymphatic dysfunction[225] and delay the clearance of Aβ[227] from the brains of mice.
Increased intracranial pressure and secondary immune response following TBI can cause
meningeal lymphatic dysfunction, even if the lymphatic vasculature was unaffected by
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impact[225]. Neuroinﬂammation has been observed following SRC and can persist for
months or even years[228]. Persistent neuroinflammation can chronically influence
meningeal lymphatic clearance and lead to the retention and deposition of tau, Aβ, and
other metabolites[176,208]. Prior to experimental TBI, existing meningeal lymphatic
dysfunction was shown to exacerbate neurodegenerative pathologies after injury[225].
Additionally, age-related dysfunction of meningeal lymphatic clearance has been
shown to reduce tau and Aβ clearance and worsen neurodegeneration pathology in
mice[225,229]. In humans, previous evidence suggests that the subconcussive head
impacts suffered during sports participation may initiate similar physiological changes
observed after SRC[17], including the disruption of meningeal lymphatic
clearance[205,230]. Therefore, the proper function of the meningeal lymphatic system
following head impacts due to contact-sport participation is considered vital to healthy
CNS processes[176,181,209]. These findings suggest that proper meningeal lymphatic
function is essential to mitigate the risk of neurodegeneration in contact-sport athletes.

1.3.1.2 Glymphatic Pathway
In addition to meningeal lymphatic dysfunction, dysfunction of the astrocytemediated glymphatic pathway has been reported following experimental TBI[208,231].
Glymphatic clearance occurs through a thin layer of invaginated pia matter which creates
the paravascular space between the outer surface of penetrating capillaries and the
astrocyte end-feet that ensheathe the vessels, known as the glia limitans[179,232]. The
glymphatic system is suggested to be strongly linked with the meningeal lymphatics. The
negative pressure which drives glymphatic flow is thought to be derived from the
meningeal lymphatics, although arterial pulsatile pressure drives glymphatic fluid
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dynamics. Recently, evidence suggests that glymphatic clearance allows for CSF and ISF
exchange through convection in the paravascular space surrounding penetrating cerebral
blood vessels[176]. The bulk of CSF flows through the glymphatic pathway and drains
into the paravascular space before flowing to the subarachnoid space[232]. From the
subarachnoid space, solutes carried by the CSF are transported through the meningeal
lymphatic pathway to the extracranial lymphatic system for necessary breakdown and
removal from the body[233]. During sleep, the paravascular space expands and allows for
greater convection of CSF[205], potentially allowing for bulk flow clearance of larger
molecules like proteins and protein aggregates.
In part, the fluid dynamics of the glymphatic system are thought to be influenced
by arterial pulsatility. Peak CSF pulse velocity was shown to correspond with the
elevated cerebral systolic blood pressure during each heartbeat[234]. Increases in CBF
pressure and volume in the parenchyma and choroid plexus may cause transient tissue
swelling, squeezing the ventricles and subarachnoid space. This squeezing moves the
bulk of CSF toward drainage sites which eventually flow to the cervical lymph
nodes[234]. Astrocyte end-feet can regulate the process of functional hyperemia, or
increased CBF to support increased neuronal activity[170]. Due to the relationship
between CBF and glymphatic flow, astrocyte-driven hyperemia can also regulate the
clearance of metabolic byproducts following neuron activity.
Healthy astrocytes mediate the exchange of ISF and CSF to help eliminate
metabolic waste and large macromolecules that cannot pass through the BBB.
Experimental TBI causes astrocytes to undergo morphological changes resulting in
astrogliosis, a state in which astrocytes experience hypertrophy and proliferation due to
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neuro-perturbative conditions[61]. Astrogliosis creates a pro-inflammatory potential that
has received considerable attention[235] due to its association with significant astrocyte
death[236]. Dying astrocytes stimulate apoptosis in adjacent cells[237], further
perpetuating the initial damage caused by TBI. Also, astrogliosis can negatively alter
glutamate homeostasis through decreased glutamate uptake combined with increased
glutamate release, and is associated with abnormal neuron energy metabolism[238].
Both age- and TBI- related astrogliosis may lead to an increase in cytokines and
inflammatory mediators[61]. Interestingly, secondary inflammatory cascades that occur
after SRC include the release of cytokines, chemokines, and other immune cells[239].
These inflammatory markers accumulate in the paravascular space and follow the
glymphatic clearance route to the deep cervical lymph nodes of the extracranial
lymphatic system[232]. During astrogliosis, astrocytes increase in size due to cellular
hypertrophy and have higher expression levels of GFAP. Astrogliosis causes loss of
AQP4 polarization and its redistribution from the foot processes to the astrocyte cell
body[231], consequently, impairing glymphatic drainage[206].
AQP4 is a water channel that has been implicated in the regulation of glymphatic
flow[240,241] due to its localization at the astrocyte end-feet. AQP4 is localized on the
vessel-facing surface of the end-feet surrounding the penetrating arteries and veins and
helps drive the fluid exchange in the paravascular space[242]. Damage to the
cerebrovascular can lead to the loss of AQP4 polarization[179] and impaired
cerebrovascular pulsatility[243]. Loss of AQP4 polarization at the end-feet is believed to
increase the accumulation of tau and Aβ in the interstitial space. Interstitial
accumulations of tau combined with a reduction in CBF are suggested to induce
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glymphatic stasis and suppress glymphatic clearance efficiency[229]. These changes
inhibit the ISF and CSF exchange and their subsequent drainage to the extracranial
lymphatic system.
There is evidence SRC increases markers of astrogliosis in the periventricular
spaces[49] and damage to the microvasculature, a documented feature of CTE in former
athletes[244]. Following experimental TBI-induced glymphatic clearance deficiency,
animal studies show that injected recombinant human tau drained from the subcortical
white matter tracts and accumulated in the caudal rhinal vein, internal cerebral veins, and
sagittal sinus instead of draining to the deep cervical lymph nodes[209]. Similarly, Iliff et
al.[209] showed that a single traumatic event inhibits glymphatic flow in mice for up to
28 days following experimental TBI. Reductions in glymphatic flow reduced oligomeric
tau and Aβ clearance for up to one month post injury[176,208,209,225] leading to protein
accumulation in the brain. The period of reduced glymphatic clearance that follows SRC
mirrors the decreases in CBF, which also persist up to one month after injury[87,114].
Interestingly, the loss of AQP4 polarization and AQP4 upregulation was also
caused by age-related astrogliosis observed in the brains of aged mice[229]. However, a
similar loss of AQP4 polarization has been observed following TBI. Ren and
colleagues[208] showed that wild-type mice subjected to experimental TBI had altered
AQP4 expression and reduced localization at the end-feet. AQP4 was redistributed to the
astrocyte soma in conjunction with increased GFAP expression and astrocyte
hypertrophy as early as three days following TBI. Relocation of AQP4 back to the
astrocyte end-feet did not occur until 14-28 post-injury even though neurobehavioral
deficits had already rebounded[208]. Experimental blockage of AQP4 also increases Aβ
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aggregation in the brain parenchyma and similarly disrupts glymphatic clearance[245].
These results suggest that SRC may cause glymphatic dysfunction through
mislocalization of AQP4, increasing the risk of acute and chronic tau and Aβ
accumulation.

1.3.1.3 Intramural Periarterial Drainage (IPAD) Pathway
The IPAD pathway is suggested to drain solutes of minute amounts, less than 0.5
µl, along capillaries and cerebral blood vessels within the parenchyma[234]. Confocal
and electron microscopy have demonstrated that the IPAD pathway flows along the
basement membranes surrounding the vascular smooth muscle cells (VSMC) of the
tunica media, allowing solutes like tau and Aβ to drain from the brain[246]. Structurally,
the pial arteries consist of a single layer of endothelial cells with their basement
membranes surrounded by VSMC[247]. Previous research has identified these
anatomical pathways as a compartment within the vascular connective space of the
adventitia[248,249]. The penetrating pial arteries and capillaries are surrounded by the
astrocyte end-feet and contact the astroglial basement membranes. The astroglial
basement membrane helps form the parenchymal basement membrane[250,251], which
combines with endothelial basement membranes, forming the vascular basement
membrane. The vascular basement membrane separates cerebrovascular endothelial cells
from neurons and glia, and contributes to vessel development and BBB
maintenance[252,253]. The vascular basement membrane also allows for integration
between the endothelial cells and surrounding astrocytes of the BBB[254,255].
The capillary walls of the BBB are where the parenchymal and endothelial
membrane components of the vascular basement membrane are fused, creating an
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impenetrable barrier. The ISF enters the IPAD pathway through the gaps between
astrocyte end-feet and flows along the endothelial basement membranes of the capillaries
before flowing along the basement membranes of VSMC in arterioles and arteries[175].
There is evidence that Aβ drains from the parenchyma with the ISF along the VSMC
basement membranes[256], which strongly supports the IPAD hypothesis. Other findings
provide support that the IPAD pathway is responsible for clearance of small volumes of
soluble proteins from rodent and human brains[257,258]. Tracer studies show that Aβ
permeates through the extracellular spaces following injection and is consistent with Aβ
later observed within the capillary basement membranes[253]. Additionally, injected
tracers into the brain parenchyma remained confined to the basement membranes
surrounding VSMC within the tunica media of arterial walls rather than in pial-glial
basement membranes on the outside of the tunica media[257]. These results suggest that
ISF tracers pass from the brain into basement membranes of capillaries and flow out of
the brain along basement membranes of VSMC within artery walls[257,259], rather than
along the paravascular route of the glymphatic pathway. Interestingly, others note a
possible connection between the inflow of tracers from the CSF along capillary basement
membranes and the outflow through the IPAD pathway[180].
The clearance of ISF along the IPAD pathway occurs against the direction of
blood flow[253] through VSMC oscillations, or vasomotion. The contractile VSMC
within the arterial wall generate a basal vascular tone that is maintained under
physiological stimuli[260]. However, the findings of Albargothy and colleagues support
the hypothesis that oscillatory vasomotion is the motive force for IPAD[261]. Although
promising, evidence that arterial vasomotion drives ISF clearance through the IPAD
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pathway has only been observed in mice. Similar VSMC vasomotion remains to be
demonstrated in humans[246].
Major changes in the molecular composition of the vascular basement membrane
have been observed in acute and chronic neuropathological conditions[262,263]. In
humans, fibrosis due to small vessel disease or arteriolosclerosis leads to decreased
function of arterial VSMC. Reduced function combined with disease-induced changes to
the biochemical properties of the vascular basement membranes is most likely
responsible for the reported failure of IPAD clearance[264]. Previous evidence suggests
the initial deposition and accumulation of Aβ occurs in the center of basement
membranes surrounding VSMC within artery walls[258]. Increased Aβ deposition in the
vascular basement membrane may further disrupt IPAD efficiency and exacerbate the
already impaired clearance of Aβ[263].
Given the intimate relationship between cerebrovascular health and IPAD
efficiency, it is reasonable to hypothesize that vascular damage could impair clearance
through the IPAD pathway. Changes in BBB permeability and damage to the
endothelium have been observed at the capillary level following experimental in
vitro and in vivo TBI[56,149,265,266]. IPAD of solutes from the parenchyma initially
flows through the basement membranes of capillaries before moving along the basement
membranes of VSMC in arterioles and arteries. Damage to the penetrating capillaries
could therefore impede clearance through the IPAD pathway. Based on this hypothesis,
biomarkers associated with endothelial and vascular health could provide insights
regarding possible IPAD inefficiency following SRC.
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1.4 Extracellular Vesicle-Based Research and Use in Biomarker Development for
Sport-related Concussion
In contrast to freely circulating proteins, membrane-bound EVs are thought to
have a longer half-life in the peripheral circulation, making them promising biomarkers
for SRC research. Larger EVs that are shed from the plasma membrane may result from
the loss of outer and inner membrane asymmetry following cellular activation or
injury[267]. However, some large EVs are shed directly from the plasma membrane of
dying cells and are considered apoptotic bodies[268]. Large EVs released from cells of
the CNS reportedly can originate from oligodendrocytes[60], astrocytes[269],
microglia[270], and neurons[271], although the mechanisms of their secretion have not
been fully elucidated. EVs have been suggested to play a role in myelin maintenance, the
elimination of waste, and are thought to be released from brain tumor cells to initiate an
immune response[272]. There is evidence that suggests EVs also play a role in
neurodegenerative diseases, including AD[273], multiple sclerosis[274], and injuries like
TBI[190,191,275]. Evidence suggests EVs could help propagate misfolded forms of tau
and insoluble Aβ through the brain in a Prion-like manner[193,197] in tauopathies like
AD and CTE[193]. This role for CNS EVs could account for the diffuse spreading of
pathological tau observed in athletes with CTE[47]. Additionally, evidence shows that
EVs transport protein cargo bidirectionally through the BBB into the peripheral
circulation or the brain parenchyma[272]. These findings support the investigation of
EVs as potential biomarkers for individuals with a CNS injury, including SRC.
Recently, EVs have become promising candidate biomarkers for TBI because
they have the ability to cross the BBB and can be detected in the blood after mild[191],
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moderate, and severe[276,277] TBI. Interestingly, changes in serum concentrations of
EVs enriched with CNS-specific proteins were reportedly more sensitive at predicting
early mortality after severe TBI compared to the same freely circulating proteins among
hospitalized patients[277].
Astrocyte-derived EVs currently show great promise as biomarkers since each
glial sub-type demonstrates a distinct gene expression and proteome profile, as well as
specific responses to CNS injury and disease[61], allowing for easier identification.
Astrocyte-derived EVs retain their identifiable characteristics and have been reliably
detected in the blood of brain injury and neurodegenerative disease
patients[169,192,192,278]. Astrocytes have been shown to release EVs following CNS
injury and similar pathology[123,276,277]. In fact, EVs containing GFAP have shown
promise at distinguishing those with mild to severe TBI[192,279,280] from healthy
patients. EVs containing GFAP (GFAP+) were not only significantly increased in patients
with TBI compared to controls, but GFAP+EV concentrations were significantly higher in
patients with altered levels of consciousness compared to TBI patients with normal
levels[281].
Also, because of the integral role that endothelial cells play in BBB integrity, the
effect of TBI on endothelial cells has been recently investigated. The close relationship
between the astrocyte end-feet that form the glymphatic pathway and the endothelium of
the BBB make endothelial function vital to CNS health. Combined with the observations
that IPAD clearance initially flows along the capillary basement membranes and the
integration of astrocyte and endothelial functions necessary for BBB integrity, EVs
associated with the cerebrovascular endothelium have gained considerable attention as
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potential biomarkers of TBI. Increased endothelial-derived EV production has been
observed in response to mechanical injury, both with in vitro and in vivo models, as one
of the consequences of TBI[282]. The release of EVs containing PECAM-1, also known
as CD31 which is an endothelial adhesion molecule, significantly increased in the hours
following mechanical injury, or in vitro TBI[282]. The increase in endothelial EVs
remained significantly elevated at both 24 and 48 hours following TBI[282], suggesting
persistent endothelial damage. Few studies have investigated the effect of SRC on
endothelial-derived EVs, therefore one EV of interest in the current study is CD31+EV.
Lymphatic vascular endothelial cell derived EVs (LYVE1+EV) were increased in
patients with inflammatory diseases. These increases suggest that EVs may play a role
within the lymphatic system. For example, LYVE1+EVs were reported to clear cells from
sites of resolving inflammation[283]. LYVE1+EV may also attract dendritic cells to the
lymphatic vessels for directed migration to inflammation sites. Increased serum
LYVE1+EV concentrations were also reported in the of patients with rheumatoid
arthritis[284], and EV-containing vascular endothelial growth factor (VEGF)-C, a known
promotor of lymphangiogenesis, was detected in patients with endometriosis[285].
Thereby, we extended this concept and studied circulating LYVE1+EVs as novel markers
of SRC-associated pathophysiology and inflammation.
EVs have also been investigated as a biomarker of subconcussion. Using a
double-positive immunocapture isolation method, EV concentrations were compared
among professional ice hockey players before and after a competitive season[123].
Plasma concentrations of CNS-specific EVs showed gradual to moderate increases from
pre- to post-season among players exposed to subconcussive head impacts but free of
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SRC diagnosis[123]. This double-positive method measured plasma EVs that
simultaneously expressed two protein markers, one specific to EVs (CD81) and one
specific to astrocytes, oligodendrocytes, microglia, or neurons. The authors expressed the
double-positive EVs as SNAP25+/CD81+, EAAT1+/CD81+, MOG+/CD81+, and
Cd11b+/CD81+ to represent neuronal, astrocytic, oligodendrocyte, and microglial EVs,
respectively. Although none of the markers significantly increased from pre- to postseason, they trended upward with the greatest increases in glial cell-derived EVs among
players with multiple prior SRC[123]. Such findings suggest that the increases in doublepositive EVs may be associated with long term damage from SRC even in the absence of
clinically detectable injuries. This and other evidence[190–192] support the use of EVs as
more sensitive biomarkers for SRC-associated pathophysiology over freely circulating
proteins. Thus, in the current study, we used double-positive EV-based biomarker
discovery techniques to assess potential lymphatic dysfunction following SRC.
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CHAPTER 2
STUDY OBJECTIVES AND SPECIFIC AIMS
2.1 Introduction
Sport-related concussion (SRC) increases the risk of short-and long-term
neurological conditions, including depression, anxiety, post-traumatic headache,
dementia, Alzheimer’s disease (AD), and chronic traumatic encephalopathy (CTE).
According to a CDC report, an estimated 200,000 SRC were treated in US emergency
departments during the four-year study period, making up 5.1% of all sport-related
injuries[286]. A history of TBI, including SRC, contributes to 3-15%[91,92] of diagnosed
cases of dementia and increases the likelihood of developing CTE three-fold[99]. This
evidence underscores the necessity for developing objective biomarkers to accurately
identify athletes with brain injuries that do not present with clinical signs and symptoms.
Conventional diagnostic strategies such as neuroimaging and extraction of brainspecific proteins from biofluids, such as cerebrospinal fluid (CSF), have shown promise
but have limitations. The high cost of neuroimaging assessments, combined with the long
duration of the scans and expertise required for interpretation of results, substantially
reduces the feasibility of its use in collegiate sports medicine settings. Additionally, the
extraction of CSF is invasive and requires uniquely trained clinicians to perform the
procedure. Candidate blood-based biomarkers have been reliably measured in athletes
with SRC; however, freely circulating proteins that enter the blood through CSF drainage
are exposed to protease degradation and cleared by the liver and kidneys[123].
Furthermore, previously reported changes in blood protein concentrations may be
transient [119], and not provide insight regarding the long-term risk associated with SRC
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and neurodegenerative disease. To address these limitations, we measured membranous
extracellular vesicles (EV) that express proteins associated with multiple pathways of the
CNS lymphatic system. Notably, the EV lipid membrane mitigates the short half-life of
freely circulating proteins in the blood by protecting against protease degradation[122],
and a recent report suggested that changes in serum EV concentrations were more
sensitive than free circulating protein concentrations to predict early mortality in patients
with moderate to severe TBI[277]. This report and others[190–192] support using EVs as
sensitive biomarkers for SRC-associated pathophysiology, including CNS lymphatic
dysfunction. Based on animal studies in which ablation of the dural lymphatic vessels
delayed tau clearance to the peripheral circulation[176], we suspected an inverse
relationship between plasma tau concentrations and CNS lymphatic-associated EVs since
CNS lymphatic dysfunction can occur after SRC. Thus, a decrease in plasma tau with an
increase in EVs associated with the CNS lymphatic systems may indicate trauma-induced
lymphatic dysfunction[119,176,208]. Such results could link the etiology of
neurodegenerative disease to SRC.
Increased risk of neurodegeneration is not exclusive among athletes with a history
of SRC. Previous studies identified strong associations between repetitive, subconcussive
head impacts and neurodegenerative disease among athletes. In the current study, we
selected soccer players because they, like other contact-sport athletes, experience cerebral
vulnerability as indicated by baseline values of CNS-specific markers[64], increasing the
risk of repetitive injury[39]. Soccer players are unique in that they voluntarily use their
heads to direct the ball, accruing thousands of head impacts over a playing career.
Purposeful soccer heading is an integral part of the sport that puts players at risk for other
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head impacts (e.g., collisions with other players, the ground, or goal posts). Additionally,
peak linear accelerations observed with soccer heading[230,287] were similar to peak
linear acceleration forces observed among American football players during games and
practice[22,25,31,288,289]. Similar pathological changes observed with
SRC[57,68,290,291] have been reported among athletes exposed to such
forces[35,36,116], making soccer players excellent participants for subconcussion
research.

2.2 Study Objectives
The overarching goal of this study was to develop objective detection parameters
to identify the incidence of SRC associated with underlying mechanisms that may
influence long-term neurodegeneration. Dysfunctional CNS lymphatic clearance has been
suggested to play a role in neurological health impairments. However, the potential for
CNS lymphatic dysfunction following SRC has yet to be studied. Meningeal lymphatic
vessels, like all lymphatic vasculature, express lymphatic vessel endothelial hyaluronan
receptor 1 (LYVE1). Recently, investigators found significantly higher serum
LYVE1+EV concentrations in patients with inflammation[284], making LYVE1+EVs
promising biomarkers. Also, the intimate relationship between cerebrovascular injury and
dysfunctional glymphatic clearance supports the investigation of astrocyte (GFAP+ and
AQP4+) and endothelial-derived EVs (CD31+) to investigate biomarkers associated with
the glymphatic and the intramural periarterial drainage (IPAD) clearance pathways
following SRC. Previous findings show that double-positive EVs are most sensitive to
CNS alterations, therefore, this study aimed to examine double-positive LYVE1+EV,
CD31+EV, GFAP+EV, and AQP4+EVs that also express CD81 as novel biomarkers of
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SRC and subconcussion among contact-sport athletes. The specific aims and hypotheses
to accomplish these objectives are below.

2.3 Specific Aims and Hypotheses
AIM 1: Investigate the effect of SRC on plasma double-positive EVs that express markers
related to the lymphatic and glymphatic systems in contact-sport athletes.
Hypothesis 1: There will be an increase in circulating double positive EVs that
simultaneously express markers related to the lymphatic and glymphatic
systems (LYVE1+/CD81+, CD31+/CD81+, GFAP+/CD81+, AQP4+/CD81+,
and/or AQP4+/GFAP+) among athletes with SRC compared with athlete controls.
AIM 2: Examine whether the number of circulating double-positive EVs that express markers
related to the lymphatic and glymphatic systems (LYVE1+/CD81+, CD31+/CD81+,
GFAP+/CD81+, AQP4+/CD81+, and/or AQP4+/GFAP+) is associated with plasma tau
concentrations in athletes with SRC.
Hypothesis 2: The number of circulating EVs expressing LYVE1+/CD81+,
CD31+/CD81+, GFAP+/CD81+, AQP4+/CD81+, and/or AQP4+/GFAP+ will inversely
correlate with plasma tau concentrations in athletes with SRC.
AIM 3: Investigate the acute effect of repetitive, subconcussive head impacts on circulating
double positive EVs that express markers that are related to the lymphatic and glymphatic
systems.
Hypothesis 3: There will be an increase in circulating double positive EVs that
simultaneously express markers related to the lymphatic and glymphatic
systems (LYVE1+/CD81+, CD31+/CD81+, GFAP+/CD81+, AQP4+/CD81+,
and/or AQP4+/GFAP+) following repetitive, subconcussive impacts.
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CHAPTER 3
MATERIALS AND METHODS
3.1 Study Design Overview
Two studies referred to hereafter as the SRC study and the subconcussion study
were completed in parallel and approved by Temple University's institutional review
board (Appendix B) to accomplish all three aims. The primary goal of the SRC study
was to evaluate plasma concentrations of EVs associated with the CNS lymphatic
systems among athletes with and without acute SRC (Aim 1, hypothesis 1). We
performed a prospective cross-sectional study comparing athletes with acute SRC,
operationally defined as within 72 hours of injury, and athlete controls enrolled at
preseason baseline testing. Samples from controls were compared with samples from
athletes with SRC when athletes’ symptoms resolved and when they were cleared to
return to play (RTP) to assess the prognostic value of plasma EV concentrations. To
better understand whether SRC influences dysfunction of lymphatic- and glymphaticmediated tau clearance from the CNS, plasma tau concentrations were quantified in
athletes with and without acute SRC (Aim 2, hypothesis 2). Not all the samples from
athletes with acute SRC were available for this analysis. Instead, 16 samples from
athletes with SRC and an equal number of control samples were used for this analysis.
The primary goal of the subconcussion study was to observe the effect of
repetitive, subconcussive head impacts on plasma concentrations of EVs associated with
the lymphatic and glymphatic systems (Aim 3, hypothesis 3). A separate group of
asymptomatic college soccer players was recruited to perform a repetitive subconcussion
paradigm. Blood samples were collected before and after subconcussive head impact
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exposure to assess plasma EV changes over time. The subconcussion study required only
one athlete group to compare plasma EVs after repetitive, subconcussive head impacts.

3.2 SRC Study Participants
Contact-sport athletes between the ages of 18 and 35 participating at the varsity
and club levels were recruited for study enrollment either 1) within 72 hours of suspected
SRC or 2) during preseason baseline testing. Team physicians or certified athletic trainers
designated by licensed physicians diagnosed all athletes with SRC and referred them to
Temple University's Sport Concussion Lab. Upon arrival at the Sport Concussion Lab, all
athletes underwent further clinical testing, including neurocognitive, static and dynamic
balance, eye movement test batteries as per the University defined concussion assessment
protocols and agreed to study enrollment. Athletes were excluded from the study if they
had abnormal gait deficits, lower extremity injury in the last six months, vestibulo-ocular
dysfunctions (e.g., inner ear infection, vertigo), or medications that affect balance or
cognition. Nineteen athletes with acute SRC enrolled in the study between September
2018 and December 2021. After reviewing clinical assessments, one athlete was excluded
because their symptoms had resolved within 72 hours of SRC, leaving eighteen athlete
samples for the final analysis.
Twenty-nine healthy participants that were free of a prior concussion for at least
six months enlisted in the study during preseason baseline testing as controls. All athletes
provided self-reported medical history and demographical information. Athlete
information regarding prior concussion history and years of sports participation was
generated by self-report and collected with other demographic information (Table 1)
during study enrollment.
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Table 1. Participant demographics for SRC study. All demographic
information was provided by self-report. All previous concussions in
addition to prior SRC were included in the final analysis. Significance for
group comparisons of age and history of prior concussion was determined
from nonparametric Mann-Whitney U tests. Significance was set at p <
0.05. SRC, sport-related concussion; SD, standard deviation; Hx, history;
S/S Free, sign and symptom free; RTP, return to play

3.3 Sample Collection and Processing
Non-fasting blood samples from athletes diagnosed with SRC were collected as
close to the injury time as possible and within 72 hours following SRC diagnosis. The
exact time of sample collection depended on when athletes reported signs and symptoms
to their sports medicine staff. Additional blood samples were collected when athletes’
symptoms resolved and when cleared to RTP. Blood samples from healthy control
athletes were collected once during preseason baseline testing and used for comparison.
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All blood samples were collected at the university Sport Concussion Lab. Each
athlete provided up to 20 milliliters (ml) of whole blood during each sample collection. A
certified phlebotomist performed all blood draws. Blood was collected via antecubital
venipuncture into vacutainer tubes containing 3.2% buffered sodium citrate (BD
biosciences, San Jose, CA, USA). All tubes were transported vertically at room
temperature, and plasma fractions were separated within two hours of collection by
double centrifugation at 2,500x g for 15 minutes at room temperature. After the first
centrifugation, platelet-depleted plasma was collected to 5 mm above the buffy coat and
transferred to 15 ml conical tubes. After the second centrifugation, all but the last 100 µl
of platelet poor plasma (PPP) was transferred to new 15 ml conical tubes. Each
centrifugation was set on the lowest deceleration. Aliquots of 500 microliters (µl) of PPP
were snap-frozen in liquid nitrogen and stored at -80 °C until analyzed.

3.4 Analysis and Detection of CNS Lymphatic Associated EVs Expressing LYVE1,
CD31, GFAP, AQP4, and CD81.
EVs were isolated from PPP on the day of analysis. First, PPP samples were
thawed in a warm water bath and diluted 1:1 with 1x phosphate-buffered saline (PBS).
PBS was filtered through a 0.2 µm filter to reduce small particle contamination. PPP
samples were centrifuged at 20,000x g for 1 hour at 4˚C. The supernatant was removed,
and the remaining EV pellet was resuspended in 500 µl of filtered PBS. EV
resuspensions were aliquoted into either two or seven replicates of 10 µl each and
incubated with a master mix of fluorochrome-labeled anti-human LYVE1 (DyLight 405
conjugated, cat: NB100725V, Novus Biologicals, Centennial, CO, USA), anti-human
CD31(PE conjugated, cat: 555446, BD Biosciences, Franklin Lakes, NJ, USA), anti47

human GFAP (APC conjugated, cat: NBP2-34413APC, Novus Biologicals, Centennial,
CO, USA), anti-human AQP4 (Alex Fluor 488 conjugated, cat: 10239-036, Bioss
Antibodies, Woburn, MA, USA), and anti-human CD81(PE/Dazzle 594 conjugated,
clone 5A6; cat: 349520, BioLegend, San Diego, CA, USA) antibodies for 20 minutes at
room temperature. For additional confirmation of the presence of EVs, anti-human CD63
(eFluor 660 conjugated, clone H5G6; cat: 50-0639-42, eBioscience, San Diego, CA,
USA) was also included in the master mix added to each sample. All antibodies were
diluted to 1/10th of the manufacturers' recommended amount. After incubation, EV
resuspensions were further diluted in 590 µl of filtered PBS, making a final dilution of
1:600 at the time of analysis. Additional prepared samples served as negative controls
and provided daily calibration assay controls. The daily calibration assay controls were
performed on the same Cytek Aurora spectral flow cytometer (Cytek Biosciences,
Freemont, CA, USA) in the following order: a buffer only (PBS) control, buffer with
antibodies only, a calibration sample, and an unstained plasma control sample for each
subject at each time point. The calibration sample consisted of 100 µl of ApogeeMix
calibration beads (cat: 1493, Apogee Flow Systems, Hertfordshire, UK) suspended in
1,000 µl of filtered PBS.
After acquisition, samples and controls were analyzed using FlowJo v10 software
(BD Biosciences, Franklin Lakes, NJ, USA). Forward scatter area (FSC-A), side scatter
area (SSC-A), and each fluorescent channel was set to a biexponential scale. Events
within the set gate (<1.0 um) were identified in FSC-A and SSC-A intensity dot
representation. Events were collected until the recorded number reached 1,500,000 while
the flow rate was set on "low." The detectable fluorescence minus that of the single-
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stained control (antibodies only and buffer only) and unstained plasma samples was used
to discriminate actual events from noise and increase the sensitivity for EV detection for
each sample.
FlowJo™ software was used to determine the size and concentration of specific
EV phenotypes with the following gating strategy: gates of the desired size range in
nanometers (nm) were determined using calibration beads specific to the day of
acquisition for each sample (Figure 1A). Silica beads with diameters of 590nm, 880nm,
and 1300nm (refractive index = 1.43), and 500nm polystyrene green fluorescent beads
(refractive index =1.59) defined the large-sized EV gates. Large-sized EV gates were
applied to participant samples (Figure 1B). Next, a square gate at 105 on each
biexponential axis was applied to all samples to exclude events greater than 1,000 nm.
For single-positive EV analysis, specific antibody-labeled fluorophores were analyzed
against the FSC-A and populations of events that separated from the "main" population
(Figure 1C). One antibody-labeled fluorophore was analyzed against another in the FSCA and SSC-A for double-positive EV analysis. Any events that appeared between the
horizontal (FSC-A) and vertical (SSC-A) planes were considered double-positive (Figure
1D). Calculations performed using FlowJo™ software were used to determine the
concentration of EV events per microliter of solution Concentrations were calculated by
dividing the total number of events in each sample (Total) by the volume aspirated (vol)
during the acquisition and multiplied by 1000 to increase the unit of volume from
nanoliters to microliters. This number was then multiplied by the percentage of the
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Figure 1. Detection of single and double-positive extracellular vesicles using spectral
flow cytometry. Size gating of polystyrene and silica beads for EV size ranges. Diameters
include 180nm, 240nm, 300nm, 590nm, 880nm, and 1300nm diameter (silica); and 110nm
and 500nm green, fluorescent beads (polystyrene). (A) Size beads gated to include large,
500–880 nm beads. (B) Large size gates applied to corresponding participant EV samples.
(C) A representative single positive gating strategy to analyze one fluorophore (e.g., Dylight
405) against FSC-A (D) A representative double-positive gating strategy to analyze one
fluorophore (e.g., APC) with another (e.g., Alex Fluor 488). nm, nanometer; FC, flow
cytometry; FSC-A, forward scatter area; SSC-A, side scatter area
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biomarkers (i.e., antibodies) from the total number of events (% Total), which resulted in
a concentration of events per µl of solution.
Particles per µl = Total /(vol x 1000) x % Total
Finally, raw concentrations were adjusted to account for dilution factors and expressed
as counts per ml of plasma.

3.5 Verification of EV Isolation
EV concentrations and size range were verified following FC analysis with
Nanosight NS300 Nanoparticle Tracking Analysis (NTA; Malvern Instruments, Malvern,
UK). All samples were captured using camera level 11 and a camera gain of 1 for 60
seconds. Samples were captured three times to estimate mean particle size and
concentration. The detection threshold was set to 25, and the analysis gain was 3.
We then confirmed the presence of EV proteins in our samples using the ExoCheck Exosome Antibody Array (cat: EXORAY210B-8, System Biosciences, Palo Alto,
CA, USA). We performed a double centrifugation at 2,500 x g for 15 minutes at room
temperature to obtain PPP using additional samples. Next, the PPP was diluted 1:1 with
filtered 1x PBS and centrifuged at 20,000 x g for 1 hour at 4°Celcius. We then performed
a washing step and resuspended the EV pellet in 500 µl of filtered PBS, and centrifuged
at 20,000 x g for 1 hour at 4°Celcius. Dot blot images were generated using 50 µg of
isolated EV sample following the manufacturer's instructions.

3.6 Analysis and Quantification of Plasma Tau Concentrations
Plasma concentrations of the tau protein were measured with a single molecule
array (Simoa®) technology that can isolate and detect single enzyme molecules[292]
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(Aim 2). PPP samples from sixteen athletes with SRC and twenty-nine controls were
used for this analysis. Plasma tau concentrations were quantified with the Simoa® Tau
Advantage kit (Quanterix, Billerica, MA, USA) on the HD-1 analyzer[2,64,124,125]. The
Tau Advantage assay allows for the measurement of low concentrations in the serum and
plasma, with a lower limit of quantification reported as 0.062 pg/ml. Following the
manufacturer's instructions, the equilibration of samples and reagents to room
temperature occurred for 1 hour. Reagents and samples were dispensed in two 96-well
plates and diluted 4x using onboard dilution by the instrument. A single analysis included
all samples from controls and athletes with SRC dispensed into two plates. To prevent
batch effects, samples from athletes with SRC were on the same plate as their matched
follow-up samples. All samples were run in duplicate. Concentrations with a coefficient
of variation >20% between replicates were excluded for quality control. The final
analysis included fifteen samples from athletes with SRC and 29 controls. All samples
underwent no more than two freeze-thaw cycles prior to quantification.

3.7 Subconcussion Study Participants
To assess the effect of repetitive, subconcussive head impacts on plasma
concentrations of EVs associated with the CNS lymphatic systems (Aim 3), male and
female athletes between 18 and 35 were recruited from collegiate varsity and club soccer
teams in the greater Philadelphia area (Table 2). According to a protocol and language
approved by Temple University's institutional review board, all athletes provided written,
individual consent. Inclusion for study participation required athletes to be free of a
previous concussion for at least six months prior to enrollment and blood sample
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Table 2. Participant demographics for subconcussion study. All
demographic information was provided by self-report. The number of
previous concussions in addition to prior SRC were included in the
final analysis. Hx, history

collection. Additionally, athletes were required to have at least six years of soccer
heading experience. Exclusion criteria were consistent with that of the SRC study, as
detailed above. Athlete information regarding concussion history and years of sports
participation were generated by self-report and collected with other demographic
information during study enrollment.

3.8 Repetitive Subconcussion Paradigm
The repetitive, subconcussion paradigm consisted of a laboratory-controlled
soccer heading drill that allowed for controlled, repetitive head impacts while 1)
eliminating the risk of other head impacts and 2) ensuring an identical projectile flight of
the ball directed at each participant. This paradigm prevented different linear forces from
acting on the participants due to differences in ball speed or trajectory. Standard size five
soccer balls were projected from a JUGS soccer machine™ (Tualatin, OR USA) traveling
at 22 mph (11.10 m/s) over a distance of 35 feet (11 m) (Figure 2), as has previously
been reported[230,293]. Without jumping, all soccer athletes directed the headers at a
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target positioned five meters ahead of them until they successfully completed ten headers
1 minute apart for 10 minutes.

Figure 2. Repetitive subconcussion paradigm. (A) Schematic of soccer
heading drill; (B) Representative image of a standing soccer header
performed by participants.

3.9 Blood Collection and Processing
Non-fasting blood samples were collected from athletes exposed to repetitive,
subconcussive head impacts at three different time points: before participating in the
repetitive subconcussion paradigm ("baseline"), immediately after completing ten
successful headers ("0 hr post"), and 24 hours after participation ("24 hrs post). Blood
sample collection and subsequent EV analysis protocols were consistent with the SRC
study, as outlined above.
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3.10 Statistical Analysis
To assess differences between athletes with SRC and controls, mean
concentrations of EVs associated with the CNS lymphatic systems that express
LYVE1+/CD81+EV, CD31+/CD81+ EV, GFAP+/CD81+ EV, AQP4+/CD81+ EV, and
AQP4+/GFAP+ EV were compared between athletes with and without SRC (Aim 1,
hypothesis 1). Shapiro-Wilks tests for normality showed that none of the concentrations
for EV markers followed a normal distribution. Combined with a small sample size of 45
athletes (athletes with SRC n = 18, controls n = 29), these results led to the decision to
use multiple nonparametric Mann-Whitney U tests for all between-groups comparisons.
An approximated Bonferroni correction was used to avoid type I error, and the
significance threshold was set at p<0.01 after dividing the alpha of 0.05 by the five EV
markers of interest. Nonparametric Friedman's tests were used to assess within-group
changes in plasma concentrations of EVs across follow-up time points among athletes
with SRC.
We hypothesized that plasma EVs associated with the CNS lymphatic systems
were related to the clearance of tau to the peripheral circulation (Aim 2, hypothesis 2).
Two-tailed Spearman's rank correlations were used to assess associations between mean
concentrations of plasma tau and EVs (LYVE1+/CD81+EV, CD31+/CD81+EV,
GFAP+/CD81+EV, AQP4+/CD81+EV, and AQP4+/GFAP+EV) among athletes with SRC.
Within-group comparisons of tau concentrations among athletes with SRC were
evaluated with nonparametric Friedman's tests and Dunn's correction for multiple
comparisons between the acute and follow-up time points. Additionally, mean plasma tau
concentrations were assessed between athletes with SRC and controls using Mann-
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Whitney U tests. For all correlational, between-group, and within-group comparisons of
plasma tau, the significance threshold was set at p<0.05.
For the subconcussion study, mean concentrations of EVs containing
LYVE1+/CD81+EV, CD31+/CD81+ EV, GFAP+/CD81+ EV, AQP4+/CD81+ EV, and
AQP4+/GFAP+ EV were compared across time points using nonparametric Friedman's
tests with Dunn's correction for multiple comparisons (Aim 3, hypothesis 3). ShapiroWilks tests for normality showed that none of the five EV concentrations followed a
normal distribution. Combined with a small sample size of 14 athletes, these results led to
the decision to use multiple nonparametric tests and set the significance threshold at
p<0.01.
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CHAPTER 4
RESULTS
4.1 Characterization of Circulating Extracellular Vesicles in Human Plasma
Samples
We used an optimized differential centrifugation protocol to isolate extracellular
vesicles (EV)s from human plasma (Figure 3A). Differential centrifugation is one of the
most widely used isolation methods to recover high EV yields[294], however, isolation
methods with high yields also report low EV specificity or purity. Since human plasma
contains other non-EV lipid structures, additional validation experiments were conducted
to determine if we achieved successful EV isolation from our samples. Specialized dot
blot arrays confirmed the presence of various EV proteins after isolation (Figures 3B
and C). Along with sufficient signal from EV proteins, GM130 was not detectable,
demonstrating successful EV isolation free of cellular contamination. Following EV
isolation and preparation for analysis on the spectral flow cytometer (FC), EV samples
were analyzed with nanoparticle tracking analysis (NTA) to characterize mean plasma
EV concentrations (Figure 3D). The EV concentrations observed in the current study are
aligned with previous reports by Saenz-Cuesta et al. when using a similar differential
centrifugation isolation technique and NTA[295]. Further, EV-associated antibodies were
part of all master mixes with antibodies associated with the CNS lymphatic systems.
Concentrations of CD63+EV and CD81+EV were detectable in all samples (Figure 3D)
and made up 11% and 20%, respectively, of the large-sized (500-880 nm) EV population
(Figure 3E).
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Figure 3. Characterization of circulating extracellular vesicles in human plasma samples.
Whole blood was drawn from the antecubital vein into a tube supplemented with 3.2% sodium
citrate by a certified phlebotomist. Platelet-poor plasma (PPP) was obtained by double
centrifugation at 2,500 x g for 15 minutes at room temperature. (A) Workflow of Extracellular
vesicle isolation from the PPP by a differential centrifugation method (1:1 dilution with filtered
PBS; 20,000 x g for 1 hour at 4°Celcius) followed by a washing step with the EV pellet
suspended with sufficient volume of filtered PBS (20,000 x g for 1 hr at 4°Celcius). (B) A
representative dot blot image of various EV markers using 50 ug of isolated extracellular vesicle
sample (C) Concentrations of EVs in samples from controls (n=29), athletes with acute SRC
(n=18), when the athletes are S/S Free (n=11), and when athletes are medically cleared to RTP
(n=9) using NTA. (D) Concentrations of large size (500-880 nm) CD63+EV and CD81+EV from
control athlete samples using the Cytek Aurora spectral FC and FlowJo™ software. (E) The
percentage of large sized CD63+EV and CD81+EV from the total EV concentration in control
athlete samples. EV, extracellular vesicle; Ab, antibody; Ctrl, control; SRC, sport-related
concussion; NTA, nanoparticle tracking analysis; S/S Free, sign and symptom free; RTP, return
to play; FC, flow cytometry
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4.2 Spectral Flow Cytometry Allows for Minimal Day-to-Day Variation for Single
and Double-positive Extracellular Vesicle Concentrations
Spectral FC is equipped with many operating parameters that can affect measured
events. Multiple variables determine the amount of light scatter detected from EVs, and
slight variations can greatly influence measured EV concentrations and limit
reproducibility[296]. Also, due to the considerable number of samples from our athlete
cohorts and the long duration required for sample analysis, all athlete samples in this
study were analyzed over five nonconsecutive days. For these reasons, reproducibility
analyses were conducted to ensure measured EV concentrations across multiple days
could be reliably compared without notable variation caused by the instrumentation.
First, we assessed the reproducibility of previously measured CD31+EV,
GFAP+EV, and CD81+EV concentrations. Three and later, seven participant samples
were reanalyzed after the initial acquisition at nine weeks and 20 weeks, respectively.
Concentrations of single-positive GFAP+EV and double-positive GFAP+/CD81+EV had
acceptable test-retest reliability at both nine and 20 weeks (9 weeks: GFAP+EV ICC
0.997, 95% C.I. 0.987-0.999, p<0.0001; GFAP+/CD81+EV ICC 0.655, 95% C.I. 0.5480.923, p=0.083; 20 weeks: GFAP+EV ICC 0.653, 95% C.I. -0.069-0.885, p = 0.033;
GFAP+/CD81+EV ICC 0.985, 95% C.I. 0.897-0.996, p<0.0001). Concentrations of
CD31+EVs were close to achieving acceptable reliability at 9 weeks CD31+EV ICC
0.510, 95% C.I. -0.464-0.876, p=0.113), however, showed extremely poor test-retest
reliability when analyzed 20 weeks apart (CD31+EV ICC 0.055, 95% C.I. -1.186-0.649,
p=0.452) These data revealed large size EVs demonstrated adequate test-retest reliability
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when analyzed with less time between subsequent acquisition (Table 3), suggesting that
minimal time between sample acquisitions must be achieved for accurate results. Three

Inter-assay Variations
(day-to-day)

20 weeks between
tests (n =7)

9 weeks between
tests (n=3)

EV Markers
ICC

95% CI

P-value

CD31+EV

0.510

-0.464-0.876

0.113

GFAP+EV

0.997

0.987-0.999

0.000

GFAP+EV/CD81+EV

0.655

0.548-0.923

0.083

CD81+EV

0.993

0.968-0.998

0.000

CD31+EV

0.055

-1.186-0.649

0.452

GFAP+EV

0.653

-0.069-0.885

0.033

GFAP+EV/CD81+EV

0.985

0.897-0.996

0.000

CD81+EV

0.997

0.991-0.999

0.000

Table 3. Inter-assay reliability measures with identical settings using a spectral flow cytometer.
Samples were analyzed using one Cytek Aurora spectral flow cytometer instrument and
FlowJo™ software v 10.8.1 on non-consecutive days. EV concentrations were calculated either
nine or twenty weeks after the initial analysis. ICC, intraclass correlation coefficient

samples were reanalyzed at nine weeks following the initial acquisition and gated for
small-sized CD31+EVs, GFAP+EVs and double-positive GFAP+/CD81+EVs. Although
small-sized GFAP+EV concentrations had excellent test-retest reliability, CD31+EVs and
double-positive GFAP+/CD81+EVs did not (Appendix A: Supplemental data, Table
S1). Based on these data, large-sized EVs were used for all final analyses.
Next, intra-assay (within-subject) reliability was assessed. Each participant
sample were aliquoted into seven replicates for acquisition on the spectral FC to
accommodate the numerous EV antibodies analyzed. Total EV concentrations were
calculated for each replicate, and the coefficient of variation (CV) was determined for
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each participant sample. Sample means, standard deviations, and CV for athletes with
SRC and athlete controls are reported in Table 4. All sample groups demonstrated
adequate intra-assay reliability with minimum fluctuation between replicates.

Intra-assay Variations
(within-subject, 2-7 replicates)
Sample Groups

Mean EV
concentration
(count/ml plasma)

SD

%CV

7.07E+12
7.26E+12
7.67E+12

9.13E+11
4.25E+11
4.70E+11

0.13
0.06
0.06

7.44E+12

5.89E+11

0.08

Athletes with SRC
Acute SRC
S/S Free
RTP

Controls

Table 4. Intra-assay reliability measures for spectral flow cytometry. Samples
were analyzed using one spectral flow cytometer to determine intra-assay
variation within each subject sample. Total EV concentrations were calculated
per replicate of each sample. All samples had between two and seven
replicates. EV, extracellular vesicle; SD, standard deviation; SRC, sportrelated concussion; S/S Free, sign and symptom free; RTP, return to play

4.3 Plasma Extracellular Vesicles May Have Greater Sensitivity to Detect Brain
Injury than Freely Circulating Proteins Following Sport-related Concussion
Previous studies have shown significant increases in freely circulating blood
concentrations of GFAP in mild[118,119], moderate, and severe cases of
TBI[61,161,297]. We analyzed freely circulating plasma GFAP, however we observed no
such changes (athletes with SRC n=11, controls n=14). Plasma GFAP concentrations
were not significantly different between athletes with SRC and controls (Mann-Whitney
U=72, p=0.8091; Figure 4). Next, using fewer samples of athletes with SRC (n=7) and
more unmatched controls (n=30), we identified increases in CNS-specific EVs among
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Figure 4. Comparison of freely circulating plasma GFAP concentrations
among athletes with and without sport-related concussion. Preliminary
data using plasma samples from athletes with SRC (n=11) and athlete controls
(n=14). SRC, sport-related concussion; Ctrl, control.

athletes with SRC. Using a single-positive detection method, we compared levels of
GFAP+EVs and myelin oligodendrocyte protein (MOG)+EVs among athletes with SRC
with the athlete control group. CNS-specific EV phenotypes can be used to determine the
cell of origin, and the glial specific markers GFAP and MOG show excellent specificity
to the brain[298,299]. We found that single-positive GFAP+EVs and MOG+EVs were
significantly elevated in athletes with SRC within 72 hours of injury (Mann-Whitney
U=31.0, p=0.041; Mann-Whitney U=32.0, p=0.036, respectively; Figure 5A) compared
to athlete controls. Additionally, the relative concentrations of GFAP+EVs and
MOG+EVs, as expressed by the percentage of GFAP+EVs and MOG+EVs that make up
the large-sized population of EVs, was significantly higher among athletes with SRC than
controls (Mann-Whitney U=26.5, p=0.019; Mann-Whitney U=10.0, p=0.012,
respectively; Figure 5B). These results demonstrate that CNS-specific EVs are detectable
in the blood and are more sensitive than freely circulating proteins as potential
biomarkers for SRC.
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Figure 5. Preliminary quantification of CNS-specific extracellular vesicles between contact
sport athletes with and without sport-related concussion. (A) Absolute concentrations of plasma
EVs and (B) relative percentages of target size ranges of CNS-specific EVs were quantified. EV,
extracellular vesicle; SRC, sport-related concussion; Ctrl, control.

Our preliminary evidence suggested that EVs are more sensitive markers of injury
following SRC than freely circulating proteins. Based on these results, we next evaluated
plasma concentrations of single-positive EVs associated with the CNS lymphatic systems
in athletes with acute SRC (n=18) and controls (n=29) from the SRC study. We found
plasma concentrations of LYVE1+EVs and CD31+EV were significantly elevated within
72 hours of injury compared to controls (LYVE1+EVs median: controls 1.24x1010,
athletes with acute SRC 6.13x1010, p<0.0001; CD31+EV median: controls 2.36x1010,
athletes with acute SRC 6.23x1010, p=0.005) (Figure 6A-B). Plasma concentrations of
GFAP+EVs, AQP4+EVs, and CD81+EVs were not significantly different between athletes
with SRC and matched controls (GFAP+EVs median: controls 5.61x1010, athletes with
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Figure 6. Plasma concentrations of single-positive extracellular vesicles associated with the
CNS lymphatic systems are significantly elevated in athletes with sport-related concussion.
Each symbol represents concentrations of a single participant. The horizontal bar within each
cluster of symbols represents the median concentration measured in count/ml of plasma for each
group. (A) LYVE1+EV (B) CD31+EV (C) GFAP+EV (D) AQP4+EV (E) CD81+EV. EV,
extracellular vesicle; LYVE1, lymphatic vessel endothelial hyaluronan receptor 1; GFAP, glial
fibrillary acidic protein; AQP4, aquaporin 4; SRC, sport-related concussion; Ctrl, control
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acute SRC 7.42x1010, p=0.011; AQP4+EV median: controls 1.34x1011, athletes with acute
SRC 8.59x1010, p=0.353; CD81+EV median: controls 7.61x1010, athletes with acute SRC
6.16x1010, p=0.467) (Figure 6C- E). These results suggest that EVs associated with the
CNS lymphatic systems are promising biomarkers for SRC.
Next, we evaluated the diagnostic utility of single-positive EVs associated with
the CNS lymphatic systems. Single-positive EV markers were analyzed with the receiver
operating characteristics (ROC) curve (Figure 7) to assess the diagnostic capacity of
plasma concentrations of EVs associated with the CNS lymphatic systems. ROC curves
demonstrate the ability of a diagnostic tool to identify the true positive rate (sensitivity)
against the false positive rate (1-specificity) through a series of hypothetical cutoffs as
determined by participant values (e.g., EV concentrations)[300]. The area under the curve
(AUC) is the combination of the sensitivity and specificity of a diagnostic test, with an
AUC statistic of 1.00 demonstrating a perfect test. Plasma concentrations of LYVE1+EVs

Figure 7. Receiver operating characteristic curve and AUC analyses for singlepositive extracellular vesicles associated with the central nervous system
lymphatics demonstrates limited diagnostic accuracy within 72 hours of sportrelated concussion. The line of identity is marked as a gray dotted line. AUC – area
under the curve; EV, extracellular vesicle; LYVE1, lymphatic vessel endothelial
hyaluronan receptor 1; GFAP, glial fibrillary acidic protein
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can differentiate athletes with SRC from healthy controls within 72 hours of SRC with
demonstrable accuracy (AUC: 0.962, 95% C.I. 0.913-1.000, p<0.0001). Concentrations
of CD31+EVs and GFAP+EVs also showed acceptable differentiation between athletes
with SRC and controls, even though group differences were mixed (CD31+EV AUC:
0.741, 95% C.I. 0.580-0.902, p=0.006; GFAP+EV AUC: 0.721, 95% C.I. 0.574-0.869,
p=0.012). However, plasma concentrations of AQP4+EVs and CD81+EVs did not
differentiate athletes with SRC from controls (AQP4+EVs AUC: 0.582, 95% C.I. 0.4080.757, p=0.347; CD81+EVs AUC: 0.565, 95% C.I. 0.383-0.747, p=0.457).

4.4 Double-positive Extracellular Vesicles Have Better Sensitivity to Detect Changes
from Sport-related Concussions than Single-positive Extracellular Vesicles
We successfully quantified levels of a circulating CD81+EV among athletes with
SRC and the control group. CD81 is a transmembrane marker that has been used in recent
TBI research to either normalize EV cargo concentrations[190,191] or in combination
with CNS-specific markers to confirm that EVs from target brain cells were detected in
the blood[123]. Using a small number of samples (n=3), we compared matched samples
of athletes with SRC and controls using three different quantification or detection
methods: freely circulating GFAP, and single or double-positive EV quantification with
spectral FC (Figure 8) to evaluate the efficacy of double-positive EVs as biomarkers for
SRC. Among these three samples, we found that double-positive EVs simultaneously
expressing GFAP+ and CD81+ (GFAP+/CD81+EV) were significantly elevated in athletes
with SRC within 72 hours of injury (U=43.0, p<0.0001; Figure 8C) whereas freely
circulating plasma GFAP and single-positive GFAP+EVs did not (Figures 8A-B). These
findings show that using double-positive EVs improve the detection of changes following
66

Figure 8. Comparison of circulating plasma GFAP with plasma GFAP+
extracellular vesicles among athletes with and without sport-related concussion. (A)
freely circulating plasma GFAP concentration; (B) single positive plasma EVs that
contain GFAP; (C) double positive plasma EVs that simultaneously contain GFAP and
CD81 in plasma (n = 3 per group). EV, extracellular vesicle; SRC, sport-related
concussion; Ctrl, control; GFAP, glial fibrillary acidic protein; pg, picogram

SRC better than single-positive EVs and freely circulating proteins. Based on these
results we tested the hypothesis that double-positive EVs associated with the CNS
lymphatic systems would be higher among athletes with SRC (Aim 1, hypothesis 1).
Next, we measured double-positive LYVE1+/CD81+EVs, CD31+/CD81+EVs,
GFAP+/CD81+EVs, AQP4+/GFAP+EVs and AQP4+/CD81+EVs using the entire
participant sample (athletes with SRC n=18, controls n=29) in the SRC study. We found
plasma that LYVE1+/CD81+EVs, CD31+/CD81+EVs, and GFAP+/CD81+EVs were
significantly higher than controls within 72 hours of injury (median: athletes with SRC
1.34x1010, controls 1.58x109, p<0.0001; median: athletes with SRC 1.73x1010, controls
5.52x109, p=0.0002, median: athletes with SRC 2.50x1010, controls 6.94x109, p<0.0001,
respectively; Figure 9A-C). Concentrations of AQP4+/GFAP+EVs and
AQP4+/CD81+EVs did not significantly differ between athletes with acute SRC (median
3.83x1010 and 2.05x1010, respectively) and controls (median 2.99x1010 and 3.18x1010,
respectively; Figure 9D and E).
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Figure 9. Plasma concentrations of double-positive extracellular vesicles associated with
the lymphatic and glymphatic systems are significantly elevated in athletes with sportrelated concussion. Each symbol represents concentrations of a single participant. The
horizontal bar within each cluster of symbols represents the median concentration measured in
count/ml of plasma for each group. The median concentrations for athlete controls and athletes
with acute SRC are as follows: LYVE1+EV/CD81+EV (A) controls 1.38 x 109 , athletes with
acute SRC 1.44 x 1010; CD31+EV/CD81+EV (B) controls 5.52 x 109, athletes with acute SRC
1.73 x 1010; GFAP+EV/CD81+EV (C) controls 6.94 x 109, athletes with acute SRC 2.50 x 1010;
AQP4+EV /GFAP+EV (D) controls 2.99 x 1010, athletes with acute SRC 3.83 x 1010;
AQP4+EV/CD81+EV (E) controls 3.18 x 1010, athletes with acute SRC 2.05 x 1010. EV,
extracellular vesicle; LYVE1, lymphatic vessel endothelial hyaluronan receptor 1; GFAP, glial
fibrillary acidic protein; AQP4, aquaporin 4; SRC, sport-related concussion; Ctrl, control
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4.5 Double-positive Extracellular Vesicles Associated with the Central Nervous System
Lymphatics Differentiate Athletes with a Sport-related Concussion from Controls
Within 72 Hours of Injury
To assess the diagnostic capacity of plasma concentrations of double-positive EVs
associated with the CNS lymphatic systems, only the EV markers that were significantly
different between athlete groups were analyzed with ROC curves (Figure 10). Plasma
concentrations of LYVE1+EV/CD81+EV (AUC: 0.981, 95% C.I. 0.949-1.000, p<0.0001) and
GFAP+EV/CD81+EV (AUC: 0.969, 95% C.I. 0.927-1.000, p<0.0001) demonstrate excellent
diagnostic capacity for acute SRC within 72 hours of injury. Plasma concentrations of
CD31+EV/CD81+EV also demonstrated adequate discriminative power (AUC: 0.815,
95% CI 0.686-0.939, p=0.0004) to correctly differentiate athletes with SRC from healthy
controls within 72 hours of SRC. Although plasma concentrations of

Figure 10. Receiver operating characteristic curve and area under the
curve analyses of extracellular vesicles associated with the central
nervous system lymphatics demonstrates excellent diagnostic accuracy
within 72 hours of sport-related concussion. The ROC statistics were
performed so athletes with SRC and controls were independently grouped
by either and increase or decrease in plasma EV values. The line of identity
is marked as a gray dotted line. AUC, area under the curve; EV, extracellular
vesicle; LYVE1, lymphatic vessel endothelial hyaluronan receptor 1;
GFAP, glial fibrillary acidic protein.
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LYVE1+EV/CD81+EV, GFAP+EV/CD81+EV, and CD31+EV/CD81+EV show promise as
diagnostic tools, they remain significantly elevated after athletes have clinically
recovered compared to controls (Figure 11). Multiple Mann-Whitney U tests with
Bonferroni’s correction for multiple comparisons were used to compare plasma
concentrations from controls to athletes with SRC at each time point
(LYVE1+/CD81+EV: controls vs. acute SRC p<0.0001, control vs. S/S Free p<0.0001,
controls vs. RTP p<0.0001; CD31+/CD81+EV: controls vs. acute SRC p<0.0001, control
vs. S/S Free p=0.006, controls vs. RTP p=0.004; GFAP+/CD81+EV: controls vs. acute
SRC p<0.0001, control vs. S/S Free p<0.0001, controls vs. RTP p<0.0001;
AQP4+/CD81+EV: controls vs. acute SRC p=0.562, control vs. S/S Free p=0.858,
controls vs. RTP p=0.787; AQP4+/GFAP+EV: controls vs. acute SRC p=0.114, control
vs. S/S Free p=0.048, controls vs. RTP p=0.080). Significance was determined at p<0.01.
Two-tailed Friedman’s tests showed no significant differences between the acute phase of
SRC and RTP for any of the EVs associated with the lymphatic and glymphatic systems
(LYVE1+/CD81+EV: F=0.889, p=0.685; CD31+/CD81+EV: F=0.222, p=0.971;
GFAP+/CD81+EV: F=0.889, p=0.685; AQP4+/CD81+EV: F=0.667, p=0.814;
AQP4+/GFAP+EV: F=1.556, p=0.569). Interestingly, one athlete participated in baseline
sample collection two years following study enrollment with an acute SRC. Although this
subject is the only participant with a prolonged follow-up sample after RTP, there are
interesting differences in plasma concentrations of EVs. Concentrations of
LYVE1+EV/CD81+EV and GFAP+EV/CD81+EV decreased to levels within the range of
the controls (2.51x109 count/ml and 1.01x1010 count/ml, respectively), while
concentrations of CD31+EV/CD81+EV dropped to zero detectable events. These results
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Figure 11. Changes in concentrations of double-positive extracellular vesicles associated
with the central nervous system’s lymphatic systems over time. Each symbol represents
concentrations of a single participant, with the line in the middle of the symbol cluster representing
the group median at all three time points. Concentrations are measured in count/ml of plasma for
each group. Multiple t-tests were used for comparisons between the acute phase of SRC (n=18),
when athletes are S/S Free (n=11), at RTP (n=9) and controls. (A) LYVE1+/CD81+EV, (B)
CD31+/CD81+EV, (C) GFAP+/CD81+EV, (D) AQP4+/GFAP+EV, (E) AQP4+/CD81+EV. EV,
extracellular vesicle; LYVE1, lymphatic vessel endothelial hyaluronan receptor 1; GFAP, glial
fibrillary acidic protein; AQP4, aquaporin 4; SRC, sport-related concussion; Ctrl, control, S/S
Free, sign and symptom free, RTP, return to play
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suggest that concentrations of EVs associated with the CNS lymphatic systems return to
similar levels as those of control athletes. However, it is unclear exactly when plasma EV
concentrations decrease following clinical recovery.

4.6 Concentrations of Plasma Tau are Not Significantly Different Within 72 Hours
Sport-related Concussion Compared to Controls
Recently, the NCAA/DoD CARE Consortium[119] showed that athletes with
SRC had significantly lower serum tau concentrations within 48 hours of injury
compared with baseline values and contact-sport athlete controls. These results are
consistent with those found in animal studies where CNS lymphatic vessels were
removed prior to injection of tau[176] or fluorescent beads[225]. Compared to wild-type
animals, blood concentrations of both types of injectables were significantly decreased
within 24-48 hours after the procedure. Since there are no known tau transporters at the
blood-brain barrier (BBB)[176], these studies highlight the need to understand better the
role of adequately functioning CNS lymphatic clearance from the brain. Based on these
findings, we evaluated plasma concentrations of tau among athletes with SRC within 72
hours of injury (Aim 2). Using 16 samples from the SRC study, we found that athletes
with SRC had lower plasma tau concentrations (mean: 2.08 pg/ml) compared to controls
(mean: 2.53 pg/ml); however, the difference was nonsignificant (Figure 12A).
Previous studies have reported that plasma concentrations of tau may experience a
biphasic response with an initial peak in concentrations less than 24 hours following TBI,
followed by a decrease, with a later peak around day three after injury[301,302]. Our
operational definition for acute SRC was within 72 hours following injury, and based on
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Figure 12. Plasma tau concentrations are not significantly different within 72 hours of
sport-related concussion compared with controls. Each symbol represents concentrations
of a single participant. The horizontal bar within each cluster of symbols represents the
median concentration measured in pg/ml plasma. (A) Group comparisons of plasma tau
between athletes with acute SRC and controls. (B) Comparisons of plasma tau between
controls and athletes with SRC whose blood was collected within 48 hours of injury, or
between 48- and 72-hours after SRC. (C) Within-group comparisons of plasma tau among
athletes with SRC as they clinically recover. Pg/ml, picogram per milliliter; SRC, sportrelated concussion; Ctrl, control.

the aforementioned findings, our sample collection time could influence plasma tau
concentrations. Most athletes with SRC provided blood samples within 48 hours of
injury, with the next largest group providing samples between 48- and 72-hours of SRC.
Plasma tau values were grouped as either control, athletes with SRC collected less than
48 hours after injury, or athletes with SRC collected between 48- and 72-hours after
injury to determine if the blood collection time influenced plasma tau concentrations
(Figure 12B). Upon comparison, there were no notable differences between tau
concentrations among athletes with SRC collected at earlier or later time points after
injury and the control group (F=0.329, p=0.727). Among athletes with SRC, a within-
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group analysis revealed concentrations of plasma tau significantly increased from the
acute phase of SRC to when athletes were S/S Free and remained significantly increased
at RTP (F=5.892, p=0.015; Figure 12C).

4.7 Plasma Tau Concentrations are Not Related to Concentrations of Extracellular
Vesicles Associated with the Central Nervous System Lymphatics After a Sport-related
Concussion
Since the CNS lymphatic systems are believed to promote tau clearance from the
brain, we wanted to examine whether the number of double-positive EVs associated with
these systems was correlated with plasma tau concentrations in athletes with SRC (Aim
2, Hypothesis 2). Among athletes with acute SRC, two-tailed Spearman’s rho
correlations were employed to assess potential relationships between plasma tau
concentrations and concentrations of EVs associated with the lymphatic and glymphatic
systems at the acute and follow-up time points (Table 5; Figure 13). None of the plasma
EV Markers

Acute SRC
rs (p-value)

S/S Free
rs (p-value)

RTP
rs (p-value)

LYVE1+/CD81+EV

-0.196

(0.468)

0.583

(0.099)

0.268 (0.468)

CD31+/CD81+EV

-0.306

(0.249)

0.083

(0.831)

0.862* (0.003)

GFAP+/CD81+EV

-0.369

(0.159)

0.200

(0.606)

-0.008 (0.983)

AQP4+/CD81+EV

-0.177

(0.528)

0.167

(0.668)

0.100

AQP4+/GFAP+EV

-0.164

(0. 558)

-0.133

(0.732)

-0.033 (0.932)

(0.797)

Table 5. Association of plasma tau concentrations and plasma extracellular vesicles related to the central
nervous system lymphatic systems. Among athletes with SRC, two-tailed Spearman’s rank correlations
were used to assess relationships between plasma tau concentrations and concentrations of EVs associated
with the CNS lymphatic system at across time. Athletes with acute SRC n=16 pairs; athletes at S/S Free &
RTP n=9 pairs. Significant p-values were noted with a * and determined at p<0.01. EV, extracellular
vesicle; LYVE1, lymphatic vessel endothelial hyaluronan receptor 1; GFAP, glial fibrillary acidic protein;
AQP4, aquaporin 4; SRC, sport-related concussion; Ctrl, control
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Figure 13. Plasma concentrations of extracellular vesicles associated with the CNS
lymphatic systems are not correlated with plasma tau among athletes with sport-related
concussion. Each symbol represents one subject. Spearman’s r and p-values are reported on
each graphical representation. EV, extracellular vesicle; LYVE1, lymphatic vessel endothelial
hyaluronan receptor 1; GFAP, glial fibrillary acidic protein; AQP4, aquaporin 4.
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EV concentrations were not strongly or significantly correlated with plasma tau during
the acute phase following SRC or when athletes were sign and symptom free (S/S Free).
However, concentrations of CD31+/CD81+EV were strongly and significantly correlated
with plasma tau concentrations at RTP (Spearman r: 0.862, p=0.003). These results suggest
that plasma concentrations of EVs associated with the CNS lymphatic systems may not
indicate alterations to the mechanisms of tau clearance following SRC.

4.8 Single-positive Extracellular Vesicles Associated with the Glymphatic System are
Significantly Elevated Following Repetitive, Subconcussive Head Impacts
To assess whether concentrations of EVs associated with the CNS lymphatic systems
are affected by repetitive, subconcussive head impacts, the subconcussion study was
conducted to compare EV concentrations before and after the completion of ten soccer
headers (Aim 3). There were significant within-group (n=14) differences in concentrations
of AQP4+EVs (F=9.39, p=0.009; Figure 14D) following repetitive, subconcussive head
impacts. A post-hoc analysis revealed that the changes between baseline and 24 hours
following repetitive, subconcussive head impacts were the only changes that reached
significance (adjusted p=0.022). Concentrations of GFAP+EVs were elevated but did not
meet the threshold of significance after the Bonferroni adjustment for multiple
comparisons (F=8.00, p=0.018). None of the other single-positive EVs associated with
the CNS lymphatic systems significantly changed after repetitive, subconcussive head
impact (LYVE1+EVs p=0.109, CD31+EVs p=0.168, CD81+EV p=0.062; Figure 14).
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Figure 14. Plasma concentrations of extracellular vesicles associated with the glymphatic
system significantly increase following repetitive, subconcussive head impacts. Each
symbol represents mean concentrations with SD at all three time points. A two-tailed,
nonparametric Friedman’s test was used for within-group comparisons (n=14) of plasma EV
concentrations before and after repetitive, subconcussive head impacts. Alpha level was set at
p < 0.01. (A) LYVE1+EV, (B) CD31+EV, (C) GFAP+EV, (D) AQP4+EV, and (E) CD81+EV.
EV, extracellular vesicle; LYVE1, lymphatic vessel endothelial hyaluronan receptor 1; GFAP,
glial fibrillary acidic protein; AQP4, aquaporin 4.
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4.9 Double-positive Extracellular Vesicles Associated with the Glymphatic System
were Significantly Elevated Following Repetitive, Subconcussive Head Impacts
Before analyzing double-positive CNS lymphatic-associated EV concentrations
following repetitive, subconcussive head impacts (Aim 3), we measured double-positive
EVs in a small subset of our sample (n=5) to evaluate their performance as potential
biomarkers. In line with previous observations, plasma GFAP+EVs were increased,
although non-significantly, and continued to trend upwards for 24 hours following
repetitive, subconcussive head impacts compared with baseline values (mean difference
between baseline and 24 hrs post =3.5x1010; Figure 15A). In contrast, double-positive
GFAP+/CD81+EV concentrations were significantly increased at 24 hrs post compared
with baseline values (RM-ANOVA: F=3.81, p=0.046; Figure 15B).

Figure 15. Preliminary study: Changes in single and double-positive
extracellular vesicle concentrations following repetitive, subconcussive
head impacts. A repeated measures ANOVA with a Geisser-Greenhouse
correction was used to assess large-sized single and double positive EVs
following repetitive subconcussive head impacts (n = 5). Significance was
determined at p < 0.05.
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We next evaluated double-positive EV associated with the CNS lymphatic
systems (LYVE1+/CD81+EVs, CD31+/CD81+EVs, GFAP+/CD81+EVs,
AQP4+/CD81+EVs, and AQP4+/GFAP+EVs) in samples from the entire enrolled in the
subconcussion study participant cohort to assess the acute effect of repetitive,
subconcussive head impacts (Aim 3, hypothesis 3). There were significant within-group
(n=14) differences in GFAP+EV/CD81+EV concentrations following repetitive,
subconcussive head impacts compared to baseline (F=24.57, p<0.0001; Figure 16C). A
post-hoc analysis revealed significant increases in in GFAP+EV/CD81+EVs between
baseline to 0 hr and baseline to 24 hr after repetitive, subconcussive head impacts
(baseline – 0 hr post p=0.005; baseline – 24 hr post p<0.0001). Plasma AQP4+/GFAP+EV
concentrations were also significantly elevated 24 hrs following repetitive, subconcussive
head impacts (F=11.23, p=0.004; Figure 16E). Concentrations of LYVE1+/CD81+EV
were elevated 24 hrs post subconcussive head impacts but did not reach significance after
correcting for multiple comparisons (F=8.14, p=0.017, Figure 16A). Plasma
concentrations of CD31+/CD81+EVs and AQP4+/CD81+EVs did not significantly change
following repetitive, subconcussive head impacts.
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Figure 16. Plasma concentrations of double-positive extracellular vesicles associated
with the glymphatic, but not lymphatic, system are significantly elevated following repetitive,
subconcussive head impacts. Each symbol represents mean concentrations with SD at all three time
points. Alpha level was set at p < 0.01. (A) LYVE1+/CD81+EV, (B) CD31+/CD81+EV, (C)
GFAP+/CD81+EV, (D) AQP4+/CD81+EV, and (E) AQP4+/GFAP+EV. EV, extracellular vesicle;
LYVE1, lymphatic vessel endothelial hyaluronan receptor 1; GFAP, glial fibrillary acidic protein;
AQP4, aquaporin 4.
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CHAPTER 5
DISCUSSION
The scientific premise of this project is that the current understanding of how
sport-related concussion (SRC) may predispose athletes to a higher risk of future
neurodegeneration is insufficient. Currently, emerging evidence found in animal studies
suggests inadequate clearance through the central nervous system (CNS) lymphatic
systems could play a role. Notably, an imbalance between the production of neurotoxic
tau and the lymphatic systems in the brain[181] is suggested to play a dominant role in
the development of tau aggregates and eventual CTE[65]. Therefore, the clearance of
pathological tau or other proteins released into the extracellular space due to contact-sport
participation and SRC is vital for healthy CNS functioning[176]. The overarching
purpose of this study was to identify objective biomarkers associated with the CNS
lymphatic systems to diagnose acute SRC. SRC is difficult to diagnose, often leading to
underdiagnosis. Contact-sport athletes experience multiple head impacts per athletic
exposure, primarily characterized as benign subconcussions, which may result in SRC, or
long-term neurological impairment developed slowly over time. For this reason, we also
investigated the effect of repetitive, subconcussive head impacts on plasma EVs
associated with the CNS lymphatic systems.
The main findings of the current study were that 1) EVs associated with the CNS
lymphatic systems, specifically LYVE1+/CD81+EVs, CD31+/CD81+EVs, and
GFAP+EV/CD81+EVs were significantly elevated in the plasma and differentiated
athletes with SRC from controls, 2) plasma concentrations of double-positive EVs
associated with the CNS lymphatic systems are not associated with plasma tau
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concentrations among athletes with SRC, and 3) double-positives EVs associated with the
glymphatic system may serve as biomarkers of repetitive subconcussive head impacts.
The differences observed in plasma double-positive EVs associated with the CNS
lymphatic systems following head impacts that cause clinical injury and those that do not
suggest that different physiological alterations to the CNS lymphatic systems may occur.

5.1 Double-positive Extracellular Vesicles May Serve as Biomarkers for Sportrelated Concussion
To the best of our knowledge, this study is the first to evaluate double-positive
EV phenotypes associated with the lymphatic and glymphatic system as biomarkers for
acute SRC. We found that EVs simultaneously containing the tetraspanin CD81 and
proteins associated with the lymphatic or glymphatic systems, including LYVE1, GFAP,
and CD31 were significantly elevated among athletes with SRC within 72 hours of
injury. Additionally, LYVE1+/CD81+EVs and GFAP+/CD81+EVs had excellent
diagnostic efficacy for acute SRC among contact-sport athletes (Figure 10). One
potential reason for the observed differences in EVs associated with the CNS lymphatic
systems could be neuroinflammation following trauma. Despite previous beliefs that
neuroinflammation only occurs after more severe TBI, recent studies show inflammatory
responses following mild TBI, including concussion[303]. The lymphatic endothelium is
vital in immune-vascular crosstalk in healthy lymphatic vessels and serves as a conduit
for immune cell trafficking[304]. In a recent report, exosomes and small EVs were
released in more significant numbers from lymphatic endothelial cells in an in
vitro model of inflammation[305]. The investigators also showed that EVs released from
lymphatic endothelial cells promoted the migration of immune cells through complex
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environments to the extracranial lymphatics, which suggests lymphatic-derived EVs play
an essential role in immune trafficking and clearance of dendritic cells to the cervical
lymph nodes[305].
Neuroinflammation has also been shown to increase the release of astrocytederived EVs that are believed to regulate a peripheral inflammatory response and
promote immune cell trafficking to the CNS[306]. Additionally, meningeal lymphatic
vasculature dysfunction increased neuroinflammation following TBI [225]. These results
suggest that SRC-induced neuroinflammation could influence the observed increases of
EVs associated with the lymphatic and glymphatic systems in the current study.
We also found that CD31+/CD81+EVs were significantly increased within 72
hours of SRC compared with athlete controls (Figure 9). Additionally, receiver operating
characteristic (ROC) curves and area under the curve (AUC) statistics demonstrated that
double-positive CD31+/CD81+EVs might serve as diagnostic biomarkers of acute SRC.
Previous findings show that human brain microvasculature released endothelial EVs
following mechanical strain using an in vitro model of TBI[282]. Microvascular damage
has also been reported in human and animal studies of TBI in vivo[307]. Following TBI,
vascular dysfunction occurs early after the initial trauma due to blood-brain-barrier
(BBB) breakdown and increased permeability[308]. Endothelial cells, pericytes, and the
glia limitans of astrocytes help comprise the BBB. The interdependence of these
structures dramatically influences adequate BBB functioning[309].
The integrity of the BBB is essential for the CNS's immune protection and the
maintenance of homeostatic functions[310]. The barrier formed by endothelial cells,
adhesion molecules, and tight junction proteins is a crucial component of BBB integrity.
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Following experiment TBI, tight junction proteins were shown to be upregulated, and
EVs containing these proteins, including CD31, were released in increased
numbers[282]. EVs are mediators of cellular crosstalk and may be released to initiate an
immune response to aid in recovery following TBI. However, neuroinflammation can be
both neuroprotective and pathological following TBI. Following brain injury, increased
BBB permeability due to endothelial dysfunction has been shown to allow entry of T
cells from the paravascular space surrounding penetrating blood vessels. These cells can
encounter antigen-presenting cells[175] and induce proinflammatory cytokines and
invasion of other peripheral immune cells[311].
This aggravated immune response can cause astrocytes to become activated and
result in localization of AQP4 away from the end-feet surrounding the capillaries. The
mislocalization of AQP4 has been shown to reduce CSF and ISF movement through the
paravascular space[208] and reduce clearance from the brain to the cervical lymph nodes
and peripheral circulation[179,209,229]. There were no significant differences in plasma
AQP4+/CD81+EVs or AQP4+/GFAP+EVs between athletes with SRC and controls in the
current study. These observations could be due to the localization of AQP4 away from
the end-feet plasma membranes[208]. Although these changes were not statistically
significant, there was an increase in plasma concentrations of AQP4+/GFAP+EVs at the
time of symptom resolution for athletes with SRC. Also, AQP4+/CD81+EVs were also
elevated when athletes were medically cleared for RTP, although non-significantly. The
delayed increase in EVs containing AQP4 following clinical recovery for athletes with
SRC could be due to mechanism related to AQP4 relocation to the astrocyte plasma
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membrane. Further investigation is warranted to determine if the observed increases in
the present study are associated with changes to the localization of AQP4 following SRC.
Although the results of the current study suggest that plasma LYVE1+/CD81+EVs,
CD31+/CD81+EVs, and GFAP+/CD81+EVs can be diagnostic tools for acute SRC, EVs
associated with the CNS lymphatic systems do not follow clinical recovery or assist with
prognosis following SRC. These results suggest that EVs associated with the CNS
lymphatic systems may only be useful at differentiating athletes with and without SRC,
but cannot aid in clinical decision making for SRC management.

5.2 Plasma Tau Concentrations May Not Indicate Reduced Central Nervous System
Lymphatic Clearance Following Sport-related Concussion
We also investigated associations between lymphatic and glymphatic system EVs
and plasma tau concentrations to determine if there was a relationship between SRC and
CNS lymphatic clearance. Although there is no physical connection between the
meningeal lymphatic vessels and the glymphatic system, previously reported dysfunction
of the meningeal lymphatic vessels significantly reduced intraparenchymal CSF flow
through the glymphatic system[178]. Both lymphatic and glymphatic dysfunction have
been reported following experimental TBI[209]. Animal models of TBI combined with
ablation of the meningeal vasculature showed increased TBI pathogenesis[312] and
delayed clearance of tau to the blood circulation[176]. In humans, previous reports
showed increased tau in the CSF following TBI[127], perhaps resulting from CNS
lymphatic clearance reductions although the underlying mechanisms were not assessed.
Although plasma tau concentrations were decreased among athletes with SRC in the
current study, these differences were not significant when compared with controls.
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Among athletes with SRC, a within-group analysis showed that plasma tau
concentrations significantly increased when athletes were sign and symptom free (S/S
Free) and at return to play (RTP) compared to the immediate days after injury. These
later increases could be due to increased clearance through the CNS lymphatic systems.
However, we did not find any significant relationships between plasma tau concentrations
and most of the EVs associated with the CNS lymphatic systems when athletes with SRC
were approaching and reached clinical recovery.
Interestingly, plasma tau concentrations were positively correlated with
concentrations of CD31+/CD81+EVs among athletes with SRC when cleared to RTP
(Figure 13). Although mechanisms underlying this correlation are unclear, these results
could indicate increased BBB dysfunction and permeability. Endothelial cells that
comprise the BBB play a crucial role in the autoregulation of cerebral blood flow (CBF)
and reactive hyperemia[313], both of which are reduced following endothelial injury.
Previous findings show that endothelial-derived EVs containing CD31 are significantly
released following chronic hypoperfusion, leading to BBB disruption and leakage[314].
Following SRC, decreases in CBF were observed up to one month after injury[87], the
same time frame of athletes cleared to RTP in the current study. These results suggest
that the association between plasma CD31+/CD81+EVs and plasma tau among athletes
with SRC when cleared to RTP may indicate increased BBB disruption from chronic
dysfunction of endothelial-related processes. Furthermore, the more permeable the BBB,
the more likely tau and CD31+/CD81+EVs can cross into the peripheral circulation.
These results also demonstrate a need for further investigation of the effect of
exercise on plasma concentrations of tau and EVs associated with the BBB, lymphatic

86

and glymphatic systems. When athletes are considered S/S Free, they begin a progressive
exercise protocol, including aerobic exercise, which they must complete to RTP. Little
research has been conducted on the exercise-induced molecular changes within the brain
following SRC. However, aerobic exercise has been shown to increase hippocampal
angiogenesis and reduce astrocyte reactivity[315]. Aerobic exercise also increases
cerebral pulse pressure and perfusion flow, promoting glymphatic clearance of tau[206].
Previous findings show that tau concentrations in the CSF decrease after a 14-day rest
following head impacts[129], which is reflected in tau concentrations of the blood.
However, we observed that plasma tau concentrations were still significantly elevated at
RTP compared to concentrations observed during the acute phase of SRC. The addition
of exercise during the RTP protocol could account for the sustained elevations of plasma
tau concentrations observed in the present study. Similarly, in 2020 Laverse et al.
observed that plasma tau concentrations were significantly increased from baseline to one
hour post-match in control athletes without SRC[166], and concentrations were near
equal to those observed at one hour post-match in athletes with SRC.
Additionally, plasma tau concentrations increased the most from baseline among
college football players following a preseason practice with mostly aerobic and skillspecific exercise compared rather than after practices with head impacts[23].
Furthermore, aerobic exercise maintained at an intensity below the threshold of symptom
provocation has improved recovery among youth athletes[316], perhaps due to the
removal of accumulated tau surrounding neural synapses[138]. However, the
physiological mechanisms underlying the benefits of exercise and its potential role in
CNS lymphatic clearance following SRC are yet to be studied. Further investigation of
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the mechanisms related to tau transport to the peripheral circulation and the potential
influence of the CNS lymphatic clearance following SRC is warranted.

5.3 Repetitive, Subconcussive Head Impacts May Affect Glymphatic, but Not
Lymphatic, Function
Herein we provide the first evidence, to the best of our knowledge, that repetitive,
subconcussive head impacts may affect the glymphatic system. Among athletes of the
subconcussion study, concentrations of EVs associated with the glymphatic system,
namely GFAP+/CD81+EVs and AQP4+/GFAP+EVs, were significantly increased in the
plasma immediately and 24 hours after performing ten controlled soccer headers.
Athletes exposed to subconcussive head impacts may have subtle neuropsychiatric
changes but are considered healthy by current sports medicine standards. Previous studies
have reported physiological changes in white matter among athletes following matches or
competitive seasons without reported SRC[129–131]. However, computerized
simulations showed that repetitive, low magnitude brain trauma was as damaging as a
single SRC[317]. Additionally, a positive correlation between the years of contact-sport
participation and the stage of CTE progression has been reported[18,49]. Taken together,
these findings may be due to a cumulative effect from subconcussive head impacts
sustained in competition and practice.
Previously, moderate and severe TBI studies have shown reductions in
glymphatic clearance. In a mouse model of controlled cortical impact, tau protein became
hyperphosphorylated and accumulated in the brain for up to 28 days following the insult
due to glymphatic system stasis[209]. Recently, studies demonstrated that continued
exposure to TBI without proper recovery may result in chronic impairment of the brain's
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ability to clear tau from the interstitial space[225], leading to tau aggregation and
resulting in eventual neuron death[176]. In humans, changes in the expression and
distribution of AQP4 at the astrocyte plasma membrane have been reported in multiple
neurological disorders, including amyotrophic lateral sclerosis, multiple sclerosis,
epilepsy, AD, and TBI[318]. Recently, neuronal-derived EVs (NDE) have been
investigated as potential biomarkers among athletes with chronic SRC[191]. The authors
showed plasma concentrations of AQP4 contained within NDEs were significantly
elevated for months following repetitive SRC compared to controls.
In the current study, we observed plasma concentrations of AQP4+/GFAP+EVs
were only significantly increased 24 hours following repetitive, subconcussive head
impacts. A possible explanation for the observed increases in AQP4+/GFAP+EVs is the
loss of structural integrity and altered function at the BBB. The AQP4 channels in
astrocytic end-feet that surround deep cerebral capillaries are dependent on interactions
with the capillary basement membrane[252] and other ion and neurotransmitter channels
to regulate endothelial and pericyte functions at the BBB[252,319]. Recently, stressinduced exhaustion disorder, which shares clinical features of neurological dysfunction
observed in mTBI patients, had significantly higher concentrations of AQP4+/GFAP+EVs
than controls[320]. The authors proposed that the observed changes were due to
increased leakage of astrocyte-derived EVs through a permeable BBB induced by chronic
stress. Notably, increased BBB permeability has also been suggested as a risk of
subconcussive head impact exposure in contact sports[321].
Subconcussive head impacts might also injure astrocytes' delicate
cytoskeletons[10]. Injury induces a morphological change in which astrocytes increase
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GFAP expression and experience hypertrophy, leading to reactive astrogliosis[61].
Reactive astrocytes are considered an essential component of the CNS innate immunity
and respond to many forms of CNS injury and disease[322]. The subconcussion
paradigm in the current study allowed for repetitive head impacts, potentially eliciting a
cumulative response to multiple head impacts. Additionally, athletes enrolled in the
subconcussion study must have at least six years of prior heading experience. We
observed significant increases in plasma concentrations of AQP4+/GFAP+EVs 24 hours
following repetitive head impacts, but not immediately after. Athlete head impact
exposure combined with the subconcussion paradigm could elicit a release of
AQP4+/GFAP+EVs 24 hours following head impacts due to chronic neuroinflammation.
Animal studies show that a neuroinflammatory response and reactive astrogliosis were
present four days after mild fluid percussion injury that did not cause behavioral
impairments[323]. These findings, combined with the observations of the current study,
suggest that subconcussive head impacts may induce chronic astrocyte reactivity,
indicated by increased plasma AQP4+/GFAP+EVs.
In the current study, we also observed GFAP+/CD81+EVs were significantly
increased in the plasma immediately and even more so 24 hours following repetitive,
subconcussive head impacts. However, plasma concentrations of AQP4+/GFAP+EVs
were only significantly increased 24 hours after repetitive, subconcussive head impacts.
Kress and colleagues showed a loss of AQP4 polarization to the end-feet during reactive
astrogliosis that functionally reduced glymphatic clearance[229]. If astrocytes were
injured from subconcussive head impacts and became reactive, the changes to AQP4
would occur after the reactivity-associated morphological changes subsided. However,
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further research regarding the mechanisms underlying the release of glymphatic
associated EVs to the peripheral circulation following subconcussive head impacts is
warranted.
Interestingly, plasma concentrations of LYVE1+/CD81+EVs were elevated 24
hours following repetitive, subconcussive head impacts, but, did not reach the threshold
of significance after correcting for multiple comparisons. The meningeal lymphatic
system is suggested to be strongly linked with the glymphatic system. The negative
pressure that drives glymphatic flow is derived from the meningeal lymphatics, although
pulsatile arterial pressure drives glymphatic fluid dynamics[233]. There is anatomical
segregation between the meningeal lymphatic vascular network and the glymphatic
system of the parenchyma by an alleged blood-meningeal barrier. These clear separations
make it challenging to uncover the underlying crosstalk mediators between the brain's
meningeal lymphatic and glymphatic clearance[223,264]. It is believed that the
circulation of lymph from the meninges through the glymphatic system to the deep
cervical lymph nodes relies on the functionality of both systems concertedly[324].
However, distinct morphological and ultrastructural features differ in meningeal
lymphatic vessels from lymphatic vessels in the basal region of the brain[325].
Meningeal lymphatic vessels are devoid of the smooth muscle layer and secondary valve
pattern[326] observed in other lymphatic vessels, meaning an inflammatory insult could
differentially impact the meningeal and basal lymphatic vessels[327]. Although the
observed significant increases in LYVE1+/CD81+EVs an immune response, the different
lymphatic vessels' ability to respond to an insult may not have affected the changes in
LYVE1+/CD81+EVs after subconcussive head impacts. Additionally, only linear forces
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were applied to participants’ heads, suggesting other subconcussive head impacts such as
rotational forces often observed in sports, may elicit a different lymphatic EV response.
More research is warranted to better understand the effect of subconcussive head impacts
on EVs associated with the lymphatic system.

5.4 Limitations
Although we observed significant changes in plasma concentrations of EVs
associated with the CNS lymphatic systems among athletes with acute SRC, EV
concentrations remained elevated after athletes were clinically recovered. The main
objective of this study was to identify biomarkers for SRC diagnosis. However, it is
equally essential to provide an accurate prognosis of injuries and diseases. Concentrations
of EVs associated with the CNS lymphatic systems remained elevated even after athletes
were clinically recovered, limiting the prognostic use of these potential biomarkers.
Injury to lymphatic and blood vessels stimulates lymphangiogenesis and angiogenesis to
recover vessel function and growth[328,329]. Evidence shows that EVs play a role in
both processes[203] and may continue to be released as the brain heals after SRC. In
vitro studies demonstrate that EVs released following inflammatory activation had
different cargo compositions than when released due to normal physiological
stimuli[306,330,331]. In the current study, EVs were not lysed to reveal their cargo. As
athletes clinically recovered, EVs might have been released with modulated cargo that
was different from that of EVs released shortly after SRC. Since only surface markers
were measured, it is unclear if there were differences in EV composition immediately
after injury and following clinical recovery.
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Also, the small size of our cohort in the SRC study makes it difficult to generalize
these results to the greater contact-sport athlete population, especially female athletes.
The participants of the SRC study were primarily male athletes, with only one female
athlete with SRC and no female athlete controls. Previous findings suggest that sex may
influence concentrations of CNS proteins freely circulating in the blood of healthy
athletes[64]. However, differences dependent on physiological sex have not been
reported in investigations of plasma EV concentrations following SRC. Animal studies
show that female sex hormones are neuroprotective and reduce edema and hypoperfusion
following TBI[332,333]. However, other studies reported no such effect of estrogen
between male and female animals in response to TBI[334]. In humans, there are higher
incidence rates of SRC among female athletes than males[335], and females experience a
longer duration of symptoms[336,337]. However, a recent study showed that female
athletes had lower serum concentrations of inflammatory cytokines following SRC
compared with their male counterparts[74]. There were only two female athletes in the
SRC study, and both were among athletes who suffered a SRC rather than controls.
Although not significantly different from male athletes with SRC, EV concentrations
among female athletes were lower.
It is unclear if female athletes release fewer EVs associated with the CNS
lymphatic systems or if sex-dependent changes in cerebral blood flow play a role. A
recent report showed sex-dependent differences in cerebral blood flow among healthy
athletes with SRC history compared to those without prior head injury[338]. These
findings indicate that neurophysiological changes induced by SRC may be influenced by
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physiological sex. However, more research needs to be done to understand the effect of
sex on biomarkers for SRC.
Although both sexes were enrolled in the subconcussion study in equal numbers,
the sample size (n=14) was insufficient. Additionally, the changes in EV concentrations
may be specific to purposeful soccer heading and not consistent with all subconcussive
head impacts experienced in contact sports. The forces acting on the head during the
repetitive, subconcussive paradigm were linear and did not include rotational forces also
experienced during sports participation. Athletes also voluntarily contacted the soccer
ball using their head. Worse outcomes have been reported when athletes were not
prepared for the head impact compared to intentional contact[339]. Furthermore,
collection times of blood samples during the subconcussion study limit any long-term
observations to changes in plasma EVs after repetitive subconcussion. An additional time
point for a follow-up blood sample after exposure to repetitive head impacts would
improve the interpretation of changes in plasma EV concentrations. Using the current
study design, it is unclear when and if plasma EVs associated with the CNS lymphatic
systems return to baseline.
While the observed changes in CD31+/CD81+EVs suggest reduced intramural
periarterial drainage (IPAD), we did not measure EVs associated with vascular smooth
muscle cells (VSMC), which control the vasomotion of cerebral blood vessels[246].
Using mathematical models to mimic the oscillations of VSMC, VSMC-induced
vasomotion substantially influenced the driving force for clearance through the IPAD
pathway[261]. The wavelike contraction and relaxation of VSMC were shown to occur at
a frequency of 0.1 Hz[340]. However, such oscillations have yet to be observed in
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humans, and the extent to which the basement membranes surrounding the VSMC
contribute to clearance through the IPAD pathway is unknown[261]. Given that efficient
clearance through the IPAD pathway relies on vascular health for VSMC to properly
oscillate and maintain vascular tone, any injury to the cerebral arteries could disrupt the
IPAD. Endothelial cells line the lumen of all blood vessels, including cerebral arteries
and arterioles. Endothelial-derived Evs have been shown to be released following
mechanical trauma to the blood vessel[282], which often occurs from SRC. Therefore,
although we did not directly measure EVs associated with VSMC, our findings suggest
that EVs were released due to endothelial, and vascular, damage from SRC, and
clearance through the IPAD pathway would likely be affected. However, further research
is needed to determine the extent to which SRC affects VSMC and whether clearance
through the IPAD pathway is disrupted.
Of note, we demonstrated spectral flow cytometry (FC) allows for high
throughput EV analysis for single- and double-positive EVs across the entire EV size
spectrum. However, current spectral FC methodological approaches lack standardization
and reproducibility for EVs, making interpretation of our results challenging across other
instruments. Spectral FC analysis uses light scatter and fluorescence to detect small
particles (e.g., EVs). Previous findings show that fluorescence intensities can be
converted into standardized units of fluorescence for cellular analysis using commercial
spectral FC[341], which can fully differentiate between fluorescence from cellular
populations and instrument noise[342] and improve interpretation of results across
instruments. However, spectral FC does not yet have the resolution to fully separate small
particles from instrument noise, making EV analysis challenging. Spectral FC allows for
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a range of optical configurations; nonetheless, no consensus exists for standardizing EV
isolation techniques, fluorescence calibration, or interpretation of results across FC
instruments for EV analysis[342]. A recently published reporting framework was
developed for EV analysis using FC (MIFlowCyt-EV), combining the Minimal
Information for Study of Extracellular Vesicles (MISEV) consensus statement[294] and
best practices for FC analysis. The MIFlowCyt-EV provides guidelines for seven main
components of EV research: preanalytical variables and experimental design, sample
preparation, assay controls, instrument calibration and data acquisition, EV
characterization, FC data sharing, and FC reporting[296]. However, much of the
framework referenced EVs ≤200 nanometers (nm) in size, the lower limit of detection for
spectral FC. The EVs analyzed in the current study were larger, between 500 and 880 nm,
from polydisperse biological samples. Although most of the recommendations were still
relevant to our EVs of interest, some were not appropriate for larger EVs isolated from
human plasma. For example, MIFlowCyt-EV guidelines recommend calibrating the FC
using the fluorescence intensity of membrane-intercalating dyed liposomes of a known
size against the surface area distribution measured by nanoparticle tracking analysis
(NTA) to approximate the size of EVs in a sample[296]. NTA is most accurate for
confirming and detecting small-sized EVs of 200 nm or less. However, it is much less
reliable for large-sized EV analysis[343]. To overcome this limitation, in the current
study we used an EV-specific antibody array and EV-specific antibody-labeled
fluorochromes to confirm the presence of EVs and EV associated proteins in human
plasma samples.
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Another recommendation is to estimate the ratio of side and forward scatter
signals with polystyrene beads of a known refractive index to approximate the particle
diameter. A mathematical model using commercially available software can then be used
to compute the approximate particle diameter and model the estimated refractive indices
of EVs from biological samples[342]. This recommendation is most useful when
analyzing EVs of a known size and origin across different FC instruments. However, in
the current study we analyzed EVs from multiple unknown origins across a broad size
range, making it challenging to adhere to this recommendation. Although we could
reproduce EV concentrations with minimal variation over time using the same instrument
and settings, the current study results are thus limited to the specific instrument with
which they were measured, and may not be reproducible across other FC instruments.
This limitation is not specific to the estimated EV refractive indices, but more broadly for
the use of spectral FC for EV analysis. Despite the many advantages of FC analysis for
EV-based research, more work is needed to improve the reproducibility and interpretation
of results using EVs from biological samples.

5.5 Conclusions
The present study identified double-positive LYVE1+/CD81+EV,
CD31+/CD81+EV, and GFAP+/CD81+EV as promising biomarkers for acute SRC.
Plasma EVs associated with the CNS lymphatic systems were significantly elevated in
athletes with acute SRC and differentiated injured athletes from controls with excellent
accuracy. Concentrations of plasma tau following SRC were not associated with plasma
EVs associated with the CNS lymphatic systems, suggesting EVs released from cells
involved in CNS lymphatic systems may not indicate dysfunctional tau clearance from
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the brain. Notably, double-positive EVs associated with the glymphatic system,
specifically GFAP+/CD81+EV and AQP4+/GFAP+EVs, were significantly elevated after
repetitive subconcussive head impacts, whereas lymphatic-associated EVs were not. The
differences observed in EV response to SRC and subconcussion may provide new
insights about sport-associated brain injury and risk of neurodegeneration for current and
future athletes.
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APPENDIX A
SUPPLEMENTAL DATA

Table S1. Inter-assay reliability measures with identical settings using one spectral flow
cytometer for small-sized extracellular vesicles. Samples were analyzed using one Cytek Aurora
spectral flow cytometer instrument and FlowJo™ software v 10.8.1 on non-consecutive days. EV
concentrations were calculated nine weeks after the initial analysis. ICC, intraclass correlation
coefficient
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APPENDIX B
TEMPLE UNIVERSITY IRB
Permission to Take Part in a Human Research Study
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Title of research: Concussion Blood Biomarkers
Investigator and Department: Joon Park, PhD, and Jane McDevitt, PhD, ATC,
Department of Kinesiology, Temple University
Why am I being invited to take part in this research?
We invite you to take part in a research study because you are a Temple University
NCAA or club/recreation athlete that has sustained a concussion.
What should I know about this research?
Someone will explain this research to you.
Whether or not you take part is up to you.
You can choose not to take part.
You can agree to take part and later change your mind.
Your decision will not be held against you.
You can ask all the questions you want before you decide.
Who can I talk to about this research?
If you have questions, concerns, or complaints, or think the research has hurt you, contact
the research team at Joon Park, PhD, 215 204-1957; parkjy@temple.edu; 265 Pearson
Hall, 1800 North Broad Street, Philadelphia, PA 19121 or Jane McDevitt, PhD, ATC,
215 204-7503; jane.mcdevitt@temple.edu; 239A Pearson Hall, 1800 North Broad Street,
Philadelphia, PA 19121.
This research has been reviewed and approved by an Institutional Review Board. You
may talk to them at (215) 707-3390 or e-mail them at: irb@temple.edu for any of the
following:
Your questions, concerns, or complaints are not being answered by the research team.
You cannot reach the research team.
You want to talk to someone besides the research team.
You have questions about your rights as a research subject.
You want to get information or provide input about this research.
Why is this research being done?
Identifying a person with a concussion can sometimes be difficult because of poor
clinical tests and/or the injured person doesn’t know or may lie about symptoms.
Because of this a simple blood test to help identify the injury would be beneficial. The
purpose of this study is to assess the presence of blood biomarkers of concussion within
48 hours post injury, when asymptomatic, and when cleared to return to play.
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How long will I be in this research?
We expect that you will be in this research until you are cleared to return to play.
What happens if I agree to be in this research?
You will be asked to meet with the research team a total of 3 times; 1) within 48hrs of the
concussion for ~30 minutes, 2) once you are asymptomatic for ~15 minutes, and 3) once
you are cleared to return to play for ~15 minutes. At the first meeting you will complete
a health history form that asks demographic (e.g., age, sport) and injury history
information (e.g., concussion injury description), a concussion signs and symptoms
checklist (e.g., headache), and have blood drawn (20 milliliters which is approximately
1.35 tablespoons). At the 2 final meetings you will only complete the signs and
symptoms checklist and the blood draw (20 milliliters at each meeting). Participation in
the study will not impact your medical care (including your clearance for returning to
play), which is separate and distinct from the research. If you withdraw from the study,
any of your data collected will still be used for analysis.
Is there any way being in this research could be bad for me?
Blood draw risk statement – During blood draws, it is possible that you may develop a
bruise around the needle insertion. To minimize risks, a certified phlebotomist will
perform the blood draws with single-use needles, tube holders and test tubes. The skin of
the antecubital (front of elbow) region will be cleaned with alcohol to further reduce the
risks of infections. Following each blood draw you will remain seated while maintaining
direct pressure against the site of the needle insertion. No long-range risks are anticipated
from study participation.
Can I be removed from the study?
The researchers or sponsor can remove a subject at anytime. Reasons why the
researchers or sponsor may need to withdraw a subject include:
-The researcher believes that it is not in the subject’s best interest to stay in the study.
-Subject condition changes and treatment that is not allowed while you are taking part in
the study.
-Subject does not follow instructions from the researchers.
-The study is suspended or canceled.
What happens to the information collected for this research?
To the extent allowed by law, we limit the viewing of your personal information to
people who have to review it. We cannot promise complete secrecy. The IRB, Temple
University, Temple University Health System, Inc. and its affiliates, and other
representatives of these organizations may inspect and copy your information. The NIH
and University of Delaware, who are sponsoring this study, may also view the
information.
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A description of this clinical trial will be available on http://www.ClinicalTrials.gov, as
required by U.S. Law. This website will not include information that can identify you. At
Permission to Take Part in a Human Research Study
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most, the website will include a summary of the results. You can search this website at
any time.
What will I be paid for taking part in this research?
If you agree to take part in this research, we will pay you $25~$50 (amazon gift card) for
the completion of each test session (up to $100 total). Federal tax law requires to you to
report this payment as income to the Internal Revenue Service. You may be asked to tell
us your social security number. If payments are more than $599.00, we will report them
to the Internal Revenue Service and send you a Form 1099-MISC. If you do not give us
your social security number, you may take part in this research if you agree to not be
paid.

Signature Block for Adult Subject Capable of Consent

Your signature documents your permission to take part in this research.
Signature of subject

Date

Printed name of subject
Signature of person obtaining consent
Printed name of person obtaining consent
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APPENDIX C
LIST OF ABBREVIATIONS
µl: microliter
AD: Alzheimer’s disease
AQP4: aquaporin 4
ATP: adenosine triphosphate
AUC: area under the curve
Aβ: amyloid-beta
BBB: blood brain barrier
CBF: cerebral blood flow
CD81: Tetraspanin 28
CNS: central nervous system
CSF: cerebrospinal fluid
CTE: chronic traumatic encephalopathy
Ctrl: control
CVR: cerebrovascular reactivity
DTI: diffusion tensor imaging
EPVS: enlarged paravascular spaces
EV: extracellular vesicle
FC: flow cytometry
fMRI: functional magnetic resonance imaging
FSC-A: forward scatter area
GFAP: glial fibrillary acidic protein
ImPACT: Immediate Post Concussion Assessment Tool
IPAD: intramural periarterial drainage
ISF: interstitial fluid
LYVE1: lymphatic vessel endothelial hyaluronan receptor 1
MAO-B: monoamine oxidase B
ml: milliliter
NfL: neurofilament light peptide
NFT: neurofibrillary tangles
nm: nanometer
NMDA: N-methyl-D-aspartate
NTA: nanoparticle tracking analysis
PaCO2 PET: partial pressure of carbon dioxide positron emission tomography
PBS: phosphate-buffered saline
PPP: platelet poor plasma
ROC: receiver operating characteristic
RPCSQ: Rivermead Post-Concussion Symptom Questionnaire
RTP: return to play
S/S Free: sign and symptom free
SCAT5: Sport Concussion Assessment Tool version 5
SRC: sport-related concussion
SSC-A: side scatter area
TBI: traumatic brain injury
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UCH-L1: ubiquitin carboxyl-hydrolase L1
VEGF: vascular endothelial growth factor
Vol: volume
VOMS: Vestibular/Ocular Motor Screening
VSMC: vascular smooth muscle cell
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