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ABSTRACT

Traumatic brain injury (TBI) is the major cause of death and disability
following blunt head trauma. The term mild TBI (mTBI) or concussion
are used interchangeably in the literature. Concussion or mTBI is
recognized as a clinical syndrome caused by biochemically induced
alterations of brain function secondary to head trauma, typically
affecting memory and orientation and may involve loss of
consciousness. The diagnosis of mTBI is mainly based on clinical
symptoms. Objective tools such as computed tomography or magnetic
resonance imaging are mainly used to exclude structural brain damage,
e.g., intracranial bleeding.

Biomarkers are molecules that can be measured in accessible
biological fluids, that reflect physiological, pharmacological, or
disease processes and can suggest the etiology of, susceptibility to,
activity level of, or progress of a disease.

The overall aim of this dissertation was to assess both novel and
previously studied blood biomarkers reflecting neuronal injury and
dysfunction in individuals with mild to severe traumatic brain injury
(sTBI). The main research question we sought to answer was whether
mTBI was associated with biomarker evidence of axonal injury. For
this purpose we used sera from ice hockey players competing in the
Swedish Hockey League. In addition, we developed a novel
ultrasensitive digital ELISA based on Single molecule array (Simoa)
platform for detection of neurofilament light protein (NFL) in serum.
NFL is a neuron-specific protein, which is difficult to measure in blood
using standard immunochemical techniques due to suboptimal
analytical sensitivity. We assessed the diagnostic and prognostic utility
of this assay in patients with sTBI, who were treated at the
Neurointensive Care Unit at the Sahlgrenska University Hospital.

The main findings of these studies were that mTBI in professional ice
hockey players is associated with altered serum levels of biomarkers
associated with neuronal injury. The levels of these biomarkers were
also related to the number of days it took for the athletes to return to
play. In the context of sTBI, NFL levels assessed in serum showed



high diagnostic accuracy, and the levels in serum were also related to
overall clinical outcome at follow-up 12 months after the injury.

Our overall conclusion is that the novel blood biomarkers presented in
this thesis are promising diagnostic and prognostic tools for mild to
severe TBI. Furthermore, the findings of this thesis may be extended to
other neurological disorders associated with axonal injury, where
tracking disease progression and evaluating the efficacy of novel
therapy were previously limited to analyses of cerebrospinal fluid.
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POPULARVETENSKAPLIG SAMMANFATTNING

De vanligaste orsakerna till traumatiska hjidrnskador (traumatic brain
injury; TBI) &r fallolyckor och trafikolyckor, men TBI har ocksa blivit
vanligare 1 kontaktidrotter som ishockey, boxning, amerikansk fotboll
och rugby. I dagsldget dr det svart att sidkert siga om hjdrnan har
paverkats eller ej vid en ldttare huvudskada. En biomarkor som
avspeglar en patofysiologisk process ger ett objektivt biologiskt matt
som kan anvédndas for att diagnostisera en sjukdom, folja ett
sjukdomsforlopp, utvdrdera behandlingseffekten och forutspa
sjukdomsprognosen. Eftersom likvor star i direkt kontakt med hjdrnan,
anses denna vara en optimal kélla for att méta biomarkorer som
avspeglar patologiska processer i hjdrnan. Idag finns viletablerade
markorer 1 likvor som avspeglar nervcellskada. Vissa av dessa
markorer, t.ex. total tau (T-tau), dr 1 hog grad specifika for centrala
nervsystemet, men det har fram tills nu varit svart att méta dem i blod
p.g.a. deras laga koncentrationer.

Det Overgripande syftet med denna avhandling var att ta fram nya
biomarkorer i blod samt jimfora dessa markorer, med befintliga
viletablerade markorer for neuronal skada hos individer med bada litta
och svara skallskador.

I den forsta studien utvérderades ett mycket specifikt hjarnprotein som
utrycks 1 kortikala axoner, T-tau, hos professionella ishockeyspelare i
den Svenska Hockey Ligan (SHL, tidigare Elitserien). Vi analyserade
T-tau 1 blod med hjidlp av en ny hogkédnslig metod kallad Single
molecule array (Simoa) som &r ca tusen ganger kinsligare &n
motsvarande standardmetod for att méita detta protein. Tidigare har T-
tau endast kunnat matas i likvor. Vi fann att T-tau 1 plasma 6kade hos
ishockeyspelare efter hjdrnskakning jamfort med forsdsongsvirden och
nivan av T-tau en timme efter hjdrnskakning korrelerade med antalet
dagar spelarna var borta ifran spel, vilket kan tolkas som ett matt pa
graden av hjarnpaverkan. I den andra studien mittes, hos samma
studiekohort, tau-A och tau-C som &r nedbrytningsprodukter av T-tau.
I tidigare studier har man sett att tau-fragment Okar i blodet hos
patienter med Alzheimers sjukdom. Var hypotes var att tau-fragment



passerar blodhjirnbarridren littare dn T-tau vid en skada pa kortikala
axoner, och foljaktligen borde mgjligheten att detektera hjdrnskadan 1
blod oka. I denna studie fann vi att tau-A korrelerade med graden av
hjarnpaverkan, ungefar pa samma sitt som T-tau. I den tredje studien
analyserades en annan ny axonal markor, oll-spectrin N-terminal
fragment (SNTF), hos hockeyspelarna. Vi fann att SNTF okade hos
hockeyspelare efter en hjarnskakning och nivaerna 12-36 timmar efter
hjarnskakning korrelerade med graden av hjarnpaverkan. I den fjdrde
studien utvdrderade vi visinin-like protein-1 (VILIP-1), en neuronal
skademarkor som tidigare visats 0ka i djurmodeller for TBI. I blod hos
hockeyspelare okade VILIP-1 inte efter en hjarnskakning. Diremot
fann vi att VILIP-1 okade signifikant efter en trdningsmatch utan
hjarnskakning, vilket talar emot anvidndbarheten av VILIP-1 som en
markor for hjdrnskada. I den femte och sista studien 1 denna
avhandling, utvecklade vi en ny immunkemisk metod baserat pa
Simoa-plattformen for detektion av neurofilament light (NFL) protein i
blod. NFL har tidigare visats oka i likvor hos boxare som utsétts for
upprepat trauma mot huvudet. Vi fann att nivaerna av NFL var bade
diagnostiska och prognostiska hos patienter med svar TBI.
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INTRODUCTION

Traumatic brain injury (TBI) is a heterogeneous disorder characterized
by acute brain injury resulting from external mechanical forces exerted
on the head [1]. In clinical settings, the Glasgow Coma Scale (GCS) is
commonly used to stratify the severity of TBI [2], where mild TBI
(mTBI), moderate TBI and severe (sTBI) constitute a GCS score of
13-15, 9-12 and 3-8 respectively (Table 1) [3]. The incidence of mTBI
has been estimated to about 600 per 100 000 each year [4] and of sTBI
about 17 per 100 000 each year [5].

Table 1. Glasgow Coma Scale

Behavior Response Score
Eye Opening Response Spontaneously 4
To speech 3
To pain 2
No response 1
Best Verbal Response Oriented to time, place, and person 5
Confused 4
Inappropriate words 3
Incomprehensible sounds 2
No response 1
Best Motor Response Obeys commands 6
Moves to localized pain 5
Flexion withdrawal from pain 4
Abnormal flexion (decorticate) 3
Abnormal extension (decerebrate) 2
No response 1
Total Score: 15

Comatose: 8 points or less
Totally unresponsive: 3 points

Mild brain injury = 13-15 points; Moderate Brain Injury = 9-12 points;
Severe Brain Injury = 3-8 points

TBI generally falls into two categories: acute and chronic [6]. Acute
brain injury comprises mTBI and catastrophic brain injury that may
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lead to death, most commonly due to subdural hematoma. Chronic
traumatic brain injury, sometimes called dementia pugilistica or
chronic traumatic encephalopathy (CTE), is a neurodegenerative
disorder triggered by repeated head trauma. In professional boxers and
athletes, CTE may start several years after the end of the sports career.

Acute TBI

Catastrophic brain injury

Catastrophic brain injury refers to severe brain trauma associated with
intracranial bleeding or cerebral contusions, which may result in death
or long-term neurologic deficits. The most common cause of death in
sport-related TBI is subdural hematoma, particularly in boxers [7, 8].
In boxing, about ten deaths occur each year, most of which are
following knockout or technical knockouts [9]. Surprisingly, most
deaths are in lower weight classes. Catastrophic brain injury occurs
also in American football. During the second half of the 20" century,
more than 400 American football players and approximately 30 ice
hockey players died from brain or spinal cord injury in the United
States while playing [10].

Sports-related TBI

In the sports literature, mTBI is traditionally referred to as concussion
or sports-related mTBI. According to the American Academy of
Neurology sports-related mTBI is defined as a clinical syndrome of
biomechanically induced alteration of brain function, typically
affecting memory and orientation, which may involve loss of
consciousness [11]. Some of the more common symptoms categorized
by different domains are presented in Table 2.

Symptoms of mTBI usually resolve within days to weeks, but 10-15%
of the cases remain symptomatic more than one-year post injury [12-
15]. In recent years, many professional athletes who suffered repeated
mTBI have retired due to chronic post-concussive symptoms [6, 16-
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18]. The risk of developing chronic or progressive symptoms has been
linked to repeated mTBI [16, 19, 20].

It is estimated that sports-related mTBI affects 1.6 to 3.6 million
individuals annually alone in the Unites States, many of whom do not
receive immediate medical attention [11].

Table 2. Common Symptoms of Mild Traumatic Brain Injury

Physical Behavioral/Emotional  Cognitive

Balance problem Anxiety Difficulty concentrating
Blurred or double Depression Difficulty remembering
vision

Dizziness Drowsiness Feeling “slowed down”
Headache Difficulty falling asleep | Feeling “dazed”
Nausea Fatigue/lethargy

Seeing stars or lights Irritability
Sensitivity to light or Sleeping more than
noise usual

Tinnitus
Vomiting

Diagnosis of mTBI

Brain imaging markers such as CT or MRI are insensitive to mTBI
[21]. However, a CT scan is recommended if an athlete with mTBI has
had loss of consciousness, posttraumatic amnesia, persistently altered
mental status or GCS < 15, evidence of skull fracture, vomiting, or
signs of deterioration [21]. Other imaging modalities such as fMRI
may demonstrate activation patterns that correlate with symptom
severity in mTBI, but the diagnostic accuracy remains to be established
[22-24].

Despite advances in brain imaging markers [25, 26], and biochemical
markers reflecting neuronal injury [27-30], most diagnostic procedures
for mTBI remain reliant on self-reported symptoms. The common
diagnostic tools recommended by the Concussion in Sport Group are
revised Sports Concussion Assessment Tool (SCAT3), Rivermead
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Post-Concussion  Symptoms  Questionnaire (RPCSQ) [31] or
Standardized Assessment of Concussion [32, 33], which can be used
during sideline evaluation.

Management of mTBI

The latest guidelines on the management of sports-related TBI suggest
any player suspected of having experienced mTBI should not be
allowed to return to play in the same game or day of play [21, 32]. The
guidelines also recommend physical and cognitive rest until the
symptoms resolve [33]. Once symptoms diminish, a step-wise return to
play, with at least 24 hours between each step, should be followed
(Table 3).

Table 3. Graduated Return to Play Protocol

Rehabilitation stage Functional exercise at each stage

1. No activity When asymptomatic, proceed to level 2

2. Light aerobics Walking or stationary cycling, no
resistance training

3. Sport-specific exercise Skating in hockey, running in soccer

4. Non-contact training drill May start progressive resistance training

5. Full-contact practice Participate in normal training activities

6. Return to play Normal game play

Second impact syndrome

Second impact syndrome (SIS) is a rare but severe complication of
TBI among athletes. SIS results from sustaining a second head injury,
most often a minor blow to the head before the symptoms of the first
brain injury has resolved [34]. In SIS the injured athlete collapses into
a coma within minutes. The mechanism is thought to be severe
cerebrovascular engorgement and cerebral edema leading to brain
herniation. SIS is common in adolescent males, and has been recorded
in American football players at high school levels, boxing, as well as

10
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ice hockey [35]. The terms SIS has, however, been questioned by some
critics who have proposed the replacement of SIS with diffuse cerebral
swelling [36].

Postconcussive syndrome

Postconcussive syndrome is a clinical disorder referred to as the
presence of neurological symptoms lasting more than 3 months, and is
observed in 40-80 % of individuals who have suffered from mTBI
[12]. In about 10-15% of cases, the symptoms may persist for more
than one year [37, 38]. Neuropsychological measures reveal cognitive
impairment beyond the subjectively symptomatic time in boxers
following mTBI [39]. These subtle subjective and objective
neuropsychological deficits following mild head injury is sometimes
referred to as subconcussion [40]. Appropriate management of
individuals with subconcussion is highly important in order to avoid
development of chronic postconcussive syndrome (CPCS) [41]. The
exact mechanism of how subconcussion causes CPCS and the
relationship to chronic traumatic encephalopathy is yet to be
established [42].

Pathophysiology of TBI

The neurobiological changes following TBI are complex and not fully
understood [6]. Some layers of complexity arise from unique
anatomical features such as the elongated shape of a neuron, the skull
that both protects the brain and constitutes a harmful closed
compartment in the case of intracranial volume expansion, the
cerebrospinal fluid [43] and blood-brain barrier (BBB) [44], which
both maintain and perpetuate the unique intracerebral environment.
The BBB is highly selective and plays an important role in allowing
proteins or biomarkers entering the blood stream.

In the acute phase of TBI, the disruption of the BBB may cause
vasogenic or cytotoxic brain edema [45-47], leading to the expansion

11
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of brain volume, which in turn increases intracranial pressure (ICP),
impairs cerebral perfusion and subsequently causes ischemic injury
[48].

Structural injuries to the brain can be categorized into focal and
diffuse. Focal injuries are usually associated with higher energy trauma
and include cortical or subcortical contusions and lacerations as well as
intracerebral hemorrhage. Diffuse injury can be seen in mTBI and
results from shearing and tearing of brain tissue during acceleration
and deceleration. The most common type of diffuse injury is called
diffuse axonal injury (DAI), which is caused by shearing or tearing of
axons [49, 50]. The majority of individuals with sports-related brain
trauma have DAI [33, 51].

Neurometabolic cascades

Clinically relevant animal models of mTBI for investigation of the
neurometabolic cascades that are set into motion following the
biomechanical injury to the brain have been challenging to develop,
mainly due to the lower mass of the animal brain and other differences
in head and neck anatomy compared to humans [50]. In most animal
TBI models, the brain or cortex is subjected to injury by direct crush or
compression. These direct crush animal models of TBI, however, have
been found to have a high variability in outcome, which further limit
their utility as models of human mTBI [52, 53].

Studies using the mild fluid percussion injury model have provided
some insight into the dynamic changes of mTBI [54]. Immediately
after a closed head injury with acceleration and deceleration forces to
the brain, there are stretching and disruption of neuronal and axonal
cell membranes [52]. Resulting membrane defects cause a deregulated
flux of ions, including an efflux of potassium and influx of calcium,
which leads to increased release of excitatory neurotransmitters,
particularly glutamate. The binding of glutamate to N-methyl-D-
aspartate (NMDA) receptors leads to further depolarization, influx of
calcium ions and widespread suppression of neurons with glucose
hypometabolism [55, 56]. Increased activity in membrane pumps (to
restore ionic balance) raises glucose consumption, depletes energy

12
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stores, causes calcium influx into mitochondria, and impairs oxidative
metabolism, and consequently induces anaerobic glycolysis with
lactate production, which might cause acidosis and edema [55, 56]

(Figure 1).

Figure 1. Schematic flow-chart of molecular changes following acceleration and
deceleration forces on the brain.

13
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Repetitive brain trauma

Extensive experimental data from animal models indicate that repeated
mild head injury with axonal damage increases the brain’s
vulnerability for additional severe concussive impacts [56, 57]. In line
with these findings are reports of increased risk of memory problems
and cognitive impairment in American football players with a history
of repeated concussions [58].

In the long term, repetitive brain trauma may cause chronic
neurological impairment. The early cases of chronic brain damage
were reported by Martland in 1928 [20] in retired boxers, and the
condition was termed punch-drunk syndrome. A few years later, in
1937, Millspaugh [59] introduced the term dementia pugilistica,
describing the aftermath of repetitive TBI in professional and amateur
boxing. In 1949, Critchley [60] coined the term CTE, which has
become the prevailing term in modern literature to recognize potential
long-term consequences of repetitive TBI, which also occurs in
American football players [17, 61] and ice hockey players [62], as well
as in war veterans [63].

In 1969, Roberts reported a prevalence of CTE of 17% among retired
boxers in the UK [64]. Risk factors for TBI include high number of
bouts (n > 20 bouts), older age at retirement from boxing and long
length of boxing career (n >10 years) [65]. A positive carrier status of
the Alzheimer-associated apolipoprotein E (APOE) €4 allele has been
suggested to be associated with CTE [66, 67]. Epidemiological data in
non-boxing sports are scarce [68, 69]. In an autopsy study of 321
American football players Gavett et al. estimated a life-time CTE
prevalence of 3.7%, but this figure needs to be validated in a larger
scale study [70].

The cellular mechanisms underlying increased susceptibility of the
brain to repeated trauma are not fully clear. Experimental data indicate
that metabolic dysfunction, including reduced mitochondrial energy in
the brain due to increased metabolic demands but decreased energy
stores with low ATP/DTP ratio and increased lactate/pyruvate ratio,
may play a role [71, 72]. It is also suggested that mild trauma may

14
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induce a type of sodium channelopathy on axons, which in turn may
intensify pathophysiological responses to minor injuries [73, 74].

Neuropathology of TBI
Tau pathology

Neuropathological findings in the literature on the individuals with
mTBI who died of other causes are rare and have been compiled as
isolated cases or small case series [75, 76]. The pathological findings
observed in these few cases within 24 hours of injury were petechial
hemorrhage, myelin destruction and retracted axonal bulbs. In cases
with survival times of six weeks or more after TBI, the appearance of
glial scars was observed which is now known as astrocytic tangles,
which is a characteristic histological finding in CTE along with
neurofibrillary tangles (NFT). Neurofibrillary tangle pathology is a
prominent finding in the cortex of American football players, boxers,
military personnel and others who have suffered repetitive concussive
traumatic brain injuries [16, 19, 77-79]. Cortical tangles are also found
in Alzheimer’s disease (AD) and other chronic neurological diseases
[80]. Tangles are found intracellularly in the cytoplasm of neurons and
are composed of thread-like aggregates of hyperphosphorylated tau
protein [81]. There are six different isoforms of tau, each containing
several serine or threonine residues that can be phosphorylated. Tau is
a normal axonal protein that is responsible for microtubule assembly
and stability [82]. In AD, tau is frequently found in a
hyperphosphorylated form [82]. Hyperphosphorylation of tau causes
disassembly of microtubules and thus impaired axonal transport,
leading to neuronal and synaptic dysfunction. Hyperphosphorylation
also increases tau aggregation and subsequent formation of insoluble
fibrils and tangles [83]. Hyperphosphorylated tau found in CTE has
chemical and structural resemblances with those found in AD [6].
However, tangles in CTE are found in superficial cortical axons, while
tangles in AD are found in both superficial and deep axons [19, 78].
Furthermore, tau pathology in CTE is irregularly distributed, possibly
due to many different directions of shearing forces induced by physical
trauma [78]. However, animal models of severe contusional TBI

15
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indicate that tau pathology induced by TBI may be mechanistically
different from tau pathology due to CTE [84-86].

The underlying molecular mechanisms inducing tau pathology in CTE
and how acute TBI leads to CTE are not known in detail. However,
experimental animal studies suggest that accumulation of tau
pathology is a consequence of repeated trauma (Figure 2) [84].
Experimental animal models exposed to rotational acceleration show
both increased tau accumulation and neurofilament in damaged axons
[87, 88]. Furthermore, brain trauma in animal models has been shown
to increase tau phosphorylation; an abnormality that correlates with the
severity of the injury [84].

swelling and microtubule Diffuse axonal injury and disruption of tau-binding
disassembly to tubuli

P R\
TBI with axonal p N Impaired axonal transport

J/

(5 ‘ ™

Tau aggregation into neurofibrillary tangles ( ) ) )
’ and neuropil threads Chronic traumatic encephalopathy /]

N /

Figure 2. Schematic flow-chart of the tau pathology in repetitive TBI.

Plaque pathology

Besides tangle formation, extensive AP pathology has also been
reported in TBI patients [19, 89], where the extent of plaque deposition
in these patients was comparable with AD cases [90]. Aggregation of
AP into plaques is one of the key histopathological hallmarks of AD
[91]. AP is generated from amyloid precursor protein (APP) by
cleavage of P-secretase and y-secretase [82]. B-secretase was identified
as [3-site APP-cleaving enzyme 1 (BACEI) [82], while y-secretase is a
complex of protein consisting of presenilin, nicastrin, Pen-2 and Aph-1
[92]. APP is mainly expressed in neurons, and under normal conditions
[-secretase and y-secretase (presenilin) are translocated by axonal
transport to the synapses, where APP can be cleaved by the secretases
to generate AP} [6]. APP has neurotrophic functions of importance for
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neuronal survival after axonal damage [93-95]. Studies of human brain
tissue samples have shown accumulation of APP in neurons and axons
following brain trauma [89, 96, 97]. The accumulation of APP is even
visible after mTBI, and often occurs within hours [50, 76]. In addition
to APP, AP accumulation has also been reported in TBI [98-100]. The
accumulation of AP forming plaque around the terminal bulb of
disconnected axons is preceded by APP accumulation [90, 98, 101].
Further, repetitive mTBI increases A} deposition [102]. Intra-axonal
APP accumulation is an established marker of DAI, and is regarded as
the gold standard for identifying DAI [97, 103]. The increased APP in
DALI is probably due to the role of APP promoting axonal outgrowth
after injury [104].

Data from both brain trauma in humans and experimental studies
indicate that DAI is a long-term process in which axons continue to
degenerate and swell over several weeks to months following the
injury (Wallerian degeneration)[105, 106]. In the disconnected axons,
both the substrate (APP) and the key enzymes (BACE]1 and presenilin)
for AP production accumulate in the bulb of swollen axons, which may
induce abnormal APP metabolism [101]. When this abundance of APP
is processed into fragments of AP, some will form diffuse plaques
(Figure 3) [101]. These plaques, however, are not a consistent finding
in TBI [78], and their implication remains speculative. In addition,
multiple studies using various techniques demonstrate the absence of
AP pathology in most cases of acute TBI and CTE, particularly in
young individuals and in early stages [107, 108]. It is possible that
those with positive A} pathology may represent co-incidental age-
related changes [109], but in the absence of more data it is hard to
draw any definite conclusions on the role of Af3 accumulation in TBI.
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Microglia

Microglial activation has been reported following human TBI
including concussive injury [75, 110]. Microglia is the prime mediators
of inflammation in the CNS, and appears in areas of damaged axons in
many animal TBI models [111-113]. The specific role of microglia in
TBI is currently unknown [114, 115]. Processes related to neuronal
plasticity [116] and axonal regeneration [117] are likely also of
importance in the aftermath of TBI.

Other proteins that may also be involved in the pathogenesis of CTE is
TAR DNA binding protein-43 (TDP-43) [118, 119], which is likely
part of the normal response to injury [120], and whose potential role in
the pathological process of CTE remains to be elucidated.
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Genetic susceptibility

Evidence suggests that apolipoprotein E (apoE) plays a crucial role in
lipid delivery for growth and regeneration of axons following TBI
[121]. ApoE is the main component of lipoproteins in plasma and
plays an important role in the transport of cholesterol and
phospholipids. In the CNS, apoE is expressed predominantly by
astrocytes, but also microglia have been suggested to play a role in the
production of apoE [122]. Following brain injury, large amount of
membrane lipids are released from damaged axons, and in response
astrocytes increase apoE expression, with release of apoE to the
extracellular space to scavenge cholesterol and other lipids for reuse
during axonal or synaptic repair and regeneration [123]. The APOE
gene has three alleles (APOE €2, APOE €3, and APOE ¢4). APOE €3 is
the most common in the population. Numerous studies have shown
that the APOE €4 is a strong risk factor for AD [124]. In the context of
TBI, inheritance of APOE €4 may be related to unfavorable outcome
after TBI [125] or development of CTE [126]. The mechanism for the
association of APOE €4 allele with unfavorable outcome after TBI
remains controversial [125]. Evidence also links the APOE ¢4 allele
with AP generation and plaque formation. Studies show that the APOE
4 allele is overrepresented in TBI patients who display AP deposition
[127-129]. In a study on AD transgenic mice exposed to TBI, mice co-
expressing apoE4 showed greater A} deposition than apoE3 mice
[130]. These data suggest that apoE4 may trigger A3 deposition and
plaque formation as part of an acute phase response to brain injury.
Furthermore, carriers of APOE €4 allele have poor neurological long-
term outcome, and boxers who possess APOE ¢4 allele suffer from
more severe CTE [67, 131]. Despite the aforementioned studies linking
APOE ¢4 to unfavorable outcome after TBI, the role APOE €4 remains
controversial [125, 131, 132].

Outcome assessment after TBI

In sports-related mTBI, the severity of the injury can be measured as
the time it takes until a player is declared fit to return to unrestricted
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competition or reports minimal symptoms through neuropsychological
measures such as RPCSQ [31].

Death or severe disability is common after sTBI [133]. Outcome or
recovery in these patients can be assessed using the Glasgow Outcome
Scale (GOS) [134] (Table 3). GOS is a broad functional outcome scale,
taking into account whether the patient depends upon others for daily
support due to mental or physical disability and whether major or
minor neurological or psychological disabilities beyond that are
present or not. Patients are categorized into one of five recovery
categories: death, vegetative state, severe disability, moderate and
good recovery [135, 136]. Analysis of data on a large amount of
patients with moderate to sTBI have revealed that age, pupillary
diameter and light reflex, GCS motor score and CT findings are good
predictors of GOS score after 6 months [137-139].

Table 4. Glasgow Outcome Scale (GOS)

Score Term Definition

1 Dead No life

2 Vegetative state Unaware of self and environment
3 Severe disability Unable to live independently

4 Moderate disability Able to live independently

5 Mild disability Able to return to work/school

Treatments for TBI

For mTBI or concussion, few evidence-based studies exist regarding
optimal treatment. Information and physical and cognitive rest
continue to be the gold standard, though largely unsubstantiated by
clinical data [140-142]. In both athletes and patients gradual return to
play or pre-injury activities are recommended [21, 143]. No effective
pharmacological treatment is present as of today [15].

Treatment of patients with sTBI by surgical intervention [144] and
resuscitative measures [145] are long established, and still evolving
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topics within the neurosurgical discipline. Pharmacological treatments
of sTBI targeting bradykinin inhibition, glutamate excitotoxicity,
calcium-mediated damage, free-radical damage or immunomodulation
by glucocorticoids or modulation of brain edema have been largely
unsuccessful in human subjects [3, 146].

Biomarkers for TBI

Biomarkers are molecules that can be measured in accessible
biological fluids, that reflect physiological, pharmacological, or
disease processes and can suggest the etiology of, susceptibility to,
activity levels of, or progress of a disease. Biomarkers may be
classified into at least four categories: diagnostic, prognostic,
predictive, and pharmacodynamic. Diagnostic biomarkers are markers
that reliably identify a certain disease with clinically meaningful
sensitivity and specificity. Prognostic biomarkers are baseline
measurements that categorize patients by degree of risk for disease
progression and inform about the natural history of the disorder.
Predictive biomarkers are baseline characteristics that categorize
patients by their likelihood of response to a particular treatment.
Finally, pharmacodynamic (or theragnostic) biomarkers are dynamic
measurements that show that a biological response has occurred in a
patient after a therapeutic intervention.

The search for biomarkers in CSF for the management of neurological
disorders has been an intense area of research for decades. Owing to
the close proximity of CSF to the brain parenchyma, CSF is considered
as a suitable biofluid to monitor pathophysiological changes affecting
the brain. CSF biomarkers such as white blood cell counts and
CSF/blood glucose ratio as well as intrathecal IgG production have
primarily been used to identify or rule out CNS infection and
inflammation for decades [147, 148].

In recent decades, advances in assay development have enabled
researchers to measure biomarkers believed to reflect many aspects of
brain pathology, such as axonal (T-tau, NFL, SNTF), amyloid (AP)
and astroglial pathology (S100B, GFAP) [82, 149]. For example T-tau,
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and AP measured in CSF have been successful in the diagnosis and
prognosis of patients with AD [82, 149]. AP (mainly Af1-42)
concentration in lumbar CSF is inversely related to the amyloid burden
the brain [82, 149].

In the context of TBI, increased levels of T-tau and NFL measured in
CSF have also been found in athletes and patients with traumatic brain
injury [28, 82, 149-152]. Increased levels of GFAP and S100B
measured in CSF have also been reported in individuals with traumatic
brain injury [150].

CSF is often obtained through lumbar puncture, which may not always
be practical to perform on routine clinical basis. Blood-based
biomarkers for neuronal injury have been evaluated in few studies of
patients with AD and TBI [153, 154]. However, development of blood-
based biomarkers has faced several obstacles; one of the major
challenges has been the lack of highly sensitive immunochemical
methods for detection of CNS-specific markers in peripheral blood. A
recently developed ultra-sensitive assay based on single molecule
arrays (Simoa) technology has solved part of this problem [155].
Simoa is a technique in which antibody-coated beads capture the target
analyte, which is detected using an enzyme-labeled detection antibody;
the detection reaction is compartmentalized in femtoliter microwells,
which may allow for single analyte readout. Our laboratory has
developed a Simoa assay for T-tau, which detects T-tau in plasma and
serum with a 1000-fold improvement in analytical sensitivity as
compared to regular ELISA [155, 156]. Elevated levels of T-tau in
serum were found in patients with cardiac arrest who were resuscitated
and serum T-tau concentrations correlated with outcome [156]. This
novel method forms a new platform for detection of other injury
biomarkers in blood, and may further be extended to other neurological
disorders associated with neuronal injury.
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AIM

The overall aim of this project was to identify and develop blood
biomarkers for brain injury and to assess the clinical utility of these
biomarkers in professional athletes with mTBI, as well as in patients
with sTBI.

The specific aims of each paper were:

Paper |

To study the diagnostic and prognostic performance of T-tau, S100B
and NSE in professional ice hockey players who suffered mTBI.

Paper Il

To evaluate the diagnostic and prognostic performance of a novel
proteolytic cleavage product of tau in the context of sports-related
mTBI.

Paper lll

To study the diagnostic and prognostic performance of SNTF, which is
a newly developed biomarker for brain injury, in professional ice
hockey players who suffered sports-related mTBI?

Paper IV

To evaluate VILIP-1 as biomarker for neuronal injury in sports-related
mTBI.

Paper V

To develop a novel ultrasensitive digital ELISA based on Simoa
technology for assessment of neurofilament light protein (NFL) in
serum, and to assess the performance of serum NFL on serial serum
samples from individuals with sTBI.
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PATIENTS AND METHODS

Subjects and study settings

Papers I-IV are based on a prospective cohort study of concussion
among professional ice hockey players from the Swedish Hockey
League (SHL). 288 professional ice hockey players from the 12
contesting teams participated in the study. Thirty-five players had a
concussion from September 13, 2012, to January 31, 2013, and of
these 28 underwent repeated blood sampling at 1, 12, 36, and 144
hours, and when the player returned to play. Players (n = 47) from two
of the contesting teams underwent blood sampling prior to the start of
the season.

All players were examined physically and with Standardized
Assessment of Concussion [32, 33], prior to the start of the season. The
teams’ physicians were present at all regular season games,
documenting signs and symptoms of concussion and physical
examination findings in the event of a concussion. Physicians also
recorded the date when a player had completely recovered from his
concussion and was able to return to unrestricted competition. The
diagnosis of concussion was made according to the latest diagnostic
guidelines on sports-related concussion and players with concussion
were managed according to these guidelines. During the pre-season,
the team physicians were provided with a concussion kit, containing
injury protocol, Rivermead Post-Concussion Syndromes Questionnaire
[31], instructions for blood tests, blood sampling equipment and tubes
and instructions for the local laboratory to handle blood samples.

The study setting for paper V was Sahlgrenska University Hospital.
The inclusion criteria were: 1) sTBI with a GCS of 8 or less at
admission, 2) admittance to the Neurointensive Care Unit within 48
hours from insult, 3) age = 18 years, 4) acceptance from next-of-kin to
participate in the study, and 5) residence in Sweden for 12 months
follow-up. The control group consisted of 35 neurologically healthy
age-matched subjects with normal mini-mental state examination
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(MMSE) scores and no history of head trauma or other potential causes
of brain injury.

Consecutive blood samples were obtained at admission (n=25) and day
1 (n=56), 2 (n=70), 3 (n=62), 4 (n=64), 6 (n=66), 8-9 (n=57), and 10-
12 days (n=50) post-trauma and at 12 months (n=32) clinical follow-
up. After clinical and radiological examination, the patients underwent
neurosurgical intervention for insertion of an indwelling ventricular
catheter for ICP monitoring. In a subset of patients with
ventriculostomy (n =32), NFL was also analyzed in vCSF.

Blood and CSF sampling

Blood samples were collected by venipuncture into gel-separator tubes
for serum and centrifuged within 20-60 minutes. Serum was separated,
aliquoted and stored at -80°C pending analysis. In paper V, CSF was
collected from ventricular catheter, centrifuged and stored at -80°C
pending analysis. All samples were analyzed at the same time using
the same batch of reagents by laboratory technicians who were
unaware of the clinical information.

Analytical methods

Biomarkers were analyzed by enzyme-linked immunosorbent assays
(ELISAs), electrochemiluminescent sandwich immunoassays on Cobas
e601 (Roche Diagnostics, Mannheim, Germany), Meso Scale
Discovery (MSD; Gaithersburg, MD, USA), Single molecule array
(Quanterix, Lexington, MA, USA) and microparticle-based
immunoassay based on single molecule counting (Singulex, CA,
USA).
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ELISA

ELISAs in this dissertation were either sandwich or competitive
assays. In summary, the principle for a sandwich ELISA is
immobilizing a specific antigen or analyte through binding onto an
immobilized capture antibody, and then binding to a biotinylated
detection antibody, which binds to the streptavidin-enzyme complex.
The enzyme (e.g., horseradish peroxidase) reacts with a chromogen to
develop color. The color intensity is a measure of the analyte
concentration in the sample (Figure 4). The principle for competitive
ELISA is measuring unlabeled analyte in the test sample by its ability
to compete with labeled analyte in the immunoassay. The unlabeled
analyte blocks the ability of the labeled analyte to bind because that
binding site on the antibody is already occupied. Thus, in a competitive
assay, less label measured in the assay means more of the undiluted
(test sample) analyte is present. The amount of analyte in the test
sample is inversely related to the amount of label measured in the
competitive format.

Detector

Chemiluminescence
Electrochemiluminescence

Detection antibody

Biomarker ——m0—o__ '

Capture antibody —w__

Figure 4. Basic principles of ELISA.
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Ventricular CSF NFL levels were measured using a commercial
ELISA (NF-light® ELISA, Uman Diagnostics, Umea, Sweden) [157].

Electrochemiluminescence assays

NSE and S100B in serum were measured using immunochemical
assays with electrochemiluminescence detection (Elecsys S100 test,
Roche Diagnostics, Mannheim, Germany). SNTF was analyzed on
Meso Scale Discovery platform (MSD, Gaithersburg, MD, USA) using
electrochemiluminescence-based sandwich immunoassay. MSD uses
electrochemiluminescent labels called SULFO-TAG, which are
conjugated to detecting antibodies, and allow for detection, which can
be more sensitive than regular ELISA.

Single molecule counting

The single molecule counting (SMC, Singulex, USA) has a similar
workflow as traditional ELISA. Briefly, the assay uses paramagnetic
microparticles as the solid phase support for immune-capture, which
increases the surface area several-fold over plate-based ELISA
methods. Further, the instrumentation platform incorporates a digital
counting system that detects single molecules as they pass through an
interrogation space via capillary flow, resulting in a count of discrete
detected events above background rather than a sum of total
fluorescence including background. VILIP-1 in serum was analyzed by
a microparticle-based immunoassay (Erenna, Singulex, USA).

Single Molecule Arrays

Single molecule array technology uses the same reagents as
conventional ELISA, but is a bead-based technique that can quantify at
femtomolar (fg/mL) concentrations, offering the potential of a 100- to
1000-fold improvement in sensitivity [155]. The high sensitivity is
achieved by making use of arrays of femtoliter-sized reaction
chambers, which are termed single molecule arrays (Simoa) that can
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isolate and detect single enzyme-labeled molecules. Because the array
volumes are approximately 2 billion times smaller than conventional
ELISA, a rapid build-up of fluorescent product is generated if a labeled
protein is present. With diffusion defeated, this local concentration of
product can be readily observed (Figure 5).

T-tau was measured with a novel immunoassay using Simoa
technology (Quanterix, Lexington, MA, USA) [155]. The employed
assay uses Tau 5 monoclonal antibody for capture (Covance) and HT7
and BT2 monoclonal antibodies for detection (Thermo Scientific
Pierce). This combination of antibodies reacts with both normal and
phosphorylated tau with epitopes in the mid-region of the molecule,
making the assay specific for all tau isoforms.

A digital ELISA was developed for quantification of NFL levels in
serum using the Simoa platform (Quanterix, Lexington, MA, USA).
Magnetic beads (Quanterix, Lexington, MA, USA) were conjugated
with a capture antibody (UmanDiagnostics, Umed, Sweden), and after
incubation with 100 pL 10-fold diluted serum (PBS, 0.1 % Tween 20,
2 % BSA, 10 pug/mLL TRU Block (Meridian Life Science, Inc.,
Memphis, TN, USA), a biotin-labeled detection antibody
(UmanDiagnostics, Umed, Sweden) and streptavidin-conjugated [3-
galactosidase (Quanterix, Lexington, MA, USA) beads were
transferred together with resorufin-D-galactopyranoside substrate
(Quanterix, Lexington, MA, USA) to an array of wells, each well only
big enough to contain one bead. The array was imaged with a charge-
coupled device (CCD) camera imaging system and the images were
used to differentiate between empty beads and beads with bound
analyte, giving a signal expressed as average enzyme per bead (AEB).
To translate AEB to concentration, each sample was plotted against
known concentrations of an NFL calibrator (UmanDiagnostics, Umea,
Sweden) run in parallel with the samples. The series diluted calibrator
points were run in triplicates while samples were diluted 10-fold and
run in duplicates. Limit of detection (LOD) for the NFL assay was
0.29 pg/mL and lower limit of quantification (LLOQ) was 2.7 pg/mL
when compensated for a four-fold sample dilution. LOD and LLOQ
were determined by mean blank signal + 3 SD and + 10 SD
respectively. Average intra-assay duplicate coefficient of variation
(CV) for the samples was 6.5% (SD 8.6%).
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Figure 5. The principle of how analytes are detected on Simoa platform [155]. (A)
Capturing and labeling single protein molecules on beads using standard ELISA
reagents. (B) Loading of beads into femtoliter well arrays. (C) Scanning electron
microscope image of a section of a femtoliter well array after bead loading. (D)
Fluorescence image of a small section of the femtoliter well array after signals from
single enzymes are generated. While the majority of femtoliter chambers contain a
bead from the assay, only a fraction of those beads possess catalytic enzyme
activity, indicative of a single, bound protein. The concentration of protein in bulk
solution is correlated to the percentage of beads that have bound a protein molecule.
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Tau fragment

The assays used for detecting the two neo-epitopes of tau, (tau-A, and
tau-C) are solid phase ELISAs. Each neo-epitope constitutes a specific
amino acid sequence that has been generated by enzymatic cleavage.
The assays in paper II are based on mouse monoclonal antibodies,
which are specific for caspase-3 and ADAMI10-generated neo-epitope
fragments of tau protein. The antibodies only react specifically with
the cleaved protein and not with intact (full-length) tau protein, and
therefore only detect tau protein fragments. The tau-A assay detects a
neo-epitope identified by LC-MS/MS as the amino acid sequence
TPRGAAPPGQ [158]. The tau-C assay detects the caspase-3
generated cleavage site of tau at Asp 421 [159].

Statistical analyses

For paired observations, the Wilcoxon signed rank test was used. For
the group comparison of the biomarker levels after the injury versus
the control group, the Mann-Whitney U test was used, and for
comparison of biomarker levels at measured time points, the Kruskal-
Wallis test was used. We used chi-square test to test for differences in
demographic characteristics (categorical variables) between TBI and
control groups. The area under the receiver operating characteristic
curve (AUC) was calculated for determining the diagnostic accuracy of
the biomarkers. The Spearman rank correlation coefficient () was
used for analyses of correlation between biomarkers at 1 hour post-
injury and duration of post-concussive symptoms. To analyze
biomarker trajectories in different concussion categories in paper IV
(RTP > 6 days versus RTP < 6 days), we performed linear mixed
effects analysis in which VILIP-1 was the dependent variable and time
(sampling number, categorical variable), severity of the concussion
(RTP < 6 days vs. RTP > 6 days), the interaction between time and
severity were the independent variables. The model included random
intercepts and slopes.

All tests were two-sided and statistical significance was determined at
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P < 0.05. Dunn’s correction was performed for all multiple
comparisons except for the linear mixed model analyses. Statistical
analyses were performed using R (v. 3.0.3, The R Foundation for
Statistical Computing) or GraphPad Prism 5.0 (GraphPad Inc., San
Diego, CA).

Ethics

The Institutional Review Board for medical research at the University
of Gothenburg, Sweden approved the use of human subjects for these
studies. All subjects gave informed and written consent. In paper V,
written informed consent was obtained from all participants or, if
incapable, from their proxy, prior to the inclusion in the study. When
circumstances made this inappropriate, e.g. rapid death or lack of next
of kin to provide consent, a portion of a blood sample taken for routine
clinical purposes was retained and consent was obtained afterwards.
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RESULTS

Paper |
Background

Axonal injury has been hypothesized to be the primary determinant of
outcome following both mild and severe TBI [160]. Tau is an
intracellular, microtubule-associated protein that is highly enriched in
axons. Its release into the CSF has been interpreted as indicative of
axonal injury [28, 151, 152, 161]. The release of tau protein into the
blood in the initial stages of mild brain injury may not be enough for a
conventional ELISA to detect. The current most commonly used blood
biomarkers for brain injury, SI00B and NSE, have limited diagnostic
and prognostic value [162-164]. With this in mind, we approached the
Swedish Hockey League to collaborate on developing new biomarkers
of brain injury as well as validating the established biomarkers of brain
injury. Elevated levels of CSF biomarkers of axonal damage, e.g. T-tau
and NFL, are found after acute damage to the brain such as stroke and
subarachnoid hemorrhage, and the levels of these biomarkers correlate
with the severity of the brain damage [61, 165]. CSF T-tau has been
measured in sTBI and its concentrations correlate with one-year
outcome [161, 166]. In the context of contact sports, CSF NFL and T-
tau have been shown to increase in amateur boxers, even after bouts
without any knockouts [28, 51]. Further, CSF levels of NFL and T-tau
correlate with the number and severity of received head blows, and
return to normal levels after a period of rest from boxing [28, 51].
These findings indicate that CSF biomarkers may be used to identify
brain damage in concussed athletes, and as a guide for medical teams
in return to play decisions [167].

Main results

Using the ultrasensitive Simoa assay, T-tau was measureable in all
samples, also in the absence of CNS injury. The main finding of the
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study was that T-tau is elevated in plasma already one hour after a
concussion, and that the elevation persists for several (up to 6) days.
This is an important finding, as tau is a widely studied brain-specific
molecule involved in a wide range of neurodegenerative conditions,
including chronic traumatic encephalopathy. T-tau may be useful as a
prognostic biomarker, as there was a good correlation between T-tau
elevations 1 hour after concussion and the number of days it took for
symptoms to resolve. Using receiver operating characteristic analysis,
T-tau at 1 hour had high diagnostic accuracy (AUC = 0.80) for
discriminating players who had a concussion from those who had
played in a friendly game and were not concussed, and it had even
better prognostic accuracy for identifying players who had post-
concussive symptoms lasting longer than 6 days (AUC = 0091)
compared with non-concussed players.

Paper Il
Background

Previous studies have indicated that tau fragments may play a role in
the pathophysiology of both AD [168] and TBI [169]. Recently, the
caspase-3 generated fragment of tau called tau-C was shown to be
elevated in serum of AD patients [159]. Caspases are a family of
proteins, which are highly involved in neuronal apoptosis [170].
Studies indicate that caspases are activated in the AD brain, although
the underlying mechanism is not fully understood yet [168]. Further,
serum concentrations of another tau fragment (tau-A), generated by
ADAMIO cleavage, correlated with dementia symptoms in AD
patients [158].

Main results

The major findings of this study were that serum tau-A concentrations
at 1 hour and 12 hours post-concussion could predict the number of
days it took for the players to return to play, and serum tau-A levels at
1 hour and 12 hours after concussion could discriminate between early
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and late return to play. Serum tau-A levels at 1h and 12 hours were
related to T-tau. However, there was no relationship between tau-C
levels and T-tau.

Paper lll

Background

Recently the calpain-derived a-spectrin N-terminal fragment (SNTF)
was identified as a protein accumulating in axons after traumatic
injury, and increased in human blood following mTBI [171-173],
including CT-negative mTBI [171]. However, SNTF has not been
evaluated before as a biomarker for sports-related concussion.

Main results

SNTF increased at 1 hour after concussion and remained significantly
elevated from 12 hours to 6 days, before declining to preseason
baseline when the players returned to play. In some players, post-
concussion symptoms resolved within a few days, and in these cases
serum SNTF levels were unchanged from baseline. In sharp contrast,
in players withheld from play for 6 days or longer, serum SNTF levels
at 36 hours differed significantly from those seen in players with less
severe concussions (p = 0.004). Also, SNTF exhibited diagnostic
accuracy for concussion, especially so for identifying players with
delayed return to play (AUC = 0.87) versus preseason concentrations.

Paper IV
Background

To assess visinin-like protein-1 (VLP-1 or VILIP-1), which is a
neuronal calcium-sensor protein, as biomarker for TBI. VILIP-1, was
originally studied as a stroke marker, and identified as a marker of
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neuronal injury in brain injury models [174, 175]. Previous studies
have shown that CSF levels of VILIP-1 correlate with the levels of
CSF T-tau and phosphorylated tau in AD patients [176]. Increased
plasma and CSF VILIP-1 has been reported in AD, where CSF VILIP-
1 correlates with CSF T-tau and phosphorylated tau, and with brain
volume [177, 178]. To our knowledge, no previous study had tested
VILIP-1 in the context of sports-related concussion or mTBI. We
tested the specific hypothesis that concussion would result in increased
serum VILIP-1 levels.

Main results

The main findings of this study were that 1) levels of VILIP-1 1 hour
after concussion were not significantly different compared with
preseason values, 2) levels of VILIP-1 post-concussion were dynamic
and lowest at 36 hours after the injury, 3) levels of VILIP-1 did not
correlate significantly with duration of post-concussive symptoms, and
4) levels of VILIP-1 increased significantly after a friendly game
without concussion.

Paper V

Background

Neurofilament light (NFL) is a highly CNS-enriched protein,
abundantly expressed in the long myelinated subcortical axons [167]
and also in axons, preferentially myelinated, of the peripheral nervous
system [179]. In the context of TBI, NFL in CSF has shown high
prognostic utility, both for severe and mild TBI [28], and a recent
study indicates that this may hold true also for NFL in serum [180]. In
paper V, we developed an ultrasensitive digital ELISA based on Simoa
technology [155] to assess NFL levels in serum of patients with sTBI.
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Main results

NFL levels were significantly higher in TBI patients compared with
controls. NFL rose continuously until day 12, and was normalized at
12 months after injury. NFL at admission yielded an AUC of 99% to
detect TBI versus controls (AUC 96% for S100B), a diagnostic
accuracy that increased to 100% at day 12 (65% for S100B).
Importantly, NFL levels at 24 hours post-injury predicted 12-month
clinical outcome. In contrast, SIO0B was not related to clinical
outcome.
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DISCUSSION

Serum total tau in mild traumatic brain
injury

The most novel feature of paper I was the use of a digital ELISA based
on Simoa technology, which allows ultrasensitive detection of total tau
in plasma. The digital ELISA for tau is 1000-fold more sensitive than
the corresponding standard immunoassay (INNOTEST tau ELISA),
allowing the detection of proteins found in circulation at
subfemtomolar concentrations. Traditional ELISA readout systems
require comparably large volumes that dilute products requiring
millions of enzyme labels to generate signals that are detectable
utilizing conventional plate readers. Sensitivity is therefore limited to
the picomolar range and above. In contrast, single molecule
measurements are digital in nature; each molecule generates a signal
that can be counted. It is easier to measure the presence or absence of
signal than to detect an absolute amount of signal. The principle of
digital ELISA to measure much lower concentrations of proteins than
conventional ELISA derives from two effects: (1) the high sensitivity
of Simoa to enzyme label, and (2) the low level of background signal
that can be achieved by digitizing protein detection.

Tau is a widely studied brain-specific molecule involved in a wide
range of neurodegenerative conditions, including CTE and AD [6,
113]. In AD, tau protein levels measured in CSF correlates with the
rate of regional brain atrophy [181]. Previous studies attempting to
quantify tau in blood with the use of conventional ELISA have
reported variable results [182-184]. The elevated levels of tau in
plasma immediately following mild brain injury is an important
finding supporting previous studies of tau in CSF of brain injured
humans as well as well as histopathological studies of human brain
tissue indicating that mTBI is associated with cortical axonal injury. In
paper I, tau showed a bimodal release with a second peak at 36 hours
after the injury. The bimodal increase in plasma tau after mTBI may
reflect an initial release of cytosolic tau followed by a later release of
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microtubule-bound tau from injured axons. The highest levels of
plasma tau measured immediately after mTBI may also be secondary
to the disruption of BBB, which marks the acute phase of TBI [47].

The greater diagnostic performance of T-tau compared to SI00B could
also have applications in emergency clinical settings, where S100B has
been proposed as a diagnostic tool to identify those patients with mTBI
who may be in need of neurosurgical intervention and who thus should
be further examined using neuroimaging [185].

Tau may also be useful as a prognostic biomarker, as there was a good
correlation between total tau elevations 1 hour after concussion and the
number of days it took for symptoms to resolve. Further, the levels of
tau remained elevated 6 days post-concussion in players with PCS > 6
days versus players with PCS resolving within 6 days (table 6). It is
plausible to assume that tau may be persistently elevated in the subset
of TBI patients who are at risk of developing chronic postconcussive
syndrome. If these findings are validated in larger cohorts, with
extended sampling time points, tau may be helpful for identifying
individuals who have not recovered from their brain injury and who
should not expose themselves to activities with increased risk of a new
concussion to prevent future CTE.

Table 5. Blood concentrations of total tau (T-tau), neuron-specific enolase (NSE)
and S-100B 144 h post-concussion vs. biomarker changes after a friendly game

PCS < 6 days PCS > 6 days
After Friendly
Game, P Median P
Biomarker Median (Range)  Median (Range)  value® (Range) value®

T-tau, pg/mL 5.8 (0.06-12.45) 6.5 (0.93-88.0) 0.60 9.5(4.0-164.8) 0.02

S-100B, ug/L 0.06 (0.0-0.10) 0.05 (0.03-0.07) 0.81 0.06 (0.03-0.23)  0.62
NSE, nug/L 8.3 (3.8-12.7) 6.5 (3.2-14.1) 0.88 54 (3.2-13.8) 0.18

*Compared with biomarker values after a friendly game

The overall findings of paper I, if validated in a larger scale study, may
not only be useful and valuable in detecting subtle or mild brain injury,
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but could also be used in diagnosis and prognosis of other
neurodegenerative diseases where diagnosis and prognosis have
previously been limited to analysis of CSF.

Tau fragments

In paper I, we quantified T-tau in plasma of athletes with sports-related
concussion using the ultrasensitive Simoa technology. However, it is
plausible that tau fragments due to their smaller size may more easily
cross the BBB and thus be present in blood at higher concentrations
detectable using regular ELISA [186]. The increase in tau-A in sera of
the concussed hockey players and the findings of increased tau-A in
AD suggests that increased tau-A is caused by axonal injury [158].
Further, the initial levels of tau-A correlated with T-tau levels. Similar
to T-tau, tau-A levels in serum correlated with the duration of PCS.
These findings indicate potential utility of tau-A as diagnostic and
prognostic biomarker for mTBI. In contrast, the levels of tau-C in
serum were unchanged in concussion. Both tau-A and tau-C are
fragments of the same protein, but cleaved by different mechanisms.
We do not have a plausible explanation yet as to why tau-A but not
tau-C increases in serum following mTBI. It is possible that for
unknown reasons after TBI, tau is preferentially processed into tau-A
fragments and not tau-C. However, both tau-A and tau-C are elevated
in AD. This finding may be of interest for researchers trying to
understand the tau pathology of CTE.

Spectrin N-terminal fragment following mild
traumatic brain injury

The mechanism underlying the rise in serum SNTF levels following
mTBI is not fully understood. Several studies suggest that SNTF is
normally absent in healthy neurons, but accumulates as a stable N-
terminal 1176 residue spectrin fragment [187] in degenerating neurons
after activation of calpain-induced proteases [173, 188]. The rise in
serum SNTF following mTBI may be due to the stretch injury by intra-
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axonal calcium overload and spectrin proteolysis mediated by the
calpain family of calcium-activated proteases [189, 190]. In vitro,
stretch-induced axonal injury triggers intra-axonal calcium overload,
calpain activation, proteolysis of spectrin and other calpain substrates,
subsequently leading to the accumulation of SNTF in the damaged
axons [189, 190]. Similar results have been indicated in vivo [191,
192], as well as in brain of injured humans [171]. Further, the
correlation between T-tau and SNTF further strengthens the notion that
SNTF is a potential biomarker for axonal injury. SNTF levels at 36
hours post-injury correlated with the duration of PCS. It is an
interesting finding, which raises the possibility that SNTF may be
chronically elevated in subset of patients at risk of developing
persistent or chronic neurodegeneration [6, 19, 78].

Visinin-like protein-1 is not sensitive for
mild brain injury

An important aspect of biomarker research in the context of sports-
related concussion is that the biomarker is not markedly affected by
physical exertion. The levels of VILIP-1 increased significantly
(almost 2-fold) in serum samples of ice hockey players after a friendly
game or practice game without concussion, and the levels dropped to
normal levels after 12 hours of rest. Similar to S-100B, studies have
also reported extra-cerebral expression of VILIP-1 although its gene
expression in brain is far higher than in any other organ [193-196]. The
findings in paper IV argue against VILLIP-1 being a sensitive and
specific protein for mild brain injury. The baseline VILIP-1 values in
serum were similar to those observed in prior studies using heparinized
plasma; mean 48.6 in 211 cognitively normal individuals [177,178]. In
contrast, in severe acute brain injury, such as stroke, there is a clear
increase in serum VILIP-1 [197]. These results indicate that unchanged
VILIP-1 in serum following mTBI may not be due to suboptimal assay
sensitivity, but rather that VILIP-1 is not a sensitive enough biomarker
for mild brain injury. Further, experimental studies suggest that VILIP-
1 is unevenly distributed in the brain. It is possible that the most
trauma-vulnerable axons may have limited VILIP-1 expression [198].
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In addition, we also assessed VILIP-1 in serum of ice hockey players
who had post-concussive symptoms persisting longer than 6 days
versus those whose symptoms resolved within 6 days, as well as those
who suffered loss of consciousness (Figure 6). There were no
significant differences between these two categories at any sampling
time point. Having said that, in order to definitely rule out VILIP-1 as
a biomarker for TBI, VILIP-1 may further to be assessed in CSF and
serum of patients with other forms of mTBI, as well as in patients with
sTBI.

60

40- E {

201

VILIP-1, pg/mL

T T T T
Preseason PCS <6 days PCS >6days Unconscious

Figure 6. VILIP-1 measured in serum 1 h after mTBI. There were no
significant differences between different categories of concussion based on
the resolutions of postconcussive symptoms (PCS). Values are presented
as means and error bars indicate standard deviation.

An ultrasensitive method for quantitating
serum neurofilament light protein after
traumatic brain injury

Axonal white matter injury has been hypothesized to be a major
determinant of adverse outcomes following TBI [160, 199-201].
However, it has been difficult to acutely assess the severity of axonal
injury in human TBI. Similar to tau, NFL is an integral part of the
axonal cytoskeleton, mainly myelinated subcortical axons [157, 202].
Elevation of NFL in CSF may serve as a direct biomarker of axonal
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injury [28, 157]. Further, it is thought that long myelinated axons are
more vulnerable to rotational acceleration injury. The finding that NFL.
increases in serum of sTBI patients is in agreement with a previous
study of NFL measured in CSF of amateur boxers with concussive and
sub-concussive head trauma [28], as well as a recent study using a
conventional ELISA for detection of NFL in serum of TBI
patients[180]. The assay used by Nimer et al, however, was
approximately 100 times less sensitive than the assay presented in
paper VI. The lack of analytical sensitivity for ELISA methods
precludes identification of a cut-off value for normality and hinders
accurate measurement of mild increases in serum NFL levels. In
addition, some samples with very high NFL levels reported in the
previous study [203] may be due to interference by heterophilic
antibodies, which may explain the limited intra-patient differences
seen over time and the poor correlation of NFL with vCSF NFL
concentrations (R*=0.13, compared with R*= 0.89 in our study) [203].

An intriguing observation arising from our study is that NFL and
S100B showed different dynamics with NFL rising in a linear fashion
over time, and S100B returning to approximately normal levels after 2-
12 days after injury. The dynamics of NFL fits well with the
implication that all axonal injury may not occur or be visible on brain
CT or MRI in the initial stages of TBI, but evolves over hours or days
as the axonal swelling progresses [204]. The linear rise in serum NFL
may also be due to the disruption of the BBB. BBB dysfunction
triggers many secondary injuries including brain swelling with higher
ICP [205]. The underlying mechanism is assumed to be that primary
brain injury disrupts the tight junctions of BBB, allowing an influx of
peripheral immune cells and circulating factors [206], which in turn
affect interaction between BBB endothelial cells and astrocytic glial
cells, further contributing to the disruption of the BBB by increasing
its permeability [206].

An important finding of paper V was that initial NFL levels were
predictive of 12-month clinical outcome. These findings are in line
with previous studies of CSF NFL in humans with mTBI, as well as
other axonal degenerative diseases [28, 152, 207-209]. In selected
patients, the early indication of potentially poor outcome may be
critical in order to motivate extended efforts or to identify patients in
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whom further interventions are futile, thus strengthening clinicians in
prompt and correct decisions.

There are several limitations of this study, one being the lack of
neuroimaging data. Second, BBB plays an important role in the release
of biomarkers to the blood following injury; biomarkers that
specifically reflect the integrity or disruption of BBB would be of great
value when interpreting blood concentrations of neuronal injury
markers.

The overall findings of paper V were that S-NFL is highly diagnostic
and prognostic for sTBI. Besides TBI, measuring NFL in serum could
also be useful for tracking disease progression, and prognosis, as well
as evaluation of novel therapies in several other neurological diseases,
where diagnosis and prognosis were previously limited to the analysis
of NFL in CSF [207-210].
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CONCLUSION

The findings presented in these studies show that mTBI or concussion
is associated with axonal injury that is detectable using blood
biomarkers. Plasma T-tau showed great promise in detecting subtle or
mild brain injury. Further, the levels of T-tau in plasma were
prognostic since they correlated with the duration of post-concussion
symptoms. In the context of sTBI, serum NFL showed both greater
diagnostic and prognostic utility than the currently established brain
injury biomarker S100B and will now be evaluated in the context of
mTBI. Also, relatively new biomarkers such as tau fragments (mainly
tau-A) and SNTF showed some promise as biomarkers for brain injury.
Serum VILIP-1, which was identified as a biomarker of brain injury in
animal models, showed poor diagnostic and prognostic performance
for human TBI.

The role of blood biomarkers in TBI research

One of the major challenges in mTBI research has been the lack of
objective methods to quantify seemingly subtle or mild brain injury.
Currently, diagnosis of mTBI is often based on subjective symptoms or
with the aid of neuropsychological measures, as mild brain injury
below the threshold of detection using conventional brain imaging
biomarkers [21, 32]. Neuropsychological tests, however, are not
optimal and may not always be objective [211]. Despite normalized
neuropsychological tests, the athletes may still have ongoing brain
injury [212]. An early return to play may also occur within the
windows of increased susceptibility to recurrent injury that exists
before the complete neurometabolic resolution of the injury [55, 68].
Although rare, a premature return to play may place the athlete at risk
for catastrophic brain injury if sustained a second concussive blow
before the first concussion has resolved [34]. Objective and
quantifiable measure, such as serum biomarkers, are needed to aid in
mTBI diagnosis, prognosis, return to play, and may further elucidate
mTBI pathophysiology.
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One of the challenges of developing new fluid-based biomarkers is that
proteins reflecting the molecular mechanisms of TBI, mainly mTBI are
found at very low concentrations in blood, and thus are not easily
measured. The currently used brain injury biomarkers, such as S100B,
NSE and GFAP lack diagnostic and prognostic value to be safely
implemented on routine basis [21, 32]. The findings presented in this
dissertation, mainly of paper I, and V, may pave the way for
implementation of blood-based biomarkers for monitoring of sports-
related mTBI, as well as sTBI [213]. Although the data in studies I-IV
should be regarded as preliminary and in need of replication, there are
several novel and potentially groundbreaking approaches to these
studies. One of these aspects is the use of ultrasensitive digital ELISA
based on Simoa technology, allowing quantification of brain-specific
proteins in peripheral fluids, which was not possible before. Further,
we also evaluated other novel brain injury biomarkers, which were
previously not evaluated in the context of TBI, and some of these
biomarkers show potential for monitoring TBI.

A central aspect of mild and severe TBI management is preventing
progression of mTBI or concussion to chronic neurodegeneration or
secondary damage. It is implicated that acceleration following TBI
may stretch but not initially transect axons in mTBI [214]. However, in
a clinical setting, it is almost impossible to identify when an initial
injury would develop into a chronic neurodegeneration before the
manifestation of the symptoms.

Data recently published by Conforti et al. suggest that the process of
Wallerian degeneration may have an initiation phase, which is then
followed by a latent period during which axonal damage may be
reversible, and an execution phase during which axons irreversibly
degrade into fragments [105]. Biomarkers that can identify the
reversible versus irreversible stages of axonal damage and dysfunction
may also be useful in the development of novel treatments for TBI.

45



Blood Biomarkers for Traumatic Brain Injury

The future of TBI therapy: a role for blood
biomarkers?

Despite preclinical data suggesting many promising pharmacological
agents, more than 30 phase III prospective clinical trials on TBI have
failed to reach their primary endpoints [204, 215, 216]. Most of these
trials targeted single factors proposed to mediate secondary injury. The
complexity and diversity of secondary injury have also led to the
development of drug candidates that target multiple pathogenic
processes; several of these have shown promise in preclinical studies
[217], but are now failing in clinical trials [218]. There are several
reasons to why past studies have failed to show significant results
[219]. Biomarkers could provide major opportunities for the conduct
of clinical trials. First, biomarkers of TBI could help identifying and
monitoring injury mechanisms, which may lead to novel targets for
treatment. Second, biomarkers could be used to identify
pharmacodynamic effects of the drug candidates, which would be very
useful for dose-finding. Third, they could be used to detect adverse
events. Fourth, once we have a set of anti-TBI drug candidates directed
against different aspects of the pathogenic cascades that may be
activated in TBI, biomarkers may be useful to select the appropriate
treatment for individual patients.
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FUTURE PERSPECTIVES

The large effort put into finding biomarkers for AD diagnosis has
resulted in a set of core biomarkers that have been verified in
numerous studies, and are now being implemented in international
research criteria for AD diagnosis [220, 221]. However, in TBI,
implementation of blood biomarkers in clinical routine has been
hampered by the lack of brain-specific brain injury biomarkers, as well
as assays sensitive enough to detect them in peripheral fluids.
Ultrasensitive methods show great promise in quantifying brain-
specific proteins, which was not possible to detect before. An
important aspect of biomarker research and discovery is developing
methods that are reliable, accessible, and cost-effective [222].
Currently, ultrasensitive methods such as Simoa are limited to few
highly specialized centers, and the technique requires further
developing in order to be placed on point-of care spots at sports arenas
and emergency settings. Additionally, TBI is a heterogeneous disorder
affecting all cell types in the brain. The biomarkers measured in these
studies were mainly axonal injury biomarkers. It is likely that other
proteins that reflect astrocytic, endothelial, and microglial
pathobiology, as well as amyloid pathology will ultimately be required
for blood biomarkers to fulfill their promise in the clinical
management of TBI. Innovative methods such as proteomics,
microRNA arrays, urinary screens, autoantibody identification and
phage display would complement more traditional approaches to aid in
the discovery of novel TBI biomarkers.
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