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A STUDY IN AMATEUR BOXERS
Sanna Neselius

Department of Orthopaedics, Institute of Clinical Sciences
Sahlgrenska Academy at University of Gothenburg, Sweden

ABSTRACT

Background: Concussions are one of the most common sport-related in-
juries and during recent years their consequence has been frequently de-
bated. The aims of this thesis were to find possible methods, which may
help clinicians to diagnose and monitor mild traumatic brain injury (TBI),
analyse the APOFEe4 allele genotype that has been associated with poor
outcome after TBI and evaluate the relationship between neuropsychologi-
cal assessment and brain injury biomarkers in the cerebrospinal fluid (CSF).
Methods: In paper I-IV, 30 amateur boxers and 25 non-boxing matched
controls were included. All study subjects underwent medical and neuro-
logical examination, neuropsychological evaluation and ApoE genotyp-
ing. Brain injury biomarkers were analysed in CSF and plasma/serum 1-6
days after a bout and after a rest period for at least 14 days. The controls
were tested once. Paper V presents a knocked out boxer where CSF brain in-
jury biomarkers were analysed at five time points until normalization.
Results: The CSF concentrations of neurofilament light (NFL), phosphorylated
NFH (pNFH), glial fibrillary acidic protein (GFAP), Total-tau and S100B as well
as tau in plasma were significantly increased 1-6 days after bout compared to con-
trols. NFL, pNFH and GFAP remained elevated after the rest period. Possession
of APOE¢e4 allele did not influence biomarker concentrations. The neurological
assessment showed no significant differences between boxers and controls, how-
ever boxers with elevated CSF NFL by follow up performed significantly poor-
er on the Trailmaking A and Simple Reaction Time tests. The boxer in paper V
showed marked elevation of CSF NFL, with a peak at 2 weeks post trauma, not
reaching below the reference limit until week 36.
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Conclusion: The subconcussive trauma in amateur boxing causes axonal and
glial brain injury shown by elevated concentrations of brain injury biomarkers
in CSF and plasma. CSF NFL was especially interesting since it correlated
with the amount of head trauma and seemed to normalize after full recov-
ery. The neuropsychological assessment seemed not to be as sensitive in the
evaluation of a concussion. ApoE genotype was not found to influence CSF
biomarker concentrations. Paper V showed that recovery from concussion,
although in absence of symptoms, could take more than 4 months. The con-
clusion of this thesis is that NFL and other CSF biomarkers may be valuable in
the management of injured athletes and in return-to-play decisions following
concussion.

Keywords: concussion, head injury, boxing, traumatic brain injury (TBI), mild
traumatic brain injury.
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DIAGNOS OCH UTVARDERING AV
IDROTTSRELATERAD HJARNSKAKNING

Bakgrund: Hjirnskakning dr en av de vanligaste idrottsrelaterade skador-
na och antalet som skadas okar for varje &r. De senaste dren har det inten-
sivt diskuterats vilka effekter en hjarnskakning har pa sikt och vilka ris-
kerna dr om idrottarna utsétts for nya hjarnskakningar innan nervcellerna
har hunnit aterhdmta sig. Syftet med avhandlingen var: 1. Att undersoka
om hjiarnskakning kan diagnostiseras och utvdrderas med hjilp av ana-
lyser av biomarkdrer i blod och cerebrospinalvitska (CSF) 2. Undersoka
om APOFEe4-allel genotyp, som associerats med forsdmrat utfall efter en
traumatisk hjarnskada, paverkar forloppet efter en idrottsrelaterad hjarn-
skakning. 3. Analysera sambandet mellan en neuropsykologisk undersok-
ning och analys av hjarnskademarkorer i blod och cerebrospinalvétska.
Metod: I delarbete I-IV inkluderades 30 amatorboxare pé elitniva och 25 élders-
matchade kontroller. Samtliga studieobjekt genomgick en medicinsk samt
neurologisk undersokning, neuropsykologisk utvirdering och ApoE ge-
notypning. Hjdrnskademarkorer i CSF och blod analyserades 1-6 dagar ef-
ter en match samt efter en viloperiod pa minst 14 dagar. Kontrollerna tes-
tades endast en ging. I delarbete V rapporteras om en amatdrboxare som
forlorat sin match p.g.a. en knockout och dir CSF analyserats via lum-
balpunktion vid fem skilda tillfillen, under totalt 36 veckor efter traumat.
Resultat: Neurofilament light (NFL), fosforylerad NFH (pNFH), glial fibril-
lary acidic protein (GFAP), total-tau, S100B i CSF samt plasma-tau 6kade hos
boxarna 1-6 dagar efter match jamfort med kontroller. NFL, pNFH och GFAP
koncentrationerna i CSF var fortsatt forhdjda efter viloperioden. Boxerna som
bar pad APOEe4-allelen hade inte mer paverkade biomarkor-koncentrationer én
icke-bdrare. Den neuropsykologiska undersdkningen visade inga signifikanta
skillnader mellan boxare och kontroller, men boxarna som hade forhdjda NFL
koncentrationer i CSF vid uppfoljningen (som tecken pa storre skada) presterade
sdmre pé Trailmaking A och Simple Reaction Time testerna. I fallstudien visade
NFL den tydligaste forandringen med kraftig forhojda koncentrationer jamfort
med normalvérdet 2 veckor efter skadan. Déarefter sjonk nivderna gradvis men
hade inte normaliserats forrdn vecka 36.
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Slutsats: Fynden i denna avhandling tyder pé att det repetitiva traumat i box-
ning orsakar en axonal och glial hjdrnskada, dven utan medvetsloshet eller
symtom pa hjarnskakning, som kan visas med analys av hjarnskademarkorer
i CSF och plasma. CSF NFL var sérskilt intressant, d& den korrelerade med
mangden av vald mot huvudet och verkade normaliseras nér skadan hade 1ikt.
De neuropsykologiska resultaten tyder pa att neuropsykologisk undersdkning
inte &r lika anvéndbar i utviarderingen av hjarnskakning. ApoE genotyp kunde
inte visas paverka vare sig forlopp eller ldkning av en idrottsrelaterad hjarmn-
skakning. Fallstudien i delarbete V visar att lakningen av en hjiarnskakning,
trots avsaknad av symtom, kan ta mer dn 4 manader. Avhandlingens slutsats dr
att analyser av NFL och andra CSF hjarnskademarkorer kan vara virdefulla 1
den medicinska handldggningen av en hjarnskakning. Detta &r sirskilt betydelse-
fullt for idrottare, dér det &r viktigt att kunna beddma nér hjdrnskadan har 14kt sé att
idrottaren fortast mojligt kan aterga till idrotten, utan att riskera sin hélsa.
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INTRODUCTION

Traumatic brain injuries (TBI) have been reported as a serious concern in many
sports and the incidence of sport-related TBI has more than doubled over the
last 10 years in USA. In 2011, the incidence was 46 per 100,000 people in
contrast to 1998 when it was 20/100,000 (123% increase) [1]. In this US study,
10% of the TBIs were intracranial haematomas or skull fractures, the rest were
defined as unspecified/concussions. In Sweden, 62,300 (8.8 %) people atten-
ded the emergency departments due to a non-fatal head injury in year 2008 [2].

About 26% of all head injuries are sports related [3] and one fourth of these are
caused by bicycling and football [4]. In a recently published study by Steenstrup et
al [5], 245 FIS World Cup skiers were followed for 7 years. This revealed two fatal
outcomes after head injury. The head injury risk was highest in freestyle skiing
with injury incidence of 1.8% per 1000 runs. In boxing, acute TBI can be caused
by knock out (KO) with loss of consciousness or by the cumulative effect
of translational and rotational punches to the head [6]. The KO frequency in
amateur boxing is less than 1% [7,8], in contrast to professional boxing, where
about 24 % of all fights ends with knockout [9].

The central nervous system (CNS) consists of the human brain and the brain
stem (fig. 1). The human brain weighs about 1500 g and consists of nerve cells
(sensory-, motor- and interneurons) and glial cells (for example astrocytes, epen-
dymal cells, oligodendrocytes and Schwann cells). The nerve cells (neurons)
are composed of the cell body, several dendrites and one axon. The function of
the neurons is to process and transmit nerve signals. The function of glial cells
is to protect and support the nerve cells, produce myelin and to supply nerve
cells with nutrients and oxygen.

The CNS has two kinds of tissue: The outer grey matter and the inner white
matter. The grey matter contains the cell bodies, dendrites and axon terminals
of neurons. The white matter contains the axonal part of neurons and connects
the different parts of grey matter to each other.
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The skull and the 3 meninges Dura mater, Arachnoid mater and Pia mater protect
the brain (fig. 1). The subarachnoid space lies between the Dura and Pia mater
and contains cerebrospinal fluid which protects the brain against blows and
functions in the cerebral auto regulation of cerebral blood flow [10].

© Skull

Arachnoid granulation
@ Superior sagittal sinus
@ Dura mater
© Arachnoidea mater
O Subarachnoid space

@ Pia mater
Lateral ventricel =

© Choroid
plexus

3 rd ventricel

4 th ventricel
Cerebellum
Brain stem

Spinal cord
Central canal \

Figure 1. The human brain. The choroid plexus of the brain produces the cerebrospinal fluid. The
cerebrospinal fluid can exit to the blood stream via the arachnoid granulations. © Sanna Neselius

1.3 ETIOLOGY

A traumatic brain injury can occur as a consequence of an external impact
upon the head, by forces that cause sudden linear/rotational acceleration-de-
celeration within the scull or by a combination of both. Brain injuries can be of
different severities, such as subdural haematoma (most severe), intracerebral
haemorrhage [11] or concussion (least severe). Repetitive traumatic brain injury
may eventually lead to chronic traumatic encephalopathy [12,13].
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Known risk factors for TBI are as follows [14]:

. Female gender

. Young age (12-18 years)

. History of previous concussions

. Pre-existing chronic disease (diabetes, cardiovascular

disease, neurological disorders)

Although females have a higher risk for TBI, males have a higher incidence of
severe TBI [14].

Little is known about the pathophysiology and neurobiological changes after
TBI, however it is known that it is caused by direct or indirect impacts causing
translational or rotational acceleration of the head, leading to microscopic axo-
nal injury and glial damage [15,16]. The brain injury is caused by tension on
brain tissue that disturbs the cerebral physiology. A brain injury that is not fully
recovered makes the brain more vulnerable for additional TBIs [17,18,19,20].
A young brain seems to be more vulnerable and needs a longer time for reco-
very [21]. The knowledge about the late effects of multiple TBIs is still limited,
even though studies have suggested an association between repeated sport-
related TBI and Chronic Traumatic Encephalopathy (CTE) [22,23,24].

According to the 4th International Consensus Statement on Concussion in
Sport 2012, organized by the [OC (International Olympic Commission), FIFA
(Federation Internationale de Football Association), IRB (International Rugby
Board) and H.H.F (Hellenic Hockey Federation), a concussion causes a neuro-
logical dysfunction with spontaneous recovery within 7-10 days [25], although
it may take a longer time for the concussion to resolve in children [21]. Prolonged
(> 7 days) recovery is a sign of more severe injury [26].
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The best way to treat a concussion for faster healing is unclear. Athletes are
currently recommended to follow the “Return to play protocol”, which starts
with brain rest [27]. Further return to sport should follow a stepwise increase in
activity (table 1). Athletes with an uncomplicated concussion and without any
concussion symptoms can return to their sport within a week. Since no clinical
tools currently exist for objectively diagnosing and quantifying the extent of
brain damage after a mild TBI/concussion it is impossible to interpret when
the injury has healed. The risk if returning too early, before the brain injury has
recovered, is increased susceptibility to additional concussions in the short-
term, and increased risk for developing a chronic traumatic encephalopathy in
the long-term.

Rehabilitation Functional exercise at each stage of Objective of each
stage rehabilitation stage
1. No activity Symptom limited physical and cognitive = Recovery
rest
2. Light aerobic Walking, swimming or cycling keeping Increase HR
exercise intensity < 70 % of max. permitted heart
rafte. No resistance training
3. Sport-specific Skating drills in ice hockey, running drills Add movement
exercise in soccer. No head impact activities
4. Non-contact training  Progression to more complex fraining Exercise,
drills skills e.g. passing drills in football and ice koordination and
hockey cognitive load
5. Full contact practice  Following medical clearance participate Restore confidence
in normal fraining activites and assess

functional skills by
coaching staff
6. Return to play/sport Normal training and competing

Table 1. Graduated return to play protocol

Stepwise post concussion program. The athlete should proceed to next level when asymptomatic
at current level for 24 hours. If any concussion symptoms occur while the athlete is in the stepwi-
se program, the athlete should return to previous level for at least 24 hours, before proceeding
again [25].

It is known that there is a huge problem with underreporting of sport concus-
sions [19,28], which is why it is important to increase the knowledge about
concussion among athletes, parents, trainers, medical staff and sport fede-
rations. Regular education and information is important as it increases the
reporting frequency and reduces the risk of athletes returning to sport with
persistent concussion symptoms [28,29]. Ensuring that athletes have time to
recover may prevent complications in the form of severe TBI.
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ACUTE TRAUMATIC
BRAIN INJURIES

Acute TBIs can be severe, moderate or mild (concussions) and are presented
in this section as:

. Epidural haematoma

. Subdural haematoma

. Subarachnoid haemorrhage
. Cerebral Contusion

. Second impact syndrome

. Diffuse axonal injury

. Concussion

An epidural haematoma usually results from a skull fracture caused by a direct
blow that damages a meningeal artery, fig 2. Classically, there is no significant
parenchymal injury in epidural haematoma. Epidural bleeding is most com-
mon in sports where the athletes do not wear a helmet.

A subdural haematoma is a bleeding between Dura Mater and Arachnoidea
Mater and is the most common sports related intracranial bleeding, fig. 2. It
accounts for 3-4% of all sport-related TBI[14] and is caused by a traumatic la-
ceration to the brain or from linear/rotational acceleration—deceleration injury
to the head. A subdural haematoma is often associated with some underlying
parenchymal (brain) injury, including diffuse axonal injury.

Mortality risk is about 10% [31]. During a 30-year period from 1980 to 2009,
231 young athletes training 22 different sports, the majority of which were
football players (138), died of subdural hematoma in the United States. Of the-
se fatal traumatic brain injuries in football players, 12 % had a reported history
of concussion with persistent symptoms within 4 weeks of death [32].
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Figure 2. Intracerebral bleedings. The subdural haematoma accounts for the majority of
the sports related intracerebral bleedings in boxers with 40 % risk of poor outcome [30].
© Sanna Neselius

2.3 SUBARACHNOID HAEMORRHAGE

Subarachnoid haemorrhage is a bleeding in the subarachnoid space, where the
CSF circulates and the blood vessels run (fig.2). The subarachnoid space lies
between the two meninges Arachnoid and Pia Mater. A haemorrhage is caused
by a ruptured cerebral aneurysm that occurs either spontaneously or as a result
of TBI [33]. It is difficult to find epidemiological studies about the incidence
of sport-related subarachnoid haemorrhage in athletes but one study in young
athletes suggested that sport-related subarachnoid haemorrhage accounted for
4% of all intracerebral haemorrhages [31].
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Contusio cerebri is a bruise of the brain. It can be associated with multiple micro
haemorrhages where small blood vessels leak within the brain tissue. The con-
tusion is caused either by direct blow to the head or by acceleration/deceleration
forces. Initial computed tomography (CT) scan can be normal, however the contu-
sion often progresses within 24 — 48 hours and can thereby result in oedema with
life-threatening rise in intracranial pressure. Cerebral contusion is often associated
with other traumatic brain injuries and occurs in 20-30% of severe TBIL.

Second impact syndrome is described as a rare, often fatal, traumatic brain in-
jury with unclear pathophysiology that occurs when a repeat injury is sustained
before symptoms of a previous head injury have resolved [34]. The incidence
is unknown, since the literature only presents case-reports. Due to lack of evi-
dence, its existence is also questioned by experts [35], who instead suggest this
should be called a condition of cerebral swelling.

Weinstein et al present a ’second impact syndrome” case-report of a 17-year-
old football player [36]. This athlete suffered from a TBI without unconsci-
ousness but did not initially recognise the trauma as a concussion. He sought
medical attention 3 days post trauma due to persistent headache, but his CT
and medical examination were normal. The athlete was recommended to rest
until symptom-clearance but returned to sport 5 days post trauma where he
was hit during a drill exercise. He went down on his knees, reported dizziness
and headache and was unable to feel his legs. Subsequently the athlete became
unresponsive. He developed bilateral subdural haemorrhages, cerebral swel-
ling, midline shift and elevated intra-cranial pressure. Three years post-injury,
the patient had regained only limited verbal, motor and cognitive skills. The
authors suggest that second impact syndrome results in cerebral blood flow
dysautoregulation with massive hyperaemia and high risk of fatal hyperaemic
herniation of the brain [36].

Diffuse axonal injury is a traumatically induced axonal injury and therefore
occurs in the white matter. DAI is caused by blows leading to rapid rotational
acceleration/deceleration of the head leading to axonal stretching, something
that axons are poorly prepared to withstand [37].

The immediate loss of consciousness, for example due to a knock out in box-
ing, appears to be caused by rapid rotational acceleration with damage to axons
in a specific region of the brain - the brainstem. This unconsciousness seems to
be independent of the overall extent of axonal pathology [38].
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The microscopic nature of DAI makes it difficult to diagnose the extent of
axonal injury. There are usually no findings on routine imaging, such as CT,
which is why DAI injury can be missed with classical investigations. It can
be suspected with prolonged symptoms after a concussion [37]. Some stu-
dies have been able to detect DAI by magnetic resonance imaging as multiple
round or ovoid lesions, representing multifocal punctuate foci, haemorrhagic
or non-haemorrhagic [13,39]. The location of DAI is correlated with the seve-
rity of trauma and graded I-1II [40]. According to Park et al, DAI grade I heals
within 2 weeks, but recovery after DAI injury grade III takes up to 2 months,
as shown by magnetic resonance imaging [40].

Grading of DAI according to Park et al [40]

. Grade I - Mild DALI. Scattered small haemorrhagic lesions on
hemispheric white matter.

. Grade II - Moderate DAI. As grade I plus additional focal lesions
on the corpus callosum.

. Grade III — Severe DAI. As grade I and II plus additional focal
lesions on the brain stem.

More than 90% of all traumatic brain injuries are concussions [14]. A concus-
sion is caused by a direct or indirect head blow with/without loss of conscio-
usness (fig. 3) [25]. Sport-related concussion, also called mild TBI, is a com-
mon injury in many impact sports such as football, ice hockey and boxing.
Concussions have received increased attention in recent years in the media, and
among medical professionals and sport organisations, since there is growing
awareness about the acute and long-term consequences of concussion [1].
The effect of several concussions and subconcussive repetitive TBI has been
under discussion, since this is a major issue in many sports. Human studies are
limited, but in a mouse study, repetitive subconcussive traumatic brain injury
has been demonstrated to be cumulative, leading to astrogliosis and tau phospho-
rylation and causing spatial learning and memory deficits for up to 6 months [41].

2.7.1 Definition

According to the International Conference on Concussion in Sport 2012, a
concussion is defined as a ”complex pathophysiological process affecting the
brain, induced by biomechanical forces with or without loss of consciousness,
resulting in neurological symptoms™ [25]. This is a revision of the 3rd Consensus
Statement from 2009, where unconsciousness was considered obligational
[27]. The classically used neuro-imaging investigations CT and magnetic reso-
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Figure 3. Different mechanics in head impacts caused by translational vs. rotational accelera-
tion. Rotational acceleration (when impact comes from side, as from a hook in boxing) causes
more axonal shearing and tension on brain tissue and vessel than translational acceleration.
© Sanna Neselius

nance imaging (MRI) are normal. Spontaneous recovery occurs within 7-10 days
[25], although it may take a longer time for the concussion to resolve in children
[21]. Prolonged (> 7 days) recovery is a sign of more severe injury [26].
Commotio cerebri, contusio cerebri and mild TBI are used synonymously
for concussion in the literature, although the latest “Consensus Statement on
Concussion in Sport” prefers the term concussion [25].

2.7.2 Concussion symptoms

Symptoms of concussion can be subtle and injury reporting can also be influ-
enced by factors such as stress, fatigue or unwillingness of the athlete to reco-
gnise the symptoms as being concussive in nature (table 2) [19].
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ACUTE SYMPTOMS LATE, AFTER A FEW DAYS

Table 2. Concussion symptoms
The symptoms can vary but having one/several of the symptoms after TBI increases the
suspicion for concussion [42].

2.7.3 Prognosis

According to the latest Consensus Statement, a concussion causes neurological
dysfunction with spontaneous recovery within 7-10 days [25], although it may
take a longer time for the concussion to resolve in children [21]. Prolonged (>
7 days) recovery is a sign of more severe injury [26].

The Glasgow Coma Scale (GCS) is an internationally accepted and used neu-
rological scale to grade the level of consciousness in head injured patients and
to grade the severity of brain injury, see fig. 4 [43]. In Sweden, the Reaction
Level Scale 85 (RLS 85) in fig. 5, a modified version of the GCS, has been
the preferred diagnostic tool at most emergency departments for more than 20
years due to indications of better reliability [44].

Chronic traumatic encephalopathy (CTE) is a progressive neurodegenerative
disease that is suggested to result from repetitive traumatic brain injury [45].
It was first presented by Martland 1928 in boxers when he introduced the term
punch-drunk to a series of symptoms caused by the repetitive head trauma in
boxing [46]. Even though CTE has been mostly studied in boxers, it has also
been observed in football, ice hockey and soccer players [45].
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Glasgow Coma Scale

Best Eye Response (E)

No eye opening 1
Eye opening in response to pain stimulus 2
Eye opening to speech 3
Eyes opening spontaneously 4

Best Verbal Response (V)
No verbal response i,
Incomprehensible sounds (moaning)

Inappropriate words (no conversation)

Confused, disoriented

a AW N

Oriented

Best Motor Response (M)

No motor response

Extension to painful stimulus
Abnormal flexion to painful stimulus
Flexion/withdrawal to painful stimulus

Localizing painful stimulus

L I e S

Obeys commands

Total (E + V + M) of max. 15

Figure 4. In the Glasgow Coma Scale [43] the eye, verbal and motor responses are tested.
The sums of these three tests are calculated. The lowest possible GCS value is 3 (deep coma
or death), while the highest is 15 (fully awake person). The eye response test consists of 4, the
verbal of 5 and the motor response test of 6 grades. GCS 14-15 is calculated as a mild, 9-13 a
moderate and 3-8 a severe TBI. GCS should be recorded for all athletes in case of subsequent
deterioration. ©Sanna Neselius

Reaction level scale (RLS85)

Grade of alertness

1 | Fully alert

2 | Drowsy or confused, but responds to light stimulation

3 | Very drowsy or confused, but responds to strong stimulation

4 | Unconscious; localizes painful stimulus but does not ward it off

5 | Unconscious; makes withdrawing movements following painful stimulus
& | Unconscious; stereotypic flexion movements following painful stimulus
7 | Unconscious; stereotypic extension following painful stimulus

8 | Unconcsious; no response to painful stimulus

Figure 5. The Reaction level scale is a scale for alertness used in Sweden instead of
the Glasgow Coma Scale.
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2.9.1 Pathology

The relation between CTE and Alzheimer’s disease (AD) is debated, although
it is shown that TBI is a risk factor for developing AD [47,48]. Neuropatho-
logically, both conditions are characterized by Neurofibrillary Tangles (NFTs)
but there are some differences; CTE patients generally have larger NFTs in-
volving the superficial cortical layers II and III similar to Parkinson Disease
and Amyotrophic Lateral Sclerosis (ALS), whereas AD patients have NFTs
predominantly in layers V-VI. B-Amyloid plaques also characterize AD, but
these seem to be absent in CTE [45,49].

CTE pathology according to the Boston Group

. Tau pathology with formation of neurofibrillary tangles (NFTs)
in layer II and III of neocortex

. Axonal pathology

. No B-Amyloid or Amyloid Precursor Protein pathology

. Consists of 4 different stages correlating with symptom progress

2.9.2 Prevalence

The incidence and prevalence for concussed athletes to develop CTE is unk-
nown since there are no published epidemiological, cross-sectional or prospec-
tive studies relating to CTE [50].

2.9.3 CTE symptoms

. Memory disturbances

. Behavioural and personality changes
. Parkinsonism

. Slower speech

. Gait abnormalities

2.9.4 Diagnosis

Today, CTE can only be diagnosed with certainty at autopsy, making it difficult
to distinguish CTE from other neurodegenerative disorders with similar symp-
tomatology such as AD, other dementias, ALS and Parkinsonism [49].

The APOE gene has three common alleles (€2, €3 and €4) and is located on
chromosome 19. The presence of APOEe4 is a well-known risk factor for AD
[51]. The role of the APOE gene in TBI is not fully understood, but it is asso-
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ciated with unfavourable outcome after acute TBI [52] as well as chronic trau-
matic encephalopathy [53]. Since TBI is also a risk factor for AD [47,54,55],
the presence of APOEe4 in combination with TBI is suggested to additionally
increase the risk of developing AD [54,56].

2.11.1 On-field evaluation

The on-field physician makes the first evaluation according to the Acute Trauma
Life Support (ATLS) principles or other emergency management guidelines [25].
The Consensus Statement 2012 also recommends assessment with the Sport Con-
cussion Assessment Tool — 3rd edition (SCAT3) or Child SCATS3 for children un-
der 13 years. The athlete is not allowed to return to play on the day of injury and
if the physician decides that transfer to the nearest emergency department is not
necessary, it is important not to leave the athlete alone, but to make serial monito-
ring for deterioation for 24 hours. If no physician is available, the athlete should be
transferred to the emergency department for evaluation [25].

2.11.2 Evaluation at emergency department

The concussion diagnosis is established by symptoms and clinical evaluation
including a detailed neurological examination with balance testing and cogni-
tive function investigation [57,58]. After the first evaluation and according to
Scandinavian concussion guidelines, admission for observation for 24 hours
and/or discharging after a normal computer tomography (CT) scan of the brain
should follow [59].

2.11.3 Return-to-play guidelines

At the 4th International Conference on Concussion in Sport 2012, athletes
that no longer suffered from any concussion symptoms were recommended a
stepwise return to sport following the “Return-to-play” protocol (table 1) [25].

Sanna Neselius | Diagnosis and monitoring of sport-related concussion 29



30 Sanna Neselius | Diagnosis and monitoring of sport-related concussion



DIAGNOSIS OF
CONCUSSION

There are many investigations that can assist the physician in the diagnosis
of TBI, although none of them has been shown to be sensitive enough for
the diagnosis and monitoring of a concussion. According to the Scandinavian
concussion guidelines, symptom & cognitive evaluation, medical assessment
according to ATLS, neurological testing and classical neuroimaging investiga-
tions such as CT, are the standard tools for managing concussion at emergency
departments and normally without pathology [59,60].

Balance and coordination tests, such as Single Leg Stand Test (test of balance),
Finger to Nose Test (test of coordination) and Gait tests (test of lower limb dy-
namic balance), are used to determine neurological function after brain injury
[61,62,63]. However, a study published in 2010 on normative data showed a
wide variability using the Single Leg Stand test. Only the Finger to Nose test
and Tandem Gait test were found to be reliable and should be recommended
when testing balance and neurological function after concussion [63].

Neuropsychological evaluation has been considered as the most sensitive tool
in the evaluation of concussion pathology, since numerous studies have shown
that neuropsychological tests are sensitive in detecting the early cognitive im-
pairment after concussion, up to 10 days post trauma [64,65,66]. Neuropsycho-
logical tests are also used after sport-related concussions as a tool in return to
sport considerations [25]. It has been shown that the effects on particularly
memory, processing speed and executive functions seem to correlate with size
of injury and effects can persist for up to 3 months [67,68]. However, a limita-
tion with neuropsychological evaluation is the need for baseline testing which
restricts the usefulness as a diagnosis and monitoring tool of concussions in
the emergency department. The question about the sensitivity of the tests in
detecting small axonal injury remains, since these tests have not been able to
show any pathology caused by the repetitive subconcussive trauma in amateur
boxing [69,70,71].
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3.2.1 Neuropsychological tests for TBI

There are several different tests for neuropsychological evaluation, both tradi-
tional “paper and pencil” and computerized evaluations, where the compute-
rized tests have gained popularity in recent years as they are relatively cheap,
fast and easy to administrate. To our knowledge, there is no scientific eviden-
ce that any one of the traditional, computerized or the hybrid neurocognitive
evaluations are superior, although only a few studies are made using hybrid
test batteries [72].

Immediate Post-Concussion Assessment and Cognitive Testing (ImPACT)
ImPACT is composed of several memory and mental speed tests with 89% sen-
sitivity and 70% specificity for concussion [73] but with marginal reliability
(interclass correlation score (ICC) of 0.49-0.89, average 0.62) [74,75].

Automated Neuropsychological Assessment Metrics (ANAM)
Similar to ImPACT, ANAM is composed of several memory and mental speed
tests with marginal reliability (ICC 0.59-0.79, average 0.61) [75].

Memory tests used to diagnose TBI

* Rey Osterrieth Complex Figure (ROCF) evaluates episodic me-
mory and visuospatial skills [70] in TBI, Alzheimer’s disease and
other neurocognitive disorders. It has been shown that AD patients
have dysfunctions both with copying and recall, whereas TBI pa-
tients only suffer from dysfunctions in recall [76]. Episodic memo-
ry after severe TBI has been shown to be impaired [77] initially but
no long-term consequences have been seen after mild to moderate
traumatic brain injury [78]. The copy and recall are both affected by
age and 1Q [79].

* Controlled Oral Word Association Test (COWAT) is a part of the
Multilingual Aphasia Examination and provides a measure of word
generation and verbal fluency [80,81]. Declining word generation has
been observed after mild TBI [82] and mild cognitive impairment [83],
although the reliability is questionable since there are also studies re-
porting that COWAT cannot discriminate between sport-related con-
cussion and control subjects [84].
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» Listening Span and Digit Span addresses short-term auditory wor-
king memory and attention skills. Digit Span is part of the Wechsler
Adult Intelligence Scale — Revised (WAIS-R) and is used to evalu-
ate less effortful attention skills [85], whereas Listening Span is
used in attention tasks and evaluation of complex, executive aspects
of working memory related to short-term memory capacity. This
function is essential for important cognitive abilities including rea-
soning, comprehension and problem solving [86,87]. It is impaired
in preclinical stages of AD [88] but seems not to be affected by
sport-related concussions [89]. In its entirety, the WAIS is designed
to measure intelligence and is available in a revised form, WAIS-R
[85] (available at the onset of the studies in this thesis) and the re-
cently published WAIS-IV. WAIS-R or subtests are normally inclu-
ded in neurocognitive assessment to estimate general intelligence
and education level, since they can interfere with neuropsychologi-
cal evaluation results [79,90,91].

Tests of processing speed and executive functions

* The Trailmaking test consists of two parts, A and B, and assesses
processing speed, attention and executive functioning [92]. There
is evidence that especially the B part can detect brain damage and
predict long-term outcomes after traumatic brain injury [93,94,95]
with high specificity (90.6 %) although low sensitivity (19%). The
sensitivity and specificity for test A are 40.6% and 84.4% respecti-
vely [91].

* The Reaction time task reflects impairments in information pro-
cessing and failure to maintain executive control. Reaction time
declines by increasing age [96], but regular physical activity can
slow down or prevent functional decline associated with ageing
[97]. Impairment of reaction time after single and multiple concus-
sions has been demonstrated [98,99].

* The Finger tapping task is impaired after a mild TBI [100,101]
and reduced performance in finger tapping by boxers compared to
controls has been shown [102].
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Conventional computed tomography (CT) and magnetic resonance imaging
(MRI) are not sensitive enough to diagnose DAI injuries or small microscopic
changes after sport-related concussion. Advanced MRI techniques are diffusi-
on tension imaging, magnetic resonance spectroscopy (MRS) and functional
MRI such as Susceptibility Weighted Imaging.

3.3.1 Susceptibility Weighted Imaging (SWI)

SWI is a new technique using full-velocity-compensated high-resolution 3D
gradient-echo sequence to evaluate diffuse axonal injury [103]. DAI is often
associated with punctuate haemorrhages in the deep subcortical white matter,
which are not routinely seen on computer tomography or magnetic resonance
imaging sequences [103]. SWI has been shown to detect intracranial bleedings
in concussed patients with GCS 13-15 despite normal CT [104].

3.3.2 Proton Magnetic Spectroscopy

Proton magnetic resonance spectroscopy has been able to evaluate metabolic
alterations after a concussion by determining the brain energy-state marker
N-acetylaspartate in concussed athletes. Even though the athletes reported
symptom-clearance after 3-15 days, the metabolic brain alterations remained
up to 30 days post injury, indicating persistent metabolic vulnerability of the
brain despite the athlete declaring clinical recovery [105].

3.3.3 Diffusion Tensor Imaging (DTI)

Diffusion Tensor Imaging (DTI) detects axonal injury and has shown patho-
logy in the right posterior limb of the internal capsule, the right corona radiata
and the right temporal lobe of the brain in ice hockey players after concussion [106].
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DIAGNOSIS OF
CONCUSSION

- BIOMARKERS IN CSF AND BLOOD

The cerebrospinal fluid is a promising source of biomarkers in TBI, since the
CSF compartment is a relatively closed system where biochemical changes
within the brain are reflected. The CSF is produced by the choroid plexus at a
rate of 20 ml/hour and the CSF compartment contains about 150 ml CSF [10].
The CSF is renewed in young adults about 4 to 5 times daily, by absorption and
secretion into the blood [10]. Today, lumbar puncture is used routinely to col-
lect CSF for the diagnosis of a variety of diseases, such as Alzheimer’s Dementia,
other neurodegenerative disorders and infections (e.g borrelia burgdorferi).

The CSF compartment is protected by the blood-brain-barrier (BBB) — a per-
meable barrier that separates the blood from the central nervous system. The
BBB allows transport of water, gases and some lipid soluble molecules and
amino acids [107]. A disrupted BBB can cause leakage of biomarkers into the
peripheral blood.

Several interesting biomarkers have been observed in the CSF after TBI and
some of them have also been found in the peripheral blood (table 3). Peripheral
blood is easily accessible and optimal for the clinical setting, but assays for
TBI markers have been hampered by a lack of analytical sensitivity for accura-
te measurement in blood samples. Table 3 lists biomarkers that are particularly
interesting for the diagnosis and monitoring of TBI.

4.1.1 Neurofilament

Neurofilaments are 8—10 nm heteropolymers with three major subunits: Neu-
rofilament light chain (NFL), neurofilament medium chain (NFP) and neurofi-
lament heavy chain (NFH). They are only found in neurons where their main
function is to maintain neuronal shape, size and conduction of nerve impulses
along the axons [120].

NFL is expressed predominantly in large-caliber myelinated axons [121], and
increased concentrations reflect white matter disease and axonal degeneration.
NFH is mainly a phosphorylated protein, pNFH [120]. CSF levels of NFL and
pNFH are elevated in axonal disorders such as amyotrophic lateral sclerosis
(ALS) [122,123], multiple sclerosis (MS) [110,113] and TBI. Increased NFL
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concentrations are also seen after an amateur boxing bout and have been shown
to correlate with the size of injury [16], but pNFH has not been analysed after
mild TBI or sport concussions. In blood, NFL and pNFH have been detected in
ALS in increased concentrations and have further been shown to correlate with
CSF concentrations [ 109,124]. Increased concentrations of pNFH in serum has
been observed in children with severe TBI [112].

4.1.2 Heart type— Fatty Acid Binding Proteins

Heart type-Fatty Acid Binding Protein (H-FABP) is one of nine different ty-
pes of FABP. It is expressed in multiple tissues, mainly in cardiac myocytes,
but also in skeletal muscle, kidney, lactating mammary gland, placenta and
the brain. The function of FABP is in the transport and storage of lipids and
also protection from harmful fatty acids. In a clinical setting, plasma H-FABP
is analysed to diagnose myocardial infarction [125]. In the brain, H-FABP is
located in the neuronal cell bodies in the grey matter and is released in conjunc-

tion with different types of neurodegenerative conditions, such as dementia [126].
Elevated serum H-FABP concentrations have been shown after mild TBI [127],
however it is not known whether H-FABP is also elevated in the CSF.

4.1.3 Brain Derived Neurotrophic Factor (BDNF)

BDNF is a nerve growth factor protein expressed in neurons with neuropro-
tective effects on the brain. It affects long-time memory and the survival of
existing neurons, and encourages the growth and differentiation of new neu-
rons [128]. Increased concentrations of BDNF have been found in the CSF of
patients with Parkinson’s disease [129] and higher serum levels may protect
against future occurrence of dementia and AD [130]. The role of BDNF after
TBI remains unclear and serum analysis after amateur boxing has not shown
any significant differences between boxers and controls [131].

4.1.4 Apoliproteins

Apolipoproteins are expressed in several tissues including the brain and their
function is to transport lipids. There are six classes of Apolipoproteins (A, B,
C, D, E and H) and several subclasses.

Apolipoprotein A1 (ApoAl)

ApoALl is a high-density lipoprotein in found in plasma and it may be a marker
of neural degeneration. Increased CSF concentrations of ApoAl have been
seen in patients with AD, Parkinson’s disease and multiple sclerosis [132],
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although in another study plasma levels of ApoA1 were decreased in patients
with Parkinson’s disease [133]. TBI does not seem to have any effect on CSF
ApoAl concentrations [134].

Apolipoprotein E (ApoE)

ApoE is expressed in the central nervous system and secreted by glial cells and
neurons, where it acts as a ligand for neuronal receptors and distributes choles-
terol and phospholipids to injured neurons after brain injury [135]. ApoE plays
a key role in the development of AD, where it is believed to promote plaque
development. Reduced levels of ApoE are seen in AD [136] andafter severe
TBI, CSF concentrations of ApoE are shown to decrease compared to controls
the first 5 days post trauma [134].. One hypothesis for the decreased levels of
ApoE is that it is consumed by neurons as a response to acute injury [134].

The effect on ApoA1 and/or ApoE concentrations in CSF/peripheral blood af-
ter concussion is unclear.

4.2.1 Glial Fibrillary Acidic Protein (GFAP)

Glial fibrillary acidic protein is present in large amounts in the intermediate
filaments of the mature CNS astrocytes. The astrocytes, a type of glial cell, are
star shaped and located both in the grey and white matter of the brain. The role
of GFAP is not yet fully understood, but it is thought to be important in injury
damage control and in modulating astrocyte motility and shape by providing
structural stability to astrocytic processes [137].

GFAP is a highly specific marker for CNS injury [117]. Following tissue in-
jury (trauma or disease), damaged astrocytes become reactive and respond by
upregulating and releasing of GFAP [137]. The GFAP concentrations do not
depend on gender, but CSF GFAP concentrations increase by 6.5 (SD5.9) ng/L
annually in healthy patients [111]. Moderately elevated levels of CSF GFAP
have been demonstrated in diseases such as progressive MS [138] and epilepsy
[108]. The highest CSF GFAP concentrations of all are shown in the severe de-
myelinating, inflammatory disease neuromyelitis optica (NMO)[139], but for
some reason, serum analysis of GFAP in NMO is of no diagnostic value [140].
After acute severe TBI elevated CSF GFAP concentrations have been shown
in serum up to three days post trauma [117] and elevated CSF GFAP con-
centrations have also been shown after repetitive subconcussive head trauma
received during an amateur boxing bout [16].
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4.2.2 S100B

S100B is a calcium binding protein that is glial cell specific within the CNS
and is expressed by mainly astrocytes, but also Schwann cells and oligodend-
rocytes [141]. Outside the brain it is produced to a lesser extent and released
from adipocytes, chondrocytes and melanocytes [142].

S100B has five major intracellular functions [141]:

Regulation of phosphorylation mediated by protein kinase
Modulation of enzymatic activity

Maintenance of cell shape and motility

Part of signal transduction pathways

Promotion of calcium homeostasis

hARE Rl e

In the CNS, S100B is released after astrocytic damage and elevated concentra-
tions are found in patients with Alzheimer’s disease [143]. After TBI, S100B
analysis has low specificity (40%), but high sensitivity (99%) for abnormal
head CT evaluation [119]. After severe TBI with GCS < 8, CSF concentrations
of S100B have been elevated for up to 5 days with a peak on day 1 [134]. Also,
in serum S100B has been elevated within 3 hours after a sport related concus-
sion, with normalization at follow up on day 2 post trauma [119].

Serum-S100B has also been studied in amateur boxers after bout with findings
indicating both significantly increased [144] and normal concentrations [131].
In the study showing increased S100B serum levels, the samples were collec-
ted within 5 minutes after the bout. Boxers that received hits mainly to the head
demonstrated higher S100B concentrations in comparison to boxers receiving
hits only to the body [144].

Since 2013, analysis of S100B is recommended in Norway for the assessment
of concussions at the emergency departments, as an initial diagnostic measure
for mild head injury patients with low risk [118].

4.3.1 Tau

Tau is a phosphoprotein primary localized in the axonal compartment of neu-
rons where it regulates microtubule assembly, dynamic behaviour and spatial
organization, and the axonal transport of organelles, including mitochondria
[145,146]. Phosphorylated tau (P-tau) is a toxic, abnormal condition of tau
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that forms neurofibrillary tangles and causes axonal degeneration eventually
leading to dementia [147]. P-tau is highly specific for AD with sensitivity and
specificity of 80% [148] and is not recognised as a diagnostic biomarker for
traumatic brain injuries.

Increased CSF and peripheral blood concentrations of T-tau and P-tau have
been seen in neurodegenerative disorders such as Alzheimer’s disease and mild
cognitive disorder (MCI), although plasma/serum and CSF concentrations do
not correlate [114]. Increased concentrations of T-tau have also been found in
the CSF after epilepsy [108] and acute TBI [149], where the concentration of
T-tau correlates with trauma severity [116]. No significant Total-tau elevation
in serum/plasma has been shown after mild TBI/concussion [150,151].

4.3.2 Amyloid Precursor Proteins (APP)

Amyloid Precursor Protein (APP) is an integral membrane protein expressed
in neurons. The physiological function for APP and its cleavage products are
not fully understood, but the APP-family members among others have fol-
lowing functions [152]:

» Regulation of neurite outgrowth and axon guidance

* Involvement in the binding of metals

* Influence on synaptic function and long term potentiation

* Production of AP, a toxic cleavage segment of APP that plays a not
fully understood role in the formation of Alzheimer’s dementia

APP is initially cleaved by a- and B-secretases to form the AB-peptide.
The AB-peptide is in turn cleaved to isoforms such as AB38, AB40, AP
N42, AB 1-40 and AB1-42, where APB40 is the major isoform under normal
conditions.

The AB-peptide is found specifically in senile plaques, the disease defining
depositions found in the brains of of AD patients. [152]. TBI is considered
a risk factor for Alzheimer’s disease [153]. Low CSF concentrations of the
aggregation-prone 42 amino acid isoform of AP (AP42), has been observed
during the development of AD (due to deposition of AP42 in plaques) [154]
and following TBI [155]. It has been shown that CSF levels of AB40 and AB1-
42 decline the first 5 days after severe TBI (GCS < 8) [134], although it seems
that the plasma concentrations remain unchanged [156]. Perhaps TBI induces
APP-processing and AP formation, which eventually leads to AP aggregation.
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AIMS OF THE STUDY

51 PAPER I-I

Sport-related concussions are common in many sports and it is currently dif-
ficult to determine when the injury has healed and when the athlete can safely
be allowed to return to their sport. Therefore, our aims with papers I-111 were:

* To evaluate the effects of subconcussive repetitive head trauma on
the brain.

» To find possible brain injury biomarkers in the CSF and/peripheral
blood that can assist clinicians in the diagnosis and monitoring of
sports-related concussion.

* To analyse if being a carrier of the APOE¢4 allele genotype in-
fluenced biomarker concentrations after subconcussive repetitive
head trauma.

5.2 PAPER IV

The aims of paper IV were:

* To evaluate the sensitivity of neuropsychological assessment in the
diagnosis and monitoring of mild TBI.

» To investigate the relationship between neuropsychological assess-
ment and brain injury biomarkers.

5.3 PAPER YV

The aim was to evaluate the brain injury biomarker concentrations in the ce-
rebrospinal fluid over time as a measure of on-going axonal injury after a con-
cussion with loss of consciousness.
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METHODS

6.1.1 Study Population

The study was designed as a prospective prognostic follow-up study. Thirty
amateur boxers competing with a head guard, and at a high national and/or
international level, were compared to 25 healthy, age-matched controls. All
boxers had completed at least 45 bouts. This number was based on the regula-
tion of the National Boxing Federation demanding an examination with MRI,
CT or EEG every 50 bouts. The controls consisted of friends or relatives to the
boxers, aiming to get controls with similar social background and education
level. Exclusion criteria were athletes at a senior elite level in sports known
to have a high incidence of sport-related traumatic brain injuries, for example,
soccer, ice hockey and contact sports.

The regional ethical review board at Linkoping Health University, Sweden
approved the study. Written informed consent was obtained from all participants.

6.1.2 Questionnaire Design

All participants filled in a questionnaire about medical history, medication,
education, social background, and quantification of alcohol and drug intake.
Previous sports career including sport-related concussions were recoreded, ai-
ming to identify study participants with a higher risk for previous head inju-
ries. The questionnaire was based on a previous study and included a 10-ques-
tion survey regarding previous and current symptoms of head and neck injuries
[157]. The number of symptoms that had worsened over the last 5-10 years
was added up to produce score. The boxers reported information about their
boxing career, fighting record, number of knockout (KO) losses, number of
Referee Stopping Contest losses due to several hard punches to Head (RSC-H),
present weight class, duration of career, age at career start, and age at first bout
[157,158].
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6.1.3 Grading of head trauma exposure

The boxers were asked to report the total amount of bouts they had participated
in during the last week prior to testing (1-3 bouts) and estimated these bouts as
easy (1), intermediate (2) or tough (3).

Three boxing experts blind to the CSF biomarker concentrations, who had
good knowledge about the boxing career of the included boxers in the study,
graded the boxers independently with regards to head trauma exposure during
the boxer’s total boxing career. When doing this, the experts took into account
boxing style, skills of the boxer and the skills of the opponents. A grade from
1 to 5 was used, where 1 referred to a boxer with low head trauma exposure and
5 referred to a boxer with high head trauma exposure during their boxing career.

The total amount of bouts during the last week before test A, the boxers own
grading of the bouts, and the mean of the expert grading over their total boxing
career were added in a score. This score was named “Boxing Exposure”. The
aim was to calculate the total impact on the brain prior to testing.

6.1.4 Neurological examination

The medical and neurological assessments were made on all study participants
prior to lumbar puncture. The investigations included anamnestic questions
about concussion symptoms, a general somatic status (general condition, ex-
amination of mouth and throat, heart, blood pressure, abdominal palpation,
peripheral circulation and skin status) and a neurological status (orientation,
alertness, speech function, cranial nerves I-XII, motor skills, balance, coordi-
nation, gait, sensibility testing and testing of reflexes) [19].

6.1.5 Magnetic Resonance Imaging

MRI of the brain was performed in all participants without any structural inju-
ries (haemorrhages, subdural haematomas) or other major findings observed.

6.1.6 CSF and blood sample collection

The lumbar puncture (LP) was performed between 10 a.m. and 3 p.m., with
the study participants in a sitting position or lying on one side. For the first 18
subjects, a Quincke Type Point spinal needle (22 Gauge) was used, but since
a few of the study objects suffered from post spinal headache, the needle was
changed to a Sprotte (24 Gauge). Thereafter no more post spinal headache oc-
curred. For each study subject, 5-10 ml CSF was collected in a polypropylene
tube (Sarstedt, Niimbrecht, Germany), gently mixed to avoid gradient effects,
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aliquoted and stored at -80°C pending analysis.

Blood was collected by venepuncture into whole blood and gel-separator tu-
bes. The samples were centrifuged within 20-60 minutes, aliquoted and stored
at -80°C pending analysis.

CSF and blood samples were collected twice in the boxers: The first samples
were collected 1 to 6 days after a bout (test A) and the second at least 14 days
after competition or sparring (test B). The control subjects underwent one LP
and venepuncture.

6.1.7 Biomarker analysis
Cerebrospinal fluid

NFL and GFAP were analysed using previously described ELISA methods
[159,160]. The detection limit of the NFL ELISA was 125 ng/L. CSF NFH
was analysed using a sandwich ELISA (Abnova, Walnut, CA, USA).

CSF total tau (T-tau), tau phosphorylated at threonine 181 (P-taul81), and
AB1-42 levels were determined using XMAP technology and the INNOBIA
AlzBio3 kit (Innogenetics, Zwijndrecht, Belgium) as previously described
[161]. S-100B was determined by an electrochemoluminescence immunoas-
say using the Modular system and the S100 reagent kit (Roche Diagnostics).
H-FABP was measured using a commercially available ELISA method (Hy-
cult Biotechnology, Uden, The Netherlands), following the instructions from
the manufacturer.

CSF ABX-38, ApX-40 and APX-42 levels were measured by the electroche-
miluminescence technology using the MS6000 Human Abeta 3-Plex Ultra-Sen-
sitive Kit, while B-secretase cleaved soluble APP (sAPP-B) and a-secretase
cleaved soluble APP (sAPP-a) were measured using the MS6000 Human sAP-
Palpha/sAPPbeta Kit (Meso Scale Discovery, Gaithersburg, Maryland, USA),
as described previously [162]. CSF levels of ApoE and ApoA1 were measured
using the MILLIPLEX MAP Human Apolipoprotein Panel (Millipore Corpo-
ration, Billerica, MA, USA) in a Bio-Plex instrument (Bio-Rad Laboratories,
Inc., Herts, UK). Quantification of AB1-42 in plasma was performed by single
molecule digital ELISA, as described previously in detail [163].

Intra-assay coefficients of variation were <10% for all assays. For each marker
all samples were analysed on one occasion to eliminate any inter-assay varia-
bility.

Blood

Plasma levels of total tau (T-tau) were determined using a novel digital im-
munoassay [164]. The limit of detection of the assay is 0.02 ng/L, which is
over 1000-fold more sensitive than conventional immunoassays. The assay

Sanna Neselius | Diagnosis and monitoring of sport-related concussion 47



utilizes the Tau5 monoclonal for capture (Covance), and HT7 and BT2 mo-
noclonals for detection (Pierce/Thermo). These antibodies react with both nor-
mal and phosphorylated tau, and have their epitopes in the mid-region of tau,
making the assay specific for all tau isoforms.

A similar assay was used to measure AB42 concentrations in plasma, as previo-
usly described in detail [163].

Serum levels of S-100B were determined by an electrochemoluminescence
immunoassay using the Modular system and the S100 reagent kit (Roche Di-
agnostics).

GFAP levels in serum were determined using a previously described ELISA [165].
BDNF levels in serum were determined with the BDNF Emax® ImmunoAssay
System according to instructions by the manufacturer (Promega, Madison, WI).
Experienced and certified laboratory technicians performed all analyses simul-
taneously. Intra-assay coefficients of variation were <10% for all analyses.

6.1.8 ApoE genotyping

APOE (gene map locus 19q13.2) genotyping was performed using TagMan®
Allelic Discrimination technology (Applied Biosystems, Foster City, CA). Ge-
notypes were obtained for the two SNPs that are used to unambiguously define
the €2, €3, and &4 alleles (rs7412 and rs429358).

6.1.9 Neuropsychological evaluation

An experienced neuropsychologist designed the neuropsychological assess-
ment with the aim to test memory, processing speed and executive functions,
the main areas previously shown to be impaired after traumatic brain injury
[67,68]. The cognitive testing was administered at 1-6 days after the last bout,
prior to, but on the same day as the collection of CSF and blood samples (test
A). It was performed at daytime at the University Hospital in Linkoping, in
a quiet room without distraction. The same examiner administered all the
tests following a standardized procedure. The duration of the neuropsycholo-
gical assessment was approximately 60 minutes. A blinded experienced neu-
ropsychologist analysed the neuropsychological assessment.

Rey Osterrieth Complex Figure Test, part 1
The examiners were given a task to draw an exact copy of a given figure (fig.6)
without time limitation [70].
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Figure 6. Rey Osterrieth Complex Figure [70].

Vocabulary

The vocabulary task involves the explanation of the meaning of words, rang-
ing from common to less well-known items. Vocabulary intervention evaluates
language and semantic memory and is part of the WAIS-R. Vocabulary is
related to level of education and is critical for studies where educational back-
ground may interfere with neuropsychological results [85].

Controlled Oral Word Association Test (COWAT)

Participants were asked to generate as many words as possible that begin with
a given letter, (i.e. F, A OR S, excluding proper names, numbers or words with
different tenses or endings). Sixty seconds was allowed for each letter. The
dependent variable was the total number of correct words produced, minus any
repetitions [70].

Listening Span

The participants listened to a set of sentences, half of which were semantical-
ly correct and the other half incorrect. Participants were instructed to report
whether each sentence was correct or not and to remember the last word in
each sentence. This procedure was repeated for two to five sentences. After
the sentences had been presented, the participants were asked to recall all the
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target words in correct order. The task was repeated five times at each level of
difficulty [166].

Rey Osterrieth Complex Figure, part 2.

The participants were again asked to draw the figure from memory as best
they could, after been provided adequate distraction for about 30 minutes. To
prevent rehearsal, the tasks between ROCF part 1 and 2 were not related to
drawing or geometry. The scoring in the Rey-Osterrieth Figure Test was made
according to established criteria developed by David Loring [167].

Computerized testing of episodic memory A

The examiners were presented a series of words, half of the words presented
in writing on the computer screen and half of them presented with a recorded
voice. The task was to try to remember all the words, even during following
distractor tasks.

Digit Span

Participants were presented with a number series by the examiner, starting with
two sets of three numbers, each stage adding one number. There were seven
stages in total. The task was to immediately reproduce the words.

It is shown that performance on the Digit Span task is relatively insensitive
to effects of mild TBI [168]. However, it ascertains that participants master
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Figure 7. Trailmaking A to the left and B to the right [169]. I part A the task is to draw lines and
connect numbers in ascending ovder. In part B the examiner shall draw lines to connect circles
alternating between numbers and letters in ascending order (1-A-2-B).
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necessary attention skills in order to allow meaningful interpretation of other
neuropsychological data.

Trailmaking A and B
The task is to be as fast as possible without any mistakes and without lifting the
pen from the paper (fig. 7).

Computerized testing: Simple and Complex Reaction Time

Reaction time is vulnerable to the effects of mild TBI [98]. Both Simple and Com-
plex Reaction Time tests were constructed by a standardized model [170]. The ex-
aminers were presented with one of two geometrical figures (a circle or a triangle)
on the computer screen.

When evaluating Simple Reaction Time, participants were instructed to respond as
quickly as possible whenever the circle appeared on the screen.

Complex Reaction Time required participants to respond with right index finger to
the circle and left index finger to the triangle.

Each stimulus was presented for 100 msec. A randomly varying interstimulus in-
terval (ISI) was used, ranging between 300 and 5000 msec. The measurement was
based on 40 repetitions of each condition. Individual mean values for the simple
and complex reaction time were calculated and the difference between complex
and simple reaction time for use in the further analysis of the results.

Computerized testing: Finger Tapping

The participants were asked to keep their dominant hand palm down; fingers ex-
tended, and rest the index finger on the space bar on a computer keyboard. The
participants were instructed to press the key as many times and as fast as possible
until a brief pause was introduced. The entire session consisted of five consecutive
trials of 15 seconds each with a 15 second rest in between trials. We used the pace
(= mean number of finger taps across trials) in our further analyses.

Computerized testing: Episodic memory — Part B

Following the part one of the Episodic Memory task, a self-paced, computerized,
yes-no recognition test in two parts took place in the assessment of recognition me-
mory performance. Written instructions explaining the nature of the recollection
classification tasks (including particular examples) were presented on the compu-
ter screen during the recognition test.

In part one, words from Episodic Memory A were presented together with distractor
words. The participants were asked to decide whether the word had occurred in the
previous study lists and if they answered “yes”, were also asked to decide if the
recognition was accompanied by recollection (associations that took place during
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the previous presentation, feelings or thoughts that linked the affirmative recognition
decision to the previous presentation of the specific word).

In part two, the participant was asked to discriminate and identify earlier pre-
sented audial words among earlier visually presented words and fifteen new
distracters. The subject was also asked to decide whether the recognition was
accompanied by recollection.

Paper 5 presents a 21-year old amateur elite boxer using a head guard who was
enrolled after suffering a knockout during a super heavy weight (+91 kg) fight.
Written informed consent was obtained from the participant.

6.2.1 Baseline data

The boxer’s fighting record included 33 wins out of 45 bouts (73%), without
previous knockouts or losses due to RSC-H. Before the knockout bout, that
was the focus of this study, the boxer had not competed for 6 weeks, but he had
participated in a one-week long training camp, with tough sparring, ending one
week before the knockout bout.

At the time of the knockout, the boxer received a rotational punch to the jaw
in round 2 and lost consciousness for about 5 seconds. After gaining consci-
ousness, the boxer reported that he felt fine. The on-field examination by the
ringside physician was normal. At the local emergency department the boxer
underwent a medical evaluation including CT scan of the brain without any
pathological findings.

Medical anamnesis at enrolment revealed that the boxer was previously healt-
hy and without history of previous concussions. The boxer reported a low al-
cohol intake and denied usage of drugs.

6.2.2 CSF collection and analyses

CSF was collected at 5 time points: 16 days after the knockout and then at 9,
18, 28 and 36 weeks. NFL, GFAP, T-tau, P-tau, AB42 were analysed. Damage
to the blood-brain barrier was evaluated by analysing the CSF/serum albumin
ratio (described in section 6.1.7). The concentrations were compared with la-
boratory reference values.
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STATISTICS

Statistical analysis was carried out using the IBM Statistical Package for So-
cial Sciences (SPSS). Version 17.0 was used to analyse the data presented in
paper 1. Version 16.0 was used for paper II and III and Version 21.0 was used
for paper V.

Descriptive data are reported as the mean, standard deviation (SD) and range
(minimum-maximum). The level of significance was set at p < 0.05.

Differences between boxers and controls for the biomarker variables BDNF,
FABP, GFAP, S100B, AB42, Total-tau and P-tau were tested using a Student’s
t-test. For the other biomarkers, the comparison between boxers and controls
was calculated with the non-parametric Mann Whitney U test since some of
the variables had skewed distributed data.

For the boxers, differences between time point A and B were compared using
a paired sample T-test (for BDNF, FABP, GFAP, S100B, AB42, Total-tau and
P-tau) and the Related Samples Wilcoxon’s signed rank test.

Regression analysis was used as an exploratory tool to explain variation of the
marker values as a function of different factors. Bayesian Model Selection was
used to identify the best predictive model [171].

Correlation analyses were performed with a Spearman two-tailed test.

Comparisons between groups were performed using the non-parametric
Mann-Whitney U-test, as some of variables had skewed distributed data. Cor-
relation analyses were performed with a Spearman two-tailed test.
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RESULTS

8.1.1 Questionnaire design and neurological examination

The questionnaire about medical and social history and the 10-question survey
was similar between boxers and controls (table 4). None of the boxers suffered
from loss of consciousness during their last bout before test A. Only one of
the boxers reported concussion-related symptoms after the bout (in this case
headache) at the clinical examination, but the medical and neurological exa-
minations were normal in all subjects with GCS 15. There was no correlation
between age or the risk factors listed in table 5 and brain injury markers, when
using a multiple regression model.

8.1.2  CSF biomarkers of neuronal injury

The markers of axonal injury, NFL, pNFH and T-tau were elevated in the box-
ers at test A compared to controls (Table 6). At test B, T-tau had normalised
in the boxers but NFL and pNFH remained elevated compared to controls
(p<0.001 and p=0.018).

CSF pNFH concentrations correlated with NFL (r = 0.57 after bout and 0.64
at follow up, p<0.001). 83 % of the boxers had NFL concentrations >125 ng/L
after the fight (test A). Normal concentrations for this age group are considered
< 125 ng/L (below the detection limit) [159]. One of the controls had a NFL
concentration of 380 ng/L in the CSF; all of the others were <125 ng/L. At fol-
low-up, 50 % of the boxers still had NFL concentrations >125 ng/L. Regressi-
on analysis for test A showed that NFL increased by 147 ng/L per day between
days 1-6 after a bout (SD 67.0), t=2.190, p=0.037.

Boxing Exposure, the calculation of total amount of head trauma prior to test
A, correlated with NFL concentrations (r = 0.396, p = 0.030). In the two boxers
having the highest NFL concentrations at test A, 2340 ng/L and 2480 ng/L res-
pectively, the collection of CSF was performed 5 days post fight. At follow up
with a 14 day resting period, their NFL concentrations had decreased to <125
and 1600 ng/L, respectively. Both boxers had high Boxing Exposure grading
with 1 and 2 tough bouts during the previous week and an expert score for
their total boxing career of 4.0 and 5.0, respectively. The only boxer reporting
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INFORMATION BOXERS (30) CONTROLS (25)
AGE (years) Mean 22 (17-34) Mean 22(17-30)
SEX 28 male
2 female 20 male
5 female
EDUCATION
Primary School 13% 20%
High School 67% 64%
University 20% 16%
OCCUPATION
Student 33% 36%
Unemployed 20% 16%
Work 47% 48%
RISK SPORTS FOR
TBI > 10 YEARS*

0% 24%
CONCUSSIONS 17% (max 2) 16% (max 1)
ALCOHOL
No 40% 16%
> once per week 7% 8%
DRUGS
Marijuana, Haschish 0% 12%

Table 4. Information about boxers and controls
The boxers and controls were well matched. * Participants that had competed in sports where a
head injury can occur e.g. soccer, ice hockey, martial arts
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AGE (years)

Test A1

Test B2

AGE, WHEN START
OF BOXING CAREER
AGE, FIRST BOUT
DURATION CAREER
DIPLOMA BOUTS3
REGULAR BOUTS
Test A

Test B

WINS (%)

Test A

Test B

KNOCKOUT

One

Three

RSC-H4

One

Two

WEIGHT (kg)
BOXING STYLE
Defensive boxer
Counterattack boxer
Attack boxer
EXPERT SCORING5
Mean score < 2.0
Mean score 2.1-3.9
Mean score > 4.0
LAST BOUT (days)
Test A

TestB

BOXING EXPOSURE
Scoring last bout6
Number of bouts7

Concussion symptoms8

Table 5. Boxers’ details

30 boxers, mean 22 (17-34)
26 boxers, mean 24 (17-34)

Mean 14 (7-19) years
Mean 15 (10-19) years
Mean 7 (3-13) years
Mean 18 (0-57) bouts

Mean 74 (47-168) bouts
Mean 92 (47->200) bouts

Mean 70 (25-92)
Mean 68 (25-92)

8 (27%)
1(3%)

5 (17%)
1(3%)
Mean 70 (54-91)

7%
66%
27%

7%
74%
20%

Mean 2.7 (1-6)
Mean 148, median 26 (14-760)

20% easy 47% 33% tough*
1(40%) 2 (40%) 3 (20%)*
1(3%)*

'1-6 days after bout; °A rest period of a minimum of 14 days; *Boxing at age 10-14 years
without hard punches; * Referee Stops Contest due to hard blows against head; °5Three experts
graded the boxers 1 to 5, independently, (from low to high head trauma exposure considering
total boxing career); ® The boxers scored their last fight as easy, intermediate or tough,; ” Number
of bouts in a row (maximum one per day) for the test A; ® If a boxer experienced some sequelae
after the last bout; *Boxers with increased risk for TBI
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sequelae (headache) after the fight reported 3 tough bouts over 3 days during
the previous week and a mean expert score of 3.7 for their total boxing career.
CSF NFL concentration was 600 ng/L one day after the last fight and increa-
sed to 1780 ng/L 15 days later. In total, 23 % of the boxers with elevated NFL
concentrations at test A had even higher values at follow-up. Interestingly, one
of these boxers had not been boxing for 360 days.

With regards to the other markers for neuronal injury; H-FABP, BDNF, ApoA1 and
ApoE; no significant differences were found between boxers and controls (table 6).

8.1.3 CSF biomarkers of astroglial injury

GFAP and S100B are biomarkers for astroglial injury. All controls had GFAP
concentrations between 90 and 380 ng/L except one subject who also had an
elevated CSF NFL concentration. This individual had a GFAP concentration
of 820 ng/L, which is considered abnormal for this age group [160]. 60% of
the boxers had GFAP concentrations > 410 ng/L (the value calculated by mean
concentration of the controls, without the outlier, plus 2SD) at test A. 27%
boxers still had GFAP concentrations > 410 ng/L at follow up (table 6).

Concentrations of S-100B were significantly increased after a bout, but norma-
lized at follow up, compared to controls (Table 6).

8.1.4 CSF biomarkers for neurofibrillary tangle an plaque pathology

No differences between boxers and controls were found for P-tau or any of the
beta amyloids (table 6).

8.1.5 Biomarkers in peripheral blood

Tau in plasma was significantly increased in 20 % of the boxers after a bout
(test A) compared to controls, but no significant difference was found between
controls and boxers at follow up (test B)(Table 7).

One of the boxers had a plasma-tau concentration within the range of controls
(0.80 ng/L) after the bout, increasing to 2.90 ng/L at follow up even though
the boxer had not been boxing for over 3 months. This opposed the more com-
mon pattern of decreasing concentrations of plasma-tau between the two mea-
suring occasions. Plasma-tau concentrations for the boxer that complained of
headache after the last bouts were neither elevated at test A nor at test B (1.23
ng/L and 0.29 ng/L, respectively).

Correlation of plasma-Tau to risk factors for traumatic brain injury

There was no correlation of plasma-tau with any of the boxers’ risk factors for
TBI (table 5).
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Correlation of elevated plasma-Tau vs elevated CSF-biomarkers

There was no correlation between plasma-tau and any of the CSF biomarkers.

S100B, GFAP, BDNF and Ap42

The concentrations of serum — GFAP were under the detection limits for all ex-
aminations. No differences within the groups were seen in the other analysed
biomarker concentrations. The results are presented in table 7.

8.1.6 Role of APOE genotype

Possession of the APOEg4 allele did not influence biomarker concentrations.

8.1.7 Neuropsychological evaluation (paper IV)

The visuospatial ability was tested with the first part of Rey-Osterrieth Figure
Test and revealed no differences between the groups.

No significant differences between the boxer and control group were seen in
the assessment of episodic, language and semantic memory. Digit Span and
Listening Span were used to assess working memory. No differences were
seen in Digit Span but the boxers performed better than the matched controls
in the Listening Span Task (p=0.049).

Evaluations of processing speed and executive functions were made using the
tests Trail Making, Reaction Time and Finger Tapping. No differences between
the groups were detected in any of these tests.

Relationship between neuropsychological evaluation and CSF NFL

When investigating the relationship between neuropsychological evaluation
and CSF NFL, it was revealed that boxers with persisting NFL concentration
elevation at test B (after rest) had significantly poorer performance on Trailmaking
A (p=0.04) and Simple Reaction Time (p=0.04) compared to the other boxers.

The laboratory analyses showed marked elevation of CSF NFL 16 days post
trauma, about 4-fold higher concentrations than in paper I and in a previous
study on Swedish amateur boxers. Total-tau increased slightly between the first
and second test occasions - 16 days and 9 weeks. The biomarker concentra-
tions are presented in table 8.
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During the whole follow-up period, the boxer did not report any concussion
symptoms such as headache, memory deficits, dizziness or nausea. He was
physically active but avoided all boxing training including head targeting for 5
months. After that normal training and sparring begun.

As shown in fig. 8, CSF NFL decreased gradually over the 18 weeks post
trauma, while the boxer was resting, but was still significantly elevated at this
time point. The boxer competed for the first time 6 months post trauma, 4 days
before the 28-week test. Normalisation of NFL did not occur until the final
CSF sample at 36 weeks post trauma.

CSF REFERENCE WEEK

Biomarker ng/L (years) 2 9 18 28 36
NFL <380 (<30) 3250 2190 680 600 370
T-tau <300 (18-45) 303 326 224 223 151
P-tau <60 (< 60) 37 51 38 37 35
GFAP <750 (20-60) 280 230 290 360 120
AB42 > 550 (>18) >550 >550 >550 >550 >550
Albumin ratio < 7.2 (15-45) 4.2 3.0 3.6 3.7 3.5

Table 8. CSF brain injury biomarkers in a boxer following concussion
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Figure 8. CSF NFL concentrations in a boxer following a knockout.

Time-course of cerebrospinal fluid neurofilament light protein changes in an amateur boxer after
a knockout. Lumbar punctures were taken 2 weeks after trauma and then at regular intervals until
normalisation. The dotted line represents the reference limit (<370 ng/L) for the boxer's age group.
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DISCUSSION

Concussions are one of the most common sport-related injuries. These inju-
ries have received increased attention in recent years, since there is now an
awareness that an important type of change following concussion is axonal
damage, often called diffuse axonal injury (DAI) [13] and that there is risk for
long-term effects. In order to learn more about the pathogenesis and neurobio-
logical changes after a concussion, this thesis has evaluated both the effects of
the repetitive subconcussive head trauma as well as the effects of a knockout
(concussion) in amateur boxing when boxing with a head guard.

Analysis of biomarkers in the CSF and peripheral blood (paper I-III) revea-
led that, even though none of the boxers had been knocked out and only one
complained of concussion symptoms (headache), the repetitive subconcussive
head trauma in boxing leads to acute axonal and glial damage, that can persist
more than 2 weeks. The case report of a knocked out boxer (paper V) further
shows that after a concussion, in total absence of concussion symptoms, full
recovery takes more than 4 months.

9.1.1 Biomarkers for axonal injury

Since diffuse axonal injury is defined as the mildest form of traumatic brain
injury [37], it is not surprising that the axonal injury marker NFL was the most
sensitive of the CSF biomarkers in detecting traumatic brain injury. There
are several explanations for why the other axonal injury biomarkers were not
sensitive enough to detect TBI.. For NFH, one important factor is that it is
mainly analysed in its phosphorylated form, pNFH. Therefore only a part of
the total circulating NFH in the CSF is analysed. Tau, in turn, is localized in the
distal parts of the axons [146], whereas neurofilaments are expressed in large
amounts along the large, myelinated axons [121] and thereby most affected by
the translational/rotational acceleration of head impacts.

NFL and T-tau concentrations gradually increased daily during the 6 days post
trauma, similar to findings from previous studies [172].

Sanna Neselius | Diagnosis and monitoring of sport-related concussion 65



9.1.2 Biomarkers for glial injury

GFAP was significantly increased in boxers as compared to controls, but it
remains unclear if concentrations correlate with size of injury and when they
reach maximum levels post injury. At follow up, only GFAP was still signi-
ficantly elevated in the boxers. The boxer having the highest GFAP concen-
tration at test A was the only one complaining of concussion symptoms after
a bout. This boxer had boxed three tough fights in a row (one daily). CSF
was collected one day after the last bout. At follow up 15 days later, the CSF
concentration of GFAP had decreased (960-500 ng/L), but was still elevated
compared to the control group. In the knocked out boxer presented in paper
V, the CSF GFAP concentration, analysed 16 days post trauma, was 280 ng/L.
This boxer had only boxed one fight and was knocked out in the second round.
More studies are needed to investigate whether GFAP correlates with the size
of glial injury.

S100B was also significantly increased in boxers as compared to controls. The
increased concentrations of S100B in the boxers at test A were somewhat sur-
prising, since the CSF was collected on average 2 days post bout and it has been
shown to peak at day 1 post head trauma [134]. Except in the CNS, S100B can
be found in adipose tissue, muscles and skin [173]. Increased serum concentra-
tions have been found both after TBI and after physical activity such as marathon
running [ 174], although the half-time of serum-S100B released from muscles is
short with normalization within 20 hours [174]. Since no studies to our know-
ledge have shown transport of S100B from serum to the CSF, S100B in the CSF
most likely reflects the true cerebral SI00B concentration [175]. The role of
released S100B after TBI is not clearly understood but it might have both neu-
rotrophic and neuroprotective functions, or simply reflect injury-related release.

9.1.3 Interpretation of CSF NFL concentrations

According to our findings as well those from previous studies, the normal CSF
NFL concentration for this age group is < 125 ng/L, which was the detection
limit for the analysis method used in our studies [16,110]. In paper I it was
shown that after a “normal” boxing bout, the NFL concentration can increase
up to 20 times, but after a knockout (paper V), the increase is much higher — at
least 30-fold. This leaking of CSF NFL is interpreted as a sign of injured or
ruptured axons.

66 Sanna Neselius | Diagnosis and monitoring of sport-related concussion



9.1.4 Correlation with head trauma exposure

NFL was the only biomarker in this thesis shown to correlate with the boxing
exposure score, which could be considered as an indirect measure of the ex-
pected size of injury. CSF NFL has also been shown to correlate with the size
of head injury in a previous study on Swedish amateur boxers [16].

9.1.5 CSF biomarker changes at test A and B (paper I, I1I)

Attest A (1-6 days after the last bout) the markers of axonal injury NFL, pNFH
and T-tau, and the markers for glial injury GFAP and S100B, were significantly
increased in boxers when compared to controls. At follow up (median 26 days
post bout) the concentrations had decreased, but NFL was still elevated in 50%
of the boxers, pNFH in 12% and GFAP in 27 % of the boxers. This can be in-
terpreted as sign of acute injury that has not yet fully recovered or it might also
be a sign of long-term effects of repetitive subconcussive head injury. Interes-
tingly, one of the boxers with increased NFL concentrations at follow up had
not trained or competed in boxing for 360 days since test A. All three boxers
with elevated concentrations of pNFH at follow up had higher concentrations
than at test A.

In peripheral blood only the axonal injury marker T-tau was elevated in plas-
ma in a subgroup of boxers compared to controls after a bout (paper III).
However, plasma T-tau concentrations did not correlate with boxing exposure,
risk factors or any of the CSF biomarkers.

Since tau is exclusively found in axons, the increased plasma-tau likely reflects
axonal damage caused by the repetitive subconcussive trauma incurred while
boxing. The analysis results were somewhat unexpected. Firstly, all but one of
the boxers were non-symptomatic concerning concussion symptoms. Second-
ly, the blood samples at test A were collected 1-6 days after a fight, whereas
an animal study on rats was not able to show plasma-tau elevation after 24
hours post TBI; Thirdly, these results contradict the findings of two previous
studies based on patients with mild TBI (GSC 13-15) [115,176]. One proba-
bly explanation for the differences between our study and previous studies is
thatwe used a more sensitive analysis method (detection limit of 0.02 ng/L)
than previously used (Innogenetics ELISA). The same analysis method for
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plasma-tau used in this thesis has also been used in a recently published study
on concussed ice hockey players. In that study, plasma-tau was elevated for up
to 144 hours post trauma and it also seemed to correlate with outcome [177].
The potential and clinical relevance of tau, the transport of tau from CSF to
peripheral blood, and the kinetics of tau after TBI in peripheral blood need to
be further explored.

To measure biomarkers in serum after a mild TBI is challenging, since a smaller
amount of released markers from the CNS can be analysed in peripheral blood
compared to CSF. The role of the blood-brain-barrier and kinetics are not fully
understood.

A limitation of the broader clinical use of CSF analysis in return-to-play consi-
derations after a sport-related concussion is that lumbar puncture is more in-
vasive and demands more skills than blood sample collection. In contrast to
CSF, blood samples can be readily collected; hence reliable quantification of
NFL and other brain injury biomarkers in serum/plasma would be a major stri-
de towards using biomarkers in the diagnosis and monitoring of sport-related
concussions.

Neuropsychological evaluation has been advocated as the most sensitive tool
in diagnosing and monitoring a sports-related concussion [64]. Therefore it
was valuable, for the first time ever, to relate neuropsychological assessment
with CSF concentrations of the brain-specific brain injury markers. It was
found that without baseline testing, neuropsychological assessment was not
able to identify those boxers that had obtained small axonal injuries. One argu-
ment could be that the detected axonal injury is so small that it does not have
any relevance, but interestingly, the boxers with elevated NFL concentrations
performed significantly worse in Trailmaking A (p=0.041) and Simple Reac-
tion Time (p=0.042), than the boxers with normal NFL concentrations. Both
tests evaluate processing speed and executive functions, abilities that have
been shown to be impaired after TBI [94,95,98].
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At the latest International Consensus Statement on Concussion in Sports 2012, or-
ganized by IOC, FIFA, IRB and H.H.F, it was stated that all concussions should be
treated individually, based on the grade of concussion. Athletes were recommen-
ded to follow the Return-to-play programme with a stepwise increase in physical
activity during rehabilitation [25]. The problem with the Return-to-play protocol
(table 1) is that it is based on recovery from symptoms rather than knowledge
about healing time. It is likely that a concussion undergoes a healing process, just
like other organs in the body, but in contrast to a bone fracture for example, it has
been possible to follow the healing process with objective investigations. In the
light of our findings, we suggest that absence of symptoms is not equivalent with
full recovery. This assumption is based on following facts:

. There is an enormous problem with underreporting of concussions
and masking of symptoms [178].

. Athletes with a history of previous concussions are more likely to
have future concussive injuries than those with no history [19].

. Several concussions are associated with slower recovery than a

single concussion [19].

. At least 12 % of fatal sport-related subdural hematomas had a
reported history of concussion with persistent symptoms within
4 weeks of death [32].

. It is suggested that a concussion precedes second impact/cerebral
swelling [36].

According to the “Return-to-play guidelines”, the knocked out boxer in paper
V would have been allowed to return to sport within a week. Nevertheless, un-
like in many other sports, competing and training in amateur boxing is prohibi-
ted for 28 days after a knockout. Also this interval may well be too short, since
our findings indicate that the brain needs a much longer time to recover after
a mild TBI/concussion than previously known. It took more than four months
before full recovery after a concussion due to a knockout, when measured by
CSF biomarker analysis. The recovery time was much longer than the expec-
ted 7 days, even though the unconsciousness duration was only a few seconds
and the boxer did not have any concussion symptoms.

Concussion in boxing can be caused either by translational acceleration or, as
in our case study, after rotational acceleration caused by the hook. It is sugge-
sted that the brain is more vulnerable to forces caused by angular rotation, cre-
ating axonal stretching and greater tension on brain tissue and on the bridging
vessels which partly can explain the long recovery time [179].
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Since sport-related concussions are a major concern in many sports and there
are risks of long-term consequences, we believe that it is important to work
proactively and apply present knowledge and combine available examinations
and tests to present practical advice to the concussed individual and to every-
body involved in the care and training of athletes.

Although the many health benefits of sports participation widely over-weighs
the risk of sports-related concussion, preventive interventions should be imple-
mented to decrease the concussion rate and risk for complications. Education,
better sport-specific regulations to increase medical safety, and improvement
of safety equipment, together with development of efficient assessment tools can
help to reduce the concussion rates and complications to lowest possible level.

To be more specific:

. Continuous education of trainers, athletes, relatives, medical
staff and sport federations is necessary to increase the reporting
frequency and to reduce the risk of athletes returning to sport
with persistent concussion symptoms.

. Exposure to competitions every weekend and/or tough spar-
ring several times per week in boxing and other full contact
sports can be questionable and should perhaps be regulated.

. It would be advisable to slow down the “return-to-sport” time
after a concussion, especially in young individuals with more
vulnerable brains.

. Suspension from further play over at least 4 weeks as in box-
ing should be compulsory in all sports with increased risk of
TBI such as martial arts, soccer, rugby, ice hockey and alpine
skiing.

. Even though more studies are needed, knowing the concentra-
tion of CSF NFL may be of assistance to the clinician in the
diagnostic and prognostic counselling of concussed athletes,
thereby aiding in return-to-play considerations.
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10 STRENGTHS
AND LIMITATIONS

. The boxers and controls were very well matched according to age,
education, social background and previous concussions although the
alcohol/drug intake was higher in the control group.

. Many of the controls had a long sports career in high impact sports
with high risk of TBI, such as soccer and ice hockey, just like in the
normal population.

. All participants were screened for risk factors for TBI and other factors
that might influence the results (previous concussions, education, soci-
al background, drugs).

. The boxers were thoroughly evaluated according to boxing exposure.
. Several different assessment tools were used in the evaluation; medical
and neurological evaluation, analysis of biomarkers, neuropsychologi-

cal evaluation and MRI.

. When comparing with other similar studies, the groups consisting of
30 boxers and 25 controls were relatively large.

. All specific biomarker analysis was made simultaneously to eliminate
any interassay variability

. The evaluation of the neuropsychological assessment was blinded to
the neuropsychologist.
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. One limitation of this study is the variation of time points for CSF
sampling for test A and B. The test A was performed 1-6 days after
bout and test B hade even a greater variation (14-760), with a median
of 26 days after bout. Ideally we would have liked to collect the CSF
at the same time points for all participants. This was not possible since
we had to adapt to the boxers’ schedules and take the risk for side ef-
fects in the form of post spinal headache into account.

. Although the sample size in our study was larger than in previous
studies on boxers, the sample sizes of the groups were still small and
more studies are needed.

. The lack of a developed analysis kit, or kits that were not sensitive
enough, limited the evaluation of the brain injury biomarkers in pe-
ripheral blood. Therefore all GFAP concentrations were under the de-
tection limit. When the studies included in this thesis were performed,
there was no available method to quantify NFL in plasma/serum, so-
mething that now seems possible [109].
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CONCLUSIONS

The conclusions of this study were:

. Repetitive subconcussive head trauma due to boxing caused axonal and
glial injury, detectable with analysis of NFL, pNFH, Total-tau, GFAP
and S100B in the cerebrospinal fluid and Total-tau in plasma, even
though the boxers did not have concussion symptoms or lost conscious-
ness.

. CSF NFL, a marker for axonal injury, was especially interesting since
the concentration was shown to correlate to the amount of head trauma
and was normalized at full recovery.

. T-tau in plasma increased significantly in boxers compared to controls
after a bout, but there was no correlation with any of the CSF biomarkers.

. Neuropsychological evaluation was not as sensitive as CSF biomarker
analysis in detecting small axonal and glial injury.

. ApoE genotype did not influence biomarker concentrations after bout.

. Post-injury biomarker measurements in the cerebrospinal fluid, espe-
cially NFL, may give objective information on the severity of axonal
damage after a concussion, why longitudinal follow-up samples may
be used to monitor subsidence of increased axonal proteins and thereby
help athletes decide when they can safely resume training/competing.
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FUTURE
PERSPECTIVES

The aim is to perform a long-term follow up of the study participants consis-
ting of boxers and controls included in this thesis.

It is time to diversify the “Return-to-Play guidelines™ after concussion to bet-
ter prevent the risk of recurrent concussions, complications and/or long-term
consequences [32,36,180].

Longitudinal, clinical studies on sports-related concussion employing cere-
brospinal fluid and blood biomarkers are needed to establish reliable, standar-
dized and quantitative tests to track brain recovery over time.
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