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Concussions are common in contact sports. Symptoms such as confusion and/or loss of
consciousness following an impact to the head indicate that a sport-related concussion (SRC)
has occurred. The symptoms normally resolve within 10-14 days following an SRC in adults
although at least 10 % of athletes suffer from prolonged symptoms. Repeated SRCs have
been linked to increased incidence of neurodegenerative disorders including tau aggregation,
attributed to axonal injury and neuroinflammation. This thesis investigates the epidemiology
and management of SRC in Swedish elite soccer, and pathophysiologic aspects of concussed
athletes.

In questionnaire-based studies, paper I (retrospective) and II (prospective), >1000 Swedish
elite soccer players were evaluated. One third of players continued to play at time of SRC, in
opposition to current guidelines. In addition, the concussion incidence (ca 1.19 /1000 game
hours) was similar in males and females. However, females had a higher symptoms load
at baseline, at time of SRC, and had a longer duration of symptoms than male players. In
Papers III and IV, pathophysiological aspects were evaluated in young athletes with ≥ 3
previous SRCs, diagnosed with post-concussion syndrome, and moderate to severe traumatic
brain injury (TBI) patients ≥6 month post-injury. We used 3T PET/MR in addition to blood and
cerebrospinal fluid biomarkers, and cognitive evaluation. MR imaging (arterial spin labelling;
ASL) was used to estimate cerebral blood flow (CBF) in Paper III. Here, increased TBI
severity was associated with decreased total grey matter CBF, and female athletes had globally
decreased CBF. In Paper IV, tau aggregations were investigated by the PET tracer THK5317,
and microglial neuroinflammation by the PK11195 tracer. SRC athletes had increased tau
in the corpus callosum, and increased neuroinflammation medially in the medial temporal
lobes. In TBI patients, tau was increased in thalami, temporal white matter and midbrain, with
widespread neuroinflammation in white matter tracts. The alterations of CBF, and increased
tau and neuroinflammation, in persistently symptomatic SRC athletes may contribute to the
pathophysiology of SRC and the risk of long-term consequences. However, to determine
whether these changes are persistent, exacerbate with time or may resolve spontaneously
longitudinal studies are required.
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1 Introduction 

The brain is the most complex organ in the human body1, with the neural bod-
ies in the grey matter connecting to other areas of grey matter through axons, 
the main components of the white matter. Signalling through this network of 
neurons and synapses enables the brain to think, calculate and steer the body. 
The brain is even able to dynamically maintain its function during periods of 
highly variable physiological conditions, such as during physical and mental 
exertion2. Due to the mechanics of closed head injuries3, the axons are more 
vulnerable to injury than the neuronal bodies, but exactly what happens in a 
concussion is debated4. Since both moderate and severe traumatic brain inju-
ries (TBIs) and repeated concussions can cause severe disabilities and suffer-
ing5, 6, they result in high costs for the affected individuals and for the society7. 
Furthermore, victims of TBI and repeated concussions are often young, mean-
ing they can suffer many years of disability8, 9. Up to 90% of TBIs can be 
classified as mild TBIs10, a term used interchangeably with concussion. How-
ever, the latter term is more common in sports, whereas mild TBI (mTBI) is 
more commonly used for other mechanisms of injury. At least 10% of those 
who sustain a concussion suffer from prolonged symptoms11, with increased 
frequency in females12-16, and this figure increases further in repeated concus-
sions. Neurons that die are not replaced, but thanks to plasticity, other neurons 
can sometimes take over their function. An increasing amount of data indi-
cates that TBI is a lifelong progressive disease causing neurodegeneration, 
which suggests that there might be a window of interventional opportunity17. 
The pathophysiological processes indicate an intricate relationship between 
axonal injuries, tau, neuroinflammation and brain atrophy18-20. Although con-
cussions do not cause structural lesions, they alter the function, microstructure 
and metabolism of the brain21. 

Athletes in contact sports, especially those moving at high velocity, are at in-
creased risk of repeated concussions. In this thesis, soccer is investigated with 
regard to how common concussions are, symptom resolution and sex differ-
ences, both retrospectively and prospectively. In addition, the studies included 
here investigated the pathophysiology of persistently symptomatic athletes in 
comparison to healthy controls and moderate to severe TBI patients. Aspects 
of tau, neuroinflammation, cerebral blood flow, neuropsychology, volumetric 
brain investigations and biomarkers in blood, cerebrospinal fluid (CSF) and 
magnetic resonance spectroscopy (MRS) were also investigated. 
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1.1 History 
The word concussion comes from the Latin concussio, which means ‘to shake 
violently’. A near synonym, ‘commotion of the brain’, was first used in the 
Hippocratic corpus – a collection of medical works associated with Hippocra-
tes – to describe different symptoms resulting from a blow to the head. During 
ancient times, no real distinction was made between the transient effects of 
concussion and severe TBI. Rhazes, a Persian physician, was the first to make 
this distinction in the 10th century. He was also probably the first to use the 
term ‘cerebral concussion’ which he defined as a transient loss of function 
with no physical damage, a definition that still prevails with some additions 
and adjustments22. In the 14th century, the surgeon Guy de Chauliac recog-
nised that concussions had a better prognosis than more severe TBIs. The term 
‘concussion’ began to be used in the 16th century22.  

Modern research about closed head injury has been conducted since the be-
ginning of the 19th century23. In late 19th century and early 20th century both 
William Julius Mickel (1893) and A.B. Richardson (1903), described that con-
cussions could cause neurodegenerative 24 and psychiatric diseases25. At this 
time a concern was raised about blows to the head sustained in contact sports, 
especially in collegiate American football. A few years later Mott discussed 
the possibility that repeated concussion could cause the brain to become in-
creasingly sensitive for additional head impacts26. Harrison Martland de-
scribed in 1928 the “punch drunk” syndrome, seen in boxers previously sus-
taining multiple blows to the head, as a degenerative, progressive dementia, 
similar to Parkinson’s disease27, which today is called CTE (see section 
1.10.5). In 1943, the physicist A.H.S. Holbourne described the biomechanics 
of closed head injury in terms of acceleration and deceleration shear strain 
forces, which was further developed by Strich in the 1950s. It was described 
that closed head injuries belonged to a spectrum of injuries, thus that the shear 
strain forces in severe TBI and concussion shared similar biomechanics but 
due to differences in the force transmitted to the head different clinical out-
come resulted28. In 1952, Thorndike raised a concern about repetitive concus-
sion and suggested college athletes to retire from contact sports following 
three concussions due to the risks of “punch drunk” syndrome29. In 1975, the 
neurosurgeon Philip Wrightson and the neuropsychiatrist Dorothy Gronwall 
demonstrated that concussions could have cumulative psychological effects 
and opined that the medical society had a responsibility to inform and educate 
the sporting community about repetitive concussions30. Shortly following the 
latter statements, the popular television series MASH dramatized an episode 
around a case of concussion implying its adverse side effects. In 1998, Star 
Trek Voyager had devoted an episode to boxing in which the holographic doc-
tor expressed concern about the risks of CTE, which also had reached high 
interest in the newspapers during this time, an interest that still persists31. 
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1.2 Definition of traumatic brain injury (TBI) 
According to Center-TBI (www.center-tbi.eu), a TBI is defined as: 
 

‘an alteration in brain function, or other evidence of brain pathology, 
caused by an external force. TBI is not a single disease entity, but a collec-
tion of many different causes, disease types and severity.’32 

The Centers for Disease Control and Prevention (CDC) (www.cdc.org) has 
a similar definition: 
 

‘disruption in the normal function of the brain that can be caused by a 
bump, blow, or jolt to the head, or penetrating head injury.’ 

1.3 TBI classification 
The above definitions include TBIs of various types and severities, most com-
monly classified into minimal, mild, moderate or severe TBI based on clinical 
findings (Table 1). Sport-related concussions, the topic of this thesis, belongs 
in the minimal or mild TBI category, depending on the symptoms.  

Table 1. Simplified comparison between the most common classification systems of 
TBI. An SRC is typically classified as either a minimal or mild TBI and a subconcus-
sion as a minimal TBI. GCS=Glasgow Coma Scale; RLS-85 = Reactive Level Scale-
85; TBI = traumatic brain injury; SRC = sport-related concussion. 

 
GCS 
score 

RLS-85 
score 

     

15 1 
Minimal TBI 

Subconcussion 
15 1 

SRC 14   
Mild TBI 

13 2 
12   

Moderate TBI  
11   
10 3 
9   
8 4 

Severe TBI 
  

7   
6 5 
5 6 
4 7 
3 8 
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An impact may affect the brain in different ways and can cause any of the 
various subtypes of TBI, depending on the biomechanics. Extracerebral bleed-
ings, cerebral contusions (a “bruised brain”) and diffuse axonal injury, indi-
cated by microbleeds on neuroimaging and associated with widespread dis-
connection of white matter tracts, are examples of TBI subtypes9. All of these 
injury subtypes can manifest with a large clinical variability, e.g., the level of 
consciousness that can range from Glasgow Coma Scale (GCS) 15 to 3, or a 
TBI ranging from minimal to severe. 

1.4 TBI epidemiology 
The yearly incidence of TBI has been estimated to 2.5 million in the European 
Union9, to 3.5 million in the United States33 and to 50 million worldwide. 
Among these, 75% to 90% are mTBIs10, 34. Globally, an estimated incidence 
is around 600 mTBIs per 100,000 people35, and this number is increasing. The 
most frequent injury mechanisms are motor vehicle accidents and falls, the 
former being more common in low-income countries and the latter being more 
common in high-income countries due to aging population and greater traffic 
safety8, 36. Thus, the age of patients is increasing in high-income countries. 

1.5 SRC definition 
The terms concussion and mTBI are often used interchangeably, while con-
cussion or SRC are more commonly used in the sports context. Since there is 
nothing truly mild about an SRC, as will be discussed in this thesis, the term 
‘mild’ TBI might be misleading. According to the consensus statement from 
the 2016 International Conference on Concussion in Sport held in Berlin, an 
SRC is defined as: 
 

‘Sport related concussion is a traumatic brain injury induced by biome-
chanical forces. Several common features that may be utilized in clinically 
defining the nature of a concussive head injury include:	
-SRC may be caused either by a direct blow to the head, face, neck or else-
where on the body with an impulsive force transmitted to the head.	
-SRC typically results in the rapid onset of short-lived impairment of neuro-
logical function that resolves spontaneously. However, in some cases, signs 
and symptoms evolve over a number of minutes to hours.	
-SRC may result in neuropathological changes, but the acute clinical signs 
and symptoms largely reflect a functional disturbance rather than a struc-
tural injury and, as such, no abnormality is seen on standard structural 
neuroimaging studies.	
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-SRC results in a range of clinical signs and symptoms that may or may not 
involve loss of consciousness. Resolution of the clinical and cognitive fea-
tures typically follows a sequential course. However, in some cases symp-
toms may be prolonged.	
	
The clinical signs and symptoms cannot be explained by drug, alcohol, or 
medication use, other injuries (such as cervical injuries, peripheral vestibu-
lar dysfunction, etc.) or other comorbidities (e.g., psychological factors or 
coexisting medical conditions).’13 

1.6 SRC classification  
The severity of SRCs has previously been graded using several different 
scales, including the Cantu Grading System and McGill, all of which divide 
the condition into mild, moderate and severe SRC37. These scales are predom-
inantly based on the loss of consciousness and amnesia. However, neither un-
consciousness nor amnesia have been shown to be determinants of developing 
post-concussion syndrome, which instead is better predicted by the acute and 
subacute symptom load38. SRCs with loss of consciousness do not result in 
other cognitive outcomes than those without loss of consciousness39. 

Following an SRC, different constellations of symptoms can develop. Five 
groups of symptoms are described: cognitive, ocular-motor, headache/mi-
graine, vestibular, and anxiety/mood. Furthermore, two concussion-associated 
conditions have been suggested: sleep disturbance and cervical strain40. Fur-
ther studies are needed, however, to evaluate whether these groups provide 
additional information on the prognosis and management of SRC.  

A blow to the head that does not cause the clinical symptoms of an SRC, while 
still being enough to cause disruption of neural integrity, is commonly referred 
to as a subconcussive blow. This idea is controversial – but the rationale is 
that some cases of neurodegeneration do not have any documented history of 
concussions41, 42. Furthermore, the brain injury marker neurofilament-light 
(NF-L) is increased in amateur boxers post-match, even if they do not show a 
clinical picture of concussion43, and microstructural white matter changes 
have been seen in soccer players without a diagnosis of concussion44. Thus, 
the cumulative effect of a large number of subconcussions is speculated to be 
sufficient for initiating neurodegenerative processes. 
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1.7 SRC epidemiology 
Recent SRC incidence numbers in various sports are well described by Prien 
et al.12. In several contact sports, the incidence of SRC is trending upwards. A 
Swedish concussion report found an increased annual number of SRCs in ice 
hockey over 29 seasons45. In German soccer, a slight increase of concussions 
occurred between 2006 and 201646 and in 15 American collegiate sports, a 7% 
annual increase was observed between 1988 and 2004, though the same was 
not seen for anterior cruciate ligament or ankle injuries47. The same upward 
trend of SRC has also been seen in emergency department visits 
(www.cdc.org). The reasons for the increasing incidence are debated, and it 
has not been firmly established whether these numbers represent a true in-
crease or merely an increased awareness and/or altered attitude48 leading to 
improved SRC recognition. Still, it is likely that many SRCs go unrecog-
nised49. 

In soccer, the incidence was in previous reports found to be between 0.35–
1.38 SRCs per 1,000 h of game play50-52. The SRC incidence in soccer was 
also shown to be higher among females than males12-15. However, despite soc-
cer being the most widely played contact sport both in Sweden and worldwide, 
recent studies in soccer are scarce, especially studies including both sexes. In 
Sweden, the most recent study was performed in 200553 and the most recent 
worldwide studies are from 201454 and 201646. 

Established risk factors to sustain a future SRC are game play and previous 
concussions. Many other factors, such as sex, age, genetics, behaviour, match 
period, playing position and playing level, have also been reported, though 
inconsistently55.  

1.8 Soccer 
Soccer, which is specifically investigated in this thesis, is the most popular 
sport in the world. According to the Fédération Internationale de Football As-
sociation (FIFA), there were approximately 265 million licensed players in 
the world in the year 200656. The sport involves heading the ball repeatedly, 
often in duels with an opponent – situations which carry a high risk to sustain 
an SRC52. It is estimated that around 22% of all injuries in soccer are SRCs. 
Thus, the SRC risk in soccer affects a large proportion of the world’s popula-
tion. 
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1.9 Consensus statements on SRC research 
The International Conference on Concussion in Sport is a regularly recurring 
meeting organised by the International Ice Hockey Federation, the FIFA Med-
ical Assessment and Research Centre, and the International Olympic Commit-
tee Medical Commission. It gathers the world’s expertise in sport-related con-
cussion to discuss the ever-evolving evidence and agree upon concussion def-
inition, management, long-term effects, how to manage persistently sympto-
matic athletes and future directions. The participants in this meeting give a 
smaller group of experts the task to summarise the conclusions of the meeting. 
This group is called the Concussion in Sport Group and the summarising doc-
ument gives rise to a consensus statement on concussion in sports, which is 
published after peer review. The first meeting was held in Vienna, the second 
in Prague and the third and fourth in Zürich57. The latest was held in 2016, in 
Berlin13. In October 2021, the 6th meeting will – coronavirus allowing – be 
held in Paris. 

1.10 Long-term consequences of SRC 
1.10.1 Prolonged symptoms 
At a group level, athletes normally return to play within 10 days after sustain-
ing an SRC13, but at least 10% have prolonged symptoms11. Even if a player 
recovers, there is an increased risk of future orthopaedic injuries due to a per-
sistently impaired neuromuscular control58, 59. If symptoms persist for years, 
most athletes never recover60. The major risk factor for prolonged symptoms 
following an SRC is the initial symptom load38, 61. In addition, female sex, pre-
existing depression, pre-existing headache and an impaired vestibulo-ocular 
reflex are also associated with increased risk of developing prolonged symp-
toms38, 62. A previous concussion increases the risk of sustaining further con-
cussions and of longer duration of recovery63-65. Loss of consciousness and/or 
amnesia are not established risk factors for prolonged symptoms61, but have 
been associated with future neurodegenerative disorders66. Plausible reasons 
for these prolonged symptoms include autonomic dysregulation, impaired 
control of cerebral blood flow and/or reduced cardiac stroke volume67. 

If symptoms persist longer than the normal 10–14 days in an adult or more 
than 4 weeks in a child, the athlete is considered to have “persistent symp-
toms”13. This subset of athletes might not be able to finish the standardised 
graduated return without developing symptoms or might not become symp-
tom-free. Recent reviews have summarised the limited available evidence on 
treatment of this subset of concussed ahtletes68 69. In brief, a multimodal and 
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multidisciplinary strategy is recommended, including symptom-limited aero-
bic exercise, physical therapy adapted for each athlete and cognitive behav-
ioural therapy13, 70-72. This strategy includes evaluation of all symptoms the 
athlete is suffering from, so that each can be addressed in the best possible 
way. Symptoms can typically include headache, impaired cognition, sleeping 
problems, psychological comorbidity, fatigue, autonomic dysfunction, vestib-
ular and visual dysfunction. However, there is a lack of randomised controlled 
trials (RCTs) evaluating therapeutic options in these athletes, and only symp-
tom-limiting physical therapy is supported by one RCT73. Even though evi-
dence is lacking for the treatment of post-concussion syndrome (PCS), phys-
ical therapy has a positive effect on the systems altered by concussion, such 
as memory, regulation of the automatic nervous system and cerebrovascular 
reactivity74-77. Treatment guidelines for persistent symptoms are available at 
www.braininjuryguidelines.org from the Ontario Neurotrauma Foundation.  

1.10.2 Post-concussion syndrome (PCS) 
The term post-concussion syndrome is often used arbitrarily, to describe per-
sistent symptoms following a TBI when other causes of the symptoms have 
been ruled out. Three sets of criteria (Table 2) exist for the diagnosis: the In-
ternational Classification of Diseases, 10th revision (ICD-10)78, and the Diag-
nostic and Statistical Manual of Mental Disorders, 4th edition (DSM-IV)79 and 
5th edition (DSM-5). Thus, there is no consensus on what the criteria should 
be, and evidence is lacking80. ICD-10 and DSM-IV require a constellation of 
symptoms following the injury. Only DSM-IV mentions a specific duration of 
symptoms following the injury. In the most recent revised version of the DSM, 
the fifth version, persistent symptoms are not required, but rather a neurocog-
nitive deficit, which could involve difficulties with learning, memory, execu-
tive functions, language, perceptual motor problems and/or social cognition. 
Thus, the DSM-5 emphasises the neurocognitive consequences of TBI81 and 
the diagnosis falls under the diagnosis of major or mild neurocognitive disor-
der instead of under post-concussion syndrome, where it was previously 
found. 
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Table 2. Criteria for post-concussion syndrome according to the International Classi-
fication of Diseases, 10th revision (ICD-10), and the Diagnostic and Statistical Man-
ual of Mental Disorders, 4th edition (DSM-IV) and 5th edition (DSM-5). CT = com-
puted tomography; LOC = loss of consciousness; PTA = post-traumatic amnesia; TBI 
= traumatic brain injury. 

ICD-10: DSM-IV 

-History of TBI and 
≥ 3 of the following symptoms: 

 Headache 
 Dizziness 
 Fatigue 
 Irritability 
 Insomnia 
 Concentration difficulties 
 Memory difficulties 
 Intolerance to stress, emotion 

or alcohol 

-TBI causing ‘significant cerebral 
concussion’ 
-Cognitive deficit in attention and/or 
memory 
-Presence of at least 3 of the follow-
ing, that should persist for at least 3 
months 

 Fatigue 
 Sleep disturbance 
 Headache 
 Dizziness 
 Irritability 
 Affective disturbance 
 Personality change 
 Apathy 

-Symptoms that begin or worsen after 
injury 
-Interference with social functioning 
-Exclusion of dementia or other po-
tential differential diagnosis 

DSM-5  
-Evidence of TBI and 
-One of the following at the time of trauma: 

 LOC 
 PTA 
 Disorientation/confusion 
 Neurological signs (CT findings, seizures, anosmia or focal deficit) 

-Neurocognitive disorder with a functional deficit not explained by normal 
aging and attributed to TBI 

1.10.3 Cognitive impairment 
Cognitive functions, including attention, concentration, cognitive processing 
speed, learning and memory, working memory, executive function and verbal 
fluency, are commonly affected by concussion. After a single SRC, cognitive 
symptoms may persist for a mean of about 7 days82. Even sub-concussive 
blows to the head might cause cognitive dysfunction directly following the 
impact, as shown in a group of soccer players whose only head impacts were 
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from heading the ball83. Already in 1975, repeated concussions were recog-
nised to result in impaired cognition to a higher degree than a single concus-
sion30. Later, repeated concussions have been shown to result in persistently 
declined cognitive abilities over an entire season84 and worse mid- to later-life 
neuropsychiatric and cognitive functioning85. The most common cognitive 
symptoms affect working memory and processing speed66, 86, 87.  

1.10.4 Neurodegenerative disorders 
A neurodegenerative disorder is defined as a progressive degeneration of the 
function and structure of neural structures. The most common entity is Alz-
heimer’s disease (AD). However, moderate to severe TBIs also show the char-
acteristics of progressive brain atrophy include ongoing grey matter88 and 
white matter degeneration, linked to neuroinflammation, continuing for years 
after a single injury18, 89. Following SRC, the changes are more subtle, but 
cortical thinning has been shown in former soccer players90 and in young 
American football players with a self-reported history of on average two pre-
vious concussions91. There are no reports of cortical thinning following a sin-
gle SRC92-96. One hour following SRC, NF-L is elevated, as a sign of acute 
axonal injury, especially in athletes developing symptoms persisting for more 
than 10 days97. However, NF-L levels peak at 12–144 hours post-SRC43. In 
American football players, continuous elevation of NF-L in serum is seen fol-
lowing a full season, indicating ongoing axonal degeneration in repeated 
SRCs98. In epidemiological studies, both TBI and repeated SRCs have been 
shown to be risk factors for developing neurodegenerative diseases such as 
AD5, 99, 100. In a recent study investigating causes of death, Scottish former 
professional soccer players were followed during 18 years and compared with 
a control group representing the general population. The study found that the 
former soccer players had an increased risk of neurodegenerative death, but a 
decreased risk of all other types of deaths101, implying ongoing neurodegen-
eration following repeated concussions as well as indicating the health bene-
fits of an athletic lifestyle.  

1.10.5 Chronic traumatic encephalopathy (CTE) 
The tauopathy chronic traumatic encephalopathy (CTE) was first described in 
1928 by Martland, who called it the ‘punch drunk-syndrome’27. In 1932, the 
same disease was called traumatic encephalopathy by Parker102 and by 1937 
it was referred to as dementia pugilistica103. The term CTE was coined in 1949 
by Critchley104. CTE was found to be a tauopathy in 1999 by Geddes et al105 
and Omalu106 was the first to describe CTE among American football players, 
in 2002. The controversies surrounding the diagnosis were later dramatized in 
the Hollywood movie ‘Concussion’ starring Will Smith. Later, McKee intro-
duced four neuropathological stages of the disease107. The diagnosis is made 
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on post mortem pathological specimens, where tau depositions in the form of 
neurofibrillary tangles (NFTs, see section 1.16.1) are seen in the superficial 
cortical layers19. The same location of tau deposits is seen in CTE and moder-
ate to severe TBI108, supporting a traumatic origin, in contrast to in AD, where 
they are located in the deep cortical layers109. In CTE, the distribution is patchy 
and irregular, with accumulation especially perivascularly and at the depths of 
the cortical sulci19. The formation of NFTs is more even in AD. No NFTs are 
seen post mortem at an early date after moderate to severe TBIs; only in TBI 
victims surviving for at least 4–5 months are NFTs seen in abundance110. Sev-
eral lines of evidence have implied that persistent white matter atrophy results 
in progressive aggregation of tau111, 112. 

The pathological patterns of CTE described above have been seen in retired 
boxers, American football players, baseball players, ice hockey players, bas-
ketball players and soccer players who have sustained multiple blows to the 
head during their careers. The vast majority of cases are in males113. The 
symptoms typically develop decades after retirement and commonly manifest 
clinically as impairments in mood, such as depression, violent behaviour or 
cognitive dysfunction, including impaired executive functioning, attention 
deficits, and dementia114. Motor symptoms, such as Parkinsonism, ataxia, and 
dysarthria, are less common114, 19, 106. The constellation of clinical symptoms, 
called CTE syndrome, can vary, but the two main types are behavioural/mood 
features and cognitive114. 

A relationship between repeated head blows and the CTE pathology has not 
been proven and increasing numbers of autopsy case series with evidence of 
CTE without a history of TBI or repeated SRC (rSRC) are being reported. For 
example, in a Finnish case series of eight cases with a pathological pattern 
consistent with CTE diagnosis, none had a documented history of repeated 
concussion and only two had a history of a single TBI115. Another study in-
vestigated the prevalence of CTE pathology in neocortical tissue from former 
athletes and non-athletic controls. Here, 27 of 300 athletes and 15 of 450 non-
athletes had CTE pathology116, indicating an increased prevalence in athletes, 
but not being pathognomonic for repeated traumatic brain injuries. Thus, there 
is no proven causal relationship between the pathological findings of CTE and 
rSRC, although a causal relationship is nevertheless often implied117. 
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1.11 The biomechanics and pathophysiology of SRC 

 
Figure 1. Biomechanical sequences following a concussion. A. If the brain and cra-
nium rotate together, the brain maintains a normal configuration. B. The moment the 
cranium sustains a head impact, a mismatch between the rotation of the cranium and 
the brain occurs, causing brain deformation, potentially leading to an SRC. 

Concussions are primarily caused by a rotation of the brain in relation to the 
skull. In accordance with Newton’s first law of motion118, the brain continues 
the rotation after the skull is hit/ceases to rotate. This causes the brain to in-
stantly deform within the skull (Figure 1), resulting in neural injury and dys-
function119. Due to intracranial inhomogeneity caused by the falx, the tento-
rium, cerebral gyri vs. sulci and density differences between grey and white 
matter, increased strain is applied to white matter fibres crossing the midline 
(e.g., the corpus callosum and the commissures)120, in the sulci regions121 and 
at the border between grey and white matter122. Seldom, the skull is struck so 
that the brain is subjected to a linear force, which the brain can tolerate better 
than rotational forces123. Thus, linear forces require much higher energy to 
result in a concussion124. At the time of concussion, the shearing strain in-
stantly applies tension to the axons. Secondary processes are initiated and ul-
timately result in delayed disruption of the axons125. These mechanisms are 
similar in concussion126, 127 and in severe diffuse axonal injury (DAI)28, 128, but 
due to the difference in force, the clinical outcomes and extents of axonal in-
jury differ vastly.  

1.11.1 Additional mechanisms in TBI 
In moderate to severe TBI, the acceleration/deceleration mechanism can also 
cause tearing of bridging veins, resulting in a subdural haematoma. Another 
TBI mechanism, more important in moderate to severe TBI than in SRC, is 
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the focal injury. This may include bruises/lacerations of the skin, skull frac-
tures, sometimes causing an epidural haematoma, and contusions. Contusions 
are most commonly located basally in the frontal and temporal lobe, due to 
shearing forces between the brain and skull base.  

1.12 Cerebral blood flow (CBF) 
The cerebral blood flow (CBF) can be calculated from the cerebral perfusion 
pressure (CPP) and the cerebral vascular resistance (CVR) using the following 
equation: 
 

CBF = CPP/CVR 

The perfusion pressure of the brain is calculated as the mean arterial pressure 
(MAP) – the intracranial pressure (ICP). MAP can vary between 50 and 150 
mmHg, while a constant CBF is maintained thanks to pressure autoregula-
tion129, via changes in CVR. Other factors that influence CVR include cerebral 
metabolism130 and neuronal activity131; the latter gives rise to the signal de-
tected by blood oxygen level-dependent magnetic resonance imaging (MRI). 
Age, sex and intake of nicotine or energy drinks also modify CBF132, 133. How-
ever, in the resting state, CBF is proportional to the cerebral metabolism and 
thus the neural activity. 

After severe TBI, autoregulation is often absent or impaired134, which is why 
the CBF is governed by CPP. Neurointensive care is needed to control the 
CBF and avoid secondary insults. Thus, CBF can be either elevated or de-
creased in the acute phase of TBI. Recovery of CBF is a good prognostic sign; 
CBF will be decreased in the subset showing a worse prognosis135, 136. 

Autoregulation can also be impaired after a concussion137, 138, leaving the brain 
more sensitive to additional impacts, which is one reason for recommending 
immediate removal from play13. The dysregulation of blood flow can persist 
longer than the clinical recovery of most athletes, who may thus already have 
returned to play138. PCS could depend on long-term disabilities of CBF regu-
lation, especially in dynamic situations such as physical activity74. Some ath-
letes have persistent symptoms that correlate with defective autoregulation 
and sensitivity to end-tidal CO2

74. Thus, cerebrovascular changes may con-
tribute to symptoms common in SRC. 

Most studies have shown a decreased CBF in the acute phase following an 
SRC139, 140. This decrease can be persistent; for example, decreased focal CBF 
has been observed in the thalamus in median 26.5 months after an SRC141. 
Another study found decreased CBF in the cerebellum, cuneus, cingulate and 
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temporal gyrus at a mean of 113 days post-SRC142, investigated with contrast-
enhanced MRI perfusion. After a single SRC, arterial spin labelling (ASL) has 
also been used to longitudinally investigate CBF, where normalisation had 
occurred by three months post-injury143. Normalisation of CBF seems to cor-
relate with symptom relief144. CBF changes after repeated SRCs are not well-
investigated, but one study of retired American football players found de-
creased CBF in several brain regions145. 

1.13 Sex differences in SRC pathophysiology and 
recovery 

Females have been reported to have higher concussion incidence and a worse 
outcome following SRC than males12-15, 53, 146. Furthermore, the duration of 
symptoms is longer in women. The reasons for these sex differences are not 
fully known, but biomechanical factors have been suggested, since females 
generally have weaker neck musculature, which may lead to exacerbated head 
rotation at impact147, 148. In addition, female collegiate ice-hockey players dis-
played more white matter changes on neuroimaging following repeated sub-
concussive impacts when compared with males149. Women may have in-
creased interhemispheric connectivity compared with males150 and these con-
nections are probably more susceptible to injury from rotational impacts. To 
further elucidate pathophysiological differences, it is important to include 
both male and female athletes in future studies.  

1.14 Concussion recognition and the SCAT-5 
It may be challenging to recognise an SRC on the pitch, as the speed of modern 
sports can make it difficult to determine whether or not a player has sustained 
a blow to the head. However, team leaders and referees should be aware of the 
possibility and be attentive to signs and symptoms indicating an SRC. If a 
player is lying on the pitch and not moving, has problems walking or impaired 
balance, shows uncoordinated movements, moves slowly or with difficulty, 
shows disorientation, confusion, inability to answer questions, ‘empty gaze’ 
or significant facial injury, the risk of an SRC is obvious. Thus, when an SRC 
is suspected, initial management includes assessment for serious injuries, the 
so-called ‘red flags’ (Table 3), and safely removing the athlete from play and 
considering if neck immobilisation is needed. Symptoms and signs are often 
less obvious, with subtle changes in behaviour or that a player is not feeling 
100%. In those cases, detection can be improved if team leaders and medical 
staff are familiar with the normal behaviour of the player. For removal from 
play, a confirmed concussion diagnosis is not needed, a suspicion suffices: 
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‘when in doubt sit them out’, as adopted by the football association in the 
United Kingdom13. If an athlete has sustained several SRCs increased brain 
vulnerability might lead to progressively less impact force being needed to 
sustain an additional SRC151. Removal from play protects the athlete by elim-
inating the increased risk of additional SRC and orthopaedic injuries152 and 
enables earlier return to play. 

Table 3. Red flags that should increase suspicion of a serious injury. 

Red flags 

 Pain or tenderness from the neck 
 Double vision 
 Weakness or paraesthesia in any of the limbs 
 Seizures 
 Decreased consciousness 
 Vomiting 
 Progressive irritability or aggressiveness 

Off the pitch, the evaluation for proper SRC diagnosis continues, where the 
Sports Concussion Assessment Tool (SCAT; version 5 is the most recent) is 
an important aid. This test includes assessment of the level of consciousness 
(Glasgow Coma Scale), Maddocks questions153 – specific orientation ques-
tions about the game – evaluation of 22 symptoms, and a standardised assess-
ment of concussion, including questions regarding orientation, memory and 
concentration. In addition, neck evaluation, rating in the balance error scoring 
system and coordination investigations are included. A full SCAT˗5 takes at 
least 10 minutes to complete and this test should be performed by a medical 
professional. 

When a concussion diagnosis is established, the player should not be left 
alone, due to risk of deterioration and progression of symptoms. In addition, 
there is a risk that the athlete does not follow the recommendations if left alone 
due to confusion. 

1.14.1 Additional clinical tests  
Additional aids for the evaluation of athletes with suspected concussion, de-
signed for non-medical professionals, include: 

- The King–Devick test is based on three test cards with increasing difficulty 
and usually takes about 2 minutes to perform. The cards have numbers that 
should be read as fast as possible, from left to right. The time it takes and the 
number of errors is measured for each card154. This test measures oculomotor 
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function, which for proper function requires integration of several sensory in-
puts. Oculomotor impairment is a very sensitive and specific measure to diag-
nose concussion and predict prolonged symptoms. A baseline score is needed 
to compare with at the time of the SRC155, 156. 

- The Immediate Post-Concussion Assessment and Cognitive Test (imPACT), 
which is an iPad-based test which takes 5–7 minutes to perform and focuses 
on cognition (impactconcussion.com). 

- The Concussion Recognition Tool-5 (CRT-5) consists of four parts. First, the 
red flags shown in Table 3. Second, observational findings described above (see 
section 1.14) in relation to concussion recognition. Third, evaluation of 20 symp-
toms and, lastly, the Maddocks questions157. It is designed to be similar to the 
SCAT-5. 

1.15 SRC management  
Following an SRC, a graduated return to play should be initiated, which starts 
with 24–48 h of ‘brain rest’ (Table 4) and then stepwise escalation of activity 
based on the six steps in the graduated return-to-play protocol. Completion of 
the protocol without developing symptoms allows full return to play (Table 
4). Absence of symptoms during 24 h at a specific step is recommended before 
proceeding to the next step of the protocol. If symptoms develop, the athlete 
should initiate 24 hours of brain rest and then, if symptoms have resolved, the 
graduated return to play should continue at the step where the athlete was 
asymptomatic158. To guide training intensity during the return to play, the level 
of exertion during resistance training can be standardised using the Borg rating 
of perceived exertion. This scale spans from 6 to 20, where 6 is no exertion 
and 20 is maximal exertion. In step 2 of the graduated return to play, the score 
should not exceed 12, which is an exertion described as between light (11) and 
somewhat hard (13) on the Borg scale159.  
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Table 4. The graduated return to play, where each step lasts at least 24 h. Thus, it takes 
at least 5 days before return to full game play is considered safe.  

Step  
1. No activity, ‘brain rest’ 

2. 

The athlete should rest both physically and psychologically; avoiding mo-
bile phones and other screens, music or similar activities that provoke 
symptoms. 

Light aerobic training 

3. 

Non-anaerobic activities not risking additional concussions, such as walk-
ing and easy jogging. 

Sport-specific training 

4. 

Participation in warmup and technical exercises is allowed.  

Full practice load, but no body contact play 

5. Full participation, but no game play 

6. Full game play 

The consensus document from Vienna 2002160 recommended that the length 
of the initial total brain rest last until asymptomatic, which could mean several 
days. Later, the recommended time for brain rest has shortened and in the most 
recent consensus document from Berlin13, the recommendation is between 24 
and 48 hours. The rationale behind the initial brain rest is to minimise the 
initial neurochemical cascades; the stepwise escalation of activity follows 
pathophysiological recovery. The athlete should be followed up about two 
weeks after the concussion in order to initiate a rehabilitation programme if 
symptoms have not resolved. Recent studies have shown that sub-sympto-
matic aerobic exercise during the first week following SRC seems to shorten 
the time to return to play and the start of sport-specific rehabilitation; further-
more, prolonged rest may be more harmful in female athletes73, 161. 

1.16 Secondary injury mechanisms 
Following a head impact that causes an initial, primary, injury, the brain enters 
a complex pathological state162 where secondary injury processes are elicited. 
This is a vulnerable phase, during which additional trauma to the head causes 
synergistic damage163. Exactly when this vulnerable phase ends is debated. In 
one study in mice, the vulnerable phase persisted for at least three to five 
days164. Another experimental study showed increased mitochondrial dys-
function if two TBIs occurred 48 h, but not 96 h, apart165. According to the 
most recent consensus document from the Concussion in Sport Group, return 
to play should not be allowed for at least 1 week following an SRC. Thus, the 
vulnerable phase is considered to be over by then, if the athlete has finished 
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the return-to-play protocol and is free from symptoms13. Removal of the 
player from the pitch is important and results in earlier return to play166. A 
second concussion before resolution of the first may result in the second im-
pact syndrome167, 168, which is described as a rapid malignant swelling of the 
brain thought to arise due to vasodilatation of cerebral vessels, the regulation 
of which is altered by the first concussion. However, the existence of this syn-
drome is controversial, as the reported cases are few and almost all cases have 
had an extracerebral haematoma, making the cause of the brain swelling un-
certain. Furthermore, it is debated whether the brain swelling is due to the first 
or second concussion167. 

In moderate to severe TBI, many secondary processes are treatable, e.g., re-
moval of expanding haematomas or treatment of other causes of elevated in-
tracranial pressure through avoidance of hypotension, hypoxemia, electrolyte 
disturbances, epileptic seizures, glycaemic control and fever. Other secondary 
processes are not treatable, e.g., cellular processes that are initiated in DAI. In 
repeated SRC, there is widespread activation of neuroinflammation, Wallerian 
degeneration/cerebral atrophy is progressive169, 170 and tau formation occurs in 
a delayed fashion (Figure 2). All these processes can persist for years, causing  
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Figure 2. Overview of the pathophysiologic process following diffuse axonal injury 
and SRC, causing the affected neurons to swell and leading to accumulation of amy-
loid-beta precursor protein (APP), followed by axonotomy and microglial activation. 
This is the start of a progressive process leading to the formation of tau aggregations, 
which are not evident acutely but appear in long-term survivors. At the lower left, the 
fulminant CTE picture is shown, i.e., an atrophic brain with tau aggregation at the 
depths of the sulci. At the lower right, an example of an arterial spin labelling (ASL) 
MRI is shown.  

a long-term low active neurodegenerative process108, 110. The tau formation 
and neuroinflammation is described in greater detail below. 

1.16.1 Tau 
Tau is important to investigate since its aggregation is a hallmark pathological 
finding seen in many neurodegenerative diseases. Tauopathies with tau aggre-
gation as a dominant feature include AD, progressive supranuclear palsy, fron-
totemporal lobe dementia and CTE, described above. The levels of tau, at least 
in AD, are a better prognostic marker than amyloid-β171.  

Tau regulates the assembly and disassembly of the microtubule for effective 
axonal transport172, 173. The function of tau depends on its state of phosphory-
lation174. In the AD brain, phosphorylation of tau is increased 3–4-fold175. 
Thus, hyperphosphorylation destabilises the microtubules, leads to impaired 
neuronal function and injures neurons176. The aggregation of tau follows cer-
tain steps: first to oligomers, which then aggregate into paired helical fila-
ments before the tau aggregations precipitate and form the end result: neuro-
fibrillary tangles (NFTs). The oligomers are the toxic form177. TBI can release 
tau to form tau oligomers that later propagate into NFTs178, which in CTE are 
predominately located perivascularly and in the depth of the cortical sulci19, 
where most shearing forces are applied, according to biomechanical compu-
tational modeling121. 

Tau aggregations can be formed in different ways. Following repeated SRCs, 
persistent microglial activation prior to tau aggregation has been observed in 
some pathological studies, and may thus stimulate formation of tau aggrega-
tions179, 180. In addition, dissolved phosphorylated tau can have prion-like 
properties and be self-propagating181, 182. Tau pathology in TBI is presumed to 
be closely linked to DAI112. At the site of tau deposition in CTE patients, con-
trast-enhanced MRI has shown a breakdown of the blood-brain barrier 
(BBB)183, which may be caused by SRC at time of injury or by the neurochem-
ical aftermath184. In AD patients, the BBB breakdown is observed before the 
formation of tau aggregation185. Thus, BBB integrity is an early marker for 
AD and an interesting aspect for further investigation into the pathophysiol-
ogy of concussion. 
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1.16.2 Neuroinflammation 
The BBB separates the CNS from the immune cells in the blood. Therefore, 
the CNS inflammatory response differs from that in the rest of the body. In 
the CNS, the microglia are the main inflammatory cells, although astrocytes, 
oligodendrocytes, neurons and the complement system186 are also thought to 
be a part of the intricate CNS immune system187, 188. Recently, the glymphatic 
system of the CNS was discovered189, which would provide additional expla-
nations regarding how the CNS immune system works and how peripheral 
immune blood cells can be recruited. The clearance by the glymphatic system 
has been found to be impaired in AD190. 

1.16.3 A simplified model of immune reactions following SRC 
and TBI 

The primary injury that occurs at the time of TBI causes neurons and other 
cells in the brain to release cellular debris, which include free DNA, RNA and 
alarmins, referred to as disease-associated molecular patterns. These initiate 
the inflammatory process leading to recruitment of immune cells from periph-
eral blood191, 192. Locally in the brain, e.g., microglia are activated into either 
a predominately pro-inflammatory (M1) or a predominately anti-inflamma-
tory (M2) phenotype (Figure 3). In addition, there are several other phenotypic 
variants of microglia193. Thus, microglia may be both neuroprotective and 
neurodegenerative and orchestrate the local immune response by releasing and 
reacting to different cytokines. In the normal resting state, microglia are im-
portant for the homeostasis of synaptic function194. 

The protective effects of microglia include endocytosis, to remove harmful 
debris of injured cells, and isolation of the healthy brain from the injured parts 
by formation of an astroglial scar. If these processes are overstimulated, they 
become neurodegenerative.  

Thus, the inflammatory response can be either neuroprotective and degenera-
tive, meaning that stimulation or inhibition of the entire inflammatory system 
(e.g., when using glucocorticoids) will not result in decreased secondary neu-
rodegeneration. There is probably a need for more specific pharmacologic in-
flammatory regulators with better pharmacokinetic properties and there is also 
likely to be a specific time window following the injury when treatment might 
be possible195. For example, the microglial inhibitor minocycline has been 
shown to decrease neuroinflammation but increase plasma NF-L levels, which 
are used as a marker for ongoing white matter injury196. Chronic microglial 
activity is thought to be involved in the long-term inflammatory response after 
TBI, but the exact involvement and role of microglia requires further investi-
gation. 
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Figure 3. Illustration of resting microglia, M0, and the two main phenotypes of acti-
vated microglia, M1, considered to be pro-inflammatory, and M2, with anti-inflam-
matory actions.  

1.17 Diagnostics 
1.17.1 CSF and blood biomarkers 
1.17.1.1 Axonal injury 
Axonal injury releases a wide array of proteins, but the most reliable for meas-
uring and detecting axonal injury are tau and NF-L197. Tau is important for the 
integrity of microtubules and thus for axonal transportation. It is abundant in 
both axons and neural bodies, making increased total tau (t-tau) a marker of 
ongoing injury to both parts of the neuron. Furthermore, phosphorylated tau 
destabilises microtubules and has a tendency to aggregate, eventually leading 
to precipitated tau in the form of NFTs, which correlate better with phosphor-
ylated tau than t-tau198. NF-L is an important part of the cytoskeleton, provid-
ing stability and maintaining the structure of the axons. Hence, it is important 
for the velocity of neural signalling, which correlates to the axon diameter. 
NF-L is predominately located in the axons, thus being a more specific marker 
of axonal and white matter injury than tau. T-tau can predict development of 
future dementia199 and be used for prognostication in TBI and SRC. For the 
latter, NF-L is a better predictor200, 201. Both t-tau and NF-L peak at 4–10 days 
after concussion. 
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1.17.1.2 Neuroinflammation  
Following a mild TBI, pro-inflammatory cytokines such as IL-6, TNFα, and 
VEGF are released from inflammatory cells, including microglia202. Trigger-
ing receptor expressed on myeloid cells 2 (TREM-2) receptors are found on 
the surface of microglial cells. These are released when microglial activation 
occurs, increasing the levels of soluble TREM-2 in CSF. Thus, increased lev-
els are thought to indicate activation of microglia. Interestingly, soluble 
TREM-2 has also been suggested to correlate with total and phosphorylated 
tau in AD203. The levels of soluble TREM-2 also correlate with the glial 
marker chitinase 3-like 1 (YKL-40). 

1.17.1.3 Other biomarkers 
The astrocytic biomarkers S100-β and glial fibrillary acidic protein (GFAP) 
have been used for clinical decision-making to distinguish between concus-
sion patients needing CT scanning or not. S100-β can be released from extra-
cerebral cells, as well as from astrocytes, meaning that the marker is less spe-
cific than GFAP, thought to be released only from cerebral astrocytes204, 205. 

1.17.2 Neuroimaging 
1.17.2.1 Computed tomography (CT) 
CT-images are achieved by sending x-rays through the skull. Due to differing 
densities, measured in Hounsfield units, bone, soft tissues, fluids and haema-
tomas can be distinguished. Thanks to rapid image acquisition, diagnostics of 
acute haematomas, oedema and skull fractures are fast and adequate, which is 
ideal in an acute neurosurgical setting. About 5–40% of CTs in mild TBI pa-
tients have abnormal findings on a CT scan206-208. Common findings include 
small subdural haematomas, contusions and traumatic subarachnoid bleed-
ings209. In this cohort, significant haematomas requiring surgical intervention 
are seen in between 0.9% and 1.3%210, 211. Increased sensitivity for pathologi-
cal findings in mild TBI can be achieved by the use of MRI. It detects mi-
crobleeds, injury to white matter tracts and other minor white matter lesions, 
where pathological finding have been described in 12–75% of cases, depend-
ing on the case series208,212. In the sports setting, conventional neuroimaging 
using CT and MRI is typically normal in athletes who have sustained an SRC. 

1.17.2.2 MRI 
MRI measures the relaxation time of protons. A proton creates a net spin when 
it spins around itself, creating a current and thereby acting as a small magnet. 
When an external magnetic field is applied, the majority of the protons adjusts 
to match the direction of the magnetic field. Since there is a slight gradient of 
the magnetic field when a strong external magnetic field is applied, the fre-
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quency of the protons’ rotation varies in relation to the gradient of the mag-
netic strength. This means that when a radiofrequency signal is applied, only 
protons rotating with the same specific frequency will have resonance and thus 
pick up the signal. These protons will change their magnetic direction so that 
the longitudinal magnetisation decreases and a transverse magnetisation 
arises. Depending on the tissue investigated, it will take a different amount of 
time to regain the longitudinal direction and for the transverse magnetisation 
to diminish. The direction of the magnetisation is recorded as a radiofrequency 
signal released from the proton, which is then analysed to create an MR image. 
T1-weighted (T1w) images are created using the signal read from the 
longitudinal relaxation time when the radiofrequency signal is turned 
off and T2-weighted (T2w) images are similarly created using the trans-
verse relaxation time. These basic sequences are used for structural 
evaluation of tissues. T1w images are used for brain volumetric meas-
urements, i.e., measuring grey and white matter volumes, and thus for 
calculation of cortical thickness. 

Fluid attenuated inverse recovery (FLAIR) is a T2w image where the CSF 
signal has been cancelled and is therefore suitable for evaluation of non-haem-
orrhagic white matter lesions, especially in the periventricular regions.  

Susceptibility-weighted imaging is sensitive to magnetic alterations in the 
evaluated area. Microbleeds containing haemoglobin and thus iron affect the 
magnetic field and create hypodense artefacts that are larger than the actual 
amount of blood213.  

Magnetic Resonance Spectroscopy (MRS) most commonly uses protons 
(1H), but carbon-13 (13C) and phosphorus-31 (31P) can also be used to create a 
spectrum. The different nuclei can create spectra revealing different aspects 
of the cerebral metabolism and microstructure. A spectrum is acquired from a 
voxel localised where the investigator chooses. Thus, if only one voxel is in-
vestigated, only local data are obtained. MRS can differentiate between dif-
ferent chemical structures by measuring the chemical shift. Even though the 
entire tissue investigated is exposed to the same external magnetic field, the 
isotopes in the tissue will experience slightly differing magnetic field strengths 
due to altered microstructural situations causing different degrees of magnetic 
shielding. Thus, the isotopes will rotate at slightly different frequencies de-
pending on the microstructural situation. The MR camera can distinguish be-
tween these different frequencies when creating the spectra. 

Possible targets to evaluate using MRS include, e.g., N-acetyl aspartate 
(NAA), a measure of neuronal viability which is difficult to distinguish from 
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N-acetyl-aspartyl-glutamate (NAAG) in the spectra; these are therefore often 
measured together. Second, choline is used in evaluating axonal injury, often 
as a denominator when evaluating other metabolites, since the ratio is then 
independent of the CSF content in the voxel. Third, myo-inositol is a meta-
bolite present in astroglial and microglial cells and correlates with the trans-
locator protein positron emission tomography signal in multiple sclerosis. Be-
yond the scope of this thesis, there are many other potential targets for MRS.  

Arterial Spin Labelling (ASL), see further under Material and methods (vide 
infra). 

1.17.2.3 Positron emission tomography (PET) 
PET spatially and quantitatively measures the radioactivity in tissues follow-
ing an i.v. injection of a PET-tracer, thus a compound labelled with short-lived 
positron emitting radionuclide e.g. oxygen-15 (T1/2=2 min), carbon-11 
(T1/2=20.4 min) or fluorine-18 (T1/2=109.5 min). The positron emitted during 
decay of the radionuclide moves a short distance in the tissue, usually a few 
millimeters, limiting the spatial resolution of PET. In the tissue the positron 
interact with an electron, resulting in an annihilation reaction where matter is 
transformed into two antiparallel 511 KeV photons. These photons are de-
tected in the PET camera and the regional concentration of radioactivity can 
be determined with very high accuracy. Hence, allowing quantification of 
functional proteins at subpicomolar concentrations214. The tracer molecule 
binds with high selectivity and specificity to functional proteins such as en-
zymes, receptors, or transporters, but also to protein structures such as -am-
yloid and tau-proteins. This allows visualization and quantification of regional 
distribution of the molecular targets with high spatial and temporal resolution, 
resulting in a tissue activity curve, measuring the radioactivity in the tissue as 
a function of time. By applying different mathematical models, the time 
course of the tissue radioactivity can be used to represent the regional concen-
tration of the investigated target, which the tracer binds to. Typical methods 
for analysis of PET are compartment modeling215, graphical methods such as 
Patlak and Logan plots216, reference tissue models217 and spectral analysis218. 

Examples of PET-tracers are 15O-water PET, the gold standard for CBF meas-
urement219. For the measurement of amyloid deposits, the 11C-labelled Pitts-
burgh compound B is commonly used220. One of the most common PET tracer 
is 18F-fluorodeoxyglucose, which estimates the metabolism of glucose and can 
be used in diagnosis of dementia and malignancies. In this thesis, 
[11C]PK11195 was used to study microglial activation221, 222 and 
[18F]THK5317 for tau deposits223. For tauopathies and neuroinflammation, 
several other radiotracers have also been developed; some are described be-
low224-226.  
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1.17.2.4 Tracers for tau and neuroinflammation 
Tau PET tracers  
Tau PET is a promising method for evaluation of tau deposits in vivo. Post-
mortem studies remain necessary to confirm the diagnosis of CTE, but several 
tau tracer candidates have been developed mainly for use in dementia diag-
nostics. However, in the setting of TBI and CTE, tau PET tracers have recently 
been found to display tau patterns distinct from those in AD, resembling the 
tau distribution of CTE observed at autopsy with inclusions in subcortical 
white matter, the white matter of the brainstem and the limbic and temporal 
lobes. Examples of tracers used in TBI and suspected CTE cases include 2-
(1,1-dicyanopropen-2-yl)-6-(2-[18F]fluoroethyl)-methylamino-naphthalene 
([18F]FDDNP), [18F]flortaucipir, [11C]PBB3 and [18F]THK5317.  

[18F]FDDNP has high non-specific white matter-binding and the binding is 
equally strong for both beta-amyloid and tau227. Two studies using this tracer 
in retired American football players found tracer uptake in a pattern distinct 
from that in AD brains228 229.  

[18F]Flortaucipir, also called [18F]AV1451 or [18F]T807, has low non-specific 
white matter-binding and a 25-fold affinity for tau compared with beta-amy-
loid. American football players were shown to have increased uptake of this 
tracer in a pattern similar to that observed at autopsy of CTE cases230. Further-
more, in vivo results using this tracer have been compared with post-mortem 
pathological analysis confirming CTE diagnosis. One case-study showed 
good correlation between PET imaging and the post-mortem findings231, alt-
hough a low correlation was observed in another case-study232. [18F]Flortauci-
pir also binds off-target to monoamine oxidases, as well as to neuromelanin- 
and melanin-containing cells233. 

In Paper IV, [18F]THK5317 was used. This binds to all tau isoforms, including 
phosphorylated and non-phosphorylated tau. Its structure shows similarities to 
[18F]THK5351, which has been suggested to bind monoamine oxidase-B 
(MAO-B), present in astrocytes234. However, a study of [3H]THK5117 (the S-
form enantiomer of which is known as THK5317) in vitro found relatively 
low affinity to MAO-B. Thus, PET imaging with [18F]THK5317 would have 
low off-target binding to MAO-B, resulting in little significant off-target sig-
naling235. However, in vivo, an off-target binding is evident in the basal gan-
glia236, 237 and in the white matter due to the tracer’s beta sheet configuration. 
This tau tracer is well-studied in AD and since it binds to all forms of tau and 
the tau proteins are chemically similar between AD and TBI/CTE, the tracer 
is plausibly reliable for the investigation of TBI, SRC and suspected CTE. 
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A tau tracer believed not to bind monoamine oxidase A or B (recently in in-
vestigational use for TBI) is the [11C]pyridinyl-butadienyl-benzothiazole 3 
([11C]PBB3) tracer238. It has showed increased uptake in both severe TBI and 
rSRC, and the uptake was correlated with neuropsychiatric outcome. 

Although the above mentioned tau tracers are promising, some off target bind-
ing exists, why newer generations of tracers were developed in hope of in-
creasing specificity. These tracers include [18F]MK6240, [18F]PI-2620 and 
[18F]RO948. However, at present these tracers have not been evaluated in SRC 
or TBI239. 
 
Translocator protein PET tracers 
Translocator proteins (TSPOs), also known as peripheral benzodiazepine re-
ceptors, are activated mainly on the surface of the mitochondria in microglia, 
but also on astrocytes. The most well-known first-generation TSPO PET 
tracer is [11C]PK11195, which has a rather low signal-to-noise ratio and low 
permeability through the BBB. This has been improved in later generations of 
TSPO tracers such as [11C]PBR28, [11C]ER176 and [11C]DPA713. One prob-
lem with the second-generation TSPO tracers is that a polymorphism in the 
TSPO gene leads to differing affinities to the tracers, creating three groups: 
low-affinity binders, high-affinity binders and mixed affinity binders. Of the 
aforementioned second-generation TSPO tracers, [11C]DPA713 has the high-
est signal-to-noise ratio. However, radio-metabolites arise during tracer de-
generation. The second highest signal-to-noise is documented in [11C]ER176, 
which also lacks radio-metabolites and does not require exclusion of low-af-
finity binders226. 

In this present thesis, the TSPO tracer [11C]PK11195 was used. This tracer has 
previously been used to study moderate to severe TBI, showing increased up-
take at 6 months following TBI240, an increase that was found to persist up to 
17 years post-injury in subsequent studies221. The tracer uptake is seen pre-
dominately in subcortical white matter221. Increased microglial activity was 
found in several brain regions in active and former American football players 
using the TSPO tracer [11C]DPA-713241, 242. In moderate to severe TBI cases, 
thalamic inflammation was also associated with injury to its white matter pro-
jections89. In stroke patients, increased PK11195 tracer uptake was first ob-
served in the ischemic area, in its white matter connections243, and later also 
in thalamus and the brainstem244. Neuroinflammation is believed to stimulate 
the process of tau aggregation and is observed prior to the occurrence of tau 
aggregations179, 180. As described above in 1.16.3, there are many microglia 
phenotypes and it has not been established that TSPO is equally upregulated 
in all types245. 
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1.17.3 Neuropsychology 
It is crucial to remember that the brain is primarily a functional organ, and one 
key function – cognition – can be measured through many different tests. 
Many authors advocate neuropsychological testing before return to play after 
an SRC, though this has failed to reach consensus246, 247. The reason is that 
cognition may not have recovered even if an athlete is free of symptoms. Cog-
nitive aspects that are often assessed include attention, verbal functions, 
visuospatial, immediate, delayed memory and reaction time. Examples of tests 
are: 

- The Mini-Mental State Examination, a simple test used to evaluate cognitive 
functions such as orientation, memory, language, logic and spatial abilities. 

- Raven’s Progressive Matrices, a nonverbal test used to measure intelligence 
and abstract reasoning. It involves showing a series of pictures, where the test 
person should decide on the continuation of the series. 

- The Rey-Osterrieth Complex Figure Test, which evaluates visuospatial re-
call memory, visuospatial recognition memory, response bias, processing 
speed and visuospatial constructional ability. It consists of a complex figure 
that is to be copied from memory. 

- The Wisconsin Card Sorting Test, which evaluates abstract thinking and stra-
tegic planning. It consists of response cards that should be sorted according to 
different principles that change during the test. 

- The STROOP test, which measures the reaction time for reading the name 
of a colour when the letters are a different colour. 

- The Repeatable Battery for the Assessment of Neuropsychological Status 
(RBANS), used in this thesis, which is described below. 
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2 Aims of the investigations 

2.1 General aim 
To investigate short- and long-term consequences of sport-related concussions 
in athletes, focusing on epidemiology, clinical aspects and pathophysiology.  

2.2 Specific aims 
2.2.1 Paper I 
To retrospectively investigate concussion history among Swedish elite soccer 
players, the presence and duration of symptoms following their most recent 
concussion and symptom evaluation before season start (baseline symptoms). 

2.2.2 Paper II 
To prospectively investigate concussion incidence, symptom load, duration of 
symptoms and sex differences following concussion in Swedish elite soccer 
players. 

2.2.3 Paper III 
To investigate cerebral blood flow, cortical thickness and magnetic resonance 
spectroscopy results using 3 Tesla MRI imaging in cohorts of persistently 
symptomatic athletes with previous sport-related concussions and in patients 
with moderate to severe TBI.  

2.2.4 Paper IV 
To evaluate neuroinflammation and tau aggregations using PET in persistently 
symptomatic athletes following repeated concussions and following moderate 
to severe TBI.  
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3 Material and methods 

The Regional Research Ethics Committee at Uppsala University granted per-
mission for the clinical research included in all the studies (Dnr 2015/012 for 
Papers I and II, Dnr 2017/151 for Papers III and IV). Written informed consent 
was obtained from the included subjects. All research was conducted in ac-
cordance with the ethical standards given in the Helsinki Declaration of 1975, 
as revised in 2008. 

3.1 Study design  
This thesis addressed a) the problem of concussion in Swedish elite soccer and 
b) consequences for persistently symptomatic athletes who had previously 
sustained several SRCs. To investigate this, the thesis was divided into two 
parts. The first, Papers I and II, investigated concussion in Swedish elite soc-
cer players from epidemiological aspects. The second part, Papers III and IV, 
used MR imaging, PET and biomarkers to study the pathophysiology of con-
cussion in athletes with prolonged symptoms (Figure 4). 

 
Figure 4. The thesis was divided into two parts. One epidemiological, based on ques-
tionnaires, and one pathophysiological, using PET/MR/biomarkers/neurophysiologi-
cal methods. 
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3.2 Concussion definition and inclusion criteria  
In this thesis, the definition of concussion has been transient neurological 
symptoms caused by an external force/trauma to the head, either direct or in-
direct, as based on the consensus meetings on concussion in sport held in Zur-
ich 201257. Some examples of neurological symptoms are loss of conscious-
ness, memory loss, blurred vision, dizziness, balance problems, and confu-
sion. The DSM-IV and ICD-10 classifications of post-concussion syndrome 
were used to include persistently symptomatic athletes.  

Patients with moderate to severe TBI were included in Papers III and IV. The 
former group was defined as those with a GCS score of 9–12, loss of con-
sciousness for ≥ 5 min and/or focal neurological deficit248 and the latter group 
as patients with a GCS score of 3–8. 

3.3 Participants 
3.3.1 Part 1 
All teams in the top two Swedish soccer divisions for males and females 
(Male: Allsvenskan and Superettan; female: Damallsvenskan and  
Allettan) were contacted, to recruit as many players as possible before the start 
of the season 2017. There were 58 eligible teams in total. Paper-based ques-
tionnaires were distributed to those who agreed to participate. A retrospective 
questionnaire was distributed first, the results of which were studied in Paper 
I. All players who filled out the retrospective questionnaire also participated 
in the study for Paper II, which was based on a prospective questionnaire, 
filled out when a study subject sustained a concussion and at a series of follow-
up time points (Figure 5). 

3.3.2 Part 2 
For the second part of this thesis, Papers III and IV, nine healthy controls, 
twelve athletes with repeated SRCs and six patients with moderate to severe 
TBIs were included. 

The controls were age-matched, non-smoking with no previous TBIs/SRCs, 
neurological disorders or activity in any contact sport. The recruitment were 
performed based on convenience sampling or via Clinical Trial Consultants, 
Uppsala, Sweden. CSF control samples for Paper IV were received from De-
partment of Psychiatry and Neurochemistry, University of Gothenburg, where 
they had been taken from neurologically healthy, age-matched active gym-
nasts without any known history of TBI or SRC201. 
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The athletes with previous repeated SRCs were persistently symptomatic, 
meeting the criteria of PCS79, following ≥ 3 concussions. The most recent con-
cussion should have occurred at least 6 months prior to the investigation.  

Of the six TBI patients included, three had moderate TBI and three had severe 
TBI. They were all previously treated at the neurointensive care unit (NICU) 
at Uppsala University Hospital. Four had contusions, with one also having an 
acute subdural haematoma, and two patients had DAIs. All patients were 
treated non-surgically; however, two were monitored with an intraparenchy-
mal ICP meter in the acute phase. The investigations were performed in the 
chronic phase, at least 6 months after injury. 

3.4 The questionnaires (Part 1) 
The SCAT (version 3 was used for Papers I and II) has been validated as an 
aid in the evaluation of athletes with suspected concussion. The SCAT con-
tains several parts, including GCS assessment, Maddocks questions153, evalu-
ation of 22 common concussion symptoms (Table 5), cognitive evaluation, 
neck evaluation, balance evaluation and coordination evaluation13. Of these, 
the evaluation of the 22 symptoms, developed in the late 1980s by Lovell et 
al., is the most sensitive test to determine whether a player is concussed249. 
There are normative values available for these tests250, but the test-retest reli-
ability is low251. 

In the retrospective questionnaire, the 22 symptoms in SCAT 3 (the same 
symptoms as in SCAT-5, adopted from the Berlin consensus conference), 
were self-assessed by the athletes at baseline/before the season. The self-re-
port questionnaire also included information on SRC history, medication, 
headache/migraine, depression and attention-deficit hyperactivity disor-
der/learning disabilities. When the baseline questionnaire was completed for 
the retrospective study in Paper I, the player was considered a study partici-
pant for the prospective study in Paper II. 

During the season, SRCs were registered by a member of each soccer teams’ 
medical organisation, most commonly a physiotherapist. Registration oc-
curred between study inclusion and the last competition game of the regular 
season 2017 in early November. When an included player sustained a concus-
sion, the prospective questionnaire was completed by the medically responsi-
ble person for their team and by the concussed player. This questionnaire was 
divided into four parts, as described in Figure 5. The first two parts were filled 
out within 48 h from the concussion and included evaluation of the 22 symp-
toms, information about amnesia and unconsciousness, injury mechanics, and 
where on the pitch and during which half of the game the injury occurred. 
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After four weeks, the third part was filled out. It covered how the concussion 
had been managed acutely and during the graduated return-to-play phase, 
evaluation of the 22 symptoms and whether the player had returned to play. 
The fourth part was filled out after three months and included evaluation of 
the 22 symptoms and whether the player had returned to play. 

Table 5. The 22 concussion symptoms evaluating severity between 0 and 6, as origi-
nally described by Lovell et al. 

The 22 symptoms (Table 5) in SCAT were evaluated between 0 and 6, where 
0 meant that the symptom was not present and 6 that the symptom could not 
be imagined to be worse. Two different scores resulted from these evaluations. 
First, the number of symptoms (NOS), which is the number of symptoms eval-
uated between 1 and 6, yielding a result between 0 and 22. Second, symptom 
severity score (SSS), where all evaluations are added together into a score 
between 0 and 132. These scores were used in all four papers. 

The 22 SCAT symptoms: 
 Headache 
 ‘Pressure in head’ 
 Neck pain 
 Nausea or vomiting 
 Dizziness 
 Blurred vision 
 Balance problems 
 Sensitivity to light 
 Sensitivity to noise 
 Feeling slowed down 
 Feeling of being ‘in a fog’ 
 ‘Don’t feel right’ 
 Difficulty concentrating 
 Difficulty remembering 
 Fatigue or low energy 
 Confusion 
 Drowsiness 
 Trouble falling asleep 
 More emotional 
 Irritability 
 Sadness 
 Nervousness or anxiety 
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Figure 5. Flowchart of the study protocol. Before the regular 2017 season, a baseline 
questionnaire (A) was completed for participation in the retrospective study in Paper 
I, and for inclusion in the prospective study in Paper II. The prospective questionnaire 
was divided into 4 parts, B1 and B2 to be completed within 48 h of a suspected con-
cussion (B1 filled out by the medical team and B2 filled out by the concussed player), 
B3 at 4 weeks (divided into two parts and filled out by both the player and the medi-
cally responsible person), and B4 at 3 months post-concussion, filled out by the con-
cussed player. After the season, an additional questionnaire (C) was sent to a member 
of the medical team to provide a summary of all SRCs that occurred during the 2017 
season. 

3.5 Neuropsychology (Part 2) 
The Repeatable Battery for the Assessment of Neuropsychological Status 
(RBANS)252 is an objective and reliable test to measure neurocognitive func-
tions, including attention, verbal functions, visuospatial, immediate and de-
layed memory, with results strongly correlating with those of other neuropsy-
chological tests. It was performed on all study participants by a neuropsy-
chologist for the studies in Papers III and IV. It exists in different versions, so 
that it can be repeated without being biased by any learning effect on the re-
sult, for better longitudinal comparisons. It has previously been used to detect 
cognitive impairment in both SRC and moderate to severe TBI252, 253.  
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3.6 Image acquisition (Part 2) 
All subjects included in Papers III and IV were investigated in a  
GE Signa 3.0 T time-of-flight combined PET/MR (Signa PET/MR, GE 
Healthcare, Milwaukee, USA) for simultaneous PET and MR acquisition.  

3.6.1 Structural imaging 
For structural imaging, high-resolution 3D-T1w, 3D-T2-FLAIR and suscepti-
bility-weighted angiography (SWAN) images were acquired for diagnostic 
evaluation of all cases. In addition, T1w sequences were used for spatial ana-
tomical identification of ASL and PET images. The images were diagnosti-
cally evaluated for presence of posttraumatic lesions, e.g., contusion rests and 
diffuse axonal injuries, by two neuroradiologists independently.  

3.6.2 Volumetric and cortical thickness 
Volumes of corpus callosum and hippocampus (Paper IV) as well as cortical 
thickness (Paper III) were calculated with the FreeSurfer software tool (ver-
sion 6.0, available for free at http://surfer.nmr.mgh.harvard.edu)254. Cortical 
thickness was measured through identification of the shortest distance be-
tween the grey/white matter interface and the pial surface. From these values, 
a mean global cortical thickness value was calculated from each individual, 
using previously published methods255. The volumes of interest were automat-
ically segmented using T1w and T2-FLAIR images. The five automatically 
segmented regions of corpus callosum were added together to obtain the total 
volume of the corpus callosum. Volumes are given in mm3. 

3.6.3 Magnetic resonance spectroscopy (MRS) 
Two volumes of interest (voxels; Figure 6), the first containing mainly white 
matter, measuring 1x1.5x2.5 cm3, and the second with mostly grey matter, 
measuring 1x1.5x3.5 cm3, were placed in the 3D T2w fast spin echo images 
(TR/TEeff 2500/88 ms). Meanwhile, a Point RESolved Spectroscopy se-
quence was used to acquire the spectra (TR/TE 5,000/30 ms, spectral band-
width 5,000 Hz, 4,096 time domain points, 8 phase cycles). Four dummy ex-
citations were followed by 16 non-water-suppressed and 64 water-suppressed 
scans. Spectrum processing was performed using LCModel256. In Paper III, 
(NAA+NAAG)/creatine (Cre) concentration ratio was measured as a neuronal 
density marker. 
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Figure 6. Voxels where MR spectra were acquired during the MRI scans. In A–C, 
coronal, sagittal and axial images of the predominantly white matter voxel. In D–F, 
the same image projections for a predominantly grey matter voxel. 

3.6.4 Cerebral blood flow 
There are many methods to estimate CBF. Some are indirect and provide a 
global cerebral estimate, thus not yielding an absolute value but rather a trend 
that can be followed. Examples of such methods include the cerebral perfusion 
pressure, jugular bulb oxygen level or transcranial Doppler investigations of 
the flow, e.g., in the middle cerebral artery. In order to quantify CBF in ml/100 
g brain tissue/min and also to measure regional differences in CBF, 15O-PET 
was developed and became a widely used method proven to be highly accu-
rate. Since then, contrast-enhanced MRI and CT have emerged as more user-
friendly options, since manufacturing and handling of a radioactive isotope is 
not required. In the NICU setting, xenon-enhanced CT is another option where 
the inert gas xenon is administrated using a ventilator257. In Paper III, the MRI-
ASL sequence was used.	

3.6.5 Arterial spin labelling 
The benefits of ASL, compared with the aforementioned methods, are that the 
patient is not exposed to either radiation or external contrast agents. The 
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downside is that the signal-to-noise ratio is low, so the pictures have lower 
spatial resolution than T1w images, and it is difficult to draw conclusions by 
visual interpretation alone. Instead, since the images are parametric, absolute 
CBF values are extracted from them. Multiple scans can be performed in order 
to increase the signal-to-noise ratio and MRI scanners with strong magnets are 
also beneficial. To measure CBF, endogenous arterial blood is magnetically 
labelled at the level of the neck in the carotids and vertebral arteries, with a 
signal read-out when this blood reaches the brain. CBF is calculated from the 
difference between imaging with and without magnetically labelled blood. 
Thus, ASL is highly suitable for studies including healthy subjects258.  

In Paper III, the CBF mean of two 3D fast spin echo pseudo-continuous ASL 
(pCASL) acquisitions using spiral readout and background suppression was 
calculated. From the calculation, CBF maps were acquired, based on the 
model recommended by Alsop et al.259, including a correction term for full 
proton density reference260-264. The SPM12 toolbox (Wellcome Trust Centre 
for Neuroimaging, London, UK) was used for spatial registration of the CBF 
maps to the T1w image of each subject. Parcellation of cortical regions was 
done with the FreeSurfer processing pipeline (version 6.0, freely available at 
http://surfer.nmr.mgh.harvard.edu)254 using T1w and T2-FLAIR images. The 
cortical regions were divided into bilateral frontal, parietal, occipital and tem-
poral lobes. Furthermore, amygdala, caudate, putamen, pallidum and thalamus 
bilaterally were also included (Figure 7). The average regional CBF values 
from each region, derived from the two pCASL acquisitions, were calculated 
and analysed. 
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Figure 7. Brain parcellation for CBF analysis. All regions were divided into left and 
right except total white matter and total grey matter resulting in 22 different regions 
of interest. A. Amygdala, B. total grey matter, C. total white matter, D. Caudate nu-
cleus, E. Frontal lobe grey mater, F. Hippocampus, G. Occipital lobe grey matter, H. 
Globus pallidum, I. Parietal lobe grey matter, J. Putamen, K. Temporal lobe grey mat-
ter, L. Thalamus. 

3.6.6 PET investigation of tau and neuroinflammation 
Post-mortem pathological investigations are the gold standard for investigat-
ing patterns and levels of tau aggregation following TBI. In vivo levels in 
blood and CSF can be measured, but in order to measure spatial distribution 
and levels, in vivo tau PET imaging is more promising. Here, the tau tracer 
[18F]THK5317 was used. 

In vivo alternatives to spatially investigate neuroinflammation include con-
trast-enhanced CT and MRI, e.g., to investigate infections or the inflammation 
in multiple sclerosis. TSPO PET can be used for spatial evaluation of lower 
grades of neuroinflammation. In this thesis, [11C]PK11195 was used.  
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3.6.7 Positron emission tomography (PET), Paper IV 
PET raw data were collected during 2 x 60 min dynamic PET-MRI scans after 
i.v. bolus injection of 5 MBq/kg  [11C]PK11195 (TSPO), which has a half-life 
of 20 min. To allow decay of carbon-11 the second tracer was injected after 
six half-lives i.e. after 120 minutes when 3 MBq/kg [18F]THK5317 was in-
jected i.v. The latter tracer has a longer half-life of 120 min.  

3.6.8 Imaging processing 
Parametric images of [11C]PK11195 binding potential (BPND) and 
[18F]THK5317 distribution volume ratio-1 (DVR-1) were made using tissue 
compartment models. The gold standard in creating parametric PET images 
(output function) is to measure both a tissue activity curve (PET image) and a 
plasma activity curve (input function) corrected for radioactive metabolites. 
However, in a reference tissue model (RTM), there is no need for repeated 
blood sampling and the input function is the tissue activity curve from a ref-
erence tissue region, which in the best case does not bind the tracer. When it 
is feasible to use a RTM, this simplifies matters265. 

For tau evaluation in Paper IV, the [18F]THK5317 tau tracer developed by 
Okamura266 was used, with the cerebellar grey matter as a reference tissue, to 
calculate the reference Logan267 – from which the binding potential is calcu-
lated, in turn. 

The tracer measuring neuroinflammation, [11C]PK11195, is a reversible radi-
oligand-binding TSPO, which is abundant in activated glial cells, especially 
microglia. In the brain, the pineal gland normally has a high expression of 
TSPO and the tracer has a relatively high lipophilicity, meaning there is rela-
tively high non-specific binding in the brain226. The tracer analysis is compli-
cated by its low extraction and the lack of easily identifiable reference tissue. 
Supervised clustering and the two-parameter simplified reference tissue 
model (SRTM2) with vascular correction268, the most widely accepted method 
for analysis of [11C]PK11195 data, were used in Paper IV. The supervised 
clustering identifies a cluster of voxels with no tracer uptake in the dynamic 
scan. This creates a reference tissue input to use in a SRTM2217 for evaluating 
TSPO quantitatively222 

The tissue compartment models for both tau and microglia tracers give rise to 
a value called binding potential which represents a semi-quantitative measure 
of the density of available receptors, i.e., tau or microglial activation (TSPO).  

For identification of neuroanatomic structures on the PET images, spatial nor-
malisation to T1-weighted MRI images was performed. In order to compare 
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TBI, rSRC and controls with voxel-wise T-tests, the parametric images were 
co-registered to Montreal neurological institute (MNI) space using statistical 
parametric mapping. 

3.6.9 CSF and blood sampling 
In conjunction with the image acquisition, CSF and blood samples were ob-
tained via lumbar punctures and venipunctures. For the serum samples, gel 
separator tubes were used. The samples were centrifuged and stored in -80 °C 
until analysis. From these samples, t-tau in CSF and plasma and NF-L in CSF 
and serum were analysed. All concentrations were measured in picogram/mil-
lilitre (pg/ml). 

NF-L in CSF was analysed using a commercially available NF-Light kit 
(UmanDiagnostics, Umeå, Sweden) and CSF tau using the INNOTEST 
ELISA (Fujirebio, Ghent, Belgium). These tests are based on the enzyme-
linked immunosorbent assay (ELISA). In these assays, immobilised antibod-
ies bind the protein/antigen of interest, immobilising them. The rest of the 
sample is washed away, after which a secondary antibody is added that binds 
to the first antibody. The unbound antibodies are then washed away and the 
fluorescence of the second antibody will be in correlation with the concentra-
tion of the protein/antigen of interest. 

In plasma, t-tau was measured using the Human Total Tau 2.0 kit and the 
single molecule array (Simoa) HD-1 analyser (Quanterix, Lexington, MA, 
USA). The serum samples were investigated for NF-L using a Simoa assay 
(Department of Psychiatry and Neurochemistry, University of Gothenburg). 
Due to the lower concentrations of brain injury markers in serum and plasma 
compared with in CSF, a more sensitive method than ELISA is needed. The 
development of the Simoa technology has enabled a 100- to 1,000-fold in-
creased sensitivity. It is based on the same principles as ELISA, but the array 
is much smaller, femtolitre-sized, which decreases the importance of diffusion 
in the enzyme labelling process. Simoa can detect the presence of a single 
enzyme-labelled antigen. 

3.7 Statistics 
Statistical analyses were performed using GraphPad Prism version 8.1.0 for 
Windows, GraphPad Software, San Diego, California, USA. Normality of 
data was determined using the Shapiro-Wilk test. Descriptive data were de-
scribed as means and standard deviations (SDs) for parametric data, while me-
dians, interquartile ranges and/or ranges were used for non-parametric data. 
The chi-squared test or Fischer’s exact test were used to calculate odds ratios 
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to evaluate risk differences between categorical variables, i.e., concussed and 
non-concussed athletes. The non-parametric Friedman’s test was used to in-
vestigate differences between more than two paired groups, i.e., comparison 
of symptoms following SRC at different time points, followed by Wilcoxon’s 
test to calculate differences in medians between two specific time points. To 
compare three non-paired and non-parametric groups, i.e., controls, rSRC ath-
letes and TBI patients, with continuous data, the Kruskal-Wallis test was used. 
If significant, Mann-Whitney U-test was used to evaluate differences in me-
dians between the groups. To evaluate correlations between several groups, 
i.e., CBF, TBI severity, sex, RBANS index score, cortical thickness, MRS 
(NAA+NAAG)/Cre in both grey and white matter and time since the most 
recent SRC/TBI, a correlation matrix using Pearson’s correlation analysis was 
created. The significant correlations were further analysed with multiple linear 
regression. For comparison of return to play following SRC, the log-rank test 
was used. The significance level was two-sided and set at p < 0.05. The PET 
images were compared using T-values (difference between groups repre-
sented in units of standard error), calculated voxel by voxel. To compensate 
for multiple comparisons, a T-value of ≥ 4 was considered significant.  
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4 Results 

4.1 Papers I and II 
From a total of 58 eligible teams, 55 agreed to participate. In these 55 teams, 
1,030 players filled out the baseline questionnaire. These players had a mean 
age of 24 (± 4.6) years (402 female players with a mean age of 22.5 (± 4.2) 
years and 628 male players with a mean age of 24.9 (± 4.6) years). Of these 
1,030 players, 959 players (389 women (age 23 ± 4.2 years) and 570 men (age 
25 ± 4.6 years)) could be followed during the entire 2017 season. 

4.1.1 Concussion history and incidence (Papers I–II) 
In the baseline questionnaire, 39.8% of the 1,030 players (missing data in 38 
players) reported a previous concussion. A previous concussion had been sus-
tained in soccer play by 34.6% (missing data in 37 players), corresponding to 
344 players. Of those previously concussed during soccer play, 54.9% had 
sustained one previous concussion, 43.6% 2–5 previous concussions and 1.5% 
≥ 6 previous concussions in soccer play (Figure 8). During the preceding sea-
son, 10% of the players (103 players) reported having sustained an SRC. In 
the prospective questionnaire, 30 concussions were reported during competi-
tive games, resulting in a concussion incidence of 1.19/1,000 h of game play, 
with similar frequencies in men (1.18/1,000 h of game play) and women 
(1.22/1,000 h of game play). If SRCs sustained during practices were in-
cluded, 36 SRCs occurred over the entire season, 1 SRC per 27 males and 1 
per 23 females. No significant sex differences were observed in either the 
baseline reports or the prospective reports (Table 6).  
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Figure 8. Retrospective data from Paper I, describing the numbers of players with 
previous concussions.  

Table 6. Different metrics of concussion incidence. Data in the shaded blue fields are 
retrospective, the remaining results are from the prospective study collected during 
the 2017 season. Neither the retrospective nor the prospective data showed any sex 
differences. 

  Total Women Men P-value 

Players reporting a previous SRC 0.35 0.34 0.35 0.59 

Players reporting a previous SRC 
within 1 year 0.10 0.11 0.10 0.75 

Incidence (SRC/1,000 h game play) 1.19 1.22 1.18 0.99 

SRC/Game 0.04 0.04 0.04 0.99 

SRC/Player 0.04 0.04 0.03 0.39 

4.1.2 Concussion management (Papers I and II) 
In the baseline report, 114 players (34%) reported previously having contin-
ued to play or practice despite sustaining a concussion, which was more com-
mon in female players (p = 0.002). Meanwhile, following the 36 concussions 
registered in the prospective reports, 7 players continued to play despite their 



 55

SRC (missing data: 28%): in females 1 out of 12 (8%) and in males 6 out of 
14 (40%) (p = 0.08).  

During the graduated return to play, data from either the 4-week or 3-month 
questionnaires showed that 7 of 22 players had a return of symptoms, warrant-
ing a step back in the graduated return-to-play protocol (missing data: 39%). 

4.1.3 Symptom development and return to play following 
concussion (Papers I and II) 

In the baseline report, normalisation of symptoms was reported within one 
week in 181 of the 295 previously concussed players. Twenty-five players 
(9%) had persisting symptoms beyond three months and 9 players (3%) re-
ported that the symptoms persisted for over one year. Following their most 
recent concussion, 89% of players had returned to play within one month. Data 
on whether the player refrained from full contact play during the return-to-
play protocol were available in 335 players. Of these, 317 players (96%), in-
cluding 199 of 208 males and 118 of 127 females, reported a period of absence 
from full contact play. 
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In the prospective study, there was no difference between symptoms at base-
line and symptoms at four weeks after the concussion, indicating recovery at 
a group level (Table 7). The median return-to-play time was 12 days; IQR 7–
21; range 3–270 days (missing data: 19%). Two players had returned to play 
within 5 days, i.e., a shorter time than recommended in the return-to-play pro-
tocol. 

 
Figure 9. Cumulative incidence of return to play following SRC, all players (n = 29; 
data missing for 5 players). Return-to-play gender differences in males (n = 16) and 
females (n = 13) (P = 0.02).  

4.1.4 Sex differences in concussion symptoms (Papers I and II) 
The female elite soccer players had higher baseline symptom scores for NOS 
(females: median 3 (1–7); males: median 1 (0–4); p < 0.001) and SSS (fe-
males: median 5 (1–12) males: median 2 (0–6); p < 0.001) than the male elite 
soccer players. After SRCs, females had worse initial SSS, assessed in the 48 
h questionnaire (in females: median 30; range 4–67; in males: median 11; 
range 0–88; p = 0.02) and a higher number of symptoms (NOS 13; range 4–
22) than males (NOS 7.5; range 0–20; p = 0.02). At 3 months, but not at four 
weeks post-concussion, females had worse symptoms as indicated by SSS 
(median 7; range 0–39) than males (median 0; range 0–19; p = 0.01) and a 
higher number of symptoms (median NOS 5.5; range 0–16) than males (me-
dian NOS 0; range 0–11; p = 0.005). Return to full contact play occurred at a 
median of 20 days (IQR 8.5–75; range 3–270; one player had to end her soccer 
career) for females and at a median of 10 days (IQR 7–13.5; range 7–30) for 
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males (p = 0.02). All male players had returned to play by 30 days post-con-
cussion, whereas 3 out of the 12 female players for whom data were available 
had not returned to play by 90 days (Figure 9). Ten players had not returned 
to play within the first 14 days, thus prolonged symptoms (seven females and 
three males). 

Previously concussed players had significantly higher total NOS (concussed: 
median 2 (0–6); non-concussed: median 2 (0–4); p < 0.001) and SSS (con-
cussed: median 4 (0–10); non-concussed: median 2.5 (0–7); p < 0.001) than 
players without previous concussions. 

4.1.5 Concussion risk factors  
Of the 959 players, 363 reported having sustained a concussion prior to inclu-
sion of this study. Of these, 5.8% (n = 21) sustained a concussion during the 
2017 soccer season, in contrast to 1.5% (n = 9) of players without any previous 
concussion, an odds ratio of 3.98 (p < 0.001). Of the players concussed during 
2017, 21 of 30 (70%) for whom data were available had sustained a previous 
concussion. Thus, a previous concussion was associated with an increased risk 
of sustaining a concussion. 

In addition, the presence of ten or more symptoms at baseline was associated 
with an increased risk of sustaining a concussion during the 2017 season (odds 
ratio 3.30; p = 0.008). However, players with a previous SRC also had more 
baseline symptoms. Six of eight players with ≥ 10 symptoms had previously 
sustained a concussion. Headache/migraines, depression, attention-deficit hy-
peractivity disorder/learning problems or medications at time of SRC were not 
associated with increased risk of sustaining a concussion. 

In the baseline report, 40% of players who had previously sustained a concus-
sion reported unconsciousness and amnesia as symptoms immediately follow-
ing the injury. Both symptoms were more common among male than female 
players (p < 0.001). Dizziness was the most commonly reported symptom 
(82.0%), with nausea in second place (59.2%) – both being more common 
among female players.  

In the prospective study, information on amnesia was available in 29 players, 
of whom 9 (31%) experienced memory loss from the SRC. Of the 30 players 
who reported data, two (7%) lost consciousness at the time of the SRC. Data 
on ‘seeing stars/feeling dazed’ were reported by 27 players, of whom 9 (33%) 
experienced such symptoms. No sex differences regarding these symptoms 
were observed in Paper II. 
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4.2 Papers III and IV  
In Paper III, eleven controls, six males and five females, (age = 26 ± 4.5 years; 
range 20–34) were included. Two other controls were excluded; the first due 
to previous participation in Thai boxing and structural imaging showed an old 
hippocampal traumatic lesion. The second was an outlier > 2.5 SD in all PET 
data and in ASL blood flow measurements.  

Paper IV included the same controls as Paper III except two males, for whom 
PET data were not acquired; thus, nine controls (mean age 26.5 ± 5 years; 
range 20–34) were included. 

Since CSF samples were not collected from these controls, CSF samples were 
requested from the Department of Psychiatry and Neurochemistry, University 
of Gothenburg. The samples came from 19 neurologically healthy individuals, 
with a mean age of 26 years, range 21–35; 14 males and 5 females269.  

Twelve athletes (aged 26 ± 7 years; range 20–43), six female (median 24.5 
years; range 20–32) and six male (median 27 years; range 21–43), who had 
sustained rSRCs and suffered from PCS were included in both Paper III and 
Paper IV. PET/MR acquisition was performed at a median of 23 months 
(range: 6–132) after their most recent SRC. They had sustained a median of 6 
sport-related concussions (range 3–10) and had high symptom severity on 
their SCAT evaluations.  

The female and male athletes were of similar age, with similar values for SSS, 
NOS, number of SRCs and RBANS index (Figure 10). The interval from the 
most recent concussion to the MRI investigation was 14 (6–28) months in fe-
males and 41.5 (15–120) months in males (P = 0.06). 

Six moderate to severe TBI patients were included in Papers III and IV. Of 
these, four had a good clinical recovery (GOS 5) and two had a moderate dis-
ability (GOS 4). They underwent PET/MR imaging 19 ± 8 months post-injury 
(range 10–29). No TBI patient had any known psychiatric or psychological 
disorder prior to the injury.  

4.2.1 Cognitive evaluation and symptom scores 
Cognition was evaluated using the RBANS test battery. As groups, athletes 
with rSRC and moderate to severe TBI performed significantly worse than 
controls (controls: 105.5 ± 21; rSRC: 80 ± 17; TBI: 75 ± 24; controls to rSRC: 
p = 0.006; controls to TBI: p = 0.03; Figure 10), without differences between 
the male and female athletes. However, male athletes performed worse than 



 60 

male controls (73.5 (63–87) vs. 110 (73–141); p = 0.005), while female ath-
letes with rSRC had RBANS scores similar to those of female controls (91 
(57–116) vs. 110 (73–141); p = 0.09). Using the SCAT, no differences in SSS 
or NOS were found between male or female athletes. 

 
Figure 10. The neuropsychological results from the RBANS test showing similar re-
sults between rSRC athletes and TBI patients, with both groups performing signifi-
cantly worse than controls. An index score ≤ 70 (2 SD from the cross-sectional mean 
value of 100 in the general population) is considered to indicate impaired cognition. 
The two extra controls included for Paper III did not take the RBANS test. 

4.2.2 Diagnostic evaluation 
All included subjects were evaluated for structural lesions with the following 
MRI sequences: high-resolution 3D T1w imaging, 3D T2-FLAIR and SWAN. 
Among the controls, there were non-specific small white matter signals in one 
male, without clinical significance. Among the rSRC subjects, small non-spe-
cific white matter lesions were found in two males, but in no females. One 
female athlete had a minor pituitary lesion of no clinical importance. In the 
TBI group, some findings indicating contusion rests (n = 4) and DAI (n = 2) 
were observed (Figure 11).  
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Figure 11. Examples of 3T magnetic resonance (MR) finding, indicating diffuse 
axonal injury in one of the TBI patients who had sustained a TBI ≥ 6 months 
previously. A shows a FLAIR (fluid-attenuated inversion recovery) image, B a T1w, 
and C, a SWAN (susceptibility-weighted angiography). White matter changes 
indicating diffuse axonal injury are indicated by white arrows. All athletes with 
repeated sport-related concussions and post-concussive symptoms had normal 3TMR 
scans with routine MR sequences were used (not shown). 

4.2.3 Paper III 

Cerebral blood flow (CBF) 
CBF, as evaluated with 3D fast spin echo pCASL, was measured in controls, 
rSRC athletes and patients with moderate to severe TBI. The latter group had 
lower CBF in grey and white matter compared with both controls (grey matter 
p = 0.02; white matter p = 0.02) and rSRC athletes (grey matter p = 0.04; white 
matter p = 0.03; Figure 12).  

After evaluating global values, the brain was divided into 22 parts, as shown 
in Figure 7. The CBF in rSRC athletes did not differ from that in controls, 
whereas the TBI group had lower CBF in the right caudate nucleus and bilat-
erally in the thalami than controls (p < 0.05). Females had higher CBF than 
male controls in 15 of the 22 evaluated brain regions (p ≤ 0.05). Female rSRC 
athletes had higher CBF than male rSRC athletes in 7/22 brain regions (p < 
0.05). Compared with sex-matched controls, female rSRC athletes had de-
creased CBF in 17 of the 22 evaluated brain regions including total grey mat-
ter, total white matter, left caudate nucleus, right frontal lobe, left and right 
hippocampus, left and right occipital lobes, left pallidum, left and right parie-
tal lobes, left and right putamen, temporal lobes bilaterally and both thalami 
(p ≤ 0.05). There were no differences between male rSRC athletes and male 
controls in any region.  
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Figure 12. Median and individual values for cerebral blood flow in grey and white 
matter in controls, rSRC athletes and patients with moderate to severe TBI. A. The 
TBI group had lower CBF in total grey matter compared with both controls and rSRC 
athletes, which was also true for (B) total white matter. When dividing the CBF result 
depending on sex, female athletes with rSRC had lower CBF in both (C) grey matter 
and (D) white matter. Horizontal bars indicate the median values. In addition, CBF 
was significantly lower in female rSRC athletes compared with female controls in 17 
of 22 evaluated brain regions. F = females. M = males. rSRC = repeated sport-related 
concussion. TBI = traumatic brain injury. * = p < 0.05. 

A Pearson correlation matrix was used to calculate differences between CBF 
and TBI severity (control, mild, moderate and severe), sex, RBANS index 
score, symptom severity score, number of symptoms, number of concussions, 
cortical thickness, MRS data (NAA+NAAG)/Cre concentration ratio in grey 
and white matter and time since most recent SRC/TBI. Univariate correlations 
were found between CBF and TBI severity, sex and (NAA+NAAG)/Cre ratio 
in white matter (p < 0.05; TBI severity: r = -0.33; Sex: r = 0.36; 
(NAA+NAAG)/Cre: r = 0.35). In a multiple linear regression model, de-
creased CBF remained correlated to increased TBI severity (B = -6.4; CI = -
9.5 to -3.4; p = 0.0003) and increased CBF to female sex (B = 11.3; CI = 4.7 
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to 17.9; p = 0.002). Univariate correlations to TBI severity were seen with 
CBF, RBANS and cortical thickness (p < 0.05; CBF: r = -0.57; RBANS: r = -
0.58; cortical thickness: r = -0.46). In the multiple linear regression model, all 
correlations remained significant, thus increased TBI severity correlated with 
decreased CBF (B = -0.03 CI = -0.06 to -0.01; p = 0.008), decreased RBANS 
index score (B = -0.02; CI = -0.03 to -0.006; p = 0.004) and decreased cortical 
thickness (B = -3.1; CI = -5.7 to -0.5; p = 0.02). 

Cortical thickness  
Each individual’s global mean cortical thickness was calculated using T1w 
MRI. The moderate to severe TBI group had a median cortical thickness of 
2.61 mm (range: 2.48–2.69), which was significantly thinner than that in con-
trols (2.73 mm; range: 2.60–2.85; p < 0.05). The athletes with rSRC (2.69 mm; 
range: 2.55–2.94) had similar cortical thickness to the TBI group. Among the 
rSRC athletes, there was no significant sex difference. 

Magnetic resonance spectroscopy 
From the MR spectra obtained from the white and grey matter voxels in  
Figure 6, N-acetylaspartate + N-acetylaspartylglutamate (NAA+NAAG) and 
creatine (Cre) were analysed and the quota between them 
(NAA+NAAG)/Cre) was calculated. There were no differences between 
groups and no sex differences within the control or SRC groups. 

4.2.4 Paper IV 
When evaluating the binding of PET tracers, BPND is often used. In Figure 13, 
the mean of BPND and the standard deviations are shown for each of the 
groups. The groups were compared, voxel by voxel, using T-tests. In rSRC 
athletes, increased BPND was seen in the corpus callosum and subcortically, 
including in the medial temporal region, using the tau tracer [18F]THK5317. 
Using the microglia tracer [11C]PK11195, increased uptake was seen in the 
medial temporal lobes. In patients with moderate to severe TBI, increased 
BPND for both tracers was seen in the thalamus, temporal lobe white matter 
and midbrain. The last of these showed only increased tau (Figure 14).  
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Figure 13. Mean and standard deviations (SD) of [18F]THK5317 (tau) and 
[11C]PK11195 (TSPO). In the upper row, mean BPND images for healthy controls, 
rSRC athletes and TBI patients are shown. The bottom row shows the corresponding 
SD images, which are rather dark, indicating a surprisingly low difference between 
samples in the respective groups. TSPO = 18-kDA translocator protein; BPND = bind-
ing potential. HC = healthy controls. SRC = sport-related concussion. TBI = traumatic 
brain injury. 
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Figure 14. Neuroimaging results, where a T-value (y-axis) above 4 is indicated by the 
highlighted areas. The TBI patients and rSRC athletes are compared against the con-
trols. Panels A and B show how the tau tracer binding differs, whereas panels C and 
D show the corresponding values for the TSPO tracer. A) Athletes with rSRC showed 
widespread tau aggregation in white matter, indicated by uptake of the tau tracer 
[18F]THK5117. B) In patients with moderate to severe TBI, tau aggregation was more 
accumulated in the thalamus and the temporal lobe white matter. In C, the rSRC ath-
letes can be seen to have bilateral medial temporal lobe neuroinflammation. D shows 
that moderate/severe TBI patients had neuroinflammation found to be more wide-
spread compared with that in rSRC athletes, with greater focus in thalamus and the 
temporal lobe. 
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Figure 15. Blood (A and B) and CSF (C, D, E and F) biomarkers. TBI patients showed 
reduced tau levels in plasma and increased NF-L levels in both serum and CSF, indic-
ative of ongoing neurodegeneration. There were no significant differences between 
rSRC athletes and controls. When dividing the groups based on sex, female athletes 
with rSRC had increased levels of NF-L in CSF. NF-L = Neurofilament-light. rSRC 
= repeated sport-related concussion. TBI = traumatic brain injury. 

The TBI patients had lower plasma tau levels compared with healthy controls 
(controls: 4.7 (3.3–18.9) pg/ml; rSRC: 4.0 (2.5–24.3) pg/ml; TBI: 3.4 (2.3–
4.0) pg/ml; TBI to control p = 0.02). Although there was a trend for decreased 
CSF tau in the TBI patients, there were no significant differences (controls: 
226 (129–375) pg/ml; rSRC: 173 (60–478) pg/ml; TBI: 128 (34–310) pg/ml; 
Figure 15). 
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CSF NF-L were elevated in the TBI patients compared with both controls and 
rSRC athletes (controls: 258 (153–1,491) pg/ml; rSRC: 350 (264–470) pg/ml; 
TBI: 1,691 (844–3,873) pg/ml; controls to TBI p = 0.0002; rSRC to TBI p = 
0.001). Serum NF-L levels were higher in the TBI group compared with in the 
rSRC athletes (controls: 8 (4–13) pg/ml; rSRC: 6 (2–10); TBI: 10 (8–35); 
rSRC to TBI p = 0.002; Figure 15). 

The volumetric data resulting from data processing of T1w images and T2-
FLAIR with the FreeSurfer software showed no difference between controls, 
rSRC athletes and TBI patients in corpus callosum, left or right hippocampus, 
the areas that showed increased uptake of both investigated tracers. 
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5 Discussion 

This thesis consists of four papers investigating different aspect of SRC using 
different methods, all demonstrating the adverse effects of SRC. The first part 
describes both short- and long-term effects regarding symptoms and return to 
play as well as providing updated concussion incidence numbers. The second 
part investigates the long-term pathophysiologic aspects in a subset of SRC 
athletes with persistent symptoms of young age indicating decreased cerebral 
blood flow and the initiation of processes that increases neuroinflammation 
and the aggregation of tau, where axonal injury probably is of importance. 
Thus, this thesis provides both clinical data from a real life setting and patho-
physiologic aspects contributing to the explanation of it.  

5.1 Papers I and II 
Paper I rested on a questionnaire-based study that retrospectively investigated 
the epidemiology of concussions in Swedish elite soccer players. It included 
both the female and male elite soccer leagues. Among 58 teams, 55 agreed to 
participate, from which 1,030 players were included. Paper II prospectively 
investigated the same cohort and here, 959 players from 51 teams from Paper 
I were included (Figure 5). 

The main results in Paper I were that almost 35% of the players had sustained 
a concussion previously during their soccer careers and 10% had sustained a 
concussion within the preceding year. These data corresponded well with 
those in previous studies using self-reported information, showing that about 
35–60% of soccer players report sustaining one or more previous concus-
sions270-272.  In Paper II, the prospective SRC incidence during games was 1.19 
per 1,000 game player hours. Men and women had a similar concussion inci-
dence rates in both Papers I and II. 

In other studies, the SRC incidence in soccer has varied between 0.06 and 
2.4/1,000 h11 51 52, 54. The result in Paper II was in the middle of this interval. 
However, SRC was not clearly defined in any of these previous studies, and 
was often reported as a subset of head and neck injuries. In Sweden, there are 
– to this author’s knowledge – two prior soccer concussion incidence studies. 
During the 2000 season, the incidence of all types of head injuries was 
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2.2/1,000 h of match play, of which 0.1/1,000 h was regarded as a concus-
sion273. In the 2005 season, the concussion incidence in the top male and fe-
male leagues was evaluated and 13 concussions were identified53. A recent 
review article on the incidence of SRC in contact sports included 28 studies 
on concussion in elite soccer among men and women, reporting a concussion 
incidence of 0.44/1,000 h match play for males and 1.76/1,000 h match play 
for females12. As mentioned above, neither Paper I nor Paper II showed any 
sex differences in the SRC incidence. One problem with past studies has been 
that only a few have evaluated both males and females using the same meth-
ods. 

In Paper I, about 10% of players reported a previous concussion during the 
2016 season, whereas almost 4% of the players sustained a concussion in Pa-
per II. Reasons for this difference might be recall errors or differing interpre-
tations of how to diagnose an SRC274 in the retrospective study. More plausi-
bly, there was some underreporting in the prospective study. Concussions oc-
curring during practice or games without the medical team present may be a 
contributing factor. Incorrect diagnosis or players not reporting symptoms at 
the time of concussion may also have reduced the number of reported concus-
sions. Furthermore, SRC-induced symptoms may sometimes develop with 
some delay, making diagnosis at time of injury difficult. Further increasing 
the suspicion of SRCs not being reported is the fact that only 23 of 51 teams 
reported at least one SRC; thus, 28 teams did not report any SRC.  

When an athlete sustains an SRC, the consensus guidelines recommend im-
mediate removal from the activity for proper evaluation if an SRC has oc-
curred and to eliminate the risk of a second impact. If a concussion is con-
firmed, the graduated return-to-play (Figure 9) strategy should be imple-
mented13. Still, the results from Paper I indicated that about one third of play-
ers continued their activity, despite having sustained an SCR. In the 
prospective Paper II, about one third of the concussed players continued to 
play immediately following their injury. Reasons for this might be player at-
titude, as suggested by a study of male high school American football play-
ers48. SRC recognition by the referee, leaders and medical teams is thus likely 
to be a paramount factor in the acute management of concussion and for re-
moving the player from the pitch. The acute phase management is a problem 
even at the highest level, as in the 2014 FIFA World Cup, where the SRC 
management protocol was not followed in 63% of cases275.  

Other reasons for not ceasing the activity following an SRC may be symptoms 
that evolve over time and thus do not present at the time of impact13. Following 
an impact to the head, some players disguise their symptoms from the medical 
team to avoid being taken out of play48. In September of 2014, FIFA imple-
mented a rule that allows the players to be evaluated for three minutes on the 
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pitch if an SRC is suspected, so that those players can be removed from the 
pitch. 

In the retrospective study, described in Paper I, symptom resolution time was 
one week or less for the majority of players, similar to that seen in previous 
studies on concussion recovery13, 57, 82. However, in the most recent consensus 
document from Berlin 2016, the mean recovery time was stated to be 14 days. 
This corresponded well to the prospective result of Paper II, where males had 
a median of 10 days before return to full contact play, whereas females had a 
median time of 20 days. A subset of concussed female players, 3 out of 17, all 
of whom had suffered from previous SRCs, had not returned to play after 90 
days. Thus, persistent symptoms could be detrimental to players and much 
like in Paper I, 28 players (2.7%) had concussion symptoms lasting longer 
than three months. An association was also seen between the number of pre-
vious concussions and the incidence of long-term concussion symptoms. The 
larger the number of concussions experienced in the past, the more likely the 
player was to experience fatigue, concentration/memory issues and headaches 
after their most recent concussion. Multiple concussions have previously been 
associated with slow recovery, memory impairment and worse mental 
health63.  

The SSS and NOS at time of injury are considered the most important risk 
factors for prolonged symptoms61. In both studies, they were significantly 
higher in females post-concussion than in males. In contrast, males suffered 
more from amnesia and loss of consciousness post-SRC; however, these are 
not established risk factors for prolonged symptoms61. 

A history of previous concussions reported at baseline was found to be a sig-
nificant risk factor for sustaining another SRC in the prospectively evaluated 
season. A previous SRC also co-varied with the presence of ≥ 10 baseline 
symptoms, which similarly was a significant risk factor for additional concus-
sions. Notably, the evaluated players had a rather high SSS and NOS com-
pared with in other baseline symptom studies250. In a previous review article, 
only previous concussions and game play were consistently associated with 
an increased concussion risk55. Due to incomplete reporting from the teams 
regarding practice hours, the relative risk during soccer practice vs. game play 
could not be calculated. However, the data from Paper II included six concus-
sions occurring during practice and 30 occurring during game play, implying 
game play to be a risk factor for sustaining concussions. Previous studies have 
commonly reported increased SRC incidence in females involved in contact 
sports compared with males146, which was not supported by the data in Paper 
I and II. In addition, females typically fared worse than males after SRC146, 276, 

277. Both initial symptoms and durations of symptom are commonly worse146, 
findings supported by Paper II. The reasons for this sex difference have not 
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been established, although lower neck muscle strength or biomechanical fac-
tors have been suggested147, 148. Evaluating both sexes in the same studies us-
ing the same methods is important to be able to draw proper conclusions about 
sex differences in concussion epidemiology and symptomatology.  

The strengths of Papers I and II were that all included players were well-char-
acterised using a baseline questionnaire. Furthermore, the study population 
was large, resulting in the largest prospective, nation-wide single season study 
known to this author. There was also a clearly defined start and end to the 
study period. Established criteria for how to define a concussion were used. 
To avoid underestimations of concussion incidence, the author had regular 
contact with the medical teams, screened available media for concussion re-
ports and collected summary reports from the teams post-season. Another 
strength was that both retrospective and prospective data were used; both have 
pros and cons. The key limitation of the studies in Papers I and II was that the 
medical staff of each team consisted of different individuals with heterogene-
ous experiences and backgrounds, which may have resulted in differing inter-
pretations of the definition of concussion and of the questionnaire items. Fur-
thermore, the motivation to report concussions and to complete each question-
naire may have varied among both players and leaders, leading to an underes-
timation of the true concussion incidence in Swedish elite soccer players. 

An alternative to the paper-based questionnaires used in Paper I and II could 
have been a computer-based questionnaire with answers submitted electroni-
cally, which would probably have simplified the submission process and dis-
tribution of the questionnaires. Other design alternatives could have been 
video-based analyses, where the researcher would need to review each game 
– a labour-intensive and time-consuming task, but one that is better if concus-
sion mechanisms during soccer play are also to be studied. Sensors placed on 
the athletes’ heads to record acceleration forces could also be a future option. 
The benefit of this would be that the data would be standardised; however, it 
is difficult to know whether or not a player is concussed based only on accel-
erometer data278. In the design of the study for Paper I and II, the researchers 
concluded that a questionnaire-based study design would be very effective to 
have standardised questions and reach large cohorts of athletes. 

These two epidemiological studies resulted in data that gave an overview of 
how common it was for soccer players within Swedish elite soccer to sustain 
a concussion and the incidence during a season. The data also provided infor-
mation on recovery time following SRC in soccer. The prolonged duration of 
symptom resolution in a subset of athletes and the worse outcome in females 
were key findings. These findings raised questions about pathophysiological 
mechanisms, especially in regard to sex differences, and reasons for persistent 
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symptoms, more frequently seen in repeated SRCs. This was addressed in Pa-
pers III and IV. 

5.2 Paper III 
Paper III investigated CBF changes following rSRC in athletes with persistent 
symptoms and patients with moderate to severe TBI using ASL. Moreover, 
the MRS marker (NAA+NAAG)/Cre, evaluating neuronal density, and corti-
cal thickness, were also investigated. 

The main finding in Paper III was globally decreased CBF correlating with 
TBI severity, and decreased CBF in female athletes compared with in female 
controls, findings not observed in males. Increased TBI severity correlated 
with a lower RBANS index score and decreased cortical thickness. 

In previous studies and supported by the findings of Papers I and II in this 
thesis, concussed females have more and worse symptoms, which were also 
longer in duration than in males. This warrants investigations of pathophysio-
logical sex differences. Previously, such sex differences have been attributed 
to, e.g., differences in neuronal architecture. The latter is supported by a DTI 
study where only females showed white matter changes following subconcus-
sive head impacts149, and by animal studies showing that axons in females 
have a smaller diameter279. Furthermore, females have been found to display 
more inter-hemispheric white matter connections150, which may be more vul-
nerable to the rotational forces at the time of an SRC. However, additional 
studies are needed to fully understand these differences. In athletes suffering 
from persistent PCS after a single SRC, regional CBF decreases were ob-
served in the thalamus > 2 years post-injury in sex-matched athletes in their 
mid-thirties. In another study, decreased CBF in the cerebellum, cuneus, cin-
gulate and temporal gyrus was observed > 3 months post-SRC142, evaluated 
using contrast-enhanced MRI perfusion. ASL was used in male and female 
athletes to longitudinally investigate CBF after a single SRC and normalisa-
tion was seen at three months post-injury143. Normalisation of CBF seems to 
correlate with resolution of symptoms144. In retired American football players, 
decreased CBF has been shown compared with in the normal population, in 
several brain regions145, but the time to last SRC and the number of SRCs 
sustained by each athlete were insufficiently defined. In addition, this study 
also included pre-menopausal females, who have a constitutionally higher 
CBF when compared to males132, 133, 280. Males and females should be sepa-
rated in brain perfusion studies due to this difference observed in the normal 
population. The mechanisms of the sex differences in CBF are unclear, 
although different haematocrit levels133 and endocrine causes have been 
suggested281.  
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The results in Paper III from young athletes with rSRC and persisting symp-
toms showed decreased CBF in most of the evaluated brain regions in females, 
but not in males. In males, the time between the most recent SRC and the CBF 
evaluation was slightly longer than in females. Thus, it cannot be excluded 
that the CBF of males recovered over time, despite persistent symptoms and 
cognitive dysfunction. However, since there was no clear association between 
time and CBF, this explanation is unlikely.  

If this sex difference in CBF should be confirmed in additional studies, it 
might be a contributing mechanism explaining the difference in clinical out-
come. Surprisingly, female athletes had similar symptom scores when com-
pared with males, indicating that additional factors such as energy metabolic 
alterations, neuroinflammation or tau aggregation might explain the differ-
ences. Tau aggregation and neuroinflammation were also investigated in Pa-
per IV, but in view of the low number of participants, sex differences were not 
studied there. Also, the MRS results investigating neuronal integrity with 
(NAA+NAAG)/Cre did not indicate neuronal injury among the SRC athletes 
at a group level and no sex differences were seen. Paper III was the first CBF 
study following rSRC investigating sex differences in young athletes, and 
showed a global CBF decrease only in females. 

CBF is kept relatively constant through pressure autoregulation129. It can also 
vary depending on the cerebral metabolic rate130, neuronal activity282 and mod-
ifiers such as intake of caffeine or nicotine, age and sex133. Therefore, the CBF 
will change if any of the underlying regulatory factors of the CBF is altered282. 
Following DAI and neuronal death, the metabolism decreases. To some de-
gree, this reduction might be compensated by other neurons through plasticity 
mechanisms. Furthermore, mitochondrial dysfunction in surviving neurons 
may result from SRC165. Impaired CBF regulation by dysfunctional CVR may 
be the reason for symptom development in the return-to-play setting74. 

ASL is a non-invasive and highly repeatable MRI-based CBF quantification 
technique using the water in the patient’s body as a freely diffusible tracer. 
ASL has demonstrated potential to evaluate cerebral perfusion changes in sev-
eral cerebral disorders283. It is a promising tool for evaluation of concussed 
athletes where conventional neuroimaging such as CT or T1/T2 sequences on 
MRI do not show any alterations. 

The limitation of this study was a relatively small sample size and potential 
sampling bias that was minimised by selecting well-characterised age- and 
sex-matched controls with no previous head trauma. Furthermore, the partici-
pants came from different sports and it is plausible that the injury mechanisms 
varied.  
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Since CBF can be modified by, e.g., intake of nicotine or caffeine133, all par-
ticipants were asked to avoid coffee, energy drinks and nicotine before the 
examinations, which were done in a resting state. 

Methodological limitations include the low signal-to-noise ratio of ASL, 
which was minimised through the use of two repeated scans on the same day, 
with the mean CBF value for each included subject being used. In ASL, the 
low signal-to-noise ratio leads to partial volume effects causing under- and 
overestimations in grey and white matter, respectively. 

5.3 Paper IV 
Paper IV evaluated the same cohort as in Paper III, i.e., young athletes with 
persistent symptoms following rSRC and a group previously treated for a sin-
gle moderate to severe TBI at the NICU at Uppsala University Hospital. These 
groups were compared to an age-matched healthy control group. All subjects 
were evaluated in a combined PET/MR camera ≥ 6 months after their most 
recent SRC or TBI using two PET tracers, one for tau and one for neuroin-
flammation/microglial activation. This was the first study that combined these 
two targets in a PET study investigating SRC and TBI. In addition, the partic-
ipants were younger than in previous studies investigating SRC/TBI with ei-
ther a tau or a neuroinflammation tracer. None of the included subjects had a 
clinical suspicion of CTE228-231, 284. Investigating young individuals is im-
portant, since the neuroinflammatory processes and tau aggregation might 
start early in life and continue during many decades before clinical presenta-
tion of symptoms. Furthermore, while there is no established link between 
PCS and CTE, the pathophysiological mechanisms may be similar. Here, a 
relatively young cohort of athletes suffering from PCS following rSRC, suit-
able to test these hypotheses, was studied. The main findings were that in-
creased tau aggregation and microglial activation were observed in both rSRC 
athletes and in moderate-to severe TBI patients, with more pronounced find-
ings in the latter group. More specifically, rSRC athletes had significantly in-
creased tau tracer binding in the corpus callosum and subcortically, including 
in the medial temporal region, whereas TSPO tracer binding was increased in 
the medial temporal lobes. Meanwhile, the TBI patients had elevated tau and 
TSPO binding in the thalamus, temporal lobe white matter and midbrain (tau 
only). Volumetric data on corpus callosum, left and right hippocampus did not 
show any alterations between the groups, thus not implying atrophy in areas 
of increased tracer uptake. The TBI patients also had radiologic evidence of 
DAI and contusion rests on MRI, increased CSF and serum NF-L levels, and 
reduced plasma tau levels. These results imply persistent injury to the white 
matter tracts, and ongoing degeneration of large calibre axons. Among the 
rSRC athletes, there was no radiological evidence of axonal injury and neither 
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t-tau nor NF-L biomarkers differed from controls at a group level. However, 
the female athletes had increased CSF NF-L levels compared with female con-
trols. Additional MRI evaluation including, e.g., additional MR-S targets or 
refined diffusion tensor imaging protocols, may reveal white matter pathology 
also in the rSRC cohort285, 286. These findings suggested both similarities and 
differences in the ongoing injury processes observed in rSRC and TBI, which 
persist for many months or even years after an injury. 

5.3.1 Tau 
Previous tau PET studies have focused on retired and markedly older ath-
letes228, 230, 231, 233, 238. In these studies, increased tau aggregation was consist-
ently observed in the medial temporal lobes and the amygdala, but also corti-
cally in the frontal and/or parietal lobes, consistent with the distribution of 
phosphorylated tau in CTE287. In addition to the irregular neocortical tau ag-
gregation, tau was also seen in white matter, in line with CTE findings228, 238. 
Only rarely have the tau PET findings been confirmed in post-mortem find-
ings. In one case, a 39-year-old athlete with 22 reported concussions and sus-
pected CTE was evaluated using the [18F]Flortaucipir tau tracer, observing 
uptake in subcortical white matter regions. Several years later, an autopsy con-
firmed CTE in this individual231. In another case report comparing findings 
made with the PET tracer [18F]flortaucipir showed low correlation with results 
of a post-mortem pathological tau investigation232. This indicates that although 
tau PET is promising, it needs further validation before being implemented 
into the clinical setting for evaluation of TBI patients and rSRC athletes.  

In TBI patients, increased [18F]flortaucipir binding has previously been ob-
served both cortically and subcortically, and the extent of tracer binding cor-
related with the degree of white matter injury233, 288. Tau aggregation is be-
lieved not to develop immediately after TBI, instead tau is thought to aggre-
gate and precipitate over time after the impact. For example, in long-term sur-
vivors of a single moderate to severe TBI, no NFTs were observed in the first 
months post-injury, although they were abundant at autopsy after ≥ 1 year110. 
How tau deposits develop in young athletes following rSRC has not been es-
tablished. Only very few young rSRC athletes have died early post-injury from 
unrelated causes. A subset of these were found to display post-mortem focal 
tau aggregates and early-stage CTE as well as NFTs, perivascular neuroin-
flammation and dystrophic, phosphorylated tau immunoreactive axons289. 
However, the complex pathophysiology of tau aggregation needs further in-
vestigation, and tau PET imaging offers a compelling in vivo method for this 
task. In the cohort with both athletes with rSRC and patients with moderate to 
severe TBI, the interval from last SRC/TBI to PET imaging was well beyond 
6 months, which should be sufficient time to enable tau aggregation.  
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In the study for Paper IV, increased [18F]THK5317 binding was observed in 
white matter regions, particularly in the corpus callosum and medial temporal 
lobes in the cohort of young rSRC athletes and also in the midbrain of TBI 
patients. Four of the moderate to severe TBI patients had minor contusions, 
which were managed conservatively. In a previous study, there was no differ-
ence in the tau PET results between TBIs with or without contusions238.  

5.3.2 Microglial activation and neuroinflammation 
The [11C]PK11195 tracer binds to TSPO, which is upregulated in activated 
microglia, thought to be the main mediators of CNS inflammation. It has been 
used in several previous studies for evaluation of neuroinflammation follow-
ing TBI221. Increased [11C]PK11195 binding in thalami, internal capsule and 
medial temporal lobes were observed in TBI patients and in the rSRC group, 
while increased uptake was seen in the medial temporal lobes. Previous eval-
uation using the [11C]PBR28 tracer, also binding to TSPO, showed increased 
binding in frontal and temporal white matter, striatum, thalamus and brainstem 
in TBI patients, particularly in progressively atrophying white matter tracts196. 
In retired American football players, the TSPO tracer [11C]DPA-713 showed 
increased uptake in the supramarginal gyrus and right amygdala. Volumetric 
MRI data also showed decreased size of the right amygdala. These results cor-
related with cognitive impairment241. 

Microglial activation develops at the site of injury, and may then progress in 
a retrograde and anterograde fashion along injured white matter tracts290, sup-
porting a link between white matter injury and ongoing inflammation in TBI 
patients18.  

In the study in Paper IV, the significantly increased [11C]PK11195 tracer bind-
ing was not observed in the same anatomical regions as the increased 
[18F]THK5317 binding. Thus, while ample evidence implies strong mechanis-
tic links between white matter injury, neuroinflammation and tau aggrega-
tions112, 288, the data suggested a complex and dynamic relationship between 
these factors. 

5.3.3 Limitations 
Sex differences. To the knowledge of this author, there are no reports of female 
athletes with rSRC diagnosed with CTE 41, 112, 113, 228, 230, 231, 287, 291. In Papers III 
and IV, 6 female athletes and 2 female patients with moderate to severe TBI 
were evaluated; too few for a robust analysis of potential sex differences. Con-
sidering the growing evidence linking DAI, tau and neuroinflammation, a sex 
difference is plausible, in view of the proposed differences in white matter 
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architecture and the increased susceptibility to axonal injury in females com-
pared with males149, 279. However, in a recent TBI PET study using [18F]Flor-
taucipir, seven women were investigated many years post-injury, and at least 
three of them had markedly increased uptake of the tracer233. In another recent 
study, using the [11C]PBB3 tracer, only two women with repeated/mild TBI 
were included and there was no sub-analysis indicating whether or not the 
females had increased tau238. Future studies will evaluate potential sex differ-
ences in tau aggregation in TBI and rSRC. 

Age. This was the first study of rSRC athletes and TBI patients in rather young 
cohorts, showing widespread white matter tau aggregations and medial tem-
poral lobe neuroinflammation in athletes with rSRC. Among the TBI patients, 
the findings were more pronounced and widespread. The young age is of im-
portance to avoid the possible influence of other neurodegenerative diseases, 
most of them having increased levels of tau. Furthermore, since previous au-
topsy and tau-PET studies have investigated older athletes this study raises 
concerns of tau aggregation being a process that exacerbates gradually over 
time, in a prion-like fashion181. Future studies are needed to address whether 
these changes progress over time, as suggested in clinical and experimental 
studies, or whether spontaneous resolution is possible. However, TBI patients 
– but not rSRC athletes – showed biochemical changes in plasma (reduced 
tau) and cerebrospinal fluid (increased CSF-NF-L) implying that the ongoing 
processes enabled biomarker detection in the chronic phase. However, neu-
roinflammatory biomarkers should be used in future studies, in combination 
with [11C]PK11195. The rSRC athletes fulfilled the criteria for PCS and both 
they and the TBI patients showed cognitive impairment on neuropsychologi-
cal testing, although only TBI patients had findings of pathology on the 3TMR 
imaging. 

Limitations of the PET technique. As in all PET investigations, the signal 
measured is the annihilation of a positron when it meets with an electron. The 
annihilation can occur independently of the tracer binding to its receptor, sug-
gesting that not all signals are from tau aggregates or neuroinflammatory me-
diators, causing non-specific binding to blur the data. However, the unspecific 
signal arising from blood flow can be corrected for when using the neuroin-
flammation tracer. The unspecific white matter binding of the tau tracer is 
thought to be the same in all included subjects, and is thus compensated for. 
Even though the PET signal is believed to correlate to the density of tracer-
binding sites, individual cases may differ from the reference group, and larger 
case series are needed to establish pathological reference intervals 230. In ad-
dition, newer generations of tracers for both microglial activation and tau ag-
gregations might show increased specificity. 
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The [18F]THK5317 tracer has a beta sheet configuration and can bind to both 
phosphorylated and un-phosphorylated tau, including all isoforms292. Thus, it 
has some non-specific white matter binding. However, the within-group vari-
ability in the control, TBI and SRC groups was low in Paper IV.  

TSPO expression might not relate directly to activation of microglia. Further-
more, microglia can be activated into different phenotypes that can stimulate 
both pro- and anti-inflammatory processes. Within both of these phenotypic 
categories, microglial activation can be both neurodegenerative and neuropro-
tective. There are also other mediators of neuroinflammation, such as astro-
cytes293.  

There is an increasing amount of data supporting a link between tau aggrega-
tions, neuroinflammation and white matter injury. All of these factors were 
present in the TBI group, but signs of axonal injury was not observed in the 
SRC group with the methods used herein. Nevertheless, both neuroinflamma-
tion and tau aggregations were found in SRC athletes indicating an axonal 
injury. Biomarkers that correlate reliably with these findings are needed and 
longitudinal studies will show if these findings resolve or if they are the first 
signs of a life-long progressive neurodegenerative process.  
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6 Conclusions 

Repeated SRCs increased the risk of persistent symptoms, with females seem-
ing to be more at risk than males. Every SRC is a brain injury that adds to any 
previous SRC, maintaining pathophysiological processes where axonal injury 
is linked to tau formation, neuroinflammation and neurodegeneration. In ad-
dition, the cerebral blood flow and its regulation is altered, correlating to in-
jury severity, probably due to metabolic alterations and autonomic dysregula-
tion.  

6.1 Paper I 
Approximately 35% of male and female elite soccer players in Sweden had 
previously sustained an SRC, of which about 10% had occurred during the 
most recent season. Female players more often than males continued to play 
after sustaining an SRC. A higher risk of persistent symptoms after an SRC 
was observed in players with a history of multiple concussions. Future pro-
spective studies are needed to establish the role of concussion management 
and the impact of concussions on persisting symptoms in soccer. 

6.2 Paper II 
In 959 Swedish elite soccer players, the concussion incidence was 1.19/1,000, 
without differences between male and female players. Most players recovered 
and returned to play within four weeks post-injury. Almost one third of players 
continued to play at the time of concussion, in contravention of the current 
guidelines for SRC management. Female players had worse initial symptoms 
and longer return-to-play times than males; a prolonged recovery beyond three 
months was observed only among female players. 

6.3 Paper III 
TBI severity correlated with increased cognitive impairment, decreased corti-
cal thickness and decreased global CBF, while decreased global grey matter 
CBF correlated with injury severity and sex. Among athletes with rSRC, only 
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females had decreased CBF compared with sex-matched controls, a finding 
not observed in male rSRC athletes. CBF did not correlate with neurocogni-
tion as evaluated using the RBANS test battery.  

6.4 Paper IV 
Tau aggregation and neuroinflammation were increased in young TBI patients 
and in rSRC athletes with persistent post-concussion symptoms diagnosed 
with PCS according to the DSM-IV criteria at ≥ 6 months to several years 
post-injury. The findings implied an ongoing pathogenic process, where lon-
gitudinal studies are needed to answer the question of if it will resolve by itself 
or progress and cause neurodegeneration. In the TBI patients, where the neu-
roimaging findings were more pronounced, CSF and serum NF-L were also 
elevated, implying a persistent neurodegenerative process. 
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7 Future directions 

As we learn more about the short- and long-term consequences of concussions 
in sport, increasing evidence will enable improved management of concussed 
athletes. Hopefully, this will improve the outcome following concussion and 
attenuate the risks of the feared chronic consequences of SRC. The only way 
to decrease the burden of the primary injury is to decrease the incidence of 
concussion. Increasing knowledge of SRC is also needed to fully address ath-
lete safety, and rules and regulations should be implemented to decrease the 
risks of SRC. In order to survey how the evidence is being used in sports prac-
tices, repeated epidemiologic studies are needed to establish how concussion 
incidence changes over time and how concussion guidelines are applied.  

To decrease the long-term burden of concussion, we need to develop treat-
ments for the secondary injuries. In this thesis, the hypothesis that sympto-
matic athletes may have increased neuroinflammation, aggregation of tau and 
altered CBF was tested. To establish whether these changes are chronic, or 
whether they progress over time, longitudinal studies are needed. Further-
more, the intricate relationship of these factors should be evaluated, as well as 
their clinical implications and their correlations to established biomarkers. 
When the natural history and the clinical implications are known and validated 
methods are available to measure the aforementioned changes, it will become 
easier to evaluate and develop novel therapeutic strategies.  
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8 Sammanfattning på Svenska 

Slag mot huvudet är vanligt i kontaktidrotter som ishockey, fotboll och rugby. 
Om idrottaren efter en huvudskada upplever symptom såsom yrsel, medvetan-
deförlust, amnesi och/eller försämrad balans är misstanken att en hjärnskak-
ning uppstått stark. Normalt sett försvinner symptomen efter 10 till 14 dagar 
hos vuxna, men minst 10% av idrottare har symptom under längre tid efter en 
hjärnskakning. Risken för lång återhämtning ökar om idrottaren tidigare haft 
flera hjärnskakningar, och kvinnor har högre risk än män. Upprepade hjärn-
skakningar under en idrottares karriär är också associerat med en ökad risk för 
neurodegenerativa sjukdomar, exempelvis Alzeimers sjukdom och potentiellt 
också det omdiskuterade tillståndet kronisk traumatisk encefalopati som är en 
tau-inlagringssjukdom. Experimentella studier tyder på att axonal skada kan 
länkas till neuroinflammation och aggregering av tau och att detta tillsammans 
är av stor betydelse för den patofysiologiska process som startar efter uppre-
pade hjärnskakningar och de symptom som idrottaren drabbas av. Denna av-
handling undersöker epidemiologin och handläggningen av hjärnskakningar 
inom svensk elitfotboll, och patofysiologiska aspekter hos idrottare med ihål-
lande symptom efter flera hjärnskakningar. 

Studie I och II är formulärbaserade undersökningar inriktade på att studera 
epidemiologi och handläggning av hjärnskakningar, där Studie I är retrospek-
tiv och Studie II prospektiv. Av 1030 inkluderade elitfotbollsspelare hade 
35% tidigare drabbats av hjärnskakning under fotbollsspel. En tredjedel av 
dessa hade fortsatt att spela trots hjärnskakning, vilket är i motsats till nuva-
rande rekommendationer. Det fanns ingen könsskillnad i hjärnskakningsinci-
dens vare sig retrospektivt eller prospektivt under matchspel (ca 1.19 /1000 
match timmar) i den prospektiva studien. Kvinnor rapporterade mer symptom 
inför säsongen, vid hjärnskakning och hade längre duration av symptom. För 
att studera tänkbara orsaker till ihållande symptom efter hjärnskakning inom 
idrott använde vi en PET/MR kamera tillsammans med utvärdering av kognit-
ion, biomarkörerna neurofilament-light (NF-L) and tau både i likvor och blod 
(Studie III och IV). Vi undersökte unga idrottare med ihållande symptom, 
mer än 6 månader efter senaste hjärnskakningen, diagnostiserade med post-
kommotionellt syndrom enligt DSM-IV, och patienter med måttlig till svår 
traumatisk hjärnskada (TBI) mer än 6 månader sedan skadan. I Studie III ut-
värderades cerebrala blodflödet med hjälp av magnetkamerasekvensen arterial 
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spin labeling (ASL), vilken visade att ökad allvarlighetsgrad av TBI var asso-
cierad med minskat blodflöde i grå substans. Kvinnliga idrottare hade minskat 
blodflöde i den grå substansen jämfört med kvinnliga kontroller, vilket inte 
sågs hos män. I Studie IV undersöktes ansamling av proteinet tau med PET 
tracern THK5117 och neuroinflammation/mikroglial aktivering undersöktes 
med tracern PK11195. Detta visade hos idrottarna ökad tauaggregering i cor-
pus callosum (hjärnbalken) och ökad neuroinflammation i mediala delen av 
tinningloberna på båda sidor. Patienter med TBI uppvisade ökad tau aggrege-
ring i thalamus och spritt i vita substansen. Ökad neuroinflammation påvisa-
des i flertal banor i  vita substansen. Idrottarna och TBI-patienterna hade lägre 
resultat på kognitionstest än kontroller. TBI-patienterna hade också ökade ni-
våer av NF-L, en axonal skademarkör, i både blod ock likvor, vilket indikerar 
en pågående axonal skada. 

Sammanfattningsvis ger denna avhandling uppdaterade incidencsiffror inom 
svensk elitfotboll. Studierna påvisar riskfaktorer för hjärnskakning, samt följ-
samhet till riktlinjer för handläggning av hjärnskakning. Dessutom indikerar 
de ingående studierna att kvinnor drabbas värre än män efter hjärnskakning. 
Patofysiologiskt ses sänkning av det cerebrala blodflödet vid ökad allvarlig-
hetsgrad av hjärnskadan. Kvinnliga, inte manliga, idrottare hade sänkt blod-
flöde jämfört med könsmatchade kontroller. Med PET kunde ökad aggrege-
ring av tau och neuroinflammation påvisas i hjärnan hos både TBI patienter 
och idrottare vilket kan vara bidragande faktorer till patienternas och idrottar-
nas symptom och ökade risk för neurodegeneration. Hur dessa förändringar 
påverkas med tiden behöver analyseras i longitudinella studier där upprepade 
undersökningar kan avgöra om förändringarna ökar, är stabila eller går till-
baka över tid. 
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