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Conclusion: The subconcussive trauma in amateur boxing causes axonal and 
glial brain injury shown by elevated concentrations of brain injury biomarkers 
in CSF and plasma. CSF NFL was especially interesting since it correlated 
with the amount of head trauma and seemed to normalize after full recov-
ery. The neuropsychological assessment seemed not to be as sensitive in the 
evaluation of a concussion. ApoE genotype was not found to influence CSF 
biomarker concentrations. Paper V showed that recovery from concussion, 
although in absence of symptoms, could take more than 4 months. The con-
clusion of this thesis is that NFL and other CSF biomarkers may be valuable in 
the management of injured athletes and in return-to-play decisions following 
concussion. 

Keywords: concussion, head injury, boxing, traumatic brain injury (TBI), mild 
traumatic brain injury.
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Slutsats: Fynden i denna avhandling tyder på att det repetitiva traumat i box-
ning orsakar en axonal och glial hjärnskada, även utan medvetslöshet eller 
symtom på hjärnskakning, som kan visas med analys av hjärnskademarkörer 
i CSF och plasma. CSF NFL var särskilt intressant, då den korrelerade med 
mängden av våld mot huvudet och verkade normaliseras när skadan hade läkt. 
De neuropsykologiska resultaten tyder på att neuropsykologisk undersökning 
inte är lika användbar i utvärderingen av hjärnskakning. ApoE genotyp kunde 
inte visas påverka vare sig förlopp eller läkning av en idrottsrelaterad hjärn-
skakning. Fallstudien i delarbete V visar att läkningen av en hjärnskakning, 
trots avsaknad av symtom, kan ta mer än 4 månader. Avhandlingens slutsats är 
att analyser av NFL och andra CSF hjärnskademarkörer kan vara värdefulla i 
den medicinska handläggningen av en hjärnskakning. Detta är särskilt betydelse-
fullt för idrottare, där det är viktigt att kunna bedöma när hjärnskadan har läkt så att 
idrottaren fortast möjligt kan återgå till idrotten, utan att riskera sin hälsa.
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01
Traumatic brain injuries (TBI) have been reported as a serious concern in many 
sports and the incidence of sport-related TBI has more than doubled over the 

-

two fatal 
outcomes after head injury. The head injury risk was highest in freestyle skiing 

TBI can be caused 

1.2 ANATOMY

cells 
 epen-

the neurons is to process and transmit nerve signals.  The function of glial cells 

the different parts of grey matter to each other.

010101
1.1 EPIDEMIOLOGY

INTRODUCTION
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1.3 ETIOLOGY

-
celeration within the scull or by a combination of both. Brain injuries can be of 
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Figure 1.  The human brain.
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1.4 RISK FACTORS

Known risk factors for TBI are as follows [14]:  
• Female gender
• Young age (12-18 years)
• History of previous concussions 
• Pre-existing chronic disease (diabetes, cardiovascular 
 disease, neurological disorders) 

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

1.5 PATHOPHYSIOLOGY

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

1.6 PROGNOSIS

According to the 4th International Consensus Statement on Concussion in 
Sport 2012, organized by the IOC (International Olympic Commission), FIFA 
(Federation Internationale de Football Association), IRB (International Rugby 
Board) and H.H.F (Hellenic Hockey Federation), a concussion causes a neuro-
logical dysfunction with spontaneous recovery within 7-10 days [25], although 
it may take a longer time for the concussion to resolve in children [21].  Prolonged 
(> 7 days) recovery is a sign of more severe injury [26].
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1.7 TREATMENT

The best way to treat a concussion for faster healing is unclear. Athletes are 

the long-term. 

1.8 INJURY PREVENTION

It is known that there is a huge problem with underreporting of sport concus-

-

reporting frequency and reduces the risk of athletes returning to sport with 

recover may prevent complications in the form of severe TBI.

Table 1. Graduated return to play protocol

-
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ACUTE TRAUMATIC 
BRAIN INJURIES 02
in this section as:

2.1 EPIDURAL HAEMATOMA

An epidural haematoma usually results from a skull fracture caused by a direct 

-
mon in sports where the athletes do not wear a helmet. 

2.2 SUBDURAL HAEMATOMA

A subdural haematoma is a bleeding between Dura Mater and Arachnoidea 

-

to the head. A subdural haematoma is often associated with some underlying 
 

-
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2.3 SUBARACHNOID HAEMORRHAGE

Subarachnoid haemorrhage is a bleeding in the subarachnoid space, where the 
CSF circulates and the blood vessels run (fig.2). The subarachnoid space lies 
between the two meninges Arachnoid and Pia Mater. A haemorrhage is caused 
by a ruptured cerebral aneurysm that occurs either spontaneously or as a result 
of TBI [33].  It is difficult to find epidemiological studies about the incidence 
of sport-related subarachnoid haemorrhage in athletes but one study in young 
athletes suggested that sport-related subarachnoid haemorrhage accounted for 
4% of all intracerebral haemorrhages [31]. 

Figure 2. Intracerebral bleedings. The subdural haematoma accounts for the majority of 
the sports related intracerebral bleedings in boxers with 40 % risk of poor outcome [30].  
© Sanna Neselius
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2.4 CEREBRAL CONTUSION

Contusio cerebri is a bruise of the brain. It can be associated with multiple micro 
haemorrhages where small blood vessels leak within the brain tissue. The con-
tusion is caused either by direct blow to the head or by acceleration/deceleration 
forces. Initial computed tomography (CT) scan can be normal, however the contu-
sion often progresses within 24 – 48 hours and can thereby result in oedema with 
life-threatening rise in intracranial pressure. Cerebral contusion is often associated 
with other traumatic brain injuries and occurs in 20–30% of severe TBI. 

2.5 SECOND IMPACT SYNDROME

Second impact syndrome is described as a rare, often fatal, traumatic brain in-
jury with unclear pathophysiology that occurs when a repeat injury is sustained 
before symptoms of a previous head injury have resolved [34]. The incidence 
is unknown, since the literature only presents case-reports. Due to lack of evi-
dence, its existence is also questioned by experts [35], who instead suggest this 
should be called a condition of cerebral swelling. 
Weinstein et al present a ”second impact syndrome” case-report of a 17-year-
old football player [36].  This athlete suffered from a TBI without unconsci-
ousness but did not initially recognise the trauma as a concussion. He sought 
medical attention 3 days post trauma due to persistent headache, but his CT 
and medical examination were normal. The athlete was recommended to rest 
until symptom-clearance but returned to sport 5 days post trauma where he 
was hit during a drill exercise. He went down on his knees, reported dizziness 
and headache and was unable to feel his legs. Subsequently the athlete became 
unresponsive. He developed bilateral subdural haemorrhages, cerebral swel-
ling, midline shift and elevated intra-cranial pressure. Three years post-injury, 
the patient had regained only limited verbal, motor and cognitive skills. The 
authors suggest that second impact syndrome results in cerebral blood flow 
dysautoregulation with massive hyperaemia and high risk of fatal hyperaemic 
herniation of the brain [36]. 

2.6 DIFFUSE AXONAL INJURY (DAI)

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

Grading of DAI according to Park et al [40] 
• Grade I - Mild DAI. Scattered small haemorrhagic lesions on 
 hemispheric white matter.
• Grade II - Moderate DAI. As grade I plus additional focal lesions
  on the corpus callosum.
• Grade III – Severe DAI. As grade I and II plus additional focal 
 lesions on the brain stem. 

2.7 CONCUSSION/MILD TBI

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

2.7.1	Definition
According to the International Conference on Concussion in Sport 2012, a 
concussion is defined as a ”complex pathophysiological process affecting the 
brain, induced by biomechanical forces with or without loss of consciousness, 
resulting in neurological symptoms” [25]. This is a revision of the 3rd Consensus  
Statement from 2009, where unconsciousness was considered obligational 
[27]. The classically used neuro-imaging investigations CT and magnetic reso-
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nance imaging (MRI) are normal. Spontaneous recovery occurs within 7-10 days 
[25], although it may take a longer time for the concussion to resolve in children 
[21]. Prolonged (> 7 days) recovery is a sign of more severe injury [26].
Commotio cerebri, contusio cerebri and mild TBI are used synonymously 
for concussion in the literature, although the latest “Consensus Statement on  
Concussion in Sport” prefers the term concussion [25].

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

1 Head in motion

1 Impact from side

2 Impact

2 Rotation

Head and object impact.
Brain compresses into the skull

Grey
matter

White
matter

Different density in grey and white 
matter results in different movement

Object and head in motion 
towards each other

Head gets impact from side

3 Rebound

3 Injury

Brain compresses in the 
back of the skull

Axones pulled and twisted
Veins may be torn

BRAIN

BRAIN

BRAIN

BRAIN

BRAIN BRAIN

Figure 3. Different mechanics in head impacts caused by translational vs. rotational accelera-
tion. Rotational acceleration (when impact comes from side, as from a hook in boxing) causes 
more axonal shearing and tension on brain tissue and vessel than translational acceleration. 
© Sanna Neselius
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2.7.3 Prognosis

2.8 GRADING OF TBI

-
rological scale to grade the level of consciousness in head injured patients and 

2.9 LONG-TERM EFFECTS OF TBI

punch-drunk to a series of symptoms caused by the repetitive head trauma in 

Table 2. Concussion symptoms
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 Reaction level scale (RLS85)	  

 Grade	  of	  alertness	  

1 Fully	  alert	  

2 Drowsy	  or	  confused,	  but	  responds	  to	  light	  stimulation	  

3 Very	  drowsy	  or	  confused,	  but	  responds	  to	  strong	  stimulation	  

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

5 Unconscious;	  makes	  withdrawing	  movements	  following	  painful	  stimulus	  

6 Unconscious;	  stereotypic	  flexion	  movements	  following	  painful	  stimulus	  

7 Unconscious;	  stereotypic	  extension	  following	  painful	  stimulus	  

8 Unconcsious;	  no	  response	  to	  painful	  stimulus	  

	  

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

Figure 5. The Reaction level scale is a scale for alertness used in Sweden instead of 
the Glasgow Coma Scale.  
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2.9.1 Pathology
The relation between CTE and Alzheimer´s disease (AD) is debated, although 
it is shown that TBI is a risk factor for developing AD [47,48]. Neuropatho-
logically, both conditions are characterized by Neurofibrillary Tangles (NFTs) 
but there are some differences; CTE patients generally have larger NFTs in-
volving the superficial cortical layers II and III similar to Parkinson Disease 
and Amyotrophic Lateral Sclerosis (ALS), whereas AD patients have NFTs 
predominantly in layers V-VI. β-Amyloid plaques also characterize AD, but 
these seem to be absent in CTE [45,49]. 

CTE pathology according to the Boston Group 
• Tau pathology with formation of neurofibrillary tangles (NFTs) 
 in layer II and III of neocortex
• Axonal pathology
• No β-Amyloid or Amyloid Precursor Protein pathology
• Consists of 4 different stages correlating with symptom progress

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

2.9.3 CTE symptoms
• Memory disturbances
• Behavioural and personality changes
• Parkinsonism
• Slower speech
• Gait abnormalities 

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

2.10 APOE GENOTYPE

The APOE gene has three common alleles (ɛ2, ɛ3 and ɛ4) and is located on 
chromosome 19. The presence of APOEɛ4 is a well-known risk factor for AD 
[51]. The role of the APOE gene in TBI is not fully understood, but it is asso-
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ciated with unfavourable outcome after acute TBI [52] as well as chronic trau-
matic encephalopathy [53]. Since TBI is also a risk factor for AD [47,54,55], 
the presence of APOEɛ4 in combination with TBI is suggested to additionally 
increase the risk of developing AD [54,56]. 

2.11 MANAGEMENT OF SPORT CONCUSSION

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

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

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

-

3.1 NEUROLOGICAL INVESTIGATION

-

3.2 NEUROPSYCHOLOGICAL ASSESSMENT

that neuropsychological tests are sensitive in detecting the early cognitive im-
-

logical tests are also used after sport-related concussions as a tool in return to 

-
tion with neuropsychological evaluation is the need for baseline testing which 
restricts the usefulness as a diagnosis and monitoring tool of concussions in 
the emergency department. The question about the sensitivity of the tests in 

show any pathology caused by the repetitive subconcussive trauma in amateur 

DIAGNOSIS OF 
CONCUSSION 03
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3.2.1 Neuropsychological tests for TBI
There are several different tests for neuropsychological evaluation, both tradi-
tional “paper and pencil” and computerized evaluations, where the compute-
rized tests have gained popularity in recent years as they are relatively cheap, 
fast and easy to administrate. To our knowledge, there is no scientific eviden-
ce that any one of the traditional, computerized or the hybrid neurocognitive 
evaluations are superior, although only a few studies are made using hybrid 
test batteries [72]. 

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

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

Traditional neurocognitive tests
Memory tests used to diagnose TBI
• Rey Osterrieth Complex Figure (ROCF) evaluates episodic me-

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

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

Tests of processing speed and executive functions 
• The Trailmaking test consists of two parts, A and B, and assesses 

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

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

• The Finger tapping task is impaired after a mild TBI [100,101] 
and reduced performance in finger tapping by boxers compared to 
controls has been shown [102].

• Listening Span and Digit Span addresses short-term auditory wor-



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

3.3 RADIOLOGICAL INVESTIGATIONS

Conventional computed tomography (CT) and magnetic resonance imaging 
(MRI) are not sensitive enough to diagnose DAI injuries or small microscopic 
changes after sport-related concussion. Advanced MRI techniques are diffusi-
on tension imaging, magnetic resonance spectroscopy (MRS) and functional 
MRI such as Susceptibility Weighted Imaging.

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

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

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

other neurodegenerative disorders and infections (e.g borrelia burgdorferi). 
-

meable barrier that separates the blood from the central nervous system. The 

peripheral blood. 

TBI markers have been hampered by a lack of analytical sensitivity for accura-

interesting for the diagnosis and monitoring of TBI. 

4.1 MARKERS OF NEURONAL INJURY

-
-

DIAGNOSIS OF  
CONCUSSION 04- BIOMARKERS IN CSF AND BLOOD
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concentrations are also seen after an amateur boxing bout and have been shown 
to correlate with the size of injury [16], but pNFH has not been analysed after 
mild TBI or sport concussions. In blood, NFL and pNFH have been detected in 
ALS in increased concentrations and have further been shown to correlate with 
CSF concentrations [109,124]. Increased concentrations of pNFH in serum has 
been observed in children with severe TBI [112]. 

4.1.2 Heart type– Fatty Acid Binding Proteins 
Heart type-Fatty Acid Binding Protein (H-FABP) is one of nine different ty-
pes of FABP. It is expressed in multiple tissues, mainly in cardiac myocytes, 
but also in skeletal muscle, kidney, lactating mammary gland, placenta and 
the brain. The function of FABP is in the transport and storage of lipids and 
also protection from harmful fatty acids. In a clinical setting, plasma H-FABP 
is analysed to diagnose myocardial infarction [125]. In the brain, H-FABP is 
located in the neuronal cell bodies in the grey matter and is released in conjunc-
tion with different types of neurodegenerative conditions, such as dementia [126]. 
Elevated serum H-FABP concentrations have been shown after mild TBI [127], 
however it is not known whether H-FABP is also  elevated in the CSF.

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

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

Apolipoprotein A1 (ApoA1) 
ApoA1 is a high-density lipoprotein in found in plasma and it may be a marker 
of neural degeneration. Increased CSF concentrations of ApoA1 have been 
seen in patients with AD, Parkinson’s disease and multiple sclerosis [132], 
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although in another study plasma levels of ApoA1 were decreased in patients 
with Parkinson’s disease [133]. TBI does not seem to have any effect on CSF 
ApoA1 concentrations [134].

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

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

4.2 BIOMARKERS OF ASTROGLIAL INJURY

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

GFAP is a highly specific marker for CNS injury [117]. Following tissue in-
jury (trauma or disease), damaged astrocytes become reactive and respond by 
upregulating and releasing of GFAP [137]. The GFAP concentrations do not 
depend on gender, but CSF GFAP concentrations increase by 6.5 (SD5.9) ng/L 
annually in healthy patients [111]. Moderately elevated levels of CSF GFAP 
have been demonstrated in diseases such as progressive MS [138] and epilepsy 
[108]. The highest CSF GFAP concentrations of all are shown in the severe de-
myelinating, inflammatory disease neuromyelitis optica (NMO)[139], but for 
some reason, serum analysis of GFAP in NMO is of no diagnostic value [140].
After acute severe TBI elevated CSF GFAP concentrations have been shown 
in serum up to three days post trauma [117] and elevated CSF GFAP con-
centrations have also been shown after repetitive subconcussive head trauma 
received during an amateur boxing bout [16]. 
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4.2.2 S100B
S100B is a calcium binding protein that is glial cell specific within the CNS 
and is expressed by mainly astrocytes, but also Schwann cells and oligodend-
rocytes [141]. Outside the brain it is produced to a lesser extent and released 
from adipocytes, chondrocytes and melanocytes [142]. 

S100B	has	five	major	intracellular	functions	[141]:	

1. Regulation of phosphorylation mediated by protein kinase
2. Modulation of enzymatic activity 
3. Maintenance of cell shape and motility 
4. Part of signal transduction pathways 
5. Promotion of calcium homeostasis 

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

Serum-S100B has also been studied in amateur boxers after bout with findings 
indicating both significantly increased [144] and normal concentrations [131]. 
In the study showing increased S100B serum levels, the samples were collec-
ted within 5 minutes after the bout. Boxers that received hits mainly to the head 
demonstrated higher S100B concentrations in comparison to boxers receiving 
hits only to the body [144]. 
Since 2013, analysis of S100B is recommended in Norway for the assessment 
of concussions at the emergency departments, as an initial diagnostic measure 
for mild head injury patients with low risk [118].

4.3 BIOMARKERS OF NEUROFIBRILLARY TANGLE  
 AND PLAQUE PATHOLOGY

4.3.1 Tau
Tau is a phosphoprotein primary localized in the axonal compartment of neu-
rons where it regulates microtubule assembly, dynamic behaviour and spatial 
organization, and the axonal transport of organelles, including mitochondria 
[145,146]. Phosphorylated tau (P-tau) is a toxic, abnormal condition of tau 



Sanna Neselius | Diagnosis and monitoring of sport-related concussion  41 

that forms neurofibrillary tangles and causes axonal degeneration eventually 
leading to dementia [147]. P-tau is highly specific for AD with sensitivity and 
specificity of 80% [148] and is not recognised as a diagnostic biomarker for 
traumatic brain injuries.
Increased CSF and peripheral blood concentrations of T-tau and P-tau have 
been seen in neurodegenerative disorders such as Alzheimer’s disease and mild 
cognitive disorder (MCI), although plasma/serum and CSF concentrations do 
not correlate [114]. Increased concentrations of T-tau have also been found in 
the CSF after epilepsy [108] and acute TBI [149], where the concentration of 
T-tau correlates with trauma severity [116]. No significant Total-tau elevation 
in serum/plasma has been shown after mild TBI/concussion [150,151]. 

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

• Regulation of neurite outgrowth and axon guidance 
• Involvement in the binding of metals 
• Influence on synaptic function and long term potentiation
• Production of Aβ, a toxic cleavage segment of APP that plays a not 

fully understood role in the formation of Alzheimer’s dementia
 
APP is initially cleaved by α- and β-secretases to form the Aβ-peptide. 
The Aβ-peptide is in turn cleaved to isoforms such as Aβ38, Aβ40, Aβ 
N42, Aβ 1-40 and Aβ1-42, where Aβ40 is the major isoform under normal 
conditions. 

The Aβ-peptide is found specifically in senile plaques, the disease defining 
depositions found in the brains of of AD patients. [152]. TBI is considered 
a risk factor for Alzheimer’s disease [153]. Low CSF concentrations of the 
aggregation-prone 42 amino acid isoform of Aβ (Aβ42), has been observed 
during the development of AD (due to deposition of Aβ42 in plaques) [154] 
and following TBI [155]. It has been shown that CSF levels of Aβ40 and Aβ1-
42 decline the first 5 days after severe TBI (GCS < 8) [134], although it seems 
that the plasma concentrations remain unchanged [156]. Perhaps TBI induces 
APP-processing and Aβ formation, which eventually leads to Aβ aggregation. 
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AIMS OF THE STUDY05
5.1 PAPER I-III

-

the brain.

blood that can assist clinicians in the diagnosis and monitoring of 
sports-related concussion.
To analyse if being a carrier of the allele genotype in-

head trauma. 

5.2 PAPER IV

The aims of paper IV were:

diagnosis and monitoring of mild TBI. 

-
ment and brain injury biomarkers.

5.3 PAPER V

The aim was to evaluate the brain injury biomarker concentrations in the ce-
-

cussion with loss of consciousness. 
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6.1 PAPER I-IV

6.1.1 Study Population
The study was designed as a prospective prognostic follow-up study. Thirty 

-

6.1.2 Questionnaire Design

-
ming to identify study participants with a higher risk for previous head inju-

-
tion survey regarding previous and current symptoms of head and neck injuries 

METHODS 06
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6.1.3 Grading of head trauma exposure
The boxers were asked to report the total amount of bouts they had participated 
in during the last week prior to testing (1–3 bouts) and estimated these bouts as 
easy (1), intermediate (2) or tough (3).

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

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

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

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

6.1.6 CSF and blood sample collection
The lumbar puncture (LP) was performed between 10 a.m. and 3 p.m., with 
the study participants in a sitting position or lying on one side. For the first 18 
subjects, a Quincke Type Point spinal needle (22 Gauge) was used, but since 
a few of the study objects suffered from post spinal headache, the needle was 
changed to a Sprotte (24 Gauge). Thereafter no more post spinal headache oc-
curred. For each study subject, 5–10 ml CSF was collected in a polypropylene 
tube (Sarstedt, Nümbrecht, Germany), gently mixed to avoid gradient effects, 
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aliquoted and stored at -80°C pending analysis. 
Blood was collected by venepuncture into whole blood and gel-separator tu-
bes. The samples were centrifuged within 20-60 minutes, aliquoted and stored 
at -80˚C pending analysis.
CSF and blood samples were collected twice in the boxers: The first samples 
were collected 1 to 6 days after a bout (test A) and the second at least 14 days 
after competition or sparring (test B).  The control subjects underwent one LP 
and venepuncture.

6.1.7 Biomarker analysis
Cerebrospinal	fluid

NFL and GFAP were analysed using previously described ELISA methods 
[159,160]. The detection limit of the NFL ELISA was 125 ng/L. CSF NFH 
was analysed using a sandwich ELISA (Abnova, Walnut, CA, USA).
CSF total tau (T-tau), tau phosphorylated at threonine 181 (P-tau181), and 
Aβ1–42 levels were determined using xMAP technology and the INNOBIA 
AlzBio3 kit (Innogenetics, Zwijndrecht, Belgium) as previously described 
[161]. S-100B was determined by an electrochemoluminescence immunoas-
say using the Modular system and the S100 reagent kit (Roche Diagnostics). 
H-FABP was measured using a commercially available ELISA method (Hy-
cult Biotechnology, Uden, The Netherlands), following the instructions from 
the manufacturer.
CSF AβX-38, AβX-40 and AβX-42 levels were measured by the electroche-
miluminescence technology using the MS6000 Human Abeta 3-Plex Ultra-Sen-
sitive Kit, while β-secretase cleaved soluble APP (sAPP-β) and α-secretase 
cleaved soluble APP (sAPP-α) were measured using the MS6000 Human sAP-
Palpha/sAPPbeta Kit (Meso Scale Discovery, Gaithersburg, Maryland, USA), 
as described previously [162]. CSF levels of ApoE and ApoA1 were measured 
using the MILLIPLEX MAP Human Apolipoprotein Panel (Millipore Corpo-
ration, Billerica, MA, USA) in a Bio-Plex instrument (Bio-Rad Laboratories, 
Inc., Herts, UK). Quantification of Aβ1-42 in plasma was performed by single 
molecule digital ELISA, as described previously in detail [163].
Intra-assay coefficients of variation were <10% for all assays. For each marker 
all samples were analysed on one occasion to eliminate any inter-assay varia-
bility.

Blood
Plasma levels of total tau (T-tau) were determined using a novel digital im-
munoassay [164]. The limit of detection of the assay is 0.02 ng/L, which is 
over 1000-fold more sensitive than conventional immunoassays. The assay 
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utilizes the Tau5 monoclonal for capture (Covance), and HT7 and BT2 mo-
noclonals for detection (Pierce/Thermo). These antibodies react with both nor-
mal and phosphorylated tau, and have their epitopes in the mid-region of tau, 
making the assay specific for all tau isoforms. 
A similar assay was used to measure Aβ42 concentrations in plasma, as previo-
usly described in detail [163]. 
Serum levels of S-100B were determined by an electrochemoluminescence 
immunoassay using the Modular system and the S100 reagent kit (Roche Di-
agnostics). 
GFAP levels in serum were determined using a previously described ELISA [165]. 
BDNF levels in serum were determined with the BDNF Emax® ImmunoAssay 
System according to instructions by the manufacturer (Promega, Madison, WI). 
Experienced and certified laboratory technicians performed all analyses simul-
taneously. Intra-assay coefficients of variation were <10% for all analyses. 

6.1.8 ApoE genotyping
APOE (gene map locus 19q13.2) genotyping was performed using TaqMan® 
Allelic Discrimination technology (Applied Biosystems, Foster City, CA). Ge-
notypes were obtained for the two SNPs that are used to unambiguously define 
the ε2, ε3, and ε4 alleles (rs7412 and rs429358).

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

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

Vocabulary
-

ing from common to less well-known items. Vocabulary intervention evaluates 

related to level of education and is critical for studies where educational back-

Controlled Oral Word Association Test 
Participants were asked to generate as many words as possible that begin with 

Listening Span
-

ly correct and the other half incorrect. Participants were instructed to report 
whether each sentence was correct or not and to remember the last word in 
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target words in correct order. The task was repeated five times at each level of 
difficulty [166]. 

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

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

Digit Span
Participants were presented with a number series by the examiner, starting with 
two sets of three numbers, each stage adding one number. There were seven 
stages in total. The task was to immediately reproduce the words. 
It is shown that performance on the Digit Span task is relatively insensitive 
to effects of mild TBI [168]. However, it ascertains that participants master 

Figure 7. Trailmaking A to the left and B to the right [169]. I part A the task is to draw lines and 
connect numbers in ascending order. In part B the examiner shall draw lines to connect circles 
alternating between numbers and letters in ascending order (1-A-2-B).
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necessary attention skills in order to allow meaningful interpretation of other 
neuropsychological data.

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

Computerized testing: Simple and Complex Reaction Time 
Reaction time is vulnerable to the effects of mild TBI [98]. Both Simple and Com-
plex Reaction Time tests were constructed by a standardized model [170]. The ex-
aminers were presented with one of two geometrical figures (a circle or a triangle) 
on the computer screen. 
When evaluating Simple Reaction Time, participants were instructed to respond as 
quickly as possible whenever the circle appeared on the screen. 
Complex Reaction Time required participants to respond with right index finger to 
the circle and left index finger to the triangle. 
Each stimulus was presented for 100 msec. A randomly varying interstimulus in-
terval (ISI) was used, ranging between 300 and 5000 msec. The measurement was 
based on 40 repetitions of each condition. Individual mean values for the simple 
and complex reaction time were calculated and the difference between complex 
and simple reaction time for use in the further analysis of the results.

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

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

In part one, words from Episodic Memory A were presented together with distractor 
words. The participants were asked to decide whether the word had occurred in the 
previous study lists and if they answered “yes”, were also asked to decide if the 
recognition was accompanied by recollection (associations that took place during 
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the previous presentation, feelings or thoughts that linked the affirmative recognition 
decision to the previous presentation of the specific word). 
In part two, the participant was asked to discriminate and identify earlier pre-
sented audial words among earlier visually presented words and fifteen new 
distracters. The subject was also asked to decide whether the recognition was 
accompanied by recollection. 

6.2 PAPER V

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

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

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

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

6.2.2 CSF collection and analyses
CSF was collected at 5 time points: 16 days after the knockout and then at 9, 
18, 28 and 36 weeks. NFL, GFAP, T-tau, P-tau, Aβ42 were analysed. Damage 
to the blood-brain barrier was evaluated by analysing the CSF/serum albumin 
ratio (described in section 6.1.7). The concentrations were compared with la-
boratory reference values. 
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-

for paper IV.

7.1 PAPER I-III

the variables had skewed distributed data. 

7.2 PAPER IV

Comparisons between groups were performed using the non-parametric 
-

STATISTICS 07
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8.1 PAPER I-IV

8.1.1 Questionnaire design and neurological examination 

from loss of consciousness during their last bout before test A. Only one of 

-

using a multiple regression model. 

-

-
-

-

RESULTS 08
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Table 4. Information about boxers and controls 

INFORMATION BOXERS (30) CONTROLS (25)

AGE (years) Mean 22 (17-34) Mean 22(17-30)

SEX 28 male

2 female 20 male

5 female

EDUCATION

  

Primary School 13% 20%

High School 67% 64%

University 20% 16%

OCCUPATION  

Student 33% 36%

Unemployed 20% 16%

Work 47% 48%

RISK SPORTS FOR

TBI > 10 YEARS*

 0% 24%

CONCUSSIONS 17% (max 2) 16% (max 1)

ALCOHOL  

No 40% 16%

> once per week 7% 8%

DRUGS

Marijuana, Haschish 0% 12%
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Table 5. Boxers’ details 
 11-6 days after bout; 2A rest period of a minimum of 14 days; 3Boxing at age 10–14 years 
without hard punches; 4 Referee Stops Contest due to hard blows against head; 55Three experts 
graded the boxers 1 to 5, independently, (from low to high head trauma exposure considering 
total boxing career); 6 The boxers scored their last fight as easy, intermediate or tough; 7 Number 
of bouts in a row (maximum one per day) for the test A; 8 If a boxer experienced some sequelae 
after the last bout; *Boxers with increased risk for TBI

AGE (years) 

Test A1 30 boxers, mean 22 (17-34)

Test B2 26 boxers, mean 24 (17-34)

AGE, WHEN START

OF BOXING CAREER Mean 14 (7-19) years

AGE, FIRST BOUT  Mean 15 (10-19) years

DURATION CAREER Mean 7 (3-13) years

DIPLOMA BOUTS3 Mean 18 (0-57) bouts

REGULAR BOUTS 

Test A Mean 74 (47-168) bouts

Test B Mean 92 (47->200) bouts

WINS (%) 

Test A Mean 70 (25-92)

Test B Mean 68 (25-92)

KNOCKOUT 

One 8 (27%)

Three 1 (3%)

RSC-H4 

One 5 (17%)

Two 1 (3%)

WEIGHT (kg) Mean 70 (54-91)

BOXING STYLE 

Defensive boxer 7%

Counterattack boxer 66%

Attack boxer 27%

EXPERT SCORING5 

Mean score ≤ 2.0 7%

Mean score 2.1-3.9 74%

Mean score ≥ 4.0 20%

LAST BOUT (days) 

Test A Mean 2.7 (1-6)

Test B Mean 148, median 26 (14-760)

BOXING EXPOSURE 

Scoring last bout6 20% easy 47%  33% tough*

Number of bouts7 1 (40%) 2 (40%) 3 (20%)*

Concussion symptoms8   1 (3%)*
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sequelae (headache) after the fight reported 3 tough bouts over 3 days during 
the previous week and a mean expert score of 3.7 for their total boxing career. 
CSF NFL concentration was 600 ng/L one day after the last fight and increa-
sed to 1780 ng/L 15 days later. In total, 23 % of the boxers with elevated NFL 
concentrations at test A had even higher values at follow-up. Interestingly, one 
of these boxers had not been boxing for 360 days. 

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

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

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

8.1.4	 CSF	biomarkers	for	neurofibrillary	tangle	an	plaque	pathology
No differences between boxers and controls were found for P-tau or any of the 
beta amyloids (table 6).

8.1.5 Biomarkers in peripheral blood
Tau in plasma was significantly increased in 20 % of the boxers after a bout 
(test A) compared to controls, but no significant difference was found between 
controls and boxers at follow up (test B)(Table 7).
One of the boxers had a plasma-tau concentration within the range of controls 
(0.80 ng/L) after the bout, increasing to 2.90 ng/L at follow up even though 
the boxer had not been boxing for over 3 months. This opposed the more com-
mon pattern of decreasing concentrations of plasma-tau between the two mea-
suring occasions. Plasma-tau concentrations for the boxer that complained of 
headache after the last bouts were neither elevated at test A nor at test B (1.23 
ng/L and 0.29 ng/L, respectively).  

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

S100B,	GFAP,	BDNF	and	Aβ42
The concentrations of serum – GFAP were under the detection limits for all ex-
aminations. No differences within the groups were seen in the other analysed 
biomarker concentrations. The results are presented in table 7. 

8.1.6 Role of APOE genotype
Possession of the APOEε4 allele did not influence biomarker concentrations. 

8.1.7 Neuropsychological evaluation (paper IV)
The visuospatial ability was tested with the first part of Rey-Osterrieth Figure 
Test and revealed no differences between the groups.

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

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

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

8.2 PAPER V

The laboratory analyses showed marked elevation of CSF NFL 16 days post 
trauma, about 4-fold higher concentrations than in paper I and in a previous 
study on Swedish amateur boxers. Total-tau increased slightly between the first 
and second test occasions - 16 days and 9 weeks. The biomarker concentra-
tions are presented in table 8. 
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months. After that normal training and sparring begun. 

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

Figure 5. Time-course of cerebrospinal fluid neurofilament light protein changes in an amateur boxer after 
knockout. Lumbar punctures were taken 2 weeks after trauma and then at regular intervals until normalisation. 
The dotter line represents the reference limit (<370 ng/L) in the boxer´s age group.  

Figure 8. CSF NFL concentrations in a boxer following a knockout. 
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DISCUSSION 09
Concussions are one of the most common sport-related injuries. These inju-

long-term effects. In order to learn more about the pathogenesis and neurobio-

the repetitive subconcussive head trauma as well as the effects of a knockout 

9.1 CSF BRAIN INJURY BIOMARKERS

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

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

 
9.1.3 Interpretation of CSF NFL concentrations
According to our findings as well those from previous studies, the normal CSF 
NFL concentration for this age group is < 125 ng/L, which was the detection 
limit for the analysis method used in our studies [16,110]. In paper I it was 
shown that after a “normal” boxing bout, the NFL concentration can increase 
up to 20 times, but after a knockout (paper V), the increase is much higher – at 
least 30-fold. This leaking of CSF NFL is interpreted as a sign of injured or 
ruptured axons. 
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9.1.4 Correlation with head trauma exposure
NFL was the only biomarker in this thesis shown to correlate with the boxing 
exposure score, which could be considered as an indirect measure of the ex-
pected size of injury. CSF NFL has also been shown to correlate with the size 
of head injury in a previous study on Swedish amateur boxers [16]. 

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

9.2 BIOMARKERS IN PERIPHERAL BLOOD

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

9.3 CSF VERSUS BLOOD BIOMARKERS

To measure biomarkers in serum after a mild TBI is challenging, since a smaller 
amount of released markers from the CNS can be analysed in peripheral blood 
compared to CSF.  The role of the blood-brain-barrier and kinetics are not fully 
understood. 
A limitation of the broader clinical use of CSF analysis in return-to-play consi-
derations after a sport-related concussion is that lumbar puncture is more in-
vasive and demands more skills than blood sample collection. In contrast to 
CSF, blood samples can be readily collected; hence reliable quantification of 
NFL and other brain injury biomarkers in serum/plasma would be a major stri-
de towards using biomarkers in the diagnosis and monitoring of sport-related 
concussions. 

9.4 NEUROPSYCHOLOGICAL ASSESSMENTS

Neuropsychological evaluation has been advocated as the most sensitive tool 
in diagnosing and monitoring a sports-related concussion [64]. Therefore it 
was valuable, for the first time ever, to relate neuropsychological assessment 
with CSF concentrations of the brain-specific brain injury markers. It was 
found that without baseline testing, neuropsychological assessment was not 
able to identify those boxers that had obtained small axonal injuries. One argu-
ment could be that the detected axonal injury is so small that it does not have 
any relevance, but interestingly, the boxers with elevated NFL concentrations 
performed significantly worse in Trailmaking A (p=0.041) and Simple Reac-
tion Time (p=0.042), than the boxers with normal NFL concentrations. Both 
tests evaluate processing speed and executive functions, abilities that have 
been shown to be impaired after TBI [94,95,98].
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9.5 WHEN HAS THE CONCUSSION HEALED?

At the latest International Consensus Statement on Concussion in Sports 2012, or-
ganized by IOC, FIFA, IRB and H.H.F, it was stated that all concussions should be 
treated individually, based on the grade of concussion. Athletes were recommen-
ded to follow the Return-to-play programme with a stepwise increase in physical 
activity during rehabilitation [25]. The problem with the Return-to-play protocol 
(table 1) is that it is based on recovery from symptoms rather than knowledge 
about healing time. It is likely that a concussion undergoes a healing process, just 
like other organs in the body, but in contrast to a bone fracture for example, it has 
been possible to follow the healing process with objective investigations. In the 
light of our findings, we suggest that absence of symptoms is not equivalent with 
full recovery. This assumption is based on following facts:

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

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

• Several concussions are associated with slower recovery than a 
single concussion [19].

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

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

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

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

9.6 PREVENTION

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

To	be	more	specific:
• Continuous education of trainers, athletes, relatives, medical 

staff and sport federations is necessary to increase the reporting 
frequency and to reduce the risk of athletes returning to sport 
with persistent concussion symptoms.

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

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

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

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

 

normal population. 

-

-

any interassay variability

the neuropsychologist.

10 STRENGTHS 
AND LIMITATIONS 10
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10.2 LIMITATIONS

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

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

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

-
ness. 

the concentration was shown to correlate to the amount of head trauma 

-

CONCLUSIONS 11
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The aim is to perform a long-term follow up of the study participants consis-

-

-
-

FUTURE  
PERSPECTIVES 12



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



Sanna Neselius | Diagnosis and monitoring of sport-related concussion  79 

Helena Brisby, MD, professor of Orthopaedic Surgery, Head of Depart-
ment of Orthopaedics, Institute of Clinical Sciences, Sahlgrenska Acade-
my - supervisor

-

been a source of inspiration and wild discussions and taught me new ways to 
think and deal with problems. Thank you for your friendship and never-ending 

Jan Marcusson, MD, professor of Geriatric Medicine, Linköping - co-su-
pervisor

-

think myself (hard) and to be independent (even harder).  Thank you for your 

13ACKNOWLEDGEMENTS



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

Henrik Zetterberg, MD, professor of Neurochemistry, Head of the De-
partment of Psychiatry and Neurochemistry, the Sahlgrenska Academy at 
the	University	of	Gothenburg	and	Kaj	Blennow,	MD,	professor	of	Neuro-
chemistry – co-authors
Bright, super efficient scientists, always coming up with new ideas, pushing 
limits forward. With you, everything seems possible. You have given me in-
valuable knowledge of brain injury biomarkers and showed me how pro`s 
work: When I send you a manuscript, it takes maximum 24 hours to get highly 
linguistic and smart feedback. Thank you for fantastic cooperation. I look for-
ward to continued cooperation with you. 

Thomas Karlsson, Professor of Neuropsychology, Linköping – co-author
Skilful and talented scientist with great knowledge about different neuropsycho-
logical evaluation tools after traumatic brain injury. I would have been totally 
lost without you. Thank you for composing the neuropsychological assessment 
kit, evaluation of the neuropsychological results and your invaluable work with 
the neuropsychological manuscript and help with its statistics. 

Anette Theodorsson, Fredrik Granholm, David Wilson and Jeffrey Ran-
dall – co-authors
You have all had invaluable involvement in this thesis. Thank you for your 
support and assistance. 

Jon Karlsson, professor of Orthopaedic Surgery, Head of Section for 
Anesthesiology, Biomaterials, Orthopaedics and Otorhinolaryngology 
Thank you for your generous support and helpful assistance during my whole 
Phd and most valuable comments on this thesis. 

Swedish Boxing Federation
When I presented my research idea to former chairman Bettan Andersson, 
she welcomed it and gave me her full support. To perform research on the ef-
fects of boxing can be experienced as sensitive by pro-boxing people and some 
boxing enthusiasts were afraid of negative publicity. Both Bettan and I had the 
opinion that it is better to know and then deal with the results, than not to know 
at all. Thank you, Swedish Boxing Federation and also present chairman 
Patrick Wheeler, for your support in making this thesis possible. 

Lisbeth	Hjälle,	chief	of	laboratory,	Linköping	Health	University
Thank you for your invaluable assistance with all laboratory work and guiding 
of study participants. You also made the study participants feel comfortable if I 
was not around, by holding their hand if they were a bit anxious of the lumbar 
puncture and by buying food and coke. I would not have made it without you. 



Sanna Neselius | Diagnosis and monitoring of sport-related concussion  81 

I would like to thank all my colleagues at the trauma section, department of 
orthopaedics for a fun and friendly atmosphere whenever I have had the oppor-
tunity to spend time with you these past years. I really enjoyed the last “ladies 
night” for female orthopaedic surgeons. 
Thank you Anders Jönsson, head of the trauma section, Orthopaedic Department 
and Anna Rubenson, scheduler, for always supporting me, even in difficult times. 
Also thank you Magnus Karlsson, MD, Head of the Orthopaedic Department, 
Sahlgrenska University Hospital, for clinical support and for whizzing past 
me with your bicycle on your way to work, thereby making me pedal faster as 
well! 

Linda Johansson, research administrator. Thank you for your invaluable 
support with all practical issues and administration. I was so impressed when 
you helped to arrange a new computer for me the same day (!), when my computer 
crashed. And thank you, Gothenburg University IT-support, for succeeding in 
saving the data, since I did not have any backup. 

Thank you Ulf Andreasson for helpful assistance with statistical calculations 
and creation of figures. 

Thank you Pontus Andersson at Pontus Art Production for skilful illustrations 
in this thesis, you almost respond before I ask you! 

Thank you Sara Brisby Jeppsson for your superb work with layout of Paper IV and V. 

Anna Dellham and Anna-Maria Dahlström. Thank you for being such 
good friends. You are always there for me. 

Thank you Annika and David Nilsson for your friendship, support and  
encouragement. I am so glad to have you as neighbours. 

Michelle Anderson. “When you left Sweden for Australia for almost 2 years 
ago, the sun dipped below the horizon, plunging my world into darkness”. 
These are almost your own words, added by you as a joke (and giving me a 
good laugh) after editing this thesis, but there is truth behind the words. I really 
miss you, all the fun we had, our walks and conversations over a cup of tea. 
It will be great to see you in July again! Thank you for ambitious work with 
language revision and editing of both manuscripts and thesis. You are amazing. 



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

Ulrika Smith Svenstedt. Our friendship started when you knocked on our door 
and asked me out for a jogging run. Luckily I did not have any idea that you were 
a former squad in cross-country skiing and had won Lidingö-loppet as a junior. I 
am a great fan of your work as art director. Thank your for your friendship and for 
fantastic layout and design of this thesis. You are outstanding!

Lotta Renström Koskela. Our friendship started for over 20 years ago when you 
gave me a phone call and challenged me in a boxing fight! You defended your own 
thesis in Urology 2011 in a brilliant way and gave me lots of inspiration. Thank 
you for being such a good friend, it means a lot to me.  Also thank you for reading 
this thesis before print from front to back, giving me valuable comments. 

Thank you Sara Tengvall and Anders Karlström for being such good friends. 
You are fun, warm-hearted and good at listening. You know most details in 
mine and Yngves life and our conversations is a helpful guide for many of our 
choices. Thank you for your support and encouragement when finishing this 
thesis in time seemed hopeless, for offering your assistance and welcoming us 
for dinner. Your friendship is priceless. 

Anne and Matti Rauta – my parents
I wish that everybody could have such as fantastic parents as you are. You 
have always given me lots of love, support and made me believe that anything 
is possible. The last months you have been amazing, taking total care of the 
children for weeks and welcomed me for dinner, when my Yngve has been 
away, enabling me to focus on the work with this thesis. I love you. 

Yngve – my husband
My life with you has been filled with joy and adventures. I have always ad-
mired your high level of activity and positive way to deal with things, even 
the most impossible ones. Even if you have your hands full with different 
tasks (like leaving and picking up the children to/from school/kindergarten 
and then driving them to different activities) you do not get stressed if you get 
another one, but usually just say “no problems”. You are amazing! Thank you 
for always believing in me and coping with all my ideas. 

Ingrid and Lovisa – our children
You are mummys little “Skrutt” and mummys little “Troll” and you are the 
glittering stars of my life. It is wonderful to wake up in the morning and hear 
you say “mamma, jag är vaken – ska vi gosa” (mummy, I am awake – shall we 
cuddle). Mummy loves you – you are absolutely gorgeous. 
These studies were supported by grants from: Marianne and Marcus Wallenberg Foundation, Sweden; ALF Grants, County 
Council of Västra Götaland, Sweden; Sahlgrenska University Hospital, Gothenburg, Sweden; Gothenburg Medical Society, 
Sweden, ALF Grants, County Council of Östergötland, Sweden; The Swedish Research Council; 



Sanna Neselius | Diagnosis and monitoring of sport-related concussion  83 

-

-

-
cidence of sport-related traumatic brain injury and risk factors of severity: a popula-

-

-

14REFERENCES



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

17 Barkhoudarian G, Hovda DA, Giza CC (2011) The molecular pathophysiology of con-
cussive brain injury. Clinics in sports medicine 30: 33-48, vii-iii.

18.  Laurer HL, Bareyre FM, Lee VM, Trojanowski JQ, Longhi L, et al. (2001) Mild head 
injury increasing the brain’s vulnerability to a second concussive impact. Journal of 
neurosurgery 95: 859-870.

19.  Guskiewicz KM, McCrea M, Marshall SW, Cantu RC, Randolph C, et al. (2003) Cumu-
lative effects associated with recurrent concussion in collegiate football players: the 
NCAA Concussion Study. JAMA 290: 2549-2555.

20.  Slobounov S, Slobounov E, Sebastianelli W, Cao C, Newell K (2007) Differential rate 
of recovery in athletes after first and second concussion episodes. Neurosurgery 61: 338-
344; discussion 344.

21.  Field M, Collins MW, Lovell MR, Maroon J (2003) Does age play a role in recovery 
from sports-related concussion? A comparison of high school and collegiate athletes. J 
Pediatr 142: 546-553.

22.  Omalu BI, Bailes J, Hammers JL, Fitzsimmons RP (2009) Chronic Traumatic Encepha-
lopathy, Suicides and Parasuicides in Professional American Athletes: The Role of the 
Forensic Pathologist. Am J Forensic Med Pathol.

23.  Omalu BI, Hamilton RL, Kamboh MI, DeKosky ST, Bailes J Chronic traumatic en-
cephalopathy (CTE) in a National Football League Player: Case report and emerging 
medicolegal practice questions. J Forensic Nurs 6: 40-46.

24.  Kumar V, Kinsella LJ Healthy brain aging: effect of head injury, alcohol and environ-
mental toxins. Clin Geriatr Med 26: 29-44.

25. McCrory P, Meeuwisse WH, Aubry M, Cantu B, Dvorak J, et al. (2013) Consensus sta-
tement on concussion in sport: the 4th International Conference on Concussion in Sport 
held in Zurich, November 2012. British journal of sports medicine 47: 250-258.

26.  McCrea M, Guskiewicz K, Randolph C, Barr WB, Hammeke TA, et al. (2013) Inciden-
ce, clinical course, and predictors of prolonged recovery time following sport-related 
concussion in high school and college athletes. J Int Neuropsychol Soc 19: 22-33.

27.  McCrory P, Meeuwisse W, Johnston K, Dvorak J, Aubry M, et al. (2009) Consensus 
statement on Concussion in Sport--the 3rd International Conference on Concussion in 
Sport held in Zurich, November 2008. J Sci Med Sport 12: 340-351.

28.  Register-Mihalik JK, Guskiewicz KM, McLeod TC, Linnan LA, Mueller FO, et al. 
(2013) Knowledge, attitude, and concussion-reporting behaviors among high school 
athletes: a preliminary study. J Athl Train 48: 645-653.

29.  Echlin PS, Johnson AM, Riverin S, Tator CH, Cantu RC, et al. (2010) A prospective 
study of concussion education in 2 junior ice hockey teams: implications for sports con-
cussion education. Neurosurg Focus 29: E6.

30.  Kushi H, Saito T, Sakagami Y, Ohtsuki J, Tanjoh K (2009) Acute subdural hematoma 
because of boxing. J Trauma 66: 298-303.

31.  Boden BP, Tacchetti RL, Cantu RC, Knowles SB, Mueller FO (2007) Catastrophic head 
injuries in high school and college football players. Am J Sports Med 35: 1075-1081.

32.  Thomas M, Haas TS, Doerer JJ, Hodges JS, Aicher BO, et al. (2011) Epidemiology of 
sudden death in young, competitive athletes due to blunt trauma. Pediatrics 128: e1-8.

33.  John N, Leach JL, Rachana T, Mangano FT (2009) Traumatic aneurysm of the occipital 
artery secondary to paintball injury. Clin Neurol Neurosurg 111: 105-108.

34.  Cantu RC (1998) Second-impact syndrome. Clin Sports Med 17: 37-44.
35.  McCrory P, Davis G, Makdissi M (2012) Second impact syndrome or cerebral swelling 

after sporting head injury. Curr Sports Med Rep 11: 21-23.
36.  Weinstein E, Turner M, Kuzma BB, Feuer H (2013) Second impact syndrome in foot-

ball: new imaging and insights into a rare and devastating condition. J Neurosurg Pediatr 



Sanna Neselius | Diagnosis and monitoring of sport-related concussion  85 

11: 331-334.
37.  Smith DH, Hicks R, Povlishock JT (2013) Therapy development for diffuse axonal in-

jury. J Neurotrauma 30: 307-323.
38.  Smith DH, Nonaka M, Miller R, Leoni M, Chen XH, et al. (2000) Immediate coma fol-

lowing inertial brain injury dependent on axonal damage in the brainstem. J Neurosurg 
93: 315-322.

39.  Hahnel S, Stippich C, Weber I, Darm H, Schill T, et al. (2008) Prevalence of cerebral 
microhemorrhages in amateur boxers as detected by 3T MR imaging. AJNR Am J Neu-
roradiol 29: 388-391.

40.  Park SJ, Hur JW, Kwon KY, Rhee JJ, Lee JW, et al. (2009) Time to recover conscio-
usness in patients with diffuse axonal injury : assessment with reference to magnetic 
resonance grading. J Korean Neurosurg Soc 46: 205-209.

41.  Luo J, Nguyen A, Villeda S, Zhang H, Ding Z, et al. (2014) Long-term cognitive impair-
ments and pathological alterations in a mouse model of repetitive mild traumatic brain 
injury. Front Neurol 5: 12.

42.  Pellman EJ, Viano DC, Tucker AM, Casson IR, Committee on Mild Traumatic Brain 
Injury NFL (2003) Concussion in professional football: location and direction of helmet 
impacts-Part 2. Neurosurgery 53: 1328-1340; discussion 1340-1321.

43.  Teasdale G, Jennett B (1974) Assessment of coma and impaired consciousness. A prac-
tical scale. Lancet 2: 81-84.

44.  Stalhammar D, Starmark JE, Holmgren E, Eriksson N, Nordstrom CH, et al. (1988) 
Assessment of responsiveness in acute cerebral disorders. A multicentre study on the 
reaction level scale (RLS 85). Acta Neurochir (Wien) 90: 73-80.

45.  McKee AC, Cantu RC, Nowinski CJ, Hedley-Whyte ET, Gavett BE, et al. (2009) Chro-
nic traumatic encephalopathy in athletes: progressive tauopathy after repetitive head 
injury. J Neuropathol Exp Neurol 68: 709-735.

46. Martland H (1928) Punch Drunk. JAMA 91: 1103-1107.
47.  Plassman BL, Havlik RJ, Steffens DC, Helms MJ, Newman TN, et al. (2000) Documen-

ted head injury in early adulthood and risk of Alzheimer’s disease and other dementias. 
Neurology 55: 1158-1166.

48.  Salib E, Hillier V (1997) Head injury and the risk of Alzheimer’s disease: a case control 
study. Int J Geriatr Psychiatry 12: 363-368.

49. Stein TD, Alvarez VE, McKee AC (2014) Chronic traumatic encephalopathy: a spectrum 
of neuropathological changes following repetitive brain trauma in athletes and military 
personnel. Alzheimers Res Ther 6: 4.

50.  McCrory P, Meeuwisse WH, Kutcher JS, Jordan BD, Gardner A (2013) What is the 
evidence for chronic concussion-related changes in retired athletes: behavioural, patho-
logical and clinical outcomes? Br J Sports Med 47: 327-330.

51.  Roses AD (1996) Apolipoprotein E in neurology. Current opinion in neurology 9: 265-
270.

52.  Zhou W, Xu D, Peng X, Zhang Q, Jia J, et al. (2008) Meta-analysis of APOE4 allele and 
outcome after traumatic brain injury. Journal of neurotrauma 25: 279-290.

53.  Jordan BD, Relkin NR, Ravdin LD, Jacobs AR, Bennett A, et al. (1997) Apolipoprotein 
E epsilon4 associated with chronic traumatic brain injury in boxing. JAMA 278: 136-
140.

54.  Tang MX, Maestre G, Tsai WY, Liu XH, Feng L, et al. (1996) Effect of age, ethnicity, 
and head injury on the association between APOE genotypes and Alzheimer’s disease. 
Annals of the New York Academy of Sciences 802: 6-15.

55.  O’Meara ES, Kukull WA, Sheppard L, Bowen JD, McCormick WC, et al. (1997) Head 



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

injury and risk of Alzheimer’s disease by apolipoprotein E genotype. American journal 
of epidemiology 146: 373-384.

56.  Mayeux R, Ottman R, Maestre G, Ngai C, Tang MX, et al. (1995) Synergistic effects of 
traumatic head injury and apolipoprotein-epsilon 4 in patients with Alzheimer’s disease. 
Neurology 45: 555-557.

57.  Jagoda AS (2010) Mild traumatic brain injury: key decisions in acute management. 
Psychiatr Clin North Am 33: 797-806.

58.  Putukian M (2011) The acute symptoms of sport-related concussion: diagnosis and on-
field management. Clin Sports Med 30: 49-61, viii.

59.  ngebrigtsen T, Romner B, Kock-Jensen C (2000) Scandinavian guidelines for initial ma-
nagement of minimal, mild, and moderate head injuries. The Scandinavian Neurotrauma 
Committee. J Trauma 48: 760-766.

60.  Kurca E, Sivak S, Kucera P (2006) Impaired cognitive functions in mild traumatic brain 
injury patients with normal and pathologic magnetic resonance imaging. Neuroradiolo-
gy 48: 661-669.

61.  Guskiewicz KM (2003) Assessment of postural stability following sport-related concus-
sion. Curr Sports Med Rep 2: 24-30.

62.  Parker TM, Osternig LR, P VAND, Chou LS (2006) Gait stability following concussion. 
Med Sci Sports Exerc 38: 1032-1040.

63.  Schneiders AG, Sullivan SJ, Gray AR, Hammond-Tooke GD, McCrory PR (2010) Nor-
mative values for three clinical measures of motor performance used in the neurological 
assessment of sports concussion. J Sci Med Sport 13: 196-201.

64.  Collins MW, Grindel SH, Lovell MR, Dede DE, Moser DJ, et al. (1999) Relationship 
between concussion and neuropsychological performance in college football players. 
JAMA : the journal of the American Medical Association 282: 964-970.

65.  Echemendia RJ, Putukian M, Mackin RS, Julian L, Shoss N (2001) Neuropsychologi-
cal test performance prior to and following sports-related mild traumatic brain injury. 
Clinical journal of sport medicine : official journal of the Canadian Academy of Sport 
Medicine 11: 23-31.

66.  Hinton-Bayre AD, Geffen G (2002) Severity of sports-related concussion and neu-
ropsychological test performance. Neurology 59: 1068-1070.

67.  Rohling ML, Binder LM, Demakis GJ, Larrabee GJ, Ploetz DM, et al. (2011) A me-
ta-analysis of neuropsychological outcome after mild traumatic brain injury: re-analyses 
and reconsiderations of Binder et al. (1997), Frencham et al. (2005), and Pertab et al. 
(2009). The Clinical neuropsychologist 25: 608-623.

68.  Wall SE, Williams WH, Cartwright-Hatton S, Kelly TP, Murray J, et al. (2006) Neu-
ropsychological dysfunction following repeat concussions in jockeys. Journal of neuro-
logy, neurosurgery, and psychiatry 77: 518-520.

69.  Heilbronner RL, Bush SS, Ravdin LD, Barth JT, Iverson GL, et al. (2009) Neuropsycho-
logical consequences of boxing and recommendations to improve safety: a National 
Academy of Neuropsychology education paper. Archives of clinical neuropsychology : 
the official journal of the National Academy of Neuropsychologists 24: 11-19.

70.  Lezak MD (1984) Neuropsychological assessment in behavioral toxicology--deve-
loping techniques and interpretative issues. Scandinavian journal of work, environment 
& health 10 Suppl 1: 25-29.

71.  Porter MD (2003) A 9-year controlled prospective neuropsychologic assessment of 
amateur boxing. Clinical journal of sport medicine : official journal of the Canadian 
Academy of Sport Medicine 13: 339-352.



Sanna Neselius | Diagnosis and monitoring of sport-related concussion  87 

72.  Maruff P, Thomas E, Cysique L, Brew B, Collie A, et al. (2009) Validity of the CogState 
brief battery: relationship to standardized tests and sensitivity to cognitive impairment 
in mild traumatic brain injury, schizophrenia, and AIDS dementia complex. Archives of 
clinical neuropsychology : the official journal of the National Academy of Neuropsycho-
logists 24: 165-178.

73.  Schatz P, Maerlender A (2013) A two-factor theory for concussion assessment using 
ImPACT: memory and speed. Arch Clin Neuropsychol 28: 791-797.

74.  Broglio SP, Macciocchi SN, Ferrara MS (2007) Sensitivity of the concussion assessment 
battery. Neurosurgery 60: 1050-1057; discussion 1057-1058.

75.  Cole WR, Arrieux JP, Schwab K, Ivins BJ, Qashu FM, et al. (2013) Test-retest reliability 
of four computerized neurocognitive assessment tools in an active duty military popula-
tion. Arch Clin Neuropsychol 28:  732-742.

76.  Bigler ED, Rosa L, Schultz F, Hall S, Harris J (1989) Rey-Auditory Verbal Learning and 
Rey-Osterrieth Complex Figure Design performance in Alzheimer’s disease and closed 
head injury. Journal of clinical psychology 45: 277-280.

77.  Wright MJ, Schmitter-Edgecombe M, Woo E (2010) Verbal memory impairment in se-
vere closed head injury: the role of encoding and consolidation. Journal of clinical and 
experimental neuropsychology 32: 728-736.

78.  Himanen L, Portin R, Isoniemi H, Helenius H, Kurki T, et al. (2006) Longitudinal 
cognitive changes in traumatic brain injury: a 30-year follow-up study. Neurology 66: 
187-192.

79.  Gallagher C, Burke T (2007) Age, gender and IQ effects on the Rey-Osterrieth Complex 
Figure Test. Br J Clin Psychol 46: 35-45.

80. Benton AL, Hamsher Kd, Sivan AB, editors (1994) Multilingual aphasia examination 
Iowa City: AJA Associates, Inc.

81.  Ross TP (2003) The reliability of cluster and switch scores for the Controlled Oral Word 
Association Test. Archives of clinical neuropsychology : the official journal of the Na-
tional Academy of Neuropsychologists 18: 153-164.

82.  Curtis KL, Thompson LK, Greve KW, Bianchini KJ (2008) Verbal fluency indicators 
of malingering in traumatic brain injury: classification accuracy in known groups. Clin 
Neuropsychol 22: 930-945.

83.  Malek-Ahmadi M, Small BJ, Raj A (2011) The diagnostic value of controlled oral word 
association test-FAS and category fluency in single-domain amnestic mild cognitive 
impairment. Dementia and geriatric cognitive disorders 32: 235-240.

84.  Baillargeon A, Lassonde M, Leclerc S, Ellemberg D (2012) Neuropsychological and 
neurophysiological assessment of sport concussion in children, adolescents and adults. 
Brain injury : [BI] 26: 211-220.

85.  Wechsler D (1981) Wechsler Adult Intelligence Scale – Revised. Psychological Corpo-
ration, New York.

86.  Haut MW, Kuwabara H, Leach S, Arias RG (2000) Neural activation during performan-
ce of number-letter sequencing. Applied neuropsychology 7: 237-242.

87.  Kane MJ, Engle RW (2002) The role of prefrontal cortex in working-memory capacity, 
executive attention, and general fluid intelligence: an individual-differences perspective. 
Psychonomic bulletin & review 9: 637-671.

88.  Rosen VM, Bergeson JL, Putnam K, Harwell A, Sunderland T (2002) Working memory 
and apolipoprotein E: what’s the connection? Neuropsychologia 40: 2226-2233.

89.  Mayers LB, Redick TS, Chiffriller SH, Simone AN, Terraforte KR (2011) Working me-
mory capacity among collegiate student athletes: effects of sport-related head contacts, 



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

concussions, and working memory demands. Journal of clinical and experimental neu-
ropsychology 33: 532-537.

90.  Cornell DG, Roberts M, Oram G (1997) The Ray-Osterrieth Complex Figure Test as a 
neuropsychological measure in criminal offenders. Arch Clin Neuropsychol 12: 47-56.

91.  Cicerone KD, Azulay J (2002) Diagnostic utility of attention measures in postconcus-
sion syndrome. Clin Neuropsychol 16: 280-289.

92.  Reitan RM, Wolfson D (1992) Neuropsychological evaluation of older children. Tucs-
on, AZ: Neuropsychology Press.

93.  Atchison TB, Sander AM, Struchen MA, High WM, Jr., Roebuck TM, et al. (2004) 
Relationship between neuropsychological test performance and productivity at 1-year 
following traumatic brain injury. The Clinical neuropsychologist 18: 249-265.

94.  Lange RT, Iverson GL, Zakrzewski MJ, Ethel-King PE, Franzen MD (2005) Interpreting 
the trail making test following traumatic brain injury: comparison of traditional time 
scores and derived indices. Journal of clinical and experimental neuropsychology 27: 
897-906.

95.  Perianez JA, Rios-Lago M, Rodriguez-Sanchez JM, Adrover-Roig D, Sanchez-Cubillo 
I, et al. (2007) Trail Making Test in traumatic brain injury, schizophrenia, and normal 
ageing: sample comparisons and normative data. Archives of clinical neuropsychology 
: the official journal of the National Academy of Neuropsychologists 22: 433-447.

96.  Sleimen-Malkoun R, Temprado JJ, Berton E (2013) Age-related dedifferentiation of 
cognitive and motor slowing: insight from the comparison of Hick-Hyman and Fitts’ 
laws. Front Aging Neurosci 5: 62.

97.  Colcombe SJ, Kramer AF, Erickson KI, Scalf P, McAuley E, et al. (2004) Cardiovascu-
lar fitness, cortical plasticity, and aging. Proc Natl Acad Sci U S A 101: 3316-3321.

98.  Kontos AP, Covassin T, Elbin RJ, Parker T (2012) Depression and Neurocognitive Per-
formance After Concussion Among Male and Female High School and Collegiate Ath-
letes. Archives of physical medicine and rehabilitation.

99.  Covassin T, Moran R, Wilhelm K (2013) Concussion symptoms and neurocognitive 
performance of high school and college athletes who incur multiple concussions. Am J 
Sports Med 41: 2885-2889.

100.  Haaland KY, Temkin N, Randahl G, Dikmen S (1994) Recovery of simple motor skills 
after head injury. Journal of clinical and experimental neuropsychology 16: 448-456.

101.  Prigatano GP, Borgaro SR (2003) Qualitative features of finger movement during the 
Halstead finger oscillation test following traumatic brain injury. Journal of the Interna-
tional Neuropsychological Society : JINS 9: 128-133.

102.  Murelius O, Haglund Y (1991) Does Swedish amateur boxing lead to chronic brain 
damage? 4. A retrospective neuropsychological study. Acta Neurol Scand 83: 9-13.

103.  Mittal S, Wu Z, Neelavalli J, Haacke EM (2009) Susceptibility-weighted imaging: tech-
nical aspects and clinical applications, part 2. AJNR Am J Neuroradiol 30: 232-252.

104.  Kou Z, Gattu R, Kobeissy F, Welch RD, O’Neil BJ, et al. (2013) Combining biochemical 
and imaging markers to improve diagnosis and characterization of mild traumatic brain 
injury in the acute setting: results from a pilot study. PLoS One 8: e80296.

105.  Vagnozzi R, Signoretti S, Cristofori L, Alessandrini F, Floris R, et al. (2010) Assessment 
of metabolic brain damage and recovery following mild traumatic brain injury: a multi-
centre, proton magnetic resonance spectroscopic study in concussed patients. Brain 133: 
3232-3242.



Sanna Neselius | Diagnosis and monitoring of sport-related concussion  89 

106.  Sasaki T, Pasternak O, Mayinger M, Muehlmann M, Savadjiev P, et al. (2014) Hockey 
Concussion Education Project, Part 3. White matter microstructure in ice hockey players 
with a history of concussion: a diffusion tensor imaging study. J Neurosurg 120: 882-
890.

107.  Engelhardt S, Patkar S, Ogunshola OO (2014) Cell-specific blood-brain barrier regula-
tion in health and disease: a focus on hypoxia. Br J Pharmacol 171: 1210-1230.

108.  Shahim P, Darin N, Andreasson U, Blennow K, Jennions E, et al. (2013) Cerebrospinal 
fluid brain injury biomarkers in children: a multicenter study. Pediatr Neurol 49: 31-39 
e32.

109.  Gaiottino J, Norgren N, Dobson R, Topping J, Nissim A, et al. (2013) Increased neuro-
filament light chain blood levels in neurodegenerative neurological diseases. PLoS One 
8: e75091.

110.  Lycke JN, Karlsson JE, Andersen O, Rosengren LE (1998) Neurofilament protein in ce-
rebrospinal fluid: a potential marker of activity in multiple sclerosis. J Neurol Neurosurg 
Psychiatry 64: 402-404.

111.  Axelsson M, Malmestrom C, Nilsson S, Haghighi S, Rosengren L, et al. (2011) Glial 
fibrillary acidic protein: a potential biomarker for progression in multiple sclerosis. J 
Neurol 258: 882-888.

112.  Zurek J, Fedora M (2012) The usefulness of S100B, NSE, GFAP, NF-H, secretagogin 
and Hsp70 as a predictive biomarker of outcome in children with traumatic brain injury. 
Acta neurochirurgica 154: 93-103; discussion 103.

113.  Kuhle J, Leppert D, Petzold A, Regeniter A, Schindler C, et al. (2011) Neurofilament 
heavy chain in CSF correlates with relapses and disability in multiple sclerosis. Neuro-
logy 76: 1206-1213.

114.  Zetterberg H, Wilson D, Andreasson U, Minthon L, Blennow K, et al. (2013) Plasma tau 
levels in Alzheimer’s disease. Alzheimers Res Ther 5: 9.

115.  Bulut M, Koksal O, Dogan S, Bolca N, Ozguc H, et al. (2006) Tau protein as a serum 
marker of brain damage in mild traumatic brain injury: preliminary results. Adv Ther 23: 
12-22.

116.  Liliang PC, Liang CL, Weng HC, Lu K, Wang KW, et al. (2010) Tau proteins in serum 
predict outcome after severe traumatic brain injury. J Surg Res 160: 302-307.

117.  Honda M, Tsuruta R, Kaneko T, Kasaoka S, Yagi T, et al. Serum Glial Fibrillary Acidic 
Protein Is a Highly Specific Biomarker for Traumatic Brain Injury in Humans Compared 
With S-100B and Neuron-Specific Enolase. J Trauma.

118.  Sundstrom T, Wester K, Enger M, Melhuus K, Ingebrigtsen T, et al. (2013) [Scandi-
navian guidelines for the acute management of adult patients with minimal, mild, or 
moderate head injuries]. Tidsskr Nor Laegeforen 133: E1-6.

119.  Kiechle K, Bazarian JJ, Merchant-Borna K, Stoecklein V, Rozen E, et al. (2014) Sub-
ject-specific increases in serum S-100B distinguish sports-related concussion from 
sports-related exertion. PLoS One 9: e84977.

120.  Constantinescu R, Zetterberg H, Holmberg B, Rosengren L (2009) Levels of brain re-
lated proteins in cerebrospinal fluid: an aid in the differential diagnosis of parkinsonian 
disorders. Parkinsonism & related disorders 15: 205-212.

121.  Schlaepfer WW, Lynch RG (1977) Immunofluorescence studies of neurofilaments in the 
rat and human peripheral and central nervous system. J Cell Biol 74: 241-250.

122.  Ganesalingam J, An J, Bowser R, Andersen PM, Shaw CE (2013) pNfH is a promising 



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

biomarker for ALS. Amyotrophic lateral sclerosis & frontotemporal degeneration 14: 
146-149.

123.  Tortelli R, Ruggieri M, Cortese R, D’Errico E, Capozzo R, et al. (2012) Elevated cere-
brospinal fluid neurofilament light levels in patients with amyotrophic lateral sclerosis: 
a possible marker of disease severity and progression. Eur J Neurol 19: 1561-1567.

124.  Boylan KB, Glass JD, Crook JE, Yang C, Thomas CS, et al. (2013) Phosphorylated neu-
rofilament heavy subunit (pNF-H) in peripheral blood and CSF as a potential prognostic 
biomarker in amyotrophic lateral sclerosis. J Neurol Neurosurg Psychiatry 84: 467-472.

125.  Erenler AK, Yardan T, Duran L, Baydin A (2013) Usefulness of heart-type fatty acid 
binding protein in the emergency department. J Pak Med Assoc 63: 1176-1181.

126.  Ohrfelt A, Andreasson U, Simon A, Zetterberg H, Edman A, et al. (2011) Screening 
for new biomarkers for subcortical vascular dementia and Alzheimer’s disease. Dement 
Geriatr Cogn Dis Extra 1: 31-42.

127.  Pelsers MM, Hanhoff T, Van der Voort D, Arts B, Peters M, et al. (2004) Brain- and 
heart-type fatty acid-binding proteins in the brain: tissue distribution and clinical utility. 
Clin Chem 50: 1568-1575.

128.  Gao X, Chen J (2009) Conditional knockout of brain-derived neurotrophic factor in the 
hippocampus increases death of adult-born immature neurons following traumatic brain 
injury. Journal of neurotrauma 26: 1325-1335.

129.  Salehi Z, Mashayekhi F (2009) Brain-derived neurotrophic factor concentrations in the 
cerebrospinal fluid of patients with Parkinson’s disease. J Clin Neurosci 16: 90-93.

130.  Weinstein G, Beiser AS, Choi SH, Preis SR, Chen TC, et al. (2014) Serum brain-deri-
ved neurotrophic factor and the risk for dementia: the Framingham Heart Study. JAMA 
Neurol 71: 55-61.

131.  Zetterberg H, Tanriverdi F, Unluhizarci K, Selcuklu A, Kelestimur F, et al. (2009) Sus-
tained release of neuron-specific enolase to serum in amateur boxers. Brain Inj 23: 723-
726.

132.  Puchades M, Hansson SF, Nilsson CL, Andreasen N, Blennow K, et al. (2003) Proteo-
mic studies of potential cerebrospinal fluid protein markers for Alzheimer’s disease. 
Brain research Molecular brain research 118: 140-146.

133.  Qiang JK, Wong YC, Siderowf A, Hurtig HI, Xie SX, et al. (2013) Plasma apolipopro-
tein A1 as a biomarker for Parkinson disease. Ann Neurol 74: 119-127.

134.  Kay AD, Petzold A, Kerr M, Keir G, Thompson E, et al. (2003) Alterations in cerebro-
spinal fluid apolipoprotein E and amyloid beta-protein after traumatic brain injury. J 
Neurotrauma 20: 943-952.

135.  Horsburgh K, McCarron MO, White F, Nicoll JA (2000) The role of apolipoprotein E in 
Alzheimer’s disease, acute brain injury and cerebrovascular disease: evidence of com-
mon mechanisms and utility of animal models. Neurobiology of aging 21: 245-255.

136.  Blennow K, Hesse C, Fredman P (1994) Cerebrospinal fluid apolipoprotein E is reduced 
in Alzheimer’s disease. Neuroreport 5: 2534-2536.

137.  Brenner M (2014) Role of GFAP in CNS injuries. Neurosci Lett.
138.  Rosengren LE, Lycke J, Andersen O (1995) Glial fibrillary acidic protein in CSF of 

multiple sclerosis patients: relation to neurological deficit. J Neurol Sci 133: 61-65.
139.  Takano R, Misu T, Takahashi T, Sato S, Fujihara K, et al. (2010) Astrocytic damage is 

far more severe than demyelination in NMO: a clinical CSF biomarker study. Neurology 
75: 208-216.

140.  Storoni M, Verbeek MM, Illes Z, Marignier R, Teunissen CE, et al. (2012) Serum GFAP 
levels in optic neuropathies. J Neurol Sci 317: 117-122.



Sanna Neselius | Diagnosis and monitoring of sport-related concussion  91 

141.  Astrand R, Unden J, Romner B (2013) Clinical use of the calcium-binding S100B pro-
tein. Methods Mol Biol 963: 373-384.

142.  Donato R, Sorci G, Riuzzi F, Arcuri C, Bianchi R, et al. (2009) S100B’s double life: in-
tracellular regulator and extracellular signal. Biochimica et biophysica acta 1793: 1008-
1022.

143.  Petzold A, Jenkins R, Watt HC, Green AJ, Thompson EJ, et al. (2003) Cerebrospinal 
fluid S100B correlates with brain atrophy in Alzheimer’s disease. Neurosci Lett 336: 
167-170.

144.  Graham MR, Myers T, Evans P, Davies B, Cooper SM, et al. (2011) Direct hits to the 
head during amateur boxing is associated with a rise in serum biomarkers for brain in-
jury. International journal of immunopathology and pharmacology 24: 119-125.

145.  Ebneth A, Godemann R, Stamer K, Illenberger S, Trinczek B, et al. (1998) Overexpres-
sion of tau protein inhibits kinesin-dependent trafficking of vesicles, mitochondria, and 
endoplasmic reticulum: implications for Alzheimer’s disease. J Cell Biol 143: 777-794.

146.  Drechsel DN, Hyman AA, Cobb MH, Kirschner MW (1992) Modulation of the dynamic 
instability of tubulin assembly by the microtubule-associated protein tau. Mol Biol Cell 
3: 1141-1154.

147.  Alonso AC, Zaidi T, Grundke-Iqbal I, Iqbal K (1994) Role of abnormally phosphoryla-
ted tau in the breakdown of microtubules in Alzheimer disease. Proc Natl Acad Sci U S 
A 91: 5562-5566.

148.  Blennow K, Hampel H, Weiner M, Zetterberg H Cerebrospinal fluid and plasma biomar-
kers in Alzheimer disease. Nat Rev Neurol 6: 131-144.

149.  Kay AD, Petzold A, Kerr M, Keir G, Thompson E, et al. (2003) Alterations in cere-
brospinal fluid apolipoprotein E and amyloid beta-protein after traumatic brain injury. 
Journal of neurotrauma 20: 943-952.

150.  Bulut M, Koksal O, Dogan S, Bolca N, Ozguc H, et al. (2006) Tau protein as a serum 
marker of brain damage in mild traumatic brain injury: preliminary results. Advances in 
therapy 23: 12-22.

151.  Kavalci C, Pekdemir M, Durukan P, Ilhan N, Yildiz M, et al. (2007) The value of serum 
tau protein for the diagnosis of intracranial injury in minor head trauma. The American 
journal of emergency medicine 25: 391-395.

152.  Than ME, Coburger I, Hoefgen S (2014) The structural biology of the amyloid precursor 
protein APP - a complex puzzle reveals its multi-domain architecture. Biol Chem.

153.  van Duijn CM, Tanja TA, Haaxma R, Schulte W, Saan RJ, et al. (1992) Head trauma and 
the risk of Alzheimer’s disease. American journal of epidemiology 135: 775-782.

154.  iccini A, Russo C, Gliozzi A, Relini A, Vitali A, et al. (2005) beta-amyloid is different in 
normal aging and in Alzheimer disease. The Journal of biological chemistry 280: 34186-
34192.

155.  Graham DI, Gentleman SM, Nicoll JA, Royston MC, McKenzie JE, et al. (1996) Altered 
beta-APP metabolism after head injury and its relationship to the aetiology of Alzhei-
mer’s disease. Acta neurochirurgica Supplement 66: 96-102.

156.  Olsson A, Csajbok L, Ost M, Hoglund K, Nylen K, et al. (2004) Marked increase of be-
ta-amyloid(1-42) and amyloid precursor protein in ventricular cerebrospinal fluid after 
severe traumatic brain injury. Journal of neurology 251: 870-876.

157.  Jordan BD (1996) Acute and chronic brain injury in United States National Team Soccer 
Players. Am J Sports Med 24: 704-705.

158.  Kaste M, Kuurne T, Vilkki J, Katevuo K, Sainio K, et al. (1982) Is chronic brain damage 
in boxing a hazard of the past? Lancet 2: 1186-1188.



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

159.  Rosengren LE, Karlsson JE, Karlsson JO, Persson LI, Wikkelso C (1996) Patients with 
amyotrophic lateral sclerosis and other neurodegenerative diseases have increased levels 
of neurofilament protein in CSF. J Neurochem 67: 2013-2018.

160.  Rosengren LE, Wikkelso C, Hagberg L (1994) A sensitive ELISA for glial fibrillary 
acidic protein: application in CSF of adults. J Neurosci Methods 51: 197-204.

161.  Olsson A, Vanderstichele H, Andreasen N, De Meyer G, Wallin A, et al. (2005) Simul-
taneous measurement of beta-amyloid(1-42), total tau, and phosphorylated tau (Thr181) 
in cerebrospinal fluid by the xMAP technology. Clin Chem 51: 336-345.

162.  Zetterberg H, Andreasson U, Hansson O, Wu G, Sankaranarayanan S, et al. (2008) Ele-
vated cerebrospinal fluid BACE1 activity in incipient Alzheimer disease. Archives of 
neurology 65: 1102-1107.

163.  Zetterberg H, Mortberg E, Song L, Chang L, Provuncher GK, et al. (2011) Hypoxia Due 
to Cardiac Arrest Induces a Time-Dependent Increase in Serum Amyloid beta Levels in 
Humans. PloS one 6: e28263.

164.  Rissin DM, Kan CW, Campbell TG, Howes SC, Fournier DR, et al. (2010) Single-mo-
lecule enzyme-linked immunosorbent assay detects serum proteins at subfemtomolar 
concentrations. Nature biotechnology 28: 595-599.

165.  Nylen K, Ost M, Csajbok LZ, Nilsson I, Blennow K, et al. (2006) Increased serum-GFAP 
in patients with severe traumatic brain injury is related to outcome. Journal of the neu-
rological sciences 240: 85-91.

166.  Daneman M, Carpenter PA (1980) Individual differences in working memory and 
reading. . Journal of Verbal Learning and Verbal Behavior 4: 450-466.

167.  Loring DW, Bauer RM (1990) Testing the limits: cautions and concerns regarding the 
new Wechsler IQ and Memory scales. Neurology 74: 685-690.

168.  Vallat-Azouvi C, Weber T, Legrand L, Azouvi P (2007) Working memory after severe 
traumatic brain injury. Journal of the International Neuropsychological Society : JINS 
13: 770-780.

169.  Reitan RM (1994) Ward Halstead’s contributions to neuropsychology and the 
Halstead-Reitan Neuropsychological Test Battery. Journal of clinical psychology 50: 
47-70.

170.  Hannay HJ (1986) Experimental techniques in human neuropsychology. New York: Ox-
ford University Press.

171.  Raftery AE, Madigan, D, Hoeting, J. A. (1997) Bayesian Model Averaging for Linear 
Regression Models. Journal of the American Statistical Association: 179-191.

172.  Franz G, Beer R, Kampfl A, Engelhardt K, Schmutzhard E, et al. (2003) Amyloid beta 
1-42 and tau in cerebrospinal fluid after severe traumatic brain injury. Neurology 60: 
1457-1461.

173.  Michetti F, Corvino V, Geloso MC, Lattanzi W, Bernardini C, et al. (2011) The S100B 
protein in biological fluids: more than a lifelong biomarker of brain distress. Journal of 
neurochemistry.

174.  Hasselblatt M, Mooren FC, von Ahsen N, Keyvani K, Fromme A, et al. (2004) Serum 
S100beta increases in marathon runners reflect extracranial release rather than glial da-
mage. Neurology 62: 1634-1636.

175.  Hayakata T, Shiozaki T, Tasaki O, Ikegawa H, Inoue Y, et al. (2004) Changes in CSF 
S100B and cytokine concentrations in early-phase severe traumatic brain injury. Shock 
22: 102-107.

176.  Kavalci C, Pekdemir M, Durukan P, Ilhan N, Yildiz M, et al. (2007) The value of serum 
tau protein for the diagnosis of intracranial injury in minor head trauma. Am J Emerg 



Sanna Neselius | Diagnosis and monitoring of sport-related concussion  93 

Med 25: 391-395.
177.  Shahim P, Tegner Y, Wilson DH, Randall J, Skillback T, et al. (2014) Blood Biomarkers 

for Brain Injury in Concussed Professional Ice Hockey Players. JAMA Neurol.
178.  McCrea M, Hammeke T, Olsen G, Leo P, Guskiewicz K (2004) Unreported concussion 

in high school football players: implications for prevention. Clin J Sport Med 14: 13-17.
179.  Sullivan S, Friess SH, Ralston J, Smith C, Propert KJ, et al. (2013) Behavioral deficits 

and axonal injury persistence after rotational head injury are direction dependent. J Neu-
rotrauma 30: 538-545.

180.  Blennow K, Hardy J, Zetterberg H (2012) The neuropathology and neurobiology of 
traumatic brain injury. Neuron 76: 886-899.



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



DIAGNOSIS AND 
MONITORING OF 
SPORT-RELATED 
CONCUSSION
A STUDY IN AMATEUR BOXERS


	Sanna Neselius  Diagnosis and monitoring of sportrelated concussion  5: 
	6 Sanna Neselius  Diagnosis and monitoring of sportrelated concussion: 
	Sanna Neselius  Diagnosis and monitoring of sportrelated concussion  7: 
	8 Sanna Neselius  Diagnosis and monitoring of sportrelated concussion: 
	Sanna Neselius  Diagnosis and monitoring of sportrelated concussion  9: 
	10 Sanna Neselius  Diagnosis and monitoring of sportrelated concussion: 
	ASTRACT: 
	5: 
	Sanna Neselius  Diagnosis and monitoring of sportrelated concussion  11: 
	12 Sanna Neselius  Diagnosis and monitoring of sportrelated concussion: 
	Sanna Neselius  Diagnosis and monitoring of sportrelated concussion  13: 
	14 Sanna Neselius  Diagnosis and monitoring of sportrelated concussion: 
	Sanna Neselius  Diagnosis and monitoring of sportrelated concussion  15: 
	16 Sanna Neselius  Diagnosis and monitoring of sportrelated concussion: 
	Sanna Neselius  Diagnosis and monitoring of sportrelated concussion  17: 
	Sanna Neselius  Diagnosis and monitoring of sportrelated concussion  19: 
	20 Sanna Neselius  Diagnosis and monitoring of sportrelated concussion: 
	Sanna Neselius  Diagnosis and monitoring of sportrelated concussion  21: 
	Sanna Neselius  Diagnosis and monitoring of sportrelated concussion  23: 
	24 Sanna Neselius  Diagnosis and monitoring of sportrelated concussion: 


