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Summary

The background for this study was a concern that heading and sub-concussive head impacts
could cause cognitive impairments among football (soccer) players. Controlled heading is
however, no longer considered as a major risk factor for developing cognitive deficits, but the
neuropsychological consequences of football-related sub-concussive and concussive impacts
await further confirmatory investigation. In addition, no prospective study has previously
investigated the acute effects of sub-concussive head impacts on neuropsychological

performance.

Thus, the overall main objective of this study was to examine the effect of minor head impacts
in professional football with respect to signs of neuronal tissue damage or reduced

neuropsychological function.

The main effect variables in the study were the changes in serum concentration for protein
S100B, a biochemical marker of brain injury, and neuropsychological performance as

assessed by a commercially available computerised test battery (CogSport).

The participants were players in the Norwegian professional top league (Tippeligaen).
Baseline blood sampling and neuropsychological testing were performed for all players in
Tippeligaen prior to the 2004 and 2005 seasons (>70% estimated participation rate). A player
who experienced a head impact during a league match was followed up with blood sampling
within one hour after the match and the following morning along with a neuropsychological
follow-up test. Videotapes of the incidents were collected from the Norwegian Broadcasting
Corporation (NRK) and reviewed. A group of players without head impact was also tested

after a league match to serve as controls.

Paper I: The reproducibility for the CogSport test was investigated based on 232 Norwegian
professional football league players completing two consecutive neuropsychological tests at
the baseline testing prior to the 2004 season. The computerised test battery showed excellent
reproducibility for the reaction time measures and these measures were therefore
recommended as the test’s primary outcome variables. However, a small but significant
practise effect was found and a dual baseline testing with rejection of the first test is advised

to minimise this effect.



Paper II: In this paper we found no effect of previous concussions and self-reported heading
exposure on the neuropsychological performance in Norwegian professional football players.
The results were based on the neuropsychological test results for the 271 players who were
tested at baseline 2004. The vast majority (96.1%) of these football players revealed in

addition no evidence of cognitive impairments when compared to normative data.

Paper III: This paper discussed the results from the analysis of the SI00B samples. In addition
to the head impacts and the controls that were recruited from the regular league matches, three
teams (N=48) performed one high-intensity exercise session without heading and one low-
intensity exercise with heading exercises. The serum levels of S100B were measured before

the first training and within one and twelve hours after each of the two training sessions.

Of the total of 228 head impacts registered during the two football seasons, 65 (28.5%)
impacts were followed up with blood samples one hour after the impact and 40 (17.5%) the
following morning. Both football training and football matches led to a transient increase in
serum S100B up to the cut-off level for what is considered as borderline pathological values.
Minor head impacts did not cause an additional increase in the S100B level beyond what was
measured after a regular match. All serum S100B values were below what is measured for
hospital-admitted minor head trauma patients. Thus, there is no evidence suggesting that there
1s significant brain tissue injury associated with minor head impacts in football. However, the
S100B sample might not be an ideal marker for brain injury in athletes due to the increases

seen after physical activity only.

Paper IV: A total of 44 (19.3%) of the 228 identified head impacts in the two seasons were
followed up with neuropsychological testing the following day. The video analyses indicated
that there seemed to be a shift towards a concentration of the more severe incidents in the
followed-up group. Nevertheless, in more than 60% of these incidents the player went back to
play immediately after the impact and only six of the impacts were reported in as concussions

that resulted in time-loss from football activities.

Still, an acute reduction in neuropsychological performance was found after these minor head
impacts in football, even in allegedly asymptomatic players. However, the followed-up
impacts represented the more severe spectrum of the mild head traumas in football. Still, only
six of these impacts were reported as concussions. The test performance was reduced from

one year to the next in footballers who had experienced head impacts during the season, but



all tests were within the normal range. Consequently, the clinical significance of this finding

1S uncertain.



Sammendrag

Bakgrunnen for denne studien var en bekymring for at nikking og sma hodeskader kunne fore
til kognitive svekkelser hos fotballspillere. Kontrollert nikking har derimot i det siste nermest
blitt avskrevet som en risikofaktor for & utvikle slike skader, mens folgene av gjentatte milde
hodeskader med eller uten hjernerystelse som resultat, er ikke avklart. Ingen tidligere studier
har prospektivt undersekt den akutte nevropsykologiske effekten av slike milde hodeskader

hos toppidrettsutovere.

Studiens hovedmal var derfor & undersegke den akutte effekten av sma hodetraumer i
elitefotball med tanke pé a avdekke eventuelle skader pa nervevevet, eller nedsatt
nevropsykologisk funksjon. Et hodetraume er her definert som et potensielt skadelig

sammenstet mot hodet under en kamp.

Effektmélene som ble benyttet, var endring i serumnivéet av proteinet SI00B som er en
marker pd nervecelleskade, samt nevropsykologisk funksjon méilt ved hjelp av et databasert

nevropsykologisk testbatteri (CogSport).

Deltakerne i studien var alle spillerne i den gverste fotballdivisjonen for menn i Norge
(Tippeligaen) i sesongene 2004 og 2005. Baselinetesting av alle spillerne i Tippeligaen ble
gjennomfort for de respektive sesongene og inkluderte blodprevetaking og nevropsykologisk
testing (deltakerprosenten ble estimert til >70 %). Oppfolgingsprever ble sa tatt av de
spillerne som var utsatt for et hodetraume i en Tippeligakamp i lopet av sesongen. Det ble da
tatt en blodpreve innen en time etter kampslutt samt pafelgende morgen, hvor ogsa den
nevropsykologiske testingen ble gjennomfort. Video av hendelsene ble innhentet fra NRK og
analysert. Kontrollgruppen bestod av en gruppe spillere som ble testet pd samme mate etter en

Tippeligakamp der de ikke hadde vert utsatt for noen hodetraumer.

Artikkel I: Reproduserbarheten for CogSport-testen var basert pa undersekelser av 232
spillere som gjennomfoerte to pafelgende tester ved baselineundersgkelsene forut for 2004-
sesongen. Det databaserte testbatteriet viste en svert hay reproduserbarhet for
reaksjonstidsmalingene. Malingene av reaksjonstid ble derfor anbefalt som
hovedeffektvariabler for den videre benyttelsen av testen. Men selv for

reaksjonstidsvariablene ble det avdekket en liten, men signifikant, leeringseffekt. Denne



effekten opptrer hovedsakelig mellom forste og andre test, og det er derfor anbefalt &

gjennomfore en “preveomgang” for baselinetestingen.

Artikkel II: Nevropsykologisk funksjon ble undersekt hos 271 fotballspillere forut for 2004
sesongen og korrelert med egenrapportert forekomst av tidligere hjernerystelser og
nikkefrekvens. Men verken tidligere antall hjernerystelser eller nikkefrekvens hadde noen
effekt pé spillernes testprestasjon. Sammenlignet med normative data, sd var 1 tillegg hele

96,1 % av spillerne innenfor normalen.

Artikkel III: T denne artikkelen, som tok for seg blodpraveresultatene, s ble testprotokollen
utvidet med to kontrollgrupper. Dette var spillere fra tre lag (N=48) som gjennomforte en
heyintensiv trening uten a nikke ball, samt en ren nikketrening med svert lav intensitet.
Blodprever ble innhentet for forste trening samt en og tolv timer etter de respektive

treningene.

I de to sesongene i Tippeligaen ble det avdekket 228 hodetraumer (19,6 per 1000 kamptimer).
Det ble tatt blodprever innen en time 1 65 (28,5 %) av tilfellene og ved 40 (17,5 %) av
tilfellene ble det ogsa tatt blodpreve neste morgen. En signifikant forbigdende stigning i
S100B ble funnet bade etter kamp og trening. Sma hodetraumer forte ikke til en ytterligere
stigning utover det som ble malt etter bare & ha spilt en serickamp. Alle S100B-verdiene var i
tillegg pa trygg avstand fra de verdiene som er pavist hos pasienter som er blitt brakt til
sykehus med milde hodetraumer. Det er derfor ingen grunn til & mistenke at sma hodetraumer
1 fotball gir store skader pd nervevevet. Pa den annen side s viste det seg at S100B var sveert
pavirkelig av fysisk aktivitet og er saledes ingen ideell marker pa hjerneskade etter sma

hodetraumer hos idrettsutovere.

Artikkel IV: T alt 44 (19,3 %) av de 228 hodetraumene ble fulgt opp med en nevropsykologisk
test dagen etter kampen. Resultatene fra videoanalysen kan tyde pa at det var en opphopning
av de mer alvorlige traumene i den gruppen som var fulgt opp. Men pa den annen side s&
fortsatte spillerne kampen 1 60 % av tilfellene, og kun 6 hjernerystelser, som forte til fravaer

fra trening eller kamp, ble rapportert for denne gruppen.

Selv om dette skulle indikere at det generelt var snakk om svert milde hodeskader, sa ble det
pavist en redusert prestasjon pa de nevropsykologiske testene for hodetraumegruppen, ogsa
for spillere som ikke rapporterte noen symptomer etter hendelsen. De spillerne som ble testet,

representerte riktignok de mer alvorlige hendelsene innenfor spektrumet av milde hodeskader,
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men likevel var kun 6 av disse rapportert som hjernerystelser. Videre fant vi ogsa en redusert
testprestasjon fra det ene aret til det neste hos de spillerne hvor vi hadde registrert en eller
flere hodetraumer i lopet av sesongen. Men alle disse testene var innenfor normalomradet, og

den kliniske betydningen av dette funnet er dermed usikkert.
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Introduction

Introduction

Football and Brain Injuries

Needless to say, football (soccer) is one of the most widespread and popular sports in the
world. Approximately 250 million active footballers are registered by FIFA’s 204 member
countries, in addition to the even higher number of players outside of the officially organised
sphere (FIFA, 2000). Football is a vigorous sport, averaging one event with an injury
potential every sixth second of a competitive match at the professional level, resulting in
approximately one injury every 45 minutes, or one injury per team per match (Rahnama et al.,
2002). About 6% to 13% of these injuries are recorded as injuries to the head (Andersen et al.,
2004b; Fuller et al., 2005), mainly as a result of aerial challenges for the ball (Andersen et al.,
2004a; Fuller et al., 2005).

Heading is one of the unique features of football, where an unprotected head is used
purposefully to control and advance the ball. This exposes the players to a risk of head
injuries both as a direct consequence of impacts of the ball (Pickett et al., 2005), but mainly
from collisions with other players (Andersen et al., 2004a; Fuller et al., 2005; Pickett et al.,
2005). The subsequent consequences for the brain have been the subject of repeated attention
among the players, coaches, referees, parents, media and the official football associations.
FIFA has through its associated Medical Assessment and Research Centre (F-MARC) been
one of the organisers of two International Symposia on Concussion in Sport (Aubry et al.,
2002; McCrory et al., 2005), and prior to the World Cup in Germany the International
Football Association Board gave referees the authority to severely sanction what were felt to
be injurious fouls such as intentional elbows to the head (Dvorak et al., 2007a). In addition,
this concern has also initiated the development of protective football head gear (Delaney and

Drummond, 1999).

As early as in 1972, Matthews introduced the term footballer’s migraine following a case
series of 5 footballers who described classical migraine after receiving blows to the head
while playing football. A few years later, based on a series of cross-sectional studies using
neurological exams, neuropsychological tests, computer tomography (CT) scans and

electroencephalography (EEG) on active and older retired Norwegian football players,
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Introduction

Tysvaer (1992) postulated that heading the ball could lead to chronic brain injury as seen in
boxing. Since then, several cross-sectional studies on both amateur and professional
footballers have identified inferior cognitive function in footballers compared to controls
(Jordan et al., 1996; Matser et al., 1998; Matser et al., 1999; Matser et al., 2001; Downs and
Abwender, 2002; Witol and Webbe, 2003), although not all studies have seen such a
relationship (Guskiewicz, 2002).

However, a comprehensive review of the literature within the field has raised several concerns
regarding the methodology and design used in these previous studies (Rutherford et al.,

2003). Their first and main criticism is the use of inadequate control groups. The control
groups used in the previous studies showed unequal proportions of men and women (Downs
and Abwender, 2002), alcohol consumption (Matser et al., 1999) or activity level (i.e.
participation in professional sport) (Tysvaer, 1992). As a consequence, these studies were
considered by Rutherford et al. (2003) as quasi-experimental because the participants were
not, and could not, be allocated randomly to different sports groups. Secondly, the control
principle that participants should differ only on the variable under examination was not

adequately fulfilled.

Furthermore, most of the preceding studies have been criticised for the lack of proper
reporting of response rates, which raises the concern that the investigated football players may
not be representative of the footballer population (Rutherford et al., 2003). In addition, all the
mentioned studies lacked proper adjustment for the number of hypotheses tested (type 1 error)
and had problems related to the retrospective design (Matser et al., 1998; Matser et al., 1999;
Matser et al., 2001; Downs and Abwender, 2002; Rutherford et al., 2003; Webbe and Ochs,
2003). The latter is especially related to the self-reporting of heading frequency and previous
concussions, which makes it difficult to separate the effects between the two. Hence, the
review concludes “that there is no reliable and certainly no definitive evidence that
neurocognitive impairments occur as a result of general football play or normal heading”
(Rutherford et al., 2003). However, in agreement with other reviews within the same field
(Kirkendall et al., 2001; Kirkendall and Garrett, 2001), Rutherford et al. (2003) do
acknowledge that the number of prior concussions in footballers predicted the number of
cognitive and somatic symptoms (Jordan et al., 1996; Matser et al., 1999). This indicates that
the number of concussions suffered rather than football headings and play in general, is more

likely to be the major determinant of the neuropsychological impairments observed.

12



Introduction

In spite of the upturn in the amount of research investigating the potential cognitive
impairments of minor head trauma, heading and general participation in football, there are
still many questions that await confirmatory investigation. Separating the effects of heading
frequency and concussions is particularly difficult, as frequent headers will suffer more
concussions (Andersen et al., 2004b; Fuller et al., 2005). In addition, the consequences of
sub-concussive trauma (excluding football heading) during general football play have not
been assessed properly by the previous retrospectively designed studies. Hence, a prospective
study focusing on the acute and long-term consequences of minor head trauma in football is

required.

Heading of the Ball

Heading in football was first considered to be ludicrous and “not football”. However, it has
developed to become a natural and important part of defensive and offensive play. Still, the
safety of the skill has been an intermittent cause for discussion both in the media and among
researchers (Baroff, 1998; Kirkendall and Garrett, 2001; Rutherford et al., 2003; Mchnert et
al., 2005).

Adult footballers are able to kick the ball extremely fast. Initial horizontal velocities as the
ball leaves the foot have been measured to 25-75 m/s (90 to 270 km/h) (Babbs, 2001).
However, attempted headings on a rising ball at these velocities are rare. A six year
prospective study of head and neck injuries sustained during 20 FIFA tournaments found only
one injury that was caused by a purposeful heading of the ball (Fuller et al., 2005). This was a
neck strain that caused no absence from football activities. The study did however register one
concussion from a ball to head contact in this period, but this was as a result of a ball kicked

from close range hitting the side of the head of an unaware player (Fuller et al., 2005).

Babbs (2001) measured the velocities of “headable” balls for youth and adults in 16
competitive matches and found that the mean horizontal velocity, which is most relevant to
heading safety, was 5.7 m/s for adults and 7.1 m/s for youth. Notably, the highest mean value
was measured for the younger players. Further estimations by this study revealed that the
brain accelerations experienced during normal heading for adult players averaged less than
0.1% of the accepted levels required to produce brain injury in a single impact (Babbs, 2001).

The corresponding value for a youth player was 1%. These findings are in line with other
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Introduction

biomechanical analyses indicating that the linear and angular accelerations of the head caused
by heading is well below what is thought to be associated with traumatic brain injury
(Schneider and Zernicke, 1988; Naunheim et al., 2003) However, for accidental heading and
young players, the risk for concussion is considerably higher (Schneider and Zernicke, 1988;
Babbs, 2001). This is reflected in the results from a prospective study of youth football
players with a mean age of 11.5 years where 49% complained of headaches after heading the

ball (Janda et al., 2002).

On the other hand, studies performed on young adults have been unable to detect acute
changes in cognitive function or postural stability after a training session of repetitive
headings (Putukian et al., 2000; Broglio et al., 2004). However, some studies have found a
transient increase of protein S100B (a serum marker for neuronal injury) after controlled
heading in a training session (Mussack et al., 2003) and normal heading in a professional
football match (Stalnacke et al., 2004; Stalnacke et al., 2006). Nevertheless, the increases
were well below what is seen among concussed patients, and thus the clinical implications of
these findings are not known (Stalnacke et al., 2004; Stalnacke et al., 2006). The same marker
has also been measured in cerebrospinal fluid after a heading training session without finding
any correlation to the number of headings performed (Zetterberg et al., 2007) Tysvaer (1990;
1991; 1992) and Matser et al. (1998; 1999; 2001) have also proposed a relationship between
high heading frequency and cognitive impairments among footballers, but a reanalysis of the
data from these studies has somewhat repudiated purposeful heading as a major risk factor for

the development of cognitive impairments (Kirkendall and Garrett, 2001).

Accordingly, there is no strong evidence suggesting that normal heading in football causes
significant brain damage, and consequently the concern has become more focused on the
number of concussive and sub-concussive head impacts that occur during a football match
(Kirkendall et al., 2001; Kirkendall and Garrett, 2001; Rutherford et al., 2003). This was also

the main focus in Paper II, although heading exposure data was also corrected for.

Minor Head Trauma in Sports

Although heading is a unique feature of football, minor head traumas are not. Over the past 30
years, the neuropsychological effects of minor head traumas have been assessed in a wide

range of other contacts sports, such as boxing (Jordan, 2000; Moriarity et al., 2004), gridiron

14



Introduction

football (American and Canadian football)(Collins et al., 1999), Australian rules football
(Makdissi et al., 2001), ice hockey and basketball (Belanger and Vanderploeg, 2005) as well
as in the general population (Cassidy et al., 2004; Belanger et al., 2005). However,
discrepancies in the definitions of minor head trauma, concussion and incidence and exposure
make it difficult to determine whether there is a long-term effect of minor head traumag(s) in

sport, and secondly whether the results from these studies are transferable to football.

Definition and Grading of Minor Head Trauma

Minor head trauma generally refers to the acute description of the injury, while concussion is
the condition that results from this injury. However, the terms are often used synonymously in
the literature. During the last decades, numerous definitions and grading scales describing
minor head traumas or concussions have been published. In fact, Johnston et al. (2001)
counted 25 published sports-related concussion severity scales and found none that had been
properly validated in a prospective study of sports-related head injury. For hospitalised
patients with head traumas, the most widely used grading scale has been the Glasgow Coma
Scale (GCS) (Teasdale and Jennett, 1974). The scale is typically scored at admission (research
standard: 6 hours after the injury) and the main object for the scoring is to separate the
patients into a mild, moderate and severe brain injury group with focus on identifying the
patients who might need a neurosurgical intervention (e.g. risk of intracranial haemorrhage,

scull fracture, increased intra-cerebral pressure, etc.) (Ingebrigtsen et al., 2000a).

However, in clinical practise 90% of all concussions in sports are considered to be “mild”
(GCS 13-15) with loss of consciousness shorter than five minutes and/or post-traumatic
amnesia, or minimal (GCS = 15), characterised by no loss of consciousness, transient
confusion, and/or a brief duration of post-traumatic amnesia (Figure 1) (Stein and Spettell,
1995; Johnston et al., 2001). Although occurrence and duration of loss of consciousness is
associated with the initial severity of the injury (Ingebrigtsen et al., 2000a), post-traumatic
amnesia has been found to correlate better with cognitive sequela and prolonged recovery of
concussion (Lovell et al., 1999; Erlanger et al., 2003; Asplund et al., 2004; Pellman et al.,
2004b). The GCS does not assess post-traumatic amnesia, and consequently, the GCS is not
properly fine-tuned in the mild spectrum to pick up the nuances in concussions (Stein et al.,

1993).
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Figure 1: Head Injury Severity Scale (HISS, Stein and Spettell, 1995) in relation to the
Glasgow Coma Scale and the severity spectrum of head traumas in sport. The size of the
boxes represents the approximate distribution of the prevalence of each condition in the
population (the figure is modified from McCrory, 1st World Congress on Sports Injury

Prevention, Oslo, 2005, with permission).
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In addition, studies have found EEG changes (Gosselin et al., 2006) and reduced postural
stability (Guskiewicz et al., 2001; McCrea et al., 2003) in asymptomatic concussed players
compared to controls, and these deficits were not significantly associated with loss of
consciousness and post- traumatic amnesia. This was some of the rationale for the Concussion
in Sports Group from the Vienna conference in 2001, to publish the following revised
definition of concussion (Aubry et al., 2002): “Concussion is defined as a complex patho-
physiological process affecting the brain, induced by traumatic biomechanical forces. Several
common features that incorporate clinical, pathological, and biomechanical injury constructs
that may be used in defining the nature of a concussive head injury include: 1) Concussion
may be caused by a direct blow to the head, face, neck, or elsewhere on the body with an
“impulsive” force transmitted to the head, 2) concussion typically results in the rapid onset of
short lived impairment of neurological function that resolves spontaneously, 3) concussion
may result in neuropathological changes but the acute clinical symptoms largely reflect a
functional disturbance rather than structural injury, 4) concussion results in a graded set of
clinical syndromes that may or may not involve loss of consciousness. Resolution of the
clinical and cognitive symptoms typically follows a sequential course and 5) concussion is

typically associated with grossly normal structural neuroimaging studies.”
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Clinical Practise

Irrespective of the definition used, a definite diagnosis of a concussion can only be made
retrospectively. This is an everyday challenge in the return to play decision-making process.
In the National Football League (Am. Football), players have traditionally been allowed to
return to the same match after a concussion if asymptomatic when assessed 15 minutes post
injury (i.e. Grade 1 concussion as defined by the American Academy of Neurology (Kelly and
Rosenberg, 1998)). However, an examination of a group of high school athletes (mainly
American football) 36 hours after such “grade 1” concussions demonstrated a decline in
memory function and an increase in self-reported symptoms compared to baseline

performance (Lovell et al., 2004).

The Vienna conference emphasised that a player never should return to play while
symptomatic and published the following recommendations for the acute management of
concussion (Aubry et al., 2002): When a player shows ANY symptoms or signs of a
concussion (Table 1): 1) the player should not be allowed to return to play in the current
match or practice, 2) the player should not be left alone; and regular monitoring for
deterioration is essential, 3) the player should be medically evaluated after the injury and 4)

return to play must follow a medically supervised stepwise process.

Table 1: Symptoms and Signs of Concussion

Feature Description

Cognitive features ~ Unaware of period, opposition, score of the match, confusion, amnesia, loss of
consciousness, unaware of time/date/place

Typical symptoms ~ Headache (85%)t, dizziness (70-90%)1, nausea, unsteadiness/loss of balance,
feeling “dinged”/stunned/“dazed”, “having my bell rung”, seeing stars/flashing
lights, ringing in the ears, double vision

Physical signs Loss of consciousness/impaired conscious state, poor coordination or balance,
gait unsteadiness/loss of balance, concussive convulsion/impact seizure, slow to
answer questions or follow directions, easily distracted, poor concentration,
displaying unusual or inappropriate emotions such as laughing or crying,
nausea/vomiting, vacant stare/glassy eyed, slurred speech, personality changes,
inappropriate playing behaviour (e.g. running in the wrong direction), appreciably
decreased playing ability

TGuskiewicz et al., 2003

Still, there is currently some controversy in the return to play decision-making practise;

especially with regard to the National Football League (NFL) and National College Football
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Leagues (NCAA) (both Am. football), which have also been the arenas for the largest studies
assessing the return to play practise after concussions (Guskiewicz et al., 2003; Pellman et al.,
2005). While the NCAA study showed that the athletes who have suffered concussions were
more susceptible to further concussions seven to ten days after the injury (Guskiewicz et al.,
2003), the NFL study did not find that returning to the same match when asymptomatic after a
concussion involved any increased risk of a second injury in that current match or during the
rest of the season (Pellman et al., 2005). However, the author of the NFL study was recently
accused in the media for being selective in his use of injury reports in reaching his
conclusions and for omitting a large number of players from the study (Keatin, 2006).

Nevertheless, none of the articles have been withdrawn.

On the other hand, evidence of long-term neuropsychological impairments caused by
concussions or minor head trauma is not yet established. Meta-analyses of published studies
within the field from 1970 to 2004 have concluded that minor head traumas or concussions
have little to no effect on neuropsychological function by 7 days post impact for the sports-
related concussions (Belanger and Vanderploeg, 2005), and by 3 months for the minor head

trauma population at large (Belanger et al., 2005).

In Norwegian professional football the Vienna guidelines have been adopted as the prevailing
standard in the management of head impacts and have been stressed at several recent annual
meetings for the medical personnel organised by the Medical Committee of the Norwegian

Football Association (TE Andersen, chair, personal communication, November, 2004).

Pathology of Concussion

Concussions may occur as a result of a direct or indirect impact to the head that causes sudden
acceleration of the brain tissue (Gennarelli, 1993; Giza and Hovda, 2001). Rotational or shear
forces transmitted to the brain cause an axonal shearing of the neurones and a primary defect
in the axonal membrane (Gennarelli, 1993). This initiates a complex cascade starting with an
ionic shift within the axon, particularly involving calcium ions, resulting in a depolarisation of
the axons, which in turn leads to altered transmission of the neural networks, widespread
neurological dysfunction involving the deeper structures of the brain like the reticular
activation system in the midbrain and brainstem, and finally coma. The cascade can be
thought of as a traumatic depolarisation of the brain (Asplund et al., 2004) where the

accelerating force determines the outcome; from no injury through concussion to a more
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prolonged coma with diffuse axonal injury (DAI) (Gennarelli, 1993). Concussive events have
been shown to lead to an abnormal cellular increase of glucose utilisation and a cerebral
hyperglycolysis (Giza and Hovda, 2001). Under normal conditions the cerebral blood flow
would adjust to the increased metabolic demand, but this mechanism has been shown to not
function properly after a concussion. This results in a relative ischemia with regard to the
metabolic demand of the tissue, and some studies suggest that this entails an increased
vulnerability for a second injury the first few days (Bergsneider et al., 1997; Giza and Hovda,
2001).

Second Impact Syndrome (SIS)

The Second Impact Syndrome (SIS) is defined as an athlete sustaining a second head injury
before the symptoms associated with the first one have fully cleared, and this second impact
sets in motion cerebral vascular congestion resulting in cerebral swelling and rapid death due
to transtentorial brainstem herniation (Cantu, 1998; McCrory, 2001). Diffuse cerebral
swelling or “malignant brain oedema” as such, is a rare but well-known cause of delayed
catastrophic condition in children and adolescents resulting in death or persistent vegetative
state after a minor head trauma (Bruce et al., 1981; McCrory, 2001). The actiology is reported

to be disordered cerebral auto-regulation following brain injury (Bruce et al., 1981).

McCrory and Berkovic (1998) have critically reviewed the 17 case reports of this condition
and questioned the existence of the syndrome, due to the lack of confirmatory details
concerning the “second impact” (McCrory and Berkovic, 1998; McCrory, 2001). Their view
is supported by a large meta-analysis of minor traumatic brain injury (Cassidy et al., 2004).
McCrory et al. (2000) have later examined sudden deaths in the State of Victoria, Australia,
in the period 1968 to 1999 due to playing Australian Rules Football, without being able to
find evidence for any incidents of SIS (McCrory et al., 2000). Consequently, they propose to
refer to the syndrome as diffuse cerebral swelling (McCrory, 2001).

Still, a recent publication on catastrophic head injuries in American High School and College
Football players (am. football) did identify that 71% of the athletes have had a previous head
injury within the same season as the catastrophic event and 39% of them were playing with

residual neurological symptoms from this prior event (Boden et al., 2007).
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However, irrespective of the existence of SIS, returning to training or match while
symptomatic is strongly discouraged by both sides in this ongoing debate (Aubry et al., 2002;
McCrory et al., 2005; Boden et al., 2007).

Post-Concussion Syndrome

The Vienna definition is based on the premise that the acute symptoms of a concussion are
largely due to functional disturbances rather than structural injury, and that the symptoms are
short-lived and resolve spontaneously (Aubry et al., 2002). However, the long-term effects of
concussions are currently debated (Dikmen et al., 1986; Carlsson et al., 1987; Alexander,
1995; Erlanger et al., 1999; Echemendia et al., 2001; Bleiberg et al., 2004; Frencham et al.,
2005; Belanger and Vanderploeg, 2005). Outside the sporting arena the majority of the cases
recover within the first three months (Gronwall and Wrightson, 1975; Dikmen et al., 1986;
Levin et al., 1987). However, a significant minority continues to exhibit cognitive deficits
beyond that point, with a prevalence ranging from 7% to 8% (Binder et al., 1997) up to 33%
(Rimel et al., 1981) across studies. The persistence of symptoms and signs beyond 3 or 6
months is called the Post Concussion Syndrome (PCS) or Persistent Post Concussion
Syndrome (Alexander, 1995). The symptoms and signs, as summarised in Table 2, involves
impairment in attention, memory and/or executive functions, coupled with symptoms of
depression, poor sleep, dizziness and chronic pain, especially headache (Alexander, 1995).
The symptoms are also correlated with neuropsychological impairments in speed of

information processing (Bohnen et al., 1992).
Table 2: Post Concussion Syndrome (Alexander, 1995)

Feature Description

Prolonged duration  Headache, dizziness, balance problems, sensory sensitiveness, etc.
of symptoms

Cognitive Impaired attention; especially divided attention, poor memory, reduced
symptoms concentration, reduced executive function

Trouble with Trouble driving in heavy traffic, problems maintaining work or study
activities of daily commitments, social problems, etc.

living

Psychological Depression, nervousness, anxiety

symptoms
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Within the sports arena, the studies assessing the duration of cognitive impairments after a
concussion conclude that the cognitive deficits resolve faster than for the general population,
and the vast majority recovers within 3-7 days (Peterson et al., 2003; McCrea et al., 2003;
Bleiberg et al., 2004; Belanger and Vanderploeg, 2005). However, persisting PCS is reported
among athletes as well, although with lower prevalence estimates around 1-2% (Pellman et

al., 2004b).

Nevertheless, the cognitive PCS symptoms are not specific to head injury and there is an
ongoing debate whether the syndrome is of organic or psychological origin (King, 2003).
There is an increasing number of studies suggesting that non-neurological factors may be
more closely related to the PCS symptoms reported than head injury status, especially within
the litigation literature (Mittenberg et al., 1992; Gouvier et al., 1992; Binder et al., 1997;
Binder, 1997; Gasquoine, 2000; Suhr and Gunstad, 2002a; Suhr and Gunstad, 2002b; Gunstad
and Suhr, 2004). An extensive review of the general literature on minor head trauma
concluded that “there are no objectively measured cognitive deficits attributable to minor
head traumas beyond 1-3 months post injury for the majority of cases”, and the only
predictive factors identified for developing PCS are pre-morbid characteristics, the experience

and aftermath of sustaining any injury, and/or compensation/litigation (Cassidy et al., 2004).

Data on the risk factors for persisting PCS in athletes is sparse, partially due to the small
incidence of PCS within this group, and as a result of that, the main focus until now has been
the recognition, diagnosis and management of the concussions in the acute phase (Guskiewicz
et al., 2003; Collins et al., 2003b; Pellman et al., 2004a; Collie et al., 2006b). As a result, the
follow-up time in most of the studies is one to two weeks (Belanger and Vanderploeg, 2005),
which is too short for diagnosing persisting PCS (Alexander, 1995). However, loss of
consciousness, retrograde amnesia, previous concussions, persistent headache, memory
problems, fatigue and disorientation at the acute assessment after the concussion have been
shown to predict a prolonged recovery of more than 7 days (Guskiewicz et al., 2003; Erlanger
et al., 2003; Asplund et al., 2004; Pellman et al., 2004b). Nevertheless, according to research
on the general population it is first when the PCS has persisted for more than a year that there

is an increased risk of a chronic condition (Binder, 1997).
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Figure 2: Potential Consequences of Minor Head Trauma in Sport
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Chronic Traumatic Brain Injury (Punch Drunk)

Chronic Traumatic Brain Injury was described in professional boxing already in 1928 when
Martland introduced the term “Punch Drunk” (Martland, 1928). There seems to be an
agreement that this condition has a prevalence of 17-23% among these athletes and as
illustrated in Figure 2, the cumulative effect of both concussive and sub-concussive head
traumas has been suspected as actiology (Roberts, 1969; Kaste et al., 1982; Jordan et al.,
1997; Blennow et al., 2005). The condition involves deteriorations in motor and cognitive
functions in addition to psychological and behavioural features (Table 3). However, the vast
majority of the evidence behind chronic traumatic brain injury in professional boxing is based
on research performed on boxers that were active 30 to 70 years ago (Roberts, 1969; Kaste et
al., 1982; Jordan et al., 1997), and it is worth noting from these studies that the number of
knock outs (concussions) was not identified as a predictive factor for developing the
condition, but the career length and the total number of matches were (Roberts, 1969). Since
the 1930s, the average career length has dropped from 19 years to 5 years and the mean

number of professional bouts has been reduced correspondingly from 336 to 13 (Clausen et
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al., 2005). Consequently, it is questioned whether the findings from these previous studies are

transferable to today’s professional boxing population.

Table 3: Chronic Traumatic Brain Injury “Punch Drunk™ (Jordan et al., 1997)

Feature Description
Motor function In-coordination, dysarthria, parkinsonism, gait disturbance, other pyramidal signs
Cognitive deficits Mental speed, memory, attention, executive function, language, visuospatial

function, Mini-Mental State Examination

Psychological Agitation or aggression, delusions, hallucinations, dysphoria, anxiety, euphoria,
features apathy, disinhibition, irritability or lability, aberrant motor behaviour

Recent evidence has suggested that the harbouring of a specific gene, Apolipoprotein E &4
allele (APOE €4), may be associated with a less favourable outcome after a head injury
(Teasdale et al., 2005), longer duration of unconsciousness (Friedman et al., 1999),
neuropsychological performance (Sundstrom et al., 2004) and the development of chronic
traumatic brain injury in boxers (Jordan et al., 1997). APOE &4 has been established as a
major risk factor for Alzheimer’s disease (Corder et al., 2006) and a recent study has
indicated an additive effect of APOE &4 and head trauma on the risk of developing dementia
(Sundstrom et al., 2006). However, the study population of these studies is small and

consequently the results must be considered as exploratory.

Chronic traumatic brain injury has not convincingly been proven to affect amateur boxers
(Haglund and Eriksson, 1993; Butler, 1994; Porter, 2003; Blennow et al., 2005), and it is
debated whether other athletes, like footballers, are at risk (Tysvaer, 1992; Matser et al., 2001;
Guskiewicz, 2002; Rutherford et al., 2003; Blennow et al., 2005; Broglio et al., 2006; Iverson
et al., 2006b; Collie et al., 2006¢). More recent studies outside the field of professional
boxing, using modern computer-based neuropsychological assessments, have failed in
identifying previous concussions as a predictive factor of cognitive impairments (Broglio et
al., 2006; Iverson et al., 2006b; Collic et al., 2006¢). Still, all these studies are based on self-
reported retrospective assessment of the individual’s concussion history, and must be
interpreted with caution. In addition, chronic traumatic brain injuries were mainly found in

retired boxers older than 50 years (Roberts, 1969; Jordan et al., 1997), while the athletes
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assessed in the more recent studies have been in their mid-20s (Broglio et al., 2006; Iverson et

al., 2006b; Collie et al., 2006c).

A recent longitudinal study on age trajectories for episodic and semantic memory has
indicated that these functions are quite stable until the age of 60 and 55, respectively, where
these functions starts to deteriorate (Ronnlund et al., 2005). And it is further hypothised that a
head trauma could accelerate the development of dementia and hence, lower the age for when
the deterioration of the episodic and semantic memory starts (Mortimer et al., 1985;
Sundstrom et al., 2006). However, the latest research in this field suggests that this
vulnerability is attached to a genetic disposition (APOE &4) (Sundstrom et al., 2004; 2006),
and some results have indicated that at age <15 years, carriage of APOE &4 is equivalent to
ageing by 25 years (Teasdale et al., 2005). Thus, there seem to be a reserve capacity in the
cognitive function that enables the brain to compensate for the damages inflicted by head
traumas, and the symptoms will then first become evident when added to the effects of aging

(Sundstrom et al., 2004).

This seems to be the case in football as well. In the studies by Tysver (1989; 1991; 1992) the
cognitive deficits were mainly identified among former football players aged 35 to 64 (mean:
48.6). Although the results are not directly comparable, Tysvaer (1992) reported significant
differences in 7 out of 14 neuropsychological tests and found some degree of
neuropsychological impairment in 81% of the players (30 of 37), while the deficits were much
more subtle in the studies examining the younger athletes (Matser et al., 1998; Matser et al.,
1999; Downs and Abwender, 2002; Witol and Webbe, 2003). In addition, one study on
college football players with a mean age of 19 years, has not found any signs of cognitive

deficits (Guskiewicz, 2002).

The two longitudinal prospective studies in the field have examined amateur boxers and
controls for 2 years (Butler et al., 1993) and 9 years (Porter, 2003) respectively, without
finding any evidence of neuropsychological deterioration. In fact, in the latter study, the
amateur boxers showed a superior performance after nine years compared to the control group
(Porter, 2003). However, it should be noted that in both studies the sample sizes were small,
and the control group participants were involved in contact sports like American football,
rugby, water polo and football. Moreover, in the study by Porter (2003), five of the controls

reported a concussive episode during the follow-up period.
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Secondly, the studies assessing the effect of previous concussions could be confounded by the
previously mentioned diversity in the definitions and classifications of minor head traumas or
concussions (Johnston et al., 2001). In addition, many concussions remain unrecognised by
the athletes and medical personnel (Delaney et al., 2002). In the worst case, athletes will
recognise one out of five concussions and remember 60% of these when assessed
retrospectively (Delaney et al., 2002; Gabbe et al., 2003). In conclusion, the evidence for
chronic traumatic brain injury among athletes is not well founded, at least not for other sports
than professional boxing. Head injuries, both concussive and sub-concussive have been
suggested as risk factors for developing this condition in addition to genetic vulnerability. In
paper II the focus was to assess the prevalence of cognitive deficits among Norwegian elite

footballers and the effect of previous concussions and heading exposure.

The Magnitude of the Problem

Head injuries in football mainly occur as a result of contact with another player (Pickett et al.,
2005). In close to 60% of the cases, the main aetiology is a heading duel (Andersen et al.,
2004a). The remaining 40% are due to a large variety of different mechanisms such as a kick
to the head, a hit by the ball, encounter with the goal post, ground, etc. However, none of
these mechanisms contribute to more than 10% of the impacts alone (Andersen et al., 2004a).
The upper extremity has been identified as the most frequent striking object closely followed
by head to head collisions (Andersen et al., 2004a; Fuller et al., 2005), and the player is
usually struck at the side or the front of the head (Fuller et al., 2005).

The incidence of head injuries vary depending on age, skill, level of play and gender of the
player (Dvorak et al., 2007b). In general the incidence increases with age and the level of
play, but due to lack of uniform definitions both with respect to type of injury and exposure
makes it difficult to compare the results from the different studies and the different study
populations (Fuller et al., 2006). However, the vast majority of the recent studies have
reported time-loss injuries per 1000 training and match hours as recommended by Fuller et al.
(2006). The reported incidences of time-loss head/neck injuries ranges from 1.1 per 1000
match hours among footballers aged 14-18 (Junge et al., 2004) to 3.5 per 1000 match hours at
the World Cup level (Fuller et al., 2005). However, these numbers incorporate all types of
injuries, including lacerations, facial bone fractures, muscular strains to the neck, etc. The

corresponding concussion incidences in these studies were 0.3 and 0.5 per 1000 match hours.
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In females both the head injury and concussion incidences are reported to be slightly higher in
most studies (Delaney et al., 2002; Covassin et al., 2003; Hootman et al., 2007; Dvorak et al.,
2007b), although some earlier studies by Boden et al. (1998) and Barnes et al. (1998) have

reported the opposite. The reported head injury incidence for the Norwegian elite league is 1.7
per 1000 match hours with a corresponding concussion incidence of 0.3 per 1000 match hours

(Andersen et al., 2004a).

In professional boxing, where the data regarding the presence of chronic traumatic brain
injury is the most reliable, a 16 year prospective study of Australian professional boxers has
reported an injury rate of 250.6 per 1000 fight participations, including 39.8 concussions per
1000 fight participations (estimated to 66.3 per 1000 hours) (Zazryn et al., 2003). This is in
strong contrast to the reported incidences in football. Nevertheless, the study from the
Norwegian football elite league, revealed an incidence of events with a head injury potential
0f 22.0 per 1000 playing hours (Andersen et al., 2004a). And according to Delaney et al.
(2002), many of these impacts may represent non-recognised concussions. In addition, there is
a significant difference between the hours spent in a competitive match situation during the
career of a footballer and a professional boxer. In 2002, the mean number of career bouts for a
professional boxer was 13 (approximately 7.8 hours) (Clausen et al., 2005) compared to
professional football where the majority of players play more than 450 matches in the course

of their career (more than 675 hours) (Turner et al., 2000).

Hence, the total career exposure to head traumas in football is substantial, at least if the
potential non-recognised concussions are counted as well. Keeping in mind that the long-term
consequences of these impacts are still unresolved (Rutherford et al., 2003), no prospective
study has assessed the acute effect of these sub-concussive impacts. This was however, the

main focus of Paper III and IV in this thesis.

Evaluation of Minor Head Trauma in Sport

As stated in the Vienna definition of concussion “a concussion is typically associated with
grossly normal structural neuroimaging studies,” and “the acute clinical symptoms largely
reflect a functional disturbance rather than structural injury”. This narrows down the
opportunities of investigating these injuries with objective methods. All prior studies

assessing the cognitive effects of football head traumas in football have relied on self-report

26



Introduction

of prior history of head traumas and concussions (Tysvaer and Storli, 1989; 1991; 1992;
Jordan et al., 1996; Matser et al., 1998; 1999; 2001; Downs and Abwender, 2002), however
the validity of this information based on individual recall is questioned (Delaney et al., 2002;
Rutherford et al., 2003; McCrea et al., 2004).

Delaney et al. (2002) asked more than 500 football players and American football players in
the Canadian Interuniversity Athletic Union several questions pertaining to the commonly
recognised symptoms of concussion, and to list the number of times they experienced this
(these) symptom(s) after a hit to the head in the same period. Secondly, they were asked to list
the number of times they experienced a concussion when having this (these) symptom(s) after
being hit in the head during the same period. Only 1 out of 5 athletes realised that they had
suffered a concussion. In another study, approximately one third of the athletes that were
allegedly asymptomatic and returned to play after suffering a concussion, developed

symptoms three hours after the match (Guskiewicz et al., 2003).

At the same time, it should be noted that not all athletes spontaneously report their symptoms
to others. A recent survey in American football reported that only 47% of the athletes reported
their symptoms to others due to a range of different reasons, such as not feeling that the injury
was severe, not wanting to leave the match or a general lack of awareness about concussions
(McCrea et al., 2004). Hence, the evaluation of the possible concussive effect of a head

impact cannot rely on symptom assessments or self-report alone.

However, for practical reasons the on-field evaluations still have to rely on fast and simple
assessments of symptoms and orientation. This has led to the development of various on-field
checklists like Maddocks’ questions (Maddocks et al., 1995), Standardized Assessment of
Concussion (SAC, (McCrea, 2001)), Post Concussion Symptom Scale (PCSS, (Lovell and
Collins, 1998)) and the recently published Sports Concussion Assessment Tool (SCAT).
SCAT basically includes all the three previous tools (McCrory et al., 2005). Maddocks’
questions are probably the most commonly used assessment tool in Norwegian professional
football (TE Andersen, Chair Medical Committee of the Norwegian Football Association,
personal communication, November, 2004). The basic principle of all these tools is to reveal
the presence of any symptoms of concussion and to make a quick assessment of cognitive
function by asking questions of recently acquired memory (e.g. Which half is it? Who scored

the last goal? Did we win the last match?). These questions of recent memory have been
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proven be more sensitive in identifying concussed athletes than questions of more general

orientation (e.g. time, place, person) (Maddocks et al., 1995; McCrea, 2001).

With regard to the evaluation on the sideline or the following day, there are several
instruments and assessment tools that are being developed. Neuroimaging of brain injury such
as different magnetic resonance imaging (MRI) modalities and especially functional MRI (F-
MRI) have shown a good correlation with clinical outcome after a concussion (Bazarian et al.,
2006a). Electrophysiological recording (ERP or EEG) has shown reproducible abnormalities
in the post-concussive state for both symptomatic and asymptomatic athletes (Gosselin et al.,
2006) and indicated that there were cumulative effects of concussions in a small group of
junior hockey players (Gaetz et al., 2000). Similarly, assessments of postural stability, in
particular in combination with cognitive tasks, have also identified impairments in concussed
patients (Guskiewicz et al., 2001; McCrea et al., 2003; Broglio et al., 2005). In addition,
several biochemical markers, including protein S100B, neuron-specific enolase (NSE),
myelin basic protein, cleaved-tau and creatine kinase BB (CKBB), have been proposed as
means of detecting cellular damage after a minor head trauma (Mussack et al., 2000;
Ingebrigtsen et al., 2000b; DeKruijk et al., 2001; Biberthaler et al., 2001b; Biberthaler et al.,
2002; Mussack et al., 2002a; Stalnacke et al., 2005; Biberthaler et al., 2006). Among these,
protein S100B has been suggested as the most promising (Ingebrigtsen and Romner, 2003;
Bazarian et al., 2006a).

Still, the most commonly used application in the evaluation of concussions is the
neuropsychological assessment. Neuropsychological testing was also acknowledged as one of
the cornerstones in concussion evaluation by the Vienna Concussion in Sports Group (Aubry
et al., 2002). For the current study, neuropsychological testing and assessment of protein
S100B were chosen as the main assessment tools and they will therefore be described in more

detail.

Protein S100B

Protein S100B is the most abundant member of a Ca*"-binding protein family called S100,
due to its solubility in a 100% saturated solution with ammonium sulphate (Moore, 1965).
The S100B measured in serum refers to the summed concentration of the S100B monomers in
the heterodimer S100A 1B and the homodimer SI00BB (Nygren De Boussard et al., 2004).

These proteins are mainly attached to the membranes in glial cells in the central and
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peripheral nervous system (astrocytes or Schwan cells). They are also expressed in
melanocytes, adipocytes and chondrocytes outside the nervous system (Zimmer et al., 1995;
Donato, 1999; Stroick et al., 2006), but the concentrations here are very small (Haimoto et al.,
1987; Zimmer et al., 1995; Ingebrigtsen et al., 1999).S100B has a wide range of potential
functions including regulation of cell growth, regulation of cell energy metabolism, regulation
of cell contraction, regulation of cell structure, memory and learning, intracellular signal
transduction and cell differentiation (Zimmer et al., 1995). In small concentrations, released
glial S100B has been proved to have neurotrophic effects (Kligman and Marshak, 1985),
while it is associated with apoptotic neuronal cell death in high concentrations (Mariggio et
al., 1994; Hu et al., 1996; Hu et al., 1997; Fulle et al., 1997). For a more thorough description

of the protein and its function, see Donato (1999).

After a traumatic brain injury the concentration of S100B increases in the cerebrospinal fluid.
Whether this increase reflects passive release from damaged astrocytes or active secretion
during the glial response to injury, has not been fully investigated (Korfias et al., 2006).
Furthermore, the serum levels of S100B also increase rapidly after a traumatic brain injury
because the energy of the trauma leads to an immediate opening of the blood brain barrier
(BBB) (Barzo et al., 1996; Barzo et al., 1997; Stroick et al., 2006). Some studies have
reported a 10-15 fold increase above baseline levels, followed by a significant decrease the
next 4-6 hours (Rothoerl et al., 1998; Ingebrigtsen et al., 1999; Mussack et al., 2000; Jonsson
et al., 2000; Biberthaler et al., 2001a; Townend et al., 2006).

An increased level of S100B after minor head traumas has been reported to be associated with
pathological findings on CT scans (Mussack et al., 2002a; Biberthaler et al., 2006), prolonged
hospital stays (Mussack et al., 2000), prolonged absence from work (Stranjalis et al., 2004),
post-concussive complaints (DeKruijk et al., 2002; Savola and Hillbom, 2003) and disability
one year after the incident (Stalnacke et al., 2005). In addition, the S100B level has been
shown to be associated with the Glasgow Coma Scale score at admission and the outcome

after more severe head injuries (Raabe et al., 1999; Townend et al., 2002).

Still, not all studies have found that the S100B level predicts long-term outcome in mild
traumatic brain injuries (Begaz et al., 2006; Bazarian et al., 2006b), and the specificity of
S100B to brain injury has been questioned (Anderson, 2002; Pelinka et al., 2003; Dietrich et
al., 2004; Marchi et al., 2004; Stapert et al., 2005; Unden et al., 2005; Mussack et al., 2006).

Highly increased values have been reported after multi-traumas and burns without head injury
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(Anderson et al., 2001), as well as for patients with acute single bone fracture without
apparent cerebral injury (Unden et al., 2005). In addition, smaller increases have been
measured after exercise without head injury such as playing basketball (Stalnacke et al.,
2003), ice hockey (Stalnacke et al., 2003), swimming (Dietrich et al., 2003), running, boxing
(Otto et al., 2000; Dietrich et al., 2003) and football (Stalnacke et al., 2004; 2006). The latter
study also found that the increase in S100B after a match was somewhat related to the number
of headings. Yet, they argue that the increase in S100B concentration after these exercise

conditions were lower than the values reported after minor head traumas.

Nevertheless, the effect of physical activity on the serum level of S100B and the source of
S100B release into serum under these circumstances are unresolved (Stalnacke et al., 2004;
Dietrich et al., 2004; Stalnacke et al., 2006; Korfias et al., 2006). Hence, the absence of a
head trauma does not necessarily exclude the nervous system as the main source for the
increase due to indirect disturbance of nervous cells caused by cytokines and other
inflammatory factors being released in high amounts under these circumstances (Mussack et
al., 2002b; Korfias et al., 2006; Fehrenbach and Schneider, 2006). Similar mechanisms may
occur as a result of an intensive physical work-out and could explain the increases reported
after exercise, indicating that the increase of S100B in serum under these circumstances may
originate from the nervous tissue (Pershin et al., 2002; Steinacker et al., 2004; Stalnacke et
al., 2006). Severe brain damage is typically accompanied by a breakdown of the BBB
function (Marchi et al., 2004), but recent studies have established that the permeability of the
BBB also can be altered due to physical activity (Sharma et al., 1991; Watson et al., 2005) in
addition to stress and increased levels of epinephrine (Abdul-Rahman et al., 1979; Hanin,

1996; Scaccianoce et al., 2004), enabling a rise in serum S100B.

However, no study has systematically compared the S100B values from these different
conditions (minor head trauma with lesions on CT/MRI, minor head trauma patients with
negative CT/MRI, physical activity/sports). Hence, a meta-analysis was conducted to assess
the effect of minor head traumas and exercise on the S100B serum concentration from the
studies available, and thus, create a broader base for the interpretation of the S100B results

presented in paper III.
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Meta-analysis of S100B Measurements after Minor Head Traumas and Physical Activity

Pubmed was searched for relevant articles within the two fields. The search was limited to
articles published in English or Norwegian using human participants. The key words were;
"Craniocerebral Trauma"[MeSH], "Head Injuries, Closed"[MeSH], "S-100 calcium-binding
protein beta subunit"[Substance Name] and "S100 Proteins"[MeSH] for the minor head
trauma studies. The corresponding key word for the sports studies were; "Sports"[Mesh], "S-
100 calcium-binding protein beta subunit"[Substance Name] and "S100 Proteins"[MeSH]. In
addition, relevant studies were selected from the reference lists of the studies retrieved. Only
studies that measured S100B within 3 hours after the trauma or activity were included, and for
the head trauma studies the initial GCS score had to be above 13. In order to be included in
the meta-analysis, the studies had to present mean or median values for the S100B
measurements in addition to standard deviation or interquartile ranges, this enabling a
calculation of an estimate of the standard deviation. The pooled means and standard
deviations for the different conditions were calculated weighted by the number of participants

in each study.

Data from a total of seven studies were included in the meta-analysis assessing S100B after
minor head traumas, while four studies had measured S100B after different sporting activities.
In total, 1910 cases with minor head traumas were included in the analysis. In 144 cases a
trauma relevant lesion was identified on CT or MRI scans, 1562 cases had a negative CT/MRI
scan and in 204 cases the CT/MRI status was unknown. The sports studies were generally
smaller and only 142 cases were included in the analysis in total, of which 102 were male. All
eleven studies will be briefly described in the following section, and the values extracted from
these studies are presented in Figure 3 along with the pooled values for each of the

conditions.

Minor Head Trauma Studies

Bieberthaler et al. (2006) measured S100B in 1309 minor head trauma cases (GCS 13-15)
admitted to three different trauma centres in Germany from June 2002 to October 2003 and
compared the results to 55 cases of severe head trauma (GCS 3-12) and 540 healthy
volunteers. A computer tomography (CT) was performed on all included head trauma
patients. They found that the S100B concentration was significantly higher in patients with
trauma-relevant lesions on the initial CT scan (N=93) compared to the minor head trauma

group without such lesions (N=1216). This was also the case when the patients were
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separated into different groups according to their GCS score (13, 14 or 15). The minor head
trauma group was also significantly different from both the severe head trauma group and the

healthy controls.

The same group had earlier performed a similar study in an effort to create an appropriate cut-
off level for S100B after minor head traumas (Biberthaler et al., 2002). This study involved
S100B measurements and CT scans of 104 patients. A total of 24 of the patients had post-
traumatic lesions on CT scans and this group had significantly higher values than the negative
CT scan group. The analyses revealed a cut-off level of 0.12 ng/ml at a sensitivity of 100%
and a specificity of 46%. Hence, they concluded that the positive predictive value for S100B

was poor, but the negative predictive value was very good.

Mussack et al. (2002a) assessed S100B in alcohol-intoxicated minor head trauma patients that
were admitted to the emergency department during the October festival in Munich in 2000. A
total of 19 patients had lesions on CT scans and showed significantly higher values than the

negative group (N=120). Also, they found no correlation with blood alcohol concentrations.

In a study by Nygren de Boussard et al. (2004), S100B, S100A1B and S100BB were
measured in sera from patients with minor head traumas, patients with orthopaedic injuries
and non-injured objects. Their objective was to assess whether a direct measurement of these
hetero/homodimers could increase the brain specificity for the sample. Even though they did
find a significant difference in the S100B concentrations between the minor head trauma
group with no CT/MRI pathology (N=58) and the group with CT/MRI pathology (N=8), the
S100B measurements for the minor head trauma group were not significantly different from
the group with orthopaedic injuries. However, SI00A1B concentrations were different,
suggesting that this sample was more specific to brain injury than S100B within the milder
part of the minor head trauma spectrum. However, only the S100B measurements were

included in the present meta-analysis.

Another Swedish group (Stalnacke et al., 2005) assessed the one-year outcome of patients
with minor head trauma in relation to initial serum levels of S100B. A total of 88 patients
were included, and a CT scan was performed in 10 patients and was normal in all cases. The
S100B values measured in the acute phase were entered in the present meta-analysis. The

one-year results revealed a high frequency of persistent symptoms and low levels of life
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satisfaction, while sick leave was low. Interestingly, high S100B levels on admission were

significantly correlated to the level of disability at the one year follow up.

DeKruijk et al. (2001) measured S100B in 104 patients with minor head trauma and
compared them to 92 healthy controls. They found significantly higher S100B concentrations
in patients compared to controls and also found an association between S100B concentrations

and vomiting patients.

In a study by Stranjalis et al. (2004), the serum S100B level was determined in 100 subjects
that were referred to the emergency department after a minor head trauma, all with GCS of
15, and their initial S100B values were correlated with failure to return to work/other
activities within one week. Subjects with a S100B above 0.15 ng/ml had a failure rate of
37.5% vs. 4.9% of those with values below this cut-off. The initial mean value for the whole

minor head trauma group was entered in the meta-analysis.

Sport Studies

The previously mentioned group from Sweden, Stalnacke et al., conducted a small study in
2004 assessing S100B in elite male footballers (N=28) after playing a regular league match
and found a significant increase compared to pre-match values. This increase was also

correlated to the manually counted number of headings and head-accelerating events during

the match.

In 2006, a similar study was conducted on 44 female elite footballers revealing similar results
(Stalnacke et al., 2006), although the females had both higher baseline and post-match values

compared to the males from the prior study.

Dietrich et al. (2003) measured S100B before and after a 7600 meter swimming race (N=16)

and found a significant post-race increase in S100B compared to the baseline levels.

Finally, Otto et al. (Otto et al., 2000) assessed S100B before and after amateur boxing
competitions (N=10) and sparring bouts (N=15). As controls they measured S100B in other
groups of athletes before and after running a 25 km race (N=11), jogging 10 km (N=12), short
term running (2 min. max sprint, N=12), ergometer cycling (N=12) and heading footballs
(N=12). Although the groups were small, they found a significantly higher increase in S100B

after the competitive boxing compared to sparring, but the increase was not significantly
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different from the 25 km race. The heading group in this study had no significant increase in

S100B compared to their baseline levels.

Figure 3: Meta-analysis of studies measuring S100B in hospital-admitted minor head trauma
patients with and without CT/MRI scans and meta-analysis of the studies assessing S100B in
various sporting activities. A 1og10 scale is used on the x-axis and the error bars represent
the 95% confidence interval of the mean.
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Interpretation of the Meta-Analysis

Based on mathematical modelling of the S100B kinetics across the blood-brain barrier,
Marchi et al. (2004) proposed that up to a level 0.34 ng/ml, serum S100B is primarily a
marker of increased blood-brain barrier permeability, whereas higher values are associated
with neuronal damage and poor patient outcome. In a recent review on the topic (Korfias et
al., 2006), it is suggested that values between 0.12 ng/mL and 0.34 ng/mL are considered as
“borderline” while values above 0.34 ng/mL are more likely to represent true
“neuropathology”. This is in line with the results from the meta-analysis, where only the
pooled data for the minor head trauma patients with lesions on CT/MRI scans was above 0.34
ng/mL (Figure 3), while the remaining minor head trauma cases were within this “borderline”

area. Thus, the vast majority of the minor head trauma cases were above the proposed cut-off
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used in hospitals to screen for further radiological investigations at admission (i.e. increased
risk of structural injuries which are visible on a CT scan) (Mussack et al., 2000; Biberthaler et
al., 2001b; Biberthaler et al., 2002; Ingebrigtsen and Romner, 2003; Biberthaler et al., 2006).

The pooled value for the sports studies was approximately at the hospital cut-off at 0.12
ng/mL. However, when the female athletes were excluded, the pooled value was even lower.
The cut-off at 0.12 ng/mL is set this low in order to maximise the sensitivity of the test
because the consequence of a false positive result would only be a CT scan. This will decrease
the specificity and the positive predictive value of the sample. However, the negative
predictive value is high, indicating that the finding of a normal S100B value shortly after a
trauma should exclude significant brain injury (Savola et al., 2004). This represents some
problems for the studies assessing S100B after physical activity, since it seems like activity
itself increases S100B up to this lower cut-off level (Figure 3). Nevertheless, the values for
the sports studies were well below those measured for the minor head trauma cases with

lesions visible on CT or MRI-scans.

Still, the meta-analysis must be interpreted with some caution. Although the results were
generally slightly skewed to the right, they were treated as normally distributed to simplify
the calculations in the meta-analysis. As an example, for the 1216 minor head trauma patients
with a normal CT scan in the study by Bieberthaler et al. (2006), the median was 0.16 ng/mL
with an interquartile range from 0.10 to 0.33 ng/mL. This skewness could be corrected for by
a log10 transformation of the data, but this was not possible for all the data in the meta-

analysis.

In addition, different methods were used for analysing S100B in the different studies. These
were mainly RIA-mat (radioimmunoassay), Liason or Lia-mat (Sangtec Medical AB,
Bromma, Sweden) or Elecsys (ROCHE Diagnostics, Basel, Switzerland). There is some
inconsistency in the literature on whether these analytical models are comparable or not
(Biberthaler et al., 2002; Muller et al., 2006), but only S100B values from the RIA-mat
analyses were excluded due to a lower detection limit (0.2 ng/mL) (Ingebrigtsen et al., 1999).
On the other hand, the largest study included in the meta-analysis, Bieberthaler et al. (2006)
contributed with more than 1300 minor head trauma patients (76% of total N) and used the

same instrument to analyse the samples as in this current study.
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Nevertheless, apart from a small study showing comparable increases in a group of 10 boxers
assessed before and within 15 minutes after a bout in the German amateur boxing
championship (Otto et al., 2000), no studies have measured S100B in athletes after minor
head impacts that were not initially diagnosed as concussions. Thus the effect of such minor
head impacts in football on S100B is not known. Consequently, serum S100B measurements
could be a valuable test to screen for potential neuronal damage after such incidents on the

football field. This was the main focus of Paper III.

Heading and S100B

As mentioned previously, heading is a unique feature of football. A few studies have looked
at the effect of heading on S100B and found a correlation between the number of headings
and S100B (Mussack et al., 2003; Stalnacke et al., 2004; 2006). However, there are some

problems related to these results:

The studies by Stalnacke et al. (2004; 2006) were small (N=28 in 2004 and 44 in 2006), and
no information was provided regarding the goaltenders. However, Stalnacke et al. recruited
their participants from two competitive male and female matches, 8 teams in total. Hence, the
maximum number of goaltenders in the material would be 4 male (14% of male cohort) and 4
female (9% of female cohort). The goaltenders practically never head the ball and will thus be
grouped among the low frequency headers. But since their level of exertion during a match is
also lower compared to outfield players (Reilly, 2003; Arnason et al., 2004), there is a chance
that the correlation between the number of headings and the increase in S100B would be

confounded by differences in physical activity.

Mussack et al. (2003) assessed S100B after a controlled heading session and a football
exercise session without heading in a group of amateur football players aged 12 to 17 years.
They found a higher transient increase for the heading group compared to the exercise group.

However, the results were only significant for the youngest players aged 12 to 15 years.

Heading is a complicated skill and many coaches do not incorporate heading in training
sessions until the players are 12 years or older (Kirkendall and Garrett, 2001). Consequently,
controlled repetitive heading for 55 minutes was most likely a heavier exposure for the
youngest players compared to the more experienced 16- and 17-year olds in this study by
Mussack et al. (2003). This is in line with the results from biomechanical simulations of

football headings, showing that controlled heading is associated with a very small risk of
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sustaining a concussion, while accidental impacts or heading with poor technique could
produce brain accelerations within the concussive range (Schneider and Zernicke, 1988;

Babbs, 2001).

Thus, the effect of controlled heading on S100B is not completely understood and further
investigations are needed to control for the physical activity component when assessing this

effect. This effect was examined in Paper III.

Neuropsychological Testing

One of the first studies that reported to use neuropsychological assessment of athletes was a
study by Kaste et al. (1982) where chronic brain damage in boxers was assessed using parts
of the Wechsler adult intelligence and memory scale (Wechsler, 1945; 1955), the Wisconsin
card-sorting test (Berg, 1948; Milner, 1963), the Trial Making Test (Davies, 1968), the
Benton visual retention test (Benton, 1963) and the Perdue pegboard (Costa et al., 1963). The
traditional neuropsychological assessment of athletes using a baseline preseason model began
in the mid-1980s at university level in the USA (Barth et al., 2006). Here, a paper and pencil
test battery was used which consisted of the vocabulary subtest of the Wechsler Adult
Intelligence Scale (Wechsler, 1955), the Trail Making Test A and B from the Halsted-Reitan
Neuropsychological Test Battery (Reitan and Wolfson, 1985), the Paced Auditory Serial
Addition Test (Gronwall, 1977) and the Symbol Digit Test (Wechsler, 1955). These tests
provided a general indication of the overall cognitive function in addition to measures of
attention, concentration and rapid problem solving that were shown to be sensitive to changes
due to concussion (Rimel et al., 1981; Barth et al., 2006). Although these studies on college
athletes demonstrated a transient neuropsychological decline in areas of information problem-
solving and attention as a result of uncomplicated head traumas without LOC, it would take
nearly a decade before neuropsychological testing was adopted by the American professional

football (NFL, 1993) and hockey leagues (NHL, 1996) (Zillmer et al., 2006).

Throughout the nineties, neuropsychological testing was used more extensively for evaluating
concussion in sports and the number of tests was expanded. A meta-analysis of the literature
within the field from 1970 to 2004, indicated that more than 70 different tests and subtests
have been used to assess cognitive function within nine different domains; orientation, global
cognitive ability, attention, executive functioning, memory acquisition, delayed memory,

language, visuospatial ability and motor abilities (Belanger and Vanderploeg, 2005).
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Consequently the testing became quite time-consuming and vulnerable for statistical errors
associated with multiple testing (type 1 errors). For instance a single test battery could include
more than 18 different tests yielding 27 outcome variables (Matser et al., 1998). In addition,
the results were difficult to interpret and all athletes need to be assessed by a trained
neuropsychologist. In response to these problems, computerised neuropsychological
assessments were developed. The current leading programmes are the Internet-based
Concussion Resolution Index (Erlanger et al., 2001; Erlanger et al., 2003), the software-based
Immediate Post-Concussion Assessment and Neurocognitive Testing (ImPACT) (Collins et
al., 2003b), the Automated Neuropsychological Assessment Metrics (ANAM) (Cernich et al.,
2006), and CogSport (Collie et al., 2001). In spite of their unique distinctions, all these test
batteries focus on efficient assessment of cognitive functions that are sensitive to the effects
of cerebral concussion, such as attention, reaction time, complex problem solving,
multitasking and memory, and there are currently no indications towards one being superior
compared to the others (Broderick et al., 2004; Echemendia, 2006). CogSport is however the
only test that has been translated into Norwegian and was therefore our neuropsychological

test of choice. The test itself will be described more thoroughly in the methods section.

The CogSport-test has been used for concussion management in various sports on elite and
amateur level (Makdissi et al., 2001; Moriarity et al., 2004), but the reliability and practise
effects of the test have only been studied on native English speaking students (Collie et al.,
2003b) and elderly volunteers (Collie et al., 2003a). Even though the test has been translated
into Norwegian and uses a universal playing card metaphor as stimuli, the results from the
investigations on the students and elderly Australians are not necessarily directly transferable
to a group of mainly native Norwegian-speaking professional athletes. Thus, the
reproducibility of the test in this group of footballers needed to be investigated, as well. This

was the focus of Paper 1.

Conventional versus Computerised Tests

Studies using computerised neuropsychological tests have suggested that this test modality is
particularly sensitive to the cognitive consequences of sports-related concussions (Makdissi et
al., 2001; Lovell et al., 2003; Collins et al., 2003a; Lovell et al., 2004), and computerised
tests have shown evidence of persisting impairments in sports concussions, even in the
presence of normal conventional test results (Bleiberg et al., 1998; Collie et al., 2003b). All

the previous studies assessing the neuropsychological consequences of football used
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conventional neuropsychological test batteries (Tysvaer, 1992; Jordan et al., 1996, Matser et
al., 1998; Matser et al., 1999; Matser et al., 2001; Downs and Abwender, 2002; Witol and
Webbe, 2003). Although many of these instruments have a long history in the field of both
general and sports neuropsychology (Echemendia, 2006), it has been argued that many of
these tests have problems with normal ranges, sensitivity and specificity, as well as practise
effects (Grindel et al., 2001). A meta-analytic review of the neuropsychological consequences
of minor head traumas argued that conventional neuropsychological assessments had a
positive predictive value of less than 50% (Binder et al., 1997). Nevertheless, it must be noted
that this was partially due to the detected low prevalence of cognitive deficits associated with

minor head traumas in this review.

Some of these problems are also present for the computerised tests, but there are some
important differences between the two test platforms. The main difference is related to the
output data which for the conventional tests is typically either an accuracy score or a gross
measure of the total time to perform the task (Tysvaer, 1992; Matser et al., 1998; Downs and
Abwender, 2002; Witol and Webbe, 2003; Webbe and Ochs, 2003). In contrast, the computer-
based tests batteries provide close to exact measures of reaction time (Collie et al., 2001;
Erlanger et al., 2001; Erlanger et al., 2003; Collins et al., 2003b; Cernich et al., 2006). The
reaction time measures have been proved to be more reliable than measures of accuracy in
healthy young adults (Collie et al., 2006a), and as consequence, these measures have been
shown to be particularly sensitive to changes following concussions (Stuss et al., 1989). In
addition, persisting impairments after sports concussions have been identified by
computerised reaction time measures, even in the presence of normal performance on

traditional clinical neuropsychological measures (Collie et al., 2006a).

Furthermore, accuracy data can be used to correct for “gambling” in the reaction time
measures creating a cognitive efficiency score (throughput) reflecting the number of correct
responses per unit of time (Darby et al., 2002; Cernich et al., 2006). This measure has been
proven to be sensitive in discriminating elderly with mild cognitive impairments from
controls in a study using multiple assessment of the CogSport test in a single day (Darby et
al., 2002). However, no comparative studies have been performed assessing whether this
approach is preferable when examining young adults or athletes using a single session
approach. Accuracy data have also showed the highest practise effects (Collie et al., 2003a;
Iverson et al., 2006a), and by combining the accuracy data with the more stable reaction time

data, this practise effect will be transferred into this new variable as well. In practical terms, a
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practise effect such as this makes the interpretation of follow-up tests like the post-concussion
tests, more difficult. As a consequence, a “return to baseline” is not as clear a sign of normal

performance as “exceeds baseline” when assessing accuracy or throughput data (Darby et al.,

2002; Cernich et al., 2006).

Still, one of the biggest benefits of the computerised test is that they are fast and can be
administrated by a non-expert. This makes it possible to conduct preseason baseline testing of
a large cohort of players and thus enabling the assessment of within-person changes after a
minor head trauma (Collie et al., 2003b). At follow up, the athletes can be compared to their
own baseline performance and the analysing process is automated, enabling a close to instant
feedback (Collie et al., 2003a). Secondly, this fast administration makes it possible to perform

full practise rounds of the test at baseline to tease out potential practise effects.

Practise Effects

For both the computerised test and for several of the conventional tests in particular, the
practise effect is a problem (Macciocchi, 1990; Falleti et al., 2003; Collie et al., 2003a).
However, repeated computerised neuropsychological testing of students and elderly has
indicated that the vast majority of the practise effect was evident between the 1% and 2"
administration of the test, while only small and non-significant improvements were noted
between the 2™, 3™ and 4™ administration (Falleti et al., 2003; Collie et al., 2003a). Hence, it
has been suggested that a dual administration of the baseline, where the first test is discarded,

would minimise the practise effect at large. This practise effect is assessed in Paper 1.

Change in Neuropsychological Performance due to Minor Head Trauma

There are no prospective studies which have assessed neuropsychological function after minor
head impacts in regular football matches, irrespective of whether the impacts were initially
diagnosed as concussions or not. Moriarity et al. (2004) conducted neuropsychological tests
on a group of boxers prior to and within two hours after one, two or three tournament bouts.
Deficits were, however, only found among the boxers where the match was stopped by the
referee (referee-stopped contest, (AIBA, 2003)) or where the boxer had experienced epistaxis.
The deficits were limited to the Psychomotor function and Decision-making tasks only.
Nevertheless, the authors concluded that these boxers should be considered to have acute

cognitive impairments until proven otherwise (Moriarity et al., 2004). None of these boxers
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were initially diagnosed as concussed by the medical personnel supervising the tournament.
However, the Concussion in Sports Group from the Vienna Conference in 2001 defines a
concussion as any impairment of neurological function caused by a direct blow or an
impulsive force to the head (Aubry et al., 2002). And according to this definition, the boxers
showing cognitive impairments in the study of Moriarity et al. were most likely concussed

initially as well.

In contrast, significant deteriorations were found for five of the six CogSport tasks after 24
hours of sustained wakefulness (Falleti et al., 2003), and the magnitude of the relative change
from baseline to follow up was twice that of the boxers of Moriarity et al. (2004). However,
when the same group of students were tested under the influence of alcohol (0.5%o blood
alcohol concentration), the patterns of their deficits were more similar to the boxers (Falleti et

al., 2003).

On the other hand, there are several studies that have investigated neuropsychological changes
in athletes that were initially diagnosed as concussed (Makdissi et al., 2001; Erlanger et al.,
2001; Iverson et al., 2003; Collins et al., 2003b; Lovell et al., 2004; Bleiberg et al., 2004;
Pellman et al., 2004a; Collie et al., 2006b). Also, several studies have assessed initially
concussed athletes where the symptoms have resolved after a few minutes or by the time of
testing (Warden et al., 2001; Collins et al., 2003a; Lovell et al., 2004; Pellman et al., 2004a;
Gosselin et al., 2006; Collie et al., 2006b). From these studies there seems to be an agreement
that the largest deficits in neuropsychological performance are found among the players being
symptomatic at the time of the test (Lovell et al., 2004; Pellman et al., 2004a; Collic et al.,
2006b). Nevertheless, other studies have revealed electrophysiological changes (Gosselin et
al., 2006) as well as neuropsychological deficits (Warden et al., 2001) among concussed

athletes where the symptoms have allegedly resolved.

The Pattern of Neuropsychological Deficits in Concussion

Collie et al. (2006) used CogSport to assess concussed Australian Rules Footballers (AFL)
within three days after the incident and only found deficits among the athletes who reported to
be symptomatic at the time of testing. In agreement with the results of Moriarity et al. (2004),
the deteriorations were mainly visible for the reaction time measurements for the simplest
tasks. However, there is no consensus in the literature to which specific tasks will detect
cognitive deficits after concussions (Frencham et al., 2005). Nevertheless, previous studies

investigating the neurocognitive function after concussions have found the largest effect sizes
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in the simpler cognitive domains as assessed by tests of simple and choice reaction time, and
simple and divided attention (Van Zomeren and Deelman, 1976; Van Zomeren and Deelman,
1978; Stuss et al., 1989; Warden et al., 2001; Bleiberg et al., 2004; Collie et al., 2006b).
Simultaneously, according to a review by Frencham et al. (2005), there seems to be an
agreement that traumatic brain injuries caused by minor head impacts are not associated with

gross deficits in higher cognitive domains such as intelligence and memory.

Furthermore, comparisons of individual change from baseline to follow up have been
suggested to be more sensitive than cross-sectional control group comparisons in detecting
head injury related neuropsychological effects (Sundstrom et al., 2004). This is supported by
Iverson et al. (2006a) who found no performance decrement or symptoms in group analyses
of 30 concussed athletes after 10 days, although individual analyses revealed that 11 (37%)

had a declined performance on two or more tests (2 out of 5 test composites in total).

In conclusion, neuropsychological testing is a sensitive instrument to detect acute cognitive
changes after minor head traumas in athletes, and therefore also represent a valuable objective
tool in the assessment of possible concussive changes in allegedly asymptomatic players after

a minor head impact, as was the main focus of Paper IV.

Neuropsychological Assessment of Long-Term Effects

As previously discussed, long-term and cumulative effects of concussions have been
suggested as a possible aetiology of impairments of cognitive function by several studies
based on assessments of both athletes and the general population (Roberts, 1969; Gronwall
and Wrightson, 1975; Carlsson et al., 1987; Gaetz et al., 2000; Matser et al., 2001). On the
other hand, more recent studies utilising computer-based neuropsychological instruments
have not been able to identify concussion history in athletes as a predictor of
neuropsychological performance (Macciocchi et al., 2001; Broglio et al., 2006; Iverson et al.,
2006b; Collie et al., 2006¢). In addition, a comprehensive meta-analysis from 2005 found no
evidence of impairments in athletes when neuropsychological testing was completed later

than 7 days post injury (Belanger and Vanderploeg, 2005).

Nevertheless, neuropsychological tasks measuring choice reaction time comparable to the
Decision-making task in the CogSport battery have been proven to detect deficits 3-10
months after closed head traumas in patients with allegedly good outcome (Stuss et al., 1985;

Hugenholtz et al., 1988; Stuss DT et al., 1989). However, these previous studies consisted of

42



Introduction

cases initially hospitalised for their injury and thus represented a more severe spectrum of
minor head traumas than the minor head injuries in an athlete population. No prospective
studies have assessed the long-term effect of minor head impacts in football players. Hence,
the neuropsychological effect of minor head traumas in football players 3-10 months after the

incident is uncertain. This topic was addressed in Paper IV.
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Main objective

The overall objective of this study was to examine the acute effect of minor head impacts in
professional football with respect to possible neuronal tissue damage and deteriorated

neuropsychological function.

Specific objectives

To assess the reproducibility of a computerised neuropsychological test battery (CogSport) on
Norwegian professional football players and secondly to identify possible primary outcome

measures to be used in the further applications of the test (Paper I)

To examine the effect of previous concussions and heading exposure on neuropsychological
performance among Norwegian professional footballers, and to compare their performance

with normative data and other athletes (Paper II)

To identify possible brain tissue damage in minor head impacts by comparing serum
concentration of S100B after a football-related head impact to the effect of heading, high-

intensity exercise and playing a regular match (without head trauma) (Paper I1I)

To determine whether minor head impacts cause measurable brain function impairment
among elite football players, irrespective of whether or not the player was symptomatic or
removed from play. And further on, to investigate whether there is any change in
neuropsychological test performance from one year to the next in individuals who experience

one or more minor head impacts during the course of a regular season (Paper IV)
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Methods

Outline of the Study Design and Participants

Figure 4: Outline of the study design and time frame

2004 2005
Pre-season Season Pre-season Season
Baseline testing* Follow-up testing Baseline testing Follow-up testing
of all players in after a regular of all players in after a regular
the A-squad league match for the A-squad league match for
» Head Impact » Head Impact
Groupt Group
= Match Control
Group *
Players who did not New players during Players who did not New players during
play any matches in the season play any matches in the season
the following season the following season

*Symptom assessment, nenropsychological testing and blood sampling were performed at both baseline and follow up. "The players who
suffered a head impact in a regular league match were tested straight after the match (Head Impact Group). * Teammates that did not
suffer any head impacts were also tested after playing a regular leagne match as controls (Match Control Group).

All four papers in this thesis are based on data from the same prospective cohort study of
Norwegian elite football players (Figure 4). All 14 teams in the Norwegian professional
football league were invited to participate with their A-squad contract players in both 2004
and 2005, with a total of 320 to 390 players available for testing each year. Baseline testing
was performed prior to both seasons at the league’s preseason training camp at La Manga in
Spain and included blood sampling, two consecutive neuropsychological tests, and a
questionnaire assessing player and heading characteristics and concussion history. The players
were then followed prospectively for all regular league matches in each season. Players
suffering a head impact during a regular match (Head Impact Group) were followed up with
symptom assessment, and neuropsychological testing the following day supervised by the

team’s medical staff. The study protocol also included blood sampling of the player one and
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twelve hours after the head impact for assessing the serum level of S100B (Figure 5). The
Head Impact Group was compared to a control group of players who were tested according to
the same algorithm after a regular match where no head impacts were recorded (Match
Control Group). The head impacts and the control matches were recorded on videotape

supplied by the Norwegian Broadcasting Corporation (NRK) and analysed.

The participation rate was retrospectively checked up against the official match statistics for
the two respective seasons. These statistics that are published in the Norwegian mass media,
provides the total number of matches and minutes of play for each player in the elite league
during the last season. About two thirds of the players participated both seasons. These
players were separated into two groups according to whether they had experienced a head
impact the last season or not, and changes in neuropsychological performance from baseline

2004 to baseline 2005 were assessed.

In addition, three teams in the original cohort agreed to participate in two separate training
sessions prior to the 2006 season (N=48); one high-intensity football training session where
heading of the ball was not allowed (High Intensity Exercise Group) and one low intensity
training session with heading exercises (Heading Group). Baseline testing was performed
before the first training and after each of the two sessions following the same algorithm as

sketched out in Figure 5.

Ethics

The study protocol was approved by the Data Inspectorate and the Regional Committee for
Medical Research Ethics, Helse Ser. All participants in the study received both oral and
written information of the design and purposes of all parts of the study. Written informed

consent was obtained at baseline for all participants.

Assessment Tools

A computer-based neuropsychological test (CogSport, CogState Ltd, Charlton South,
Victoria, Australia) and a biochemical marker; protein S100B, were chosen as our evaluation
tools. The rationale behind this was that both these assessments could quite easily be applied

to a large cohort of football players throughout the country without requiring much special
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equipment, trained personnel or facilities and without being too time-consuming for the
athletes. In addition, the team’s medical personnel would get online feedback within 15
minutes with results of the neuropsychological testing, which could be helpful in further
treatment and monitoring of the player. It was thought that this fast feedback could also

enhance compliance with the test protocol.

Figure 5: The test algorithm that was applied for all follow-up assessments

Match or training Within one hour The following morning
session

Head impact or Blood sampling (B1) Blood sampling Neuropsychological

controls and symptom {B12) testing and symptom
assessment assessment
\ ! }
N 4 - “
- - —-’_ — — - >
~ o
\‘,

Raw data for analysis

v

Automatically created | cogsportaliy
feedback report. o e
E-mailed to the ot B
respective teams | T

medical personnel e
within 15 min

S100B Assay

Venous blood samples were collected from an antecubital vein and drawn into a standard gel
7 mL tube (BD Vacutainer® Blood Collection Tube, New Jersey, USA) and allowed to clot
for 30 min before centrifugation (3000g) for 10 min. The resulting serum was divided into
two 1.5 mL Eppendorf tubes and frozen within two hours. Serum S100B concentrations were
measured using an electro-chemiluminescence assay (ROCHE Elecsys®, ROCHE
Diagnostics, F. Hoffmann-La Roche Ltd, Basel, Switzerland). The lower detection limit of the
assay is 0.005 ng/mL (ROCHE, 2004) All analyses were performed at the Department of

Clinical Chemistry and Clinical Biochemistry, University of Munich, Germany according to
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the procedure described by Mussack et al. (Mussack et al., 2006) and Bieberthaler et al.
(Biberthaler et al., 2006). Based on previous studies on S100B after minor head traumas
(Mussack et al., 2000; Biberthaler et al., 2001b; Biberthaler et al., 2002; Ingebrigtsen and
Romner, 2003; Biberthaler et al., 2006), a cut-off value of 0.12 ng/mL was used to classify

the B1 samples as elevated or within the normal range.

All baseline samples were taken before training between 7:30 and 10:00 am. Baseline blood
sampling was performed in a subgroup of players (N=49) on three different days during their
two-week training camp to assess the variation in baseline serum S100B concentration. The
follow-up samples were drawn within one hour after the match or activity and the following

morning.

Assessment of Neuropsychological Performance

In this study, the English or Norwegian version 2.2.2 or 2.3.1 of the CogSport test were used
(CogSport, CogState Ltd, Charlton South, Victoria, Australia). The CogSport test battery
consists of seven different tasks assessing the following different cognitive functions:
Psychomotor function, Decision-making, Simple attention, Divided attention, Working
memory, Complex attention and Learning & Memory. The different tasks are described more
thoroughly in Table 4, but they all use on-screen playing cards as stimuli and the D “No” and
K “Yes” keys are the only keys used throughout the whole test (Figure 6). The response key
designations are reversed for left-handed subjects. Mean reaction time in milliseconds,
consistency (standard deviation) and accuracy (percent correct responses) data are provided
for all tasks. The CogSport battery also includes a symptom check list assessing the presence
of: dizziness, headache, nausea, vomiting, blurred vision, feeling confused, drowsiness,
difficulty falling asleep, difficulty remembering, difficulty concentrating, irritability, balance
problems, sensitivity to light and sensitivity to noise at the time of testing and at the time of
the incident. The test file is sent as a coded file via the software to the manufacturer and an

automated report is received by mail within 15 minutes.

All subtasks include 15 to 40 trials, and the data are reported by the CogSport program as the
mean reaction times with their corresponding standard deviations for all subtasks,
accompanied by accuracy data for all tasks but Simple Reaction Time and Monitoring.
Anticipatory responses (reaction times <100 ms) and abnormally slow responses (reaction

times >3500 ms) are recorded as errors and excluded from the analyses. Accuracy data are
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Figure 6: On-screen picture of the CogSport Learning and Memory task
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Table 4: Description of the seven CogSport subtasks and the assessed cognitive function

Test

Description

Cognition

Simple Reaction Time

Choice Reaction Time

Congruent Reaction Time

Monitoring

One-Back

Matching

Learning

A single card is presented face down at the centre of the screen, and the player is
instructed to press “yes” whenever the card turned face-up. Fifteen trials are
presented and the test is repeated three times; at the beginning, in the middle and
at the end of the battery. All other tests are just presented once

This test used the same stimuli as above, but the player is now instructed to
indicate whether the card is red by pressing “yes” or black “no”

Two cards are presented and the player had to indicate if they are the same colour
piay Y
or not by pressing “yes” or “no”

Five cards moves simultaneously on the screen and the player is instructed to
press “yes” as soon as one card moves outside a predefined area

The player is instructed to indicate whether a new card is identical or different
from the last by pressing “yes” or “no”

Six card pairs are presented at the top of the screen and the player has to decide
whether a pair presented at to bottom of the screen matches any of the above

Incidental learning: Follows immediately after the Matching task, and is identical to
this task except that the six pairs are turned face down.

Associate learning: Similar to the matching task, however the pairs turn face down
when the player correctly indicates a matching pair presented at the bottom of the
screen.

Motor function

Decision-
making
Simple
attention
Divided
attention

Working
memory

Complex
attention

Learning and
memoty
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calculated as the number of true positive responses divided by the number of trials. If one

player has more than 40 incorrect responses on one task, the test is stopped.

Prior to the analyses of the follow-up tests, the Complex attention task was omitted from the
test battery by the producer due to low reliability (Collie et al., 2003b), and consequently only

the six remaining variables were used in the follow-up analyses.

All testing was performed on personal computers with the sound switched off in a quiet room
in groups of one to five, supervised by trained personnel. At baseline, all players conducted
two consecutive tests, where the first was regarded as a practise round and discarded. The
follow-up testing was performed locally, supervised by one of the administrators of the study

or by the team’s own medical personnel, the day after the head impact, match or training.

Prior to both seasons, the medical personnel from all included teams received written
information about the study and the testing procedures and representatives for all teams
attended a seminar where additional information and instructions regarding the study protocol

were given.

Questionnaire

At baseline the players were asked to complete a two-page questionnaire addressing age,
nationality, education level, player position, seasons in the Tippeliga and lower division
leagues, highest level of education, and history of exposure to solvents, general anaesthesia,
headache, migraine, epilepsy, depression, hyperkinetic activity disorders or learning
disabilities (see paper II fro details). In addition, the players filled out an estimate of their
typical number of headings per match, the number of previous concussions (football and non-
football) and alcohol consumption. A 20-item post-concussion symptom scale (Lovell and

Collins, 1998) was also included.
The Different Study Groups in the Prospective Study

Head Impact Group

During both seasons, the participants were followed during all regular league matches, and all

head impacts were registered live by local medical personnel present at the arena (team
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medical personnel or other local medical personnel recruited by the administrators of the
study). The criteria for including head impacts in the sample were adopted from Andersen et
al. (2004b): 1) All situations where a player appeared to receive an impact to the head
(including the face and the neck), 2) The match was interrupted by the referee and 3) The
player laid down on the pitch for more than 15 seconds. All three conditions had to be present
to be defined as a head impact. It must be noted that these criteria do not include any
characterisation or diagnosis of an injury, and the impact does not necessarily have to result in
any injury to be included in the study. Thus, the term “impact” is used intentionally to
distinguish these incidents from minor head injuries or minor head traumas, which have been

the main focus in the previous research within the field.

In case of a head impact (irrespective of whether the player was taken out of play or not), the
local medical personnel were instructed to perform a clinical evaluation of the player
immediately after the match. This included filling in the post-concussion symptom scale
(Lovell and Collins, 1998), the Glasgow Coma Scale (Teasdale and Jennett, 1974), and the
presence and duration of loss of consciousness and post-traumatic amnesia. In addition, the

player was followed up according to the algorithm outlined in figure 5.

Video Review of the Head Impacts

All matches were reviewed the following morning on video at the facilities of the Norwegian
Broadcasting Company (NRK) at Marienlyst, Oslo. If a head impact was identified, the
respective team’s medical personnel were contacted by phone to check the follow-up status

and, if necessary, arrange neuropsychological testing and blood sampling.

Video images of the identified head impacts were copied to a computer and analysed
independently by TM. Straume-Nasheim and A. MclIntosh at the end of the follow-up period.
The results were then compared and disagreements were re-reviewed in a consensus group
meeting (TM. Straume-Nasheim, A. McIntosh and TE. Andersen), where a final decision was
made. The impacts that were followed up with either blood samples or neuropsychological
testing were identified (Head Impact Group) and compared with the missed incidents to assess

whether there was any selection bias with respect to the severity of the incidents.

Each head impact was classified as “definite”, “doubtful” or “could not be assessed” with
respect to whether the actual impact to the head was visible or not. This classification along

with the global impression of severity (severe or not severe) and whether the player returned
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to play in the same match or not, was considered as general assessments of the potential
severity of each incident. In addition, a more specific impact severity assessment was created
using the following four factors: relative speed (which included a gross estimate of the
direction of the players involved; same direction or towards each other), head movement
contribution, anatomical location of the impact to the head and striking body part

(mass/hardness). See papers III and IV for more details.

Outcome of the Head Impacts

The head impacts were cross-referenced with the injuries reported by the team’s medical staff
to the league’s (Tippeligaen) injury surveillance system (TISS), which is administrated by
Oslo Sports Trauma Research Centre. This register receives data from all the teams in
Tippeligaen on a monthly basis, and includes all injuries from all team activities that have
resulted in absence from training or match (time-loss injuries, Fuller et al. (2006)), as well as
the time and date of the injury, type of match, diagnosis, and the number of days before the

player returned to training or match (Andersen et al., 2004b).

Match Controls

Players from the same cohort, who had played a regular match without experiencing a head
impact, were used as controls in both Paper III and IV (Match Control Group). The players
were recruited from six different teams and the respective matches were copied to videotape
and reviewed to verify that none of the controls had experienced any head impacts during the
match. In addition, a count was made of the number of headings and other head accelerating
events for each individual player in the group during the match (i.e. falls or collisions that did

not qualify as head impacts).

Training Groups

Players from three of the included teams from the original cohort were asked to participate in
two separate training studies after the 2005 season; one high-intensity football training session
where heading was not allowed (High-Intensity Exercise Group) and one low-intensity
training session with match-realistic heading exercises (Heading Group). These sessions were
planned in cooperation with the team coach and led by the regular coaching staff. The
high-intensity football play and heading exercise were organised to be as close to the match

situation as possible in terms of the exercise intensity or the number and force of the headings.
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Normal values for the number of headings per player per match was established by counting
all headings in matches that were followed live by one of the study administrators during the
2005 season (N=241 players, 2-4 matches counted per player). However, this count exhibited
large variations between the different playing positions, ranging from 0 headings per match
for the goaltenders and up to 20 for some of the central defenders. Thus, no standard number
of headings was set for the training sessions. The players were instead asked to rate their
heading frequency compared to a regular match on a scale from 0 to 6 (0=much less, 3=same,
6=much more) on a questionnaire completed after the different training sessions. The same
rating was applied for the level of fatigue in both the high-intensity and the heading session,
since the level of exertion also varies according to the playing position (Reilly, 2003; Arnason
et al., 2004). Both these variables were dichotomised into “less” or “same or more” in the

analyses.

Participants, Effect VVariables and Statistics of the
Different Papers

All statistics were performed on a computer using the Statistical Package for the Social
Sciences versions 13.0 to 15.0 (SPSS, SPSS Inc. Chicago, USA). Categorical variables were
tested for between-group differences using Chi-square or Fischer’s exact tests and bivariate
correlations were calculated with the Spearman’s rho correlation coefficient. Relative risk
(RR) was used for comparing risk between groups. Independent samples t-test was used for
comparison between normally distributed data, while the Mann-Whitney U test was the non-

parametric test of choice. Unless otherwise stated, the level of significance was set to p<0.05.

Paper |

The reproducibility analyses presented in this paper were based on the two consecutive
baseline neuropsychological tests performed by all players prior to the 2004 season. The
reproducibility was evaluated using the method error for calculating the coefficient of
variation, which quantifies the variation between each test administration as a percentage of
the joined mean of the two tests (Sale, 1990). To enable a comparison with reproducibility
studies of the test performed on other populations (Collie et al., 2003b), intraclass correlation

coefficients for all measures were also calculated (Shrout and Fleiss, 1979; Benestad and
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Laake, 2004). The Intraclass correlation coefficient is typically a value between 0 and 1,

where a value of 1 indicates perfect reproducibility.

Paper 11

The material for Paper II was also based on the data from the 2004 preseason baseline testing.
The first test of the two consecutive neuropsychological assessments was regarded as a
practise round, and all analyses were based on the second test. In addition, demographics and

player characteristics were collected from the questionnaire completed by all participants.

The main effect variables here were the log 10 transformed mean reaction time data for all
subtasks. From the patient history questionnaire, the total number of previous concussions,
number of headings per match and lifetime heading exposure were chosen as independent
variables. Lifetime heading exposure was estimated from the self-reported number of heading
actions per match multiplied with the number of regular league matches played per team per
season (N=26) and career duration estimated as the number of years above 16 years of age.

The goaltenders were excluded from all the analyses using the heading exposure data.

Separate multiple regression analyses were created for these three independent variables and
the seven different reaction time effect variables. The regression analyses were adjusted for
possible confounding variables such as age, alcohol consumption, use of other central
stimulants, previous number of surgical operations demanding full anaesthesia, exposure to
solvents, learning difficulties, level of education, and neurological diseases. This was done by
entering one variable at a time in the different regression analyses using a stepwise analytic

model.

The association between previous concussions (yes/no) and the number of headings per match
or lifetime heading exposure was investigated using a logistic regression model. Differences
in neuropsychological performance between the least and most frequent headers were

assessed by independent t-tests.

Finally, the received automated reports from the manufacturer of the test (Collie et al., 2006a)
were used as an indication as to how many of the footballers that performed within the normal

range when compared to the general population.
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Paper 111

This paper focused on the baseline and follow-up results for the SI00B samples collected for
both seasons. The change in S100B concentration from baseline to follow-up for the Head
Impact Group was compared to the results for the Match Control Group and the two training
conditions (High Intensity Exercise Group and Heading Group). The null hypothesis that
there was no difference between groups in the absolute or change in S100B serum
concentration at any time point was tested using One-Way ANOVA with Bonferroni post-hoc

p-value adjustments and pair-wise t-test comparisons.

All S100B concentrations presented in the text are back-transformed values from the log10

values used in the analyses.

Paper IV

In this paper, the change in neuropsychological performance from baseline to follow up for
the Head Impact Group was compared to the Match Control Group. The data was collected
from both seasons. In addition, the change from baseline 2004 to baseline 2005 was
investigated and the results for the players who had experienced a head impact during the

2004 season were compared to players with no registered head impacts that particular season.

The main effect variable was a global change in neuropsychological test performance from
baseline to follow-up for the head impact groups (Head Impact and Season Head Impact)
compared to the controls (Match Control and Season Control respectively). The percent
change for all six subtasks were included in a general linear model (Multivariate Analyse of
Variance, MANOVA). If a significant difference was found, post-hoc pair-wise t-test
comparisons with Bonferroni corrected p-values were performed to reveal significant
differences between the examined groups for each of the six subtasks in the
neuropsychological test battery. A within-person comparison was also performed to identify
individual players with significant deteriorations from baseline to follow-up using the
standardised regression-based reliable change index (RCIsrb) (Sawrie et al., 1999; Erlanger et
al., 2003). In agreement with previous literature, a RCIsrb value below 1.64 (90th percentile,
two-sided) on two or more tests was considered as a reduced neuropsychological performance

(Rasmussen et al., 2001; Lewis et al., 2006).
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Paired pre-post comparisons of the reaction time data within each group are presented for
descriptive purposes only. The mean reaction time data were log10 transformed in the
analyses to obtain a normal distribution. However, back-transformed data in ms are presented

in the tables.

Power Calculations

Clinical relevant changes were set to a one standard deviation change from baseline mean for
both the blood sample values and the neuropsychological test values. Sample size calculations
revealed that these differences could be detected with samples sizes down to 17 in each group

with the power set to 80% ($=0.8) and a significance level at 5% (0=0.05).
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Results

Compliance

Due to the considerable turnover of players within each team in the pre-season period the
exact number of the players in the A-squad in this period was difficult to assess. In Table 5
the participation rate at baseline is calculated based on the players available at the pre-season
testing. This figure is the most valid for the papers based on the baseline assessments (Paper [
and II). In the prospective analyses presented in paper III and IV it would be more correct to
use the number of players that were active during the respective seasons for calculating the
baseline participation rate (League players in Table 5). A total of 326 players played in at
least one regular match in Tippeligaen in 2004 and 334 players in 2005. However, since 205
of these were active in both seasons a total of 455 different players were active in Tippeligaen
during the whole study period. Their mean age was 25.2 (18 to 34) years and 317 (79.1%) of
the players were Norwegian or Scandinavian. This also means that the study covered a total of
660 “player seasons” (one player playing one season, 326 + 334, Table 5). Of these 660,
preseason blood sampling was completed for 452 (68.3%) and the corresponding number for

the neuropsychological tests was 462 (70.0%).

Table 5: The compliance with the test protocol for the prospective league study

Pre-season Baseline Season Follow up
Head Impact Group Match Control Group
League Cog- Cog-
N* Cog-Sport  S100B players’ N'  Sport S100B N  Sport  SI00B
271 255 17 27 47 49
2004 cohort 300 (90%) (85%) 326 105 (16%) (26%) 53 (89%) (92%)
2005 cohort
37 (18%}r
Players from (Impact) 141 18 17
2004 205 107 (52%)  (69%) 205 G %) - -
(Control) "
133 139 9 21
New 2005 181 (73%) (77%) 129 64 (14%) (33%) - - -
280 27 38
0, - - -
Total 2005 386 277 (72%) (73%) 334 123 (22%) 31%)
Totals for both 548 535 44 65 47 49
seasons 686 (80%) (78%) 660 228 (19%) (29%) >3 (89%) (92%)

*In the pre-season period there was considerable turnover within each team, and thus the exact number of the players in the A-squad in
this period is difficult to assess. Consequently, some players who were tested at baseline did not play any matches the following season. “The
term leagne players represent all players who have been registered in the official match statistics for that particular season, including those
who joined the teams after the baseline testing. tHead impacts identified on video review of the league matches.
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A total of 48 players were tested at baseline for the high-intensity and heading training
sessions. Blood samples were collected for 35 (72.9%) of the players within one hour after the
heading session (Heading Group) and for 36 (75.0%) of the players after the high-intensity

exercise session (High-Intensity Exercise Group).

Video review was performed for 352 (95%) of the 371 regular league matches and television
broadcasted cup matches that was played during the two follow-up seasons and a total of 228
head impacts were identified (Table 5). This corresponded to an incidence of 19.6 head
impacts per 1000 playing hours. Follow-up blood sampling was performed in 30% of these
impacts (data used in Paper III) and neuropsychological follow-up test were conducted in
19% of the cases (data used in Paper IV). On the other hand, as presented in Table 6, only 13
(5.7%) of the 228 impacts were reported in as time-loss injuries to TISS, including 7 (3.1%)
concussions (0.6 per 1000 playing hours).

Table 6: Reported injuries and retrospectively classified concussions based on the Vienna
concussion definition for the identified head impacts (N=228).

Head Impacts. Post-match follow-up status groups

Head Impact
Head Impact S100B CogSport

Not followed up (Paper I1I) (Paper IV)

N 149 (65.4%) 69 (30.3%) 44 (19.3%)
Reported time loss injuries to TISS (Total 13 [5.7%]) 0 10 (14.5%) 11 (25.0%)
Concussion (Total: 7) 0 5 (50.0%) 6 (54.5%)
Facial fracture (Total: 3) 0 2 (20.0%) 3 (27.3%)
Other (Total: 3) 0 3 (30.0%) 2 (18.2%)
Loss of consciousness (LOC) - 4 (5.8%) 5(11.4%)

Post-traumatic amnesia (PTA) - 2 (2.9%) 2 (4.5%)

Classified as concussions (Vienna definition)’ - 27 (39.1%) 22 (50.0%)
Taken out of play due to concussion - 9 (33.3%) 11 (50.0%)

TRetrospective classification based on symptoms reported by the medical personnel or the players themseles.

The distribution of the general and specific severity assessments derived from the video
analyses is presented for the different groups in Table 7. In general, the video analyses
revealed that the impacts that appeared to be severe, and where the player did not return to
play, were more likely to be followed up. On the other hand, for the specific severity
assessments, no significant differences were evident, except for the striking body part. The
followed-up groups had a lower proportion of hits by the upper extremity compared to the
impacts that were not followed up. This was the case for the Head Impacts Groups used in

both Paper III (S100B assessment) and Paper IV (CogSport assessment). Nevertheless, only 6
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(5 in the S100B Head Impact Group) concussions were reported and 74.7% of the players in
the Head Impact Group returned to play in the same match directly after the impact.

Table 7: Distribution of risk factors identified on videotape for the head impacts which were
not followed up and the head impacts that were followed up with post-match blood sampling,
CogSport testing or either of the two. Distributions were compared using the Chi-square test.

Post-match follow-up status groups

Not followed S100B RR CogSport RR
up (Paper I1I) (95%CI) (Paper IV) (95%CI)
N 149 (65.4%) 69 (30.3%) 44 (19.3%)
General assessments
Classification of the ~ Definite 117 (78.5%) 52 (75.4%) 35 (79.5%)
impact Doubtful 19 (12.8%) 4 (5.8%) 2 (4.5%)
Could not be 13 (8.7%) 13 (18.8%) 7 (16.0%)
assessed
Global impression Severe 20 (13.4%) 13 (18.8%) 13 (29.3%)* 2.1
of severity Not severe 127 (85.2%) 52 (75.4%) 30 (68.2%) (1.2-3.6)
Could not be 2 (1.3%) 4 (5.1%) 1(2.3%)
assessed
Returned to play No 9 (6.0%) 17 2.1 17 4.0
(24.6%)** (1.4-3.1) (38.6%)** 2.5-6.4)
Yes 138 (92.6%) 52 (75.4%) 27 (61.4%)
Specific impact severity assessments
Horizontal speed High speed 26 (17.4%) 17 (25.8%) 12 (27.9%)
Low speed 70 (47.0%) 34 (51.5%) 21 (48.8%)
No relative speed 53 (35.6%) 15 (22.7%) 10 (23.3%)
Head movement Both 19 (12.8%) 11 (15.9%) 8 (18.2%)
contribution One player 18 (12.1%) 7 (10.1%) 6 (13.6%)
No head movement 104 (69.8%) 43 (62.3%) 26 (59.1%)
Could not be 8 (5.4%) 8 (11.6%) 4 (9.1%)
assessed
Location Temporal/parietal 24 (16.1%) 16 (23.2%) 11 (25.0%)
Frontal 10 (6.7%) 6 (8.7%) 3 (6.8%)
Other 115 (77.2%) 47 (68.1%) 30 (68.2%)
Striking body part Head 33 (22.1%) 18 (26.1%) 15 (34.1%)
Upper extremity 60 (40.3%) 13 (18.8%)* 0.5 9 (20.5%)
(0.3-0.8)
Ball 5 (3.4%) 6 (8.7%) 3 (6.8%)
Other 51 (34.1%) 32 (46.4%) 17 (38.6%)

*=0.05 and **p=0.005 on Chi-Square. RR (95% CI) of being followed np was computed for this category versus the rest (e.g. the
players who did not return to play were 2.1 times more likely to be followed up than those who returned fo play)

Reproducibility of the Neuropsychological Test

Of the 271 players who were tested at baseline prior to the 2004 season, 39 athletes
experienced technical problems with one of the tests or did not fulfil the minimum
requirements set by the computer program in order to exclude participants who clearly
misunderstood the instructions or were not alert. However, repeated testing was performed on

232 athletes, and the results revealed excellent reproducibility for the reaction time measures,
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while less optimal results were obtained for measures of accuracy and consistency (Table 8).
In addition, a significant learning effect was found for all measures. This effect was most
evident for the consistency and accuracy measures. A ceiling effect was present for the
accuracy data for all tasks except Learning and Memory. These data also had the poorest

coefficients of variation and intraclass correlation coefficients of the variables examined.

Table 8: Reproducibility reported as the coefficient of variation and the intraclass correlation
coefficient between test 1 and test 2 for the seven CogSport subtasks.

Improvement* Coefficient of variation  Intraclass correlation
Subtask (%) (%) coefficient
Mean reaction time
Psychomotor function 0.7 1.0 0.73 (0.67 to 0.79)
Decision-making 0.4 1.4 0.65 (0.57 t0 0.72)
Simple attention 12 1.4 0.69 (0.61 to 0.75)
Divided attention 1.3 2.7 0.45 (0.34 t0 0.55)
Working memory 2.7 1.8 0.71 (0.64 to 0.77)
Complex attention 2.0 1.8 0.69 (0.61 to 0.75)
Learning and Memory L1 1.3 0.79 (0.74 to 0.84)
Consistency (standard deviation)
Psychomotor function 11.4 14.2 0.12 (-0.01 to 0.24)
Decision-making 5.1 9.2 0.39 (0.28 to 0.49)
Simple attention 3.6 7.0 0.35 (0.23 to 0.45)
Divided attention 5.9 6.5 0.32 (0.20 to 0.43)
Working memory 11.4 8.8 0.37 (0.25 to 0.47)
Complex attention 27 47 0.38 (0.27 to 0.49)
Learning and Memory 2.0 3.7 0.61 (0.52 to 0.69)
Accuracy (percent correct responses)
Working memory 5.0 12.2 0.21 (0.09 to 0.33)
Complex attention -1 12.4 0.24 (0.12 t0 0.36)
Learning and Memory 3.8 10.4 0.31 (0.19 to 0.42)

*All improvements were significant, p<0.03. For each test, reproducibility results are shown for the mean and the corresponding standard
deviation. Accuracy data are shown for the three most complex: tasks only, due to the ceiling effect observed for the simpler tasks (Collie et
al., 2006a).

Effects of Heading Exposure and Previous Concussions

Of the 271 players who performed baseline neuropsychological testing prior to the 2004
season, a total of 137 players (50.6%) reported having had one or more previous concussions
(55 players reported one previous concussion, 43 two, 17 three, and 22 more than four), and
112 of these players (81.8%) reported a football-related concussion. Defensive players
reported to head the ball more frequently (74.0% with >11 headings per match), followed by
attackers (48.8%). The manual count for the 2004 season, which included 18 players observed
in two to four matches, showed that the average number of headings per player per match was

8.5 (range 0-26). This data further revealed that the players, at least the frequent headers,
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Results

slightly overestimated their number of headings per match. However, the correlation between
the self-reported number of headings and the manual count was good (Spearman’s rho=0.77,
p=0.001), and the majority defined themselves in the same quartiles as those created by the

observed values.

The multiple linear regression analyses did not reveal any relationship between the total
number of previous concussions and neuropsychological performance for any of the seven
subtasks (Figure 7¢). In addition, there was no relation between the number of headings per
match or between estimated lifetime heading exposure and the neuropsychological test score
for any of the subtasks (Figure 7a and 7b). These results did not change if we excluded
players with potential language problems (3%). There was also no difference in the
neuropsychological test results of players with the lowest heading frequency (05 times per
match) and those heading most frequently (>11 times per match). However, the estimated
lifetime heading exposure was significantly associated with the number of previous
concussions (logistic regression exponent=1.97 (1.03-3.75, p=0.039). Furthermore, the group
who had experienced one or more previous concussion did not have a higher proportion of
players with impaired neuropsychological test performance and their mean reaction time
values were not significantly different from the footballers who allegedly never were

previously concussed.

Only four players (1.5%) qualified as outliers for one or more subtasks when compared with
the normal range as defined by the test manufacturers (that is, outside the 95% confidence
interval of the normal population). An additional five players had too many errors with regard
to the more complex tasks and their tests were reported as abnormal in the CogSport test
reports. However, these players did not differ significantly from the others regarding previous
concussions or heading exposure. Thus, 96.1 % of the footballers performed within the

normal range as defined by the test manufacturers.

Minor Head Impacts and Serum S100B

In this paper, the serum concentration of S100B after a head impact was compared to the
effect of heading, high-intensity exercise and playing a regular football match. Our main
finding was that all conditions led to a transient moderate increase in S100B (Figure 8). The

increase was higher for the two match conditions (Head Impact S100B and Match Control)
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compared to the two training conditions, but there were no significant differences between the
two match groups at any time point. In addition, the proportion of players above the cut-off
for S100B was equally distributed between the two match groups. Even for the impacts that
were retrospectively classified as concussions (N=26, 37.7%) based on their symptoms (Table
6), the proportion of players with elevated S100B samples did not differ from their non-
concussed colleagues (N=39, 56.5%, Missing: N=4).

The impacts occurred on average 56 (95% CI: 4.5 to 100) minutes prior to the end of the
match while the B1 sampling was performed on average 29 (95% CI: 5 to 125) minutes after
the match. The B1 sampling for the other groups was performed on average 23 to 33 minutes
after the end of the activity (match or training session). Thus, for the Head Impact Group the
time from the impact to the B1 sampling was on average 56 minutes longer than the time

from the end of the match or training to the blood sampling for the control groups.

For the 13 time-loss injuries reported to TISS, blood samples were available in 9 (69.2%) of
the cases. Although some of these injuries were concussions that kept the player out of
training or match for more than 21 days, none of these samples were above the theoretical
maximum serum level of what can be achieved by stress or exercise-induced disruption of the
blood-brain barrier alone (Marchi et al., 2004). In fact, the highest value measured in the
whole follow-up study was 0.33 ng/mL, and this sample was drawn from a midfield player in

the Match Control Group after a league match where he did not even head the ball.

For the two match groups (Match Control and Head Impact) conjoined, a total of 39 (34.2%)
of the B1 samples scored equal to or slightly above the cut-off (>0.012 ng/mL) but they were
equally distributed between the Head Impact and the Match Control groups (Chi-square: p =
0.48). Only five B1 samples in the training group (7.0%) were equal to or above the cut-off.
Although four out of these were within the High-Intensity group, the numbers were too small

to test for any significant differences in the distribution.

The players in the Heading Group who reported the same number or more headings in the
training session compared to a regular league match, had significantly higher Delta B1

(B1 + baseline) values than the other players. However, this finding resulted from a
significantly lower baseline serum level of S100B for the subgroup who reported the same or
more frequent heading intensity (Table 9). There was no significant difference in the serum

concentration of SI00B at B1 between the two subgroups. Within the High-Intensity Exercise
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Group no differences were discovered with respect to the effect of the exercise intensity level

(Table 9).

Figure 8: Mean S100B values in ng/mL for the Head Impact S100B, Match Control, Heading
and High-Intensity Exercise groups at baseline (BL), one hour (B1) and twelve hours (B12)
post impact/match/training. The error bars represent the 95% confidence interval of the

mean.
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Table 9: Serum concentration of S100B in ng/ml at all three test points for the High-Intensity
Exercise Group and the Heading Group. Both groups are dichotomised according to self-
reported level of fatigue or number of headings compared to a regular match.

High-Intensity Exercise Group

Heading Group

Level of fatigue vs. match

# of headings vs. match

Less Same or more Less Same or more

S100B sample (N=19, 53%) (N=17, 47%) p (N=10, 29%) (N=25, 71%) p

Baseline 0.043 0.045 0.82 0.061 0.039 0.009
(0.035t0 0.053)  (0.036 to 0.056) (0.043 10 0.087)  (0.034 to 0.045)

One hour sample (B1) 0.070 0.075 0.57 0.078 0.066 0.16
(0.060 t0 0.081)  (0.061 to 0.092) (0.057 t0 0.11) 0.060 to 0.072)

Twelve hour sample (B12) 0.041 0.047 0.40 0.052 0.041 0.20
(0.035t0 0.048)  (0.036 to 0.062) (0.036 t0 0.075)  (0.036 to 0.048)

Delta B1 0.025 0.032 0.73 0.016 0.025 0.022
(0.011 10 0.038)  (0.019 to 0.045) (-0.005 to 0.036)  (0.020 to 0.031)
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For the players in the Match Control Group, there was a trend towards a positive correlation
between the number of headings in the respective match and serum S100B at B1

(Spearman’s rho=0.28, p=0.056), but not for Delta B1 (Spearman’s rho=-0.20, p=0.89). When
the number of all other head accelerating events and the number of headings were added, a
significant correlation with serum S100B at B1 was found (Spearman’s rho = 0.36, p =

0.012), but still there was no correlation with Delta B1 (Spearman’s rho = 0.025, p = 0.87).

Changes in Neuropsychological Performance

Neuropsychological testing was conducted the day after the head impact for a total of 44 cases
(Head Impact Group). Global testing of the percent change in performance from baseline to
follow up revealed a significantly reduced performance for the Head Impact Group compared

to the Match Control Group (Wilks’ lambda 0.82, p=0.008).

Figure 9: Change (%) in reaction time from baseline to follow-up for the Head Impact Group
and the Match Control Group. Data is also shown for symptomatic and asymptomatic players
in the Head Impact CogSport Group. *p<.05 vs. the Match Control Group; **p<.01.
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As illustrated in Figure 9, the differences in neuropsychological performance between the
groups were mainly apparent for the three simple subtasks, and significant differences were
found for the Psychomotor function and the Decision-making tasks. The declines were more
prominent among the players reporting to be symptomatic directly after the impact, but no
significant differences were found between the symptomatic and the asymptomatic players in

the Head Impact Group.

On an individual basis, there were significantly more players in the Head Impact Group with
declined performance on two or more tests compared to the Match Control Group (Table 10).
A total of 66.6% (N=10) of these players reported having symptoms immediately after the
impact or reported symptoms at the time of the test the following day. In addition, five players
in the Head Impact Group scored below the 99th percentile of the predicted follow-up score
on two or more tests. There was however, no association between deficits in the
neuropsychological test results and the serum concentration of S100B. The proportion of
attackers and central defenders was higher within the Head Impact Cogsport Group compared

to the Match Control Group, but group demographics were comparable otherwise (Table 11).

Table 10: Reaction time data at baseline and follow up for the Head Impact and Control
groups for the tests performed the day after the match. The number of players with a declined
performance on each subtest is also presented.

Baseline
Task (ms, 95%CI)

Follow up .
(ms, 95%CI) Sign."

Number of players with
declined performance'’

Prospective Match Study, both seasons
Head Impact (N=44)

Psychomotor function 228 (221 to 235) 251 (239 to 264) <0.001 10 (22.7%)
Decision-making 377 (367 to 388) 401 (381 to 422) 0.004 12 (26.7%)
Simple attention 496 (476 to 517) 530 (501 to 561) 0.005 14 (31.1%)
Divided attention 256 (239 to 275) 268 (250 to 287) 0.21 4 (8.9%)
Working memory 490 (460 to 522) 520 (486 to 556) 0.010 7 (15.9%)
Learning & Memory 903 (852 to 958) 923 (873 to 975) 0.37 0 (0.0%)
Declined performance on > 2 tests 15 (34.1%)*
Match Control (N=47)
Psychomotor function 231 (224 to 237) 236 (228 to 243) 0.082 5 (10.5%)
Decision-making 392 (377 to 407) 387 (373 to 401) 0.37 3 (6.4%)
Simple attention 505 (485 to 526) 506 (488 to 524) 0.95 2 (4.3%)
Divided attention 257 (246 to 270) 274 (260 to 288) 0.026 3 (6.4%)
Working memory 492 (467 to 518) 511 (484 to 540) 0.041 4 (8.5%)
Learning & memory 919 (867 to 974) 964 (906 to 1024) 0.032 4 (8.5%)
Declined performance on > 2 tests 7 (14.9%)

Al the reaction time data are back-transformed from log10 values. FPaired samples t-test (baseline versus follow up). 1Declined
performance was defined as a reliable change index (RCILsrb) below 1.65 (90th-percintile, see methods section).*A significantly higher
proportion compared to the Control group (Chi-square test, p=0.033).
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Table 11: Comparison of the Head Impact Groups and the Control groups at baseline for the
prospective match study and the one year follow-up study (baseline 2004 versus baseline
2005).

Match case-control study Baseline 2004 versus Baseline 2005
Season One
Match Head Season One
Head Impact Control Impact Control
(N=44) (N=47) p (N=37) (N=107) p
. 26.8 26.2 27.4 25.7
Age at incident (2571027.9) (25010275 20 (25910289) (24910266) 0%
Audit” multiplied score 4.0 4.0 0.50 3.0 4.0 0.82
(median, IQR) (0.0 t0 5.0) (0.0 t0 8.5) : (0.0 to 6.0) (0.0 to 8.0) :
Number of active seasons 7.1 37 0.08 6.3 37 0.14
(5.9 t0 8.2) (4.6 t0 6.8) (5.6t07.3) (5.0 to 6.4)
Number of previous concussions 1 0.0 0.92 1 1 0.98
(median, IQR) (Oto1) (0t02) ’ (0t02) (0t02) ’
. 130 161 346 349
Days from baseline to follow up (110 to 149) (150 to 172) 0.009 (340 t0 352) (346 to 352) 0.44
Number of headings per player 7.8 6.2 013 7.4 5.1 0.004
per match (6.1t09.5) (49t07.4) ’ (6.0 to 8.8) (4.21t05.9) '
Playing at a position with an i 32 (76.2%) 24 (55.8%) 0.048 26 (70.3%) 44 (41.1%) 0.002

increased risk of head trauma

The numbers in the brackets represents the 95% confidence interval of the mean or the inter quartile range (LQOR). FMultiplied score of
question 1-3 from the Alcohol Use Disorders Identification Test (AUDIT )by WHO (Saunders et al., 1993). 11 Attackers and central
defenders (Missing data on 6 players).

In 17 of the 44 impacts that were followed up, the footballer did not return to play. Eleven
cases were due to concussions, as diagnosed retrospectively based on the symptoms reported
by the medical staff or player. Six of these (54.5%) showed a decline in performance on more
than one test (Fisher’s exact test, p=.010 vs. the Match Control Group), but only three of these
were reported to TISS as time-loss injuries (two concussions and one jaw contusion). Five
players did not return to play after the incident because of other injuries (i.e. two jaw sprains

and three facial fractures).

Among the remaining 27 players who returned to play (RTP Group), eleven reported playing
with one or more symptoms. The RTP Group was significantly slower than the Match Control
Group on the follow-up test (Wilks’ lambda: .76, p=.004). The post-hoc analyses of each
subtest revealed that only Psychomotor function was significantly different from the Match
Control Group (% change: RTP 13.8 [SE 3.2], Match Control Group 2.9 [SE 1.3], p=.004).
The proportion of players with reduced neuropsychological performance did not differ
significantly between the RTP group (8 [28.6%]) and the Match Control Group (7 [14.9%],
p=0.15).

A pre- to post-season comparison (baseline 2004 versus baseline 2005) of the
neuropsychological performance for the players who had experienced one or more head

impacts during the 2004 season (Season Head Impact Group, N=37) revealed
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neuropsychological score changes that were significantly different from their non-injured

colleagues (Season Control Group, N=107, Figure 10).

Figure 10: Change (%) in reaction time from baseline 2004 to baseline 2005 for players with
(Season Head Impact) and without (Season Control) a registered head impact during the
2004 season (N=144).
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The Season Head Impact Group included all head impacts, also those which were not
followed up. The majority (N=31, 83.7%) of the players in this group had experienced only
one head impact, and the mean time from the impact to follow up was 200 days (range 107 to
303). However, one player who experienced as many as 6 impacts was still within the normal
range for all tests at follow up. Within the Season Head Impact Group there were 7 reported
concussions that led to time-loss from training or matches, but only one of these had a
deteriorated performance on two or more tasks. This player was, however, below the 99
percentile of the predicted scores and had sustained two concussions during the 2004 season,

each keeping him out of training and matches for more than 21 days.

Only four players (10.8%) within the Season Head Impact Group showed a declined
performance from one year to the next on two or more subtasks. The corresponding number
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for the Season Control Group was 6 (5.7%) but this difference did not reach significance on
the Chi-square test (p=0.290). Furthermore, all the baseline tests performed in 2005 for the
Season Head Impact Group were within the normal range as defined by the manufacturer of

the test.

69



Discussion

Discussion

Compliance with the Test Protocol

Baseline testing

Based on the official player statistics, the total number of players in Tippeligaen was
approximately 330 each season. Hence, a realistic estimate of the response rate would be
close to 80%. However, the exact response rate within this group is difficult to estimate, due
to the considerably turnover of players in the professional football market, especially in the
pre-season period. This is illustrated by the fact that among the 271 players who completed a
baseline neuropsychological test prior to the 2004 season, 36 (13.3%) of them ended up not
even playing a single match the following season, and only 144 returned for pre-season
baseline testing the next year. Although a few players refused to perform a new baseline test
prior to the 2005 season, the most common cause for not participating was that the players
were no longer playing in Tippeligaen and had been replaced by new players during the
course of the season. Thus, the baseline assessments covered about 70% of the players who

went on to play matches.

Nevertheless, the footballer sample in this study is by far the largest sample investigated so
far. The main reason for not participating at baseline was that the player was not present at the
training camp at La Manga at the time of the testing, and only a handful of the players who
were available for baseline testing refused to participate. Although these players had no
evident common characteristics, we experienced that when a player with a dominant position
in the team refused to participate, his attitude would easily spread to two or three other team
members. However, no other selection bias is suspected. Hence, the cohort investigated in this
study is considered to be representative for the general population of professional football

players in Norway.

Follow up of the Minor Head Impacts

The incidences of minor head impacts and concussions that were identified in the prospective

league study were consistent with the incidences previously reported for professional football
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both in Norway (Andersen et al., 2004a) and internationally (Fuller et al., 2005). Thus, the
included head impacts seem to be representative for the minor head impacts that occur in

competitive football.

However, as presented in Figure 7, follow-up blood sampling and neuropsychological testing
was only performed for about 20% of these impacts. This problem with compliance with the
study protocol was identified already after the first season. To increase the compliance for the
second follow-up season, additional local bioengineers or physicians were recruited for each
arena to serve as objective live observers. Their focus at the match arena was to identify
minor head impacts during the match, to perform the 1 hour blood sampling and arrange for
the follow-up testing the following day with help from each team’s own medical personnel. In
addition, all teams were contacted the day after as usual if a head impact was identified on the

video review of the match.

Still, these efforts did not increase the compliance significantly. Several different reasons for
this were identified, but the by far most significant cause was that the players themselves
refused to be tested. The fact that a head “impact” and not a head “injury” was the qualifying
criteria for a follow-up test would naturally result in the inclusion of both perceived and actual
trivial impacts. Due to the liberal inclusion criteria, the players regarded most of these impacts
as trivial and were therefore reluctant to be tested. This is consistent with the results from the
video analyses showing that the impacts giving the impression of being severe, and where the
players did not return to play, were somewhat more likely to be followed up. Still, we
managed to test approximately 30% of the players who did return to play. Also more than
50% of the followed-up impacts were initially asymptomatic and thus not diagnosed as
concussions according to the Vienna definition. Only about 13% followed-up head impacts
were reported to TISS as concussions. Further on, only five episodes of loss of consciousness
and two episodes of post-traumatic amnesia were identified, and the vast majority of the

players in the followed-up group did return to play after the impact.

Both the cases and the controls in this study were tested after playing a regular league football
match at the same level. This is in contrast to the previous retrospective football studies,
where the footballers have been compared to controls from other populations (Tysvaer and
Lochen, 1991; 1992; Matser et al., 1998; 1999; 2001; Downs and Abwender, 2002). Although
there was a higher proportion of attackers and central defenders in the Head Impact Group,

compared to the Match Control Group, no significant differences were found for the live
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counted number of headings per player per match between the groups. Hence, the main

difference between the cases and controls in our study was the head impacts.

Nevertheless, the low compliance with follow-up testing represents the main limitation of this
study, and the question is to what extent the followed-up impacts are representative for all the
minor head impacts occurring during the course of the matches. The answer is that they were
not fully representative. But the vast majority of the followed-up incidents were initially
considered as benign and to some extent trivial, with no symptoms or signs present. Apart
from the study by Moriarity et al. (2004) where neuropsychological changes in amateur
boxers were assessed after a competition, this study is the first to include head impacts that
were not initially diagnosed as concussions in a prospective assessment of neuropsychological
changes after head traumas in sports (Warden et al., 2001; Collins et al., 2003a; Lovell et al.,
2004; Moriarity et al., 2004; Pellman et al., 2004a; Gosselin et al., 2006; Collie et al., 2006b).
Thus, the assessment of these minor impacts provides new and valuable information with
respect to acute nervous tissue injury and the neuropsychological effect of sub-concussive
minor head traumas. However, the material is not large enough to enable further analyses of
the effects of different injury mechanisms including impact speed, point of impact to the head,
striking object, awareness, etc. Although we did manage to do some subgroup analyses based
on symptoms, return to play (yes or no) and previous head impacts, the limited size of the
material must be taken into consideration when interpreting the neuropsychological results
from these analyses. And further on, the limited size of the material restricted any further

subgroup analyses.

Reproducibility of the Neuropsychological Test

The assessment of the translated version of the computerised neuropsychological test battery
(CogSport) showed excellent reproducibility for the reaction time measures. The measures of
consistency and accuracy were less reliable and consequently deemed not to be suitable as
outcome measures. These results are in accordance with the reproducibility studies performed
by the CogSport group itself (Collie et al., 2003a; Collie et al., 2003b). In their material the

reproducibility for the reaction time measures was still high when retested after one week.

Still, this current study did find significant improvements between test 1 and 2 on all subtasks

of CogSport. This was most evident for the consistency and the accuracy data, but also the
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reaction time measures did show a significant learning effect. However, the improvements for
the reaction time data were small, ranging from 0.4% to 2.7%, and a regression towards the
mean was evident (Paper III). Basically, this refers to the fact that the extreme cases tend to
come closer to the mean with repeated testing, which is a familiar statistical phenomenon, and
similar effects have been described in the application of other neuropsychological instruments

as well (Erlanger, 2001).

The vast majority of the learning effect has been shown to occur between the 1% and 2™
administration of the test (Falleti et al., 2003; Collie et al., 2003a). Hence, it is proposed that a
dual administration of the baseline test, where the first is discarded, would largely tease out
the practise effect. In conclusion, the reaction time measures were the most reproducible and
the least vulnerable to the practice effect. Hence, they are therefore recommended as primary

outcome measures of the test.

Effects of Heading Exposure and Previous Concussions
on Neuropsychological Performance

In general, the baseline investigations performed for this current study were based on the
same methodology as the previous studies in the field, including retrospective recall of
concussion history, self-reported heading frequency, and cross-sectional neuropsychological
testing (Tysvaer and Lochen, 1991; 1992; Matser et al., 1998; 1999; 2001; Downs and
Abwender, 2002; Witol and Webbe, 2003). However, in contrast to the previous studies a
computer-based neuropsychological test was used in this current study. There is no evidence
suggesting that the computerised tests used in our study are inferior to the conventional tests
used in the preceding studies (Bleiberg et al., 1998; Collie et al., 2003b), rather the other way
around. Nevertheless, we were not able to reproduce the previous findings of cognitive
deficits among professional footballers, and no association between neuropsychological
performance and the number of previous concussions or heading exposure was found.
However, there are some differences that could have contributed to the apparent discrepancies

between the current findings and the results from the previous studies.

First, it must be kept in mind that not all previous studies have found evidence of impaired
neurocognitive performance in football players (Guskiewicz, 2002). Second, critical reviews

of these previous studies have raised several concerns, especially related to the methods and
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control group selection used, concluding that the evidence behind their conclusions is sparse
(Kirkendall et al., 2001; Rutherford et al., 2003). The gold standard is that participants should
differ only on the variable under examination. Our approach was to use the footballers
themselves as controls since both heading frequency and concussion risk and history varies
considerably within this group according to the players’ physical characteristics, playing style,
technique and playing position (Andersen et al., 2004b; Fuller et al., 2005). However, the
neuropsychological performance for the group of players with previous head injuries was not
different from their non-injured teammates, and in addition, the proportion of players with

impaired neuropsychological performance was the same between these groups.

Still, age may be the most important difference between the current study and the studies that
have found the largest neurocognitive deficits related to concussion and sub-concussive blows
in sports (Roberts, 1969; Kaste et al., 1982; Tysvaer and Storli, 1989; 1991; 1992; Jordan et
al., 1997). The athletes assessed in these studies were significantly older than our footballers.
Thus, the discrepancy between the absence of neuropsychological deficits in this current study
and the high frequency of such in the work of Tysvar, might partly be due to effects related to
aging. However, this is not the case for the other studies reporting cognitive deficits among
football players where the players examined were in the same age group as in this current
study (Matser et al., 1998; 1999; 2001; Downs and Abwender, 2002; Witol and Webbe,
2003). The deficits reported in these studies on younger athletes were, however, much more
subtle and thus more vulnerable for methodological irregularities, such as type 1 statistical

errors (Rutherford et al., 2003).

In conclusion, neuropsychological testing of more than 270 professional football players did
not reveal any evidence of impairments when compared to normative control data. Half of the
footballers had experienced one or more previous concussions, but no effect of these
concussions on the neuropsychological performance could be detected. The heading
frequency was associated with the number of previous concussions, but not with

neuropsychological performance.

Minor Head Impact and Serum S100B

Minor head impacts led to a transient increase in the serum concentration of S100B that

exceeded values seen after high intensity training or heading exercises, but did not differ
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significantly from the increase caused by playing a football match alone. Apart from a small
study showing comparable increases in a group of 10 boxers assessed before and within 15
minutes after a bout in the German amateur boxing championship (Otto et al., 2000), no other
studies have measured S100B in athletes after minor head impacts that were not initially
diagnosed as concussions. However, several studies have assessed S100B values in minor
head trauma patients on admission to the hospital and compared the values with outcome and
findings on neuroimaging studies (CT/MRI, Figure 3). The mean S100B value for the Head
Impact Group was close to the cut-off used to screen for CT admissions in hospitals, but well
below the values for the minor head trauma cases with pathological CT/MRI and also lower

than the values for the other hospital admitted minor head trauma cases with normal CT/MRI.

Nevertheless, there are a few concerns that must be borne in mind when interpreting these
results. First, approximately 35% of the players who had played a competitive match with or
without experiencing a head impact, scored above the assigned cut-off. The values were
comparable to the increases seen after non-contact activities (Otto et al., 2000; Dietrich et al.,
2003; Stalnacke et al., 2003), and no values exceeded levels thought to represent true
neuropathology (Korfias et al., 2006). Nevertheless, there was a correlation between the
S100B values and the number of head accelerating events during the match, but there was no
correlation between the S100B values and the neuropsychological performance. In the
literature there is an agreement that the negative predictive value of the S100B measurements
with respect to injury-related lesions on CT/MRI is close to 100% when the cut-off level is set
to 0.12 ng/ml. Thus, for 60% of the head impact cases, the chance of having a visible lesion

on a CT/MRI scan is close to 0.

The second concern is related to the interval from the impact to the blood sampling. The
biological half-life of S1I00B in serum has been reported to be as short as 25 minutes (Jonsson
et al., 2000), and consequently an increase caused by the head impact would decrease
substantially during the time from the impact until the end of the match. On the other hand,
the time from the impact to the sampling of S100B was comparable to the reported time
frames in the studies assessing hospital admitted patients with minor head traumas
(Biberthaler et al., 2002; Mussack et al., 2002a; Biberthaler et al., 2006). Still, as previously

addressed, the values for the Head Impact Group were significantly lower (Figure 3).

Hence, the head impacts did not have any additive effect on the SI00B concentration when

compared to playing a football match only. In addition, the values measured within three
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hours after the impact were far from the levels seen in hospitalised minor head trauma patients
with pathological CT/MRI scans. Consequently, there is no evidence suggesting that the head

impacts experienced by these footballers caused any nervous tissue injury.

S100B and Football Play

We found an increase in serum S100B after playing a regular match without experiencing any
head impacts. In addition, a somewhat smaller increase was found after a high-intensity
exercise without heading. These findings correspond well with the results for the sports
studies presented in the meta-analysis of S100B (Figure 3). Playing a competitive match is
associated with high levels of stress, adrenaline and physical intensity, which it is difficult to
mimic in a regular training session. This was reflected in the post-training questionnaire,
where 53% of the players reported a lower level of fatigue after the training session compared
to a league match. Hence, the higher B1 values for the match groups compared to training
groups in our study could be due to different level of exertion only. These results support the
idea that the serum concentration of S100B can be altered be physical activity only.
Consequently, S100B is not ideal as a screening tool for potential neuropathology after minor

head traumas in sports involving high-intensity physical activity.

S100B and Heading

In our heading exercise session, the idea was to minimize the effect of physical activity and
subsequently tease out the effect of heading alone. However, after correcting for the
difference in the S100B baseline values within the Heading Group, we could not detect any
relationship between S100B and perceived heading intensity. Furthermore, for the Match
Control Group we found no correlation between the observed number of headings and head
accelerating events and the Delta B1 values as previously reported in studies of Swedish
footballers (Stalnacke et al., 2004; Stalnacke et al., 2006). Yet, a closer examination of the
baseline levels for the upper quartile compared to the lower quartile with respect to the
number of headings in the match, revealed a trend towards higher baseline levels for those
who headed more frequently and consequently, this could cause a subsequent bias of the delta
values for our Match Control Group. A plausible explanation could be that the baseline
samples were collected during a training camp where the players had two or three training

sessions per day, and although the baseline blood sampling was performed in the morning
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before training, there could be some effects left from the training sessions the day before for

the most frequent headers.

In contrast to our results from the heading session, Mussack et al. (2003) found that an
exercise session with repetitive controlled headings led to a higher transient increase in serum
S100B than an exercise session only. However, this difference could very well be due to the
fact that our footballers were significantly older and most likely much more experienced

headers than the young players who were assessed in the study by Mussack et al.

Nevertheless, the heading exercise did cause a transient increase in S100B, even when the
physical activity component was reduced to a minimum. However, the magnitude of the
increase was well below the values measured after minor head traumas and not
distinguishable from the increases seen after high intensive physical activities. Still, the
significantly higher values for the Match Control Group might suggest an additive effect of
heading and physical activity. As a consequence, the interpretation of an increased S100B
value after a head impact in a match is even more difficult. Nevertheless, these values were as
illustrated in Figure 3, far from levels seen in patients with positive CT/MRI scans and thus
there are no evidence suggesting that controlled heading causes any injury to the nervous

tissue.

Change in Neuropsychological Performance

This study is the first to prospectively identify neuropsychological changes after head impacts
during regular football matches irrespective of whether the impacts were initially diagnosed
as concussions or not. On the group level, the largest decline in reaction time from baseline to
follow up for any test was approximately 12% (Psychomotor function). Both the magnitude
and the pattern of the deficits were comparable to the results reported for other concussed
athletes (Makdissi et al., 2001; Erlanger et al., 2001; Iverson et al., 2003; Collins et al.,
2003b; Lovell et al., 2004; Moriarity et al., 2004; Bleiberg et al., 2004; Pellman et al., 2004a;
Collie et al., 2006b). However, a comparison of the raw data shows that the footballers in the
Head Impact Group were generally faster than most of the initially concussed athletes in the
other studies on both the baseline and the follow-up assessments. However, the percent
change from baseline to follow up was similar. Nevertheless, in other studies, where the

deficits also were limited to the Psychomotor function and Decision-making only, the authors
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have concluded that these athletes should be considered to have acute cognitive impairments

until proven otherwise (Moriarity et al., 2004).

Symptomatic Versus Asymptomatic Players

It should be noted that both the symptomatic and the asymptomatic players after head impacts
demonstrated a reduced neuropsychological performance compared to controls (Figure 9).
This is in contrast to the results from the previously mentioned study by Moriarity et al.
(2004). They only identified deficits in boxers who presented neurological symptoms and
signs to make the referee stop the match to prevent further injury. Except for this study, no
other prospective studies have assessed athletes after minor head impacts that were not

initially diagnosed as concussions.

On the other hand, several studies have assessed initially concussed athletes where the
symptoms have resolved after a few minutes or by the time of testing (Warden et al., 2001;
Collins et al., 2003a; Lovell et al., 2004; Pellman et al., 2004a; Gosselin et al., 2006; Collie et
al., 2006b). In coherence with the findings in our study, there seems to be an agreement that
the largest deficits in neuropsychological performance are found among the players being
symptomatic at the time of the test (Lovell et al., 2004; Pellman et al., 2004a; Collic et al.,
2006b). Nevertheless, other, studies have revealed electrophysiological changes (Gosselin et
al., 2006) as well as neuropsychological deficits (Warden et al., 2001) among concussed
athletes where the symptoms have allegedly resolved. Still, our study is the first to
demonstrate acute neuropsychological deficits after minor head impacts where the player did

not report any acute concussive symptoms.

Long-Term Effects

The comparisons of the baseline from 2004 to baseline 2005 revealed a reduced
neuropsychological performance for the players who had experienced one or more head
impacts during the 2004 season that were significantly different from their uninjured
colleagues. The Season Head Impact group included all head impacts, also those that were not
followed up, and a selection bias is therefore unlikely. The main difference between the

groups was found for the Decision-making task (Figure 10).

Neuropsychological tasks measuring choice reaction time comparable to the Decision-making
task in the CogSport battery have proved to detect deficits 3-10 months after closed head
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traumas in patients with allegedly good outcome (Stuss et al., 1985; Hugenholtz et al., 1988;
Stuss DT et al., 1989). However, these previous studies consisted of cases initially
hospitalised for their injury and thus represented a more severe spectrum of minor head
traumas. In comparison, within the Season Head Impact Group there were 7 reported
concussions that led to time loss from training or matches, but only one of these had a

deteriorated performance on two or more tasks.

Not surprisingly, the Season Head Impact Group had a higher proportion of frequent headers,
and players playing in positions with an increased risk of sustaining head impacts. Since there
were no registration of head impacts from the end of the season in late October 2004 until the
follow-up testing (preseason baseline) in February/March 2005, we cannot exclude that these
players had experienced unreported minor head impacts in a match or during training close to
the follow-up test which could have influenced their performance. On the other hand, this
skewness in risk of head traumas between the two groups would have been present prior to
the baseline testing in 2004 as well, and no significant differences between the two groups

were found at that time.

Comparisons of individual change from baseline to follow up have been suggested as more
sensitive than cross-sectional control group comparisons for detecting head injury related
neuropsychological effects (Sundstrom et al., 2004). Within the Season Head Impact Group,
there were only 4 (10.8%) players who showed a declined performance on two or more
subtests. Moreover, all the 37 follow-up tests completed by the players in the Season Head
Impact Group were within the normal range as defined by the manufacturer. Consequently,
the clinical significance of the deficit demonstrated for the Season Head Impact Group

compared to the Season Controls is not known.

Clinical Implications

A total of 28 footballers in our study returned to play directly after the impact (RTP Group).
Even though these were allegedly asymptomatic and considered fit to play the rest of the
match, one third reported at the time of the testing that they indeed had experienced
symptoms of concussion directly after the impact and an additional four players experienced a
delayed onset of such symptoms. The RTP Group also demonstrated a declined

neuropsychological performance compared to controls. These findings emphasise the
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perception that concussive symptoms are often not recognised by the players (Delaney et al.,
2002), and that, if recognised, only half of the players report their symptoms to others
(McCrea et al., 2004). This is also reflected by the large discrepancy between the number of
concussions reported to TISS and the concussions classified retrospectively based on the
symptom self-report from the 69 followed-up impacts (Table 6). If the Vienna concussion
definition had been applied, a total of 27 of these would be diagnosed as concussed. This
represents 11.8% of all head impacts identified on video during the follow-up period and thus,
the corresponding concussion incidence for the players in Tippeligaen would be at least 2.3
per 1000 playing hours, which is up to four times higher than the previously reported
incidences (Delaney et al., 2002; Covassin et al., 2003; Andersen et al., 2004a; Fuller et al.,
2005; Hootman et al., 2007; Dvorak et al., 2007b).

On the other hand, meta-analyses of previously published studies within the field have not
been able to identify neuropsychological deficits attributable to minor head traumas beyond 7
days post impact for the sports-related concussions (Belanger and Vanderploeg, 2005), and 3
months for the minor head trauma population at large (Belanger et al., 2005). This is in line
with our results from the baseline investigation (Paper II), where no significant effect of
previous concussions on neuropsychological performance was found, and the results from the

change in baseline performance from one year to the next, do not alter this perception.

Nevertheless, sub-concussive head impacts in football caused acute impairments in
neuropsychological performance that differed significantly from the effect of playing an elite
football match. Although the largest deficits were seen in the symptomatic players, both the
asymptomatic players and the players who returned to play also showed significant deficits
compared to controls. However, this current study does not provide any evidence suggesting
that these acute impairments develop into more chronic brain impairments such as chronic
traumatic brain injury. Nevertheless, the finding does emphasise the need for an increased
awareness of concussion signs and symptoms not only among the team’s medical personnel,

but also among the players themselves.
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Conclusions

A translated version of the computerised neuropsychological test battery (CogSport) showed
excellent reproducibility in our large cohort of Norwegian professional football players. The
reaction time measures proved to be the most reliable for all subtasks tested and were
therefore recommended as primary outcome measures. However, a small but significant
practise effect was found, and dual baseline testing with rejection of the first test is advised to

minimise these effects.

The neuropsychological testing of more than 270 professional football players did not reveal
any evidence of impairments, even when compared to normative controls. Half of the
footballers had experienced one or more previous concussions, but no effect of these
concussions on the neuropsychological performance was found. The heading frequency was
associated with the number of previous concussions, but not with neuropsychological

performance.

Both football training and football matches cause a transient increase in serum S100B up to
the cut-off level for what is considered as pathological values. The S100B values are,
however, below the level for hospital admitted patients with minor head trauma, and minor
head impacts do not cause an additional increase in the S100B level beyond what is measured
after a regular match. Thus, there is no evidence suggesting that there is significant brain
tissue injury after these minor head impacts in football. However, the S100B sample may not
be an ideal marker for brain injury in athletes due to the increases seen after physical activity

alone.

Signs of reduced neuropsychological performance were found after minor head impacts in
football, even in allegedly asymptomatic players and in players who were not removed from
play. However, the followed-up impacts represented the more severe spectrum of the minor
head impacts in football. Still, only six of these 44 impacts were reported as concussions. In
addition, individual pre-season test performance was somewhat reduced from one year to the
next in footballers who had experienced one or more head impacts during the season,
although all tests were normal when compared to normative data. Consequently, the clinical

significance of this finding is uncertain.
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Future Research

This study has demonstrated acute neuropsychological changes caused by minor head impacts
in football comparable to what is seen after concussions, even in the cases were the player
reported no symptoms and continued to play the rest of the match. Nevertheless, even after a
verified concussion, among athletes the neuropsychological deficits have been reported to
resolve within a few days (Belanger and Vanderploeg, 2005), and there is no reason to believe

that the concussive or sub-concussive impacts observed in this study will progress differently.

Other studies have indicated that the brain might compensate for the functional deficits caused
by neurotrauma and that symptoms only will emerge with increasing age (Mortimer et al.,
1985; Ronnlund et al., 2005; Sundstrom et al., 2006). The latest research in this field also
suggests that this vulnerability is attached to a genetic disposition (APOE ¢4) (Jordan et al.,
1997; Sundstrom et al., 2004; Teasdale et al., 2005; 2006). In conclusion, the questions

related to potential cumulative effects of these impacts are still unresolved.

This study, based on the baseline data on 404 football players with normal
neuropsychological test performance, represents a unique opportunity to examine the long-
term effects of football play. Many of them will continue to play football in different teams in
Tippeligaen for several years ahead, and the teams’ medical personnel will continue to report
time-loss injuries to TISS. Consequently, this represents an opportunity for a five and ten year
follow-up study assessing the development in neuropsychological performance for the
footballers. One might also consider performing APOE-genotyping to identify if this is a
contributing factor to the neurocognitive development in football players, although this raises
some ethical issues. In addition, a control group of elite athletes from non-contact sports
should be added as an additional control group. Baseline data has already been collected from

a group of Norwegian elite swimmers and orienteerers for this purpose.

82



References

References

Abdul-Rahman A, Dahlgren N, Johansson BB, Siesjo BK. Increase in local cerebral blood flow
induced by circulating adrenaline: involvement of blood-brain barrier dysfunction. Acta Physiol

Scand 1979; 107: 227-232.

AIBA. Rules for International Competitions or Tournaments. Association Internationale de Boxe

(AIBA); 2003.

Alexander MP. Mild traumatic brain injury: pathophysiology, natural history, and clinical
management. Neurology 1995; 45: 1253-1260.

Andersen TE, Arnason A, Engebretsen L, Bahr R. Mechanisms of head injuries in elite football.
Br ] Sports Med 2004a; 38: 690-696.

Andersen TE, Tenga A, Engebretsen L, Bahr R. Video analysis of injuries and incidents in
Norwegian professional football. Br ] Sports Med 2004b; 38: 626-631.

Anderson RE. No correlation between serum concentrations of S100B and cognitive function.

Acta Anaesthesiol Scand 2002; 46: 1179.

Anderson RE, Hansson LO, Nilsson O, jlai-Merzoug R, Settergren G. High serum S100B levels

for trauma patients without head injuries. Neurosurgery 2001; 48: 1255-1258.

Arnason A, Sigurdsson SB, Gudmundsson A, Holme I, Engebretsen L, Bahr R. Physical fitness,

injuries, and team performance in soccer. Med Sci Sports Exerc 2004; 36: 278-285.

Asplund CA, McKeag DB, Olsen CH. Sport-related concussion: factors associated with
prolonged return to play. Clin | Sport Med 2004; 14: 339-343.

Aubry M, Cantu R, Dvorak ], Graf-Baumann T, Johnston K, Kelly | ¢ /. Summary and
agreement statement of the First International Conference on Concussion in Sport, Vienna 2001.
Recommendations for the improvement of safety and health of athletes who may suffer

concussive injuries. Br | Sports Med 2002; 36: 6-10.

Babbs CF. Biomechanics of heading a soccer ball: implications for player safety.

ScientificWorldJournal 2001; 1: 281-322.

83



References

Barnes BC FAU, Cooper LF, Kirkendall DT FAU, McDermott TP FAU, Jordan BD FAU,
Garrett WE, Jr. Concussion history in elite male and female soccer players. Am J Sports Med

1998.

Baroff GS. Is heading a soccer ball injurious to brain function? ] Head Trauma Rehabil 1998; 13:
45-52.

Barth J, Broshek D, Freeman J. A New Frontier for Neuropsychology. In: Echemendia RJ,
editor. Sports Neuropsychology. New York: The Guildford Press; 2006. p. 3-16.

Barzo P, Marmarou A, Fatouros P, Corwin I, Dunbar J. Magnetic resonance imaging-monitored
acute blood-brain barrier changes in experimental traumatic brain injury. | Neurosurg 1996; 85:

1113-1121.

Barzo P, Marmarou A, Fatouros P, Corwin I, Dunbar JG. Acute blood-brain barrier changes in
experimental closed head injury as measured by MRI and Gd-DTPA. Acta Neurochir Suppl
1997; 70: 243-2406.

Bazarian JJ, Blyth B, Cimpello L. Bench to bedside: evidence for brain injury after concussion--

looking beyond the computed tomography scan. Acad Emerg Med 2006a; 13: 199-214.

Bazarian JJ, Zemlan FP, Mookerjee S, Stigbrand T. Serum S-100B and cleaved-tau are poor

predictors of long-term outcome after mild traumatic brain injury. Brain Inj 2006b; 20: 759-765.

Begaz T, Kyriacou DN, Segal |, Bazarian JJ. Serum biochemical markers for post-concussion

syndrome in patients with mild traumatic brain injury. ] Neurotrauma 20006; 23: 1201-1210.

Belanger HG, Curtiss G, Demery JA, Lebowitz BK, Vanderploeg RD. Factors moderating
neuropsychological outcomes following mild traumatic brain injury: a meta-analysis. | Int

Neuropsychol Soc 2005; 11: 215-227.

Belanger HG, Vanderploeg RD. The neuropsychological impact of sports-related concussion: a
meta-analysis. ] Int Neuropsychol Soc 2005; 11: 345-357.

Benestad HB, Laake P. Metode og Planlegging. In: Benestad HB, Laake P, editors.
Forskningsmetode 1 medisin og biofag. Gylendal Norsk Forlag AS; 2004. p. 83-114.

Benton A. The revised visual retension test. Clinical and experimental aplications. New York:

The Psychological Corporation; 1963.

84



References

Berg E. A simple objective technique for measuring flexibility of thinking. ] Gen Psychol 1948;
39: 15-22.

Bergsneider M, Hovda DA, Shalmon E, Kelly DF, Vespa PM, Martin NA ez a/. Cerebral
hyperglycolysis following severe traumatic brain injury in humans: a positron emission

tomography study. ] Neurosurg 1997; 86: 241-251.

Biberthaler P, Linsenmeier U, Pfeifer KJ, Kroetz M, Mussack T, Kanz KG e a/. Serum S-100B
concentration provides additional information fot the indication of computed tomography in

patients after minor head injury: a prospective multicenter study. Shock 2006; 25: 446-453.

Biberthaler P, Mussack T, Wiedemann E, Gilg T, Soyka M, Koller G e¢f a/. Elevated serum levels
of S-100B reflect the extent of brain injury in alcohol intoxicated patients after mild head trauma.

Shock 2001a; 16: 97-101.

Biberthaler P, Mussack T, Wiedemann E, Kanz KG, Koelsch M, Gippner-Steppert C ef al.
Evaluation of S-100b as a specific marker for neuronal damage due to minor head trauma. World

J Surg 2001b; 25: 93-97.

Biberthaler P, Mussack T, Wiedemann E, Kanz KG, Mutschler W, Linsenmaier U e a/. Rapid
identification of high-risk patients after minor head trauma (MHT) by assessment of S-100B:

ascertainment of a cut-off level. Eur | Med Res 2002; 7: 164-170.

Binder LM. A review of mild head trauma. Part II: Clinical implications. | Clin Exp
Neuropsychol 1997; 19: 432-457.

Binder LM, Rohling ML, Larrabee J. A review of mild head trauma. Part I: Meta-analytic review

of neuropsychological studies. ] Clin Exp Neuropsychol 1997; 19: 421-431.

Bleiberg J, Cernich AN, Cameron K, Sun W, Peck K, Ecklund PJ ¢f /. Duration of cognitive

impairment after sports concussion. Neurosurgery 2004; 54: 1073-1078.

Bleiberg J, Halpern EL, Reeves D, Daniel JC. Future directions for the neuropsychological

assessment of sports concussion. | Head Trauma Rehabil 1998; 13: 36-44.

Blennow K, Popa C, Rasulzada A, Minthon L, Wallin A, Zetterberg H. [There is a strong

evidence that professional boxing results in chronic brain damage. The more head punches

during a boxet's career, the bigger is the risk]. Lakartidningen 2005; 102: 2468-5.

85



References

Boden BP, Kirkendall DT, Garrett WE, Jr. Concussion incidence in elite college soccer players.
Am ] Sports Med 1998; 26: 238-241.

Boden BP, Tacchetti RL, Cantu RC, Knowles SB, Mueller FO. Catastrophic Head Injuries in
High School and College Football Players. Am ] Sports Med 2007; 0363546507299239.

Bohnen N, Jolles J, Twijnstra A. Neuropsychological deficits in patients with persistent

symptoms six months after mild head injury. Neurosurgery 1992; 30: 692-695.

Broderick C, Skakum A, Schweizer T, Jindani F, Vogel-Sprott M, Danckert | ¢f a/. How good are

computerized neuropsychological test batteries at detecting impairment? 2004.

Broglio SP, Ferrara MS, Piland SG, Anderson RB, Collie A. Concussion history is not a predictor
of computerised neurocognitive performance * COMMENTARY. Br J Sports Med 2006; 40:
802-805.

Broglio SP, Guskiewicz KM, Sell TC, Lephart SM. No acute changes in postural control after
soccer heading. Br J Sports Med 2004; 38: 561-567.

Broglio SP, Tomporowski PD, Ferrara MS. Balance performance with a cognitive task: a dual-

task testing paradigm. Med Sci Sports Exerc 2005; 37: 689-695.

Bruce DA, Alavi A, Bilaniuk L, Dolinskas C, Obrist W, Uzzell B. Diffuse cerebral swelling
following head injuries in children: the syndrome of "malignant brain edema". ] Neurosurg 1981;

54:170-178.

Butler RJ. Neuropsychological investigation of amateur boxers. Br | Sports Med 1994; 28: 187-
190.

Butler RJ, Forsythe WI, Beverly DW, Adams LM. A prospective controlled investigation of the
cognitive effects of amateur boxing. ] Neurol Neurosurg Psychiatry 1993; 56: 1055-1061.

Cantu RC. Second-impact syndrome. Clin Sports Med 1998; 17: 37-44.

Carlsson GS, Svardsudd K, Welin L. Long-term effects of head injuries sustained during life in
three male populations. ] Neurosurg 1987; 67: 197-205.

86



References

Cassidy JD, Carroll L], Peloso PM, Borg J, von HH, Holm L ¢/ a/. Incidence, risk factors and
prevention of mild traumatic brain injury: results of the WHO Collaborating Centre Task Force

on Mild Traumatic Brain Injury. ] Rehabil Med 2004; 28-60.

Cernich A, Reeves D, Sun W, Bleiberg J. Automated Neuropsychological Assessment Metrics
sports medicine battery. Arch Clin Neuropsychol 2006.

Clausen H, McCrory P, Anderson V. The risk of chronic traumatic brain injury in professional

boxing: change in exposure variables over the past century. Br | Sports Med 2005; 39: 661-664.

Collie A, Maruff P, Makdissi M, Darby D, McCrory P, McStephen M. CogSport. In: Echemendia
RJ, editor. Sports Neuropsychology. New York: The Guilford Press; 2006a.

Collie A, Darby D, Maruff P. Computerised cognitive assessment of athletes with sports related

head injury. Br J Sports Med 2001; 35: 297-302.

Collie A, Makdissi M, Maruff P, Bennell K, McCrory P. Cognition in the days following
concussion: comparison of symptomatic versus asymptomatic athletes. | Neurol Neurosurg

Psychiatry 2006b; 77: 241-245.

Collie A, Maruff P, Darby DG, McStephen M. The effects of practice on the cognitive test
performance of neurologically normal individuals assessed at brief test-retest intervals. | Int

Neuropsychol Soc 2003a; 9: 419-428.

Collie A, Maruff P, Makdissi M, McCrory P, McStephen M, Darby D. CogSport: reliability and
correlation with conventional cognitive tests used in postconcussion medical evaluations. Clin |

Sport Med 2003b; 13: 28-32.

Collie A, McCrory P, Makdissi M. Does history of concussion affect current cognitive status? Br

J Sports Med 2006¢; 40: 550-551.

Collins MW, Field M, Lovell MR, Iverson G, Johnston KM, Maroon | ¢ a/. Relationship between
postconcussion headache and neuropsychological test performance in high school athletes. Am J

Sports Med 2003a; 31: 168-173.

Collins MW, Iverson GL, Lovell MR, McKeag DB, Norwig |, Maroon J. On-field predictors of
neuropsychological and symptom deficit following sports-related concussion. Clin | Sport Med

2003b; 13: 222-229.

87



References

Collins MW, Grindel SH, Lovell MR, Dede DE, Moser DJ, Phalin BR ¢ a/. Relationship Between
Concussion and Neuropsychological Performance in College Football Players. JAMA: The
Journal of the American Medical Association 1999; 282: 964-970.

Corder EH, Huang R, Cathcart HM, Lanham IS, Parker GR, Cheng D ¢/ a/. Membership in
genetic groups predicts Alzheimer disease. Rejuvenation Res 2006; 9: 89-93.

Costa L, Vaughan H, Levita E, Farber N. Purdue Pegboard as a predictor of the presence and
laterality of cerebral lesions. ] Consult Psychol 1963; 27: 133-137.

Covassin T, Swanik CB, Sachs ML. Epidemiological considerations of concussions among

intercollegiate athletes. Appl Neuropsychol 2003; 10: 12-22.

Darby D, Maruff P, Collie A, McStephen M. Mild cognitive impairment can be detected by
multiple assessments in a single day. Neurology 2002; 59: 1042-1046.

Davies A. The influence of age on Trial Making Test performance. ] Clin Psychol 1968; 24: 96-
98.

DeKruijk Jr, Leffers P, Menheere PP, Meerhoff S, Rutten J, Twijnstra A. Prediction of post-
traumatic complaints after mild traumatic brain injury: early symptoms and biochemical markers.

J Neurol Neurosurg Psychiatry 2002; 73: 727-732.

DeKruijk Jr, Leffers P, Menheere PP, Meerhoff S, Twijnstra A. S-100B and neuron-specific
enolase in serum of mild traumatic brain injury patients. A comparison with health controls. Acta

Neurol Scand 2001; 103: 175-179.

Delaney JS, Drummond R. Has the time come for protective headgear for soccer? Clin ] Sport

Med 1999; 9: 121-123.

Delaney JS, Lacroix V], Leclerc S, Johnston KM. Concussions among university football and

soccer players. Clin | Sport Med 2002; 12: 331-338.

Dietrich MO, Tort AB, Schaf DV, Farina M, Goncalves CA, Souza DO ef 4/. Increase in serum
S100B protein level after a swimming race. Can ] Appl Physiol 2003; 28: 710-716.

Dietrich MO, Souza DO, Portela LV. Serum S100B protein: what does it mean during exercise?
Clin J Sport Med 2004; 14: 368-369.

88



References

Dikmen S, McLean A, Temkin N. Neuropsychological and psychosocial consequences of minor

head injury. | Neurol Neurosurg Psychiatry 1986; 49: 1227-1232.

Donato R. Functional roles of S100 proteins, calcium-binding proteins of the EF-hand type.
Biochim Biophys Acta 1999; 1450: 191-231.

Downs DS, Abwender D. Neuropsychological impairment in soccer athletes. ] Sports Med Phys
Fitness 2002; 42: 103-107.

Dvorak J, Junge A, Grimm K, Kirkendall D. Medical report from the 2006 FIFA World Cup
Germany. Br J Sports Med 2007a; 41: 578-581.

Dvorak J, McCrory P, Kirkendall DT. Head injuries in the female football player: incidence,
mechanisms, risk factors and management. Br | Sports Med 2007b; 41: 144-140.

Echemendia RJ. Sports Neuropsychology. New York: The Guildford Press; 2000.

Echemendia RJ, Putukian M, Mackin RS, Julian L, Shoss N. Neuropsychological test
performance prior to and following sports-related mild traumatic brain injury. Clin J Sport Med

2001; 11: 23-31.

Erlanger. International Symposium on Concussion in Sport. Abstracts. Br | Sports Med 2001;

370-371.

Erlanger D, Feldman D, Kutner K, Kaushik T, Kroger H, Festa | ¢f a/. Development and
validation of a web-based neuropsychological test protocol for sports-related return-to-play

decision-making. Arch Clin Neuropsychol 2003; 18: 293-316.

Erlanger D, Saliba E, Barth |, Almquist J, Webright W, Freeman J. Monitoring Resolution of
Postconcussion Symptoms in Athletes: Preliminary Results of a Web-Based Neuropsychological

Test Protocol. ] Athl Train 2001; 36: 280-287.

Erlanger DM, Kutner KC, Barth JT, Barnes R. Neuropsychology of sports-related head injury:
Dementia Pugilistica to Post Concussion Syndrome. Clin Neuropsychol 1999; 13: 193-209.

Falleti MG, Maruff P, Collie A, Darby D, McStephen M. Qulitative similarities in cognitive
impairment asociated with 24 h of sustained wakefulness and a blood alcohol concentration of

0.05%. J Sleep Res 2003; 12: 265-274.

89



References

Fehrenbach E, Schneider ME. Trauma-induced systemic inflammatory response versus exercise-

induced immunomodulatory effects. Sports Med 2006; 36: 373-384.
FIFA. Big Count survey. 2000.

Frencham KA, Fox AM, Maybery MT. Neuropsychological studies of mild traumatic brain
injury: a meta-analytic review of research since 1995. ] Clin Exp Neuropsychol 2005; 27: 334-351.

Friedman G, Froom P, Sazbon L, Grinblatt I, Shochina M, Tsenter | ¢f a/. Apolipoprotein E-

epsilon4 genotype predicts a poor outcome in survivors of traumatic brain injury. Neurology

1999; 52: 244-248.

Fulle S, Mariggio MA, Belia S, Nicoletti I, Fano G. Nerve growth factor inhibits apoptosis
induced by S-100 binding in neuronal PC12 cells. Neuroscience 1997; 76: 159-166.

Fuller CW, Ekstrand J, Junge A, Andersen TE, Bahr R, Dvorak J ¢ a/. Consensus statement on
injury definitions and data collection procedures in studies of football (soccer) injuries. Clin |

Sport Med 2006; 16: 97-106.

Fuller CW, Junge A, Dvorak J. A six year prospective study of the incidence and causes of head
and neck injuries in international football. Br | Sports Med 2005; 39 Suppl 1: 13-19.

Gabbe BJ, Finch CF, Bennell KL, Wajswelner H. How valid is a self reported 12 month sports
injury history? Br ] Sports Med 2003; 37: 545-547.

Gaetz M, Goodman D, Weinberg H. Electrophysiological evidence for the cumulative effects of

concussion. Brain Inj 2000; 14: 1077-1088.

Gasquoine PG. Postconcussional symptoms in chronic back pain. Appl Neuropsychol 2000; 7:
83-89.

Gennarelli TA. Mechanisms of brain injury. ] Emerg Med 1993; 11 Suppl 1: 5-11.

Giza CC, Hovda DA. The Neurometabolic Cascade of Concussion. | Athl Train 2001; 36: 228-
235.

Gosselin N, Theriault M, Leclerc S, Montplaisir J, Lassonde M. Neurophysiological anomalies in

symptomatic and asymptomatic concussed athletes. Neurosurgery 2006; 58: 1151-1161.

90



References

Gouvier WD, Cubic B, Jones G, Brantley P, Cutlip Q. Postconcussion symptoms and daily stress

in normal and head-injured college populations. Arch Clin Neuropsychol 1992; 7: 193-211.

Grindel SH, Lovell MR, Collins MW. The assessment of sport-related concussion: the evidence

behind neuropsychological testing and management. Clin J Sport Med 2001; 11: 134-143.

Gronwall D. Paced Auditory Serial Addition Task: A measure of recovery from concussion.

Percept Mot Skills 1977; 44: 367-373.
Gronwall D, Wrightson P. Cumulative effect of concussion. Lancet 1975; 2: 995-997.

Gunstad J, Suhr JA. Cognitive factors in Postconcussion Syndrome symptom report. Arch Clin

Neuropsychol 2004; 19: 391-405.

Guskiewicz KM. No evidence of impaired neurocognitive performance in collegiate soccer

players. Am ] Sports Med 2002; 30: 630.

Guskiewicz KM, McCrea M, Marshall SW, Cantu RC, Randolph C, Barr W ¢ /. Cumulative
effects associated with recurrent concussion in collegiate football players: the NCAA Concussion

Study. JAMA 2003; 290: 2549-2555.

Guskiewicz KM, Ross SE, Marshall SW. Postural Stability and Neuropsychological Deficits After
Concussion in Collegiate Athletes. ] Athl Train 2001; 36: 263-273.

Haglund Y, Eriksson E. Does amateur boxing lead to chronic brain damage? A review of some

recent investigations. Am ] Sports Med 1993; 21: 97-109.

Haimoto H, Hosoda S, Kato K. Differential distribution of immunoreactive S100-alpha and

S100-beta proteins in normal nonnervous human tissues. Lab Invest 1987; 57: 489-498.
Hanin I. The Gulf War, stress and a leaky blood-brain barrier. Nat Med 1996; 2: 1307-1308.

Hootman JM, Dick R, Agel J. Epidemiology of collegiate injuries for 15 sports: summary and

recommendations for injury prevention initiatives. | Athl Train 2007; 42: 311-319.

Hu J, Ferreira A, Van Eldik L]. S100beta induces neuronal cell death through nitric oxide release
from astrocytes. | Neurochem 1997; 69: 2294-2301.

Hu J, Castets I, Guevara JL, Van Eldik LJ. S100beta Stimulates Inducible Nitric Oxide Synthase
Activity and mRNA Levels in Rat Cortical Astrocytes. ] Biol Chem 1996; 271: 2543-2547.

91



References

Hugenholtz H, Stuss DT, Stethem LL, Richard MT. How long does it take to recover from a
mild concussion? Neurosurgery 1988; 22: 853-858.

Ingebrigtsen T, Rise IR, Wester K, Romner B, Kock-Jensen C. [Scandinavian guidelines for
management of minimal, mild and moderate head injuries]. Tidsskr Nor Laegeforen 2000a; 120:

1985-1990.

Ingebrigtsen T, Romner B. Biochemical serum markers for brain damage: a short review with

emphasis on clinical utility in mild head injury. Restor Neurol Neurosci 2003; 21: 171-176.

Ingebrigtsen T, Romner B, Marup-Jensen S, Dons M, Lundqvist C, Bellner ] ¢z 2/. The clinical
value of serum S-100 protein measurements in minor head injury: a Scandinavian multicentre

study. Brain Inj 2000b; 14: 1047-1055.

Ingebrigtsen T, Waterloo K, Jacobsen EA, Langbakk B, Romner B. Traumatic brain damage in
minor head injury: relation of serum S-100 protein measurements to magnetic resonance imaging

and neurobehavioral outcome. Neurosurgery 1999; 45: 468-475.

Iverson GL, Brooks BL, Collins MW, Lovell MR. Tracking neuropsychological recovery
following concussion in sport. Brain Inj 2006a; 20: 245-252.

Iverson GL, Brooks BL, Lovell MR, Collins MW. No cumulative effects for one or two previous
concussions. Br ] Sports Med 2006b; 40: 72-75.

Iverson GL, Lovell MR, Collins MW. Interpreting change on ImPACT following sport
concussion. Clin Neuropsychol 2003; 17: 460-467.

Janda DH, Bir CA, Cheney AL. An evaluation of the cumulative concussive effect of soccer

heading in the youth population. Inj Control Saf Promot 2002; 9: 25-31.

Johnston KM, McCrory P, Mohtadi NG, Meeuwisse W. Evidence-Based review of sport-related
concussion: clinical science. Clin | Sport Med 2001; 11: 150-159.

Jonsson H, Johnsson P, Hoglund P, Alling C, Blomquist S. Elimination of S100B and renal
function after cardiac surgery. ] Cardiothorac Vasc Anesth 2000; 14: 698-701.

Jordan BD. Chronic traumatic brain injury associated with boxing. Seminars in Neurology 2000;

20: 179-185.

92



References

Jordan BD, Relkin NR, Ravdin LD, Jacobs AR, Bennett A, Gandy S. Apolipoprotein E epsilon4
associated with chronic traumatic brain injury in boxing. JAMA 1997; 278: 136-140.

Jordan SE, Green GA, Galanty HL, Mandelbaum BR, Jabour BA. Acute and chronic brain injury
in United States National Team soccer players. Am J Sports Med 1996; 24: 205-210.

Junge A, Cheung K, Edwards T, Dvorak J. Injuries in youth amateur soccer and rugby players--
comparison of incidence and characteristics. Br | Sports Med 2004; 38: 168-172.

Kaste M, Kuurne T, Vilkki J, Katevuo K, Sainio K, Meurala H. Is chronic brain damage in
boxing a hazard of the past? Lancet 1982; 2: 1186-1188.

Keatin P. Doctor Yes? http://spotts.espn.go.com/nfl/news/story?id=2636795. Accessed
28/10/2006.

Kelly JP, Rosenberg JH. The development of guidelines for the management of concussion in

sports. ] Head Trauma Rehabil 1998; 13: 53-65.

King N. Post-concussion syndrome: clarity amid the controversy? Br | Psychiatry 2003; 183: 276-
278.

Kirkendall DT, Garrett WE. Heading in Soccer: Integral Skill or Grounds for Cognitive
Dysfunction? ] Athl Train 2001; 36: 328-333.

Kirkendall DT, Jordan SE, Garrett WE. Heading and head injuries in soccer. Sports Med 2001;
31: 369-386.

Kligman D, Marshak DR. Purification and characterization of a neurite extension factor from

bovine brain. Proc Natl Acad Sci U S A 1985; 82: 7136-7139.

Korfias S, Stranjalis G, Papadimitriou A, Psachoulia C, Daskalakis G, Antsaklis A ¢f /. Serum S-
100B protein as a biochemical marker of brain injury: a review of current concepts. Curr Med

Chem 2006; 13: 3719-3731.

Levin HS, Mattis S, Ruff RM, Eisenberg HM, Marshall LF, Tabaddor K e /. Neurobehavioral

outcome following minor head injury: a three-center study. | Neurosurg 1987; 66: 234-243.

93



References

Lewis MS, Maruff P, Silbert BS, Evered LA, Scott DA. The sensitivity and specificity of three
common statistical rules for the classification of post-operative cognitive dysfunction following

coronary artery bypass graft surgery. Acta Anaesthesiol Scand 2006; 50: 50-57.

Lovell MR, Collins MW. Neuropsychological assessment of the college football player. | Head
Trauma Rehabil 1998; 13: 9-26.

Lovell MR, Collins MW, Iverson GL, Field M, Maroon JC, Cantu R ¢# a/. Recovery from mild
concussion in high school athletes. ] Neurosurg 2003; 98: 296-301.

Lovell MR, Collins MW, Iverson GL, Johnston KM, Bradley JP. Grade 1 or "ding" concussions
in high school athletes. Am J Sports Med 2004; 32: 47-54.

Lovell MR, Iverson GL, Collins MW, McKeag D, Maroon JC. Does loss of consciousness
predict neuropsychological decrements after concussion? Clin J Sport Med 1999; 9: 193-198.

Macciocchi SN. "Practice makes perfect:" retest effects in college athletes. ] Clin Psychol 1990;
46: 628-631.

Macciocchi SN, Barth JT, Littlefield L, Cantu RC. Multiple Concussions and Neuropsychological
Functioning in Collegiate Football Players. ] Athl Train 2001; 36: 303-3006.

Maddocks DL, Dicker GD, Saling MM. The assessment of orientation following concussion in

athletes. Clin ] Sport Med 1995; 5: 32-35.

Makdissi M, Collie A, Maruff P, Darby DG, Bush A, McCrory P ¢t al. Computerised cognitive
assessment of concussed Australian Rules footballers. Br J Sports Med 2001; 35: 354-360.

Marchi N, Cavaglia M, Fazio V, Bhudia S, Hallene K, Janigro D. Peripheral markers of blood-
brain barrier damage. Clin Chim Acta 2004; 342: 1-12.

Mariggio MA, Fulle S, Calissano P, Nicoletti I, Fano G. The brain protein S-100ab induces
apoptosis in PC12 cells. Neuroscience 1994; 60: 29-35.

Martland HS. Punch Drunk. JAMA 1928; 91: 1103-1107.

Matser EJ, Kessels AG, Lezak MD, Jordan BD, Troost J. Neuropsychological impairment in
amateur soccer players. JAMA 1999; 282: 971-973.

94



References

Matser JT, Kessels AG, Jordan BD, Lezak MD, Troost J. Chronic traumatic brain injury in
professional soccer players. Neurology 1998; 51: 791-796.

Matser JT, Kessels AG, Lezak MD, Troost J. A dose-response relation of headers and
concussions with cognitive impairment in professional soccer players. | Clin Exp Neuropsychol

2001; 23: 770-774.
Matthews WB. Footballer's migraine. Br Med ] 1972; 2: 326-327.

McCrea M. Standardized Mental Status Testing on the Sideline After Sport-Related Concussion. |
Athl Train 2001; 36: 274-279.

McCrea M, Guskiewicz KM, Marshall SW, Barr W, Randolph C, Cantu RC ¢ a/. Acute effects
and recovery time following concussion in collegiate football players: the NCAA Concussion

Study. JAMA 2003; 290: 2556-2563.

McCrea M, Hammeke T, Olsen G, Leo P, Guskiewicz K. Unreported concussion in high school
football players: implications for prevention. Clin | Sport Med 2004; 14: 13-17.

McCrory P. Does second impact syndrome exist? Clin | Sport Med 2001; 11: 144-149.

McCrory P, Johnston K, Meeuwisse W, Aubry M, Cantu R, Dvorak | ¢/ a/. Summary and
agreement statement of the 2nd International Conference on Concussion in Sport, Prague 2004.

Br ] Sports Med 2005; 39: 196-204.
McCrory PR, Berkovic SF. Second impact syndrome. Neurology 1998; 50: 677-683.

McCrory PR, Berkovic SF, Cordner SM. Deaths due to brain injury among footballers in
Victoria, 1968-1999. Med ] Aust 2000; 172: 217-219.

Mehnert MJ, Agesen T, Malanga GA. "Heading" and neck injuries in soccer: a review of

biomechanics and potential long-term effects. Pain Physician 2005; 8: 391-397.
Milner B. The effects of different brain lesions on card sorting. Arch Neurol 1963; 9: 90-100.

Mittenberg W, DiGiulio DV, Perrin S, Bass AE. Symptoms following mild head injury:
expectation as aetiology. | Neurol Neurosurg Psychiatry 1992; 55: 200-204.

Moore BW. A soluble protein characteristic of the nervous system. Biochem Biophys Res

Commun 1965; 19: 739-744.

95



References

Moriarity J, Collie A, Olson D, Buchanan J, Leary P, McStephen M ¢ al. A prospective controlled

study of cognitive function during an amateur boxing tournament. Neurology 2004; 62: 1497-

1502.

Morttimer JA, French LR, Hutton JT, Schuman LM. Head injury as a risk factor for Alzheimer's
disease. Neurology 1985; 35: 264-267.

Muller K, Elverland A, Romner B, Waterloo K, Langbakk B, Unden ] e a/. Analysis of protein S-
100B in serum: a methodological study. Clin Chem Lab Med 2006; 44: 1111-1114.

Mussack T, Biberthaler P, Kanz KG, Heckl U, Gruber R, Linsenmaier U ¢/ a/. Immediate S-100B

and neuron-specific enolase plasma measurements for rapid evaluation of primary brain damage

in alcohol-intoxicated, minor head-injured patients. Shock 2002a; 18: 395-400.

Mussack T, Biberthaler P, Kanz KG, Wiedemann E, Gippner-Steppert C, Mutschler W ez .
Serum S-100B and interleukin-8 as predictive markers for comparative neurologic outcome

analysis of patients after cardiac arrest and severe traumatic brain injury. Crit Care Med 2002b;

30: 2669-2674.

Mussack T, Biberthaler P, Wiedemann E, Kanz KG, Englert A, Gippner-Steppert C ez a/. S-100b
as a screening marker of the severity of minor head trauma (MHT)--a pilot study. Acta Neurochir

Suppl 2000; 76: 393-396.

Mussack T, Dvorak J, Graf-Baumann T, Jochum M. Serum S-100B protein levels in young
amateur soccer players after controlled heading and normal exercise. Eur ] Med Res 2003; 8: 457-

464.

Mussack T, Kirchhoff C, Buhmann §, Biberthaler P, Ladurner R, Gippner-Steppert C ez al.
Significance of Elecsys S100 immunoassay for real-time assessment of traumatic brain damage in

multiple trauma patients. Clin Chem Lab Med 2006; 44: 1140-1145.

Naunheim RS, Bayly PV, Standeven |, Neubauer ]S, Lewis LM, Genin GM. Linear and angular
head accelerations during heading of a soccer ball. Med Sci Sports Exerc 2003; 35: 1406-1412.

Nygren De Boussard C, Fredman P, Lundin A, Andersson K, Edman G, Borg J. S100 in mild
traumatic brain injury. Brain Inj 2004; 18: 671-683.

96



References

Otto M, Holthusen S, Bahn E, Sohnchen N, Wiltfang J, Geese R ¢ /. Boxing and running lead
to a rise in serum levels of S-100B protein. Int | Sports Med 2000; 21: 551-555.

Pelinka LE, Szalay L, Jafarmadar M, Schmidhammer R, Redl H, Bahrami S. Circulating S100B is
increased after bilateral femur fracture without brain injury in the rat. Br ] Anaesth 2003; 91: 595-

597.

Pellman EJ, Lovell MR, Viano DC, Casson IR, Tucker AM. Concussion in professional football:
neuropsychological testing--part 6. Neurosurgery 2004a; 55: 1290-1303.

Pellman EJ, Viano DC, Casson IR, Arfken C, Feuer H. Concussion in professional football:
players returning to the same game--part 7. Neurosurgery 2005; 56: 79-90.

Pellman EJ, Viano DC, Casson IR, Arfken C, Powell J. Concussion in professional football:
injuries involving 7 or more days out--Part 5. Neurosurgery 2004b; 55: 1100-1119.

Pershin BB, Geliev AB, Tolstov DV, Kovalchuk L.V, Medvedev VY. Reactions of immune

system to physical exercises. Russ | Immunol 2002; 7: 2-24.

Peterson CL, Ferrara MS, Mrazik M, Piland S, Elliott R. Evaluation of neuropsychological
domain scores and postural stability following cerebral concussion in sports. Clin | Sport Med

2003; 13: 230-237.

Pickett W, Streight S, Simpson K, Brison RJ, Cusimano M. Head injuries in youth soccer players

presenting to the emergency department * Commentary. Br | Sports Med 2005; 39: 226-231.

Porter MD. A 9-year controlled prospective neuropsychologic assessment of amateur boxing.

Clin ] Spott Med 2003; 13: 339-352.

Putukian M, Echemendia RJ, Mackin S. The acute neuropsychological effects of heading in
soccer: a pilot study. Clin | Sport Med 2000; 10: 104-109.

Raabe A, Grolms C, Sorge O, Zimmermann M, Seifert V. Serum S-100B protein in severe head
injury. Neurosurgery 1999; 45: 477-483.

Rahnama N, Reilly T, Lees A. Injury risk associated with playing actions during competitive
soccer. Br | Sports Med 2002; 36: 354-359.

97



References

Rasmussen LS, Larsen K, Houx P, Skovgaard LT, Hanning CD, Moller JT. The assessment of

postoperative cognitive function. Acta Anaesthesiol Scand 2001; 45: 275-289.

Reilly T. Motion analyses and physical demands. In: Reilly T, Williams AM, editors. Science and
Soccer. London: Routledge; 2003. p. 59-72.

Reitan R, Wolfson D. The Halstead-Reitan Neuropsychological Test Battery. Tuscon:
Neuropsycology Press; 1985.

Rimel RW, Giordani B, Barth JT, Boll TJ, Jane JA. Disability caused by minor head injury.
Neurosurgery 1981; 9: 221-228.

Roberts AH. Brain Damage in Boxers. London: Pitman Publishing; 1969.

ROCHE. Product Information Elecsys 1010/2010 Modular analytics E170, S100 Immunoassay.
ROCHE Diagnostics, Basel, Switzerland; 2004.

Ronnlund M, Nyberg L, Backman L, Nilsson LG. Stability, growth, and decline in adult life span
development of declarative memory: cross-sectional and longitudinal data from a population-

based study. Psychol Aging 2005; 20: 3-18.

Rothoerl RD, Woertgen C, Holzschuh M, Metz C, Brawanski A. S-100 serum levels after minor
and major head injury. | Trauma 1998; 45: 765-767.

Rutherford A, Stephens R, Potter D. The neuropsychology of heading and head trauma in
Association Football (soccer): a review. Neuropsychol Rev 2003; 13: 153-179.

Sale DG. Testing strength and power. In: MacDougall JD, Wenger HA, Green HJ, editors.
Physiological testing of the high-performance athlete. Human Kinetics Books; 1990. p. 21-106.

Saunders JB, Aasland OG, Babor TF, de la Fuente Jr, Grant M. Development of the Alcohol Use
Disorders Identification Test (AUDIT): WHO Collaborative Project on Early Detection of
Persons with Harmful Alcohol Consumption--I1. Addiction 1993; 88: 791-804.

Savola O, Hillbom M. Early predictors of post-concussion symptoms in patients with mild head

injury. Eur | Neurol 2003; 10: 175-181.

98



References

Savola O, Pyhtinen J, Leino TK, Siitonen S, Niemela O, Hillbom M. Effects of head and
extracranial injuries on serum protein S100B levels in trauma patients. | Trauma 2004; 56: 1229-

1234.

Sawrie SM, Marson DC, Boothe AL, Harrell LE. A method for assessing clinically relevant
individual cognitive change in older adult populations. ] Gerontol B Psychol Sci Soc Sci 1999; 54:
116-124.

Scaccianoce S, Del BP, Pannitteri G, Passarelli F. Relationship between stress and circulating

levels of S100B protein. Brain Res 2004; 1004: 208-211.

Schneider K, Zernicke R. Computer-simulation of head impact - Estimation of head-injury risk

during football heading. Int J Sport Biomech 1988; 4: 358-371.

Sharma HS, Cervos-Navarro |, Dey PK. Increased blood-brain barrier permeability following
acute short-term swimming exercise in conscious normotensive young rats. Neurosci Res 1991;

10: 211-221.

Shrout P, Fleiss J. Intraclass correlation: Uses in assessing rater reliability. Psychological Bulletin

1979; 86: 420-428.

Stalnacke BM, Bjornstig U, Karlsson K, Sojka P. One-year follow-up of mild traumatic brain
injury: post-concussion symptoms, disabilities and life satisfaction in relation to serum levels of S-

100B and neurone-specific enolase in acute phase. ] Rehabil Med 2005; 37: 300-305.

Stalnacke BM, Ohlsson A, Tegner Y, Sojka P. Serum concentrations of two biochemical markers
of brain tissue damage S-100B and neurone specific enolase are increased in elite female soccer

players after a competitive game. Br | Sports Med 20006; 40: 313-316.

Stalnacke BM, Tegner Y, Sojka P. Playing ice hockey and basketball increases serum levels of S-
100B in elite players: a pilot study. Clin | Sport Med 2003; 13: 292-302.

Stalnacke BM, Tegner Y, Sojka P. Playing soccer increases serum concentrations of the
biochemical markers of brain damage S-100B and neuron-specific enolase in elite players: a pilot

study. Brain Inj 2004; 18: 899-909.

99



References

Stapert S, de KJ, Houx P, Menheere P, Twijnstra A, Jolles J. S-100B concentration is not related
to neurocognitive performance in the first month after mild traumatic brain injury. Eur Neurol

2005; 53: 22-26.

Stein SC, Spettell C. The Head Injury Severity Scale (HISS): a practical classification of closed-
head injury. Brain Inj 1995; 9: 437-444.

Stein SC, Spettell C, Young G, Ross SE. Limitations of neurological assessment in mild head

injury. Brain Inj 1993; 7: 425-430.

Steinacker JM, Lormes W, Reissnecker S, Liu Y. New aspects of the hormone and cytokine

response to training. Eur | Appl Physiol 2004; 91: 382-391.

Stranjalis G, Korfias S, Papapetrou C, Kouyialis A, Boviatsis E, Psachoulia C ¢# /. Elevated
serum S-100B protein as a predictor of failure to short-term return to work or activities after mild

head injury. ] Neurotrauma 2004; 21: 1070-1075.

Stroick M, Fatar M, Ragoschke-Schumm A, Fassbender K, Bertsch T, Hennerici MG. Protein S-
100B--a prognostic marker for cerebral damage. Curr Med Chem 2006; 13: 3053-3060.

Stuss DT FAU, Stethem LL FAU, Hugenholtz HF, Picton TF, Pivik JF, Richard MT. Reaction
time after head injury: fatigue, divided and focused attention, and consistency of performance. J

Neurol Neurosurg Psychiatry 1989; 52: 742-748.

Stuss DT, Ely P, Hugenholtz H, Richard MT, LaRochelle S, Poirier CA ¢# al. Subtle
neuropsychological deficits in patients with good recovery after closed head injury. Neurosurgery

1985; 17: 41-47.

Stuss DT, Stethem LL, Hugenholtz H, Picton T, Pivik ], Richard MT. Reaction time after head
injury: fatigue, divided and focused attention, and consistency of performance. | Neurol

Neurosurg Psychiatry 1989; 52: 742-748.

Suhr JA, Gunstad J. "Diagnosis Threat": the effect of negative expectations on cognitive

performance in head injury. | Clin Exp Neuropsychol 2002b; 24: 448-457.

Suhr JA, Gunstad J. Postconcussive symptom report: the relative influence of head injury and

depression. ] Clin Exp Neuropsychol 2002a; 24: 981-993.

100



References

Sundstrom A, Marklund P, Nilsson LG, Cruts M, Adolfsson R, Van BC ¢z 2/. APOE influences
on neuropsychological function after mild head injury: within-person comparisons. Neurology

2004; 62: 1963-19606.

Sundstrom A, Nilsson LG, Cruts M, Adolfsson R, Van BC, Nyberg L. Increased risk of dementia
following mild head injury for carriers but not for non-carriers of the APOE epsilon4 allele. Int

Psychogeriatr 20006; 1-7.

Teasdale G, Jennett B. Assessment of coma and impaired consciousness. A practical scale. Lancet

1974; 2: 81-84.

Teasdale GM, Murray GD, Nicoll JA. The association between APOE epsilon4, age and
outcome after head injury: a prospective cohort study. Brain 2005; 128: 2556-2561.

Townend W, Dibble C, Abid K, Vail A, Sherwood R, Lecky F. Rapid elimination of protein S-

100B from serum after minor head trauma. | Neurotrauma 2006; 23: 149-155.

Townend WJ, Guy MJ, Pani MA, Martin B, Yates DW. Head injury outcome prediction in the
emergency department: a role for protein S-100B? ] Neurol Neurosurg Psychiatry 2002; 73: 542-
546.

Turner AP, Barlow JH, Heathcote-Elliott C. Long term health impact of playing professional
football in the United Kingdom. Br ] Sports Med 2000; 34: 332-330.

Tysvaer AT. Injuries of the Brain and the Cervical Spine in Association Football (Soccer). The
Department of Neurosurgery, Neurology, Radiology and Psychosomatic Medicine,
Riskshospitalet, University of Oslo. The Department of Surgery, Central Hospital in Rogaland;
1990.

Tysvaer AT. Head and neck injuries in soccer. Impact of minor trauma. Sports Med 1992; 14:

200-213.

Tysvaer AT, Lochen EA. Soccer injuries to the brain. A neuropsychologic study of former soccer

players. Am J Sports Med 1991; 19: 56-60.

Tysvaer AT, Storli OV. Soccer injuries to the brain. A neurologic and electroencephalographic

study of active football players. Am J Sports Med 1989; 17: 573-578.

101



References

Unden J, Bellner J, Eneroth M, Alling C, Ingebrigtsen T, Romner B. Raised serum S100B levels

after acute bone fractures without cerebral injury. | Trauma 2005; 58: 59-61.

Van Zomeren AH, Deelman BG. Differential effects of simple and choice reaction after closed

head injury. Clin Neurol Neurosurg 1976; 79: 81-90.

Van Zomeren AH, Deelman BG. Long-term recovery of visual reaction time after closed head

injury. ] Neurol Neurosurg Psychiatry 1978; 41: 452-457.

Warden DL, Bleiberg J, Cameron KL, Ecklund J, Walter J, Sparling MB ¢z a/. Persistent

prolongation of simple reaction time in sports concussion. Neurology 2001; 57: 524-520.

Watson P, Shirreffs SM, Maughan RJ. Blood-brain barrier integrity may be threatened by exercise
in a warm environment. Am | Physiol Regul Integr Comp Physiol 2005; 288: R1689-R1694.

Webbe FM, Ochs SR. Recency and frequency of soccer heading interact to decrease
neurocognitive performance. Appl Neuropsychol 2003; 10: 31-41.

Wechsler D. A standardized memory scale for clinical use. ] Psychol 1945; 19: 87-95.
Wechsler D. Wechsler adult intelligence scale. New York: The Psychological Corporation; 1955.

Witol AD, Webbe FM. Soccer heading frequency predicts neuropsychological deficits. Arch Clin
Neuropsychol 2003; 18: 397-417.

Zazryn TR, Finch CF, McCrory P. A 16 year study of injuries to professional boxers in the state
of Victotia, Australia. Br ] Sports Med 2003; 37: 321-324.

Zetterberg H, Jonsson M, Rasulzada A, Popa C, Styrud E, Hietala A ¢ a/. No neurochemical
evidence for brain injury caused by heading in soccer. Br | Sports Med 2007.

Zillmer EA, Schneider J, Tinker ], Kaminaris C. A History of Sports-Related Concussions. In:
Echemendia RJ, editor. Sports Neuropsychology. New York: The Guildford Press; 2006. p. 17-
35.

Zimmer DB, Cornwall EH, Landar A, Song W. The S100 protein family: history, function, and
expression. Brain Res Bull 1995; 37: 417-429.

102



Papers

Paper | - IV

103






Paper |






64

Downloaded from bjsm.bmijjournals.com on 2 September 2005

SUPPLEMENT

Reproducibility of computer based neuropsychological
testing among Norwegian elite football players

T M Straume-Naesheim, T E Andersen, R Bahr

See end of article for
authors’ affiliations

Correspondence to:

T M Straume-Naesheim,
Oslo Sports Trauma and
Research Center, Oslo,
Norway;
truls.straume-nesheim@
nih.no

Br J Sports Med 2005;39(Suppl 1):i64-i69. doi: 10.1136/bjsm.2005.019620

Background: Head injuries account for 4-22% of dll football injuries. The rate of brain injuries is difficult to
assess, due to the problem of defining and grading concussion. Thus computerised testing programs for
cognitive function have been developed.

Obijective: To assess the reliability of a computerised neuropsychological test battery (CogSport) among
Norwegian professional football players.

Methods: Norwegian professional football league players (90.3% participation) performed two
consecutive baseline Cogsport tests before the 2004 season. CogSport consists of seven different
subtasks: simple reaction time (SRT), choice reaction time (ChRT), congruent reaction time (CgRT),
monitoring (MON), one-back (OBK), matching (Match) and learning (Learn).

Results: There was a small but significant improvement from repeated testing for the reaction time
measurements of all seven subtasks (SRT: 0.7%, ChRT: 0.4%, CgRT: 1.2%, MON: 1.3%, OBK: 2.7%,
Match: 2.0%, Learn: 1.1%). The coefficient of variation (CV) ranged from 1.0% to 2.7%; corresponding
intraclass correlation coefficients ranged from 0.45 (0.34 to 0.55) to 0.79 (0.74 to 0.84). The standard
deviation data showed higher CVs, ranging from 3.7% (Learn) to 14.2% (SRT). Thus, the variance
decreased with increasing complexity of the task. The accuracy data displayed uniformly high CV (10.4-
12.2) and corresponding low intraclass correlation coefficient (0.14 (0.01 to 0.26) to 0.31 (0.19 to
0.42)).

Conclusion: The reproducibility for the mean reaction time measures was excellent, but less good for
measures of accuracy and consistency. Consecutive testing revealed a slight learning effect from test 1 to
test 2, and double baseline testing is recommended to minimise this effect.

number of participants to purposeful use of the head for

controlling and advancing the ball.' Based on a series of
cross-sectional studies using neurological examinations,
neuropsychological tests, computed tomography scans and
electroencephalographic examinations on active and older
retired Norwegian football players, Tysvaer® postulated that
heading the ball could lead to chronic brain injuries as seen
in boxing. Since then, several cross-sectional studies have
indicated that football can cause sustained measurable brain
impairment,>* although not all studies have reported such a
relation.”

Head injuries account for 4-22% of all football injuries’
with a reported incidence during matches of 1.7 injuries per
1000 player hours.” However, this figure incorporates all types
of head injury, including facial fractures, concussions,
lacerations, and eye injuries. The incidence of concussion
has been estimated to be 0.5 injuries per 1000 match hours’
but is difficult to assess, due to the problem of defining and
grading concussions.' ' When using the traditional diagnos-
tic criteria for concussions, which require loss of conscious-
ness or amnesia, only a fraction of these are recognised as
concussions. Trauma to the neck and/or head that is
sufficient to cause facial fractures or lacerations, will
potentially also cause damage to the brain, although this is
easily overlooked because of the more visible injuries.
Although most athletes with head injuries recover unevent-
fully following a single episode of concussion, repetitive mild
head trauma may be implicated in the development of
cumulative cognitive deterioration.' Accurate monitoring of
symptom resolution and cognitive recovery is therefore
important to ensure the athlete’s safety and indicate whether
the player should return to play or not.

Football is the only contact sport that exposes a large

www.bjsportmed.com

The change of paradigm in the diagnosis and management
of concussion has evoked the need for new diagnostic
instruments within sports related head injuries. One item
in such tests is deterioration in cognitive test performance."
In the sports arena, changes in cognition following a
concussion injury are conventionally determined by admin-
istering a battery of neuropsychological tests during the pre-
season to establish a baseline for comparison after an injury.
In studies using such a design, any changes from baseline are
considered to be a consequence of the concussion injury.

In the past decade, computerised cognitive function testing
programs have been developed—for example, CogSport
(CogState Ltd, Melbourne, Australia), ImPACT (ImPACT
Inc., Pittsburgh, PA), ANAM (Automated Neuropsychological
Assessment Metrics; developed by the US Department of
Defense), CRI by HEADMINDER (concussion resolution
index; Headminder Inc., New York). The conventional paper
and pencil tests were designed primarily for assessment of
cognitive dysfunction caused by neuronal or psychiatric
disorders and not for the assessment of mild changes in
cognitive function over time."” Therefore, these tests often
have poor psychometric properties for serial studies including
a limited range of possible scores, floor and ceiling effect(s),
learning effects, and poor test-retest reliability.”” "*
Computerised testing using infinitely variable test paradigms
may overcome these concerns."

Makdissi et al'* compared the sensitivity of the CogSport
test and conventional paper and pencil tests to detect
cognitive changes following mild concussion in a cohort of
elite players from the Australian Football League by compar-
ing baseline tests with post-injury tests. Their data suggested
that computerised tests may be particularly sensitive to the
cognitive consequences of sports related concussions, and
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Table 1 Description of the seven CogSport subtasks and their assumed corresponding cognitive function

bottom of the screen matched any of the above
pairs were turned face down

indicated a matching pair presented at the bottom of the screen

Test Description Cognitive function
Simple reaction A single card was presented face down in the centre of the screen. The was player instructed to press ““yes’” whenever  Motor function
time the card turned face-up. Fifteen trials were presented and the test was repeated three fimes; at the beginning, in the
middle, and at the end of the battery. All other tests were presented just once
Choice reaction This test used the same stimuli as above, but the player was now instructed to indicate whether the card was red by Decision making
time pressing “yes”’ or black ““no”’
Congruent Two cards were presented and the player had to indicate if they were same colour or not by pressing “yes”” or “no’”’ Simple attention
reaction time
Monitoring Five cards moved simultaneously on the screen and the player was instructed to press ““yes”” as soon as one card moved Divided attention
outside a predefined area
One-back The player was instructed to indicate whether a new card was identical to or different from the last by pressing “yes”  Working memory
or “no”
Matching Six card pairs were presented at the top of the screen and the player had fo decide whether a pair presented at the Complex attention

Learning Incidental learning: this followed immediately affer the matching task, and was identical fo that task except that the six ~ Learning and

Associate learning: similar to the matching task, however, the pairs were turned face down when the player correctly

memory

also that conventional neuropsychological tests do not show
this sensitivity in athletes with mild concussion. Similar
findings have recently been reported in studies on high
school athletes with head injuries using ImPACT.""
Computer based cognitive tests have many advantages over
paper and pencil tests that may allow them to detect subtle
impairments such as those expected to occur in mildly
concussed athletes.”” In general, repeated tests of healthy
adults in different age groups have shown that computer
based tests are reliable® *'; although there is a learning effect
between test 1 and 2, this effect seems to decrease after the
first two tests.*

The test properties of the CogSport test, a computer based
neuropsychological evaluation tool widely used in football
concussion management, have not been assessed by inde-
pendent researchers, nor has it been examined among elite
athletes. Therefore, the objective of this study was to evaluate
the CogSport test by investigating the reproducibility of two
consecutive baseline tests in a cohort of elite football players.

METHODS

We invited all the 14 clubs of the Norwegian professional
male football league (Tippeligaen) with their A-squad
contract players (about 300) to participate in the study; 289
players (90%) agreed to take part. Written informed consent
was obtained from all participants and the project was
approved by the Regional Ethics Committee for Southern
Norway.

Neuropsychological testing

The teams meet for the La Manga Cup and pre-season
training camp in February/March every vyear at the
Norwegian Football Association training centre in La
Manga, Spain. We conducted testing among 13 of the 14
teams of Tippeligaen at La Manga prior to the 2004 season in
a test lab set up in the residential complex, Los Lomas II.
Trained personnel administered and supervised the neuro-
psychological testing, and the tests were completed by the
players in groups of three in the same quiet room to allow
efficient data collection. The last team was tested at its home
field in Norway two weeks later under similar standardised
conditions. There is no time difference between Spain and
Norway and the testing was performed at the same time of
day with the same person instructing and supervising the test
for each team.

We used the computer based neuropsychological test
CogSport (versions 2.2.0 and 2.2.1). Norwegian speaking
players were tested with the Norwegian language version of
the test, where instructions for each subtask were in
Norwegian, and the rest of the players used the English
language version. The test has been described in detail
elsewhere."” ** ** The stimulus for all tasks consists of playing
cards and responses are given using the keyboard. The d key
indicates “no”” and the k key “yes” (vice versa for left handed
players). These are the only keys used throughout the whole
test.

The CogSport test battery includes seven subtasks testing
different cognitive brain functions (table 1). All subtasks

outcome measures

Table 2 Comparison between the results from test 1 and test 2 for the main CogSport

Subtask Mean difference (95% Cl) Improvement (%) p
Simple reaction time —0.016 (—0.020 to -0.012) -0.7 <0.001
Choice reaction time —0.009 (—0.0158 to -0.003) -0.4 0.004
Congruent reaction time —0.034 (—0.040 to -0.027) -1.2 <0.001
Monitoring, reaction time —0.031 (—0.043 to —0.0194) -1.3 <0.001
One-back, reaction time —0.074 (—0.083 to —0.066) -27 <0.001
Matching, reaction time —0.062 (—0.072 to -0.0519) -2.0 <0.001
Learning, reaction time —0.032 (—0.039 to -0.025) -1.1 <0.001
One-back, accuracy 0.066 (0.036 to 0.096) 5.0 <0.001
Matching, accuracy —0.014 (—0.044 t0 0.014) -1.1 0.300
Learning, accuracy 0.039 (0.019 to 0.058) 3.8 0.001

Test results were compared using paired Student's t fest.

Data are the mean difference of the logs o of the reaction times (ms) and arcsine of the per cent correct responses for
the accuracy data for test 1 and 2 with the corresponding 95% confidence intervals (Cl) in parenfhesis.

www.bjsportmed.com
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include between 15 and 40 trials, and the data are reported by
the CogSport program as mean reaction times with corre-
sponding standard deviations for all subtasks, accompanied
by accuracy data for all tasks except simple reaction time and
monitoring.  Anticipatory responses  (reaction  times
<100 ms) and abnormally slow responses (reaction times
>3500 ms) are recorded as errors and excluded from the
analyses. Accuracy data are calculated as the number of true
positive responses divided by the number of trials.

The computer program sends a test report by e-mail to the
test supervisor with basic analyses of the result. In addition,
the test report includes an estimate of whether the player’s
performance meets the minimum requirements of the test
with regard to alertness throughout the test and the
plausibility of whether they understood the instructions or
not. This built-in decision is based on the variability of
performance on simple reaction time and a threshold value
for accuracy on the three final tasks. If a player has more
than 40 incorrect responses on one task, the test is stopped.
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Figure 1 Reproducibility of mean reaction time (logio, ms) for five
CogSport subtasks; test 1 plotted against test 2 (n=232). The hatched
line is the identiz line (x=y). Regression lines (dotted) have been added
to illustrate whether there were systematic differences between test 1 and
test 2. The subtasks are arranged vertically and from left to right
according to their complexity from top left (easiest) to bottom right (most

difficult).
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Data analysis

Reliability and correlation studies of CogSport on young
adults recommend the mean reaction time for all seven
subtasks and accuracy data from the three final tasks (one-
back, matching, learning) as the main outcome measures.*
Our data analysis therefore focused on these 10 measures.
Before all calculations, the mean reaction times and standard
deviation data were log,, transformed and the accuracy data
were arcsine transformed to obtain a more normal distribu-
tion.*

Reproducibility analyses were performed using the method
error (ME), calculated as the standard deviation (SD) of the
mean difference between test 1 and 2 divided by the square
root of the number of tests performed: ME = SDmean
diff/J2.* From the ME we calculated the coefficient of
variation (CV), which quantifies the variation between each
measurement as a percentage of the joined mean: CV = ME/
[(X;mean + X,mean)/2]. These calculations were done for all
outcome measures supplied by the test. We also calculated
the intraclass correlation coefficient for the same measures.
The intraclass correlation coefficient is defined as the ratio of
the “true” variance, or the variance between subjects (S%,),
relative to the total variance given by the variance between
subjects adding the variance within subjects (S%,).** The
intraclass correlation coefficient ranges from 0 to 1, and from
the equation it its simplest form (S?, /( S%, + S%)), we see
that when the variation within the subjects (that is, a player’s
test score on two consecutive tests) moves towards 0, the
intraclass correlation coefficient approaches 1 indicating
good reproducibility.

We used SPSS version 11 for the statistical analyses and its
two way random single measure model for calculating the
intraclass correlation coefficients. Paired Student’s f tests
were used to investigate significant differences and any
directional trends between the groups.

RESULTS

Demographics

Of the 289 players (96.3%) who agreed to participate in the
study, 18 did not report for testing, leaving us with 271
(90.3%) players who underwent two consecutive neuropsy-
chological tests. However, due to technical problems with
some tests (unrelated to test performance), the number of
players with dual tests decreased to 247. In addition, 15 tests
did not fulfil the minimum requirements set by the computer
program and therefore could not be included in the analyses.

Thus, a total of 232 players (83% Norwegians, 8%
Scandinavians (with no problems in understanding
Norwegian), and 9% from other countries (mainly

European)) were included in the study. The mean (SD) age
of the investigated group was 25.7 (4.6) years (range 17-35);
87.5% were right and 12.5% left handed; 62.9% had
completed secondary education (that is, high school), and
36.6% had a tertiary level of education (that is, college or
beyond). The demographic characteristics of excluded group
did not differ significantly in any way from the included
group.

Reproducibility

There was a significant improvement in the CogSport
subtasks from test 1 to test 2, ranging between 0.4% and
2.7% for the log,, transformed reaction time measures
(table 2, fig 1). The improvement in reaction time was
slightly higher for the more complex tasks compared with the
simpler ones (table 2). The accuracy data for the more
complex subtasks (one-back and learning) also indicated a
better performance (higher percentage of correct responses)
in test 2, except for matching (table 2, fig 2).
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Figure 2 Reproducibility of accurqcr (arcsine of % correct responses)
for three CogSport subtasks; test 1 plotted against test 2 (n=232). See
fig 1 for further details.

The reproducibility tests resulted in a CV ranging from
1.0% to 2.7% for the reaction time measures (table 3). A
closer look at fig 1 reveals higher variability for subjects with
slower reaction times and Bland-Altman plots (not shown)
were used to examine this phenomenon more closely. They
uniformly indicated a somewhat increasing difference in
favour of test 2 with increasing reaction time. Thus, a poor
performance on test 1 indicated a larger improvement on test
2. The intraclass correlation coefficients were also generally
high for the reaction time measurements. All but one task,
monitoring (0.45 (0.34 to 0.55)), resulted in intraclass
correlation coefficients above 0.65 (up to 0.79 for the most
complex task, learning, thus indicating good reproducibility;
table 3).

The accuracy data for the three more complex tasks, one-
back, matching, and learning, showed poorer reproducibility.
The CV ranged from 10.4% to 12.4% and the intraclass
correlation coefficient from 0.31 to 0.14 (table 3).

Table 3 Reproducibility reported as the coefficient of
variation and the intraclass correlation coefficient
between fest 1 and test 2 for the seven CogSport subtasks

Intraclass correlation
coefficient

Coefficient of

Subtask variation (%)

Mean reaction time
Simple reaction fime
Choice reaction fime
Congruent reaction time

0.73 (0.67 t0 0.79)
0.65 (0.57 t0 0.72)
0.69 (0.61 to 0.75)

ST ooz
wooNNNO

Monitoring 0.45 (0.34 to 0.55)
One-back 0.71 (0.64 to 0.77)
Matching 0.69 (0.61 to 0.75)
Learning 0.79 (0.74 to 0.84)
Standard deviation
Simple reaction time 14.2 0.12 (-0.01 t0 0.24)
Choice reaction time 9.2 0.39 (0.28 to 0.49)
Congruent reaction time 7.0 0.35 (0.23 to 0.45)
Monitoring 6.5 0.32(0.20 to 0.43)
One-back 8.8 0.37 (0.25 to 0.47)
Matching 4.7 0.38 (0.27 to 0.49)
Learning 37 0.61 (0.52 to 0.69)
Accuracy
Choice reaction time 11.4 0.14 (0.01 to 0.26)
Congruent reaction time  11.1 0.23 (0.11 to 0.35)
One-back 12.2 0.21 (0.09 to 0.33)
Matching 12.4 0.24 (0.12 to 0.36)
Learning 10.4 0.31 (0.19 t0 0.42)

For each test, reproducibility results are shown for the mean and the
corresponding standard deviation. Accuracy data are shown for the tasks
requiring a “‘yes’’ or “’no”’ response.

Additionally, as indicated in fig 2, one-back and matching
tasks suffered from a ceiling effect with many participants
managing 100% correct responses.

Measures of consistency, as given by the standard
deviations of the mean reaction times for each subtask, were
subject to greater variability than the mean result and
inversely related to the complexity of the task. The CV for
the standard deviation ranged from 14.2% for simple reaction
time to 3.7% for learning, the most complex task (table 3). In
the same way, the corresponding intraclass correlation
coefficients increased with increasing task complexity,
ranging from 0.12 for simple reaction time to 0.61 for
learning (table 3).

DISCUSSION

This is the first study to examine the test properties of a
computer based neuropsychological test battery performed by
an independent research group. The main finding was that
the day to day reproducibility for the mean reaction time
measures was excellent in a large cohort of professional
football players, but that the accuracy and consistency
measures were less reliable. We also observed a slight
learning effect from the first to the second test. Thus our
results are in accordance with those of recent studies
examining the reliability of computerised neuropsychological
tests among healthy young adults and elderly people.* Collie
et al assessed the reliability of CogSport by serial testing at a
one hour and a one week interval 60 young volunteers
recruited through advertisements around university cam-
puses in Melbourne, Australia.” Elite athletes are select
individuals, who may differ from this group in many
different ways, including background characteristics such
as education level and socioeconomic status. However, even
more important is that superior neurocognitive skills may be
one of the selection criteria to become an elite footballer. In
fact, a closer look at the reaction time data of Collie ef al’s 60
volunteers reveals that they were considerable slower than
the footballers on all subtasks. The reproducibility of the
CogSport test on elite athletes has not been thoroughly
investigated before. The apparent difference between regular
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What is already known on this topic

e Computerised neuropsychological testing programs
have been proved to be sensitive and reliable in the
evaluation of cognitive function after concussions in
sport

® Dual baseline testing is recommended to minimise
learning effects

controls and elite athletes illustrates the need to develop
appropriate reference data in populations of elite athletes,
and supports the practice of individual baseline testing in the
elite as a basis for the management of concussion.

The CV ranged from 1.0% to 2.7% for the mean reaction
time measures and all values under 5% must be considered as
good. Collie ef al,** in their study on 60 healthy non-athletic
young volunteers, reported intraclass correlation coefficients
for the reaction time measurement higher than 0.69 for all of
the four tested subtasks. Except for simple reaction time, the
results were similar when comparing the test-retest results
with both the one hour and the one week interval between
the tests. The intraclass correlation coefficient for the mean
reaction time measures from our material were within the
same range. Reaction time measures have been shown to
provide the most sensitive index of cognitive changes
following a head injury,” which in part is due to the fact
that they are highly reproducible, as indicated in both our
study and previous studies on other study popula-
tions.' *° >> ** In contrast, of the consistency measures only
the standard deviations for the most complex tasks (match-
ing and learning) were within this limit. Although there was
a uniform trend of less variation on test 2, the reproducibility
data imply that these measures are unlikely to be helpful for
follow up evaluations. The simpler tasks were the least
consistent and one may speculate that the lack of complexity
in these tasks causes the player to lose focus during the task.
In the Cogsport testing program, simple reaction time testing
is repeated three times during the session, which may
exaggerate this effect.

In our study, the accuracy data showed inadequate
reproducibility and the highest improvement from test 1 to
test 2. The ceiling effect found on both one-back and
matching may also make these less suitable as outcome
measures, even with a dual baseline setting. Previous
analyses using this computerised battery have shown ceiling
effects for all accuracy data except matching and learning,*
but our results indicate that this is also the case for matching.

It should be noted that intraclass correlation coefficients
must be interpreted with caution. From the simplified
equation for the intraclass correlation coefficient (S%y/( S,
+82,,)) it is evident that data of a homogeneous group (that
is, where the between-subjects variability (S?%,) is small
compared with the within-subjects variability (S%,)) will
produce a poorer intraclass correlation coefficient than data
of a heterogeneous group (that is, with high between-subject
variability with respect to the within-subject variability),
even if within-subject variability is exactly the same for the
two groups. It is therefore recommended not to compare
directly the intraclass correlation coefficients from different
study populations without knowing the variance within the
tested groups.” We have therefore, as recommended,” also
presented the test-retest coefficients of variation, which are
independent of test result range and therefore can be
compared directly between studies. It should be noted that,
compared with the performance data reported by Collie ef al,*®
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What this study adds

o The computerised test battery (CogSport) showed
excellent reproducibility in a large cohort of profes-
sional Norwegian football players using a translated
version of the test

® The reaction time measures proved to be the most
reliable for all subtasks tested, and these are therefore
recommended as primary outcome measures

our footballers displayed both faster mean reaction times and
a more homogeneous performance. When this is taken into
consideration, a comparison of the test-retest intraclass
correlation coefficients with Collie ef a/ indicates that the
reproducibility of the mean reaction time measures may be
even better among elite footballers than non-athletic
controls. In a one year follow up of 84 elite Australian
Rules footballers, the test—retest coefficients of variation were
not reported.”

In our group of professional football players, there was a
significant improvement from test 1 to test 2 for the mean
reaction time measures on all subtasks of CogSport. Collie ef
al found a similar practise effect when a group of elderly
volunteers (mean age 64 (8) years)) performed four
consecutive CogSport™ tests in three hours.> Whereas our
professional football players tended to display a more
pronounced practise effect when the tasks became more
complicated, Collie ef al’s elderly volunteers showed an
opposite trend. More relevant is a comparison with elite
Australian Rules footballers, and, as mentioned above, 84 of
these were tested after an injury-free season (the exact
timeframe was not stated) without displaying any significant
differences in performance since baseline for any of the
subtasks of CogSport (for the final two tasks, matching and
learning, accuracy data were presented instead of mean
reaction times). A practise test was conducted before the
baseline test, but it is not clear if this was done for the follow-
up as well (either in full or shortened).

Since we performed only two tests, we are not in a position
to say whether the practise effect will decrease with further
testing. However, Falleti et al followed 26 young volunteers
who performed four different baseline CogSport tests on
three different days, where the first two tests were performed
on the same day with a two hour break in between, and the
first was discarded. In the three remaining baseline tests
(time intervals not stated) there were no differences in
performance on reaction time or accuracy measures.*

Another aspect of the mean reaction time measurements,
which became evident on Bland-Altman plots, was that the
improvement from test 1 to 2 was not evenly distributed. The
players with the slowest mean reaction times improved the
most, and on some subtasks those with the fastest mean
reaction times were actually slower on test 2. Such regression
towards the mean has also been described by Erlanger on
simple and choice reaction time measures from a similar
computerised neuropsychological test package from
HEADMINDER.>

Due to the practise effect, we agree with previous studies
conducted on other populations that the test requires a dual
baseline, where the first test is discarded.”” ** Whether this
procedure should be used in follow up testing if more than a
couple of weeks have passed since the baseline testing, needs
further investigation. One problem with a dual baseline tests
is that the test becomes more time consuming and there is a
risk is that the player will lose their focus. A large study of
patient with head injuries found that effort explained 53% of
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the variance in neuropsychological test performance (in
comparison, educational level accounted for only 11% and
age only 4%).” It has to be noted that the group used the old
paper and pencil test, which implies a different testing
setting. The results can therefore not be transferred directly
to computerised testing. Nevertheless, the issue of including
some kind of effort measure when conducting a neuropsy-
chological test was recently stressed at the Second
International Symposium on Concussion in Sport in Prague.*

In conclusion, the reproducibility for the mean reaction
time measures was excellent in the cohort on professional
footballers included in the present study. However, the
accuracy and consistency measures were less reliable, and
may therefore be less sensitive as outcome measures in post-
concussion management. Consecutive testing revealed a
slight learning effect from test 1 to test 2, and dual baseline
testing with rejection of the first test is recommended to
minimise this effect.

ACKNOWLEDGEMENTS

This study was paid for by a grant from FIFA. In addition, financial
support came from the Oslo Sports Trauma Research Center, which
has been established at the Norwegian University of Sport and
Physical Education through generous grants from the Eastern
Norway Regional Health Authority, the Royal Norwegian Ministry
of Culture and Church Affairs, the Norwegian Olympic Committee
and Confederation of Sports, Norsk Tipping AS, and Pfizer AS.
CogState Ltd. provided the necessary software and technical support
free of charge. A special thanks to Jiri Dvorak and Astrid Junge from
the FIFA-Medical Assessment and Research Centre (F-MARC) for
their collaboration on developing the study protocol and Alex Collie
for technical support. The authors thank Jostein and Grete Steene-
Johannessen for test supervision, Ingar Holme and Lars Bo Anderson
for statistical assistance, and the players, team physicians, physio-
therapists, and coaches for their cooperation.

Authors’ doffiliations

T M Straume-Naesheim, T E Andersen, Oslo Sports Trauma and
Research Center, Oslo, Norway

R Bahr, Norwegian University of Sport and Physical Education, Oslo,
Norway

Competing interests: none declared

REFERENCES

1 Kirkendall DT, Jordan SE, Garrett WE. Heading and head injuries in soccer.
Sports Med 2001;31:369-86.

2 Tysvaer AT. Head and neck injuries in soccer. Impact of minor trauma. Sports
Med 1992;14:200-13.

3 Downs DS, Abwender D. Neuropsychological impairment in soccer athletes.
J Sports Med Phys Fitness 2002;42:103-7.

4 Matser JT, Kessels AG, Jordan BD, et al. Chronic traumatic brain injury in
professional soccer players. Neurology 1998;51:791-6.

5 Matser EJ, Kessels AG, Lezak MD, et al. Neuropsychological impairment in
amateur soccer players. JAMA 1999,282:971-3.

6 Matser JT, Kessels AG, Lezak MD, et al. A dose-response relation of headers
and concussions with cognitive impairment in professional soccer players.
J Clin Exp Neuropsychol 2001,23:770-4.

7 Guskiewicz KM, Marshall SW, Broglio SP, et al. No evidence of impaired
neurocognitive performance in collegiate soccer players. Am J Sports Med

2002;30:157-62.

8 Rutherford A, Stephens R, Potter D. The neuropsychology of heading and
head trauma in Association Football (soccer): a review. Neuropsychol Rev
2003;13:153-79.

9 Andersen TE, Arnason A, Engebretsen L, et al. Mechanisms of head injuries in
elite football. Br J Sports Med 2004,38:690-6.

10 Delaney JS, Lacroix VJ, Leclerc S, et al. Concussions among university football
and soccer players. Clin J Sport Med 2002;12:331-8.

11 Echemendia RJ, Putukian M, Mackin RS, et al. Neuropsychological test
performance prior to and following sports-related mild traumatic brain injury.
Clin J Sport Med 2001;11:23-31.

12 McSweeney A, Naugle R, Chelune G. “T Scores for change’’: an illustration of
a regression approach to depicting in clinical neuropsyc?\obgy. Clin
Neuropsychol 1993;7:300-12.

13 Collie A, Darby D, Maruff P. Computerised cognitive assessment of athletes
with sports related head injury. Br J Sports Med 2001;35:297-302.

14 Macciocchi SN. ““Practice makes perfect:”” refest effects in college athletes.

J Clin Psychol 1990;46:628-31.

15 Aubry M, Cantu R, Dvorak J, et al. Summary and agreement statement of the
First International Conference on Concussion in Sport, Vienna 2001.
Recommendations for the improvement of safety and health of athletes who
may suffer concussive injuries. Br J Sports Med 2002;36:6-10.

16 Makdissi M, Collie A, Maruff P, et al. Computerised cognitive assessment of
concussed Australian Rules footballers. Br J Sports Med 2001;35:354-60.

17 Collins MW, Field M, Lovell MR, et al. Relationship between postconcussion
headache and neuropsychological test performance in high school athletes.
Am J Sports Med 2003;31:168-73.

18 Lovell MR, Collins MW, Iverson GL, et al. Grade 1 or “ding”’ concussions in
high school athletes. Am J Sports Med 2004;32:47-54.

19 Lovell MR, Collins MW, Iverson GL, et al. Recovery from mild concussion in
high school athletes. J Neurosurg 2003;98:296-301.

20 Collie A, Maruff P, Makdissi M, et al. CogSport: re|iobi|ic?/ and correlation with
conventional cogpnitive fests used in postconcussion medical evaluations.

Clin J Sport Med 2003;13:28-32.

21 Iverson GL, Lovell MR, Collins MW. Interpreting change on ImPACT following
sport concussion. Clin Neuropsychol 2003;17:460-7.

22 Collie A, Maruff P, Darby DG, et al. The effects of practice on the cognitive fest
performance of neurologically normal individuals assessed at brief test-refest
intervals. J Int Neuropsychol Soc 2003;9:419-28.

23 Falleti MG, Maruff P, Collie A, et al. Qualitative similarities in cognitive
impairment associated with 24 h of sustained wakefulness and a blood
alcohol concentration of 0.05%. J Sleep Res 2003;12:265-74.

24 Westerman R, Darby D, Maruff P, et al. Compuferised cognitive function
testing of pilots. Aust Defense Forces Health Services J 2001,2:29-36.

25 Sale DG. Testing strength and power. In: MacDougall JD, Wenger HA,
Green HJ, eds. Physio?ogica/ testing of the high-performance athlete.
Champaign, IL: Human Kinetics Books, 1990:21-106.

26 Benestad HB, Lacke P. Metode og Planlegging. In: Benestad HB, Laake P, eds.
Forskningsmetode i medisin og biofag. Norway: Gylendal Norsk Forlag AS,
2004:83-114.

27 Stuss DT FAU, Stethem LL FAU, Hugenholtz HF, et al. Reaction time after head
injury: fatigue, divided and focused attention, and consistency of
performance. J Neurol Neurosurg Psychiatry 1989;52:742-8.

28 Collie A, Maruff P, McStephen M, et al. Psychometric issues associated with
computerised neuropsychological assessment of concussed athletes. Br J Sports
Med 2003;37:556-9.

29 Collie A, Maruff P, McStephen M, et al. CogSport. In: Echemendia RJ, eds.
Sports Neuropsychology: A clinical primer. New York: Guilford Publications,
2005.

30 Muller R, Buttner P. A critical discussion of intraclass correlation coefficients.
Stat Med 1994;13:2465-76.

31 Collie A, Makdissi M, Moriarity, et al. Post-concussion cognitive function in
symptomatic and asymptomatic athletes. In: Second international symposium
on concussion in sport. Br J Sports Med 2004;38:254-64, Abstract no 2.

32 Erlanger DM. Statistical techniques for inferpreting post-concussion
neuropsychological test. In: International symposium on concussion in sport.
Br J Sports Med 2001;35:367, Abstract no 11.

33 Green PF, Rohling ML, Lees-Haley PR, et al. Effort has a greater effect on fest
scores than severe brain injury in compensation claimants. Brain Inj
2001;15:1045-60.

34 McCrory P, K Johnston, W Meeuwisse, et al. Summary and agreement
statement of the 2nd International Conference on Concussion in Sport, Prague

2004. Br J Sports Med 2005;39(suppl 1):i78-i86.

www.bjsportmed.com



Paper 11






i70

Downloaded from bjsm.bmijjournals.com on 2 September 2005

SUPPLEMENT

Effects of heading exposure and previous concussions on
neuropsychological performance among Norwegian elite

footballers

T M Straume-Naesheim, T E Andersen, J Dvorak, R Bahr

See end of article for
authors’ offiliations

Correspondence to:

T M Straume-Naesheim,
Oslo Sports Trauma and
Research Center, Oslo,
Norway;
truls.straume-nesheim@
nih.no

Br J Sports Med 2005;39(Suppl 1):i70-i77. doi: 10.1136/bjsm.2005.019646

Background: Cross-sectional studies have indicated that neurocognitive performance may be impaired
among football players. Heading the ball has been suggested as the cause, but recent reviews state that the
reported deficits are more likely to be the result of head injuries.

Objective: To examine the association between previous concussions and heading exposure with
performance on computer based neuropsychological tests among professional Norwegian football
players.

Methods: Players in the Norwegian professional football league (Tippeligaen) performed two consecutive
baseline neuropsychological tests (Cogsport) before the 2004 season (90.3% participation, n=271) and
completed a questionnaire assessing previous concussions, match heading exposure (self-reported
number of heading actions per match), player career, etc. Heading actions for 18 players observed in two
to four matches were counted and correlated with their self-reported values.

Results: Neither match nor lifetime heading exposure was associated with neuropsychological test
performance. Nineteen players scored below the 95% confidence interval for one or more subtasks, but
they did not differ from the rest regarding the number of previous concussions or lifetime or match heading
exposure. The number of previous concussions was positively associated with lifetime heading exposure
(exponent (B) =1.97(1.03-3.75), p=0.039), but there was no relation between previous concussions and
test performance. Self-reported number of headings correlated well with the observed values (Spearman’s
p=0.77, p<0.001).

Conclusion: Computerised neuropsychological festing revealed no evidence of neuropsychological
impairment due to heading exposure or previous concussions in a cohort of Norwegian professional

football players.

ludicrous and ““not football”. However, it has developed

to become not only a natural feature of the game, but
also an important part of defensive and offensive play.' Today
football is the only contact sport exposing a large number of
participants to purposeful use of the head for controlling and
advancing the ball. In 1992, on the basis of a series of cross-
sectional studies using neurological examinations, neuropsy-
chological tests, computer tomography scanning, and electro-
encephalography in active and older retired Norwegian
football players, Tysvaer proposed that, as seen in boxing,
heading in football could lead to chronic brain injury.?
Following Tysvaer’s study, several other cross-sectional
studies indicated that head injuries sustained during football
can cause continued and measurable brain impairment.’”
Nevertheless, not all studies have found such a relation® and
several concerns have been raised about the methodology
and design used in previous studies.'

In a recent review, Kirkendall et al state that to date it
appears that heading is not likely to be a significant factor,
but that any deficits are more likely to be the result of
accidental head impacts that occur during the course of the
matches.” Estimations carried out by Schneider and Zernicke
indicate that the linear forces associated with controlled
heading are probably not sufficient for brain injury'’; in
comparison, in boxing a punch can generate four to five
times more force to accelerate the head than heading a
football." Even so, computer simulation of headings has
revealed an unacceptably risk of head injury because of the
angular acceleration caused by frontal and lateral heading

I Ieading in football was previously considered to be
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impacts with medium velocities."” This finding emphasises
the importance of correct heading technique as the simula-
tions did not take into account the fact that the skill of
heading involves bracing the neck muscles to minimise the
acceleration of the head.'

Among injuries related to football, 4-22% are head
injuries.” The reported incidence during matches—1.7 inju-
ries per 1000 player hours'*—incorporates all types of head
injury including facial fractures, contusions, lacerations, and
eye injuries. The estimated incidence of concussion—0.5
injuries per 1000 match hours—probably represents a
minimum estimate'> due to the problem of defining and
grading concussions.” " Although most athletes with head
injuries recover uneventfully following a single concussive
episode, repetitive mild head trauma may be implicated in
the development of cumulative cognitive deterioration.” **
Based on paper and pencil tests, cumulative effects of
repeated concussions have been found to cause deterioration
in neuropsychological function among athletes in other
sports such as American football” '* and boxing,'” as well
as in non-athletes."

The consensus at the first International Conference on
Concussion in Sport, held in Vienna in 2001, recognised
neuropsychological tests as one of the cornerstones of
concussion evaluation,' and emphasised the benefits of the
computerised cognitive function testing programs that have
been developed during the past decade—for example,
CogSport (CogState Ltd, Melbourne, Australia), ImPACT
(ImPACT Inc., Pittsburgh, PA), ANAM (Automated
Neuropsychological Assessment Metrics; developed by the
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US Department of Defense), and CRI (concussion resolution
index; HeadMinder Inc., New York, NY).

Conventional paper and pencil tests were designed
primarily for assessment of cognitive dysfunction caused by
neuronal or psychiatric disorders and not for the assessment
of mild changes in cognitive functions over time.*® These tests
have therefore often poor psychometric properties for serial
study, including limited range of possible score, floor and
ceiling effects, learning effects, and poor test-retest relia-
bility.”’ Computerised testing, using infinitely variable test
paradigms, may overcome these concerns and is therefore
recommended for monitoring consequences of concussion in
sport.” Studies suggest that computerised tests may be
particularly sensitive to the cognitive consequences of sports
related concussions, and also that conventional paper and
pencil tests do not share this sensitivity.”* In addition,
computer based neuropsychological tests have demonstrated
sensitivity to cognitive changes caused by fatigue,* alcohol,*
early neurodegenerative diseases,”” coronary surgery,” and
childhood mental illnesses.*

Studies indicating impaired neuropsychological perfor-
mance due to heading exposure and/or previous concussions
in football were based on conventional paper and pencil
neuropsychological tests.*” Therefore the present study
sought to investigate whether these impairments could
be reproduced among professional Norwegian footballers
when assessed by the new and more sensitive computer
based neuropsychological tests. To that end, we examined
the association between previous concussions and
heading exposure with computer based neuropsychological
test performance among professional Norwegian football
players.

METHODS

Participants

The Norwegian professional men’s football league
(Tippeligaen) has 14 clubs. We invited all the clubs with
their A-squad contract players (about 300) to participate in
the study. A total of 289 players (96.3%) agreed to take part.
The Regional Ethics Committee for Southern Norway
approved the project and we obtained written informed
consent from all the participating players.

Every year in February/March, the teams meet at the
Norwegian Football Association training centre at La Manga,
Spain, for the La Manga Cup and pre-season training camp.
We collected data on 13 of the 14 Tippeligaen teams at La
Manga prior to the 2004 season in a test lab set up within the
residential complex, Los Lomas II. Data from the fourteenth
team were collected at their home field in Norway two weeks
later under similar standardised conditions as in La Manga.
There is no time difference between Spain and Norway
and the testing was done at the same time of day with the
same persons instructing and supervising the tests for each
team.

Questionnaire

The players were asked to complete a two-page questionnaire
regarding age, nationality, education level, player position,
seasons in the Tippeligaen and lower division leagues,
highest level of education, and history of exposure to
solvents, general anaesthesia, headache, migraine, epilepsy,
depression, hyperkinetic activity disorders, or learning dis-
abilities. Education level was measured on a seven-point
scale (1= primary/elementary school and 7 =six years of
university education). The questionnaire also asked for an
estimate of their typical number of heading actions per match
(never, 1-5 times, 6-10 times, 11-20 times, and >20 times
per match), the number of previous concussions while
involved in football activity and the number of non-football

concussions, in addition to the time since their last
concussion. We defined concussion as loss of consciousness
and/or amnesia after a head injury.

The questionnaire also included an abbreviated version of
the World Health Organization’s AUDIT form for assessing
alcohol consumption®: “How often do you drink alcohol?”
(never, monthly, 24 x per month, 2-4 x per week, >4 x per
week); ““How many units do you drink on a typical ‘drinking
day’?” (1-2, 3-4, 5-6, 7-9, =10); “How often do you drink
more than 6 units?” (never, monthly, 2-4 x per month, 2—4
X per week, >4 x per week); and a question assessing the
use of other central stimulants (“Do you use any other
central stimulant drugs?” (never, monthly, 2—4 x per month,
2-4 x per week, >4 x per week)). The highest possible
AUDIT score is 13. In addition, the players recorded their
symptoms and signs on a 20-item post-concussion symptom
scale (PCSS; 0-120) validated for use in evaluating concus-
sions in sport.”

The players were assured that the information would be
treated in a confidential way and not released to their club,
and the second part of the questionnaire, which contained
the PCSS and other sensitive questions, was anonymous with
just a reference number to track player identity. To validate
the self-reported number of headings per match, we
randomly selected four different matches from the whole
scason involving one team playing against four different
opponents, and the same person manually counted the
heading action of each player, either live or from video
review.

Neuropsychological testing
The neuropsychological tests were administered and super-
vised by trained personnel. The players undertook the tests in
groups of three in the same quiet room to allow rapid data
collection. We used the computer based neuropsychological
test CogSport (versions 2.2.0 and 2.2.1). Norwegian speaking
players were tested with the Norwegian language version of
the test, where instructions for each subtask were in
Norwegian, and all others used the English language version.
The test is described in detail elsewhere.”' ***' The stimulus
for all tasks consists of playing cards with responses given
using the keyboard, with the d key indicating “no” and the k
key ““yes”, or vice versa for left handed players. No other keys
were used.

The CogSport test battery includes seven subtasks testing
different cognitive brain functions:

Simple reaction time (motor function)
Choice reaction time (decision making)
Congruent reaction time (simple attention)
Monitoring (divided attention)

One-back (working memory)

Matching (complex attention)

Learning (learning and memory)

All subtasks include between 15 and 40 trials, and for all
subtasks the data are reported by the CogSport program as
the mean reaction time with corresponding standard devia-
tion, accompanied by accuracy data for all tasks except
simple reaction time and monitoring. Anticipatory responses
(reaction times <100 ms) and abnormally slow responses
(reaction times >3500 ms) are recorded as errors and
excluded from the analyses. Accuracy data are calculated as
the number of true positive responses divided by the number
of trials. The test was stopped if a player had more than 40
incorrect responses on one task. Since previous studies on
CogSport have indicated a slight learning effect between the
first two tests performed, in this study two consecutive tests
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Table 1 Characteristics of the participating players.
Results for all players are divided in two groups based on
(a) previous concussion history (n=270) and (b) headings
per match (n=153)*
Previous
i Headings per matcht
Yes No >11 0-5
Variable (n=133) (=137) (=85 (n=68)
Age (years) 25.1 (4.5) 26.2 (4.7) 26.0 (4.7) 25.3 (4.9)
Playing experience in Tippeligaen
(years) 2.8(2.4) 3.3(2.4) 3.1(2.4) 3.2(2.4)
PCSS score (0-120) 38(67) 4.0(62) 3.5(6.2) 48(7.1)
Total number of concussions 20(1.1) - 1.4(1.4) 0.7 (0.9)
Alcohol intake (AUDIT score; 0-13) 53(27) 5.1(2.3) 51(25) 51(23)
Other stimulants (yes) 1.5 15 2.4 (0
Exposure fo solvents (yes) 3.9 8.1 2.4 7.4
General anaesthesia (yes) 49.2 58.1 49.4 55.9
Headache (monthly or weekly) 6.3 6.7 2.4 59
et (e 53 9.6 59 44
Epilepsy (yes) 0 0.7 0 0
Depression (yes) 1.5 1.5 0 29
Hyperkinetic activity disorders (yes) 1.5 1.5 0 0
Learning disabilities 3.8 22 2.4 1.5
Highest education level
Primary school or less (<9 years) 6.1 6.7 0 2.9
Secondary school (high school) 68.7 59.0 62.4 69.1
Tertiary education (college) 252 34.3 37.6 26.5
Nationality
Norwegian 82.6 83.1 82.4 83.8
Other Scandinavian 6.1 8.1 8.2 59
Other European 8.3 5.9 59 7.4
Non-European 3.0 3.0 3.6 3.0
Playing position
Goalkeeper 10.4 9.8 - -
Befizreto e 134 250 435 29
Wingback 16.8 15.9 10.6 132
Central midfielder 19.2 18.2 8.2 22.1
Other midfielder 10.4 6.8 3.5 19.1
Wing 10.4 10.6 8.5 25.0
Attacker 17.6 12.1 22.4 10.3
Unknown 1.6 1.5 8.2 7.3
Heading frequency (per match)
Never 17 0.8 = 4.4
1-5 times 29.4 236 - 95.6
6-10 times 39.5 35.8 = -
11-20 times 23.5 30.1 77.6 -
>20 times 59 9.8 22.4 -
*Results are shown as the mean (SD) or percentage of valid responses within the
group.
tExcluding goalkeepers.
$Data missing for five athletes.

were performed and the first was discarded unless the second
was subject to technical problems.

Statistical analysis

We used the measures of mean reaction time for all seven
subtasks as the main dependent variables, as these measures
have shown the highest reproducibility and sensitivity.*” **
Prior to all calculations, the mean reaction times and
standard deviations were log,, transformed to obtain a more
normal distribution.*

From the patient history questionnaire we chose the total
number of previous concussions, number of heading actions
per match and lifetime heading exposure as independent
variables. We estimated lifetime heading exposure as: the
self-reported number of heading actions per match x the
number of regular league matches played per team per season
(n=26) x (age in years—16). For example, for a 28 year old
player reporting 10 heading actions per match, the estimated
lifetime heading exposure was 3120 (10 x 26 x 12).

We performed multiple regression analyses for the main
dependent variables (mean reaction time for the seven
subtasks) and the independent variables (previous concus-
sions, lifetime heading exposure, heading frequency). A
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number of potential confounding variables (age, alcohol
consumption, use of other central stimulants, previous
narcosis, exposure to solvents, learning difficulties, level of
education, and neurological diseases) were entered in the
model using backward methodology. Logistic regression was
performed for the association between previous concussions
(yes or no) and the two heading exposure variables. To
increase the power of the logistic regression we rearranged
the number of heading actions per match to form the three
categories: “0-5 times”’, 6-10 times”, and “>11 times” . The
lowest and the highest two categories of heading frequency
(“0-5 times” v “>11 times”) and total number of previous
concussions (“never concussed” v those with three previous
concussions or more) were examined for differences in
neuropsychological performance using independent sample ¢
tests. A Bland-Altman plot was constructed to examine the
association between self-reported and manually counted
number of headings per match, in addition to a non-
parametric correlation test (Spearman’s p). We set the level
of significance as p<0.05, and we did not make any
corrections for multiple testing (for example, Bonferroni).
SPSS (version 11) was used for all statistical analyses.

RESULTS

Of the 289 players consenting to take part, 18 did not report
for neuropsychological testing and were excluded, resulting
in a final sample of 271 players. A total of 137 players (50.6%)
reported having had one or more previous concussions (55
reported one previous concussion, 43 two, 17 three, and 22
more than four) and 112 players (41.3%) reported a football
related concussion—20.8% having experienced a concussion
within the previous year (one player did not report his
concussion history). The participating players’” characteristics
are shown in table 1. Based on the country of origin and
observations of the test supervisors, we identified 3% with
language problems that could potentially bias the test
performance.

When goalkeepers were excluded, 1.2% (n =3) reported
that they never headed the ball, 26.1% (n = 65) headed 1-5
times, 37.1% (n=91) 6 —-10 times, 26.9% (n=066) 11-20
times, and 7.8% (N =19) >20 times per match (table 1).
Defensive players reported to head the ball most frequently
(54.0% in the 11-20 category, 20.0% in the >20 category),
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Figure 1 Self-reported number of headings per match and total
number of previous concussions (n=243). The results are shown as
means with 95% confidence infervals. Goalkeepers are excluded.
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Figure 2 Relation between total number of previous concussions and
mean reaction fime (logyo, ms) for the seven CogSport subtasks
(n=269). The subtasks are arranged vertically and from left to right
according fo their complexity from top left (easiest) to bottom right (most
difficult). Regression lines are shown as solid lines.

followed by attackers (38.5% in the 11-20 category, 10.3% in
the >20 category). The manual count, which included 18
players observed in two to four matches, showed that the
number of headings per player per match averaged 8.5 (range
0-26). Data on these 18 players revealed a slight over-
estimation of the number of headings per match compared
with the self-reported figures, at least for the frequent
headers. However, the correlation between the self-reported
number of headings and the manual count was good
(Spearman’s p 0.77, p<<0.001), and the majority defined
themselves in the same quartiles as those created by the
observed values.

The estimated lifetime heading exposure was significantly
positively associated with the number of previous concus-
sions on logistic regression (exponent (B) =1.97(1.03-3.75),
p=0.039) and the self-reported number of headings per
match showed the same trend (fig 1, exponent (B) = 1.67,

Number of headings per match

Figure 3 Relation between self-reported heading frequency and mean
reaction time (logyo, ms) for the seven CogSport subtasks (n=243).
Goalkeepers are excluded.

p=0.12) between the medium frequency (6-10 headings)
and the high frequency heading group (>11 headings).

However, the multiple linear regression analyses did not
reveal any relation between the total number of previous
concussions and neuropsychological performance on any of
the seven subtasks (fig 2). In addition, there was no relations
between the number of headings per match and the
neuropsychological test score on any of the subtasks (fig 3),
nor between estimated lifetime heading exposure and test
scores (fig 4). These results did not change if we excluded
players with potential language problems (3%).

There was also no difference in the neuropsychological test
results of players with the lowest heading frequency (0-5
times per match) and those heading most frequently (>11
times per match). The mean difference in performance on the
seven subtasks between the groups ranged from —0.24% to
0.68% (p values ranging from 0.27 to 0.99). Comparison of
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Figure 4 Relation between estimated lifetime heading exposure and
mean reaction time (logyo, ms) for the seven CogSport subtasks
(n=243). Goalkeepers are excluded.

the never concussed group and those with three or more
previous concussions also did not reveal any differences in
neuropsychological performance (mean difference ranging
from —0.47% to 0.02%, p values from 0.295 to 0.957).

There was no difference between goalkeepers (n =26,
excluded from the regression analyses of heading exposure v
test performance above) and the rest of the group in
neuropsychological test performance. When the two groups
of players with the highest self-reported heading frequency
(defensive players and attackers) were compared with the
group of players playing other positions (excluding goal-
keepers) there were no differences in neuropsychological
performance (p values generally above 0.6).

Nineteen players (5.9%) scored lower than the lower limit
of the 95% confidence interval on one or more subtask
(outliers). Three of these were in the group with potential
language problems. However, there was no difference
between this subgroup and those within the 95% confidence
interval in match or lifetime heading exposure or in the
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number of previous concussions. None of the 19 players
reported having experienced a concussion in the previous
month and they reported significantly lower symptom scores
on the PCSS than the rest (mean 1.5 (0-6.8); p = 0.006 v the
rest of the players).

The PCSS scores showed a skewed distribution with 46.7%
(n=127) reporting no symptoms. The highest registered
score was 35 out of a possible 120. There was no significant
difference in test performance between the players in the
upper quartile on PCSS score and those who reported no
symptoms. Although monitoring (mean difference (logio,
ms): 0.025 (—0.001 to 0.050), p =0.050) and choice reaction
time (mean difference 0.015 (—0.002 to 0.032), p = 0.088)
showed a directional trend, the results indicated that the
group with more symptoms tended to perform better on the
test.

Only four players (1.5%) qualified as outliers for one or
more subtasks when compared with the normal range as
defined by the test manufacturers (that is, outside the 95%
confidence interval of the normal population). Five players
had too many errors on the more complex tasks and their
tests were reported as abnormal in the CogSport test reports.
However, these two groups did not differ from the others
regarding previous concussions or heading exposure.

DISCUSSION

In contrast with Matser ef al,>”> Tysvaer,” > and Witol and
Webbe,” we did not find any relation between self-reported
heading exposure or history of previous concussions and
neuropsychological performance in a group of elite football
players. The present study was carried out on a large cohort of
mature professional football players with a high response rate
(90% of the players in the league). We collected the data on
and adjusted for potential confounders (such as education,
alcohol, age, playing experience), and used a validated
computer based neuropsychological test battery. In this
way, we could also compare our data with a large control
sample of uninjured athletes from other sports. However, our
data did not show any trend towards a relation between
football playing, heading exposure, or previous concussions
and neuropsychological tests, even on refraining from
adjusting for multiple statistical tests (for example,
Bonferroni correction). In addition, to make the statistical
tests as sensitive as possible, we also compared the most
extreme player groups with respect to heading exposure and
concussion history. Here, too, we did not observe any
difference in test results. Previous studies argue for a dose—
response relation between neuropsychological deficits and
lifetime heading exposure estimated from age and heading
frequency per match.”” We examined age and heading
frequency both independently and together in a multiple
regression model in this study but without finding any
significant relation.

The apparent discrepancy between the current findings
and previous studies is not easily explained. In general, the
present study is based on similar methodology as the
preceding studies in the field, including cross-sectional
neuropsychological testing, and heading and concussion
exposition based on self-report. In a recent comprehensive
review of studies addressing the neuropsychological con-
sequences of heading and head trauma in football,
Rutherford ef al concluded that there was no definitive
evidence that football, and heading in particular, caused
deterioration in neuropsychological function among football
players.! Furthermore, they stated that all the neuropsycho-
logical studies conducted so far suffer from methodological
problems and that, at best, a few of these studies may be
regarded as exploratory.' The principal methodological
limitations include small and/or inappropriate subject groups,
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low or unknown response rates, inappropriate statistical
methods (type 1 errors, not adjusting for multiple compar-
isons or potential confounders).' * For instance, Matser et al’s
study suggesting neuropsychological impairments in amateur
football players is generally criticised for conducting up to
283 statistical tests without proper adjustment of the level of
significance.' When planning the current study, we sought to
rectify some of these limitations.

Conventional v computerised tests

All the previous studies have used conventional paper and
pencil tests. It has been argued that these tests have problems
with normal ranges, sensitivity and specificity, and practise
and learning effects.”” ** Recent studies of reliability of
computerised neuropsychological testing have suggested that
measures of response speed are more reliable than measures
of response accuracy in healthy young adults.** ** This may be
important, since the output from conventional neuropsycho-
logical tests used to study cognitive deficits from heading and
concussion exposure is typically either an accuracy score or a
gross measure of the total time to perform the task.””* In
contrast, we used exact measures of reaction time from
computer based tests.*

We were not able to include conventional paper and pencil
tests in the current study, but other studies suggest that
computerised tests may be particularly sensitive to the
cognitive consequences of sports related concussions,” > *
although both methods have been shown to be sensitive
for  detection of  post-concussive neurocognitive
changes.' ** ** ** > Nevertheless, a meta-analytic review of
neuropsychological studies addressing persisting brain
damage after minor head trauma suggested that conven-
tional neuropsychological assessment had a positive predic-
tive value of less than 50%.* In contrast in several studies
computerised reaction time measures show evidence of
persisting impairment after sports concussion, even in the
presence of normal performance on traditional clinical
neuropsychological measures.”” However, even if there were
differences in sensitivity between conventional and compu-
terised neuropsychological tests in favour of the latter, this
does not explain why the potentially less sensitive method
(paper and pencil) would detect differences that are not
identified using the more sensitive method (computer).

Readministration of tests

To minimise variability, we asked the athletes to perform two
consecutive neuropsychological tests. For computerised tests,
a practise effect is seen between the first and second
administration with only smaller non-significant improve-
ments with further serial testing.*” Macciocchi conducted
repeated testing of 110 athletes with conventional neuropsy-
chological tests and showed that the athletes had a definite
capacity to improve performance with only one readminis-
tration of the test.*” For instance, the widely used Trail
Making Test showed a mean improvement of 20%
(p = 0.008).* Thus, the results from a second administration
of a neuropsychological test, both conventional and compu-
terised, provide a more reliable description of the group’s
neuropsychological performance. In the previous studies
which showed neuropsychological deficits among footballers
neither the footballers nor the control groups performed a
practise test.

Control group

There is yet another distinction between the current and
previous studies that may be more important. We chose not
to include a non-football control group, based on the
principle that participants should differ only on the variable
under examination (such as heading and concussion). For

example in Downs and Abwender’s study,’ the young
footballers and control group had different proportions of
men and women, and the older groups consisted exclusively
of men. Consequently, any difference might have been due to
sex rather than an aspect of football play. This issue was
thoroughly discussed by Rutherford et al.!

Our approach enabled us to investigate the effects of
heading and concussion more specifically compared with the
studies of Tysvaer and Lochen,” or Matser ef al,” * where the
main comparison was between the footballers and the non-
football controls. Furthermore, we found no evidence of
cognitive impairment even when we compared the test
results to the normal range defined by the test manufac-
turers. Only a handful of players qualified as outliers for one
or more subtasks and they did not differ from the others
regarding history of previous concussions or heading
exposure.

Response rate

Finally, the current study is the largest study conducted
on football players to date and with a high response
rate. Among the previous studies, only Webbe and Ochs
reported response rates.”” In their study, which showed an
association between heading recency and neurocognitive
performance, 48% of the players invited declined, most
citing the reason as insufficient time to accommodate
testing.” Even so, there is a potential for a selection bias.
We invited all the players in the Norwegian top league and
90.3% agreed to participate, minimising selection bias and
securing a group of players all playing at the same level.
Many previous studies were performed on amateur level
players or on a mixture of amateur, professional, and former
professional players.* ¢ *> **

LIMITATIONS OF THE PRESENT STUDY

Some methodological issues must be considered when
interpreting the results of the current study. In particular,
these are related to the accuracy of the main independent
variables, concussion history and heading exposure, which
were self-reported as in most previous studies.

Heading frequency

The ability of players to self-report heading frequency is
debated in the literature." Heading frequency may also be
subject to great variability among different playing cultures
and styles, between continents, countries, different teams
and even matches against different opponents. Matser ef al
claimed that players usually underestimate the number of
headers per match in an interview setting, even though their
players reported an average of 16 headings per match ranging
from 0 to 42.> In contrast, studies based on direct observation
show that across the whole team, the average number of
headers is between 6 and 16 per match.* This is the basis for
the grading scale used in the present study to group the
participating players according to heading frequency: never,
1-5, 6-10, 11-20 and >20 times per match. Although based
on a limited number of games, our observations suggest that
the players rated their heading frequency quite well, even
though the absolute values were slightly high. Thus it is not
likely that the results are biased by misclassification of
heading exposure. As mentioned above we also compared the
upper and lower extremes of heading frequency groups to
minimise this effect—still without detecting any differences
in neuropsychological performance. Even so, heading fre-
quency may be questioned as a valid measure of brain
impacts. To reduce angular or rotational acceleration, good
heading technique requires good timing and coordination of
the muscles of the neck to stabilise the head. A more frequent
header may be more likely to have a superior heading
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technique than a player who heads less frequently, and
consequently less frequent headers may be more at risk
during the few times they actually head. Analyses based
exclusively on heading frequency will not pick up the
consequences of poor heading technique or unexpected ball to
head contact, and can potentially mask cumulative effects of
minor impacts when heading. A recent study from the same
league shows that such head impacts are very common."
However, ball to head contact represented only 5% of the
incidents. In contrast, a hit from the elbow, arm, or hand
appeared to cause 43% of the incidents and head to head
contact caused 32%. The latter two also represented the vast
majority of the head injuries recorded.

Lifetime heading exposure

Our measure of lifetime heading exposure might have been
biased, since it does not consider the level of play for all the
years incorporated in the variable. As all our participants
were selected from the top league it is reasonable to assume
that they had played top level football since the age of 16. As
players specialise early, it is also highly likely that they have
played the same playing position throughout their careers,
with a similar relative frequency of involvement in heading
situations. The heading frequency and risk of injury may
have increased when progressing from junior to senior ranks
even for these elite players, which would lead to an error in
the absolute numbers estimated. However, a gradual
increased exposure to heading situations would not have
influenced a player’s relative rank with respect to heading
frequency within the group.

Concussion history

Our measure of concussion history is also based on self-recall,
and therefore subject to considerable recall bias, most likely
resulting in an underestimation. In a study on a group of US
college football players and grid iron football players, Delaney
et al showed that four of five concussions were not recognised
by the player, even if the player remembered having
symptoms on the field when examined retrospectively."”
These results can only partly be explained by recall bias,
and probably also reflect the many different grading systems
and definitions of head trauma and concussions. Until
recently, the approach to concussion management in
Norway has been uniform and conservative, using to the
old definition requiring loss of consciousness and/or amnesia.
This definition was therefore also used in the player
questionnaire. Based on the system of injury registration
established in 2000 for Tippeligaen, the doctors for 12 of the
included teams registered eight concussions during the 2003
season (0.09 per 1000 players hours of exposure, including
matches and training) (TE Andersen, personal communica-
tion). This figure is lower than the 24 concussions reported by
the players during the same time period (14 teams)—I19
during a football match or training (1 January 2003 to 31
December 2003). This comparison indicates that player recall

What is already known on this topic

® Based on neuropsychological paper and pencil test
studies have suggested a higher frequency of cognitive
impairments among football players compared with
controls

o The evidence that such impairment occurs as a result of
general football play, concussions on the football field,
or normal football heading is limited
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was not a major problem, at least for concussions resulting in
amnesia and/or loss of consciousness during the previous
season. However, a recent study from Tippeligaen using video
analysis to document the injury mechanisms of head injuries
showed that only about 10% of all incidents involving
impacts to the head were reported by the team doctors as
concussions.'” Given the definition used for previous concus-
sions in the present study, we were not able to take such
minor head trauma into consideration in the regression
model. Guskiewicz ef al* defined concussion as

injury resulting from a blow to the head that may have
resulted in one more of the following conditions: head-
ache, nausea, vomiting, dizziness or balance problems,
fatigue, trouble sleeping, drowsiness, blurred vision,
difficulty remembering or difficulty concentrating.

Yet they found a similar prevalence of concussions as in
our study (49.5% reporting a history of one or more
concussions compared with 49.1% in our study), and the
concussion history was not associated with depressed
neurocognitive performance. Even though that study was
performed on college soccer players (average age 19 years),*
the results were similar to the current study. Guskiewicz et al
also revealed a higher prevalence of concussions among the
footballers, but did not demonstrate any difference in
neurocognitive performance compared to the non-football
athletes or students.’®

On the other hand the vast majority of head impacts and
concussions in football happen in heading duels, where a hit
from the opponent’s arm or head to head collisions represent
the most frequent mechanisms of injury."”” Frequent headers
are more frequently involved in heading duels. Consequently,
they may be exposed to head trauma more often than less
frequent headers. This hypothesis is supported by the
significant association shown between estimated lifetime
heading exposure and the number of previous concussions.
This makes it difficult to separate the effects of heading
exposure from previous concussions in studies based on self-
reported retrospective data. It could be argued that heading
frequency is just as good a measure for previous concussions
and minor head impacts during football as the self-reported
numbers of concussions.

CONCLUSION

This study does not support the hypothesis that concussive
and/or subconcussive trauma caused by heading has a
cumulative effect causing neuropsychological impairments
among football players.

What this study adds

e Computer based neuropsychological testing of
Norwegian professional footballers did not show any
neuropsychological impairment compared with nor-
mative control data among the vast majority of the
players (98.5%) and revealed no evidence of cognitive
impairment associated with heading exposure or
number of previous concussions

e Heading frequency and concussions are weakly
associated, identifying heading duels as risk situations
for head injuries
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Abstract

Objective: To compare the serum levels of S100B after a head trauma to the effect of
heading, high-intensity exercise and playing a league match. Heading and head traumas in
soccer have been suspected to cause brain impairment. The protein S100B is a marker of

acute neuronal tissue damage.

Method: Baseline S100B was measured in 535 Norwegian professional soccer players. 228
head impacts were registered from 352 league matches. Three teams (N=48) performed a
high-intensive exercise session without heading and a low-intensity session with heading
exercises. Blood samples were drawn within one hour (B1) and the following morning (B12)
after a match/training for the four groups: Head Impact (N=65), Match Control (Match

participants without head impact, N=49), High-Intensive Exercise (N=35), Heading (N=36).

Results: Serum S100B increased from baseline to B1 for all groups. The increase for the
match groups (Head Impact and Match Control) was significantly higher than for both the
training groups. However, no significant differences between the Head Impact and Match
Control groups or between the two training groups were found. A total of 39 (33.9%) players
showed elevated B1 values (= 0.12 ng/mL) after a match, but these were equally distributed

between the Match Control Group and the Head Impact Group.

Conclusion: Both soccer training and soccer matches cause a transient increase in S100B.
There is a possible additive effect of activity with high intensity and heading, but minor head

impacts do not seem to cause an additional increase.

Running Title: MHT in Soccer and S100B

Keywords: Soccer [MeSH]; closed head trauma [MeSH]; Brain injury [MeSH];
S100 Proteins [MeSH]
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Introduction

Soccer is one of the few sports where an unprotected head is used actively for heading and
advancing the ball (30). When heading was introduced in soccer, this feature was first looked
upon as ludicrous and “not soccer”, but later it has developed to become an important part of
defensive and offensive play (49). However, during the last two decades there has been an
increasing concern that heading could lead to chronic brain injury as seen in boxing. This was
first postulated by Tysvaer in 1992 (65) based on a series of cross-sectional studies using
neurological exams, neuropsychological tests, computer tomography (CT) scans and
electroencephalography (EEG) exams on active and older retired Norwegian soccer players.
Since then, some cross-sectional studies have indicated that soccer can cause measurable
cognitive impairment (19, 33-35), while others have not detected such a relationship (23, 60).
Heading duels also expose the players to an increased risk of sustaining a head trauma (2, 60),
and it has been hypothesized that the reported cognitive deficits are more likely to be the
result of accidental head impacts that occur during the course of the matches rather than

heading (29).

Among injuries related to soccer, 6-13% are head injuries (3, 22). The reported incidence of
head injuries for men during matches is 1.7 - 3.5 per 1000 player hours (2, 22). This
incorporates all types of head injuries including facial fractures, contusions, lacerations, and
eye injuries, while the estimated incidence of concussion is 0.3-0.5 per 1000 match hours (2,
13, 22, 45). However, the rate of brain injuries is difficult to assess (15), and the reported
incidences are likely to represent minimum estimates. Andersen et al. (2) identified 192 head
impacts on video recordings from elite soccer matches (18.8 per 1000 hours), but only five of
these were reported as concussions. A study by Delaney et al. (15) revealed that only one out
of five concussions are recognised by the players after a head impact in a match, indicating

that many players continue to play with undiagnosed concussions.
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Several different markers for brain injury have been investigated during recent years. Based
on these, Ingebrigtsen & Romner (26) have concluded that the S100B protein is currently the
most promising marker for evaluation of traumatic brain injury in patients with minor head
injury. Protein S100B is a Ca®"-binding protein mainly attached to the membranes in glial
cells in the central and peripheral nervous system (astrocytes or Schwan cells), although it is
also expressed in melanocytes, adipocytes and chondrocytes outside the nervous system (18,
62, 68). The serum levels of S100B increases rapidly after a traumatic brain injury and some
studies have reported a 10-15 fold increase above baseline levels, followed by a significant
decrease the next 4-6 hours due to its short half-life (10, 27, 28, 38, 48, 63). An increased
level of S100B after minor head traumas has been reported to be associated with pathological
findings on CT scans (9, 36), prolonged in-hospital stays (38), prolonged absence from work
(59), post concussive complaints (14, 50) and disability one year after the incident (53). In
addition, S100B is associated with the Glasgow Coma Scale score at admission and the
outcome after more severe head injury (46, 64). Nevertheless, the specificity of S100B to
brain injury has been questioned (4, 17, 32, 40, 43, 57, 66). Highly increased values have been
reported after multi-trauma and burns without head injury (5), as well as smaller increases
after swimming (16), running and boxing (16, 42). Yet, the increase seen in S100B
concentration after exercise was lower than values reported after minor head traumas (9, 12,

14,27, 36, 41, 48, 53).

S100B is increased after playing a soccer match and appears to be related to the number of
headers (54, 56). However, no large-scale prospective study has assessed S100B levels after
minor head impacts in soccer. Thus, this study was designed to assess whether minor head
impact in soccer could cause injury to the nervous tissue, measured as an increase in the

serum S100B concentration. In addition, we wanted to assess the specific effect of high-
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intensity exercise and heading on the serum concentration of S100B to control for these

factors.
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Methods

Study Design

This is a prospective study in a cohort of professional soccer players, where the serum level of
S100B was compared between four different conditions: 1) after a head impact occurring
during a regular league match (Head Impact Group), 2) after a regular league match with no
recorded head trauma (Match Control Group), 3) after a high-intensity training session
without heading (High-Intensity Exercise Group), and 4) after a low-intensity training session
with heading exercises only (Heading Group). The blood sampling protocol included in each
case a baseline sample (before the season or before the training session), a follow-up blood
sample taken right after the match/training session and an additional sample the following

morning.

Participants and Test Procedures

All players in the Norwegian elite soccer league, Tippeligaen, were asked to participate in the
study prior to the 2004 and 2005 seasons. Tippeligaen comprises 14 teams, each with 23-28
players on an A-squad contract, yielding a total of 320-390 players each season. Written
informed consent was obtained from all participants, and the study design was approved by

the Regional Committee for Medical Research Ethics, Helse Ser, and the Data Inspectorate.

A total of 289 players consented to participate in the study in 2004 and 332 players in 2005.
Thus, the study covered 621 player seasons (161 of these players were included in both
seasons). Baseline morning blood sampling prior to both seasons was performed for all teams
but one during their preseason training camp at the training centre of the Football Association
of Norway (NFF) at La Manga, Spain, in February or March. The final team was tested at
their local training facilities in Norway during the same time period. In addition, baseline

blood sampling was performed in a subgroup of players (N=49) on three different days during
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their two-week training camp to assess the variation in baseline serum S100B concentration.

All baseline samples were taken before training between 7:30 and 10:00 am.

Match Study

During both seasons, all regular league matches were observed live by medical personnel
present at the venue and they were asked to record all head impacts during the match. The
personnel were either the team’s own medical staff covering the match or other local medical
personnel recruited by the study administrators. The criteria for including head impacts (Head
Impact Group) in the sample were: All situations where; 1) a player appeared to receive an
impact to the head (including the face and the neck), 2) the match was interrupted by the

referee, and, 3) the player laid down on the pitch for more than 15 s (3).

In any case of a head impact (irrespective of whether or not the player was removed from
play), the medical personnel were instructed to draw a blood sample from the player straight
after the match, preferably within 1 hour after the trauma (B1), as well as a sample the
following morning (within 12 hours after the match, B12). Video recordings of all matches
were provided by the Norwegian Broadcasting Corporation (NRK) and reviewed the
following morning by one of the authors (TMSN) or a research assistant. When a head impact
was identified, the respective team’s medical personnel were contacted by phone to check on
the follow-up status and, if necessary, to arrange for B12 blood sampling. A control group of
players from six of the teams included in the study was recruited to give blood samples within
one (B1) and 12 hours (B12) after a regular match where they had not experienced any head
trauma (Match Control Group). These six control matches were reviewed on video to verify
that no head impacts had occurred to these players and a count was made of the number of
headers and other head accelerating events per player (i.e. falls or collisions that did not

qualify as head impacts).
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In order to check how many of the head impact that resulted in actual time-loss injuries (21),
the impacts were also cross-referenced with the injuries reported by the team’s medical staff
through the injury surveillance system (TISS) administrated by Oslo Sports Trauma Research
Centre. This register receives data from all the teams in Tippeligaen, and includes all injuries
from all team activities that have resulted in absence from training or match (time-loss
injuries), as well as the time and date of the injury, type of match, diagnosis, and the number
of days before the player returned to training or match (3). The study protocol also included
neuropsychological testing of the players the day after the head impact/control match. These

results are described in detail in a separate report (61).

Training Study

Moreover, three of the included teams were asked to participate in two separate training
sessions prior to the 2006 season (N=48); one high-intensity soccer training session where
heading of the ball was not allowed (High-Intensity Exercise Group) and one low-intensity
training session with heading exercises (Heading Group). These sessions were planned in
cooperation with the team coach and led by the regular coaching staff. The high-intensity
soccer play and heading exercise were organized to be as close to the match situation as
possible in terms of the level of intensity, or the number and force of the headers. Normal
values for the number of headers per player per match was established by counting all headers
in matches that were followed live by one of the study administrators during the 2005 season
(N=241 players, 2-4 matches counted per player). The mean number of headers per player
was 5.7 (95% CI: 0 to 14.8) per match with large variations between the different playing
positions, ranging from 2.8 (95% CI: 0 to 6.9) for the midfielders to 9.6 (95% CI: 3.9 to 20.7)
for the central defenders. Goalkeepers practically never headed the ball (0.04 [95% CI: 0 to
0.5]). Thus, no standard number of headers was set for the heading exercise session. However,

each player was asked to fill in a questionnaire after both sessions (High-Intensity Exercise
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and Heading) assessing their level of fatigue and how often they headed the ball during the
current day’s training compared to a regular match (much less, less, a little less, same, a little
more, more or much more). This score was dichotomized to “less” and “same or more” in the
analyses. From video recordings of the heading sessions, one or two different players were
selected for each of the drills performed and the number and force (i.e. light, moderate or
hard) of the headers were counted. The number of headers for each drill was then summarized
to create an estimate of the mean number of headers per player per training session. New
baseline morning samples were drawn before the first training session, and subsequently
within one hour (B1) and the following morning (B12) after each of the two sessions. The
training sessions were arranged on separate days and lasted for 90 minutes excluding warm

up, and no other training was done in-between the two follow-up blood samples.

S100B Assay

Venous blood samples were collected from an antecubital vein and drawn into a standard gel
7 mL tube (BD Vacutainer® Blood Collection Tube, New Jersey, USA) and allowed to clot
for 30 min before centrifugation (3000g) for 10 min. The resulting serum was divided into
two 1.5 mL Eppendorf tubes and frozen within two hours. Serum S100B concentrations were
measured using an electro-chemiluminescence assay (ROCHE Elecsys®, ROCHE
Diagnostics, F. Hoffmann-La Roche Ltd, Basel, Switzerland). The lower detection limit of the
assay is 0.005 ng/mL (ROCHE Elecsys® product information). All analyses were performed
at the Department of Clinical Chemistry and Clinical Biochemistry, University of Munich,
Germany according to the procedure described by Mussack et al. (40) and Bieberthaler et al.
(9). Based on previous studies on S100B after minor head trauma, (9, 11, 12, 26, 38), a cut-off
value of 0.12 ng/mL was used to classify the B1 samples as elevated or within the normal

range.

-10 -
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Statistics

All blood sample data were log transformed to meet the criteria for normal distribution. The
reproducibility for the measurement of the baseline concentration of S100B was assessed
using ANOVA for repeated measurements. The square root of the residual mean square was

divided by the joint mean of all three measurement points to create a coefficient of variation

(CV).

The main effect variables for the study were the serum concentration of SI00B at B1 and
B12, the Delta B1 values (change from baseline to post impact/match/training), and the
proportion of players within each group with an elevated B1 sample value. The null
hypothesis that there was no difference between groups in S100B serum concentration was
tested using repeated measurements ANOVA with Bonferroni post-hoc p-value adjustments
and pair-wise t-test comparisons. Further differences between subgroups were examined using
independent sample t-tests, while paired samples t-tests were used for testing differences
within each group. Categorical variables were tested for between-group differences using Chi-
square or Fischer’s exact tests and bivariate correlations were calculated with the Spearman’s
rho correlation coefficient. All SI00B concentrations presented in the text are back-
transformed values from the log10 values used in the analyses. Descriptive data are presented
as the mean with 95% confidence intervals (CI) of the distribution, while comparative data are
presented as mean and the corresponding 95% CI of the mean. Based on the standard
deviation from the baseline samples, the lowest true difference between the groups that could
be identified was 0.017 ng/mL with at least 25 players in each group, with a power of 80%
(B=0.8). All statistical analyses were performed using the Statistical Package for the Social

Sciences (SPSS version 13.0, SPSS inc., Chicago, USA).

-11 -
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Results

Baseline Characteristics and Compliance

Baseline blood samples were drawn from 255 (88.2%) of the players who consented to
participate prior to the 2004 season and 280 players (84.3%) prior to the 2005 season. Hence,
535 baseline samples were collected in total and the mean serum concentration of S100B was
0.045 (95% CI: 0.018 to 0.11) ng/mL. A total of 15 (2.8%) of the baseline samples were equal
or above the cut-off at 0.12 ng/mL. Three repeated baseline measurements were performed on
a total of 49 players and the mean baseline concentrations of S100B for the three different test
days ranged from 0.049 (95% CI 0.026 to 0.093) ng/mL to 0.056 (0.028 to 0.11) ng/mL with

a CV of 18.4%.

A total of 228 head impacts that met the inclusion criteria were identified on video from 352
matches. Sixty-nine (30.3%) of these were followed up with a blood sample within one hour
after the impact (B1, N=65), or an additional blood sample the following day (B12, N=40), or
both (N=37). The baseline characteristics and compliance with the sampling protocol for all

four groups are presented in Table 1.
Insert Table 1 near here

As presented in Table 2 only 13 (5.7%) of the 228 impacts were reported in as time-loss
injuries to TISS, including 7 (3.1%) concussions (0.6 per 1000 playing hours). In the
followed-up group, a total of 27 (39.1%) players reported having symptoms directly after the

impact, but only 9 (33.3%) of these were taken out of play.
Insert Table 2 near here.

Two players experienced a head impact during the heading exercise session and were
consequently excluded from further analyses. The serum concentration of S100B at baseline

was not significantly different for any of the four groups (ANOVA, p=0.408).

-12 -
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Changes in the Serum Concentration of S100B

All groups had a significant increase in serum concentration of S100B between baseline and
B1, and a similar significant decrease from B1 to B12 (Figure 1). Both match groups
displayed higher B12 values compared to baseline, but only the B12 value for the Head
Impact Group was significantly different from baseline (Baseline: 0.041 [95% CI 0.034 to
0.051] ng/mL, B12: 0.051 [95% CI: 0.43 to 0.59] ng/mL , p=0.040). For both training groups
the B12 value had returned to their baseline level. However, it has to be emphasised that the
time from the end of the activity until B12 sampling the following morning was on average
5.8 (95% CI: 5.0 to 6.6) hours longer for the training groups compared to the match groups
(p<0.001), since the matches usually were played in the evenings while the training sessions

took place around noon.
Insert Figure 1 near here

Significant differences were neither seen between the two training groups nor between the
two match groups for any of the sampling time points. The joint match groups (Match Control
and Head Impact groups taken together) revealed a significantly higher mean serum S100B
concentration at B1 compared to the joint training groups (Figure 1). A similar pattern was
evident for the Delta B1 values, where the joint match groups had a significantly higher
increase from baseline compared to the joint training groups (Delta B1: Training Groups:
0.026 [95% CI: 0.020 to 0.031] ng/mL, Match Groups: 0.062 [95% CI: 0.052 to 0.073],
p<0.001). However, within the match and training groups, there were no significant

differences in the Delta B1 values.

For the soccer players in the joint match group, a total of 39 (34.2%) B1 samples scored equal
to or slightly above the cut-off (> 0.12 ng/mL), but they were equally distributed between the
Head Impact and the Match Control groups (Chi-square: p = 0.48). Based on the symptoms

reported either by the team medical personnel or by the players themselves, a total of 26

-13 -
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(37.7%) of the followed up impacts in the Head Impact Group were classified as concussions
according to the criteria set by the 1* International Conference on Concussion in Sports in
Vienna in 2001 (i.e. any impairment to neurological function after a head trauma) (7). Ten
(38.5%) of these scored equal to or above the cut-off for B1 versus 14 (35.9%) of the 39
impacts that did not classify as concussions (Chi-square, p = 0.83). Only five B1 samples in
the training group were equal or above the cut-off for B1. Although four out of these where
within the High-Intensity group, the numbers were too small to test for any significant

differences in the distribution.

The Effect of Heading and High-Intensive Exercise on Serum S100B

As shown in Table 3, the players in the Heading Group who reported the same number or
more headers in the training session compared to a regular league match, had significantly
higher Delta B1 values than the other players. However, this finding resulted from a
significantly lower baseline serum level of S100B for the subgroup who reported the same or
more frequent heading intensity. There was no significant difference in the serum
concentration of S100B at B1 between the two subgroups. Within the High-Intensity Exercise
Group no differences were discovered with respect to the effect of the exercise intensity level

compared to a regular match (Table 3).
Insert Table 3 near here

For the players in the Match Control Group there was a trend towards a positive correlation
between the number of headers in the respective match and serum S100B at B1 (Spearman’s
rho = 0.28, p = 0.056), but not for Delta B1 (Spearman’s rho = -0.20, p = 0.89). However, the
players who headed ten times or more during the respective match (upper quartile: 0.045
[95% CI: 0.033 to 0.061] ng/mL) exhibited a trend towards a higher serum S100B

concentration at baseline compared to the players who headed three times or less (lower

-14 -
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quartile: 0.029 [95% CI: 0.019 to 0.044] ng/mL, p=0.11). When the number of all other head
accelerating events and the number of headers were added, a significant correlation with
serum S100B at B1 was found (Spearman’s rho = 0.36, p = 0.012), but still there was no

correlation with Delta B1 (Spearman’s rho = 0.025, p = 0.87).
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Discussion

This study followed elite soccer players for two seasons to determine whether minor head
traumas in soccer cause detectable brain tissue injury. The serum concentration of S100B
after head trauma was compared to the effect of heading, high-intensity exercise and playing a
regular league match without any head trauma. Our main finding was that all conditions led to
a moderate, but significant increase in serum S100B concentration, which returned to baseline
levels within the next day. Although the increase was higher for the two match conditions
compared to the two training conditions, there were no significant differences between the

two match groups at any time point.

S100B and Minor Head Trauma

The post-match serum S100B levels after a head trauma were not different from levels
measured after playing 90 minutes of professional soccer without experiencing any head
impacts. The increase in both match groups was comparable to serum S100B levels measured
in Swedish professional male and female soccer players after playing a regular match (54,
56). In addition, there was no difference between the Match Control Group and the Head
Impact Group in the proportion of players with elevated serum S-100B levels. Even for the
impacts that were classifieds as concussions based on their symptoms, the proportion of
players with elevated levels was not different from the remaining Head Impact Group or the

Match Control Group.

Data from the league injury surveillance system, which is administrated by Oslo Sports
Trauma and Research Center, showed that thirteen of the head impacts recorded caused an
injury (i.e. concussion or facial fracture) that kept the player away from regular matches and
training for 1 up to more than 21 days. However, B1 samples were available for nine of these

impacts and none of these samples were above the theoretical maximum serum level of
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S100B which can be achieved by stress or exercise induced failure of the blood brain barrier
only (32). In addition, the Head Impact Group’s mean B1 level was below the values reported
for patients admitted to hospital with minor head trauma (Glasgow Coma Scale 13-15) (9, 12,
27, 36, 41, 48, 53), and under the half of the mean serum S100B levels reported for minor

head trauma patients with CT and/or MRI abnormalities (9, 12, 41).

However, there are some limitations which must be borne in mind when interpreting the
results. Firstly, a possible source of bias is that only 69 (30%) out of the 228 head impacts
were followed up. After numerous efforts towards the teams and their medical personnel, we
identified that the main reason for the low compliance was that the players were reluctant to
be tested after the match mainly because they regarded the impacts as trivial. Analyses of all
the impacts identified from the match videos revealed that 24.6% of the players who were
followed up with blood samples after a head impact, did not return to play compared to 8.8%
of the cases where the impacts were not followed up. Thus, a player who was taken out of
play was nearly three times more likely to be followed up compared to the ones who returned
to play. Consequently, the followed-up group was likely to include a higher proportion of
more severe impacts, and accordingly 39.1% of these were retrospectively classified as
concussions. Nevertheless, the majority returned to play after the head impact, indicating that
both the players and the team medical personnel regarded the majority of the impacts as

benign.

Secondly, the samples of both the Head Impact and the Match Control groups were drawn
within an hour after the end of the match, although the head impacts occurred on average 56
minutes prior to the end of the match. The biological half-life of S100B in serum has been
reported to be as short as 25.3 (95% CI: 15.3 to 35.3) minutes (28), and consequently an
increase in S100B caused by the head impact would decrease substantially during the time

from the impact until the end of the match.
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Nevertheless, even when considering these limitations, the head impacts did not have an
additive effect on the S100B concentration when compared to playing a soccer match only,

indicating that the head impact did not cause substantial nervous tissue injury.

S100B and Soccer Play

The present study showed an increase in serum S100B after playing a regular match
irrespective of whether or not the players had experienced any head impacts. In addition,
about 35% of these cases the values were above the suggested cut-off (0.12 ng/mL) used for
severity screening of minor head trauma patients in hospitals (12). A somewhat smaller
increase was found after a high-intensity exercise without heading. Comparable increases in
serum S100B have been reported after various physical activities where head traumas and
other sudden head-accelerating events like heading, are rare, such as long-distance running
(42), swimming (16) and basketball (55). The effect of physical activity on the serum level of
S100B and the source of S100B release into the serum under these circumstances are
unresolved (4, 5, 17, 54, 56). Extracerebral sources of S100B are well known, such as in
chondrocytes, melanocytes and fat cells (68), but the concentrations in these cells are very
small compared to astroglial and Schwann cells (24, 27). Although, an increase of S100B has
been reported in patients with multi-trauma (5) or isolated single bone fractures (66) without
an obvious direct head injury, this does not exclude an indirect disturbance of nervous cells
via inflammatory factors like cytokines released in high amounts in these trauma situations
(20, 31, 37). Similar short term cell activating effects may occur during intensive physical
work-out and could explain the increases reported after exercise, indicating that the source for

S100B in serum may indeed be the nervous tissue (44, 54, 58).

Severe damage to the brain is typically accompanied by a breakdown of the blood-brain
barrier function (32), but recent studies have established that the blood-brain barrier also can

be disrupted under physical activity, such as prolonged moderate exercise in warm conditions
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(67) and 30 minutes of forced swimming (animal study, (52)). Based on mathematical
modelling of the S100B kinetics across the blood-brain barrier, Marchi et al. (32) proposed
that up to a level 0.34 ng/mL, serum S100B is primarily a marker of increased blood-brain
barrier permeability, whereas higher values are associated with neuronal damage and poor
patient outcome. In comparison, the highest value in our study was 0.33 ng/mL, and this
sample was drawn 20 minutes after a league match from a midfield player in the Match
Control Group. He did not head the ball during that particular match and his baseline and B12

samples were normal.

Exertion, stress and increased circulating levels of epinephrine have also been shown to
increase the blood-brain barrier permeability (1, 25, 51) thus enabling a rise in the serum
S100B levels. Playing a competitive match is associated with high levels of stress, adrenaline
and physical intensity which it is difficult to mimic in a regular training session. This was
reflected in the post-training questionnaire, where 53% of the players reported a lower level of
fatigue after the training session compared to a league match. Hence, the higher B1 values for
the match groups compared to training groups in our study could be due to different level of

exertion only.

Properties of the S100B measurement procedure could also have affected the results. The
measured S100B in this study refers to the summed concentrations of the SI00B monomers in
S100A1B and SI00BB. A recent study has found a higher increase in SIO0A 1B in patients
with minor head traumas compared to patients with minor orthopaedic injuries, while the
increase in S100B was equal for the two different groups (41). Nevertheless, although the
specificity for brain injury after a minor head trauma seems to be higher for SI00A 1B, the

sensitivity to detect brain tissue damage is comparable for S100B.
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S100B and Heading

In our heading exercise session, the idea was to minimize the effect of physical activity and
subsequently tease out the effect of heading only. However, after correcting for the difference
in the S100B baseline values within the Heading Group, we could not detect any relationship
between S100B and perceived heading intensity. Furthermore, we found no correlation
between the observed number of headers and head accelerating events and the Delta B1
values as previously reported in the studies on the Swedish soccer players (54, 56). Yet, a
closer examination of the baseline levels for the upper quartile compared to the lower quartile
with respect to the number of headers in the match, revealed a trend towards higher baseline
levels for those who headed most frequently and consequently this could cause a subsequent
bias of the delta values for our Match Control Group. A plausible explanation could be that
the baseline samples were collected during a training camp where the players had two or three
training sessions per day, and although the baseline blood sampling was performed in the
morning before training, there could be some effects left from the training sessions the day

before for the most frequent headers.

The goalkeepers also represent a problem in these correlations. Goalkeepers practically never
head the ball, and their level of exertion during a match is lower compared to the outfield
players (6, 47). Consequently the goalkeepers will be grouped among the low frequency
headers, and there is a chance that the correlation between number of headers and the increase
in S100B would be confounded by differences in physical activity during the match. The
studies by Stalnacke et al. (54, 56) provide no information regarding the goalkeepers and their

results are therefore difficult to compare directly with ours.

In contrast to our results from the heading session, Mussack et al. (39) found that an exercise
session with repetitive controlled headers led to a higher transient increase in serum S100B

than an exercise session only. However, this study was performed on young amateur players
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and a significant increase was only seen for the youngest group of players (from 12 to 15
years). According to Kirkendall and Garrett (29), coaches do not incorporate heading in the
training sessions until the players are 12 years or older. Consequently controlled repetitive
heading for 55 minutes was most likely a heavier exposure for the youngest players in the
study of Mussack et al. (39) compared to the more experienced 16-17 year old players. This is
in line with biomechanical studies of heading where brain accelerations during normal
heading by adult players have been estimated to average less than 0.1% of the accepted levels
required to produce brain injury in a single impact, while “accidental” heading and heading

with poor technique could cause brain accelerations within the concussive range (8).

Conclusion

The serum level of S100B increases transiently after soccer training and soccer matches.
There is a possible additive effect of heading and high-intensity exercise, but minor head
impacts do not seem to cause an additional increase in S100B beyond the levels seen after a
regular game. Thus, there is no evidence suggesting that there is significant brain tissue injury
after these minor head impacts in soccer. However, for clinical use S100B is not an ideal

marker for brain injury in athletes due to the confounding effect exercise alone.
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TABLE 1. Baseline characteristics and compliance with the sampling protocol for the players

who experienced a head trauma in a football match (Head Impact), the players who

participated in a football match without experiencing a head trauma (Match Control), the

High-Intensive Exercise group which did not practise any heading and the Heading exercise

group.
High-Intensive
Head Impact ~ Match Control Exercise Heading
Variables (N=69) (N=56) (N=48) (N=46)
28.1 26.2 26.1 26.1
Age (22.5t035.0) (19.0t033.0)  (18.5t033.6) (18.4 t0 33.7)
Height in cm 185 183 182 183
(175 to 194) (172 t0 191) (171 to 195) (171 to 195)
Weight in kg 81.6 79.2 78.1 78.2
(70.8t093.0)  (70.0t090.0)  (63.5t0 94.1) (63.0 to 94.4)
Nationality
Norwegian or Scandinavian 55 (79.7%) 43 (87.8%) 39 (81.3%) 37 (80.4%)
Playing positions
Goalkeeper 4 (5.8%) 3 (6.1%) 6 (12.5%) 6 (13.0%)
Central Defender 22 (31.9%9 13 (26.5%) 11 (22.9%) 11 (23.9%)
Full Wingback 11 (15.9%) 9 (18.4%) 5(10.4%) 5(10.9%)
Central Midfielder 11 (15.9%) 12 (24.5%) 13 (27.1%) 12 (26.1%)
Midfielder 4 (5.8%) 4 (8.2%) 6 (12.5%) 5(10.9%)
Striker 16 (23.2%) 8(16.3%) 7 (14.6%) 7 (15.2%)
Number of Headers
Respective match/training ) 6.8 ) 18.9
(0.0 to 16.0) (7.0 t0 33.0)
Compliance with the test protocol
Baseline sample (BL) 60 (87%) 49 (88%) 48 (100%) 46 (100%)
One-hour sample (B1) 65 (94%) 49 (88%) 35 (73%) 36 (78%)
Twelve-hour sample (B12) 40 (58.0%) 46 (82.1%) 33 (69%) 28 (61%)
Post-training questionnaire - - 36 (75%) 35 (76%)
Minutes from impact/end of 77.7* 332 26.3 23.0
match/training to B1 (323t0153.3)  (20.0t0 80.0)  (12.6 to 45.8) (9.7 t0 40.8)
(N=29") (N=48) (N=35) (N=36)
Hours from impact/end of 14.9 13.3 20.6 18.6
match/training to B12 (10.5t024.8) (114t 14.7)  (17.7t022.1) (16.7 t0 22.5)
(N=20") (N=46) (N=33) (N=28

*Significantly different, p<0.02. "The exact sample time was not available for all the samples in the Head Impact

Group.
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TABLE 2. Reported injuries and retrospectively classified concussions based on the Vienna

concussion definition for the identified head impacts (N=228)

Head Impacts. Post match follow up status groups

Not followed up Head Impact S100B
N 159 69
Reported time loss injuries to TISS 3 (1.9%%*) 10 (14.5%)
Concussion 2 (1.3%) 5(7.2%)
Facial fracture 1 (0.6%) 2 (2.3%%)
Other 0 3 (4.3%)
Loss of consciousness (LOC) 1 (0.6%) 4 (5.8%)
Post traumatic amnesia (PTA) - 2 (2.9%)
Classified as concussions (Vienna definition)’ - 27 (39.1%)
Taken out of play due to concussion - 9 (13.0%)

*Percentages are reported within each group, the followed up cases and the group not followed up.
tRetrospective classification based on symptoms reported by the medical personnel or the players themselves.

TABLE 3. Serum concentration of S100B in ng/ml at all three test points for the High-
Intensity Exercise Group and the Heading Group. Both groups are dichotomized according to

self reported level of fatigue or number of headers compared to a regular match.

High-Intensity Exercise Group Heading Group
Level of fatigue vs. match No. of headings vs. match
Less Same or more Less Same or more
S100B sample (N=19, 53%) (N=17, 47%) p (N=10, 29%) (N=25, 71%) p
Baseline 0.043 0.045 0.82 0.061 0.039 0.009
(0.035t0 0.053)  (0.036 to 0.056) ’ (0.043t0 0.087)  (0.034 to 0.045) ’
One hour sample (B1) 0.070 0.075 057 0.078 0.066 0.16
(0.060 to 0.081)  (0.061 to 0.092) ’ (0.057t0 0.11) 0.060 to 0.072) ’
Twelve hour sample (B12) 0.041 0.047 0.40 0.052 0.041 0.20
(0.03510 0.048)  (0.036 to 0.062) ’ (0.036t0 0.075)  (0.036 to 0.048) ’
Delta B1 0.025 0.032 073 0.016 0.025 0.022
(0.011 t0 0.038)  (0.019 to 0.045) ’ (-0.005 t0 0.036)  (0.020 to 0.031) ’
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Figure Legends
FIGURE 1. Mean S100B values in ng/mL for the Head Impact, Match Control, Heading and
High-Intensity Exercise groups at baseline (BL), one hour (B1) and twelve hours post

impact/match/training (B12). The error bars represent the 95% confidence interval of the

mean.
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Abstract

Background: It has been suggested that heading and sub-concussive head impacts could
cause cognitive impairments among football (soccer) players. However, no prospective study
has investigated the acute effects of sub-concussive head impacts on neuropsychological

performance.

Main objective: To determine whether minor head traumas in an elite football match

causes measurable impairment in brain function.

Method: Professional football players in the Norwegian elite league, Tippeligaen,
conducted a neuropsychological test (CogSport) prior to the 2004 or 2005 seasons (N=462, of
whom 144 were tested both years). A player who experienced a head impact during a league
match completed a follow-up test the following day (Head Impact Group). Video tapes of all
the impacts were collected and reviewed. A group of players without head impact was also

tested after a league match to serve as controls (Match Control Group, N=47).

Results: A total of 228 impacts were identified in the video review during the two seasons
and 44 (19.3%) of these were followed up with a CogSport test. The video analyses indicated
that the more severe impacts where more likely to be followed-up, although only 6
concussions were reported. The Head Impact Group had a greater change in reaction time
from baseline to follow-up compared to the Match Control Group with regard to the three
simplest tasks. However, there were no differences for the higher cognitive domains. Seven
control (15%) versus 15 (34%) in the Head Impact Group had declined performance on two or
more tests (3° = 4.57, p =.033). The largest deficits were seen among the players reporting
acute symptoms after the impact, but deficits were also demonstrated among asymptomatic
players. Players who experienced one or more head impacts during the 2004 season showed a

reduction in neuropsychological performance when tested prior to the 2005 season. Their
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non-injured colleagues showed no change or a slight improvement. However, none of these

footballers were impaired when compared to normative control data.

Conclusion: A reduced neuropsychological performance was found after minor head
impacts in football, even in allegedly asymptomatic players. However, the followed-up
impacts represented the more severe spectrum of the mild head traumas in football. Still, only
six of these impacts were reported as concussions. The test performance was reduced from
one year to the next in footballers who had experienced head impacts during the season, but
all tests were within the normal range. Consequently, the clinical significance of this finding

1S uncertain.



Introduction

Football (soccer) is a vigorous sporting activity, with one event with injury potential every
sixth second of a competitive game, resulting in approximately one injury every 45 minutes
(Rahnama et al., 2002). Between 6% and 15% of these injuries are recorded as injuries to the
head (Andersen et al., 2004b; Fuller et al., 2005), mainly as a result of aerial challenges for

the ball with an unprotected head (Andersen et al., 2004a; Fuller et al., 2005).

Results from cross-sectional studies performed in the nineties have led to the concern that
repetitive sub-concussive blows to the head in terms of headers and head traumas, could cause
cognitive impairment among footballers (Tysvaer, 1992; Tysvaer and Lochen, 1991; Tysvaer
and Storli, 1989; Matser et al., 1998; Matser et al., 2001; Downs and Abwender, 2002).
However, all of these former studies suffer from limitations generated by their retrospective
design and other methodological problems. Thus, a recent critical review concluded that there
is not conclusive evidence that cognitive impairment occurs as a result of general football
play or normal football heading (Rutherford et al., 2003). This is in line with biomechanical
studies of heading, where linear and angular brain acceleration during normal heading by
adult players has been estimated to be well below those thought to be associated with
traumatic brain injury (Babbs, 2001; Naunheim et al., 2003). Consequently, the main concern
is related to the potential consequences of repetitive head traumas during football play

(Kirkendall and Garrett, 2001).

Chronic traumatic brain injury (CTBI) due to multiple head traumas has been known to occur
in professional boxing since Martland introduced the term “Punch Drunk syndrome” in 1928
(Martland, 1928). There seems to be an agreement that this condition has a prevalence of 17-
23% among professional boxers, and that the aetiology is a cumulative effect of concussive
and sub-concussive head impacts (Roberts, 1969; Jordan et al., 1997; Blennow et al., 2005).

However, the condition has not convincingly been proven to affect amateur boxers (Blennow
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et al., 2005; Porter, 2003; Butler, 1994; Haglund and Eriksson, 1993), and it is a matter of
discussion whether other athletes, like footballers, are at risk (Blennow et al., 2005; Broglio et
al., 2006; Butler, 1994; Collie et al., 2006b; Guskiewicz, 2002; Iverson et al., 2006b; Matser

et al., 2001; Rutherford et al., 2003; Straume-Naesheim et al., 2005b; Tysvaer, 1992).

In professional boxing the concussion incidence has been reported to be 39.8 per 1000 fight
participations (66.3 per 1000 match hours) (Zazryn et al., 2003). This is in contrast to the
reported incidence in football of 0.3 - 0.5 concussions per 1000 playing hours (Andersen et
al., 2004a; Fuller et al., 2005). Nevertheless, a study from the Norwegian football elite league,
revealed an incidence of events with a head injury potential of 22.0 per 1000 playing hours
(Andersen et al., 2004a), and it has been shown that four out of five concussions are not
recognised by the players (Delaney et al., 2002). Another factor to be considered is that while
the mean number of career bouts for modern professional boxers has been estimated to 13
(approximately 7.8 hours) (Clausen et al., 2005), the majority of professional footballers play
more than 450 matches during their career (over 675 hours) (Turner et al., 2000). Hence, the
total exposure to head trauma in football is considerable, especially if the potential for

non-recognised concussions is considered.

Computerised neuropsychological tests have been proven to detect cognitive deficits in
concussed athletes who are seemingly asymptomatic at the time of testing (Lovell et al., 2004;
Warden et al., 2001; Bleiberg et al., 1998). The sensitivity for detecting concussions has been
reported to increase from 64% to 93% by adding computerized neuropsychological test

information to the assessment of symptoms (Van Kampen et al., 2006).

The main objective of this prospective study was to determine whether minor head impacts
cause measurable brain function impairment among elite football players. A secondary

objective was to investigate whether there was any change in neuropsychological test



performance from one year to the next in individuals who experienced one or more minor

head impacts during the course of a regular season.



Methods

Study Design and Participants

This is a prospective case-control study where a cohort of professional football players was
assessed with a computerised neuropsychological test prior to the 2004 and 2005 seasons.
Players suffering a head impact during a regular league match were asked to participate in a
follow-up test the next morning (Head Impact Group). These cases were compared to a
control group consisting of players who were tested the morning after a regular league match
where no head impacts were recorded (Match Control Group). A one-year follow-up was also
conducted where the cases, defined as players who had experienced one or more head

impacts, were compared to the players in the cohort without any recorded head impacts.

All 14 teams in the Norwegian elite football league, Tippeligaen, were invited to participate
comprising their A-squad contract players prior to the 2004 and 2005 seasons. Written
informed consent was obtained at baseline for all participants. The study design was approved
by the Regional Committee for Medical Research Ethics, Helse Ser, and the Data

Inspectorate.

Baseline Testing

Pre-season baseline testing was performed for all teams but one at the official league training
camp at La Manga, Spain in February and March. The final team was tested at their local
training facilities in Norway during the same period. Of the 326 players who went on to play
one or more matches in Tippeligaen in 2004 (VG, 2007), baseline testing was available for
235 (72.1%). The corresponding number for the 2005 season was 227 (68.0%) of 334 players
with registered matches in Tippeligaen 2005, yielding a total of 462 completed baseline tests.
A total of 205 players participated in the league both years and 144 (70.3%) of these were

baseline tested prior to both seasons.



Each player completed two consecutive computer-based neuropsychological tests where the
first was regarded as a practise run and discarded from further analyses (Falleti et al., 2003;
Straume-Naesheim et al., 2005a). In addition, the participants were asked to complete a form
to document their history of head injuries, neurological disease, age at which they started
organised football training, learning disabilities, activity disorders, alcohol intake and use of

other drugs.

Head Impact Cases - Sampling and Evaluation

During both regular league seasons, which lasted from April through October, the participants
were followed during all regular league matches and all ‘head impacts’ were recorded by
local medical personnel present at the stadium (team medical personnel or other medical
personnel recruited by the administrators of the study). The criteria for including a head
impact in the sample were: 1) All situations where a player appeared to receive an impact to
the head (including the face and the neck), 2) the match was interrupted by the referee, and 3)

the player laid down on the pitch for more than 15 s (Andersen et al., 2004a).

In case of a head impact (irrespective of whether or not the player was taken out of play), the
local medical personnel were instructed to perform a clinical evaluation of the player
immediately after the match. This included completing a form assessing acute symptoms
(Post Concussion Symptom Scale, Lovell and Collins (1998)), Glasgow Coma Scale (GCS)
(Teasdale and Jennett, 1974), and the presence and duration of loss of consciousness and
amnesia. In addition, the player completed a neuropsychological test the following day
supervised by the team’s medical staff. The study protocol also included blood sampling of
the player one and 12 hours after the head impact for assessing potential serum markers of
brain cell injury. The results from the blood sample analyses are described in a separate report

(Straume-Naesheim et al., 2007).



In addition, all matches were reviewed the following morning on video tape provided by the
Norwegian Broadcasting Corporation (NRK). This was performed by the first author (TMSN)
or a research assistant. If one or more head impact were identified, the respective team’s
medical personnel were contacted by phone to check on the follow-up status and, if necessary,
arrange for neuropsychological testing and blood sampling. Video images of all head impacts

were copied to a computer and saved for a more detailed video analysis later.

In order to check how many of the head impact that resulted in actual time-loss injuries
(Fuller et al., 2006), the impacts were also cross-referenced with the injuries reported by the
team’s medical staff through the injury surveillance system administrated (TISS) by Oslo
Sports Trauma Research Centre. This register, which was established in 2000, receives data
from all the teams in Tippeligaen, and records all injuries from all team activities that have
resulted in absence from training or match (time-loss injuries), and includes information on
the time and date of the injury, type of match, diagnosis, and the number of days before the

player returned to training or match (Andersen et al., 2004b).

Match Control Group

Players from the same cohort were recruited as controls (Match Control Group). After playing
a regular league match where they did not experience any head impact, they completed the
same follow-up regime as the Head Impact Group with post-match symptom assessment and

neuropsychological testing the following day.

One Year Follow-up

A total of 161 players participated in both seasons, 2004 and 2005, and were thus available
for one year follow-up. The group of players who had experienced one or more head impacts

during the 2004 season, irrespectively of the follow-up status of these impacts, were defined



as the Season One Head Impact Group and compared to the remaining players who had not

experienced any head impacts during the 2004 season (Season One Control Group).

Video Analysis

All head impacts were analysed independently on video by two of the authors (TMSN and
AM). The results were then compared and disagreements were re-reviewed in a consensus
group meeting (TMSN, AM and TEA), where a final decision was made. Both AM and TEA

were blinded to the injury outcome of the impacts.

Each case was first classified as definite, doubtful or “could not be assessed” with respect to
whether the actual impact to the head was visible or not. This classification along with the
global impression of severity (severe or not severe) and whether the player returned to play in
the same game or not, was considered as general assessments of the potential severity of each
incident. In addition, a more specific impact severity assessment was created using the
following four factors: relative speed (which included a gross estimate of the direction of the
players involved; same direction or towards each other), head movement contribution,
location of impact to the head and striking body part (mass/hardness). These are qualitative
factors that reflect biomechanically pertinent factors that contribute to kinetic energy and

forces.

The head impacts that were successfully followed up with neuropsychological testing were
identified and compared with head impacts where follow-up testing was not done to assess

whether there was any selection bias with respect to the severity of the incidents.

Assessment of Neuropsychological Performance

Neuropsychological performance was assessed using a commercially available computer-
based neuropsychological test battery (CogSport, CogState Ltd, Charlton South, Victoria,

Australia). The CogSport test has proven to be sensitive in detecting cognitive changes
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induced by concussion (Makdissi et al., 2001), fatigue (Falleti et al., 2003), alcohol (Falleti et
al., 2003), early neurodegenerative disease (Darby et al., 2002), and coronary surgery (Silbert
et al., 2004). The reliability of the test and its correlation to conventional paper-and-pencil test

have been documented (Collie et al., 2003).

The test battery consists of seven different tasks assessing the following different cognitive
functions: Psychomotor function, Decision-making, Simple attention, Divided attention,
Working memory, Complex attention, and Learning & Memory. The different tasks are
described in detail elsewhere (Straume-Naesheim et al., 2005a; Collie et al., 2005), but they
all use on-screen playing cards as stimuli. Mean reaction time in ms, standard deviation and
accuracy data are provided for all tasks. The Complex attention task was omitted from the
analyses due to its low reliability (Collie et al., 2003). Preliminary studies of reproducibility
of the test based on the two consecutive baseline tests performed prior to the 2004 season
(N=289), identified the reaction time measure as the most reliable measure for all subtasks
tested (Straume-Naesheim et al., 2005a). Hence, only the reaction time measurements were
considered in this study. The CogSport battery also includes a symptom check list assessing
the presence of: dizziness, headache, nausea, vomiting, blurred vision, feeling confused,
drowsiness, difficulty falling asleep, difficulty remembering, difficulty concentrating,
irritability, balance problems, sensitivity to light and sensitivity to noise at the time of testing

and at the time of the incident.

Effect Variables and Statistical Methods

The main effect variable was global change in neuropsychological test performance from
baseline to follow-up for the head impact groups (Head Impact and Season One Head Impact)
compared to the controls (Match Control and Season One Control, respectively). If a

significant difference was found, a post-hoc test was performed to identify potential
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differences on each of the six sub-tasks. A within-person comparison was also performed to

identify individual players with significant deteriorations from baseline to follow-up.

The test-retest differences in reaction times (delta values) for all six subtests (Psychomotor
function, Decision-making, Simple attention, Divided attention, Working memory, and
Learning & Memory) were divided by their corresponding mean baseline reaction time to
create a percent change score that could be compared between the different tests. The global
changes in neuropsychological performance between the groups were assessed using a
(multivariate linear) model where the percent change for all six subtasks were entered at the
same time (Multivariate Analysis of Variance, MANOVA). Post-hoc pair-wise t-test
comparisons with Bonferroni corrected p-values were performed to reveal significant

differences between the examined groups for any of the six subtasks.

As recommended by Erlanger et al. (2003), the change in performance for each individual
was assessed using the standardised regression-based reliable change index (RClsrb) (Sawrie
et al., 1999). The test-retest performance for the control groups were used to develop
regression equations that predict retest scores from the observed baseline scores. The
following factors were derived from the baseline questionnaire and entered into the model and
investigated for possible predictive value: Total number of headings, number of previous
concussions, number of active seasons, alcohol consumption (short version of WHO’s
AUDIT (Saunders et al., 1993)), playing position, age at incident, days from baseline to
follow-up, highest level of education, exposure to solvents, and number of times having
received general anaesthesia. The number of previous concussions was the only factor that
contributed significantly in the prediction of the follow-up scores, but only for Decision-
making and Working memory. All the reaction time scores were log10 transformed before

they were entered into the regression model to meet the criteria for normal distribution, and
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the data presented were then back-transformed from the log10 values. The prediction

equations are displayed in Table 1.
Insert Table 1 near here

Similar equations were created for the comparison between baseline 2004 and baseline 2005,
but the only contributing factor entered here was the number of active seasons in the

predictive equation for the Simple attention task.

The observed values were then subtracted from the predicted values, and the differences were
divided by the standard error of the estimate from the regression model, creating a
standardised Z-value or a reliable change index (RClsrb). In agreement with previous
literature, a RCIsrb value below 1.64 (95™ percentile, one-sided) on two or more tests was
considered as impaired neuropsychological performance (Lewis et al., 2006; Rasmussen et

al., 2001).

All statistics were performed using the Statistical Package for the Social Sciences (SPSS,
SPSS Inc. Chicago, USA). Distributions were compared using chi square or Fischer’s exact
tests, and relative risk (RR) was used for comparing risk. Independent samples t-test was used
for comparison between normally distributed data, while the Mann-Whitney U test was the
non parametric test of choice. Paired pre-post comparisons within each group are presented
for descriptive purposes only. The mean reaction time data were log10 transformed in the
analyses to obtain a normal distribution. However, back-transformed data in ms are presented
in the tables. Unless otherwise stated, the level of significance for all tests were set to p=.05,

two-sided.
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Results

Head Impact Identification and Video Evaluation

A total of 228 head impacts that met the inclusion criteria were identified on video from the
352 matches observed (i.e. 19.6 incidents per 1000 playing hours). Of these, 44 (19.3%)
incidents were followed up with neuropsychological testing the following day (Head Impact
Group). A player removed from play due to the head impact was more likely to be followed
up than a player who returned to play (RR=5.1; 95% confidence interval: 2.7 to 9.5). Of the
incidents that were followed up, 29.5% (N=13) were characterised as “severe” on the global
impression of impact severity, compared to 13.6% (25) of the missed incidents (RR=2.2; 95%
confidence interval: 1.2 to 3.9) (Table 2). The incidents which were followed up did not differ
from the remaining incidents with respect to the estimated speed involved in the incident, the
head movement contribution, the location of the impact or the mass of the striking body part

(Table 2).
Insert Table 2 near here

The 228 impacts resulted in 13 (5.7%) “time-loss” injuries (Fuller et al., 2006) that were
reported through the injury surveillance system, including 7 (3.1%) concussions (0.6 per 1000
playing hours). Six of these were included among the 44 cases in the Head Impact Group
(Fisher’s exact test: p<0.001) including 5 with loss of consciousness and 2 with post-
traumatic amnesia. In two of the cases where a “time-loss” concussion was reported, the

player had returned to play in the same game after the head impact.

Baseline characteristics

A total of 47 controls completed the neuropsychological follow-up test (Match Control

Group). The baseline characteristics of the Head Impact Group and the Match Control Group
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are presented in Table 3. The mean interval from the baseline investigation to the follow-up
testing was significantly longer for the Match Control Group compared to the Head Impact
Group, and the proportion of players playing in a position with an increased risk of head
trauma was higher (defenders and attackers) (Straume-Naesheim et al., 2005b; Andersen et
al., 2004a). Otherwise, the groups did not differ significantly at baseline, neither for
demographic features such as age and number of previous concussions, nor for

neuropsychological test performance.

Insert Table 3 near here

Neuropsychological Testing

Global testing of the reaction time change from baseline to follow-up for all six
neuropsychological test variables revealed a significant difference between the Head Impact

Group and the Match Control Group (Wilks’ lambda 0.82, p=.008).

Post-hoc tests revealed that the Head Impact Group had a significantly larger decline in
performance on the follow-up test for the three simplest tasks; Psychomotor function,
Decision-making and Simple attention (Fig. 1). After correction for multiple testing, only

Psychomotor function and Decision-making remained significant.
Insert figure 1 near here

With respect to the within-person change from baseline to post-match follow-up, there were
more players in the Head Impact Group with reduced performance on two or more tasks
compared to the Match Control Group (Table 4). In addition, a total of five players in the

Head Impact Group scored below the 99" percentile (RCIsrb >2.58) for two or more tasks.

Insert Table 4 near here
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Symptomatic and Asymptomatic Players

A total of 22 (50%) of the players in the Head Impact Group reported one or more symptoms
at the time of the incident. Headache was the most common symptom and was reported by 17
(38.6%) of the players in the Head Impact group, followed by dizziness (N=12, 27.3%) and

concentration problems (N=8, 36.4%).

Both the symptomatic and the asymptomatic players were significantly different from the
Match Control Group on the global test (Wilks’ lambda: Symptomatic =.76, p=.008,
Asymptomatic =.78, p=.016). Even though performance for the three simplest tasks was
reduced among the asymptomatic and symptomatic players compared to the Match Control
Group, significant differences were only demonstrated for the two simplest tasks, and for the
symptomatic group only (Figure 1). The proportion of symptomatic players with impaired
neuropsychological performance (8 of 22, 36.4%) was significantly different from the Match
Control Group (7 of 47, 14.9%, p=.04). In the asymptomatic group performance was impaired
for 7 (31.8%) of the 22 tests on two or more subtasks (chi square: p=.10). Four of the players
that were asymptomatic directly after the impact, reported to have symptoms at the time of the

testing the next day, and two of these were among those with an impaired test performance.

In 17 of the 44 impacts that were followed up, the footballer did not return to play. Eleven
cases were due to concussions, as diagnosed retrospectively based on the symptoms reported
by the medical staff or player. Six of these (54.5%) showed a decline in performance on more
than one test (Fisher’s exact test, p=.010 vs. the Match Control Group), but only three of these
were reported to TISS as time-loss injuries (two concussions and one jaw contusion). Five
players did not return to play after the incident because of other injuries (i.e. two jaw sprain
and three facial fractures). No time-loss injuries were reported for the impacts that were not

followed up.
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Among the remaining 27, who returned to play (RTP Group), a total of eleven reported
playing with one or more symptoms. The RTP Group was significantly slower than the Match
Control Group on the follow-up test (Wilks’ lambda: .76, p=.004). The post-hoc analyses of
each subtest revealed that only the Psychomotor function was significantly different from the
Match Control Group (% change: RTP 13.8 [SE 3.2], Match Control Group 2.9 [SE 1.3],
p=.004), but both the Decision-making and Simple Attention tasks showed a tendency
towards a larger percent change for the RTP group compared to the Match Control Group (%
change: Decision-making: RTP 5.9 [SE 3.4], Match Control Group +0.9 [SE 1.4], p=.010 and
Simple Attention: RTP 6.7 [SE 2.8], Match Control Group 0.4 [SE 1.4], p=.056). There were
no trends or significant differences for the three more complex subtasks. The proportion of
players with reduced neuropsychological performance did not differ significantly between the

RTP group (8 [28.6%]) and the Match Control Group (7 [14.9%], p=.15).

Neuropsychological Performance at One-year Follow-up

A total of 144 (89.4%) of the players participating both years completed a baseline test each
year. From this group we identified 107 players who did not experience any head impacts in
the 2004 season (Season One Control Group) and 37 players who had experienced at least one
impact (Season One Head Impact Group), but in most cases only one incident (N=31, 83.7%).
However, one player who experienced as many as 6 impacts was still within the normal range
for all tests at the one-year follow-up. The mean time from the last incident to the one-year
follow-up was 200 days (range 107-303). The Season One Head Impact Group was slightly
older than the Season One Control Group, had a higher proportion of players playing in a
position with an increased risk of experiencing a head trauma and headed more frequently

compared to the Season One Control Group (Table 3).

At the one-year follow-up (baseline 2005), the Season One Head Impact Group showed a

larger increase in reaction times compared to the Season One Control Group
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(Wilks’ lambda = 0.91, p = 0.043). Figure 2 shows the change for the six subtests for the two
groups. The post-hoc tests revealed that the Decision-making task was the only task that was
significantly different between the two groups, while there was a trend in the same direction
for the Psychomotor function task. Within the Season One Head Impact Group there were 7
reported concussions that led to time loss from training or matches, but only one of these had
a deteriorated performance on two or more tasks. This player was also below the 99™
percentile of the predicted scores and had sustained two concussions during the 2004 season,

each keeping him out of training and matches for more than 21 days.

Insert figure 2 near here

Discussion

This prospective study identified 228 head impacts from 352 matches (rate 19.6 per 1000
playing hours) during the two competitive seasons of 2004 and 2005. The vast majority of
these impacts were minor and the player was taken out of play in only 13% of the cases. We
were able to follow up 44 cases (19,3%) with neuropsychological testing the following day,
and these showed significantly poorer performance compared to controls. However, the
differences were limited to the two simplest subtasks in the test battery, and deficits were

mainly found among the players reporting to be symptomatic directly after the head impact.

Interpretation of the Neuropsychological Performance

This study is the first to assess prospectively neuropsychological changes after head impacts
during regular football matches, irrespective of whether the impacts were diagnosed as
concussions or not. The participants in the Head Impact Group and the Match Control Group
did not differ with respect to the mean number of headers per player per match, and thus, the
main difference between the two groups were the head impacts. This is in contrast to the

previous studies, where a retrospective design makes it difficult to separate the effects of
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heading versus sub-concussive head trauma (Tysvaer and Lochen, 1991; Tysvaer and Storli,
1989; Rutherford et al., 2003; Matser et al., 1998; Matser et al., 2001; Downs and Abwender,

2002; Rutherford et al., 2003).

The decline in neuropsychological performance for the Head Impact Group is comparable to
the results from other relevant studies. Moriarity et al. (2004) investigated amateur boxers
within two hours after one, two or three tournament bouts using the same neuropsychological
test battery as in the current study. They found a significant change in performance compared
to the control group for the boxers whose contests were stopped by the referee or who
sustained epistaxis. However, none of these boxers were diagnosed as concussed by the
medical personnel present at the tournament. Compared to the boxers, the footballers in our
study were faster on both the baseline test and the follow-up test, but the relative change in
performance from baseline was comparable. In both studies, the deficits were limited to
Psychomotor function and Decision-making only. Still, the authors concluded that these
boxers should be considered to have acute cognitive impairments until proven otherwise

(Moriarity et al., 2004).

In contrast, a group of students assessed after 24 hours of sustained wakefulness showed
significant deficits for five of the six Cogsport tasks (Falleti et al., 2003). Compared to our
study, their reaction times at baseline were slower than the footballers and the magnitude of
the relative change from baseline to follow-up was twice that of the Head Impact Group.
These students were also tested under the influence of alcohol, which resulted in less
deterioration compared to sustained wakefulness, with a pattern more similar to the Head

Impact Group (Falleti et al., 2003).

None of the groups mentioned showed any deterioration in the higher cognitive domains. And
although there is no consensus in the literature as to which specific tasks will detect cognitive

deficits after concussions, previous studies on concussion in sport and more serious traumatic
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brain injuries show similar results (Bleiberg et al., 2004; Frencham et al., 2005; Warden et al.,
2001; Van Zomeren and Deelman, 1978; Van Zomeren and Deelman, 1976; Stuss DT et al.,
1989; Collie et al., 2006a). However, there seem to be an agreement that minor traumatic
brain injury is not associated with gross deficits in higher cognitive domains, such as

intelligence and memory (Frencham et al., 2005).

When interpreting the results from the present study, it must be borne in mind that only 19.3%
of the head impacts were followed up with neuropsychological testing. In general, the video
analyses revealed that the impacts that gave the impression of being severe, and where the
player did not return to play, were more likely to be followed up. On the other hand, for the
specific impact severity assessment no significant differences were evident. The definition of
a head impact used in this study was liberal, and the main reason for the low compliance was
that players were reluctant to be tested after impacts they regarded as trivial. In addition, only
six concussions were reported among the Head Impact Group, indicating that the majority of
these impacts were considered to be benign, as well. As previously mentioned, the study
protocol also included assessment of S100B as a serum marker for brain cell injury, and in
keeping with the the current result, the blood sample analyses did not reveal any evidence of
that there was any significant brain cell injury after these minor head impacts (Straume-
Naesheim et al., 2007). Nevertheless, some deficits in cognitive function were observed in the
Head Impact Group when compared to footballers that had played a match without

experiencing any head impacts.

Symptomatic Versus Asymptomatic Players

For the Head Impact Group in this study, neuropsychological deficits were found in both the
symptomatic and the asymptomatic players when compared to controls. This is in contrast to
the results for the non-concussed amateur boxers where deficits were found only in the cases

where the match were stopped (Moriarity et al., 2004). Except for this study on amateur

-20 -



boxers, no other prospective studies have assessed athletes after minor head impacts that were
not initially diagnosed as concussions. According to the concussion definition proposed by the
Concussion in Sports Group from the Vienna Conference in 2001; a concussion is defined as
any impairment of neurological function caused by a direct blow or an impulsive force to the
head (Aubry et al., 2002). By this definition, the boxers in the study of Moriarity et al. (2004)

were most likely concussed initially as well.

On the other hand, several studies have assessed initially concussed athletes where the
symptoms have resolved after a few minutes or by the time of testing (Collins et al., 2003;
Lovell et al., 2004; Collie et al., 2006a; Gosselin et al., 2006; Warden et al., 2001; Pellman et
al., 2004). Consistent with the findings in our study, there seems to be an agreement that the
largest deficits in neuropsychological performance are found for the players who are
symptomatic at the time of testing (Collie et al., 2006a; Lovell et al., 2004; Pellman et al.,
2004). Nevertheless, other studies have revealed electrophysiological changes (Gosselin et al.,
20006) as well as neuropsychological deficits (Warden et al., 2001) among concussed athletes
where the symptoms have allegedly resolved. Our study is the first to demonstrate
neuropsychological deficits after minor head impacts where the player did not report any

acute concussive symptoms.

Clinical Implications

These findings supports the suggestion that concussive symptoms are often not recognised by
the players (Delaney et al., 2002) and that, if recognised, symptoms are often not reported to
others (McCrea et al., 2004). Nevertheless, our findings support the recommendations from
the Vienna consensus statement where it was emphasised that a player showing ANY
symptoms or signs of concussion, shall not be allowed to return to play in the current game or
practise (Aubry et al., 2002). In the National Football League (NFL), players have

traditionally been allowed to return to the same game after a concussion if asymptomatic after
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15 minutes (Grade 1 concussion, Kelly and Rosenberg (1998)). However, an examination of a
group of high school athletes (Mainly American football) 36 hours after such “grade 1”
concussions demonstrated a decline in memory and an increase in self-reported symptoms
compared to baseline performance (Lovell et al., 2004). This is in line with the results for the
RTP Group in this current study. Even though the footballers in the RTP Group were
allegedly asymptomatic and considered fit to play the rest of the match, many reported at the
time of testing that they had indeed experienced symptoms of concussion directly after the
impact or experienced a delayed onset of such symptoms. In addition, they showed a reduced

neuropsychological performance compared to controls.

Long-Term Effects

Although several studies have suggested a possible cumulative effect of concussions on
cognitive functioning (Gronwall and Wrightson, 1975; Carlsson et al., 1987; Gaetz et al.,
2000; Matser et al., 2001), more recent studies utilising computer-based neuropsychological
tests have not been able to identify concussion history as a predictor of neuropsychological
performance (Collie et al., 2006b; Broglio et al., 2006; Straume-Naesheim et al., 2005b;
Iverson et al., 2006b; Macciocchi et al., 2001). A comprehensive meta-analysis from 2005 of
the previous studies on sports-related concussions concluded that the demonstrated
neuropsychological impairments caused by these injuries resolve within the first few days and
no evidence of impairments was found when the testing was completed later than 7 days after
the incident (Belanger and Vanderploeg, 2005). In contrast, the players who experienced a
head impact during the 2004 season exhibited a significant, albeit small, reduction in
neuropsychological performance compared to their uninjured colleagues when tested 6
months (108 to 297 days) after the incident. This group includes all head impacts, including
those that were not followed up acutely, and thus a selection bias is unlikely. The main effect

for this group was found for the Decision-making task. Neuropsychological tasks measuring
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choice reaction time comparable to the Decision-making task in the CogSport battery have
been shown to detect deficits 3-10 months after closed head trauma in patients with allegedly
good outcomes (Hugenholtz et al., 1988; Stuss et al., 1985; Stuss DT et al., 1989). These
previous studies consisted of cases initially hospitalised for their injury and thus represented a

more severe spectrum of minor traumatic brain injuries.

A comparison of the Season One Head Impact Group and the Season One Control Group
revealed, not surprisingly, that the Season One Head Impact Group both headed more
frequently and had a larger proportion of players playing in a position with an increased risk
of injury. Since there was no registration of impacts after the end of the regular season in late
October until the follow-up testing in February/March, we can not exclude that these players
had experienced unreported minor head impacts in a match or during training close to the
follow-up test, which could have influenced their performance. On the other hand, this
skewness in risk for head traumas between the two groups would have been present prior to
the baseline testing in 2004 as well, when no significant differences between the two groups
were found. This is in agreement with a previous study based on the 2004 baseline assessment
of the same cohort, where no effects of heading frequency and concussion history on
neuropsychological performance were found (Straume-Naesheim et al., 2005b). A plausible
explanation for the discrepancy between the baseline and follow-up assessments could be that
the measured differences at follow-up were based on pre-post test comparisons for each
individual, while the comparisons at baseline 2004 were only group based. Within-group
comparisons have been suggested as more sensitive than control group comparisons for
detecting head injury related neuropsychological effects (Sundstrom et al., 2004). This is
supported by Iverson et al. (2006a) who found no performance decrement or symptoms in
group analyses of 30 concussed athletes after 10 days, although individual analyses revealed

that 37% had a declined performance on two or more tests (2 out of 5 test composites in total).
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On the other hand, for the Season One Head Impact group all 37 follow-up tests were within
the normal range defined by the test manufacturer and only 4 (10.8%) showed a declined
performance on two or more subtests. Consequently, the clinical significance of the statistical
deficits demonstrated for the Season One Head Impact Group compared to the Season One

Controls is not known.

Conclusion

A reduced neuropsychological performance was found after minor head impacts in football,
even in allegedly asymptomatic players. However, the followed-up impacts represented the
more severe spectrum of the head impacts in football. Still, only six of these impacts were
reported as concussions. In addition, pre-season test performance was somewhat reduced from
one year to the next in footballers who had experienced one or more head impacts during the
season, although not when compared to normative data. Consequently, the clinical

significance of this finding is uncertain.

Acknowledgements

This study was funded by the FIFA Medical Assessment and Research Center (F-MARC).
The Oslo Sports Trauma Research Center has been established at the Norwegian University of
Sport & Physical Education through generous grants from the Eastern Norway Regional
Health Authority, the Royal Norwegian Ministry of Culture and Church Affairs, the

Norwegian Olympic Committee & Confederation of Sport and Norsk Tipping AS.

We will also like to thank all players and the medical personnel of all the teams in the
Norwegian Professional Football League, Tippeligaen, for making this study possible and the
Norwegian Broadcasting Corporation (NRK) for providing the video recordings of all the

impacts.

-4 -



References

Andersen TE, Arnason A, Engebretsen L, Bahr R. Mechanisms of head injuries in elite

football. Br J Sports Med 2004a; 38: 690-696.

Andersen TE, Tenga A, Engebretsen L, Bahr R. Video analysis of injuries and incidents in

Norwegian professional football. Br J Sports Med 2004b; 38: 626-631.

Aubry M, Cantu R, Dvorak J, Graf-Baumann T, Johnston K, Kelly J et al. Summary and
agreement statement of the First International Conference on Concussion in Sport, Vienna
2001. Recommendations for the improvement of safety and health of athletes who may suffer

concussive injuries. Br J Sports Med 2002; 36: 6-10.

Babbs CF. Biomechanics of heading a soccer ball: implications for player safety.

ScientificWorldJournal 2001; 1: 281-322.

Belanger HG, Vanderploeg RD. The neuropsychological impact of sports-related concussion:

a meta-analysis. J Int Neuropsychol Soc 2005; 11: 345-357.

Bleiberg J, Cernich AN, Cameron K, Sun W, Peck K, Ecklund PJ et al. Duration of cognitive

impairment after sports concussion. Neurosurgery 2004; 54: 1073-1078.

Bleiberg J, Halpern EL, Reeves D, Daniel JC. Future directions for the neuropsychological

assessment of sports concussion. J Head Trauma Rehabil 1998; 13: 36-44.

Blennow K, Popa C, Rasulzada A, Minthon L, Wallin A, Zetterberg H. [There is a strong
evidence that professional boxing results in chronic brain damage. The more head punches

during a boxer's career, the bigger is the risk]. Lakartidningen 2005; 102: 2468-5.

_25.-



Broglio SP, Ferrara MS, Piland SG, Anderson RB, Collie A. Concussion history is not a

predictor of computerised neurocognitive performance * COMMENTARY. Br J Sports Med

2006; 40: 802-805.

Butler RJ. Neuropsychological investigation of amateur boxers. Br J Sports Med 1994; 28:

187-190.

Carlsson GS, Svardsudd K, Welin L. Long-term effects of head injuries sustained during life

in three male populations. J Neurosurg 1987; 67: 197-205.

Clausen H, McCrory P, Anderson V. The risk of chronic traumatic brain injury in professional
boxing: change in exposure variables over the past century. Br J Sports Med 2005; 39: 661-

664.

Collie A, Maruff P, McStephen M, Darby D. CogSport. In: Echemendia RJ, editor. Sports

Neuropsychology: A clinical primer. New York: Guilford Publications; 2005.

Collie A, Makdissi M, Maruff P, Bennell K, McCrory P. Cognition in the days following
concussion: comparison of symptomatic versus asymptomatic athletes. J Neurol Neurosurg

Psychiatry 2006a; 77: 241-245.

Collie A, Maruff P, Makdissi M, McCrory P, McStephen M, Darby D. CogSport: reliability
and correlation with conventional cognitive tests used in postconcussion medical evaluations.

Clin J Sport Med 2003; 13: 28-32.

Collie A, McCrory P, Makdissi M. Does history of concussion affect current cognitive status?

Br J Sports Med 2006b; 40: 550-551.

-26 -



Collins MW, Field M, Lovell MR, Iverson G, Johnston KM, Maroon J et al. Relationship
between postconcussion headache and neuropsychological test performance in high school

athletes. Am J Sports Med 2003; 31: 168-173.

Darby D, Maruff P, Collie A, McStephen M. Mild cognitive impairment can be detected by

multiple assessments in a single day. Neurology 2002; 59: 1042-1046.

Delaney JS, Lacroix VJ, Leclerc S, Johnston KM. Concussions among university football and

soccer players. Clin J Sport Med 2002; 12: 331-338.

Downs DS, Abwender D. Neuropsychological impairment in soccer athletes. J Sports Med

Phys Fitness 2002; 42: 103-107.

Erlanger D, Feldman D, Kutner K, Kaushik T, Kroger H, Festa J et al. Development and
validation of a web-based neuropsychological test protocol for sports-related return-to-play

decision-making. Arch Clin Neuropsychol 2003; 18: 293-316.

Falleti MG, Maruff P, Collie A, Darby D, McStephen M. Qulitative similarities in cognitive
impairment asociated with 24 h of sustained wakefulness and a blood alcohol concentration of

0.05%. J Sleep Res 2003; 12: 265-274.

Frencham KA, Fox AM, Maybery MT. Neuropsychological studies of mild traumatic brain
injury: a meta-analytic review of research since 1995. J Clin Exp Neuropsychol 2005; 27:

334-351.

Fuller CW, Ekstrand J, Junge A, Andersen TE, Bahr R, Dvorak J et al. Consensus statement
on injury definitions and data collection procedures in studies of football (soccer) injuries.

Clin J Sport Med 2006; 16: 97-106.

_27 -



Fuller CW, Junge A, Dvorak J. A six year prospective study of the incidence and causes of

head and neck injuries in international football. Br J Sports Med 2005; 39 Suppl 1: 13-19.

Gaetz M, Goodman D, Weinberg H. Electrophysiological evidence for the cumulative effects

of concussion. Brain Inj 2000; 14: 1077-1088.

Gosselin N, Theriault M, Leclerc S, Montplaisir J, Lassonde M. Neurophysiological
anomalies in symptomatic and asymptomatic concussed athletes. Neurosurgery 2006; 58:

1151-1161.

Gronwall D, Wrightson P. Cumulative effect of concussion. Lancet 1975; 2: 995-997.

Guskiewicz KM. No evidence of impaired neurocognitive performance in collegiate soccer

players. Am J Sports Med 2002; 30: 630.

Haglund Y, Eriksson E. Does amateur boxing lead to chronic brain damage? A review of

some recent investigations. Am J Sports Med 1993; 21: 97-1009.

Hugenholtz H, Stuss DT, Stethem LL, Richard MT. How long does it take to recover from a

mild concussion? Neurosurgery 1988; 22: 853-858.

Iverson GL, Brooks BL, Collins MW, Lovell MR. Tracking neuropsychological recovery

following concussion in sport. Brain Inj 2006a; 20: 245-252.

Iverson GL, Brooks BL, Lovell MR, Collins MW. No cumulative effects for one or two

previous concussions. Br J Sports Med 2006b; 40: 72-75.

Jordan BD, Relkin NR, Ravdin LD, Jacobs AR, Bennett A, Gandy S. Apolipoprotein E

epsilon4 associated with chronic traumatic brain injury in boxing. JAMA 1997; 278: 136-140.

-28 -



Kelly JP, Rosenberg JH. The development of guidelines for the management of concussion in

sports. J Head Trauma Rehabil 1998; 13: 53-65.

Kirkendall DT, Garrett WE. Heading in Soccer: Integral Skill or Grounds for Cognitive

Dysfunction? J Athl Train 2001; 36: 328-333.

Lewis MS, Maruff P, Silbert BS, Evered LA, Scott DA. The sensitivity and specificity of
three common statistical rules for the classification of post-operative cognitive dysfunction

following coronary artery bypass graft surgery. Acta Anaesthesiol Scand 2006; 50: 50-57.

Lovell MR, Collins MW. Neuropsychological assessment of the college football player. J

Head Trauma Rehabil 1998; 13: 9-26.

Lovell MR, Collins MW, Iverson GL, Johnston KM, Bradley JP. Grade 1 or "ding"

concussions in high school athletes. Am J Sports Med 2004; 32: 47-54.

Macciocchi SN, Barth JT, Littlefield L, Cantu RC. Multiple Concussions and
Neuropsychological Functioning in Collegiate Football Players. J Athl Train 2001; 36: 303-

306.

Makdissi M, Collie A, Maruff P, Darby DG, Bush A, McCrory P et al. Computerised
cognitive assessment of concussed Australian Rules footballers. Br J Sports Med 2001; 35:

354-360.

Martland HS. Punch Drunk. JAMA 1928; 91: 1103-1107.

Matser JT, Kessels AG, Jordan BD, Lezak MD, Troost J. Chronic traumatic brain injury in

professional soccer players. Neurology 1998; 51: 791-796.

-29.



Matser JT, Kessels AG, Lezak MD, Troost J. A dose-response relation of headers and
concussions with cognitive impairment in professional soccer players. J Clin Exp

Neuropsychol 2001; 23: 770-774.

McCrea M, Hammeke T, Olsen G, Leo P, Guskiewicz K. Unreported concussion in high

school football players: implications for prevention. Clin J Sport Med 2004; 14: 13-17.

Moriarity J, Collie A, Olson D, Buchanan J, Leary P, McStephen M et al. A prospective
controlled study of cognitive function during an amateur boxing tournament. Neurology 2004;

62: 1497-1502.

Naunheim RS, Bayly PV, Standeven J, Neubauer JS, Lewis LM, Genin GM. Linear and
angular head accelerations during heading of a soccer ball. Med Sci Sports Exerc 2003; 35:

1406-1412.

Pellman EJ, Lovell MR, Viano DC, Casson IR, Tucker AM. Concussion in professional

football: neuropsychological testing--part 6. Neurosurgery 2004; 55: 1290-1303.

Porter MD. A 9-year controlled prospective neuropsychologic assessment of amateur boxing.

Clin J Sport Med 2003; 13: 339-352.

Rahnama N, Reilly T, Lees A. Injury risk associated with playing actions during competitive

soccer. Br J Sports Med 2002; 36: 354-359.

Rasmussen LS, Larsen K, Houx P, Skovgaard LT, Hanning CD, Moller JT. The assessment of

postoperative cognitive function. Acta Anaesthesiol Scand 2001; 45: 275-289.

Roberts AH. Brain Damage in Boxers. London: Pitman Publishing; 1969.

-30 -



Rutherford A, Stephens R, Potter D. The neuropsychology of heading and head trauma in

Association Football (soccer): a review. Neuropsychol Rev 2003; 13: 153-179.

Saunders JB, Aasland OG, Babor TF, de la Fuente Jr, Grant M. Development of the Alcohol
Use Disorders Identification Test (AUDIT): WHO Collaborative Project on Early Detection

of Persons with Harmful Alcohol Consumption--II. Addiction 1993; 88: 791-804.

Sawrie SM, Marson DC, Boothe AL, Harrell LE. A method for assessing clinically relevant
individual cognitive change in older adult populations. J Gerontol B Psychol Sci Soc Sci

1999; 54: 116-124.

Silbert BS, Maruff P, Evered LA, Scott DA, Kalpokas M, Martin KJ et al. Detection of
cognitive decline after coronary surgery: a comparison of computerized and conventional

tests. Br J Anaesth 2004; 92: 814-820.

Straume-Naesheim TM, Andersen TE, Bahr R. Reproducibility of computer based
neuropsychological testing among Norwegian elite football players. Br J Sports Med 2005a;

39 Suppl 1: i64-i69.

Straume-Naesheim TM, Andersen TE, Dvorak J, Bahr R. Effects of heading exposure and

previous concussions on neuropsychological performance among Norwegian elite footballers.

Br J Sports Med 2005b; 39 Suppl 1: 170-177.

Straume-Naesheim TM, Andersen TE, Jochum M, Dvorak J, Bahr R. Minor Head Trauma in

Football and Serum Levels of S100B. Neurosurgery 2007; Submitted.

Stuss DT FAU, Stethem LL FAU, Hugenholtz HF, Picton TF, Pivik JF, Richard MT.
Reaction time after head injury: fatigue, divided and focused attention, and consistency of

performance. J Neurol Neurosurg Psychiatry 1989; 52: 742-748.

231 -



Stuss DT, Ely P, Hugenholtz H, Richard MT, LaRochelle S, Poirier CA et al. Subtle
neuropsychological deficits in patients with good recovery after closed head injury.

Neurosurgery 1985; 17: 41-47.

Sundstrom A, Marklund P, Nilsson LG, Cruts M, Adolfsson R, Van BC et al. APOE
influences on neuropsychological function after mild head injury: within-person comparisons.

Neurology 2004; 62: 1963-1966.

Teasdale G, Jennett B. Assessment of coma and impaired consciousness. A practical scale.

Lancet 1974; 2: 81-84.

Turner AP, Barlow JH, Heathcote-Elliott C. Long term health impact of playing professional

football in the United Kingdom. Br J Sports Med 2000; 34: 332-336.

Tysvaer AT. Head and neck injuries in soccer. Impact of minor trauma. Sports Med 1992; 14:

200-213.

Tysvaer AT, Lochen EA. Soccer injuries to the brain. A neuropsychologic study of former

soccer players. Am J Sports Med 1991; 19: 56-60.

Tysvaer AT, Storli OV. Soccer injuries to the brain. A neurologic and
electroencephalographic study of active football players. Am J Sports Med 1989; 17: 573-

578.

Van Kampen DA, Lovell MR, Pardini JE, Collins MW, Fu FH. The "Value Added" of
Neurocognitive Testing After Sports-Related Concussion. Am J Sports Med 2006; 34: 1630-

1635.

Van Zomeren AH, Deelman BG. Differential effects of simple and choice reaction after

closed head injury. Clin Neurol Neurosurg 1976; 79: 81-90.

-32-



Van Zomeren AH, Deelman BG. Long-term recovery of visual reaction time after closed head

injury. J Neurol Neurosurg Psychiatry 1978; 41: 452-457.

VG. Eliteguiden. 2007.

Warden DL, Bleiberg J, Cameron KL, Ecklund J, Walter J, Sparling MB et al. Persistent

prolongation of simple reaction time in sports concussion. Neurology 2001; 57: 524-526.

Zazryn TR, Finch CF, McCrory P. A 16 year study of injuries to professional boxers in the

state of Victoria, Australia. Br J Sports Med 2003; 37: 321-324.

-33-



Tables

Table 1 Regression-based equations for predicting the follow-up score based on baseline

performance. All scores are log 10 transformed reaction times in milliseconds.

Test Equation

Psychomotor function Follow-up score = baseline score * 0.695 + 0.728

Decision-making Follow-up score = baseline score * 0.683 + 0.818

Simple attention Follow-up score = baseline score * 0.653 + prevconc * 0.006 + 0.930 .
Divided attention Follow-up score = baseline score * 0.486 + 1.263

Working memory Follow-up score = baseline score * 0.765 + prevconc * 0.008 + 0.635
Learning & memory Follow-up score = baseline score * 0.759 + 0.736
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Table 2 Distribution of risk factors for the head impact which were followed up and the

impacts that were not followed up. Distributions were compared using chi square test.

Head impact follow-up status

Not followed up
(N=184, 80.7%) p

Followed up
(N=44, 19.3%)

General assessments

Classification  Definite 35 (79.5%) 144 (78.3%) 0.27
of the impact  Doubtful 2 (4.5%) 21 (11.4%)
Could not be assessed 7 (16.0%) 19 (10.3%)
Global Severe 13 (29.3%) 25 (13.6%) 0.04
impression of  Not severe 30 (68.2%) 154 (83.7%)
severity Could not be assessed 1(2.3%) 5(2.7%)
Returned to No 17 (38.6%) 12(6.5%) <0.001
play Yes 27 (61.4%) 172 (93.5%)
Specific impact severity assessment
Horizontal No relative speed 10 (23.3%) 61 (34.1%) 0.15
speed and Low speed (towards) 21 (48.8%) 87 (47.8%)
direction High speed (same 9 (20.9%) 30 (16.5%)
direction)
High speed (towards) 3 (7.0%) 3 (1.6%)
Head No head movement 26 (59.1%) 127 (69.1%) 0.64
movement One player 6 (13.6%) 21 (11.4%)
contribution Both 8 (18.2%) 24 (13.0%)
Could not be assessed 4(9.1%) 12 (6.5%)
Location Frontal 3 (6.8%) 13 (7.1%) 0.45
Temporal/parietal 11 (25.0%) 31 (16.8%)
Other 30 (68.2%) 140 (76.1%)
Striking body  Head 15 (34.1%) 41 (22.3%) 0.36
part Shoulder 3 (6.8%) 12 (6.5%)
Elbow 5 (11.4%) 34 (18.5%)
Other 21 (47.7%) 97 (52.7%)
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Table 3 Comparison of the Head Impact Groups and the Control groups at baseline for the

prospective match study and the one year follow study (baseline 2004 versus baseline 2005).

Match case-control study

Baseline 2004 versus Baseline 2005

Season One
Match Head Season One
Head Impact Control Impact Control
(N=44) (N=47) p (N=37) (N=107) p
Age at incident 26.8 26.2 050 27.4 25.7 0.048
(25.7 t0 27.9) (25.0to0 27.5) ’ (2591t028.9) (24.9t026.6) ’
Audit’ multiplied score 4.0 4.0 050 3.0 4.0 082
(median, IQR) (0.0 to 5.0) (0.0 to 8.5) : (0.0 t0 6.0) (0.0 to 8.0) :
Number of active seasons 7.1 5.7 0.08 6.5 5.7 014
(5.9t08.2) (4.6 t0 6.8) ’ (5.6t07.3) (5.0t0 6.4) ’
Number of previous concussions 1 0.0 092 1 1 098
(median, IQR) (0to 1) (0to2) ’ (0to2) (0to2) ’
Days from baseline to follow-up 130 161 0.009 346 349 0.44
(110 to 149) (150 to 172) ’ (340 to 352) (346 to 352) ’
Number of headers per player 7.8 6.2 013 7.4 5.1 0.004
per match (6.1t09.5) (4.9 t0 7.4) ’ (6.0 to 8.8) (4.2t05.9) '
f:gry;:feZtr?si°§;t}ll‘;‘;§’t‘:fuf;‘a+T 32 (76.2%) 24(55.8%)  0.048  26(703%)  44(41.1%)  0.002

The numbers in the brackets represents the 95% confidence interval of the mean or the inter quartile range

(IQR). "Multiplied score of question 1-3 from the Alcohol Use Disorders Identification Test (AUDIT )by WHO
(Saunders et al., 1993). 'Missing data on 6 players.
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Table 4 Reaction time data at baseline and follow-up for the Head Impact and Control groups

for the tests performed the day after the match and the one year follow-up for the players who

experienced a head impact during the 2004 season (Season One Head Impact) compared to

controls (Season One Control). The number of players with a declined performance on each

subtest is also presented.

Baseline

Follow-up

Number of players with

Task (ms, 95%CI) (ms, 95%CI) Sign.!  declined performance'’
Prospective Match Study, both seasons
Head Impact (N=44)
Psychomotor function 228 (221 to 235) 251 (239t0 264) < 0.001 10 (22.7%)
Decision-making 377 (367 to 388) 401 (381 to 422) 0.004 12 (26.7%)
Simple attention 496 (476 to 517) 530 (501 to 561) 0.005 14 (31.1%)
Divided attention 256 (239 to 275) 268 (250 to 287) 0.21 4 (8.9%)
Working memory 490 (460 to 522) 520 (486 to 556) 0.010 7 (15.9%)
Learning & Memory 903 (852 to 958) 923 (873 to 975) 0.37 0 (0.0%)
Declined performance on > 2 tests 15 (34.1%)*
Match Control (N=47)
Psychomotor function 231 (224 to 237) 236 (228 to 243) 0.082 5(10.5%)
Decision-making 392 (377 to 407) 387 (373 to 401) 0.37 3 (6.4%)
Simple attention 505 (485 to 526) 506 (488 to 524) 0.95 2 (4.3%)
Divided attention 257 (246 to 270) 274 (260 to 288) 0.026 3 (6.4%)
Working memory 492 (467 to 518) 511 (484 to 540) 0.041 4 (8.5%)
Learning & memory 919 (867 t0 974) 964 (906 to 1024) 0.032 4 (8.5%)
Declined performance on > 2 tests 7 (14.9%)
One Year Follow-Up of Baseline 2004
Season One Head Impact (N=37)
Psychomotor function 242 (232 to 252) 247 (237 to 257) 0.23 5 (13.5%)
Decision-making 394 (378 to 411) 401 (384 to 420) 0.34 3 (8.1%)
Simple attention 523 (497 to 550) 500 (479 to 523) 0.051 4 (10.8%)
Divided attention 264 (246 to 283) 277 (259 to 296) 0.16 1(2.7%)
Working memory 514 (479 to 553) 499 (468 to 531) 0.19 2 (5.4%)
Learning & memory 934 (885 to 987) 894 (833 to 958) 0.11 3 (8.1%)
Declined performance on > 2 tests 4 (10.8%)
Season One Control (N=107)
Psychomotor function 235 (231 to 240) 233 (228 to 239) 0.39 6 (5.6%)
Decision-making 405 (394 to 416) 389 (378 to 399) 0.001 6 (5.6%)
Simple attention 523 (507 to 540) 499 (495 t0 513) < 0.001 8 (7.5%)
Divided attention 258 (248 to 269) 253 (243 to 263) 0.31 2 (1.9%)
Working memory 520 (502 to 541) 481 (465t0497) <0.001 7 (6.5%)
Learning & memory 966 (930 to 1005) 923 (889 to 959) 0.002 3 (2.8%)
Declined performance on > 2 tests 6 (5.7%)

All the reaction time data are back-transformed from log10 values. "Paired samples t-test (baseline versus

follow-up). "Declined performance was defined as a reliable change index (RCIsrb) below 1.65 (90™-percintile,
see methods section).*Significantly higher proportion compared to the respective control groups (chi square test,
p=0.033).

-37 -



Figure legends
Figure 1 Change (%) in reaction time from baseline to follow-up for the Head Impact Group
and the Match Control Group. Data are also shown for symptomatic and asymptomatic

players in the Head Impact Group. *p<.05 vs. the Match Control Group; **p<.01.
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Figure 2 Change (%) in reaction time from baseline 2004 to baseline 2005 for players with
(Season One Head Impact) and without (Season One Control) a registered head impact during

the 2004 season (N=144).
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