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Presentation of research topic

Introduction

The superiority of sport experts in different disciplines has been studied over decades (1). It is
fascinating to clarify the ,,characteristics, skills, and knowledge that distinguish experts from
novices and less experienced people” (2) and result in outstanding performance of experts in a
specific field (3). Current research focuses increasingly on the role of cognition in expert
performance (3, 4). Especially perceptual-cognitive abilities seem to be decisive for expert
performance in sports (5). One of the two traditional theoretical approaches that systematically
investigates expert performance in sports was created by Ericsson and Smith (1991), known as
the "expert performance approach" (6, 7). It represents a descriptive and inductive process that
involves a three-stage process for analyzing expert performance including (i) the capture of
expert performance, (i1) identifying underlying mechanisms and (iii) examining the
development of expertise (8). This approach focuses exclusively on expert performance in a
sport-specific field (7). On the contrary, the “cognitive component skill approach” by Nougier
et al. (1991) considers the relationship between sports expertise and non-sport-specific, so
called general cognition (7, 9, 10). Earlier research has shown that experts outperform novices
in both general cognitive tests (11, 12, 13) and sport-specific cognitive test situations (14, 15,
16). With increasing expertise, changes in cortical activity were detected (17). Despite the
scientific indications of the superior cognitive abilities of experts, it is not yet sufficiently

clarified which and to what extent, changes in cortical activity underlie athletic expertise (3, 4).

The prefrontal cortex

The prefrontal cortex (PFC) is a frequently studied region of interest in perceptual-cognitive
processing. It is responsible for a variety of higher cognitive functions, such as cognitive control
and executive functions (18, 19). The prefrontal cortex (PFC) is a complex brain region
composed of distinct units, each with its unique characteristics (20). Recent neuropsychological
research focused on patterns of prefrontal activity during different cognitive demands, more
precisely, the cortical processing of novel versus familiar stimuli. Every part of the PFC
possesses its own network of connections that sets it apart from other areas (18). Lateral and
dorsolateral areas of the PFC are seem to be primarily responsible for processing of novel

stimuli, as evidenced by increased activity during general perceptual-cognitive tests (21, 22)



and novel task learning (23). In contrast, cognitive tests that contain familiar aspects showed
increased activity changes in the anterior and dorsomedial PFC (22, 24, 25).

“Repetition suppression” is one of the most thoroughly researched phenomena in neuroscience,
indicating that repetition of (similar) stimuli results in a general reduction in cortical activity
(4,26, 27, 28). Confirmedly, decreased activity was found in patients when naming repeated or
familiar objects compared to new objects (29). Furthermore, after exposure to a novel stimulus
for three times, a decrease in activity in the PFC was already evident, similar to what was
observed within familiar stimuli (27). This highlights the involvement of PFC in automated
cognitive processing, as further evidenced by reduced activity in the dorsolateral PFC during
the transition from controlled to automated decisions (30, 31). These studies underline the
complexity of the PFC, showing different activity patterns during processing of novel and

familiar or automated cognitive tasks.

Cortical processing of experts and novices

Current research focuses increasingly on the role of cognition and the underlying cortical
mechanisms in expert performance (3). Sport psychologists utilize the “expert-novice-
paradigm” to investigate expert performance, aiming to understand the psychological,
biological, and social factors that influence optimal performance (32). This is accomplished by

comparing experts to novices and/or conducting within-experts investigations.

In sports-specific cognitive tasks, experts resort to specialized cognitive abilities and automated
strategies related to the characteristics of their discipline (33). This results in superior
performance of experts in sport-specific memory, attention, anticipation and decision-making
skills compared to novices (15, 16, 28, 34). Furthermore, several studies found that elite (team)
athletes outperform novices even in general cognitive tests (12, 13, 35, 36). However, the
underlying cognitive mechanisms for expertise in the respective discipline have not been
sufficiently researched yet (3, 37). Investigations of athletes’ cortical activity in general and

sport-specific cognitive testing yielded heterogeneous results.

General Cognition

Expertise research identified different prefrontal activity patterns during general cognitive tasks
between experts and novices. Previous research in sports detected during general cognitive
tasks increased activity in the dorsolateral PFC, as shown in working memory tasks in archery

experts (38) and a sustained attention task in martial arts experts (33). Sanchez-Lopez et al.



(2014) provided an initial investigation into different prefrontal mechanisms within experts
during novel and automated cognitive tasks, comparing prefrontal activity in sustained versus
transient attention in martial arts experts. Increased activity during sustained and decreased
activity during transient attention tasks was detected. Since sustained attention relies on
controlled responses, they concluded that transient attention involves more automated and less
controlled processes (33). These results are consistent with spatial activity changes described

for novel stimuli (4).

Sport-specific cognition

Prior research on the cortical activity of experts and novices in sport-specific cognitive tasks
found deviating results. The “neural efficiency theory” assumes higher cortical effectivity in
experts during sport-specific cognitive tasks (28, 39). This theory is based on research by Haier
et al. (40) who investigated the relationship between neural activation and performance in
intelligence tests. He discovered lower glucose metabolism levels in subjects who performed
better in intelligence tests, suggesting cortical mechanisms that enabled increased efficiency
(17). Higher neural efficiency is characterized by selective attention on task-relevant processes
and inhibition on interfering stimuli, and results from only recruiting the necessary spatial
cortical areas to perform the cognitive task (28, 41). Additionally, the effective switching
between the recruitment of current necessary brain areas and the suppression of non-relevant

brain areas is described in the “neural proficiency theory” (32).

Along with these theories, experts were found to have decreased prefrontal activity compared
to novices in sport-specific cognitive tasks (28, 42). However, deviating studies reporting
increased cortical activity during sport-specific attention and anticipation tasks exist (43, 44).
These results differ significantly from each other and the neuropsychological findings on

familiar stimuli (4).

Perceptual-cognitive abilities in soccer

Soccer is a dynamic sport demanding rapid decisions in complex game situations (45, 46).
Expert soccer players make the right decisions more often and carry out actions efficiently
throughout the game (47). This fast and accurate decision-making seems to be the basis for

intelligence and expertise in soccer (48).



Before athletes make decisions, they have to perceive situations and process information. This
emphasizes that expert performance is also based on exceptional perceptual-cognitive and
motor skills (8, 45). Research suggests that executive functions (EF) and selective attention are

particularly important, with elite team athletes outperforming novices in these areas (7, 49).

In soccer, studies have shown correlations between executive functions, attention tasks and
soccer performance (12, 13, 37, 45). Elite and semi-athlete players significantly outperform
amateurs in EF tasks, with elite players exceeding semi-alite players as well (13). Furthermore,
EF performance correlated with future goals and assists (13, 50). These findings, consistent
across adolescent and adult elite, highlight the crucial role of perceptual-cognitive skills
throughout a soccer career (13). Given the importance of perceptual-cognitive functions for
expertise in soccer, the chosen field of research appears to be suitable for investigating the

underlying cortical mechanisms of expertise (4).

Quantifying cortical activity and cognitive functions in sports experts

Functional near-infrared spectroscopy (fNIRS)

To gain a deeper understanding of expertise, an examination of the brain activity of experts
during general and sport-specific situations could be elucidating (4). Functional near-infrared
spectroscopy represents a valid tool for indirect measurement of cortical activity, and thus offers
an appropriate alternative to functional magnetic resonance topography (fMRI) (51). This
emerging optical neuroimaging technique measures the concentration changes of oxy-Hb and
deoxy-Hb in brain tissue taking advantage of the relatively high transparency of brain tissue
between 650 — 900 nm wavelength, the so called “optical window”, and the characteristic
hemoglobin absorption spectra in these wavelengths (52, 53). During measurements, fNIRS
diodes’ point near-infrared light on the scalp and detect emerging light levels simultaneously
(54). Based on the different absorption spectra of the two chromophores of hemoglobin (oxy-
Hb and deoxy-Hb), possible changes in concentration can be determined with the help the
modified Beer-Lambert law (53). Since neural activity is associated with increased local
vasodilation resulting in an inflow of oxygenated hemoglobin into the vessel, an increase in
oxy-Hb and a decrease in deoxy-Hb in the fNIRS measurement can be considered to indicate

an activated brain area (55).



Despite the existing disadvantages of fNIRS, namely the inability to detect subcortical activity
and missing anatomical information, the validity of fNIRS measurements could be confirmed
comparing fNIRS signals with fMRI measurements (54, 56, 57). Benefitting of its portability,
movement tolerance and non-invasive-utilization, fNIRS outplays other neuroimaging methods
in the research of brain activity during motion-intensive situations such as walking, daily

activities and sports (51, 56, 58, 59).

In 2020, Menant et al. published updated guidelines on data collection and processing,
highlighting the importance of proper hardware set-up, minimizing motion-related artifacts, and
transparent processing and reporting of fNIRS data (52). Most recently, NIRS has also been
applied in expert research to understand the cortical processing of experts and to provide a

greater understanding of expertise in the future (58).

Vienna Test System (VTS)

The Vienna Test System (VTS, Schuhfried GmbH, Mddling, Austria) is a computer-based
system that offers an objective method for evaluating general, non-sport-specific, perceptual-
cognitive abilities and personality traits (37, 60). It consists of interactive assessments that have
been proved to be a reliable and valid method to analyze and identify cognitive activities as
reaction, attention, anticipation, peripheral perception and stress reactivity (60, 61). Frequently,
the VTS has been used to investigate differences in cognitive abilities between athletes and
novices and athletes from different levels (60). This enabled, for instance, to detect differing

reaction times and peripheral vision in volleyball players as compared to novices (62).

The determination test (DT) of the VTS measures “the reactive stress tolerance and the
corresponding reactive ability” (63) and has been utilized in several studies (61, 64). During
the DT, participants differentiate between various visual and acoustic signals and press the
correspondent buttons on the panel. Existing literature highlights limitations and
methodological inconsistencies in current research using the VTS, particularly the use of
different VTS subtests to measure the same cognitive ability across various studies. This must
be considered when interpreting the results of different subtests (60). However, due to its
objectivity, the VTS undoubtedly enables the potential for future applications in the field of
sport psychology research (60).

Witty SEM System
The Witty SEM System (Witty SEM, Microgate GmbH, Bolzano, Italy) represents an

alternative tool of assessing cognitive skills with the advantage of adding motor aspects to the
8



examination (65, 66, 67, 68). Consequently, the Witty SEM System enables tests of both general
and sport-specific cognition in motion (65, 66, 67, 69). It consists of semaphores, which can be
placed individually and display different colored shapes and numbers (67). At the same time,
they contain motion sensors which can be triggered by a hand movement in front of the
semaphores (65). These technical possibilities enable measuring complex processes of motor
response to visual stimuli, which can also be integrated with sport-specific characteristics such

as dribbling or passing a ball (66, 67).

The “Agility” test measures reactivity and decision-making as a sport-specific test situation.
The subject rapidly passes the ball against the one of three back-pass walls that presents a green
square. The back-pass walls are positioned in a semicircle around the subject with a radius of 4
meters (4, 69). The “Hawk Eye” test examines cognitive decision-making and sustained
attention in a non-sport-specific test in motion. The subject stands in front of a 2 by 3 meters
big wall and chooses the one out of eight visual stimuli at a wall, that is deferring in terms of

color by moving its hand in front of it (4, 67).

The Witty SEM system is a promising tool for evaluating athletes’ cognitive skills in motion-
intensive test situations. Its ability to adept tests to replicate sports-specific game situations
offers a valuable advantage. However, the systems reliability for measuring cognitive skills
needs further investigations as only some tests has been verified yet. Further research is needed

to fully explore its capabilities for cognitive assessments in athletes (65).

Study aims

The aim of this study was to compare cortical processing of general and sport-specific cognition
within experts by measuring hemodynamic changes in the PFC. It embodies a relevant approach
to provide information about the underlying mechanisms of expertise. To our knowledge, no
studies have yet conducted intrapersonal comparisons of the cortical activity of experts in both

general and sport-specific cognition so far.

Main findings
The results of the study indicate higher cortical activity during general cognitive tasks compared
to sport-specific tasks in soccer experts. Significant differences were mainly observed in the

dorsolateral PFC during the computer-based tests and throughout the entire PFC during the test
9



in motion. The observed activity changes during general cognition are consistent with
previously reported findings on novel stimuli. The reduced activity during sport-specific
cognitive tasks may suggest a decreased use of the PFC, leading to increased efficiency. This
seems to be in line with the “repetition suppression theory”, the “neural efficiency theory” and
the “neural proficiency hypothesis”. Assuming that lower cortical activity changes are due to
automated processes and enhanced efficiency, it can be hypothesized that the advantage experts
show over novices in sport-specific cognitive tasks is due to improved automated neural
processes. The observed differences in cortical activity during general and sport-specific tasks
may potentially result from altered prefrontal structures in experts. The make-up of prefrontal

processing could be a decisive factor for expertise in team sports.

Future studies and implications

This study demonstrates a first approach to indirectly visualize the cortical activity of experts.
However, more evidence is needed to strengthen these findings. To address the issue of different
cortical possesses of experts and novices, in the future, intrapersonal studies on both experts’
and novices’ prefrontal activity during general and sport-specific cognition are needed to clarify
whether expertise is due to structurally different mechanisms in the cortex. These studies should
be conducted even in regard to age, position-specific and sex differences. Furthermore, further

research is needed to improve the reliable application of {NIRS in motion.

Information about the underlying mechanisms of athletic expertise could be used for optimizing
future training methods to enhance athletic performance. Characterizing brain activity of elite
athletes during general or sport-specific cognition could discover and/or monitor weaknesses
and strengths, resulting in adaptations in individual training regimes (70). Furthermore,
information on the cortical make-up of experts could be used for talent selection, enabling the
early detection of promising young athletes with the potential for future success in its sport (3,
8, 70). Soccer classifies as a strategic sport. However, static disciplines like shooting and
interceptive sports like boxing also require significant perceptual-cognitive abilities with
distinct cognitive profiles (71). Therefore, research on the cortical makeup of soccer experts

could be transferred to other team and individual sports in the future.

Furthermore, these findings in expertise research have the potential to extend beyond the

domain of sports and be applied in the healthcare sector. Developing optimized training

10



protocols to promote cognitive automatisms could be beneficial for fall prevention in elderly
populations. Additionally, information on brain activity patterns of expert in a surgical field

could be utilized in future surgical training approaches.

11
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ABSTRACT
The impartance of both general and sport-specific perceptual-cognitive abilities in soccer players
has been investigated in several studies. Although these perceptual-cognitive skills could
contribute significantly to soccer players' expertise, the underlying cortical mechanisms have not
been el yet. Examining activity changes in the prefrontal comex under different cognitive
dernands may help 1o better understand the underlying mechanisms of spons expertise. The aim
of this study was to analyse the prefrontal activity of soccer experts during general and spart-
specific cognitive tasks. For this purpose, 39 semi-professional soccer players performed four
percepiual-cagnitive tests, two of which assessed gensral cognition, the other two assessed
spor-specific cognition. Since soccer is & movement-intendive spar, twa tests were pedormed in
mation. While perfarming cognitive tests, prefrontal activity was recarded wsing functional near-
infrared spectroscopy (IMIRS) (MIRSport, MIEx Medical Technologies, USAL Differsnces af
prefrantal activity in general and sport-specific cognitive tasks were analysed wsing paired 1-1ests,
The results showed significant increases in prefrontal activity during general cognitive tests
[nawel stimuli) cormpared o spor-specific tests (familiar stimull. The comparatively bower
prefrantal activity change during sport-specific cognition might be due to learned automatisms
of experts in this field. These results seem in line with previous findings on navel and autarmated
cognition, “repetition suppression theory” and “newral efficiency theory”. Furthermare, the
different cortical processes cauld be caused by altered prefrontal structures of experts and might
represent a decisive factor for expertise in tearmn gports. However, further research is needed to
clarify the prefrontal involvement on expertise in general and spon-specific cognition.

Highlights

= This fMIRS study examines differences in the prefrontal activity of soccer experts during general
and sport-specific cognitive tasks,

= | general cognitive tasks, increased prefrontal activity changes were detected, wheraas bower
cortical activity changes during sport-specific cognition were found.

* These findings support the “repetition suppression theory” and eadier findings on the
processing of novel stirmuli in the prefrontal cortex (PFC).

= The differences in the cortical processing of general and sport-specific tasks of soccer players
might be caused by altered prefrontal structures of experts and could be of special
imgpartance for expertise in soccer.

Introduction

KEYWORDS

Lognition; metor control;
nearmscience; performance;
kil

The superionty of experts in various sport disciplines has
been studied over decades (Aradjo et al, 2019 Current
research focuses increasingly on the role of cognition in
expert performance (Mann et al, 2007; Moran et al,
2019). it has been shown that experts perform better
tham novices in general cognitive tests [(Scharfen &
Memmert, 2019) and in sport-specific cogmitive test situ-
ations (Wimshurst et al, 2016). Despite the scientific evi-
dence of the superior cognitive abilities of experts, it is
not yet sufficiently clarified which and to what extend

changes in cortical activation underlie expertise (Moran
etal, 2019). These findings could help to gain information
about the cortical makeup of experts and the associated
cortical mechanisms that could conditiom higher exper-
tise. In the future, such knowledge could possibly be
taken into account in talemt selection as well as in talent
development. Although neurodiagnostic examination
of athletes wsing functional near-infrared imaging
{fMIRS) in sports-relevant domains has already been
requested by current research (Seidel-Marzi & Ragert,
2020), studies of brain activity in sport-specific and
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general test situations have barely been conducted to
date. These studies may help to better understand the
underlying cortical mechanisms of expertise.

The prefrontal cortex (PFC) is a frequently studied
region of imterest in perceptual-cognitive processing of
baoth nowvel and familiar stimuli. Studies in primates exam-
ined the time course of neural activity in the PFC and
found increased activity in reaction to new stimuli com-
pared to familiar objects (Rainer & Miller, 2002). Accord-
ingly, lateral and dorsolateral areas of the PFC are
primarily responsible for processing nowel stimuli, as evi-
denced by increased activity during general perceptual-
cognitive tests [Barbey & Pattersom, 2011; Cole et al,
2017) and nowvel task learning (Cole et al, 2016). More-
over, ‘repetition suppression” is one of the most
thoraughly studied phenomena in neuroscience (Auksz-
tulewicz & Friston, 2018; 5oldan et al,, 2010} showing that
repetition of (similar) stimuli is associated with a gemeral
reduction im cortical activity (Soldan et al, 2010; Li &
Smith, 2021). Confirmedly, decreased activity was found
in patients when maming repeated objects compared to
naw objects (Korzeniewska et al, 2020). Along with the
“repetition suppression theory™ (Soldan et al, 2010,
research on prefrontal invelvement in automated cogni-
tive processing found a reduced activity in the dorsolat-
eral PFC during the transition from controlled to
autormnated decisions (Jansma et al, 2001; Erdeniz &
Done, 201%9). These studies illustrate that different
regions of the PFC show different activity patterns
during processing novel and familiar or automated cog-
nitive tasks. Mevertheless, it is not yet understood to
what extent these neuropsychological findings can be
transferred to expertise research in sports and thus con-
tribute to the clarification of the underlying mechanisms
of sport expertise. In this study, we hypothesise that
general cognitive tasks for soccer experts consist mainky
of nowel stimuli while sport-specific tasks represent fam-
iliar stimuli.

Investigations of athletes’ cortical activity in general
and sport-specific cognitive testing yield heterogeneous
results. Comparing experts and novices in sports, prior
research found increased activity in the dorsolateral
PFC during general cognitive tests on working memory
in archery (5eo et al, 2012) and a sustained attention
task in martial arts experts (Sanchez-Lopez et al, 2014).
Sanchez-Lopez et al. (2014) offered a first approach to
identify different prefrontal mechanisms within experts
during movel and automated cognitive tasks, comparing
the prefromtal activity during sustained and transient
attemtion in martial arts experts. Increased activity
during sustained and decreased activity during transient
attention tasks was detected. Whereas sustained atten-
tion is based on controlled responses, they concluded

that transient attention can be attributed to automated
and less controlled processes. These results are consistent
with spatial activity changes described for novel stimuli.
In contrast, deviating results were obtained on the
cortical activity of sport-specific tasks between experts
and novices. The “neural efficiency theory” {Li & Smith,
2021) assumes higher cortical effectivity in experts
during sport-specific cognitive tasks through selective
attention on task-relevant processes and inhibition of
interfering stimuli (Li & Smith, 2021; Perrey, 2022).
Additionally, the effective switching between the
recruitment of current necessary braim areas and the
suppression of non-relevant brain areas is described in
the “neural proficiency theory” (Filho et al, 2021)
Along with these theories experts were found to
experts were found to have decreased prefrontal activity
in sport-specific cognitive tasks compared to nowvices (Li
& Smith, 2021; Perrey, 2022; Olsson & Lundstrdm, 201 3).
However, deviating studies reporting increased cortical
activity exist (Filho et al, 2022; Wei & Luo, 2010).
Howewver, the comparison of prefrontal activity
among experts and novices reveals expected differences
during the processing of general and sport-specific cog-
nitive tests, which could be reflected in the superiority of
the experts. To gain a deeper understanding of axper-
tise, an examination of the brain activity of experts-
only in both cognitive situations (sport-specific and
general tests] could be elucidating. Based on baoth the
“repetition suppression  theory” and the “neural
efficiency theory”, we assume increased activity in the
dorsolateral PFC during the processing of novel stimuli
in general cognitive tasks and decreased activity in the
sport-specific cognitive task. To our knowledge, no
study has examined and compared the prefrontal
activity of experts in these cognitive demands so far.
Our study embodies a relevant approach to provide
information about prefrontal mechanisms of general
and sport-specific cognition in soccer experts which
could result in a deeper understanding of the underlying
prefromtal mechanisms of expertise. We assessed pre-
frontal activity of semi-professional soccer players in
two general and two sport-specific cognitive tasks with
functional near-infrared spectroscopy (fMIRS). Soccer
players must constantly make rapid decisions in
dynamic and complex game situations (Ehmann et al,
2022; Wang et al, 2020). Due to this perceptual-cogni-
tive expertise they represent a valid subject group for
this study. Soccer represents a mowvement-intensive
sport. Even during casual walking, locomotor pathways
are activated resulting in changes of the cortical activity
[Herold et al, 2017; Khan et al, 2021). Therefore, in order
to represent the expertise of soccer experts im its full
complexity, it is necessary to investigate cortical activity

14



umder the influence of physical activity. For this reason,
two out of four tests were performed in motion. To
ensure prefrontal involvement, the tests demanded
higher cognitive functions as decision-making and selec-
tive attention (Menon & D'Esposito, 2022). Near-infrared
spectroscopy  represemts a walid tool for indirect
measurement of cortical activity, with certain limitations
even in motion (Tan et al, 2019; Quaresima & Ferrari,
2019; Menant et al, 2020). As fMIRS is more frequenithy
used in motion-intensive situations in sports and exer-
cise research (Phillips et al, 2023), recent studies are
focusing onm improving fMIRS data quality and dassifi-
cation in motion-intensive situations (Hamid et al,
2022; Mazeer et al, 2020).

The aim of this study was to compare cortical proces-
sing of general and sport-specific cognition within
experts by measuring hemodynamic changes in the
PFC. As described in the "expert performance approach”
(5tarkes & Ericsson, 2003) sport-specific tasks are
designed to be similar to the athlete’s envircnment
and appear familiar to the experts. On the other hand,
general attention tasks are assumed to be a nowel situ-
ation. According to the “repetition suppression theory”
[Auksztulewicz & Friston, 2016) and “meural efficency
theory” (Li & Smith, 2021) we hypothesised increased
activation in the PFC during general cognitive tasks
and decreased prefrontal activity during the sport-
specific cognitive tests. Examining the neural processing
of familiar stimuli, it must be assumed that their proces-
sing is partly based on automated processes (Sanchez-
Lopez et al, 2014).

Materials and methods

Participants

39 semi-professional male soccer players, aged 18-33
years (M =24.85 + 4.00 years) participated in this study.
Since it is now proposed to qualify the perfformance of
athletes based on competition level rather than sole
hours of soccer experience (Scharfen & Memmert,
2019), participation in a semi-professional soccer
league [(4th to &th highest leagues) in Germany rep-
resents the primary inclusion criterion. All adult partici-
pants had binocular wision, mo motoric or psychiatric
impairments and no arterial hypertomus. Participants
were excluded from calculations if channel guality was
bad, indicated by a CV > 7.5%. A power analysis using
G*"PFower 3.1.9.2 (Heinrich-Heine-Universitat Disseldorf,
Diisseldorf, 2014) resulted in a mean comparison of
two dependent groups with an a-level = 0.05, an effect
size d=10.8 and a targeted power of 0.95 to a subject
number of n=23. Based on anticipated channels with
bad quality a total of 39 subjects participated in the
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tests in motion to enable the inclusion of 23 participants
into calculations, while 26 subjects thereof participated
in the computer-based tests. The study was conducted
at the Institute of Human Movement Sciences at the Uni-
wersity of Hamburg, Germany. Table 1 presents the
demographics of the participants. This study was ethi-
cally approved by the local ethics committee of the
Faculty of Psychology and Human Mowvement Sciences,
University of Hamburg (AZ 2017_106). All participants
prowided written informed consent before participating
in this study. The study followed the principles of the
Declaration of Helsinki.

Proceduire

The present study aimed to compare the cortical
activity in general and sport-specific cognitive tasks in
soccer experts. For this purpose, participants completed
four perceptual-cognitive tests described below, which
are classified into sport-specific and gemeral cognition.
Each category imcluded one computer-based test and
one test in motion. The participants completed the
test battery standardised instructed in the same order
[sport-specific computer-based test, non-sport-specific
computer-based test, non-sport-specific test in motion,
sport-specific  test in motion). The self-developed
sport-specific computer-based test (55C) was performed
within a test-retest design twice, as the first and last
test, to examine the reliability. The test order remained
equal for each participant to minimise possible
influence of physical activity om cognitive performance,
which could appear by randomising test order [Pontifex
et al, 201%9). Meanwhile, the prefrontal activity was
measured using fMIRS. To avoid the influence of
increased blood flow [Herold et al, 2017), both heart
rate (Polar RS400, Polar Electro Oy, Kempele, Finland)
and blood pressure were measured before each trial
to insure adequate resting in between. The total
testing duration was approximately 60 min.

Brain activity

To measure the prefrontal activity a multi-channel con-
tinuous fMIRS system (MIRSport, MIRx Medical Technol-
ogies LLC, New York, USA) with eight laser sources,
gight photo detectors and a sampling rate of 87193
Hertz was used. To allow a topographical mapping of

Table 1. Descriptives of participants.

Characteristic M= 39 male
Age [years] 2485 + 400
Height [om] 10213 + 667
‘Weight kgl THAY £ 020
By miass index kg’ 23824185
Soooer expenience [years] 19.10 4+ 3568
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the different Brodmann areas, a 21-channel configuration
was placed on the PFC (Figure 1) with an inter-optode dis-
tance of three centimetres. The resulting channels (area
batween one source and one detector) were subdivided
into three PFC areas {frontomedial PFC: Channel [Ch) 11,
17-19; ventrolateral PFC: Ch 15-16, 20-21; dorsolateral
PFC: Ch 1-10, 12-14) based on EEG 10-20 mapping
[Crigir & Price, 2000; Petrides, 2005). The activity 15 s
prior to the test during a resting state was measured
[baseline) to enabled a comparison to the hemodynamic
situation during perceptual-cognitive tests (Herold et al,
2017). Thereafter, the respective starting point was
marked in the fMIRS recording.

Non-sport-specific (general) cognition
Non-sport-specific compurter-based test (NS5C) (Figure 24).
The MS5C examines reactivity and decision-making to
visual and auditory stimuli in a non-sport-specific com-
puter-based test (*Determination Test”, Vienna Test
System, Schuhfried GmbH, Madling, Austria). The partici-
pant distimguizhes between different coloured stimuli
and acoustic signals and selects the correspondent
buttons on the panel. The median reaction time within
3 min of testing time is measured.

Non-sport-specific test in maotion (NSEM) (Figuwre 28). The
N55M measures cognitive decision-making and sus-
tained attention in a non-sport-specific test in motion
["Hawk Eye”, Witty SEM, Microgate GmbH]. The subject
stands in front of a 2 by 3 metres big wall and chooses
the one out of eight wisual stmuli at a wall, that is

® ©

deferring im terms of colour by moving its hand in front
of it. The number of right decisions within 30 presented
stimuli is measured.

Sport-specific cognition
Sport-specific computer-based test 550). The 55C exam-
ines rapid decision-making in a sport-specific, compu-
ter-based test situation. 40 still images out of
professional soccer matches are being presented to
the subject. The task involves rapidly deciding the best
option of the player in possession of the ball to score
(shoot, pass or dribble} by pressing the respective
button om the keyboard. Both accuracy amd speed of
decision-making are considered by documenting the
total processing time and the number of right answers.
Sport-specific test in motion (S5M) (Figure 20). The 55M
measures reactivity and decision-making as a sport-
specific test situation in motion (“Agility” Witty SEM,
Microgate GmbH, Bolzamo, Ialy). The subject rapidly
passes the ball against the one of three back-pass walls
that presents a green sguare. The back-pass walls are
positioned in a semicircle at 0°, 457 and 90° around the
subject with a radius of 4 metres. The total time required
for 40 passes is and the median reaction time is measured.

Data processing of fNIRS signal

The fMIRS data was prepared for statistical calculation
with the nirsLab software [nirsLab 20194, NIRx Medical
Technologies, Mew York, USA). To reduce signal artefacts
and physiclogical noise (heartbeat and breathing) a

N
N B ROR NOR N

-
n

[ Do s B
N

@ e

(_'_} T

@® <@

Figure 1. Topographlcal mapping of the channels attached to the FRC. PFC, prefrontal cortex; DL, dorsolateral; WL, ventrodateral; FM,

frantomedial
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Figure 2. lllustration of the structure and processing of the NSSC (A), NSSM (B) and SSM (C.1 and C.2). €1 shows a schematic setup of
the SSC while C.2 pictures the actual execution of the tests. n, changing numbers 1-9.

band pass filter (low cut-off frequency: 0.01 Hertz; high
cut-off frequency: 0.2 Hertz) was adjusted (Piper et al,
2014; Herold et al., 2017, 2018). A light signal variance
(CV) of less than 7,5% is required for an adequate
signal quality for evaluation. Therefore, only channels
fulfilling this criterion could be included for further ana-
lyzation. As conducted in prior studies (Pinti et al,, 2018;
Herold et al, 2017), the first 45 s of the test periods were
considered and divided into three time blocks of 15 s
each. A default duration of the baseline was setas 15 s
{Herold et al, 2018). The recorded data of each
channel were transformed to hemodynamic data
based on the parameters of the Beer-Lambert Law
{W. B. Gratzer, London). Average oxyhaemoglobin {oxy-
Hb) values of the baseline and each time block within
the 21 channels were calculated.

Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics
26" (IBM*, Armonk, New York, USA). To examine the time
window of the greatest cortical change, only the second
time block (15-30 s after start) was considered (Pinti
et al, 2018). Relative oxygenation changes of oxy-Hb
between baseline and testing period were calculated in
each channel. A paired t-test between computer-based
tests (NSSC vs. SSC) was conducted to detect differences
in the cortical processes between sport-specific and

general cognition. Similarly, a paired t-test examined differ-
ences in cognitive tests in motion (NSSM vs. SSM). Mean (M)
and standard deviation (SD) values were calculated for all
participants demographics and hemodynamic data. To
test the reliability of the self-developed SSC-test, the intra-
class correlation (ICC) was calculated. Referring to Koo and
Li (2016) values less than 0.5 indicate poor reliability, values
between 0.5 and 0.75 represent a moderate reliability,
values between 0.75 and 0.9 indicated good reliability
and values greater than 0.90 indicated excellent reliability.

Means, standard deviations and paired t-tests of compu-
ter-based cognitive tests (SSC and NSSC) and tests in
motion (NSSM and SSM}) in channel 1-21 are shown in
Tables A1 and A2. The intraclass correlation of the SSC
resulted in ICC = 0.71. This can be valued as a moderate
reliability. Results of the behavioural data of all tests can
be seen in Table A1.

Computer-based tests (SSC and NSSC) (Figure 3A;
Table A2)

Frontomedial PFC. A significant difference was
found in channel 19 (t{14)=-2.41, p=0.03) with an
increased mean activity during the NSSC (M=4.32, SD
=7.363) compared to the SSC (M =0.61, SD=3.69). No
significant difference was observed in Channel 11, 17
and 18.
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Ventrolateral PFC. There was no significant differ-
ence between the relative activity changes in SSC and
NSSC in the ventrolateral PFC.

Dorsolateral PFC. There were significantly increased
activity changes during the general cognitive task
{NSSC) in channel 1 (t(18) =-2.91, p=0.01), channel 3
(t(23) =-3.09, p<0.01), channel 4 (t23)=-330, p<
0.01), channel 5 (8(22) =-2.17, p=0.04), channel 12 (t
(23) =-3.63, p<0.01) and channel 14 (1(23)=-2.74, p
=0.01). While performing the sport-specific task (SSC)
the prefrontal activity showed a significantly smaller
increase or even a decrease in activity.

Tests in Motion (SSM and N55M) (Figure 38; Table A3)

Frontomedial PFC. Significant differences were
found in channel 11 (t{9) = 2.54, p=0.04) and 17 {¢(9) =
349, p<0.01). Comparable with the computer-based
tests, the general cognitive test (NSSM) showed an

g oiie
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increased activity (Ch 11: M=360, SD=4.26; Ch 17: M
=5.17, SD = 2.64), whereas smaller increase in channel
17 (M=0.72, SD=1.74) or even a decrease in activity
in channel 11 (M=-083, SD=4.71) was detected
during the sport-specific test {SSM). There were no sig-
nificant results in channel 18 and 19.

Ventrolateral PFC. In contrast to the computer-
based tests, all channels except for channel 16 showed
a significant difference in the activity during general
{NSSM) and sport-specific {SSM) tests in motion (Ch 15:
t(7) =645, p <0.01; Ch 20: {13) =230, p=0.04; Ch 21:
t(13) = 2.22, p = 0.05). There was decreased mean activity
during the sport-specific test (SSM) in all channels.

Dorsolateral PFC. Significant differences were found
in the activity of channel 1 (t(15) = 2.24, p = 0.04), 2 (t{4)
=399, p=0.03), 3 (t(19)=3.16, p < 0.01), 4 (t{24) =3.58,
p<0.01), 6 (t{4)=3.58, p=0.04), 12 (t{(17)=3.73, p<

Figure 3. Topography of significant channels in computer-based cognitive tests (NSSC vs. SSC) (A) and cognitive tests in motion
{NSSM vs SSM] (B). NSSC, non-sport-specific computer-based test, SSC, sport-specific computer-based test; PFC, prefrontal cortex;

DL, dorsolateral; VL, ventrolateral; FM, frontomedial
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0:01) and 13 [H[21) = 3.94, p < 001} as well as in compu-
ter-based tests. Additionally, channel 8 (H20) =239, p
=0.03) showed significantly increased activity in the
general cognitive task in motion (N55M). No significant
differences were observed in channels 5, 7, 9, 10 and 14.

Discussion

In this study, the prefrontal activity of soocer experts in
general and sport-specific cognitive tasks was examined
and compared using fMNIRS in order to elucidate the
underlying cortical mechanisms of expertise. Significant
differences in PFC activity between general and sport-
specific cognitive tasks were found primarily in the dorso-
lateral PFC in the computer-based tests and throughout
the PFC in the tests in motion. As assumed, the results
indicate higher cortical activity during general cognitive
tasks compared to sport-specific tasks in soccer experts.

These results of activity changes during general cogni-
tion are consistent with previously reported findings on
nowvel stimuli (Barbey & Patterson, 2011; Cole et al,
20170, In lime with these studies, we found increased cor-
tical activity predominantly in the dorsolateral PFC when
processing mowvel stimuli in the general cognitive test.
Dwring decision processes, the lateral FFC is involved in
the generation of possible solutions and the subsequent
evaluation of the best solution (Barbey & Pattersom, 2011;
Ghanavati etal., 2019). More specifically, the dorsal part of
it, namely the dorsolateral PFC, is strongly interconnected
with cortical areas responsible for processing wvisual,
motor and auditory information (Barbey & Patterson,
2011; Ghanavati et al, 2019). These characteristics of
the dorsolateral PFC could explain the isolated activity
increase in this area during the general cognitive task,
as no preformed solutions are yet available for the
soccer player and these have to be newly developed.
This suggests that the findings on prefrontal processing
of novel stimuli, which are represented in investigations
with other populations and experts outside the sports,
can also be confirmed for sports experts.

In sport-specific tasks, as described, a decreased pra-
frontal activity of experts was found. These results may
indicate a decreased use of the PFC and consequently
increased efficiency (Eggenberger et al, 2016). This is
in lime with the "repetition suppression theory”, accord-
ing to which soccer experts recognise repetitive stimuli
from their soccer experience during sport-specific cogni-
tive tasks, resulting in decreased cortical activity (Li &
Smith, 2021; Korzeniewska et al, 2020; Auksztulewicz &
Friston, 2016; Sobdan et al, 2010). The applicability of
this theory in sport psychology cam hereby be
confirmed. It also supports the “neural efficency
theory” and “neural proficiency hypothesis®, which
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describe higher cortical efficiency through lower cortical
activity during sport-specific cognition in experts (Li &
Smith, 2021; Filho et al, 2021).

Assuming that a lower activity change is due to auto-
mated processes and leads to increased efficiency, it can
be hypothesised that the advantage experts show ower
novices in sport-specific cognitive tasks is due to
improved automated neural processes. Am indication
for this is provided by the results of Sanchez-Lopez
et al. (2014), who report a lower cortical activity during
automated cognitive processes in experts compared to
novices. This is supported by transient hypo-frontality,
as part of the "neural proficiency hypotheses” in sport-
specific tasks describing decreased frontal activity,
which indicates strong reduction of conscious and delib-
erate thinking (Filho et al., 2021). The present results of
the computer-based cognitive tests thus may hint that
experts process genmeral amd sport-specific cognitive
tasks through different cortical mechanisms. This could
be due to the greater expert experience or frequent
experience of the sport-specific situations of experts,
which leads to a transformation of cognitive processes
into automatisms (Fitts & Posner, 1957). It may be
assumed that otherwise novices process both tasks in
the same prefrontal area simce no transition to automated
cognitive processing would have ocourred and both
stimuli would appear to be nowel stimuli for them. On
the other hand, controversially, some studies reported
increased activity in the PFC of experts in both general
cognitive tasks [Seo et al, 2012) and sport-specific cogni-
tive tests (Wei & Luo, 2010; Wright et al., 2010, suggesting
that experts hawe increased prefrontal activity in both
cognitive demands compared to novices. To address
the issue of different cortical processes of experts and
novices, in the future, intrapersonal studies on both
experts’ and novices' prefromtal activity during general
and sport-specific cognition are needed to examine
expert and novice groups and thus clarify whether exper-
tise is due to structurally different mechanisms in the
cortex. Howewver, we only examined the change im cortical
activity of experts in different test situations, so the differ-
ence in activity changes between experts and movices
cannot be substantiated in this study.

Comparing the results of the computer-based tests
and the tests in motion, it can be seen that the localis-
ation of the significant activity changes differs. As in
computer-basad tests, increased prefrontal activity was
measured during the general cognitive test in motion.
Howewer, these changes were not limited primarily to
the dersolateral PFC, but were found in all regions of
the PFC (including frontomedial and ventrolateral PFC).
Previous studies of prefrontal activity during motion pre-
dominantly found increased prefrontal activity due to
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activation of the indirect locomotor pathway, which
includes the PFC (Herold et al, 2017, 2018). On the
other hand, Hamacher and colleagues (2015} reported
that, opposite to this, a decreased prefrontal activity in
mtion could occur based on the transition from con-
trolled to automatic gait which goes along with a shift
from the indirect to the direct locomotor pathway
[Eggenberger et al, 2016). Since movement-intensive
sports, such as soccer, are better represented sport-
specifically in physically active test situations, these
tests include even more automated stimuli for the
soccer player. The combination of the high amount of
automated processes and the activation of the direct
locomotor pathway might explain the significant
decreases of activity in all areas of the PFC during the
sport-specific tests in motion. However, this explanation
must be further investigated in future studies. To better
classify the results of the cogmitive tests in motion, the
measurement technigue with fMIRS, which is suitable
for measurements in physical activity (Pinti et al,
2018), must be further discussed. Looking at the
number of included datasets in the individual channels
of the cognitive tests in motion, one can see fewer
numbers of included subjects than in the computer-
based tests, especially in channels with significant differ-
ences. This is due to poor data quality (O > 7.5%). The
poor data quality can be attributed to motion-associated
parameters, such as motion artefacts or physiclogical
naise [Orihuela-Espina et al, 2010; Herold et al, 2017).
Although the heart rate was controlled before each
test and data were filtered with a recommended band-
pass filter, it is gquestionable whether these provisions
are sufficient to reduce false positives (Orthuela-Espina
et al, 2010; Herold et al, 2017). In summary, data from
tasks imvolving larger movements seem to be less
reliable (Menant et al, 2020). Accordingly, the appli-
catiom of innovative methods to improve data quality
and the development of further technigues is needed
to reliably represent cortical activity chamges in motion
and to confirm the existing results (Menant et al, 2020
Hamid et al., 2022; Mazeer et al, 2020).

Lirmitations of our study need to be considered
regarding the application of fMIRS. First, a weakness of
fNIRS represents the lack of amatomical information
[Cutini et al, 2012). Our topographic assignment of
diodes is based on the established EEG 10-20 system.
However, it cannot be assured that the mapping corre-
sponds exactly to the cortical areas. Further research is
needed to show which areas are mapped by the
placed fNIRS diedes. Second, Herold and colleagues
[2017) highlight the possibility of mind wandering
during baseline measurement which can distort the
values (Durantin et al, 2015). As recommended (Herold

et al, 2018} a baseline measurement of 10-30 5 im a
quiet, seated position was conducted. The suggestion
of a simple counting task during baseline measurement
[Holtzer et al, 2015) to prevent mind wandering could
be a solution for future analyses. Moreowver thus far,
there is no consensus about the maost suitable temporal
window to capture the greatest activity change during
the time course in the PFC (Orihuela-Espina et al,
2010; Herold et al, 2018). Due to the fact that hemody-
namic responses are wsually 3-5 s delayed, (Onhuela-
Espina et al, 2010} we chose the period 15-30 s after
the start of testing as the measurement interal.
Further studies are needed to investigate the optimal
measurement intervals for various fMIRS protocols
depending on the investigated area and question.

Practical implications

The lower prefrontal activity in sport-specific tasks com-
pared to general cognitive tasks indicates a lower cogni-
tive effort in the expert’s PFC when performing this task
Considering this assumption, varying the cognitive
demands in training by incorporating unknown cognitive
stimuli could lead to an improved training effect. By
varying and increasing the cognitive demands in training,
the athlete could develop greater flexibility and further
automatisms to cope with the cognitive demands in
game situations.

Conclusion

This study aimed to analyse prefrontal mechanisms in
general and sportspecific cognition tasks in soccer
experts. Experts showed an increased activity in general
cognitive tasks compared to sport-specific cognitive
tasks im both computer-based tests and tests in motion.
It could be assumed that these different cortical processes
are caused by altered prefrontal structures of experts. Tha
prefrontal processing structure could be a decisive factor
for expertise in team sports. This study demonstrates a
first approach to indirectly visualise the cortical activity
of experts and provides evidence supporting the “rep-
etition suppression theory” in sports science and the
“neural efficiency theory”. Howewver, more evidence is
needed to stremgthen these findings. Future studies
should investigate both experts’ and novices' brain activity
during general and sport-specific cognition even with
regard to age, position-spedfic and sex differences.
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Summary

English version

The aim of this dissertation was to examine activity changes in the prefrontal cortex of experts
under different cognitive demands, to help understand the underlying mechanisms of sport
expertise. Previous studies have found that both general and sport-specific perceptual-cognitive
skills contribute significantly to expertise in soccer. Therefore, this study investigated the
prefrontal activity of 39 semi-professional soccer players, during general and sport-specific
cognitive tasks. Since soccer is a movement-intensive sport, two out of four tests were
performed in motion. While performing cognitive tests, prefrontal activity was recorded using
functional near-infrared spectroscopy (fNIRS) (NIRSport, NIRx Medical Technologies, USA).
Differences of prefrontal activity in general and sport-specific cognitive tasks were analyzed

using paired t-tests.

The results showed significant increases in prefrontal activity during general cognitive tests
(novel stimuli) compared to sport-specific tests (familiar stimuli). The results of activity
changes during general cognition are consistent with previously reported findings on novel
stimuli. The comparatively lower prefrontal activity changes during sport-specific cognition
might be due to increased efficiency and learned automatisms of expert in this area. This seems
to be in line with the “repetition suppression theory”, the “neural efficiency theory” and the
“neural proficiency hypothesis”. The observed differences in cortical activity during general
and sport-specific tasks could potentially be caused by altered prefrontal structures in experts.
The prefrontal processing structure could be a decisive factor for expertise in team sports, but

further research is needed to strengthen our finding.

In this purpose, intrapersonal studies on both experts’ and novices’ prefrontal activity during
general and sport-specific cognition should be conducted to clarify, whether expertise is due to
structurally different mechanisms in the cortex. Furthermore, age, position-specifics and gender
differences must be taken into account. Information about the underlying mechanisms of
athletic expertise could be used for optimizing future training methods, talent selection and
could even have the potential to extend beyond the domain of sports and be applied in the

healthcare sector.
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German version

In dieser Dissertation wurden Aktivititsverdnderungen im priafrontalen Kortex von Experten
bei unterschiedlichen kognitiven Anforderungen untersucht, um zugrunde liegenden
Mechanismen sportlicher Expertise zu verstehen. Frithere Studien haben gezeigt, dass sowohl
allgemeine als auch sportartspezifische wahrnehmungskognitive Fahigkeiten signifikant zur
Expertise im Fuflball beitragen. Daher wurde in dieser Studie die priafrontale Aktivitit von 39
semiprofessionellen FufBlballspielern wihrend allgemeiner und sportspezifischer kognitiver
Aufgaben analysiert. Da Fuflball eine bewegungsintensive Sportart ist, wurden zwei von vier
Tests in Bewegung durchgefiihrt. Wihrend der Durchfiihrung der kognitiven Tests wurde die
prafrontale Aktivitdt mittels funktioneller Nahinfrarotspektroskopie (fNIRS) aufgezeichnet
(NIRSport, NIRx Medical Technologies, USA). Mithilfe von gepaarten t-tests wurden die
Unterschiede in der prafrontalen Aktivitét bei allgemeinen und sportartspezifischen kognitiven

Aufgaben analysiert.

Die Ergebnisse zeigten eine signifikante Zunahme der priafrontalen Aktivitit bei allgemeinen
kognitiven Tests (neue Reize) im Vergleich zu sportartspezifischen Tests (bekannte Reize). Die
Ergebnisse der Aktivititsverdanderungen wihrend allgemeiner kognitiver Tests, stimmen mit
den zuvor berichteten Ergebnissen zu neuen Reizen iiberein. Die geringere Verdnderung der
prafrontalen Aktivitdit wihrend der sportartspezifischen Kognition konnte auf gesteigerte
Effizienz durch erlernte Automatismen von Experten in diesem Bereich zuriickzufiihren sein.
Diese Ergebnisse scheinen mit fritheren Erkenntnissen aus der "Repetition suppression theory",
und der "Neural efficiency theory" iibereinzustimmen. Darliber hinaus konnten die
unterschiedlichen kortikalen Prozesse auf verdnderte prifrontale Strukturen von Experten
basieren und ein entscheidender Faktor flir die Expertise im Mannschaftssport darstellen. Es

bedarf jedoch weitere Forschung, um diese Erkenntnisse zu stiitzen.

Zukiinftig sollten intrapersonelle Studien zur préafrontalen Aktivitdt von Experten und Novizen
wiéhrend allgemeiner und sportartspezifischer Kognition durchgefiihrt werden, um zu kléren,
ob Expertise auf strukturell Unterschiede im Kortex zuriickzufiihren ist. Alters-,
positionsspezifische und geschlechtsspezifische Unterschiede sollten dabei beriicksichtigt
werden. Informationen iiber die zugrundeliegenden Mechanismen sportlicher Expertise
konnten fiir die Optimierung zukiinftiger Trainingsmethoden und die Talentauswahl genutzt
werden und das Potenzial haben, {iber den Bereich des Sports hinaus, zum Beispiel im

Gesundheitssektor Anwendung zu finden.
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