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Background/objective: Investigating the neural mechanisms underlying sport performance has been a
research focus in the field of sport science. The current review aims to identify distinct characteristics
between athletes and non-athletes at behavioral and neural levels. Further analysis was conducted as to
potential reasons that contributed to the differences.
Methods: Literature was searched through PubMed, ScienceDirect, Cochrane, EBSCO, and Web of Science
for EEG studies that compared athletes with non-athletes or novices in behavioral performance and brain
function.
Results: The process of literature search and selection identified 16 studies that satisfied the pre-
determined inclusion criteria. Theta, alpha, and beta frequency bands were employed as the primary EEG
measures of cortical activities in the included studies. Athletes indicated significant advantages over
controls in behavioral performance, Hedges0g ¼ 0:42; p ¼ 0:02, and brain function, Hedges0g ¼ 0:49; p ¼
0:03. Moderator analysis on behavioral performance indicated a large effect size in sport-related per-
formance, Hedges0g ¼ 0:90; p ¼ 0:01, but a small, non-significant effect size in general tasks, Hedges0g ¼
0:14; p ¼ 0:44.
Conclusions: Superior performance in sport-related tasks mostly contributed to athletes’ significant
advantage in behavioral performance. Additionally, favorable profiles of brain function associated with
athletes included neural efficiency, increased cortical asymmetry, greater cognitive flexibility, and precise
timing of cortical activation. Applying EEG technique to sport has shown promising directions in per-
formance improvement and talent identification for young athletes.

© 2022 The Society of Chinese Scholars on Exercise Physiology and Fitness. Published by Elsevier
(Singapore) Pte Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Sport is more than competitions in skills and physical capacities
(i.e., speed, strength, and endurance). Cognitive functions, such as
information pick-up, anticipation, and decision making within
game settings, also play a significant role in sport performance.
Cognitive profiles of athletes have been an interest of study in sport
psychology. A recent meta-analysis identified superior cognitive
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performance in athletes over amateurs or non-athletes, indicating
that cognitive performance is a function of sport expertise.1 It is
well-known that cognitive performance involves a series of com-
plex neural processing. Brain activity governs sporting behaviors
and makes a difference between winning and losing in the
competition.2 With the rapid development in neuroimaging tech-
nologies, researchers nowadays can observe neural activities in
concurrent with behavioral performance.3,4 Among the neuro-
imaging techniques such as functional magnetic resonance imaging
(fMRI), electroencephalography (EEG), and functional near infrared
spectroscopy (fNIRS), EEG has beenwidely applied in the emerging
field of sport science because of portability, non-invasive nature,
and a high temporal resolution in milliseconds.5,6 The application
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of EEG allows researchers to gain insights into neural mechanisms
underlying sport performance.

Superior behavioral performance in athletes implies neural
advantage over non-athletes. EEG-based studies in task perfor-
mance have been designed to examine impact of sport experience
on brain functioning.7,8 Sprot-related neural adaptations can be
represented by distinct EEG profiles between athletes and non-
athletes. The distinct cortical activation profiles associated with
superior performance suggest advantages at the neural level.9 Brain
functioning of athletes has raised increasing attention among
neuroscientists because elite sport provides an ideal model for
understandings of neural adaptations associated with intensive
training over time,2 and the increased knowledge on brain-
behavior links helps to improve the effect of training and thus
enhance sport performance.4

Rationales for the current review study account for two con-
tributions to the field of sport science. Two narrative reviews with
respect to EEG profiles of athletes are available so far.2,4 However, a
systematic approach for literature search and analysis is still absent.
The current study consists of scoping review and meta-analysis,
which provides a comprehensive review on both qualitative and
quantitative evidence. Another reason can be attributed to the
rapidly growing interest in brain function and sport performance.
With the accumulating research findings on neuroscience and sport
performance, an up-to-date review is needed since the latest re-
view paper published more than five years ago.4 Therefore, the
current review is warranted due to the above-mentioned reasons.

While the scoping review summarizes distinct neural and
behavioral profiles between athletes and non-athletes, the meta-
analysis quantifies the between-group difference. General conclu-
sions can be derived from the results of meta-analysis regarding (i)
whether athletes outperform non-athletes in behavioral tasks; and
(ii) whether athletes show significant advantages over non-athletes
in brain functioning. Based on the meta-analysis results, qualitative
analysis led to in-depth discussions on implications of the findings
and limitations of the existing studies that need to be addressed in
future.

2. Methods

2.1. Search strategy

The scoping review was conducted in accordance with the
Extended Preferred Reporting Items for Systematic Reviews and
Meta-Analyses Statement for Scoping Reviews (PRISMA-ScR).10

Literature was searched through PubMed, ScienceDirect,
Cochrane, EBSCO, and Web of Science for original research pub-
lished in peer-reviewed journals by May 2021. The current review
aims to include EEG studies that compare athletes with non-
athletes or novices in behavioral performance and brain function.
To identify the studies that fit into the main purpose of the review,
the search strategy focused on three constructs regarding subjects,
neuroimaging technique, and brain activation. A combination of the
following key terms was used for literature search: “athlete OR
sport OR player” AND “electroencephalography OR EEG00AND “brain
activation OR cortical activation OR brain oscillation OR cortical
oscillation OR brain function”.

2.2. Study selection

Studies considered for inclusion should meet all the following
eligibility criteria: (1) original research published in peer-reviewed
journals in English; (2) experimental design included both athlete
group and non-athlete (control) group; and (3) brain activities were
measured by EEG. Accordingly, studies may be excluded for one of
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the following criteria. First, only athletes or non-athletes were
recruited, leaving no comparisons between athletes and controls.
Second, the study involved subjects after sport-related injury such
as concussion. Third, no EEG data were reported in the study.

The initial screening removed duplicates by means of title ex-
amination. Further analysis based on title and abstract assessment
was performed to evaluate relevance of the articles. After removing
irrelevant records, authors conducted full-text evaluation to assess
eligibility of the remained articles. Two authors worked indepen-
dently for study selection. Any disagreement was resolved by
having a discussion with other authors in a consensus meeting.

2.3. Data extraction and synthesis

Essential details of the reviewed studies were extracted and
summarized in the items of subjects, task, behavioral performance,
EEG measures, and difference between athletes and controls. The
item of subjects extracted demographic data regarding sport,
sample size and mean age of athletes and controls. The task in-
formation summarized critical characteristics of the tasks, such as
the number of trials and the procedures for data collection.
Behavioral performance and EEG measures presented task-related
outcomes at both behavioral and neural levels. Behavioral perfor-
mance examined performance outcomes in cognitive or motor
tasks, indicating whether significant difference exists between
athletes and controls. The item of EEG measures indicated EEG
frequency bands which were applied to the individual studies as
measures of cortical activation during task performance. The item
of difference between athletes and controls summarized distinct
cortical activation patterns between the two groups.

2.4. Statistical analysis

Statistical analysis was conducted by Comprehensive Meta-
Analysis (CMA) e Version 3 (BioStat Inc., Englewood, NJ, USA).
Statistics of individual studies that revealed the main effect of
group difference in relation to behavioral performance and EEG
parameters were synthesized to calculate the effect size.11 Multiple
effects within the same studywere combined before calculating the
meta-analytic effect size. Considering the small sample size, we
selected Hedges' g as a conservative estimate for effect size.12 In
addition, a random model was used for the consideration of vari-
ance across the studies.13 The overall effect size was categorized as
small (Hedges' g ¼ 0.2e0.5), moderate (Hedges' g ¼ 0.5e0.8), and
large effect (Hedges’ g > 0.8).

The value of I2 was used to assess heterogeneity, with 25%, 50%,
and 75% as the cutoff points for low, moderate, and high hetero-
geneity.14 The Egger's regression was performed to evaluate pub-
lication bias. A two-tailed test with p-value less than 0.05 presented
evidence for significant publication bias in the reviewed
literature.15

3. Results

3.1. Study characteristics

Literature search through the databases identified 1597 records.
Initial examination removed 936 duplicates, leaving 661 records for
further analysis based on title and abstract screening. The screening
phase excluded 570 records, resulting in 91 articles for full-text
assessment. There were 75 articles excluded after full-text assess-
ment because of the following reasons: no control (N ¼ 12) or no
athlete (N¼ 20) was involved; no EEG data were reported (N¼ 15);
and research examined EEG data of athletes with concussion
(N ¼ 28). The selection process eventually resulted in 16 studies
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which met the inclusion criteria. Fig. 1 displays the flow of study
selection.

The reviewed studies involved a total of 423 subjects (225
athletes and 198 controls) across seven sports including shooting
(N ¼ 5), karate (N ¼ 4), golf (N ¼ 3), gymnastics (N ¼ 1), soccer
(N ¼ 1), badminton (N ¼ 1), and table tennis (N ¼ 1). Alpha fre-
quency is the primary EEG measure, which was used in 14 studies
to reflect cortical activities during task performance. Compared
with alpha band, theta (N ¼ 6) and beta (N ¼ 5) were reported in
fewer studies. Delta and gamma frequencies were not reported as
frequently as the other EEG measures in the reviewed studies, with
one study on each of the frequency bands.16,17 Whereas delta
waveform is related to unconsciousness, gamma waveform is
associated with intense mental workload.18,19 However, the
experimental tasks of the included studies were designed at a
moderate difficulty level which allowed participants to perform in a
usual mental state rather than put intense mental efforts into the
task. The two EEG frequency bands did not fully represent the
mental states during the tasks, which may explain the limited
Fig. 1. Flowchart of literatur
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number of studies using delta and gamma as measures of cortical
activities.

The experimental tasks of the included studies were categorized
into sport-related tasks and general tasks. Sport-related tasks were
designed by requesting participants to perform sport skills or
simulating cognitive process in game situations. The sport skills
causing minimal head movement during execution are appropriate
for the motor task design. Eight of the included studies recorded
real-time cortical activities while participants performing
shooting16,20e22 and golf putting.23e26 The cognitive tasks were
typically designed by requesting participants to make a judgment
or anticipation based on a short video presented. Response time
and accuracy were used as measures of task performance.7,27

The general tasks also measured motor and cognitive perfor-
mance. The motor tasks included wrist movement28 and postural
control in standing,8,29 while the cognitive tasks assessed partici-
pants’ performance in working memory, attention, and arithmet-
ical tests.17,30 Characteristics of the included studies were presented
in Table 1.
e search and selection.



Table 1
Characteristics of the included studies.

Study Subjects Task Behavioral performance EEG
measures

Difference between athletes and controls

Haufler et al.
(2000),14

Athletes: Shooting task: 40 shootings.
Comparative task: 15 trials of dot
localization and word finding.

Experts indicated better shooting
performance than novices. No
significant difference was found in
verbal and spatial tasks.

Theta
Alpha
Beta
Gamma

Athletes showed lower cortical activation in shooting
task than verbal and spatial tasks. Non-athletes
indicated similar cortical activation in both tasks.

N ¼ 15
Age ¼ 26.5
Controls:
N ¼ 21
Age ¼ 23.1

Janelle et al.
(2000),15

Athletes: Participants performed 40 shots in
standing position.

Athletes indicated significantly better
shooting performance than novices.

Alpha
Beta

Athletes were characterized by increased hemispheric
asymmetry in shooting.N ¼ 12

Age ¼ 26.4
Controls:
N ¼ 13
Age ¼ 24.6

Del Percio
et al.
(2007),26

Athletes: Participants stood on a force
platformwith eyes closed and open.

No significant difference was identified
between groups during standing.

Alpha Athletes indicated stronger alpha ERD than non-
athletes during postural control.N ¼ 37

Age: 19-32
Controls:
N ¼ 10
Age: 21-34

Baumeister
et al.
(2008),19

Athletes: Participants performed 5 blocks of
golf putting. Each block lasted
4 min.

Golfers performed with significantly
higher accuracy than novices.

Theta
Alpha

Golfers indicated higher theta and alpha powers than
novices in golf putting.N ¼ 9

Age ¼ 26.4
Controls:
N ¼ 9
Age ¼ 24.6

Doppelmayr
et al.
(2008),16

Athletes: Participants completed 50e70
shots in 60 min.

Experts indicated significantly better
performance than novices.

Theta Experts indicated a stronger theta activity than novices
in preparation of shooting.N ¼ 8

Age ¼ 21.4
Controls:
N ¼ 10
Age ¼ 20.8

Babiloni
et al.
(2009),37

Athletes: Participants judged rhythmic
gymnastic performance presented
in videos.

Rhythmic gymnasts indicated higher
judgment accuracy than non-athletes.

Alpha Rhythmic gymnasts indicated lower alpha ERD than
non-athletes in judgment.N ¼ 15

Age ¼ 21.4
Controls:
N ¼ 13
Age ¼ 20.8

Del Percio
et al.
(2009a),17

Athletes: Participants completed a total of
120 shots.

Elite athletes performed with
significantly higher accuracy than
novices.

Alpha Elite athletes indicated lower alpha ERD than non-
athletes over the whole scalp.N ¼ 8

Age ¼ 29.2
Controls:
N ¼ 10
Age ¼ 33.1

Del Percio
et al.
(2009b),27

Athletes: Participants stood on a force
platform with one foot and both
feet.

No significant difference was identified
between groups during standing.

Alpha Athletes indicated lower alpha ERD than non-athletes
during postural control.N ¼ 20

Age: 19-32
Controls:
N ¼ 12
Age: 21-34

Babiloni
et al.
(2010),22

Athletes: Participants judged the expertise
level of karate players according to
the performance presented in
videos.

Karate players indicated higher
judgment accuracy than non-athletes.

Alpha Karate players performed the task with lower alpha
ERD than non-athletes.N ¼ 17

Age ¼ 23.8
Controls:
N ¼ 17
Age ¼ 24.6

Del Percio
et al.
(2010),25

Athletes: Participants performed repeat wrist
extension as fast as possible in 10 s.

Not reported Alpha Athletes indicated lower alpha ERD than non-athletes
during postural control.N ¼ 17

Age ¼ 23.8
Controls:
N ¼ 17
Age ¼ 24.6

Cooke et al.
(2014),20

Athletes: Participants completed 2 blocks of
60 putts.

No significant difference was found
between the two groups.

Theta
Alpha
Beta

Golfers indicated greater reduction in theta, alpha, and
beta powers than novices in golf putting.N ¼ 10

Age ¼ 20.9
Controls:
N ¼ 10
Age ¼ 19.0

Wolf et al.
(2014),24

Athletes: Participants watched videos of a
table tennis serve and imagined
themselves responding with a
specific stroke.

Not reported Alpha Alpha (8e10 Hz) ERD is stronger in elite table tennis
players compared to amateurs at the<!–Soft-enter
Run-on– > motor cortex.

N ¼ 14
Age ¼ 20.9
Amateurs:
N ¼ 15
Age ¼

(continued on next page)
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Table 1 (continued )

Study Subjects Task Behavioral performance EEG
measures

Difference between athletes and controls

Controls:
N ¼ 15
Age ¼ 19.0

Cooke et al.
(2015),21

Athletes: Participants completed 120 golf
putts.

Not reported Alpha Golfers indicated greater reduction in high alpha
power after a missed putt than novices.N ¼ 10

Age ¼ 20.9
Controls:
N ¼ 10
Age ¼ 19.0

Wang et al.
(2015),28

Athletes: Participants conducted two
cognitive tasks involving working
memory and attention.

Badminton players showed similar
response accuracy to non-athletes, but
significantly faster response than non-
athletes.

Theta
Alpha
Beta

Athletes showed significant increase in theta power
and decrease in beta power, which contributed to
enhanced working memory and attentional
performance, respectively.

N ¼ 12
Age ¼ 20.6
Controls:
N ¼ 13
Age ¼ 19.1

Duru and
Assem.
(2018),29

Athletes: Participants performed 2 blocks of
arithmetical tasks.

No significant difference was found
between the groups.

Delta
Theta
Alpha
Beta

Karate players indicated higher posterior alpha power
than non-athletes.N ¼ 10

Age ¼ 22.9
Controls:
N ¼ 10
Age ¼ 22.9

Del Percio
et al.
(2019),23

Athletes: Participants assessed the distance
between football players presented
in a video.

No significant difference was found
between the groups.

Alpha Football players indicated greater bilateral parietal
alpha ERD than non-athletes during the cognitive task.N ¼ 13

Age ¼ 25.1
Controls:
N ¼ 8
Age ¼ 25.6
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3.2. EEG measures employed by the included studies

3.2.1. Theta (4e7 Hz)
Attentional processes activate frontal cortical areas which are

responsible for generation of theta oscillations.31e33 Therefore,
frontal theta activity has been considered an indicator of attention.
Previous research identified greater frontal theta power associated
with increased task complexity.34 When a task becomes chal-
lenging, increased attention paid to the task causes stronger theta
activity in the frontal lobe.

The included studies reported higher frontal theta power in
athletes performing both motor and cognitive tasks.16,21,24,30 In
addition, the enhanced theta oscillation is associated with favor-
able performance. Considering the cortical activation pattern and
behavioral performance, researchers proposed that, comparedwith
non-athletes, athletes have developed adequate abilities and effi-
cient strategies of allocating more attentional resources to support
performance in a complex task.24
3.2.2. Alpha (8e12 Hz)
As a dominant EEG oscillation in human brain activity, alpha

band reflects an inhibitory function.35 Alpha event-related
desynchronization (ERD) indicates a functional correlate of brain
activation, suggesting increased cortical activation in response to a
stimulus. On the other hand, alpha event-related synchronization
(ERS) represents a functional correlate of inhibition, which is often
seen in an idling state.36 Cortical activation is characterized by ‘focal
ERD/surround ERS’, which indicates increased cortical activation in
the event-related area accompanied by inhibition of surrounding
areas.37

The primary finding on alpha oscillation is the lower ERD in
athletes, suggesting lower cortical activation associated with task
performance.9,22 Recruiting fewer neural resources without
compromising performance is consistent with the neural efficiency
hypothesis. Therefore, the lower alpha ERD associated with a
comparable or better performance was interpreted as a feature for
superior brain function.
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3.2.3. Beta (13e30 Hz)
Cortical oscillations in the beta frequency band reflect motor-

related processing.38,39 Beta ERD (lower beta power) indicates
increased excitability of motor cortex neurons, which is associated
with faster motor responses in simple self-paced movement
tasks.30,40,41 Recent neuroimaging studies have shown that beta
ERD also occurs when imagining or observing a movement, sug-
gesting increased mental engagement in processing motor-related
information.42,43

The included studies reported greater beta ERD (reduced beta
power) in athletes than controls.16,25,30 The increased excitability of
the motor cortex produced beneficial effects on behavioral perfor-
mance including improved accuracy in golf putting and shoot-
ing,16,26 and shorter reaction time in cognitive tests.30 Based on the
findings of beta oscillation and corresponding behavioral perfor-
mance, beta ERD implies favorable brain functioning.30,40,41
3.3. Research findings on behavioral performance

3.3.1. Meta-analysis on behavioral performance
There were 14 articles comparing athletes with controls in

behavioral performance. The meta-analytic effect indicated favor-
able result for athletes, suggesting that athletes outperformed
controls in behavioral tasks, Hedges0g ¼ 0:42; p ¼ 0:02. Hetero-
geneity test identified a moderate variance across the studies,
Q13 ¼ 36:61; p ¼ 0:004; I2 ¼ 57:53%. Publication bias assessed by
Egger's regression was non-significant, t12 ¼ 1:73; p ¼ 0:11. The
result of meta-analysis on behavioral performancewas displayed in
Fig. 2.
3.3.2. Moderator analyses on behavioral performance
Moderator analyses were conducted on general tasks and sport-

related tasks. Six studies examinedmotor or cognitive performance
in general tasks. The result indicated a small, non-significant effect
size, Hedges0g ¼ 0:14; p ¼ 0:44, suggesting comparable perfor-
mance between athletes and controls in the general tasks.

Sport-related tasks were applied to 9 studies, involving shooting
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(N ¼ 4), golf putting (N ¼ 2), and cognitive tasks simulating sport
environment (N ¼ 3). A large, positive effect size was identified,
Hedges0g ¼ 0:90; p ¼ 0:01, presenting robust evidence that ath-
letes outperformed controls in sport-related tasks. Moderator
analysis on the two tasks identified moderate heterogeneity across
the included studies and low risks of publication bias. Fig. 3 pre-
sented the meta-analytic results of general tasks and sport-related
tasks.

3.4. Research findings on brain function

3.4.1. Meta-analysis on brain function
An important step of conducting the meta-analysis on brain

function is to determine effect direction of individual studies.
However, interpretations of neuroimaging measures in the studies
are not always straightforward.44 Therefore, authors’ in-
terpretations on EEG measures as well as performance outcomes
were both considered in determining the effect direction.11 A pos-
itive result displays the brain function in favor of athletes, while a
negative result suggests favorable brain function to controls.

A total of 16 studies compared athletes with controls in brain
function. Meta-analysis indicated a moderate effect size which
favored athletes over controls, Hedges0g ¼ 0:49; p ¼ 0:03. The
result provided empirical evidence for athletes' significant advan-
tage at the neural level. The test for heterogeneity indicated a large
variance across the studies, I2 ¼ 91:65%, with the p-value indi-
cating a significant result p ¼ 0:001. Egger's regression test was
non-significant (t14 ¼ 0:25; p ¼ 0:80), suggesting low publication
bias. The meta-analysis comparing athletes with controls in brain
function was presented in Fig. 4.

3.4.2. Neural advantages in athletes
Athletes showed significant advantages in neural functioning

over controls when performing motor and cognitive tasks. Specif-
ically, the neural advantages are characterized with neural effi-
ciency, increased cortical asymmetry, greater cognitive flexibility,
and precise timing of cortical activation.

Neural efficiency is one of the prominent neural processing
features identified in athletes, suggesting less energy expenditure
spent during task performance. The neural efficiency hypothesis
was initially developed based on the research evidence that
brighter individuals indicated lower brain activation when per-
forming cognitive tasks.45,46 Findings of the reviewed studies
expanded the neural efficiency hypothesis to the field of sport
performance. Compared with novices or non-athletes, athletes
recruited fewer neural resources while conducting comparable
performance in the general tasks and superior performance in the
sport-specific tasks.7e9,22,24

In the study involving skilled rifle-shooters and novices, experts
showed significant hemispheric asymmetry during the preparatory
period of shooting, whereas novices indicated comparable activa-
tion between the two hemispheres.20 Specifically, experts were
characterized by increased beta power in the left hemisphere and
reduced beta power in the right hemisphere. Motor skill acquisition
leads to cortical activation changes from broad neural connections
to functional specialization, suggesting better neural control over
the task-irrelevant cortical regions.47 The prominent hemispheric
asymmetry in expert shooters was attributed to the longitudinal
training which caused optimal reorganizations in brain function to
support high-level performance.

Another feature of superior neural functioning is attributed to
the greater neural flexibility and precise timing of cortical activa-
tion in athletes, which was identified in the preparatory period of
golf putting.25 Athletes initially indicated lower cortical activation
(higher alpha power) than novices 2se3s prior to the movement,
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suggesting more relaxation in athletes during the early phase of
preparation. But in the last 2s preceding the movement, the trend
was reversed due to a prominent reduction of alpha power in
athletes, indicating increased cortical activation prior to initiating
the putting movement.25 In this experiment, athletes' mental state
changed from relaxation to concentration at the exact time point
before the movement execution. The precise control over the
timing of cortical activation displayed a prominent advantage in
athletes’ neural functionwhichwas not observed in novices or non-
athletes.

4. Discussion

4.1. Summary of the primary findings

The current review included 16 studies which investigated
cortical activities of athletes and controls while performing
behavioral tasks. Meta-analysis indicated significant advantages in
athletes over controls in overall behavioral performance. Moder-
ator analyses suggest that the favorable performance observed in
athletes is mainly attributed to the significant advantages in sport-
related tasks. While comparable performance was identified be-
tween athletes and controls in general tasks, athletes outperformed
controls in sport-related tasks as a result of intensive training over a
long time.

Cortical activities were mainly measured by theta, alpha, and
beta frequency bands. By synthesizing EEG findings of the included
studies, we conducted a meta-analysis on brain functioning. Ath-
letes indicated significant advantages at the neural level, which
were embodied as neural efficiency, increased cortical asymmetry,
greater cognitive flexibility, and precise timing of cortical activa-
tion. Therefore, the current review provided empirical evidence for
superior brain function and behavioral performance associated
with sport training.

4.2. Interpretations of the findings

Athletes' advantages over their non-athlete counterparts sug-
gest positive impacts of sport experience on neural functioning and
behavioral performance. In a study comparing fencing athletes
with non-athletes in cognitive tasks, superior performance asso-
ciated with athletes was attributed to the training-induced facili-
tation in inhibitory control and task switching.48 Sport competition
requires athletes to make decisions and take actions within a
constrained time window.49 Longitudinal training plays the role as
affordances to develop motor and cognitive abilities as well as
stimulate athletes’ brain functioning in information processing.30

Indeed, previous studies have identified modulations of brain
functioning which suggest the underlying mechanisms of
improved behavioral performance. Progressive reduction in alpha
ERD has been found along with acquisition and refinement of
motor skills.8,29 Additional finding also shows modulations of theta
and beta rhythms as indicators of better attention and working
memory performance in badminton athletes.30

Meta-analysis regarding behavioral performance found that
athletes indicated favorable performance over non-athletes only in
sport-related tasks instead of general tasks. This finding suggests
behavioral changes as a result of sport experience. More impor-
tantly, the favorable performance in sport specific tasks
strengthens the implication with respect to the neural factors un-
derpinning the development of expertise as a function of intensive
training.4 However, the current finding of sport-related superiority
do not fully support the hypothesis that the training-induced
advantage may transfer to fundamental tasks.38,50,51 Despite
accumulating evidence for the generalizability of sport experience



Fig. 2. Forest plot for behavioral performance.
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to fundamental cognitive functions,17,28,30 the mixed results of the
included studies led to a non-significant effect size. A possible
reason is attributed to the limited number of studies (N ¼ 6) in
general task performance and variety of the behavioral assessments
across the included studies. As further evidence is needed in future
studies, the existing evidence is still inadequate to reach a solid
conclusion.

4.3. Implications of the findings

The primary findings of the current review imply promising
applications of EEG to practice. The EEG-based research on sport
performance is thought to provide neural evidence for developing
effective training methods.4 By voluntarily regulating brain activity
to the desired patterns, athletes can achieve an optimal state before
an important event. EEG parameters, such as theta and alpha
waves, are the targets that athletes practice to control in the neu-
rofeedback training.52,53 A meta-analysis on existing neurofeed-
back studies indicated a significant effect of improving sport
performance.54

Another application of the neural findings is to scout young
athletes with talents.1 Traditional talent identification is primarily
based on physiological measures and performance displayed at a
specific time point. However, current research has shown limita-
tions of the traditional approach, given the fact that an athlete's
career success cannot be predicted by early performance.55,56 The
neural approach may provide a valuable addition to scouting. With
the increasing knowledge on the connection between desirable
profiles of brain function and performance development, neural
information should be valued equally important as the commonly
used physiological measures in evaluating potentials of young
athletes.

4.4. Limitations

The primary limitation lies in the fact that all the included
studies are cross-sectional design, which is insufficient to make
212
causal inferences between sport training and neural adaptations.57

A nature-nurture debate may exist as to whether sport training
enhances brain function or advantage at the neural level is a pre-
requisite for individuals to become athletes.11 Research findings
based on the cross-sectional design cannot exclude the possibility
that genetic, anatomical, physiological, or psychological factors
between athletes and non-athletes contribute to the distinct EEG
profiles.4 Therefore, subsequent research based on robust experi-
mental design should be developed to answer this question.

Heterogeneity is another concern with the current review.
Considerable variances across the studies have been identified in
meta-analysis on both behavioral performance and brain function.
The large heterogeneity is considered a reflection of non-
randomized studies, which is a limitation of the cross-sectional
design.58 In addition, a variety of sports involved in the included
studies may also contribute to the large heterogeneity. Distinct
cortical activation patterns have been reported in different sports.
For example, neural efficiency is a prominent profile in expert
shooters,22 but recruiting more neural resources appears to be
helpful in enhancing golfers’ putting performance.25 Considering
the heterogeneity across the included studies, we should interpret
the current findings with caution.
5. Conclusions

The scoping review and meta-analysis identified significant
advantages in athletes over non-athletes at both behavioral and
neural levels. The superior performance in athletes was largely
attributed to the sport-related tasks instead of the general tasks. In
addition, the favorable brain function in athletes can be summa-
rized as neural efficiency, increased cortical asymmetry, greater
cognitive flexibility, and precise timing of cortical activation. The
findings of the review implied promising directions of integrating
EEG technique into training and scouting. EEG-based research in
futurewill add significant value to promote current understandings
of neural mechanisms underlying sport performance.
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Fig. 4. Forest plot for comparison between athletes and controls in brain function.
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