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EEG AS A WINDOW TO THE BRAIN DYNAMICS OF EXPERT
BEHAVIOR IN SPORTS

Our knowledge of perceptual-cognitive expertise in sports has grown considerably over recent
decades (Williams and Ford, 2008). Superior performance in a variety of lab-based cognitive
measurements such as cognitive control (Wang et al., 2013; Bianco et al., 2017b; Wylie et al,
2018), spatial ability (Moreau, 2013b; Wang et al., 2015), working memory (Moreau, 2013a), and
selective attention (Hung et al., 2004; Alves et al., 2013) have been consistently associated with
sports expertise. Further, empirical studies have demonstrated the potential predictive power of
cognitive skills (e.g., executive function) to real-world athletic performance (Vestberg et al., 2012,
2017; Cona et al,, 2015). Taken together, these behavioral findings highlight the relationship of
context-general cognition with sports.

The rapid development of neuroimaging techniques has greatly increased our understanding of
the neural correlates underlying the link between cognitive skills and sport expertise in lab-based
research (Yarrow et al., 2009; Cheron et al., 2016). Electroencephalography (EEG), a non-invasive
and real-time measure of the brain’s electrical potentials (Biasiucci et al., 2019), is fairly suitable
for investigating cortical activity in both laboratory and field conditions as compared to other
neuroimaging techniques such as functional magnetic resonance imaging (fMRI), probably due
to its compact size and low cost (Mehta and Parasuraman, 2013). Specifically, the high temporal
resolution of EEG offers a particularly precise means to examine the rapid time course of cognitive
processes inherent to sporting behavior (Nakata et al., 2010; Park et al., 2015). A number of
EEG studies have demonstrated that sports experts display more effective neural modulations in
cognitive paradigms irrelevant to any sport-related contexts (Hung et al., 2004; Di Russo et al,,
2006; Nakata et al., 2010; Wang et al., 2015; Bianco et al., 2017a), especially for those practicing a
sport requiring both physical and cognitive demands (Yamashiro et al., 2015; Wang et al., 2017).
Using concurrent EEG recording with execution of cognitive or motor skills relevant to sport
expertise, previous studies revealed more efficient task-related cortical activation as a function
of inter-individual expertise level or intra-individual performance level (Di Russo et al., 2005;
Del Percio et al., 2008, 2009; Babiloni et al., 2010; Wang and Tu, 2017). As such, EEG has
been proposed as a neural measure to characterize sporting performance states in elite athletes
(e.g., Bertollo et al.,, 2016; Di Fronso et al., 2016). Further, research exploring EEG signatures
of expert performance in sports has led to empirical studies investigating the modifiability of
neuromarkers linked to optimal sporting performance through neurofeedback training (NFT)
(Mirifar et al., 2017; Xiang et al., 2018). This line of research has not only explored the potential
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mediating role of EEG correlates in the relationship between
sports training and performance but also promoted the
development of multimodal training combining sports
and neurosciences.

Despite the growing number of EEG research on brain
functioning of athletes, the limited portability and long
preparation time of conventional EEG systems have been
the frequently cited limitations that made EEG assessment
unpractical beyond laboratory settings. Recent progress in EEG
technologies has offered potential solutions by improving the
flexibility in mobile EEG applications (i.e., portable, wireless,
and disposable headset) (Makeig et al., 2009; Mehta and
Parasuraman, 2013; Oliveira et al., 2016; Bateson et al., 2017;
Lau-Zhu et al, 2019). While the ecologically friendly EEG
systems with wet electrodes allow the collection of good
quality signals during natural motion, they present a number
of drawbacks that may impede the real-world application
in a wide range of environments (Zander et al, 2011).
For example, gel application, skin preparation, and post-
record cleaning are time-consuming and uncomfortable for
participants. Prolonged and repeated data collection may also
induce allergic reactions or infections. Moreover, frequent
gel replacement due to gel drying is necessary to ensure
the quality of EEG signals, making long-term monitoring
more challenging.

To overcome the limitation inherent to wet EEG assessments,
dry EEG systems have been developed over the past few years
(Chen et al., 2014; Lopez-Gordo et al., 2014). In this brief review,
we present the potential utility of dry EEG systems to facilitate the
progression from lab-based research to field applications from
the perspective of sport and exercise sciences. For a thorough
review of the fundamental differences between wet and dry EEG
systems, readers are referred to prior literature (Chi et al., 2010;
Xu et al., 2017).

POSSIBLE UTILITY OF DRY EEG SYSTEMS
IN MOVING SPORTS NEUROSCIENCE
TOWARD REAL-WORLD MEASUREMENTS

EEG oscillations in theta, alpha and beta frequency ranges
have been considered as important indices of cognitive and
motor processing in athletes (Babiloni et al., 2008; Del Percio
et al., 2009; Nakata et al., 2010; Kao et al, 2013). With
regard to existing evidence observed across studies with varying
levels of ecological validity, it is possible to bridge the gap
between lab-based findings and field-based practice. As an
example, expert athletes practicing sports involving complex
motor skills have been shown to exhibit greater modulation of
theta oscillations (Wang et al., 2015, 2017) that is functionally
coupled with attentional control processes during lab-based
cognitive tasks (Nigbur et al., 2012; Cavanagh and Frank, 2014).
Interestingly, oscillatory theta activity has also been associated
with expert-novice differences in motor skills (Baumeister
et al., 2008) and behavioral performance during motor tasks
mimicking sports specific skills (Chuang et al., 2013; Kao et al,,
2013). Further, research suggested that frontal theta oscillations

are modifiable through NFT (Enriquez-Geppert et al.,, 2014),
which was found to improve attentional (Wang and Hsieh,
2013) and skill performance (Kao et al, 2014). However,
the investigations of such neuroelectric profiles in artificial
environments would only further our understanding of the brain
functioning associated with sports expertise in these specific
circumstances, but not necessarily generalize to natural sports
environments. Moreover, although quite a few studies have
examined self-paced, closed-skilled sports in more ecologically
valid conditions (Deeny et al., 2009; Nakata et al., 2010; Babiloni
et al,, 2011; Cheng et al.,, 2015), these are limited to conditions
requiring very little movement such as the pre-performance
period (Hatfield et al., 2004). The paucity of studies using
conventional recording systems that investigate complex motor
skills in novel environments may be due in part to the lack of
flexibility and the vulnerability to various non-neural artifacts
(Thompson et al., 2008; Mullen et al., 2015; Park et al., 2015).

While the traditional Ag/AgCl electrodes with wet conductive
gel have the capacity to maintain low skin-electrode impedance
during movement, remaining issues of using wet electrodes
such as time-consuming skin preparation and uncomfortable
removal are also well-known (Liao et al., 2011; Chen et al,
2014). Furthermore, issues with long-term monitoring such as
signal degradation due to gel drying and skin irritation are
often observed. Recently, dry electrodes have been developed in
an attempt to overcome the drawbacks of wet systems (Chen
et al,, 2014; Xu et al,, 2017). For example, thanks to the gel-free
operation, dry electrodes enable a faster setup time (Lopez-Gordo
et al,, 2014; Xu et al,, 2017). This may be particularly beneficial
when investigating acute neurocognitive effects following sport
or exercise training given that the exercise-induced transient
changes in cognitive function are time-sensitive (Chang et al.,
2012; Moreau and Chou, 2019). Compared to the fitting and
removal of wet electrodes, which require specific expertise
(Chen et al.,, 2014), the easy-to-handle dry electrodes can be
quite helpful in fostering the practical applications of EEG
in sports while minimizing variances related to measurement
errors (e.g., cross-talk between electrodes due to excessive
amounts of gel application). The aforementioned advantages of
dry electrodes would improve the feasibility of continuously
monitoring temporal dynamics of brain functioning during
a training session, cognitive readiness in response to pre-
competition warm-up activities, or cognitive recovery following
post-exercise cool-down activities.

Recent evidence, albeit limited, has shown reliable cognitive
EEG signals such as the P300 component of event-related
potentials (EPRs) using dry electrode sensors (Zander et al,
2011; Mathewson et al, 2017). P300 is commonly thought
to reflect attention allocated to a given task (Polich, 2007;
Wang et al., 2016; Kao et al., 2019) and has been associated
with sports expertise (Nakata et al., 2010; Zhang et al., 2015;
Wang and Tu, 2017). Thus, the investigation of P300 using
dry systems may provide information complementary to that
of conventional EEG systems. In the study by Zander et al
(2011), the authors found that the peak amplitude of P300
elicited during an oddball paradigm did not differ significantly
between wet and dry systems. Moreover, Debener et al. (2012)
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observed reliable P300 during a auditory oddball paradigm while
participants walked around campus, as well as in seated, indoor
conditions. The results revealed that single-trial P300 could be
successfully classified (classification accuracy: 69%, ranging from
54 to 88%), with further correlation analysis showing a strong
association of P300 amplitude between indoor and outdoor
conditions. A follow-up study by De Vos et al. (2014) replicated
the P300 results by revealing classification accuracy greater than
chance-level in both outdoor seated and walking recording,
demonstrating that dry electrodes can tolerate reasonable gross
movements in realistic daily life scenarios. However, it is worth
noting that Oliveira et al. (2016) found predominantly inferior
EEG quality including higher rejection rate, pre-stimulus noise,
ERP amplitude variance, and lower signal-to-noise ratio (SNR)
in comparison to wet systems in both seated and walking
conditions. Despite the fact that this discrepancy might be
due to the differences in methods used across different studies
(e.g., channel selection for analysis), Oliveira et al. (2016)
suggested that dry systems may need substantial improvement
to meet the data quality from wet systems. Nonetheless, the
available evidence suggests that dry electrode systems may
be a promising approach for the transition from the labs to
ecological environments.

FUTURE PROSPECTS AND CHALLENGES

Given the promising results of dry EEG systems discussed above,
an important development will be the extension of existing EEG
evidence in the context of sports expertise to real-world sports
environments, such as using EEG to complement evaluations
of optimal performance, expertise level, skill development, the
effectiveness of training regimens, or even talent identification
in sports. In terms of field-based applications, EEG activity has
been found to change as a function of exercise intensity (Kamijo
et al.,, 2004) or exercise modality (Kao et al., 2017, 2018), and
may also reflect exercise-induced fatigue (Vargas and Marino,
2014). Thus, it would be of interest to explore whether a sport-
specific warm-up exercise could more effectively activate the
brain networks underlying complex motor skill acquisition or
motor execution relative to a general warm-up exercise, which
would help to refine the parameters of a warm-up protocol
for a specific sport. Moreover, multi-methods data collections
such as the simultaneous recording and integration of EEG
and other physiological data would provide complementary
information about the effectiveness of a training program, such
as monitoring whether the dosage (i.e., intensity, duration,
frequency) of training is mentally and physically sufficient. More
pointedly, given the utility of mobile cognition approach in
understanding cognitive operations in contexts related to the
natural interaction within the environment (Ladouce et al., 2017),
it would be feasible to take the advantage of user-friendly mobile
applications of dry sensors to characterize the neural profiles of
expert performance during execution of complex sports skills.
Finally, more attention has recently been directed toward the
meditating role of cognitive function in sports success (Cona
et al., 2015; Vestberg et al., 2017), which thus warrants further

steps toward the development of a comprehensive cognitive
assessment combined with concurrent mobile dry EEG recording
by observing cognitive and brain dynamics, as both may help
uncover additional mechanisms behind fluctuation of sports
performance efficiency.

Although promising, the utility of dry EEG electrodes in
understanding natural behavior in sports is still in its infancy,
with a number of potential limitations. First, although dry
electrodes have been shown to provide reliable measures of
EEG (Debener et al,, 2012; De Vos et al,, 2014), as evidenced
by a valid level of classification accuracy (De Vos et al,
2014), a broad-band increase in EEG power compared to that
recorded from wet electrodes was observed within the same
experimental condition (Mathewson et al., 2017). Future studies
should consider the possible influence of calibration settings
or electrode materials (Mathewson et al, 2017), which may
be responsible for these discrepancies. Second, previous studies
have reported a significant drop in classification accuracy levels
for the single-trial analysis during walking outdoor conditions,
relative to a seated indoor (Debener et al., 2012) or a seated
outdoor recording condition (De Vos et al., 2014). This issue
is particularly important given that dry electrodes may be
more susceptible to movement artifacts and produce higher
levels of noise (e.g., lower S-R ratio) than gel based-systems
(Oliveira et al., 2016; Radiintz, 2018), which may in turn
result in a decrease in statistical power (Mathewson et al.,
2017). Although a five-fold increase in trial numbers may help
detect the effects of interest (Mathewson et al, 2017), doing
so could offset the ease of application of dry electrodes as
previously recommended (e.g., shorter setup time). Furthermore,
to ensure good skin contact during data collection using dry
electrodes (Lau-Zhu et al, 2019), the combination of rigid
electrodes and increased pressure can result in discomfort
(Oliveira et al., 2016), which in turn can affect cognitive EEG
activities (Lorenz and Bromm, 1997). Soft electrodes such as
silver-coated polymer bristles (Grozea et al, 2011), dry foam
electrodes (Lin et al, 2010), and polymer-based electrodes
(Chen et al., 2014) seem to be promising alternatives for
mobile EEG applications while maintaining low impedance
(Xu et al, 2017). Further, the non-contact systems which
isolate the electrodes and the scalp by capacitive coupling
(Chi et al., 2010) may also be useful in mitigating this issue,
despite some major drawbacks that should be considered
with caution (Lopez-Gordo et al,, 2014). Taken together, we
believe that the emerging techniques of dry EEG systems will
offer additional value on top of evidence from traditional
recording systems to further understand the brain-behavior
relationship in sports.

CONCLUDING REMARKS

Growing literature has demonstrated the utility of dry EEG
electrodes in the research on neuroelectric underpinnings that
underlie perceptual-cognitive processes in field-based research.
As such, dry EEG systems may have the potential to help
better understand and monitor brain dynamics during sports
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performance, in response to training, and under sport-specific
contexts. The majority of existing evidence derived from
traditional laboratory research has provided a strong rationale
for future studies using dry EEG systems to target certain
EEG correlates such as frontal theta oscillations or P300-ERP
that have been found to reflect optimal perceptual-cognitive
states underlying sports expertise. Despite some limitations, we
believe that the rapid development of dry EEG techniques can
improve knowledge translation in sports neuroscience research
and practice.

REFERENCES

Alves, H., Voss, M. W., Boot, W. R, Deslandes, A., Cossich, V., Salles, J. L, et al.
(2013). Perceptual-cognitive expertise in elite volleyball players. Front. Psychol.
4:36. doi: 10.3389/fpsyg.2013.00036

Babiloni, C., Del Percio, C., Iacoboni, M., Infarinato, F., Lizio, R., Marzano, N.,
et al. (2008). Golf putt outcomes are predicted by sensorimotor cerebral EEG
rhythms. J. Physiol. 586, 131-139. doi: 10.1113/jphysiol.2007.141630

Babiloni, C., Infarinato, F., Marzano, N., Iacoboni, M., Dassu, F., Soricelli, A., et al.
(2011). Intra-hemispheric functional coupling of alpha rhythms is related to
golfer’s performance: a coherence EEG study. Int. . Psychophysiol. 82, 260-268.
doi: 10.1016/j.ijpsycho.2011.09.008

Babiloni, C., Marzano, N., Infarinato, F., lacoboni, M., Rizza, G., Aschieri, P., et al.
(2010). “Neural efficiency” of experts brain during judgment of actions: a high-
resolution EEG study in elite and amateur karate athletes. Behav. Brain Res. 207,
466-475. doi: 10.1016/j.bbr.2009.10.034

Bateson, A. D., Baseler, H. A, Paulson, K. S., Ahmed, F., and Asghar, A. U. R.
(2017). Categorisation of mobile EEG: a researcher’s perspective. Biomed. Res.
Int. 2017:5496196. doi: 10.1155/2017/5496196

Baumeister, J., Reinecke, K., Liesen, H., and Weiss, M. (2008). Cortical activity of
skilled performance in a complex sports related motor task. Eur. J. Appl. Physiol.
104, 625-631. doi: 10.1007/s00421-008-0811-x

Bertollo, M., Di Fronso, S., Conforto, S., Schmid, M., Bortoli, L., Comani, S., et al.
(2016). Proficient brain for optimal performance: the MAP model perspective.
Peer] 4:€2082. doi: 10.7717/peer;j.2082

Bianco, V., Berchicci, M., Perri, R. L., Quinzi, F., and Di Russo, F. (2017a).
Exercise-related cognitive effects on sensory-motor control in athletes and
drummers compared to non-athletes and other musicians. Neuroscience 360,
39-47. doi: 10.1016/j.neuroscience.2017.07.059

Bianco, V., Di Russo, F., Perri, R. L., and Berchicci, M. (2017b). Different proactive
and reactive action control in fencers’ and boxers’ brain. Neuroscience 343,
260-268. doi: 10.1016/j.neuroscience.2016.12.006

Biasiucci, A, Franceschiello, B., and Murray, M. M.
(2019). Electroencephalography. Curr. Biol. 29, R80-R85.
doi: 10.1016/j.cub.2018.11.052

Cavanagh, J. F., and Frank, M. J. (2014). Frontal theta as a mechanism for cognitive
control. Trends Cogn. Sci. 18, 414-421. doi: 10.1016/j.tics.2014.04.012

Chang, Y. K., Labban, J. D., Gapin, J. I, and Etnier, J. L. (2012). The effects of acute
exercise on cognitive performance: a meta-analysis. Brain Res. 1453, 87-101.
doi: 10.1016/j.brainres.2012.02.068

Chen, Y. H., De Beeck, M., Vanderheyden, L., Carrette, E., Mihajlovi¢, V.,
Vanstreels, K., et al. (2014). Soft, comfortable polymer dry electrodes
for high quality ECG and EEG recording. Sensors 14, 23758-23780.
doi: 10.3390/s141223758

Cheng, M. Y., Hung, C. L., Huang, C. J., Chang, Y. K,, Lo, L. C,, Shen, C,, et al.
(2015). Expert-novice differences in SMR activity during dart throwing. Biol.
Psychol. 110, 212-218. doi: 10.1016/j.biopsycho.2015.08.003

Cheron, G., Petit, G., Cheron, J., Leroy, A., Cebolla, A., Cevallos, C,, et al. (2016).
Brain oscillations in sport: toward EEG biomarkers of performance. Front.
Psychol. 7:246. doi: 10.3389/fpsyg.2016.00246

Chi, Y. M., Jung, T. P., and Cauwenberghs, G. (2010). Dry-contact and noncontact
biopotential electrodes: methodological review. IEEE Rev. Biomed. Eng. 3,
106-119. doi: 10.1109/RBME.2010.2084078

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This work was supported by a grant from the Ministry of Science
and Technology, Taiwan (R.O.C.) (Grant number: MOST 107-
2410-H-006-097-MY3).

Chuang, L. Y., Huang, C. J,, and Hung, T. M. (2013). The differences in
frontal midline theta power between successful and unsuccessful basketball
free throws of elite basketball players. Int. J. Psychophysiol. 90, 321-328.
doi: 10.1016/j.ijpsycho.2013.10.002

Cona, G., Cavazzana, A., Paoli, A., Marcolin, G., Grainer, A., and Bisiacchi,
P. S. (2015). It's a matter of mind! Cognitive functioning predicts the
athletic performance in ultra-marathon runners. PLoS ONE 10:e0132943.
doi: 10.1371/journal.pone.0132943

De Vos, M., Gandras, K., and Debener, S. (2014). Towards a truly
mobile auditory brain-computer interface: exploring the P300 to take
away. Int. J. Psychophysiol. 91, 46-53. doi: 10.1016/j.ijpsycho.2013.
08.010

Debener, S., Minow, F., Emkes, R., Gandras, K., and De Vos, M. (2012). How about
taking a low-cost, small, and wireless EEG for a walk? Psychophysiology 49,
1617-1621. doi: 10.1111/j.1469-8986.2012.01471.x

Deeny, S. P., Haufler, A. ], Saffer, M., and Hatfield, B. D. (2009).
Electroencephalographic coherence during visuomotor performance: a
comparison of cortico-cortical communication in experts and novices. J. Mot.
Behav. 41, 106-116. doi: 10.3200/JMBR.41.2.106-116

Del Percio, C., Babiloni, C., Bertollo, M., Marzano, N., Iacoboni, M., Infarinato,
F., et al. (2009). Visuo-attentional and sensorimotor alpha rhythms are related
to visuo-motor performance in athletes. Hum. Brain Map. 30, 3527-3540.
doi: 10.1002/hbm.20776

Del Percio, C., Rossini, P. M., Marzano, N., Tacoboni, M., Infarinato, F., Aschieri,
P., et al. (2008). Is there a “neural efficiency” in athletes? A high-resolution
EEG study. Neuroimage 42, 1544-1553. doi: 10.1016/j.neuroimage.2008.
05.061

Di Fronso, S., Robazza, C., Edson Filho, L. B., Comani, S., and Bertollo, M. (2016).
Neural markers of performance states in an Olympic Athlete: an EEG case
study in air-pistol shooting. J. Sports Sci. Med. 15, 214-222.

Di Russo, F., Pitzalis, S., Aprile, T., and Spinelli, D. (2005). Effect of practice on
brain activity: an investigation in top-level rifle shooters. Med. Sci. Sports Exerc.
37, 1586-1593. doi: 10.1249/01.mss.0000177458.71676.0d

Di Russo, F., Taddei, F., Apnile, T., and Spinelli, D. (2006). Neural correlates of fast
stimulus discrimination and response selection in top-level fencers. Neurosci.
Lett. 408, 113-118. doi: 10.1016/j.neulet.2006.08.085

Enriquez-Geppert, S., Huster, R. J., Scharfenort, R., Mokom, Z. N., Zimmermann,
J., and Herrmann, C. S. (2014). Modulation of frontal-midline theta
by neurofeedback. Biol. Psychol. 95, 59-69. doi: 10.1016/j.biopsycho.2013.
02.019

Grozea, C., Voinescu, C. D., and Fazli, S. (2011). Bristle-sensors—low-cost flexible
passive dry EEG electrodes for neurofeedback and BCI applications. J. Neural
Eng. 8, 1-14. doi: 10.1088/1741-2560/8/2/025008

Hatfield, B. D., Haufler, A. J., Hung, T. M., and Spalding, T. W. (2004).
Electroencephalographic studies of skilled psychomotor performance. J. Clin.
Neurophysiol. 21, 144-156. doi: 10.1097/00004691-200405000-00003

Hung, T. M., Spalding, T. W., Santa Maria, D. L., and Hatfield, B. D. (2004).
Assessment of reactive motor performance with event-related brain potentials:
attention processes in elite table tennis players. J. Sport Exerc. Psychol. 26,
317-337. doi: 10.1123/jsep.26.2.317

Kamijo, K., Nishihira, Y., Hatta, A., Kaneda, T., Kida, T., Higashiura, T,
et al. (2004). Changes in arousal level by differential exercise intensity. Clin.
Neurophysiol. 115, 2693-2698. doi: 10.1016/j.clinph.2004.06.016

Frontiers in Neuroscience | www.frontiersin.org

August 2019 | Volume 13 | Article 893


https://doi.org/10.3389/fpsyg.2013.00036
https://doi.org/10.1113/jphysiol.2007.141630
https://doi.org/10.1016/j.ijpsycho.2011.09.008
https://doi.org/10.1016/j.bbr.2009.10.034
https://doi.org/10.1155/2017/5496196
https://doi.org/10.1007/s00421-008-0811-x
https://doi.org/10.7717/peerj.2082
https://doi.org/10.1016/j.neuroscience.2017.07.059
https://doi.org/10.1016/j.neuroscience.2016.12.006
https://doi.org/10.1016/j.cub.2018.11.052
https://doi.org/10.1016/j.tics.2014.04.012
https://doi.org/10.1016/j.brainres.2012.02.068
https://doi.org/10.3390/s141223758
https://doi.org/10.1016/j.biopsycho.2015.08.003
https://doi.org/10.3389/fpsyg.2016.00246
https://doi.org/10.1109/RBME.2010.2084078
https://doi.org/10.1016/j.ijpsycho.2013.10.002
https://doi.org/10.1371/journal.pone.0132943
https://doi.org/10.1016/j.ijpsycho.2013.08.010
https://doi.org/10.1111/j.1469-8986.2012.01471.x
https://doi.org/10.3200/JMBR.41.2.106-116
https://doi.org/10.1002/hbm.20776
https://doi.org/10.1016/j.neuroimage.2008.05.061
https://doi.org/10.1249/01.mss.0000177458.71676.0d
https://doi.org/10.1016/j.neulet.2006.08.085
https://doi.org/10.1016/j.biopsycho.2013.02.019
https://doi.org/10.1088/1741-2560/8/2/025008
https://doi.org/10.1097/00004691-200405000-00003
https://doi.org/10.1123/jsep.26.2.317
https://doi.org/10.1016/j.clinph.2004.06.016
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Wang et al.

Dry EEG Systems in Sports Sciences

Kao, S. C., Cadenas-Sanchez, C., Shigeta, T. T., Walk, A. M., Chang, Y. K,
Pontifex, M. B., et al. (2019). A systematic review of physical activity and
cardiorespiratory fitness on P3b. Psychophysiology. doi: 10.1111/psyp.13425
[Epub ahead of print].

Kao, S. C., Drollette, E. S., Ritondale, J. P., Khan, N., and Hillman, C. H. (2018).
The acute effects of high-intensity interval training and moderate-intensity
continuous exercise on declarative memory and inhibitory control. Psychol.
Sport Exerc. 38,90-99. doi: 10.1016/j.psychsport.2018.05.011

Kao, S. C., Huang, C. J, and Hung, T. M. (2013). Frontal midline theta
is a specific indicator of optimal attentional engagement during skilled
putting performance. J. Sport Exerc. Psychol. 35, 470-478. doi: 10.1123/jsep.3
5.5.470

Kao, S. C.,, Huang, C. J., and Hung, T. M. (2014). Neurofeedback training
reduces frontal midline theta and improves putting performance in expert
golfers. J. Appl. Sport Psychol. 26, 271-286. doi: 10.1080/10413200.2013.8
55682

Kao, S. C., Westfall, D. R, Soneson, J., Gurd, B. and Hillman, C. H.
(2017). Comparison of the acute effects of high-intensity interval training
and continuous aerobic walking on inhibitory control. Psychophysiology 54,
1335-1345. doi: 10.1111/psyp.12889

Ladouce, S., Donaldson, D. L, Dudchenko, P. A., and Ietswaart, M. (2017).
Understanding minds in real-world environments: toward a mobile
cognition approach. Front. Hum. Neurosci. 10:694. doi: 10.3389/fnhum.2016.
00694

Lau-Zhu, A., Lau, M. P. H, and Mcloughlin, G. (2019). Mobile EEG
in research on neurodevelopmental disorders: opportunities and
challenges. Dev. Cogn. 36:100635. doi: 10.1016/j.dcn.2019.1
00635

Liao, L. D., Wang, L J, Chen, S. F, Chang, J. Y, and Lin, C. T.
(2011). Design, fabrication and experimental validation of a novel
dry-contact measuring  electroencephalography  signals
without skin preparation. Sensors 11, 5819-5834. doi: 10.3390/s1106
05819

Lin, C. T,, Liao, L. D,, Liu, Y. H., Wang, I. ], Lin, B. S., and Chang, J. Y. (2010).
Novel dry polymer foam electrodes for long-term EEG measurement. IEEE
Trans. Biomed. Eng. 58, 1200-1207. doi: 10.1109/TBME.2010.2102353

Lopez-Gordo, M., Sanchez-Morillo, D., and Valle, F. (2014). Dry
EEG  electrodes.  Sensors 14, 12847-12870. doi:  10.3390/s1407
12847

Lorenz, J., and Bromm, B. (1997). Event-related potential correlates of interference
between cognitive performance and tonic experimental pain. Psychophysiology
34, 436-445. doi: 10.1111/j.1469-8986.1997.tb02387.x

Makeig, S., Gramann, K., Jung, T. P., Sejnowski, T. J., and Poizner, H.
(2009). Linking brain, mind and behavior. Int. J. Psychophysiol. 73, 95-100.
doi: 10.1016/j.ijpsycho.2008.11.008

Mathewson, K. E., Harrison, T. J., and Kizuk, S. A. (2017). High and dry?
Comparing active dry EEG electrodes to active and passive wet electrodes.
Psychophysiology 54, 74-82. doi: 10.1111/psyp.12536

Mehta, R. K., and Parasuraman, R. (2013). Neuroergonomics: a review of
applications to physical and cognitive work. Front. Hum. Neurosci. 7:889.
doi: 10.3389/fnhum.2019.00182

Mirifar, A., Beckmann, J., and Ehrlenspiel, F. (2017). Neurofeedback as
supplementary training for optimizing athletes’ performance: a systematic
review with implications for future research. Neurosci. Biobehav. Rev. 75,
419-432. doi: 10.1016/j.neubiorev.2017.02.005

Moreau, D. (2013a). Constraining movement alters the recruitment of
motor processes in mental rotation. Exp. Brain Res. 224, 447-454.
doi: 10.1007/500221-012-3324-0

Moreau, D. (2013b). Motor expertise modulates movement processing in working
memory. Acta Psychol. 142, 356-361. doi: 10.1016/j.actpsy.2013.01.011

Moreau, D., and Chou, E. (2019). The acute effect of high intenstiy exercise on
executive function: a meta-analysis. Perspect. Psychol. Sci. 1745691619850568.
doi: 10.1177/1745691619850568

Mullen, T. R., Kothe, C. A., Chi, Y. M., Ojeda, A., Kerth, T., Makeig, S., et al.
(2015). Real-time neuroimaging and cognitive monitoring using wearable dry
EEG. IEEE Trans. Biomed. Eng. 62, 2553-2567. doi: 10.1109/TBME.2015.24
81482

Neurosci.

sensor  for

Nakata, H., Yoshie, M., Miura, A., and Kudo, K. (2010). Characteristics of the
athletes” brain: evidence from neurophysiology and neuroimaging. Brain Res.
Rev. 62,197-211. doi: 10.1016/j.brainresrev.2009.11.006

Nigbur, R., Cohen, M. X., Ridderinkhof, K. R., and Stiirmer, B. (2012). Theta
dynamics reveal domain-specific control over stimulus and response conflict.
J. Cogn. Neurosci. 24, 1264-1274. doi: 10.1162/jocn_a_00128

Oliveira, A. S., Schlink, B. R., Hairston, W. D., Konig, P., and Ferris, D.
P. (2016). Proposing metrics for benchmarking novel EEG technologies
towards real-world measurements. Front. Hum. Neurosci. 10:188.
doi: 10.3389/fnhum.2016.00188

Park, J. L., Fairweather, M. M., and Donaldson, D. I. (2015). Making the case for
mobile cognition: EEG and sports performance. Neurosci. Biobehav. Rev. 52,
117-130. doi: 10.1016/j.neubiorev.2015.02.014

Polich, J. (2007). Updating P300: an integrative theory of P3a and P3b. Clin.
Neurophysiol. 118, 2128-2148. doi: 10.1016/j.clinph.2007.04.019

Radiintz, T. (2018). Signal quality evaluation of emerging EEG devices. Front.
Physiol. 9:98. doi: 10.3389/fphys.2018.00098

Thompson, T., Steffert, T. Ros, T. Leach, J., and Gruzelier, J.
(2008). EEG applications for sport and performance. Methods 45,
279-288. doi: 10.1016/j.ymeth.2008.07.006

Vargas, N. T., and Marino, F. (2014). A neuroinflammatory model for acute fatigue
during exercise. Sports Med. 44, 1479-1487. doi: 10.1007/540279-014-0232-4

Vestberg, T., Gustafson, R., Maurex, L., Ingvar, M., and Petrovic, P. (2012).
Executive functions predict the success of top-soccer players. PLoS ONE
7:¢34731. doi: 10.1371/journal.pone.0034731

Vestberg, T., Reinebo, G., Maurex, L., Ingvar, M., and Petrovic, P. (2017). Core
executive functions are associated with success in young elite soccer players.
PL0oS ONE 12:¢0170845. doi: 10.1371/journal.pone.0170845

Wang, C. H,, Chang, C. C, Liang, Y. M., Chiu, W. S, Tseng, P., Hung, D. L., et al.
(2013). Open vs. closed sports and the modulation of inhibitory control. PLoS
ONE 8:€55773. doi: 10.1371/journal.pone.0055773

Wang, C. H., Shih, C. M., and Tsai, C. L. (2016). The relation between
aerobic fitness and cognitive performance: is it mediated by brain
potentials? J.  Psychophysiol. 30, 102-113. doi: 10.1027/0269-8803/a0
00159

Wang, C. H,, Tsai, C. L., Tu, K. C,, Muggleton, N. G., Juan, C. H., and Liang,
W. K. (2015). Modulation of brain oscillations during fundamental visuo-
spatial processing: a comparison between female collegiate badminton
players and sedentary controls. Psychol. Sport Exerc. 16, 121-129.
doi: 10.1016/j.psychsport.2014.10.003

Wang, C. H., and Tu, K. C. (2017). Neural correlates of expert behavior during a
domain-specific attentional cueing task in badminton players. J. Sport Exerc.
Psychol. 39, 209-221. doi: 10.1123/jsep.2016-0335

Wang, C. H, Yang, C. T., Moreau, D., and Muggleton, N. G. (2017). Motor
expertise modulates neural oscillations and temporal dynamics of cognitive
control. Neuroimage 158, 260-270. doi: 10.1016/j.neuroimage.2017.07.009

Wang, J. R, and Hsieh, S. (2013). Neurofeedback training improves attention
and working memory performance. Clin. Neurophysiol. 124, 2406-2420.
doi: 10.1016/j.clinph.2013.05.020

Williams, A. M., and Ford, P. R. (2008). Expertise and expert performance
in sport. Int. Rev. Sport Exerc. Psychol. 1, 4-18. doi: 10.1080/175098407018
36867

Wrylie, S. A., Bashore, T. R,, Van Wouwe, N. C., Mason, E. J., John, K. D,,
Neimat, J. S., et al. (2018). Exposing an“Intangible” cognitive skill among
collegiate football players: enhanced interference control. Front. Psychol. 9:49.
doi: 10.3389/fpsyg.2018.00049

Xiang, M. Q., Hou, X. H,, Liao, B. G, Liao, J]. W., and Hu, M. (2018). The
effect of neurofeedback training for sport performance in athletes: a meta-
analysis. Psychol. Sport Exerc. 36, 114-122. doi: 10.1016/j.psychsport.2018.
02.004

Xu, J., Mitra, S., Van Hoof, C, Yazicioglu, R. F., and Makinwa, K. A.
A. (2017). Active electrodes for wearable EEG acquisition: review and
electronics design methodology. IEEE Rev. Biomed. Eng. 10, 187-198.
doi: 10.1109/RBME.2017.2656388

Yamashiro, K., Sato, D., Onishi, H., Sugawara, K., Nakazawa, S., Shimojo, H.,
etal. (2015). Skill-specific changes in somatosensory nogo potentials in baseball
players. PLoS ONE 10:¢0142581. doi: 10.1371/journal.pone.0142581

Frontiers in Neuroscience | www.frontiersin.org

August 2019 | Volume 13 | Article 893


https://doi.org/10.1111/psyp.13425
https://doi.org/10.1016/j.psychsport.2018.05.011
https://doi.org/10.1123/jsep.35.5.470
https://doi.org/10.1080/10413200.2013.855682
https://doi.org/10.1111/psyp.12889
https://doi.org/10.3389/fnhum.2016.00694
https://doi.org/10.1016/j.dcn.2019.100635
https://doi.org/10.3390/s110605819
https://doi.org/10.1109/TBME.2010.2102353
https://doi.org/10.3390/s140712847
https://doi.org/10.1111/j.1469-8986.1997.tb02387.x
https://doi.org/10.1016/j.ijpsycho.2008.11.008
https://doi.org/10.1111/psyp.12536
https://doi.org/10.3389/fnhum.2019.00182
https://doi.org/10.1016/j.neubiorev.2017.02.005
https://doi.org/10.1007/s00221-012-3324-0
https://doi.org/10.1016/j.actpsy.2013.01.011
https://doi.org/10.1177/1745691619850568
https://doi.org/10.1109/TBME.2015.2481482
https://doi.org/10.1016/j.brainresrev.2009.11.006
https://doi.org/10.1162/jocn_a_00128
https://doi.org/10.3389/fnhum.2016.00188
https://doi.org/10.1016/j.neubiorev.2015.02.014
https://doi.org/10.1016/j.clinph.2007.04.019
https://doi.org/10.3389/fphys.2018.00098
https://doi.org/10.1016/j.ymeth.2008.07.006
https://doi.org/10.1007/s40279-014-0232-4
https://doi.org/10.1371/journal.pone.0034731
https://doi.org/10.1371/journal.pone.0170845
https://doi.org/10.1371/journal.pone.0055773
https://doi.org/10.1027/0269-8803/a000159
https://doi.org/10.1016/j.psychsport.2014.10.003
https://doi.org/10.1123/jsep.2016-0335
https://doi.org/10.1016/j.neuroimage.2017.07.009
https://doi.org/10.1016/j.clinph.2013.05.020
https://doi.org/10.1080/17509840701836867
https://doi.org/10.3389/fpsyg.2018.00049
https://doi.org/10.1016/j.psychsport.2018.02.004
https://doi.org/10.1109/RBME.2017.2656388
https://doi.org/10.1371/journal.pone.0142581
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Wang et al.

Dry EEG Systems in Sports Sciences

Yarrow, K., Brown, P., and Krakauer, J. W. (2009). Inside the brain of an elite
athlete: the neural processes that support high achievement in sports. Nat. Rev.
Neurosci. 10, 585-596. doi: 10.1038/nrn2672

Zander, T. O., Lehne, M., Ihme, K., Jatzev, S., Correia, J., Kothe, C.,
et al. (2011). A dry EEG-system for scientific research and brain-
computer Neurosci.  5:53. doi: 10.3389/fnins.2011.
00053

Zhang, D., Ding, H., Wang, X, Qi, C, and Luo, Y. (2015). Enhanced
response inhibition in experienced fencers. Sci. Rep. 5:16282. doi: 10.1038/srep
16282

interfaces. Front.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Wang, Moreau and Kao. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org

August 2019 | Volume 13 | Article 893


https://doi.org/10.1038/nrn2672
https://doi.org/10.3389/fnins.2011.00053
https://doi.org/10.1038/srep16282
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

	From the Lab to the Field: Potential Applications of Dry EEG Systems to Understand the Brain-Behavior Relationship in Sports
	EEG as a Window to the Brain Dynamics of Expert Behavior in Sports
	Possible Utility of dry EEG Systems in Moving Sports Neuroscience TOWARD Real-World Measurements
	Future Prospects and Challenges
	Concluding Remarks
	Author Contributions
	Funding
	References


