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Abstract

Neural efficiency is proposed as one of the neural mechanisms underlying elite athletic performances. Previous sports
studies examined neural efficiency using tasks that involve motor functions. In this study we investigate the extent of neural
efficiency beyond motor tasks by using a mental subtraction task. A group of elite karate athletes are compared to a
matched group of non-athletes. Electroencephalogram is used to measure cognitive dynamics during resting and increased
mental workload periods. Mainly posterior alpha band power of the karate players was found to be higher than control
subjects under both tasks. Moreover, event related synchronization/desynchronization has been computed to investigate the
neural efficiency hypothesis among subjects. Finally, this study is the first study to examine neural efficiency related to a
cognitive task, not a motor task, in elite karate players using ERD/ERS analysis. The results suggest that the effect of
neural efficiency in the brain is global rather than local and thus might be contributing to the elite athletic performances.
Also the results are in line with the neural efficiency hypothesis tested for motor performance studies.
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Introduction

Recent evidence is converging to underscore the important
role of brain functions in elite athletic performance (for a
review: Yarrow et al. 2009). Specifically, the hypothesis of
neural efficiency has been proposed as one of the neural
mechanisms underlying elite performance. The hypothesis
was first proposed by (Haier et al. 1992) after a series of
experiments using Positron Emission Tomography (PET)
scans showed that brains of individuals with higher intel-
ligence utilized less glucose during abstract reasoning and
attention tasks. These results were interpreted as expert
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brains utilizing less energy than novice brains, as a means
of efficient resources distribution, leading to better
performance.

Later investigations used other neuroimaging tools such
as functional MRI (fMRI) and Electroencephalography
(EEG). FMRI captures activity in brain areas that receive
more blood during a cognitive task using the Blood Oxy-
genation Level Dependent (BOLD) signal (Huettel et al.
2008).

In a study using fMRI, stronger activations in a working
memory task were suggestive of decreased efficiency at
processing information (Rypma and D’Esposito 1999).
Another study by (Reichle et al. 2000) found decreased
activations in Broca’s area, related with speech production,
in subjects with better verbal skills.

EEG records the electrical oscillations produced by the
brain and they are classified into different bands. Initially,
alpha (8-13 Hz) and beta (13-30 Hz) rhythms were iden-
tified by (Berger 1929). This grouping was later enlarged
by the definition of delta (0.5-4 Hz), theta (4-8 Hz) and
gamma (> 30 Hz) (Niedermeyer 1993).

A relevant index that has been widely used in studies
regarding neural efficiency is the Event Related
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Desynchronization/Synchronization (ERD/ERS) which
calculates the difference in band powers between two
conditions as a percentage of its power in the first condition
(Pfurtscheller and Aranibar 1979). Recently ERS/ERD
approach was utilized to relate the aesthetic preference of
the volunteers using ERS/ERD metrics computed for tra-
ditional EEG bands with the behavioral responses when 3D
stimuli were presented. Alpha, theta and delta ERS/ERD
values of frontal electrodes were found to discriminate the
liking status from disliking status (Chew et al. 2016).

Using EEG, lower alpha ERD were reported by Grabner
et al. (2004) in higher IQ individuals during a working
memory task. In addition to these studies, Micheloyannis
et al. (2006) investigate the neural efficiency hypothesis
using a set of experiments that require the activation of the
working memory between two group of subjects whose
education levels differ as high (university graduates) and
less. In that study, theta and gamma band metrics computed
as small world organization parameters were shown to
differ between the groups under the same mental workload
scenarios. An ERS/ERD research has been conducted to
analyze the activation of the neural sources when the
subjects are faced with novel problems. In that research,
people with mathematically gifted brains were compared
with the control group and bilateral superior frontal, right
inferior frontal, right lateral central, and right temporal
regions were found to be related with the neural efficiency
hypothesis (Zhang et al. 2015). As a working memory task,
mathematical subtraction task was used to check the effect
of high and low dose of chemotherapy to central nervous
system. No change has been observed in groups both under
resting and under mental workload conditions (Maschio
et al. 2016).

Experiments investigating neural efficiency have also
been conducted in the sports field. Baumeister et al. (2008)
reported higher theta powers in frontal and higher parietal
alpha powers for expert golfers using ongoing EEG mea-
surements collected during golf putting when compared
with novices. Babiloni et al. (2008) found lower alpha
ERDs in expert golfers when the stroke is accurate than
when it is missed. Babiloni et al. (2009) also reported lower
alpha ERD amplitudes in elite gymnasts while judging
sports actions. In shooters, alpha ERD values were lower in
experts than novices (Haufler et al. 2000).

Yet the concept of neural efficiency remains in debate.
In a review by Neubauer and Fink (2009), they compared
conflicting fMRI and EEG studies of neural efficiency and
concluded that efficiency is observable in up to moderately
difficult tasks and mainly in frontal brain areas. In a recent
article by Poldrack (2014), he questions the concept of
neural efficiency and puts forward other explanations for
reduced fMRI activations such as different neural pathways
implicated for the given task.
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Moreover, most non-sports studies examine efficiency
by using tasks related to the expertise of the participants.
Similarly sports related studies examine it using motor
tasks. There are no studies examining efficiency in cogni-
tive tasks not related to the skill of expertise.

It can be thought that neural efficiency effects might
extend beyond the current evidence of its involvement in
motor related tasks. We will investigate our hypothesis in
elite karate players while performing a mental arithmetic
task. To our knowledge, neural efficiency was investigated
only once in Karate players using a motor-related task. In
that study Del Percio et al. (2008) investigated the
hypothesis using Event Related Potentials (ERPs) and
concluded that neural efficiency depends on several factors
such as sports type, brain hemisphere and side of action.
While this study compares EEG band powers and ERD/
ERS values between elite karate players and non-athletes.

Methods
Participants

Ten elite karate players (ages: 22.90 £ 3.01, 9 males, all
right handed) volunteered to take part in the study. All
karate players had a minimum training of 7 years (range
7-30) and attained medals in national and international
competitions (including: Ist and 3rd ranks in the world
championship). The small number of karate players is due
to the lack of more elite athletes with these levels of
expertise. The karate group was matched to a control group
of 10 non-athletes (ages: 22.93 &£ 2.61, 9 males, 1 left
handed). There was no significant difference between ages
(p = 0.94). All non-athletes never practiced karate or any
formal sports training nor any period of lengthy (more than
1 month) or regular (on a weekly basis) training (except for
2 subjects who practised basketball and soccer during
childhood for a short period 6 and 10 years ago respec-
tively). All participants were undergraduates and did not
suffer from any previous head injuries, neurological or
psychiatric disorders, were non smokers and only social
drinkers. Written informed consent for the experiment was
provided by all participants. The study was approved by
Ethical Review Board of the Medical Faculty, Marmara
University (approval number: 2013-0191).

Experimental design

The paradigm consists of two blocks, each for 2 min, while
recording EEG from the participants. Both blocks were
performed with eyes closed. During the first block, subjects
were asked to do nothing and keep their eyes closed. The
second block consisted of a mental subtraction task.
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Subjects were asked to silently (mentally) count backwards
from 600 subtracting 3 each time while keeping their eyes
closed (600, 597, 594 etc.). None of the subjects reached
zero during the experimental block. Following the experi-
ment, subjects gave verbal reports of their mental calcu-
lations and none of them reported any loss of concentration
during the task. Mean of the last number was 391.5
(SD = 21.27) for karate players and it was 403.1
(SD = 27.41) for control subjects. There were no statistical
difference of last numbers between two groups
(p = 0.320).

To make sure that any differences in performing the
mental task were not due to previous better arithmetical
skills, each participant after the experiment performed an
arithmetical quiz of 9 questions (e.g. 70 * 61, 965 + 754),
each question limited to 30 s. No significant difference in
the scores were observed between the two groups.

EEG data acquisition and analysis

EEG data were collected using a 16 channel V-AMP
amplifier (Brain Products TM, Germany) with a sampling
rate of 1024 Hz. 16 electrodes were used in this study (Fpl,
Fp2, F3, Fz, F4, FCz, T3, Cz, T4, CPz, Pz, P7, P8, C3, C4
and Oz). Online filtering was applied with a low pass filter
at 80 Hz, a high pass filter at 0.1 Hz and a notch filter of
50 Hz. Channel impedances were kept below 5 k€. One
reference electrode was attached to right ear lobule and a
ground electrode to left ear lobule.

EEG data was preprocessed using BrainVision Analyzer
2.0 (Brain Products TM, Germany). The average EEG of
all channels in each time instance is used to reference the
data. Sampling rate was reduced to 256 Hz. Artifacts
segments were marked manually for exclusion from further
analysis. Epochs having absolute amplitudes larger than
150 pV is marked and removed from further analysis. In
addition to this, a gradient threshold of 50 puV is searched
for each channel data using a matlab script. None of the
epochs had marked as artefact with respect to gradient
threshold. For the karate players, during resting eyes closed
task, 5 epochs on average has been removed from further
analysis which corresponds to 5 s. A few of the epochs
were consecutively marked. The average number of arte-
fact epochs was 6.5 for the task period. On the other hand
for control subjects, average number of discarded epoch
was 5.8 during rest and 5.4 during the task period.

A further Low pass 40 Hz filter was applied. Data was
then exported for analysis in MATLAB using in-house
written scripts.

The 16 electrodes were split into 5 group of regions:
frontal (F), (Fpl, Fp2, F3, F4, Fz), midline (M) (Fz, FCz,
CPz, Cz, Pz), left centro-temporal (LCT) (T3, C3), right

centro-temporal (RCT) (T4, C4) and parieto-occipital (PO)
(P7, P8, Pz, Oz).

In the concept of this study, delta, theta, alpha and beta
band power values of the EEG are computed. For each
electrode, the spectral features were computed, and the
electrode band power values were spatially averaged. For
this, EEG is epoched with time windows having a duration
of 1 s. The epoched signal is assumed as quasi-stationary
for this time length (Blanco et al. 1995) which enabled us
to compute the power spectrum by the application of
Fourier Transform to each epoched window. As the band
power distribution over the frequency bands of the indi-
viduals may vary, obtained power values were normalized
using the total power value for each subject. Thus, the
spatially normalized band power values are obtained for
each frequency band. The normalization procedure per-
formed in this study yields unitless power values. Finally,
the electrodes were grouped into five distinct spatial
regions, averaged over the epochs and Event Related
Desynchronization/Synchronization (ERD/ERS) values for
each power band (beta, alpha, theta, delta) was computed
using Eq. 1,

ERD (or ERS) = (Pc—Pr)/Pr (1)

where Pc and Pr stand for the band power values of the
counting period and resting period, respectively.

Results
Band power analysis

Repeated measures of ANOVA has been conducted for
each frequency band using region and task as within sub-
jects factors while group has been selected as between
subjects factor.

Delta band

A repeated measures of ANOVA with a Greenhouse-
Geisser correction determined that the mean scores of delta
band activity differed statistically significantly between
regions (F(2.89, 52.18) = 39.47, p < 0.001). Post-hoc tests
using Bonferroni correction revealed that delta power of
frontal area was significantly higher than the value of all
regions. Midline region delta band power was found to be
higher than parietal occipital region. Moreover, delta band
of left and right centro temporal regions were higher than
parieto occipital. The statistically significant mean differ-
ence values between regions are summarized in Table 1 for
the main effect of region.

The mean scores of delta band was significantly differ-
ent for the main effect of task (F(1, 18) = 4.58,
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Table 1 Statistically significant delta band power between regions are
given with mean differences and standard deviations

Regions Mean difference SD Sig.

F-M 0.051 0.01 < 0.001
F-LCT 0.050 0.011 < 0.001
F-RCT 0.044 0.009 < 0.001
F-PO 0.078 0.013 < 0.001
M-PO 0.027 0.009 < 0.002
LCT-PO 0.029 0.009 < 0.003
RCT-PO 0.034 0.012 < 0.001

F, M, LCT, RCT and PO stand for frontal, midline, left centro tem-
poral, right centro temporal and parieto occipital, respectively

p < 0.046). Mean difference of delta band power measured
during eyes closed task was significantly greater than its
value computed for the mental workload task
(MD = 0.059, SD = 0.027, p < 0.046). There were no
significant differences in the other main and interaction
effects.

Theta band

A repeated measures of ANOVA with a Greenhouse-
Geisser correction determined that the mean scores of theta
band activity differed statistically significantly between
regions (F(3.29, 59.30) = 30.35, p < 0.001). Post-hoc tests
using Bonferroni correction revealed that theta power
values of frontal area is significantly greater than bilateral
centro temporal regions and parieto occipital region.
Additionally, midline theta power was found to be higher
than theta band power of right centro temporal and parieto
occipital. Parieto occipital theta band power was also found
to be lower than power values of left and right centro
temporal regions. The statistically significant mean differ-
ence values between regions are summarized in Table 2.

Table 2 Statistically significant theta band power between regions are
given with mean differences and standard deviations

Regions Mean difference SD Sig.
F-LCT 0.012 0.005 < 0.001
F-RCT 0.016 0.005 < 0.001
F-PO 0.032 0.006 < 0.0001
M-RCT 0.011 0.005 < 0.047
M-PO 0.027 0.005 < 0.0001
LCT-PO 0.020 0.005 < 0.0001
RCT-PO 0.016 0.007 < 0.004

Remaining main effects for theta band power could not
achieve statistical significance level.

Alpha band

A repeated measures of ANOVA with a Greenhouse-
Geisser correction determined that the mean scores of
alpha band activity differed statistically significantly
between regions (F(1.85, 33.45) = 37.83, p < 0.0001).
Post-hoc tests using Bonferroni correction revealed that
alpha power value of parieto occipital region was found to
be higher than the alpha band power of the other regions.
Similarly, Midline alpha power was found to be higher than
all of the regions instead of parieto occipital. In addition to
this, left centro temporal alpha band power value was
found to be higher than frontal alpha value. Significant
differences are listed in Table 3.

The mean scores of alpha band was significantly dif-
ferent for the main effect of task (F(1, 18) = 35.70,
p < 0.0001). Mean difference of alpha band power mea-
sured during eyes closed task was significantly greater than
its value computed for the mental workload task
(MD = 0.045, SD = 0.01, p < 0.0001). There was a sig-
nificant interaction between task and group, (F(l,
18) = 12.27, p < 0.003). This effect tells that the level of
the task differed with respect to the group. Karate group
had higher alpha (MD = 0.185, SD = 0.05) than control
group (MD = 0.180, SD = 0.052) during eyes closed
period and also during mental workload period (for karate
m = 0.167, SD = 0.04), (for control m = 0.108,
SD = 0.03).

A significant interaction effect between region and task
is observed (F(2.20, 39.72) = 7.52, p < 0.001). This effect
tells us that the alpha band power of spatial regions were
different for tasks. Post hoc tests using the Bonferroni
correction revealed that, alpha band power of PO region

Table 3 Statistically significant alpha band power between regions
are given with mean differences and standard deviations

Regions Mean difference SD Sig.
PO-F 0.087 0.018 < 0.0001
PO-M 0.040 0.010 < 0.0001
PO-LCT 0.065 0.014 < 0.0001
PO-RCT 0.071 0.013 < 0.0001
M-RCT 0.031 0.007 < 0.0001
M-LCT 0.025 0.008 < 0.01
LCT-F 0.022 0.008 < 0.012
M-F 0.047 0.009 < 0.0001

F, M, LCT, RCT and PO stand for frontal, midline, left centro tem-
poral, right centro temporal and parieto occipital, respectively
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was significantly higher than the other regions values both
during the resting state and mental workload paradigm
(Table 4).

The three-way interaction tells us whether the
region X task interaction described above is the same for
karate players and athletes. There is a significant three-way
region x task x group interaction (F(1, 18) = 7.13,
p < 0.015). During the mental workload paradigm, karate
players have higher alpha band power than the controls
measured from frontal (MD = 0.056, SD = 0.025,
p <0.039), RCT regions (MD = 0.055, SD = 0.026,
p <0.046) and PO (MD = 0.083, SD = 0.037,
p < 0.036), respectively.

Beta band

A repeated measures of ANOVA with a Greenhouse-
Geisser correction determined that the mean scores of beta
band activity differed statistically significantly between
regions (F(2.50, 45.04) = 18.50, p < 0.0001). Post-hoc
tests using Bonferroni correction revealed that beta power
value of frontal region was higher than the beta band power
of the other regions. Moreover, midline beta band power
was found to be lower than left and right centro temporal
regions (Table 5).

The mean scores of beta band was significantly different
for the main effect of task (F(1, 18) = 6.81, p < 0.018).
Mean difference of beta band power measured during eyes
closed task was significantly greater than its value com-
puted for the mental workload task (MD = 0.019,
SD = 0.009, p < 0.018).

Table 4 Alpha band power differences in each task condition are
reported

Regions Task Mean difference SD Sig.

PO-F Resting 0.109 0.034 < 0.001
PO-M Resting 0.048 0.018 < 0.001
PO-LCT Resting 0.079 0.030 < 0.001
PO-RCT Resting 0.087 0.024 < 0.001
M-F Resting 0.061 0.020 < 0.001
RCT-M Resting — 0.039 0.010 < 0.001
LCT-F Resting 0.030 0.014 < 0.002
LCT-M Resting — 0.031 0.015 < 0.018
PO-F MW 0.065 0.018 < 0.001
PO-M MW 0.032 0.012 < 0.001
PO-LCT MW 0.051 0.014 < 0.001
PO-RCT MW 0.055 0.015 < 0.001
M-F MW 0.033 0.012 < 0.001
RCT-M MW —0.023 0.010 < 0.001

Table 5 Statistically significant beta band power between regions are
given with mean differences and standard deviations

Regions Mean difference SD Sig.
F-M 0.010 0.006 < 0.042
F-LCT 0.040 0.012 < 0.0001
F-RCT 0.044 0.011 < 0.0001
F-PO 0.023 0.009 < 0.014
M-LCT 0.030 0.009 < 0.001
M-RCT 0.034 0.011 < 0.001

F, M, LCT, RCT and PO stand for frontal, midline, left centro tem-
poral, right centro temporal and parieto occipital, respectively

The topographies of each group during each task are
shown in Fig. 1 and the differences computed from sub-
tracting the power values of control group from karate
group is shown in Figs. 2 and 3.

Event related desyncronization/synchronization
(ERD/ERS)

Repeated measures of ANOVA has been conducted using
region and frequency band as within subjects factors while
group has been selected as between subjects factor. There
is no overall effect of either region or frequency, but there
is a crossover interaction. Region x frequency interaction
was found to be statistically significant (F(4.21,
75.94) = 248, p < 0.019). In frontal region theta band
power value was found to be higher than delta band value
(MD = 0.066, SD = 0.024, p < 0.023).

The three-way interaction tells us whether the
region x frequency interaction described above is the
same for karate players and athletes. There is a significant
three-way region x frequency x group interaction (F(1,
18) = 6.61, p < 0.019). In frontal region, alpha and beta
ERD/ERS values of karate players were found to be lower
than the values of controls (for alpha; MD = 0.19,
SD =0.08, p<0.009), (for beta; MD = 0.174,
SD = 0.088, p < 0.029). Similarly, in midline region,
alpha and beta ERD/ERS values were found to be lower for
karate players when compared with controls (for alpha;
MD = 0.176, SD = 0.071, p <0.004), (for beta;
MD = 0.121, SE = 0.066, p < 0.043). In RCT region,
alpha and beta ERS/ERD were lower in karate players (for
alpha; MD = 0.219, SD = 0.072, p < 0.001), (for beta;
MD = 0.178, SD = 0.081, p < 0.031). In parietal occipi-
tal region, alpha ERD/ERS was found to be significantly
lower for karate players than the controls (MD = 0.22,
SD = 0.056, p < 0.0001). All of the mean differences
were computed as subtraction of the ERD/ERS value of
karate players from the value corresponding to the values
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Fig. 1 Topographies of logarithmic absolute band power (delta and theta) values for each group and for each task
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Fig. 2 Topographies of logarithmic absolute band power (alpha and beta) values for each group and for each task

of control subjects. The ERD/ERS values are summarized
in Fig. 4.

Discussion

This study investigates the involvement of neural effi-
ciency in a cognitive task in elite athletes using EEG. A
group of elite karate group was compared to a control
group of non-atheletes. Participants performed a mental
subtraction task.

Delta band power values computed during the resting
and mental workload paradigm exhibited higher values in
frontal regions when compared to other spatial areas which
are in line with the findings of Chen et al. (2008). Rather
than the eye blinking or eye movement, cerebral metabolic
activity can be thought to be associated with this topo-
graphical distribution of delta band (Boord et al. 2007). As
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expected, when the subjects performed counting process, a
reduction in delta band power was observed, as a result of
increased mental workload. For the absolute power values
of theta band, anterior regions had higher values than the
posterior regions while for alpha band posterior regions had
higher values than the frontal sites. During the eyes closed
resting periods, default mode of the brain is activated.
When the mental workload increased, posterior alpha band
power significantly decreased. This can be explained by the
increased number of desynchronized neurons in network
that tries to solve the given problem. Moreover, in our
study, posterior alpha band power of the karate players was
found to be higher than control subjects under both tasks. A
similar increment in absolute alpha band power was
observed during the golf performance of expert golf play-
ers (Baumeister et al. 2008) and during the imagination of a
novel dance scenario by the professional dancers (Fink
et al. 2009). According the neural efficiency hypothesis, it
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Fig. 3 EEG topographies
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Fig. 4 Estimated marginal mean amplitudes of ERD/ERS for each group (Karate, Control) in each task (resting, counting) for each region (Mid:
Midline, Lt CT: Left centro-temporal, Rt CT: Right centro-temporal, PO: Parieto-occipital)

can be assumed that less number of resources are allocated
for performance of a task. Micheloyannis et al. (2006)
showed that reduced values regarding to small world

network parameters were exhibited when high educated
people were compared with the less educated ones under
the same mental workload levels. In addition to this, in a
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motor task, during upright standing position, alpha inhibi-
tion of elite athletes was shown to be less than the control
subjects (Del Percio et al. 2009). Our findings about the
high alpha power value of elite karate players suggest that
increased number of synchronized neurons can be recruited
by them when compared with the control subjects. More-
over, in karate players, alpha blockage or alpha inhibition
has been shown to be present as a marker of neural effi-
ciency hypothesis, in the concept of this study. Similar to
dynamics of alpha band power, beta band power was found
to be higher for eyes closed condition than the mental
workload. In a recent study, beta band desynchronization
was also presented in a motor imagery task which is
thought to be a reflection of neuroplastisity (Di Nota et al.
2017).

Finally, this study is the first study to examine neural
efficiency related to a cognitive task, not a motor task, in
elite karate players using ERD/ERS analysis. The results
suggest that the effect of neural efficiency in the brain is
global rather than local and thus might be contributing to
the elite athletic performances. It can be concluded that the
increase in the efficiency of the brain may cause an
increase in the sports performance that is based on
enhanced motor functions for elite athletes.
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