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Previous literature on shooting performance neurofeedback training (SP-NFT) to enhance
performance usually focused on changes in behavioral indicators, but research on
the physiological features of SP-NFT is lacking. To explore the effects of SP-NFT on
trainability and neuroplasticity, we conducted a study in which 45 healthy participants
were randomly divided into three groups: based on sensory-motor rhythm of C3, Cz
and C4 (SMR group), based on alpha rhythm of T3 and T4 (Alpha group), and no
NFT (control group). The training was performed for six sessions for 3 weeks. Before
and after the SP-NFT, we evaluated changes in shooting performance and resting
electroencephalography (EEG) frequency power, participant’s subjective task appraisal,
neurofeedback trainability score, and EEG feature. Statistical analysis showed that the
shooting performance of the participants in the SMR group improved significantly,
the participants in the Alpha group decreased, and that of participants in the control
group have no change. Meanwhile, the resting EEG power features of the two NFT
groups changed specifically after training. The training process data showed that the
training difficulty was significantly lower in the SMR group than in the Alpha group.
Both NFT groups could improve the neurofeedback trainability scores and change the
feedback features by means of their mind strategy. These results may provide evidence
of trainability and neuroplasticity for SP-NFT, suggesting that the SP-NFT is effective in
brain regulation and thus provide a potential method to improve shooting performance.

Keywords: neurofeedback, shooting performance, motor sensory rhythm, resting EEG, trainability

HIGHLIGHTS

- The neurofeedback based on SMR may be more effective than that based on alpha rhythm in
improving the non-expert shooter’s pistol shooting performance.

- SMR and Alpha NFT have trainability. Participants can increase their feedback features and
neurofeedback trainability scores during NFT stage.

- SMR and Alpha neurofeedback exert some effects on the effects on trainability and
neuroplasticity, and feedback training can make specific directional changes in resting EEG.
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INTRODUCTION

Shooting is a simple motor behavior that can be easily
affected by mental states such as attention and emotion. The
relationship between shooting performance and central nervous
system features has raised interest in many scholars, and this
relationship has been widely investigated for shooting athletes
through electroencephalography (EEG; Hatfield et al., 1984;
Del Percio et al., 2009; Bertollo et al., 2016). For instance,
it has been reported that during the preparation process in
shooting, shooting experts show continuously increased alpha
rhythm (8–12 Hz) at the T3 electrode (Hatfield et al., 1984).
Furthermore, during the preparation process, a steady increase
of theta rhythm (4–7 Hz) power at the frontal midline is shown
in shooting experts rather than novice shooters (Doppelmayr
et al., 2008), and the event-related desynchronization (ERD) and
event-related coherence (ERCoh) of alpha rhythm in shooting
experts is significantly less than that of novice shooters (Del
Percio et al., 2009, 2011). In addition, a decrease in alpha power of
the occipital region is reported during successful trials compared
to fail shooting trials (Loze et al., 2001). These results suggest
that shooting performance is closely related to the shooter’s brain
activity during shooting preparation.

It is unknown if it is naturally possible to enhance shooting
performance by interventions that influence brain activity.
Therefore, in the movement neuroscience, brain regulation for
enhancing shooting performance using neurofeedback training
(NFT) has become a new research focus. NFT converts EEG
signals into sound or animation, which is easily understood
by the participants, to help people understand their own
physical status. Participants can selectively enhance or suppress
neurophysiological signals of a specified frequency band through
repeated training and effectively regulate their brain function.

Many studies have used NFT to improve the sports
performance of athletes (Raymond et al., 2005; Faridnia et al.,
2012; Strizhkova et al., 2012; Cheng et al., 2015a; Mikicin et al.,
2015; Ring et al., 2015). For instance, Raymond et al. (2005)
improved the dance performance of the college dance sports
team by increasing the alpha/theta ratio of the Pz electrode.
Strizhkova et al. (2012) improved the complex coordinated
activities performance of gymnasts by increasing alpha of F1,
F2, P3 and P4 electrodes. Faridnia et al. (2012) reduced the
sport competition anxiety of swimmers by increasing SMR
and low beta and decrease theta and a high beta of C3 and
C4 electrodes. Ring et al. (2015) improved the golfers’ putting
performance by reducing theta and high alpha power of the
Fz electrode. Mikicin et al. (2015) reduced student-athletes’
attention-reaction by increasing beta1 and SMR and decrease
theta and beta2 of C3 and C4 electrodes. Cheng et al. (2015a)
improved golfers’ putting performance by increasing SMR of the
Cz electrode.

In the literature, only two studies attempted to improve
shooting performance by NFT (SP-NFT). One SP-NFT study
utilized SMR (Sensorimotor Rhythm, 12–15 Hz EEG rhythm,
usually collected from C3, Cz, and C4), beta and alpha
rhythm mixed NFT protocol to improve shooting performance
(Rostami et al., 2012). This approach was taken because

a lot of previous studies have found that the increase in
SMR is often accompanied by attention increases. The NFT
based on SMR has been widely used in the treatment of
attention deficit hyperactivity disorder (ADHD), and its activities
are also found to be closely related to the optimization of
the skilled action execution motor performance such as golf
putting and dart throwing (Vernon et al., 2004; Cheng et al.,
2015a,b). Therefore, the researchers expected to increase the
participants’ attention by increasing SMR, so as to improve their
shooting performance.

On the other hand, it has been demonstrated that there is
an asymmetry between the left and right hemispheres and an
increase of alpha rhythm in the left temporal region during
rifle and archery shooting preparation (Hatfield et al., 1984;
Salazar et al., 1990). Based on this phenomenon, the other
SP-NFT study utilized NFT to enhance EEG low-frequency
activity over the left temporal region (T3) and successfully
improved archers shooting performance (Landers et al., 1991).
The authors explained this NFT could improve the shooting
performance by simulating brain activity during actual rifle and
archery shooting preparation.

Although both studies used NFT to improve shooting
performance, it is unknown which of the two methods is
more effective. In addition, according to the current standards
of neurofeedback experimental research, there are still some
problems in these two studies. Mirifar et al. (2017) suggested
that neurofeedback combining visual and auditory feedback
may be more effective than visual or auditory feedback
alone. However, the two kinds of SP-NFT mentioned above
only use visual feedback. Additionally, in Landers’s study,
participants were tested for feedback effects after only one
feedback training session. Some scholars have suggested that
successful neurofeedback regulation may require a minimum
of three to four sessions, and initial improvements can only
be seen within the first five to ten sessions (Konareva, 2005;
Hammond, 2011). More importantly, both studies only analyzed
the efficacy of NFT from a kinematic perspective and did
not provide a detailed analysis of the effect of NFT on
trainability and neuroplasticity (Enriquez-Geppert et al., 2014).
That is, there was no indication of whether the EEG features
of feedback can be actively modulated by the participants
during the training process, i.e., trainability, or if this training
can produce some lasting changes to the EEG rhythm of the
brain, i.e., neuroplasticity.

In previous NFT studies, the NFT trainability was
firstly examined before confirming that the NFT can affect
cognition/behavior. For instance, Cho et al. (2007) confirmed
the NFT trainability of alpha activity in the midline parietal
region and found that NFT could enhance participants’
ability to maintain alpha activity. Zoefel et al. (2011) first
studied the trainability of upper alpha NFT in the parietal and
occipital regions and found the effect of this NFT on cognitive
improvement. Enriquez-Geppert et al. (2014) demonstrated the
trainability of frontal midline theta NFT and revealed the role
of training in cognitive ability improvement. These literatures
suggest that proving NFT trainability is the basis of studying the
effects of NFT on cognition/behavior.
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Studies regarding neuroplasticity are mainly based on
the correlations between neurological characteristics and
cognitive/behavioral indicators. Many studies found a significant
correlation between neurological characteristics of resting
states and behavioral/cognitive indicators (Babiloni et al.,
2010; Zhou et al., 2012; Wan et al., 2014; Zhang et al., 2015).
Therefore, scholars believe that if NFT changes not only the
cognitive/behavioral indicators but also the relevant neurological
characteristics, it will be an important evidence supporting its
influence in cognition/behavior by altering the neurological
characteristics. Many scholars have studied the neuroplasticity
generated by NFT from different perspectives. Besides finding
that NFT can produce neuroplasticity changes in resting EEG,
NFT can lead to changes in white and gray matter in the brain
and the resting brain network features (Cho et al., 2007; Zoefel
et al., 2011; Ghaziri et al., 2013; Kluetsch et al., 2014).

Here we sought to improve SP-NFT by using both visual and
auditory feedback and increasing the number of sessions, while
also examining trainability and neuroplasticity. To examine
trainability, we recorded the extent to which each participant
could actively modulate EEG features during the training
process. To examine neuroplasticity, we measured resting-
state EEG before and after NFT. Current studies have found
significant correlation between resting EEG features such as
individual alpha frequency (IAF) and frequency band power
and the performance of participants completing cognitive tasks,
motor imagery tasks, and even shooting tasks (Koch et al.,
2008; Zhou et al., 2012; Zhang et al., 2015; Gong et al.,
2017). Other studies also found that there were significant
differences in resting EEG features among participants of
different sport levels (Gong et al., 2017). Therefore, we believe
that resting EEG is a good neurological indicator reflecting the
brain ‘‘baseline’’ state and can be used to analyze the brain
neuroplasticity induced by training (Khanna et al., 2015; Zhang
et al., 2015).

Previous studies on SP-NFT have not specifically focused
on the changes in resting EEG caused by NFT. Therefore, they
could not fully demonstrate whether NFT really changed brain
activity or whether the observed effect was simply a placebo effect
of neurofeedback (Schönenberg et al., 2017; Xiang et al., 2018).

These research limitations are one of the main reasons why
NFT technology has been controversial and has not gained
as much popularity in the kinematics field (Gruzelier, 2014;
Mirifar et al., 2017).

To better explore the effects of SP-NFT on trainability and
neuroplasticity, we hypothesized the following: (1) SP-NFT has
an effect on trainability, participants can master the SP-NFT, and
improve neurofeedback trainability scores; and (2) SP-NFT has
an effect on neuroplasticity, such that resting-state EEG activity
is significantly changed.

MATERIALS AND METHODS

Participants
The 45 healthy college students (male, age: 19.5 ± 2 years) from
the Armed Police Engineering University voluntarily took part in
this research. All participants completed pistol course learning,
had qualifying grades, and mastered fixed-target pistol shooting
skills. Before training, all participants were divided into three
groups according to their age, height, weight, and somatotype.
The SMR group (N = 15) aimed to enhance SMR (12–15 Hz)
power of C3, Cz, and C4 channel, similar to the study of Rostami
et al. (2012). The Alpha group (N = 15) training aimed to enhance
the alpha rhythm (8–12 Hz) power of T3 channel and decrease
that of T4 channel, similar to the study of Landers et al. (1991).
The control group (N = 15) did not receive NFT, just underwent
a shooting test. This study protocol was in accordance with the
Declaration of Helsinki and approved by the university ethics
committee. Before the experiment, the experimental processes
and purpose were explained, and the written informed consent
was obtained from all participants. Participants were free to
withdraw from the experiment at any time.

Experimental Design
Figure 1 shows the experimental design and flow of our
study. First, all participants underwent a shooting performance
pre-test and a resting EEG pre-test within 3 days before
NFT. Next, during the NFT period, the SMR group and
Alpha group underwent six NFT sessions within 3 weeks at
convenience. Finally, within 3 days after all NFTs, they completed

FIGURE 1 | The experimental design and flow.
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a shooting performance post-test and a resting EEG post-test. It
is worth noting that the control group only underwent shooting
performance pre-test and post-test, and all participants did not
perform any excess shooting tasks during the 3 weeks.

Shooting Performance Pre-test and
Post-test
All participants underwent two pistol shooting tasks to evaluate
the effect of NFT on shooting performance. The shooting test
was organized by the College of Basic Military Education.
Participants used a type 92 pistol, aiming at a target 25 m
away. The dimensions of the target were 52 × 52 cm. It
included 10 rings, with a diameter of 10 cm and 10 ring
edges, each extending 5 cm followed by 9, 8, 7, and 6 rings.
The corresponding shooting score was obtained by hitting the
position on the target, and a miss was recorded as 0. For example,
if the shooter hit the center of the target, a score of 10 was
recorded. Every shooter was asked to take a standing position
in a single firing mode. Prior to each shot, the participants
were informed of their previous shooting score. All participants
performed 25 shots at their own pace.

Acquisition and Preprocessing
The resting EEG acquisition device was a Beijing SymTom
32-D EEG amplifier. The EEG signals were recorded from
32 electrodes according to the international 10-20 system,
including Fp1, Fp2, F3, F4, C3, C4, P3, P4, O1, O2, F7, F8, T3, T4,
T5, T6, Fz, Cz, Pz, FC3, FC4, CP3, CP4, FT7, FT8, TP7, TP8, FCz,
CPz, Oz, PO3, and PO4. The ground electrode was placed over
the forehead and the reference was the left and right mastoids.
The impedance of each electrode was kept below 5 k� and the
sampling frequency was 1,000 Hz. The participants were asked
to sit on soft and comfortable seats, while asking them to remain
relaxed but not to fall asleep, and do not try to recall anything.
EEG data of participants were collected with eyes-closed for
5 min and eyes-open for 5 min. To control the alertness level,
the participants’ behavior and the quality of the EEG signals were
monitored online in real-time. If the EEG had abnormal changes
due to coughing, manual activity, sleepiness, etc., the participants
were verbally reminded to cooperate.

The EEG signals at all recording channels were analyzed
offline in MATLAB (2014a) and EEGLAB toolbox (Delorme
and Makeig, 2004). The signals were firstly segmented into 2 s
epochs and the data epochs corrupted by artifact were rejected
by visual inspection (Delorme and Makeig, 2004). Independent
component analysis (ICA; fast ICA algorithm) was used to
remove blinking artifacts during the eyes-open resting state (Jung
et al., 2001). Blinking artifacts were recognized by calculating
the correlation coefficient with the EEG signals of Fp1 and
Fp2 channels. Any component with a correlation coefficient
greater than 0.8 was considered as the blinking artifact and
was removed (the 0.8 was empirical data). Then a 6-order
Butterworth band-pass filter of 0.5–40 Hz was used to filter the
signal. Finally, the clean EEG data were used for subsequent
frequency band power analyses. The frequency band power of
the EEG signal was calculated using the Welch method. The

calculated time window spanned 5,000 sampling points (5 s) and
the overlap rate was 50%.

To control for differences in individual frequency bands
between participants, the frequency bands of interest were
defined relative to the IAF (Klimesch, 1999). The EEG power
spectrum is calculated in the occipital region during the resting
eyes-closed state, and the peak frequency position is found in the
range of 7–13 Hz frequency bands. Finally, this peak frequency
position was recorded as the IAF of the participants, and other
frequency bands were defined relative to the IAF as follows: theta
as IAF −6 Hz to IAF −3 Hz, alpha as IAF −2 Hz to IAF +2 Hz,
beta as IAF +3 Hz to IAF +20 Hz.

Implementation of Shooting Performance
NFT
According to previous studies, an effective neurofeedback
experiment should preferably include at least five training
sessions, and the interval between two training sessions should
be at least 1 day (Mirifar et al., 2017). Therefore, our study
design included six sessions of SP-NFT in 3 weeks, in which each
participant would undergo two sessions a week with an interval
of at least 1 day in-between (Figure 1).

To ensure double-blinded NFT, experimenters were only
required to enter the unique identity number of the participants
into the NFT system (Ros et al., 2019). The system automatically
identified the feedback type of the participants and ran the
corresponding NFT mode. Therefore, the experimenter was
not aware of the feedback mode in which the participant
was training.

The EEG signals during SP-NFT were recorded from Cz,
C3, C4, T3, and T4 for all participants in both NFT groups
(Figure 2). The EEG signals were transmitted to the computer by
the USB interface, and the SP-NFT program written inMATLAB
2014 was used to process and calculate the EEG features for
feedback to participants in real-time. The feedback feature of the
SMR group was the average SMR power of Cz, C3, and C4, while
the feedback feature of the Alpha group was the alpha power of
the T3 electrode minus alpha power of T4 electrode.

Each training session lasted about 25 min and included
30 trials. Each trial included a 15-s relaxation break and 30-s
SP-NFT. During the relaxation break, the participants sat in
silence and did not deliberately recall anything. At the end of
the relaxation stage, the median value of the feedback feature in
this period was shown as a red line on the feedback interface
and served as the baseline of the SP-NFT trial. In the training
stage, the feedback feature of the participants was calculated
in real-time and presented to the participants in the form
an image of a shooting target at different clarity levels, and
a dynamic blue curve, both indicating the magnitude of the
feedback feature. The participants were requested to focus on
the shooting target image and to try to improve the feedback
feature by means of their own mental strategy. Participants are
advised not to be overly nervous during the NFT period, to
remain relaxed but focused, to try to imagine the movements of
the shooting preparation stage or to focus on the target image
on the computer screen. When the feedback feature increases,
the curve rises and the image becomes clearer; if the feedback
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FIGURE 2 | Schematic figure of NFT.

feature decreases, the curve falls and the image becomes less
clear. To implement the important auditory component of our
NFT paradigm, the system included a digital sound equalizer
to control the play of feedback music. The parameters of the
equalizer were controlled according to the real-time feedback
EEG feature: at the beginning of the training stage, the music
was lowest, and when the magnitude of the feedback feature was
higher than the baseline, the feedback music would gradually
increase in volume and clarity.

To evaluate the success of SP-NFT, the system automatically
calculated the neurofeedback trainability scores after each trial.
The trainability score was determined as the ratio of time
the feedback features were higher than the baseline over the
total time of the training period. If the feedback features were
always higher than the baseline during the feedback period, the
neurofeedback trainability scores were recorded as 100 points.
On the contrary, if the feedback features were always lower
than the baseline, the neurofeedback trainability scores were
recorded as 0. At the end of each feedback trial, the feedback score
displayed and shown to the participant.

Subjective Task Appraisal of Participants
To compare the subjective outcomes of SP-NFT between SMR
groups and the Alpha group, a participants’ subjective task
appraisal scale was used to evaluate the two kinds of training.
After each SP-NFT session, participants reported the degree of
fatigue, commitment, and difficulty in relation to the training.
The reported scale used a five-level Likert scale: one indicated the

lowest degree and five indicated the highest degree. For example:
for fatigue degree, one means no fatigue at all, and five means
very tired.

Statistical Analysis
It is noteworthy that we tested the probability distribution of
the samples using the Kolmogorov–Smirnov test. Regarding
shooting performance, resting EEG IAF, and resting EEG
frequency band power, it was found that these samples
were not all subjected to Gaussian distribution. Thus, we
used the Wilcoxon signed-rank test for these samples to
examine the difference between pre-test and post-test in
each group. For subjective task appraisal index and NFT
trainability score, feedback feature and repeated-measures
ANOVA was applied because all the samples were subjected to
Gaussian distribution.

Shooting Performance Index
For each participant, the shooting performance index was the
mean value of the 25 shot scores. To examine the differences in
shooting performance between pre-test and post-test, Wilcoxon
signed-rank test was used to test the median difference of
shooting performance index between pre-test and post-test in
the SMR group, Alpha group, and control group, respectively.
Then, to compare the difference in the effect of the SMR group
and the Alpha group on the shooting performance, we also
carried out the Wilcoxon rank-sum test on the shooting scores
of the post-test minus pre-test for the SMR group and the
Alpha group.
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Subjective Task Appraisal Index
For the subjective task appraisal index of the two SP-NFT
groups, a statistical analysis was applied to test the difference
between the two groups. To test whether the participants had
experienced any changes during the six training sessions based
on the subjective task appraisal, a repeated-measure ANOVA
with the factors group (SMR vs. Alpha) and the factors session
was performed (1–6).

Neurofeedback Trainability Scores and Feedback
Feature
To examine the neurofeedback trainability of two SP-NFT
groups, two repeated-measures ANOVAs were performed. The
first ANOVA with factors group (SMR vs. Alpha) and factors
session (1–6) compared the real-time calculated neurofeedback
trainability scores for each trial, averaged within each session and
compared across sessions and groups. This score was calculated
as the ratio of the time that the feedback feature remained
above baseline for each NFT trial. The second ANOVA with
within-subject factor state (Train vs. Relax) and within-subject
factor session (1–6) was conducted for the averaged values
of the individualized feedback feature across all trials within
each session.

Resting EEG Rhythm Power Indexes
Finally, we analyzed the changes in resting EEG features before
and after training from three perspectives: (1) the resting EEG
IAF (calculated by the eyes-closed resting EEG in the occipital
region); (2) changes in the EEG power spectrum and the specific
frequency band power in channels of interest (COI) during
training; and (3) calculation of the average whole-brain EEG
frequency band power topographic map of all participants and
visually comparing the changes of the whole brain EEG before
and after training. For the resting EEG IAF and band power
of COI, the difference between pre-test and post-test was tested
using the Wilcoxon signed-rank test. The visual comparison of
the whole brain map only reflects the change of the average
power spectrum before and after the feedback training; it does
not reflect statistical testing. All statistical tests are performed in
MATLAB 2014.

RESULTS

Shooting Performance Before and After
the SP-NFT
Figure 3 indicates the comparisons of the shooting scores of the
three groups in pre-test and post-test. The left is the SMR group,

FIGURE 3 | The shooting scores box plot of the pre-test and post-test of
three groups.

the middle is the Alpha group, and the right is the Control group.
Blue, red, and black box indicates post-test shooting performance
and the gray box indicates pre-test shooting performance. The
statistical results show that the median shooting score after
training is significantly higher than that before training in the
SMR group (z = −3.55, p < 0.01). The median shooting score
after training is marginal significantly lower than that before
training in the Alpha group (z = 1.80, p = 0.09). The median
shooting score have no significant change in control group
(z = 0.85, p = 0.39). In terms of shooting score difference between
two SP-NFT groups, the SMR group is significantly higher than
the Alpha group (z = −3.06, p < 0.01).

Subjective Task Appraisal of Participants
Table 1 shows the mean and SD of the three subjective task
appraisal indexes for the six feedback sessions. As can be
seen from the table, the fatigue degree of the two groups was
approximately 2, while the degrees of effort and difficulty were
approximately 3 in both groups. Results of repeated-measure
ANVOA statistical analyses show that for fatigue index, the
group factor effect is not significant F(1,14) = 0.44, p > 0.05,
and the session factor effect is not significant F(5,70) = 0.47,
p > 0.05. For commitment index, the group factor effect is
significant F(1,14) = 10.54, p < 0.01, such that the Alpha group is
significant higher than SMR group; the session factor effect is not
significant F(5,70) = 0.68, p > 0.05. For difficulty index, the group
factor effect is significant F(1,14) = 17.02, p < 0.01, with higher

TABLE 1 | Mean and SD of each feedback subjective task appraisal of the two neurofeedback training (NFT) groups.

Session 1 Session 2 Session 3 Session 4 Session 5 Session 6

Fatigue (SMR group) 2.27 (1.03) 1.93 (0.70) 2.20 (0.86) 2.20 (0.94) 1.93 (0.96) 2.00 (1.07)
Fatigue (Alpha group) 2.13 (0.74) 2.13 (0.92) 2.00 (0.85) 1.93 (0.80) 2.00 (0.85) 1.80 (0.68)
Commitment (SMR group) 2.80 (0.56) 2.93 (0.70) 2.80 (0.86) 2.53 (0.92) 2.87 (0.99) 2.60 (0.74)
Commitment (Alpha group) 3.40 (0.99) 3.13 (0.92) 3.27 (0.80) 3.00 (0.76) 3.00 (0.93) 3.13 (0.74)
Difficulty (SMR group) 2.27 (1.03) 2.33 (0.90) 2.33 (1.11) 2.33 (1.11) 2.40 (1.12) 2.40 (1.06)
Difficulty (Alpha group) 2.93 (0.59) 2.67 (0.82) 3.00 (0.65) 3.07 (0.80) 2.87 (0.83) 2.93 (0.96)

From top to bottom, there are the results of fatigue, commitment, and difficulty of SMR group and Alpha group, respectively, and from left to right, session 1 to session 6.

Frontiers in Human Neuroscience | www.frontiersin.org 6 March 2020 | Volume 14 | Article 94

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Gong et al. Neurofeedback for Shooting Performance Enhancement

difficulty in the Alpha group compared to the SMR group; the
session factor effect is not significant F(5,70) = 0.18, p > 0.05. The
interactions between session and group of the three indicators are
not significant.

Dynamic Changes in Parameters of
SP-NFT
The Dynamics of Trainability Scores
Figure 4 shows the mean and 1.96× standard errors of
neurofeedback trainability scores for each session. The horizontal
axis is the feedback training session, the vertical axis is the
neurofeedback trainability scores, the blue line indicates the
SMR group, and the red indicates the Alpha group. The
neurofeedback trainability scores of both NFT groups increased
as the number of training sessions increased. The results of
repeated—measure ANOVA showed the group factor effect is
significant (F(1,14) = 5.43, p < 0.01, post hoc: SMR group > Alpha

FIGURE 4 | The average and 1.96× standard errors of the neurofeedback
trainability scores vary with the feedback session.

group). For the session factor effect is significant (F(5,70) = 3.13,
p < 0.01, post hoc: session 6 > session 1). This finding indicated
that participants could master the neurofeedback well after six
sessions of SP-NFT, and the neurofeedback trainability scores
were significantly improved.

The Dynamic of Feedback Features
Figure 5 shows the dynamics of feedback features with training
sessions. The left side is the SMR group and the right side is
the Alpha group. The gray line is the feedback feature in a
resting state; the blue and red lines indicate the feedback feature
of SMR and Alpha groups, respectively. For the SMR group,
the results of repeated—measure ANOVA showed that the state
factor effect was significant (F(1,14) = 78.25, p < 0.001, post hoc:
Train > Relax) while the session factor effect was not significant
(F(5,70) = 0.68, p > 0.05). For the Alpha group, the results of
repeated- measure ANOVA showed that the state factor effect
was significant (F(1,14) = 7.32, p < 0.01, post hoc: Train > Relax)
whereas the session factor effect was not significant (F(5,70) = 0.28,
p > 0.05). Comparing the two groups, it was found that the
feedback features of both NFT groups in the training state were
significantly higher than that of the relaxation state, while the F
value of the Alpha group was lower than that of the SMR group.
This may also be one of the reasons why participants in the Alpha
group considered the training wasmore difficult than those in the
SMR group.

The Effect of SP-NFT on the Resting EEG
Comparison of Pre-test and Post-test IAF
The median value (SD) of IAF calculated according to the
resting eyes-closed EEG is as follows. In the SMR group, the
pre-test is 10.64 ± 0.69 Hz and the post-test is 10.45 ± 0.56 Hz,
and there was no significant difference between pre-test and
post-test (z = 0.99, p = 0.32). In the Alpha group, the pre-test
is 10.30 ± 0.83 Hz and the post-test is 10.23 ± 0.92 Hz, and

FIGURE 5 | The average and 1.96× standard errors of the feedback feature varies with the feedback session.
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there was no significant difference between pre-test and post-test
(z = 1.42, p = 0.16).

Comparison of Pre-test and Post-test Resting EEG
Power Spectrum on COI
Figure 6 is the power spectrum of the resting eyes-closed
EEG on the feedback channel before and after training for
the SMR group and Alpha group, respectively. The left side
corresponds to the SMR group and the right side, to the
Alpha group. The asterisk (*) indicates that there was a
significant change in the frequency band power between before

and after training (p < 0.05). Figure 7 shows the power
spectrum of the resting eyes-open EEG, with similar details
as in Figure 6. The power spectrum of the two groups
changed after the training compared with before the training,
and the change was in the same direction as the direction
of SP-NFT: the training for the SMR group consisted in
increasing the SMR power of Cz, C3, and C4, causing the
resting eyes-closed alpha frequency power of the Cz channel
(z = −2.96, p < 0.05) and the resting eyes-open beta frequency
power of the C3 and C4 channels to significantly increase
(C3: z = −4.39, p < 0.05; C4: z = −3.22, p < 0.05). The

FIGURE 6 | The contrast of pre-test and post-test electroencephalography (EEG) power spectrum of the eyes-closed resting state. *Indicates there was significant
difference in the frequency band power between the pre-test and post-test (p < 0.05).
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FIGURE 7 | The contrast of pre-test and post-test EEG power spectrum of the eyes-open resting state. *Indicates there was significant difference in the frequency
band power between the pre-test and post-test (p < 0.05).

training of the Alpha group consisted of increasing the alpha
power of the T3 electrode and decreasing the alpha power
of the T4 electrode, leading to a significant increase of the
resting eyes-closed alpha frequency power at the T3 electrode
(z = −3.01, p < 0.05), significant decreases of the resting
eyes-closed and eyes-open alpha frequency power (eyes-closed:
z = 2.86, p < 0.05; eyes-open: z = 2.88, p < 0.05) as well as
the resting eyes-open beta frequency power at the T4 electrode
(z = 2.95, p < 0.05).

Comparison of the Whole Brain Resting EEG
Frequency Band Power
Figure 8 is a whole-brain topographic map of the resting
eyes-closed EEG frequency power difference between the NFT
groups before and after training. The upper is the SMR group
and the lower is the Alpha group. From left to right are
theta, alpha and beta frequency band. Red indicates that the
EEG power of the post-test is higher than that of the pre-test,
and the blue indicates that the EEG power of the post-test
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is lower than that of a pre-test. Figure 9 is a whole-brain
topographic map of the resting eyes-open EEG frequency power
difference between the groups before and after training. In the
SMR group, three frequency bands in the prefrontal, frontal
channels, and central channels were increased after feedback.
For the Alpha group, the frequency band power of the left
hemisphere increased after feedback, while that in the right
hemisphere was slightly weakened. The resting EEG changes in
both NFT groups were consistent with the enhanced direction
of SP-NFT.

DISCUSSION

In this article, we explored and compared the efficacy,
trainability, and neuroplasticity of SMR vs. alpha rhythm SP-
NFT. We improved traditional neurofeedback paradigms by
including an auditory feedback component, in addition to a
visual feedback component. Furthermore, we increased the
number of NFT sessions and carried out six NFT sessions for
each participant, rather than the typical one or two sessions.
In addition, we have also taken into account trainability
and neuroplasticity, which have not been fully explored by
previous researchers.

The Effect Analysis of SP-NFT on Shooting
Performance
We evaluated the shooting performance of the three groups
after SP-NFT and found that the groups achieved different
results. The median shooting score reflects the overall shooting
level. There was a significant improvement in the shooting
performance of the SMR group, whereas there was a decrease in
the performance of the Alpha group. Significant improvement
in the shooting performance of the participants who participated
in SMR training is consistent with the results of Rostami et al.
(2012). In previous findings, an increase in SMR was often
accompanied by an increase in attention (Vernon et al., 2004;
Cheng et al., 2015b). NFT based on SMR has been widely used in
the treatment of ADHD, and its activities have been found to be
closely related to the optimization of the skilled action execution
motor performance, such as golf putting and dart throwing
(Vernon et al., 2004; Cheng et al., 2015a,b). These results also
extend the potential facilitation effects of SMR training to athletes
and healthy people in need.

Nonetheless, participants who underwent alpha training did
not achieve improvement and even displayed a decline in
shooting performance. The feedback feature of the Alpha group
was characterized by the alpha power difference between T3 and
T4, and the participants were given positive feedback when the
feedback feature increased. That is, the participants got positive
feedback irrespective of the increase in alpha power of T3 or
a decrease in the alpha power of T4. Collura (2013) pointed
out that in neurofeedback experiments, the training aimed at
reducing activity may be a kind of ‘‘squeeze’’ enhancement
training. Enhancing or reducing EEG activity in a brain region
may lead to increased activity in that region (Plotkin and
Rice, 1981). Although researchers try to suppress the activity
of a certain brain area, the results of the training may instead

lead to the enhancement of the brain area. According to this
view, Alpha group enhanced the alpha rhythm of left temporal
region and decreased the alpha rhythm of the right temporal
region; however, the results may strengthen the activity of
both temporal hemispheres of the participants because the
participants did not acquire their shooting skills through training
and the shooting performance did not improve. Therefore, we
speculate that if the feedback feature is changed to the alpha
power of the Hemi-temporal region, better training results may
be obtained.

On the other hand, in terms of EEG features, Landers
et al. (1991) used the Slow Cortical Potential (SCP) signal,
whereas we used the alpha rhythm signal in the present study.
Although the experimental principle is the same, it may lead to
different experimental results. In terms of participant selection,
the participants of Landers et al. (1991) were pre-professional
athletes, while our participants were military students with
amateur shooting levels. These differences may also lead to
the inconsistency between the results of our research and
previous studies.

The Effect of SP-NFT on Trainability
We defined trainability as the ability of participants to control
their own NFT features in training. The experimental results in
‘‘Dynamic Changes in Parameters of SP-NFT’’ section show that
the trainability in both groups increased gradually throughout
the six SP-NFT sessions. Neurofeedback trainability scores for
the sixth session were significantly higher than those for the
first session. The feedback features increased gradually up to
the first four sessions, and the change range between the fifth
and sixth sessions was stable. These results are consistent with
previous studies of alpha training and frontal middle line theta
training (Cho et al., 2007; Zoefel et al., 2011; Enriquez-Geppert
et al., 2014). In addition, we also inquired about the strategy
used by the participants who had high neurofeedback trainability
scores during NFT. Most of them reported that they were
‘‘focusing on one point in the target image’’ or ‘‘to concentrate
on the motor imagination of the shooting preparation stage.’’
These results indicate that both feedback training modes are
effective and the participants can actively modulate their EEG
rhythm power features. In particular, the subjective task appraisal
showed that the degree of difficulty for the Alpha group was
significantly higher than for the SMR group, which indicates
that SMR feedback might be easier and more convenient
for participants.

Effects of SP-NFT on Neuroplasticity on
Resting EEG
The third focus of our research was to study the effects of SP-NFT
on neuroplasticity, that is, whether SP-NFT can change the brain
neural activity and whether the brain activity of the participant
has changed throughout a period of training (Ghaziri et al., 2013;
Megumi et al., 2015; Faller et al., 2019). In this study, we tested
this by examining the resting EEG of the participants before and
after NFT.

The results of our study showed that after training, the
resting eyes-closed and eyes-open EEGs significantly changed
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FIGURE 8 | The difference of EEG power between pre-test and post-test of the eyes-closed resting state.

FIGURE 9 | The difference of EEG power between pre-test and post-test of eyes-open resting.

in both NFT groups. From the power spectrum of COI and
the power topographic map of the whole brain, the position
at which the resting state EEG changed was the region where
the feedback electrode was placed. This suggests that NFT
can cause specific changes in the channels and frequency
bands involved in feedback, and it provides evidence that NFT

exhibits neuroplasticity at the EEG level. However, from the
brain topographic map, we find that in addition to the trained
target channels and frequency bands, the adjacent channels and
frequency bands have also undergone trend changes, which
are a non-specific change. Collura (2013) suggest this could
be a kind of influence of the ‘‘entrainment’’ effect: in addition
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to the frequency bands and channels involved in feedback,
the EEG power of other nearby frequency bands and the
cerebral cortex also showed a certain degree of change. Other
neurofeedback also has reported similar phenomena (Cheng
et al., 2015a).

The resting-state EEG of the participants changed
significantly after SP-NFT, which is not only strong evidence that
neurofeedback promotes neuroplasticity, but it also may provide
a reason why SP-NFT can improve behavior indices (shooting
performance). This shows that in future training processes
of skill learning, we may be able to incorporate appropriate
NFT throughout the entire training process and improve the
participants’ attention and mental abilities, thereby improving
the participants’ physical ability and skill level.

Research Limitations and Improvements
Through comparative experiments, we studied the effects
of two kinds of SP-NFT on training ability and brain
regulation. However, based on the experimental conditions, the
study had several limitations and could have benefited from
some improvements:

(1) No active control group was set up. In this study, we
divided the participants into two training groups and one
passive control group. The control group only underwent
shooting performance pre-test and post-test. Although such
experimental settings have little effect on the research of
trainability and neuroplasticity, there may be a placebo effect
in the study of behavioral indicators. The control group did
not undergo NFT, thus the observed effects may not be due
to specificity of training in the given EEG frequency bands.
In later studies, an active control group should be set up to
avoid this problem.

(2) We used a single feedback interface. Although we have
adopted the feedback mode of combined stimuli of sound
and image, and further optimized the traditional feedback
system, the same feedback images and music were applied
in all six SP-NFT sessions, which may cause the participants
to lose interest in the later stages of training, and thus, lead
to a decline in the effect of SP-NFT.

(3) In the alpha rhythm NFT, we chose to increase the
alpha power of the T3 channel and reduce that of
the T4 channel. Compared with the SMR group, which
increased the SMR power on the three channels at the
same time, the signal-to-noise ratio (SNR) obtained by
alpha training may be lower. Therefore, the experimental
results that alpha training is more difficult than SMR
training may also be affected by the SNR of the training
paradigm. Subsequent research should take the SNR of
the feedback signal and the difficulty of feedback training
into consideration.

CONCLUSION

To compare the efficacy, trainability and neuroplasticity effects
of SMR and alpha SP-NFT, 45 participants were recruited
into the experiment, and 30 participants trained with SP-NFT
during six sessions in 3 weeks, respectively. Through the analysis

of the experimental results, the following main conclusions
were obtained:

(1) By comparing the results before and after SP-NFT, we
showed that the shooting performance of the SMR group
after SP-NFT was significantly higher than that before
SP-NFT, while the shooting performance of the Alpha
group after SP-NFT was lower than that before SP-NFT.
Thus, for non-professional shooters, enhanced SMR may
be more effective to improve shooting performance than
enhancing the alpha power difference in the left and right
temporal regions.

(2) The results regarding neurofeedback trainability scores and
feedback features show that the participants can master the
SP-NFT technology correctly to improve the neurofeedback
trainability scores and feedback features through training. By
comparing the subjective task appraisal results, we found that
SMR NFT was subjectively assessed as less difficult and was
easier to master than alpha NFT.

(3) A comparison of the results of EEG before and after
SP-NFT showed that the power spectrum of COI and that
of the whole brain of the participants presented direct
and specific changes, indicating that SP-NFT may promote
neuroplasticity and has a continuous effect on resting
EEG activity.

Overall, the results in this article provide some evidence of the
effects of SP-NFT on trainability and neuroplasticity and further
contribute to the application of SP-NFT to improve shooting
performance stage.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Engineering University of the Chinese People’s
Armed Police Force ethics committee. The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

AG collected experimental data and wrote the original
manuscript. WN analyzed experiment results. CJ and YF
designed experiments and revised manuscript. EY provided
important advice and help on key content of the manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation (NNSF) of China under Grant Nos. 81771926,
61763022, 81470084, 61463024, and 31771244, State General
Administration for Sports Scientific Research (2015B040) and
Beijing Research Institute of Sports Science (2017).

Frontiers in Human Neuroscience | www.frontiersin.org 12 March 2020 | Volume 14 | Article 94

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Gong et al. Neurofeedback for Shooting Performance Enhancement

REFERENCES

Babiloni, C., Marzano, N., Iacoboni, M., Infarinato, F., Aschieri, P., Buffo, P., et al.
(2010). Resting state cortical rhythms in athletes: a high-resolution EEG study.
Brain Res. Bull. 81, 149–156. doi: 10.1016/j.brainresbull.2009.10.014

Bertollo, M., Fronso, S. D., Filho, E., Conforto, S., Schmid, M., Bortoli, L., et al.
(2016). Proficient brain for optimal performance: the MAP model perspective.
PeerJ 4:e2082. doi: 10.7717/peerj.2082

Cheng, M. Y., Huang, C. J., Chang, Y. K., Koester, D., Schack, T., and
Hung, T. M. (2015a). Sensorimotor rhythm neurofeedback enhances golf
putting performance. J. Sport Exerc. Psychol. 37, 626–636. doi: 10.1123/jsep.
2015-0166

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

Cho, M. K., Jang, H. S., Jeong, S. H., Jang, I. S., Choi, B. J., and Lee, M. G. (2007). α
neurofeedback improves the maintaining ability of α activity. Neuroreport 19,
315–317. doi: 10.1097/wnr.0b013e3282f4f022

Collura, T. F. (2013). Technical Foundations of Neurofeedback. London: Routledge.
Del Percio, C., Babiloni, C., Bertollo, M., Marzano, N., Iacoboni, M., Infarinato, F.,

et al. (2009). Visuo-attentional and sensorimotor α rhythms are related to
visuo-motor performance in athletes. Hum. Brain Mapp. 30, 3527–3540.
doi: 10.1002/hbm.20776

Del Percio, C., Iacoboni, M., Lizio, R., Marzano, N., Infarinato, F., Vecchio, F.,
et al. (2011). Functional coupling of parietal α rhythms is enhanced in athletes
before visuomotor performance: a coherence electroencephalographic
study. Neuroscience 175, 198–211. doi: 10.1016/j.neuroscience.2010.
11.031

Delorme, A., and Makeig, S. (2004). EEGLAB: an open source toolbox for
analysis of single-trial EEG dynamics including independent component
analysis. J. Neurosci. Methods 134, 9–21. doi: 10.1016/j.jneumeth.2003.
10.009

Doppelmayr, M., Finkenzeller, T., and Sauseng, P. (2008). Frontal midline theta in
the pre-shot phase of rifle shooting: differences between experts and novices.
Neuropsychologia 46, 1463–1467. doi: 10.1016/j.neuropsychologia.2007.
12.026

Enriquez-Geppert, S., Huster, R., 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

Faller, J., Cummings, J., Saproo, S., and Sajda, P. (2019). Regulation of arousal via
online neurofeedback improves human performance in a demanding sensory-
motor task. Proc. Natl. Acad. Sci. U S A 116, 6482–6490. doi: 10.1073/pnas.
1817207116

Faridnia, M., Shojaei, M., and Rahimi, A. (2012). The effect of neurofeedback
training on the anxiety of elite female swimmers. Ann. Biol. Res. 3, 1020–1028.

Ghaziri, J., Tucholka, A., Larue, V., Blanchette-Sylvestre, M., Reyburn, G.,
Gilbert, G., et al. (2013). Neurofeedback training induces changes in white
and gray matter. Clin. EEG Neurosci. 44, 265–272. doi: 10.1177/1550059413
476031

Gong, A. M., Liu, J. P., Li, F., Liu, F., Jiang, C., and Fu, Y. (2017).
Correlation between resting-state electroencephalographic features and
shooting performance.Neuroscience 366, 172–183. doi: 10.1016/j.neuroscience.
2017.10.016

Gruzelier, J. H. (2014). EEG-neurofeedback for optimizing performance I: a review
of cognitive and affective outcome in healthy participants. Neurosci. Biobehav.
Rev. 44, 124–141. doi: 10.1016/j.neubiorev.2013.09.015

Hammond, D. C. (2011). What is neurofeedback: an update. J. Neurother. 15,
305–336. doi: 10.1080/10874208.2011.623090

Hatfield, B. D., Landers, D. M., and Ray, W. J. (1984). Cognitive processes during
self-paced motor performance: an electroencephalographic profile of skilled
marksmen. J. Sport Psychol. 6, 42–59. doi: 10.1123/jsp.6.1.42

Jung, T. P., Makeig, S., Westerfield, M., Townsend, J., Courchesne, E., and
Sejnowski, T. J. (2001). Analysis and visualization of single-trial event-related
potentials. Hum. Brain Mapp. 14, 166–185. doi: 10.1002/hbm.1050

Khanna, A., Pascualleone, A., Michel, C. M., and Farzan, F. (2015). Microstates
in resting-state EEG: current status and future directions. Neurosci. Biobehav.
Rev. 49, 105–113. doi: 10.1016/j.neubiorev.2014.12.010

Klimesch, W. (1999). EEG α and theta oscillations reflect cognitive and
memory performance: a review and analysis. Brain Res. Rev. 29, 169–195.
doi: 10.1016/s0165-0173(98)00056-3

Kluetsch, R. C., Ros, T., Théberge, J., Frewen, P. A., Calhoun, V. D., Schmahl, C.,
et al. (2014). Plastic modulation of ptsd resting-state networks by EEG
neurofeedback. Acta Psychiatr. Scand. 130, 123–136. doi: 10.1111/acps.
12229

Koch, S. P., Koendgen, S., Bourayou, R., Steinbrink, J., and Obrig, H. (2008).
Individual α-frequency correlates with amplitude of visual evoked potential and
hemodynamic response. NeuroImage 41, 233–242. doi: 10.1016/j.neuroimage.
2008.02.018

Konareva, I. N. (2005). Modifications of the EEG frequency pattern in humans
related to a single neurofeedback session. Neurophysiology 37, 388–395.
doi: 10.1007/s11062-006-0015-0

Landers, D. M., Petruzzello, S. J., Salazar, W., Crews, D. J., Kubitz, K. A.,
Gannon, T. L., et al. (1991). The influence of electrocortical biofeedback
on performance in pre-elite archers. Med. Sci. Sports Exerc. 23, 123–129.
doi: 10.1249/00005768-199101000-00018

Loze, G.M., Collins, D., andHolmes, P. S. (2001). Pre-shot EEG α-power reactivity
during expert air-pistol shooting: a comparison of best and worst shots. J. Sports
Sci. 19, 727–733. doi: 10.1080/02640410152475856

Megumi, F., Yamashita, A., Kawato, M., and Imamizu, H. (2015). Functional
MRI neurofeedback training on connectivity between two regions induces
long-lasting changes in intrinsic functional network. Front. Hum. Neurosci.
9:160. doi: 10.3389/fnhum.2015.00160

Mikicin, M., Orzechowski, G., Jurewicz, K., Paluch, K., Kowalczyk, M., and
Wróbel, A. (2015). Brain-training for physical performance: a study of
EEG-neurofeedback and α relaxation training in athletes. Acta Neurobiol. Exp.
75, 434–445.

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

Plotkin, W. B., and Rice, K. M. (1981). Biofeedback as a placebo: anxiety
reduction facilitated by training in either suppression or enhancement
of α brainwaves. Exp. Brain Res. 49, 590–596. doi: 10.1037/0022-006x.49.
4.590

Raymond, J., Sajid, I., Parkinson, L. A., and Gruzelier, J. H. (2005). Biofeedback
and dance performance: a preliminary investigation. Appl. Psychophysiol.
Biofeedback 30, 65–73. doi: 10.1007/s10484-005-2175-x

Ring, C., Cooke, A., Kavussanu, M., McIntyre, D., and Masters, R. (2015).
Investigating the efficacy of neurofeedback training for expediting expertise
and excellence in sport. Psychol. Sport Exerc. 16, 118–127. doi: 10.1016/j.
psychsport.2014.08.005

Ros, T., Enriquez-Geppert, S., Zotev, V., Young, K., Wood, G., Whitfield-
Gabrieli, S., et al. (2019). Consensus on the reporting and experimental
design of clinical and cognitive-behavioural neurofeedback studies (CRED-nf
checklist). PsyArXiv. doi: 10.31234/osf.io/nyx84

Rostami, R., Heidar, S., Kobra, A. K., Abadi, M. N., and Salamati, P.
(2012). The effects of neurofeedback on the improvement of rifle shooters’
performance. J. Neurotherapy 16, 264–269. doi: 10.1080/10874208.2012.
730388

Salazar, W., Landers, D. M., Petruzzello, S. J., Han, M., Crews, D. J.,
and Kubitz, K. A. (1990). Hemispheric asymmetry, cardiac response, and
performance in elite archers. Res. Q. Exerc Sport 61, 351–359. doi: 10.1080/
02701367.1990.10607499

Schönenberg, M., Wiedemann, E., Schneidt, A., Scheeff, J., Logemann, A.,
Keune, P.M., et al. (2017). Neurofeedback, sham neurofeedback, and cognitive-
behavioral group therapy in adults with attention-deficit hyperactivity disorder:
a triple-blind, randomized, controlled trial. Lancet Psychiatry 4, 673–684.
doi: 10.1016/s2215-0366(17)30291-2

Strizhkova, O., Cherapkina, L., and Strizhkova, T. (2012). Neurofeedback course
applying of high skilled gymnasts in competitive period. J. Hum. Sport Exerc. 7,
S185–S193. doi: 10.4100/jhse.2012.7.proc1.21

Vernon, D., Frick, A., and Gruzelier, J. (2004). Neurofeedback as a
treatment for ADHD: a methodological review with implications
for future research. J. Neurother. 8, 53–82. doi: 10.1300/j184v
08n02_04

Frontiers in Human Neuroscience | www.frontiersin.org 13 March 2020 | Volume 14 | Article 94

https://doi.org/10.1016/j.brainresbull.2009.10.014
https://doi.org/10.7717/peerj.2082
https://doi.org/10.1123/jsep.2015-0166
https://doi.org/10.1123/jsep.2015-0166
https://doi.org/10.1016/j.biopsycho.2015.08.003
https://doi.org/10.1097/wnr.0b013e3282f4f022
https://doi.org/10.1002/hbm.20776
https://doi.org/10.1016/j.neuroscience.2010.11.031
https://doi.org/10.1016/j.neuroscience.2010.11.031
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1016/j.neuropsychologia.2007.12.026
https://doi.org/10.1016/j.neuropsychologia.2007.12.026
https://doi.org/10.1016/j.biopsycho.2013.02.019
https://doi.org/10.1016/j.biopsycho.2013.02.019
https://doi.org/10.1073/pnas.1817207116
https://doi.org/10.1073/pnas.1817207116
https://doi.org/10.1177/1550059413476031
https://doi.org/10.1177/1550059413476031
https://doi.org/10.1016/j.neuroscience.2017.10.016
https://doi.org/10.1016/j.neuroscience.2017.10.016
https://doi.org/10.1016/j.neubiorev.2013.09.015
https://doi.org/10.1080/10874208.2011.623090
https://doi.org/10.1123/jsp.6.1.42
https://doi.org/10.1002/hbm.1050
https://doi.org/10.1016/j.neubiorev.2014.12.010
https://doi.org/10.1016/s0165-0173(98)00056-3
https://doi.org/10.1111/acps.12229
https://doi.org/10.1111/acps.12229
https://doi.org/10.1016/j.neuroimage.2008.02.018
https://doi.org/10.1016/j.neuroimage.2008.02.018
https://doi.org/10.1007/s11062-006-0015-0
https://doi.org/10.1249/00005768-199101000-00018
https://doi.org/10.1080/02640410152475856
https://doi.org/10.3389/fnhum.2015.00160
https://doi.org/10.1016/j.neubiorev.2017.02.005
https://doi.org/10.1037/0022-006x.49.4.590
https://doi.org/10.1037/0022-006x.49.4.590
https://doi.org/10.1007/s10484-005-2175-x
https://doi.org/10.1016/j.psychsport.2014.08.005
https://doi.org/10.1016/j.psychsport.2014.08.005
https://doi.org/10.31234/osf.io/nyx84
https://doi.org/10.1080/10874208.2012.730388
https://doi.org/10.1080/10874208.2012.730388
https://doi.org/10.1080/02701367.1990.10607499
https://doi.org/10.1080/02701367.1990.10607499
https://doi.org/10.1016/s2215-0366(17)30291-2
https://doi.org/10.4100/jhse.2012.7.proc1.21
https://doi.org/10.1300/j184v08n02_04
https://doi.org/10.1300/j184v08n02_04
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Gong et al. Neurofeedback for Shooting Performance Enhancement

Wan, F., Nan, W. Y., Vai, M. I., and Rosa, A. (2014). Resting α activity
predicts learning ability in α neurofeedback. Front. Hum. Neurosci. 8:500.
doi: 10.3389/fnhum.2014.00500

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

Zhang, R., Xu, P., Chen, R., Li, F., Guo, L., Li, P., et al. (2015). Predicting inter-
session performance of SMR-based brain-computer interface using the spectral
entropy of resting-state EEG. Brain Topogr. 28, 680–690. doi: 10.1007/s10548-
015-0429-3

Zhou, G., Liu, P., He, J., Dong, M., Yang, X., Hou, B., et al. (2012). Interindividual
reaction time variability is related to resting-state network topology: an
electroencephalogram study. Neuroscience 202, 276–282. doi: 10.1016/j.
neuroscience.2011.11.048

Zoefel, B., Huster, R. J., and Herrmann, C. S. (2011). Neurofeedback training of the
upper α frequency band in EEG improves cognitive performance. NeuroImage
54, 1427–1431. doi: 10.1016/j.neuroimage.2010.08.078

Conflict of Interest: 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 © 2020 Gong, Nan, Yin, Jiang and Fu. 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 Human Neuroscience | www.frontiersin.org 14 March 2020 | Volume 14 | Article 94

https://doi.org/10.3389/fnhum.2014.00500
https://doi.org/10.1016/j.psychsport.2018.02.004
https://doi.org/10.1016/j.psychsport.2018.02.004
https://doi.org/10.1007/s10548-015-0429-3
https://doi.org/10.1007/s10548-015-0429-3
https://doi.org/10.1016/j.neuroscience.2011.11.048
https://doi.org/10.1016/j.neuroscience.2011.11.048
https://doi.org/10.1016/j.neuroimage.2010.08.078
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

	Efficacy, Trainability, and Neuroplasticity of SMR vs. Alpha Rhythm Shooting Performance Neurofeedback Training
	HIGHLIGHTS
	INTRODUCTION
	MATERIALS AND METHODS
	Participants
	Experimental Design
	Shooting Performance Pre-test and Post-test
	Acquisition and Preprocessing
	Implementation of Shooting Performance NFT
	Subjective Task Appraisal of Participants
	Statistical Analysis
	Shooting Performance Index
	Subjective Task Appraisal Index
	Neurofeedback Trainability Scores and Feedback Feature
	Resting EEG Rhythm Power Indexes


	RESULTS
	Shooting Performance Before and After the SP-NFT
	Subjective Task Appraisal of Participants
	Dynamic Changes in Parameters of SP-NFT
	The Dynamics of Trainability Scores
	The Dynamic of Feedback Features

	The Effect of SP-NFT on the Resting EEG
	Comparison of Pre-test and Post-test IAF
	Comparison of Pre-test and Post-test Resting EEG Power Spectrum on COI
	Comparison of the Whole Brain Resting EEG Frequency Band Power


	DISCUSSION
	The Effect Analysis of SP-NFT on Shooting Performance
	The Effect of SP-NFT on Trainability
	Effects of SP-NFT on Neuroplasticity on Resting EEG
	Research Limitations and Improvements

	CONCLUSION
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	REFERENCES


