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Abstract: In this study, we investigated the neural and behavioral mechanisms associated with
precision visual-motor control during the learning of sport shooting. We developed an experimental
paradigm adapted for naïve individuals and a multisensory experimental paradigm. We showed
that in the proposed experimental paradigms, subjects trained well and significantly increased their
accuracy. We also identified several psycho-physiological parameters that were associated with
shooting outcomes, including EEG biomarkers. In particular, we observed an increase in head-
averaged delta and right temporal alpha EEG power before missing shots, as well as a negative
correlation between theta-band energies in the frontal and central brain regions and shooting success.
Our findings suggest that the multimodal analysis approach has the potential to be highly informative
in studying the complex processes involved in visual-motor control learning and may be useful for
optimizing training processes.
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1. Introduction

Sport shooting represents a complex sensorimotor process requiring a high level
of visuospatial work. Shooting sports demand athletes maintain a good psychological
state [1], stress control ability, and the ability to efficiently allocate cognitive resources (e.g.,
attention) during the shooting and aiming period [2]. As a consequence, training in sport
shooting is a non-trivial challenge that often requires an individualized approach, especially
in a sport with such high achievements [3]. The identification of the psychological and
psychophysiological profile of a successful shooter is associated with superior performance,
and the building of a training strategy focused on achieving the quickest achievement of
this state could help in solving this problem.

The development of modern, compact, and mobile devices for multimodal monitoring
of human physiological parameters and the rapid progress in neuroimaging technologies
makes it possible to monitor the current state of an athlete concurrently with their behav-
ioral performance to form representations of a successful profile. Currently, research in
this direction is mainly focused on identifying biomarkers of the cardiovascular and respi-
ratory systems operation [2], gaze behavior [4], as well as EEG biomarkers of successful
shooters [3]; this research is generally based on the comparison of novice shooters with
professional athletes [4–6]. However, with this approach, it is impossible to obtain informa-
tion about the “trajectory” of the transformation from a novice shooter to a professional. A
promising experimental paradigm from this point of view is the paradigm aimed at com-
paring successful and unsuccessful attempts at sport shooting training sessions in a naïve
group. This approach makes it possible to identify what distinguishes successful attempts
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in novice athletes at the level of physiological parameters and EEG characteristics and to
investigate the effect of training in detail. Recently, a trend for research in this direction
has emerged. Note the study [7] that revealed EEG and kinematic biomarkers of precision
motor control and changes in the neurophysiological substrates in naïve participants that
may underlie motor learning during simulated marksmanship in immersive virtual reality.

However, many issues still remain unexplored. In particular, it is unknown exactly
how and which physiological parameters and EEG characteristics change during sports
shooting training; for example, which parameters correlate with shooting success and
can thus claim to be biomarkers that are components of a professional athlete’s profile.
Moreover, most studies generally examine the dynamics of one or two physiological
parameters during shooting training (e.g., a study [2] utilized synchronized monitoring of
EEG and electrocardiogram (ECG) to understand the mechanism of dual activation of the
brain and heart in pistol athletes during shooting performances). At the same time, a deeper
understanding of the relationship between physiological and psychological processes and
training success can only be achieved by simultaneously considering as many physiological
parameters as possible. Biomarkers of successful sport shooting should be searched not at
the level of operation of individual subsystems of the human body but at the level of their
joint operation and interaction; therefore, it is necessary to use multimodal registration of
physiological parameters to solve this problem [2].

The present study takes a step toward solving the problems formulated. Here, we
analyze multimodal data of subjects (EEG, ECG, electrooculogram (EOG), respiration
activity (R), and fatigue tests) naïve to sport shooting training and study correlations
between the psychophysiological parameters and shooting performance of the subjects.
The special aspect of this study is the analysis of changes in fatigue levels during training
and its effect on shooting success.

From a fundamental point of view, sport provides an ideal model for understanding
neural adaptations associated with intensive training over time. We believe that the in-
creased knowledge of links between physiological parameters, brain activity, and behavior
characteristics will help to improve the effect of sport shooting training and thus enhance
sports performance.

2. Materials and Methods
2.1. Participants

Experimental study included 21 healthy volunteers (all male, age 19–25, with an average
age of 21 and a standard deviation of ∼1.5 , right-handed). All subjects had no diseases that
affected sight or locomotor functions. A healthy lifestyle was advised for the subjects prior to
the experiment, which included sufficient night rest, no alcohol or drug consumption, and
moderate physical activity. All subjects were volunteers; they were informed about the details
of the study prior to participation, were able to ask related questions, and after that, provided
informed consent. All participants were naïive to sport shooting, so before the experiment, a
trained coach explained to them the basic principles and safety regulations. This study was
conducted according to the guidelines of the Declaration of Helsinki and approved by the
Ethics Committee of Lobachevsky University (Protocol №3 from 8 April 2021).

2.2. Experimental Setup

During the experiment, we recorded multimodal data from a subject: EEG, EOG, ECG,
respiration activity (R). The placement of all sensors is shown in Figure 1A. All these signals
were recorded by a wearable EEG recorder “Encephalan-EEGR-19/26” (Medicom MTD,
Russia). The sampling rate for all types of data was 250 Hz. For EEG recording, we used
31 Ag/AgCl electrodes placed on the scalp according to the international scheme “10-10”
(Figure 1A, grey circles). Other biological signals, besides EEG, were acquired through
additional POLY channels of “Encephalan”. To record EOG, we used 2 electrodes (“EOG+”
and “EOG-”) above and below the right eye (Figure 1A, green circles). The resulting EOG
signal was calculated as the difference between these two signals. The right eye was chosen
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as it is usually the one used while aiming the shot. To record ECG, we placed 1 electrode
on the subject’s back near the left scapula (Figure 1A, blue circle). Respiration activity was
collected via a belt-shaped sensor wrapped around the subject’s chest (Figure 1A, white
stripe). The stretching and contraction of the belt are associated with the expansion and
compression of the thorax during respiration.

When choosing the sensors’ placement, we tried not to restrict the subject’s movement
and, at the same time, tried to minimize the influence of this movement on the recorded
signals. The “Encephalan” device was placed on the small of the back with a special belt,
and all wires from the device to the sensors were tightly packed together and fixed on the
back. The “Encephalan” was connected to the PC through Bluetooth, so this connection
provided no additional restriction on the subject’s movement.
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Figure 1. (A) Experimental setup with sensors: EEG (grey circles), EOG (green circles), ECG (blue
circle), respiration (white stripe); (B) Shooting stance; (C) General design of the experimental session;
(D) Design of individual series; (E) Scheme of EEG electrodes placement “10-10”. Chosen areas of
EEG signals averaging are shown with dotted frames: frontal (F), central (C), parietal (P), occipital
(O), left temporal (LT), and right temporal (RT).

2.3. Experimental Procedure

The shooting was performed from an upright position, as illustrated in Figure 1B. For the
experiment, we chose an air rifle with characteristics close to the real rifle used by sportsmen
in biathlons. The rifle’s dimensions are 1010/270/85 mm (length/height/width), and its
weight is ∼4 kg. The rifle uses a 4.5 mm caliber with a 5-round magazine and open sights.
Since this was an air rifle, the recoil was not significant. Protective gear included shooting
glasses but not headphones. The subjects shot at 5 separate targets at a distance of 10 m.
The targets mimicked the ones used in biathlons at a distance of 50 m, so the targets in the
experiment were properly scaled in size. The subject had visual and audial feedback after
each shot—the successfully struck target changed color and provided distinct sound.

The experimental session included 21 series of shootings with Multidimensional
Fatigue Inventory (MFI-20) [8], and the NASA Task Load Index (NASA-TLX) [9] tests
before the first and after the last series correspondingly (see Figure 1C). The first series was
treated as a test, so these results were excluded from further analysis. Each series included
the following steps (see Figure 1D):
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• Preparation—the subject received the rifle loaded with 5 bullets from the assistant
and assumed shooting stance;

• Shooting—the subject performed 5 shots at 5 targets in any order;
• Completion—the subject quit shooting stance and handed the rifle back to the assis-

tant for reloading;
• VAS—the subject passed a visual analog scale (VAS) test [10] for fatigue estimation;
• Rest—the subject rested for 60 s before the next series.

To assess changes in some behavioral and physiological characteristics throughout the
experiment, we turned 20 series of shootings into 4 blocks. This was done by averaging
results of 5 consecutive series, i.e., 1–5, 6–10, 11–15, 16–20.

MFI-20 is the test aimed at assessing a subject’s fatigue through self-report. This test
includes 20 questions covering 5 dimensions of fatigue: Physical, Mental, and General
Fatigue, as well as Reduced Activity and Motivation. NASA-TLX is another instrument
to measure fatigue, but in this case, task-induced fatigue. The test includes several scales
and their paired comparisons that help to assess 6 factors: Physical, Mental, and Temporal
Demand, as well as Effort, Frustration, and Performance. VAS is used to subjectively
measure the fatigue of the subject in his current state. Self-report is performed with the
help of a continuous scale, on which the subject chooses the value of his current fatigue.
The scale varies between “the lowest” and “the highest fatigue”. For all fatigue-assessment
tests, we used a tablet computer.

We considered several factors during statistical analysis:

• “block”—reflects the course of the experiment, includes blocks 1–4;
• “phase”—reflects the subject’s type of activity in the experiment, including rest and

shooting;
• “result”—reflects successfulness on each shot, including hits and misses.

2.4. Data Processing

The goals of preprocessing procedure were the following: for EEG data—to obtain
clear signals without noises and artifacts for further time-frequency analysis, for respiration,
EOG, and ECG—to obtain signals clear enough for extracting desired features such as blink
rate or heart rate.

For EEG preprocessing, we used Fieldtrip toolbox for MATLAB [11]. EEG signals were
filtered with a band-pass filter (cut-off frequencies—1 and 70 Hz) and 50 Hz notch filter in
preparation for further time-frequency analysis.

To remove eye- and heart-related activity artifacts from EEG, we used a method based
on Independent Component Analysis (ICA). For this, we applied ft_componentanalysis
with the method runica. We decomposed EEG data into a set of independent components,
searched components with artifacts, removed them, and then restored EEG signals with
the remaining components. To ensure data quality, we performed additional visual data
analysis with ft_rejectvisual. We rejected trials of data and/or EEG channels with severe
artifacts remaining after the ICA-based procedure. Most of these artifacts were related to
the subject’s active movement. We removed “bad” trials from the dataset, while for “bad”
channels, we performed a repairing procedure with ft_channelrepair.

We performed a time-frequency analysis of EEG signals using continuous wavelet
transform (CWT) with Morlet mother wavelet function [12]. We considered wavelet power
(WP) as Wn( f , t), where n = 1, 2, . . . , N is the number of EEG channel (N = 31 for the
considered dataset), f and t are the frequency and time point. WP is one of the common
CWT-based characteristics to describe the time-frequency structure of a signal [13].

To reduce the data dimensionality, we considered averaged CWT spectra. Firstly, we
averaged WP over several areas in the cortex: frontal (F), central (C), parietal (P), occipital
(O), left temporal (LT), and right temporal (RT) (see Figure 1E). Secondly, we averaged WP
over commonly used frequency bands: delta (1–4 Hz), theta (4–8 Hz), alpha (8–13 Hz), and
beta (13–30 Hz). In our research, we considered a 2-s time interval just before the subject
pulled the trigger. So we additionally averaged WP over this time interval.
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We used the NeuroKit2 software package to process signals obtained from the respi-
ratory sensor. NeuroKit2 is an open-source Python package designed to process neuro-
physiological signals [14]. For primary processing and filtering of the incoming signal, we
used a linear detrending method with subsequent application of a low-pass fifth-order IIR
Butterworth filter at the frequency of 2 Hz. The procedure is based on the zero-crossing
algorithm with the amplitude threshold described in [15]. Then, we determined peaks
(beginning of exhalation) and valleys (beginning of inhalation) using different sets of pa-
rameters described in [15]. Next, we determined the breathing phase defined between “1”
for inspiration (inhalation) and “0” for expiration (exhalation). Then, we calculated the
instantaneous frequency of the signal (in “1/min”) from a series of peaks. It is calculated
as “60/period”, where the period is the time between peaks. To interpolate the frequency
over the entire duration of the signal, the monotone cubic interpolation method was used.
We also calculated the average values of frequencies at different stages of the experiment.
For this purpose, the instantaneous respiration rate was calculated for each session at the
moments of shooting and rest; further, the obtained rate values were averaged and added
up for each subject.

We analyzed EOG to detect eye movement and blinking using the methods of the
software package MNE [16], which turned out to be the most effective for this problem.
We used a default set of parameters for this method. Additionally, we obtained the values
of the signal peaks, which correspond to the moments of the subject’s blinks. Next, we
calculated the blink rate (in minutes) from the series of peaks as “60/period”. Monotone
cubic interpolation method was used to interpolate the frequency for the entire duration
of the signal. Then, the average values of blink rates at the moments of shooting and rest
were obtained for each subject.

To process the ECG signal, we filtered the data using high-pass and low-pass filters
in the 1–6 Hz range. Further, R-peaks, which are distinguished by high amplitude and
frequency, were selected from the prepared signal. We calculated heart rate as the inverse
of the R-R interval (1/tR−R). All heart rate values for each individual step were averaged
for each subject.

We have considered different time window scales for the analysis of heart rate, respi-
ration rate, and blink rate. To find a difference between stages of the experiment (rest vs.
shooting), we averaged heart rate, respiration rate, and blink rate in windows length equal
to respective stages. The time length of windows for the resting stage is 60 s, but windows
for the shooting stage have different lengths (average length of 22.5 s) because of different
rates of shooting across the subjects and shooting stages. Additionally, we analyzed the
influence of instantaneous (right at the moment of shot) RR on shooting results.

The main effects at the group level were evaluated via Repeated Measures Analysis
of Variance (RM ANOVA). We considered “block”, “result”, “phase”, and cortical area
as within-subject factors in those statistical tests where the influence of these factors was
considered. The post hoc analysis used either paired samples t-test or Wilcoxon signed-rank
test, depending on the samples’ normality. Normality was tested via the Shapiro–Wilk test.
The group-level correlation analysis between all pairs of characteristic changes during the
experiment, such as heart rate, respiration rate, characteristic of the brain activity, hit rate,
and subjective fatigue, was performed using repeated measures correlation. Correlations
between subjective tests (MFI-20, NASA-TLX) and shooting accuracy were searched using
Spearman’s rank correlation coefficient. We used several open-source statistical packages
in Python, such as Pingouin, SciPy, statsmodels, and a package called JASP for statistical
analysis and results visualization.

3. Results
3.1. The Behavioral Data Analysis

The results of the assessing subject’s state before the experimental task with the MFI-
20 test are shown in Figure 2A. The median values are low (less than 8 out of a possible
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20) across all scales of MFI-20, which confirms that none of the subjects has asthenia of
any type.
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Figure 2. Results of the behavioral data analysis: (A) Median values for the scales of MFI-20 in the
group of subjects; (B) Median values for the scales of NASA-TLX in the group of subjects; (C) Subjec-
tive fatigue (z-score); (D) Hit rate (z-score). Dots correspond to individual subjects, while box and
whisker plots show values averaged over the blocks of the experiment. The symbol * denotes statis-
tical significance in post hoc analysis using t-test with Holm’s correction for multiple comparisons
(*—p < 0.05, ***—p < 0.001).

To assess the task-induced load, we used a NASA-TLX test, and the results are shown
in Figure 2B. We found that the experimental task induces low temporal and mental loads,
while the main load is caused by the effort to preserve a certain level of performance.

The results of the change in fatigue level during the task assessed with VAS after
each series of shootings are shown in Figure 2C. We considered z-scored results of VAS
for a more universal data presentation. We found a significant increase in fatigue from
block to block, and post hoc analysis showed significant differences between all blocks
of the experiment. However, absolute values for the induced increase in fatigue (i.e., the
difference between fatigue at the beginning and at the end of the experiment) are close
to 30 out of 100 (maximal value in the scale). We suggest that this result indicates a low
overall increase in fatigue during the experiment.

We used the hit rate as a parameter for evaluating the success of performance. The
subjects coped well with the task: ∼65% of the shots hit the target on average. We analyzed
changes in hit rate over the course of the experiment and found a significant increase in hit
rate (RM ANOVA: p < 0.001). Post hoc analysis showed significant differences between
the first and fourth blocks, as well as between the third and fourth blocks.

3.2. The Physiological Data Analysis

We analyzed changes in physiological characteristics during the experimental task,
both in the resting and shooting phases.

3.2.1. Heart Rate

We did not find significant changes in the heart rate during the experiment, as well as
no significant differences between heart rates at rest and shooting phases. However, we
found an interaction effect between factors “block” and “phase” (p = 0.000531). Post hoc
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analysis showed that there are significant differences in heart rate between blocks 1–3 and
1–4 in the rest phase (see Figure 3A). Additionally, we considered heart rate variability as
another characteristic of heart activity but did not find significant changes.
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Figure 3. Results of the physiological data analysis: (A) Heartbeat at the rest phase (z-score); (B) Res-
piration rate during the shooting phase (z-score); (C) Instantaneous respiration rate corresponding to
the shot time for hit and miss; (D) Average energy value in delta range before the shot for hits and
misses; (E) Average energy value in the right temporal lobe in the alpha range before the shot for
hits and misses. Dots correspond to individuals subjects while box and whisker plots show values
averaged over the blocks of the experiment. The symbol * denotes statistical significance in post hoc
analysis using t-test with Holm’s correction for multiple comparisons (*—p < 0.05, ***—p < 0.001).

3.2.2. Respiration Rate

Then, we analyzed the dynamics of respiration rate and found the interaction effect
between “block” and “phase” (p = 0.045) factors, while no changes were detected in
respiration rate during the experiment and between the phases. In the post hoc analysis, we
found a decrease in respiration rate during the shooting phase, but the statistical significance
of these changes is near the accepted threshold (see Figure 3B). Further, we studied the effect
of instantaneous respiration rate on shooting success and found a significant difference in
the instantaneous respiration rate between misses and hits (p = 0.043, see Figure 3C).

3.2.3. Blinking Rate

We have not found significant changes in the blinking rate during the experiment or
any relationship between the blinking rate and the hit rate.

3.2.4. Brain Electrical Activity

We analyzed changes in the electrical activity of the brain directly before each shot,
both for the “block” and “result” factors. We did not find significant changes during the
experiment. However, for energy in the delta range, we found a main effect of shooting
results (p = 0.042) and cortex areas (p = 0.013) (see Figure 3D).
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For energy in the alpha range, we did not reveal the main effects. Nevertheless, we
found an interaction effect between cortex areas and shooting results (p = 0.016). In the post
hoc analysis, we found significant changes in the right temporal lobe in the alpha range
(p = 0.049507); however, a p-value was not adjusted for multiple comparisons.

Finally, we revealed that energies in the delta range and the alpha range in the right
temporal lobe were significantly less before a hit compared to a miss.

3.3. Correlation Analysis

To identify the relationships between the characteristics under study, we performed a
correlation analysis. The results of correlation analysis are shown in Table 1.

Table 1. The results of correlation analysis.

Hit Rate Subjective Fatigue

Heart rate (resting phase) - r = 0.42, p = 0.006
Respiration rate (resting phase) r = 0.33 , p = 0.03 -

Respiration rate (shooting phase) r = −0.35, p = 0.02 -
Energy (theta; frontal) r = −0.33, p = 0.0073 -
Energy (theta; central) r = −0.33, p = 0.0076 -

NASA-TLX ρ = −0.532, p = 0.013 -

We discovered that changes in subjective fatigue positively correlate with average
heart rate in the rest phase (r = 0.42). Simultaneously, the hit rate correlates with the
following parameters: respiration rate in the resting phase (r = 0.33), respiration rate in the
shooting phase (r = −0.35), and energies before the shot in the theta range in the frontal
and central regions (r = −0.33 and r = −0.33, respectively).

Additionally, we identified the correlation between the NASA-TLX and the hit rate
(ρ = −0.532).

4. Discussion

We analyzed multimodal psychophysiological data (EEG, ECG, EOG, respiration ac-
tivity, and fatigue) to explore the neural and behavioral mechanisms underlying precision
visual-motor control learning during sports shooting tasks. We systematically studied the
relationship between physiological parameters, brain activity, and shooting performance
over the course of learning to identify biomarkers that can be used to infer complex motor
behavior. As expected, naive subjects significantly increased their hit rate during practice.
Participants became, on average, ≈30% more accurate at shooting targets. Analysis of
the physiological activity showed that performance improvements during the course of
learning were accompanied by an increase in subjective fatigue and heart rate, wherein
the average breathing rate remained unchanged. Respiration rate during shooting nega-
tively correlates with marksmanship performance. We also found that the instantaneous
respiration rate before a hit is higher than before a miss. Note that the work [17] did not
reveal the influence of the instantaneous respiration rate on the shooting results. However,
in study [18], the authors showed that respiration rate is related to the mental load, with
high and medium load characterized by a significantly higher rate. In this regard, we
hypothesize that our results may reflect a connection between mental load, instantaneous
respiration rate, and shooting results. We suggest that in the case of a hit, the subjects were
more deeply immersed and concentrated on the task and, accordingly, experienced a higher
mental load than in the case of a miss.

Analysis of brain activity reveals several markers associated with shooting success.
We found that average energy values in the delta range and the alpha range in the right
temporal lobe were significantly less before a successful shot than before a miss. We
identified that the hit rate negatively correlates with energies in the theta range in the
frontal and central regions during the aiming period before shot execution.
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The sport marksmanship task used in this study is one of the most convenient exam-
ples of tasks that can be used for investigating neurophysiological mechanisms underlying
precise visual–motor coordination in a complex naturalistic context. Usually, studies ad-
dressing visual–motor integration by analyzing noninvasive recordings of cortical activity,
such as EEG, involve laboratory tasks with minimal mobility to reduce artifact-producing
muscle activity. Real-world tasks in natural environments require unrestricted full-body
movements arising from full engagement of perception, decision-making, error recognition,
and motor control. The shooting task is a controlled, easily replicated natural exercise that
is particularly useful for investigating psychophysiological markers of visual-motor skill
learning because it produces discrete measures of performance, which can be compared
with electrophysiological activity recorded in real-time.

One of the main goals of this study was to identify EEG biomarkers of visual-motor
skill learning during sport shooting tasks. Biomarkers are often referred to as quantitative
indicators of a biological organism’s state and can be used to describe behavior-related
psychophysiological processes. In recent years, the relationship of biomarkers with certain
skills has been actively investigated [19–21]. The identified associations of skills with
biomarkers are a promising tool for training process optimization.

In this study, we analyzed the relationship between EEG power in different frequency
bands during the aiming period and shooting performance. We found that novices demon-
strated delta and right temporal alpha EEG power increase before missing shots. Our
results are in line with other studies reporting an overall reduction of alpha activity for
experienced shooters [6]. This effect is interpreted as a greater engagement of task-relevant
attentional processes. Janelle et al. [4] showed that shooting task expertise interacted with
hemispheric activation levels. They demonstrated stronger alpha activity in the left hemi-
sphere accompanied by its reduction in the right hemisphere for experts as compared to
novices during the preparatory period before shot execution. Since shooting places high
demands on visuospatial processing, the elevation of alpha power in the left temporal
area may indicate a decrease of non-relevant to task cognitive activity (cognitive thinking,
self-talk, or language analysis) and show that marksmen focused their attention on the
visuospatial work dominated by right-brain areas [22–24].

Our results show the existence of a negative correlation between theta-band energies
in the frontal and central brain regions during the preparation period and shooting suc-
cess. Frontal midline (Fm) theta activation has often been observed in tasks that required
consistent attention to a stimulus [25]. Recent studies reported Fm theta power as an
indicator of sustained [26,27] and internalized [28,29] attention found in the preparation
period in motor performance. Fm theta activity is linked to various kinds of attentional
or working memory processes, such as working memory [30–32], learning [33], concentra-
tion [34], and action monitoring [35]. Sauseng et al. [26] associated Fm theta power with the
number of cognitive resources allocated to attentional processes during a complex finger
movement task learning. They clearly showed that Fm theta increased with increasing
mental efforts and task demands. The results of our study are in line with these findings,
demonstrating weaker theta activation with increasing correct acquisitions of the task
and experience by the novice. Sport shooting task highly demands focused attention and
precision visual-motor control. Shooting learning requires from the naive subjects a lot of
cognitive resources and mental engagement. Therefore, the shooting training process is
accompanied by a high level of mental effort reflected by increasing theta energy in the
frontal and central brain regions. This explanation is confirmed by comparing the perceived
workload level evaluated by NASA-TLX with the hit rate (see Table 1). Subjects with high
hit rates reported greater confidence by feeling less workload level (lower levels of stress
and pressure). In line with these results, Borghini et al. [36] demonstrated that the variation
of the EEG power spectra in frontal areas in the theta band could be used as a measure for
the training improvements of novices in flight simulation tasks. Their results showed that
behavioral and task performance improvement was accompanied by a significant decrease
in the theta band power over the frontal areas. Interestingly, the comparison of the time
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course of Fm theta during the aiming period in rifle shooting between experts and novices
reveals that the theta power increased during the aiming process before the shot only for
experts but not for novices [5]. The authors assume that elite marksmen are better able to
allocate cortical resources in time while novices are unable to focus attention exactly on the
shooting time point.

Note that this study has several limitations. First is the small number of partici-
pants (21). The second limitation is that only males participated in this study. Another
limitation is using only EEG for the brain activity analysis since EEG has low spatial
resolution compared to other techniques such as fMRI (functional magnetic resonance
imaging). The last limitation is especially significant in the case of a possible investigation
of visual-motor connection. For instance, in a recent paper [37], the usage of fMRI al-
lowed researchers to discover a disrupted visual-motor connection in psychiatric disorders.
In this study, however, fMRI is very difficult to use without substantial changes in the
experimental paradigm.

5. Conclusions

In conclusion, our study sheds light on the neural and behavioral mechanisms un-
derlying precision visual-motor control learning during sport shooting. We found that
performance improvements were accompanied by an increase in subjective fatigue and
heart rate and that the respiration rate before a hit was higher than before a miss, potentially
reflecting a connection between the mental load and shooting results. Additionally, we
identified several EEG biomarkers of visual-motor skill learning, including head-averaged
delta and right temporal alpha EEG power increase before missing shots and a negative cor-
relation between theta-band energies in the frontal and central brain regions and shooting
success. The results of this study highlight the importance of considering both neural and
behavioral factors in precision visual-motor control learning and the potential for using
psychophysiological parameters to improve shooting performance. These findings provide
valuable insights into the neurophysiological mechanisms underlying visual-motor skill
learning and have potential implications for the optimization of training processes.
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MFI Multidimensional Fatigue Inventory
NASA-TLX NASA task load index
VAS Visual analog scale

References
1. Harris, D.J.; Allen, K.L.; Vine, S.J.; Wilson, M.R. A systematic review and meta-analysis of the relationship between flow states

and performance. In International Review of Sport and Exercise Psychology; Taylor and Francis: London, UK, 2021; pp. 1–29.
2. Wang, K.; Li, Y.; Liu, H.; Zhang, T.; Luo, J. Relationship between Pistol Players’ Psychophysiological State and Shot Performance:

Activation Effect of EEG and HRV. Scand. J. Med. Sci. Sport. 2022, 33, 84–98. [CrossRef]
3. Fang, Q.; Fang, C.; Li, L.; Song, Y. Impact of sport training on adaptations in neural functioning and behavioral performance: A

scoping review with meta-analysis on EEG research. J. Exerc. Sci. Fit. 2022, 20, 206–215. [CrossRef]
4. Janelle, C.M.; Hillman, C.H.; Apparies, R.J.; Murray, N.P.; Meili, L.; Fallon, E.A.; Hatfield, B.D. Expertise differences in cortical

activation and gaze behavior during rifle shooting. J. Sport Exerc. Psychol. 2000, 22, 167–182. [CrossRef]
5. Doppelmayr, M.; Finkenzeller, T.; Sauseng, P. Frontal midline theta in the pre-shot phase of rifle shooting: Differences between

experts and novices. Neuropsychologia 2008, 46, 1463–1467. [CrossRef]
6. Hunt, C.A.; Rietschel, J.C.; Hatfield, B.D.; Iso-Ahola, S.E. A psychophysiological profile of winners and losers in sport competition.

Sport. Exerc. Perform. Psychol. 2013, 2, 220. [CrossRef]
7. Liu, S.; Clements, J.M.; Kirsch, E.P.; Rao, H.M.; Zielinski, D.J.; Lu, Y.; Mainsah, B.O.; Potter, N.D.; Sommer, M.A.; Kopper, R.; et al.

Psychophysiological Markers of Performance and Learning during Simulated Marksmanship in Immersive Virtual Reality. J.
Cogn. Neurosci. 2021, 33, 1253–1270. [CrossRef] [PubMed]

8. Smets, E.; Garssen, B.; Bonke, B.d.; De Haes, J. The Multidimensional Fatigue Inventory (MFI) psychometric qualities of an
instrument to assess fatigue. J. Psychosom. Res. 1995, 39, 315–325. [CrossRef]

9. Hart, S.G. NASA-task load index (NASA-TLX); 20 years later. In Proceedings of the Human Factors and Ergonomics Society
Annual Meeting, Philadelphia, PA, USA, 1–5 October 2018; Sage Publications Sage: Los Angeles, CA, USA, 2006; Volume 50,
pp. 904–908.

10. Tseng, B.Y.; Gajewski, B.J.; Kluding, P.M. Reliability, responsiveness, and validity of the visual analog fatigue scale to measure
exertion fatigue in people with chronic stroke: A preliminary study. Stroke Res. Treat. 2010, 2010, 412964. [CrossRef]

11. Oostenveld, R.; Fries, P.; Maris, E.; Schoffelen, J.M. FieldTrip: Open source software for advanced analysis of MEG, EEG, and
invasive electrophysiological data. Comput. Intell. Neurosci. 2011, 2011, 156869. [CrossRef] [PubMed]

12. Aldroubi, A.; Unser, M. Wavelets in Medicine and Biology; Routledge: Abingdon, UK, 2017.
13. Torrence, C.; Compo, G.P. A practical guide to wavelet analysis. Bull. Am. Meteorol. Soc. 1998, 79, 61–78. [CrossRef]
14. Makowski, D.; Pham, T.; Lau, Z.J.; Brammer, J.C.; Lespinasse, F.; Pham, H.; Schölzel, C.; Chen, S. NeuroKit2: A Python toolbox for

neurophysiological signal processing. Behav. Res. Methods 2021, 53, 1689–1696. [CrossRef]
15. Khodadad, D.; Nordebo, S.; Müller, B.; Waldmann, A.; Yerworth, R.; Becher, T.; Frerichs, I.; Sophocleous, L.; Van Kaam, A.;

Miedema, M.; et al. Optimized breath detection algorithm in electrical impedance tomography. Physiol. Meas. 2018, 39, 094001.
[CrossRef]

16. Jas, M.; Larson, E.; Engemann, D.A.; Leppäkangas, J.; Taulu, S.; Hämäläinen, M.; Gramfort, A. A reproducible MEG/EEG
group study with the MNE software: Recommendations, quality assessments, and good practices. Front. Neurosci. 2018, 12, 530.
[CrossRef] [PubMed]

17. Guillot, A.; Collet, C.; Dittmar, A.; Delhomme, G.; Delemer, C.; Vernet-Maury, E. The physiological activation effect on
performance in shooting. J. Psychophysiol. 2003, 17, 214–222. [CrossRef]

18. Marinescu, A.; Sharples, S.; Ritchie, A.; López, T.S.; McDowell, M.; Morvan, H. Exploring the relationship between mental
workload, variation in performance and physiological parameters. IFAC-PapersOnLine 2016, 49, 591–596. [CrossRef]

19. Lee, K.; Liu, D.; Perroud, L.; Chavarriaga, R.; Millán, J.d.R. Endogenous control of powered lower-limb exoskeleton. In Wearable
Robotics: Challenges and Trends: Proceedings of the 2nd International Symposium on Wearable Robotics, WeRob2016, Segovia, Spain, 18–21
October 2016; Springer: Berlin/Heidelberg, Germany, 2017; pp. 115–119.

20. Cheron, G.; Petit, G.; Cheron, J.; Leroy, A.; Cebolla, A.; Cevallos, C.; Petieau, M.; Hoellinger, T.; Zarka, D.; Clarinval, A.M.; et al.
Brain oscillations in sport: Toward EEG biomarkers of performance. Front. Psychol. 2016, 7, 246. [CrossRef]

21. Paulus, M.P.; Potterat, E.G.; Taylor, M.K.; Van Orden, K.F.; Bauman, J.; Momen, N.; Padilla, G.A.; Swain, J.L. A neuroscience
approach to optimizing brain resources for human performance in extreme environments. Neurosci. Biobehav. Rev. 2009,
33, 1080–1088. [CrossRef] [PubMed]

http://doi.org/10.1111/sms.14253
http://dx.doi.org/10.1016/j.jesf.2022.04.001
http://dx.doi.org/10.1123/jsep.22.2.167
http://dx.doi.org/10.1016/j.neuropsychologia.2007.12.026
http://dx.doi.org/10.1037/a0031957
http://dx.doi.org/10.1162/jocn_a_01713
http://www.ncbi.nlm.nih.gov/pubmed/34496403
http://dx.doi.org/10.1016/0022-3999(94)00125-O
http://dx.doi.org/10.4061/2010/412964
http://dx.doi.org/10.1155/2011/156869
http://www.ncbi.nlm.nih.gov/pubmed/21253357
http://dx.doi.org/10.1175/1520-0477(1998)079<0061:APGTWA>2.0.CO;2
http://dx.doi.org/10.3758/s13428-020-01516-y
http://dx.doi.org/10.1088/1361-6579/aad7e6
http://dx.doi.org/10.3389/fnins.2018.00530
http://www.ncbi.nlm.nih.gov/pubmed/30127712
http://dx.doi.org/10.1027/0269-8803.17.4.214
http://dx.doi.org/10.1016/j.ifacol.2016.10.618
http://dx.doi.org/10.3389/fpsyg.2016.00246
http://dx.doi.org/10.1016/j.neubiorev.2009.05.003
http://www.ncbi.nlm.nih.gov/pubmed/19447132


Sensors 2023, 23, 3160 12 of 12

22. Hatfield, B.D.; Landers, D.M.; Ray, W.J. Cognitive processes during self-paced motor performance: An electroencephalographic
profile of skilled marksmen. J. Sport Exerc. Psychol. 1984, 6, 42–59. [CrossRef]

23. Kerick, S.E.; McDowell, K.; Hung, T.M.; Santa Maria, D.L.; Spalding, T.W.; Hatfield, B.D. The role of the left temporal region
under the cognitive motor demands of shooting in skilled marksmen. Biol. Psychol. 2001, 58, 263–277. [CrossRef]

24. Hillman, C.H.; Apparies, R.J.; Janelle, C.M.; Hatfield, B.D. An electrocortical comparison of executed and rejected shots in skilled
marksmen. Biol. Psychol. 2000, 52, 71–83. [CrossRef]

25. Ishihara, T. Activation of abnormal EEG by mental work. Rinsho Nohha (Clin. Electroencephalogr.) 1966, 8, 26–34.
26. Sauseng, P.; Hoppe, J.; Klimesch, W.; Gerloff, C.; Hummel, F.C. Dissociation of sustained attention from central executive

functions: Local activity and interregional connectivity in the theta range. Eur. J. Neurosci. 2007, 25, 587–593. [CrossRef]
27. Chuang, L.Y.; Huang, C.J.; Hung, T.M. The differences in frontal midline theta power between successful and unsuccessful

basketball free throws of elite basketball players. Int. J. Psychophysiol. 2013, 90, 321–328. [CrossRef]
28. Aftanas, L.I.; Golocheikine, S.A. Human anterior and frontal midline theta and lower alpha reflect emotionally positive state and

internalized attention: High-resolution EEG investigation of meditation. Neurosci. Lett. 2001, 310, 57–60. [CrossRef] [PubMed]
29. Park, D.C.; Lautenschlager, G.; Hedden, T.; Davidson, N.S.; Smith, A.D.; Smith, P.K. Models of visuospatial and verbal memory

across the adult life span. Psychol. Aging 2002, 17, 299. [CrossRef] [PubMed]
30. Gevins, A.; Smith, M.E.; McEvoy, L.; Yu, D. High-resolution EEG mapping of cortical activation related to working memory:

Effects of task difficulty, type of processing, and practice. Cereb. Cortex 1997, 7, 374–385. [CrossRef]
31. Jensen, O.; Tesche, C.D. Frontal theta activity in humans increases with memory load in a working memory task. Eur. J. Neurosci.

2002, 15, 1395–1399. [CrossRef]
32. Onton, J.; Delorme, A.; Makeig, S. Frontal midline EEG dynamics during working memory. Neuroimage 2005, 27, 341–356.

[CrossRef] [PubMed]
33. Laukka, S.J.; Järvilehto, T.; Alexandrov, Y.I.; Lindqvist, J. Frontal midline theta related to learning in a simulated driving task. Biol.

Psychol. 1995, 40, 313–320. [CrossRef] [PubMed]
34. Nakashima, K.; Sato, H. Relationship between frontal midline theta activity in EEG and concentration. J. Hum. Ergol. 1993,

22, 63–67.
35. Weber, E.; Doppelmayr, M. Kinesthetic motor imagery training modulates frontal midline theta during imagination of a dart

throw. Int. J. Psychophysiol. 2016, 110, 137–145. [CrossRef] [PubMed]
36. Borghini, G.; Aricò, P.; Astolfi, L.; Toppi, J.; Cincotti, F.; Mattia, D.; Cherubino, P.; Vecchiato, G.; Maglione, A.G.; Graziani, I.; et al.

Frontal EEG theta changes assess the training improvements of novices in flight simulation tasks. In Proceedings of the 2013 35th
Annual International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), Osaka, Japan, 3–7 July 2013;
pp. 6619–6622.

37. Long, Y.; Liu, Z.; Chan, C.K.Y.; Wu, G.; Xue, Z.; Pan, Y.; Chen, X.; Huang, X.; Li, D.; Pu, W. Altered temporal variability of local
and large-scale resting-state brain functional connectivity patterns in schizophrenia and bipolar disorder. Front. Psychiatry 2020,
11, 422. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1123/jsp.6.1.42
http://dx.doi.org/10.1016/S0301-0511(01)00116-8
http://dx.doi.org/10.1016/S0301-0511(99)00021-6
http://dx.doi.org/10.1111/j.1460-9568.2006.05286.x
http://dx.doi.org/10.1016/j.ijpsycho.2013.10.002
http://dx.doi.org/10.1016/S0304-3940(01)02094-8
http://www.ncbi.nlm.nih.gov/pubmed/11524157
http://dx.doi.org/10.1037/0882-7974.17.2.299
http://www.ncbi.nlm.nih.gov/pubmed/12061414
http://dx.doi.org/10.1093/cercor/7.4.374
http://dx.doi.org/10.1046/j.1460-9568.2002.01975.x
http://dx.doi.org/10.1016/j.neuroimage.2005.04.014
http://www.ncbi.nlm.nih.gov/pubmed/15927487
http://dx.doi.org/10.1016/0301-0511(95)05122-Q
http://www.ncbi.nlm.nih.gov/pubmed/7669839
http://dx.doi.org/10.1016/j.ijpsycho.2016.11.002
http://www.ncbi.nlm.nih.gov/pubmed/27825901
http://dx.doi.org/10.3389/fpsyt.2020.00422
http://www.ncbi.nlm.nih.gov/pubmed/32477194

	Introduction
	Materials and Methods
	Participants
	Experimental Setup
	Experimental Procedure
	Data Processing

	Results
	The Behavioral Data Analysis
	The Physiological Data Analysis
	Heart Rate
	Respiration Rate
	Blinking Rate
	Brain Electrical Activity

	Correlation Analysis

	Discussion
	Conclusions
	References

