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Abstract This study demonstrates that the entropy of brain rhythms in the alpha and beta ranges serves as
a significant indicator of the efficiency of visual information processing. We employed the method of recur-
rent quantitative analysis to estimate the recurrency tIme entropy across various EEG frequency ranges
and conducted a correlation analysis to identify significant relationships between entropy and reaction
time. EEG signals were collected from children aged 8-11 years while they performed visual search tasks.
Our results indicate that higher entropy is associated with more efficient visual information processing.

1 Introduction

The study of the neurophysiological mechanisms underlying cognitive processes cannot be overemphasized. These
studies are important both for the fundamental understanding of brain mechanisms and its healthy functioning, as
well as for identifying biomarkers of various neurodegenerative diseases [1-6]. Indeed, various neurointerfaces and
diagnostic systems based on the analysis of brain activity have been actively developed recently [7—12]. Additionally,
areas related to neuroeducation have seen significant growth [9, 13, 14]. In particular, in our previous work [9], we
proposed the open-loop neuroadaptive system for enhancing student’s cognitive abilities in learning. There, the
assessment of cognitive abilities was based on the concept of executive functions.

Continuing this line of research, we have focused on studying specific tasks that reflect distinct cognitive pro-
cesses. One such task is visual search, which plays a key role in cognitive activity, involving such functions as
attention, memory, and perception [15-18]. Visual search is the process of finding a target object among multi-
ple distracting stimuli. Understanding the mechanisms of visual search allows us to improve the diagnosis and
treatment of neurodegenerative diseases, as well as to develop more effective strategies for learning and training
cognitive abilities. This is particularly relevant to cognitive development in children, as the brain is most receptive
to learning in early age [19-21].

Our previous studies have shown that the variability of alpha and beta rhythms in electroencephalogram (EEG)
signals during the performance of cognitive tasks is a good indicator of performance in the Bourdon test [22] and
in the Sternberg working memory task [23]. Indeed, the fluctuations of alpha and beta waves reflect the processes
of inhibition and excitation, and their variability is probably related to the balance of these processes, which can
also affect the quality of task performance [24-26]. However, the measure proposed by us only roughly reflects
the dynamic characteristics of the rhythms, not reflecting their complexity or regularity, and actually takes into
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account only the range of oscillations. Therefore, in this paper we continue to study the dynamic characteristics of
wave rhythms arising in the process of cognitive task performance and investigate the complexity of these signals
with recurrence quantification analysis (RQA) and entropy computation [27].

Entropy measures have recently become popular in neuroscience for detecting and quantifying variability in brain
activity. For example, Quian Quiroga et al. [28] studied event-related potentials with wavelet entropy and found
that entropy reduction correlated with responses to target stimuli, reflecting the fact that these responses are tied
to a more “ordered” state than spontaneous EEG. Another work analyzed entropy characteristics in the context
of cognitive load analysis, showing that an increase in load leads to a decrease in signal entropy [29]. A study of
default mode network (DMN) complexity using multi-scale entropy [30] demonstrated that cognitive decline in
Alzheimer’s disease is reflected in reduced signal complexity in DMN nodes. Research on the characteristics of
visual attention has linked EEG signal entropy to visual attention; for example, Li et al. [31] showed that entropy
in attention tasks is higher than in the resting state.

Thus, the entropy analysis of EEG signals seems to be a promising direction, especially in the field of cognitive
function studies. In this regard, the aim of this work is to study the characteristics of the entropy of EEG wave
rhythms in school-age children and to search for their relationship with the efficiency of visual search performance.

2 Materials and methods

2.1 Experimental procedure

The experimental procedure was based on the approach for assessing cognitive abilities described in our paper
[9]. Here, we considered only the test for visual search assessment. The completion of this cognitive test involves
solving multiple tasks of the same type. The general scheme of one task is shown in Fig. 1A. The screen is black
and all information is presented with white lines and symbols to not overwhelm sight of the participant. Prior
to the task, a cross appears on the screen for 0.75 to —1.25 s to attract the participant’s attention. Fluctuations
in all presentation times are implemented to prevent the participant from getting used to the timings [32]. After
the cross, the target number is displayed on the screen for 1.5-2 s. At this point the goal of the participant is
to remember the target number. After the target, a 5 * 5 table of numbers is presented on the screen. Now the
participant’s task is to find and indicate the target number in the table. The table remains on the screen until
the participant provides an answer, i.e., the time for the task is not limited. There is an opportunity to skip a
particular task by pressing the “skip” button in the bottom right. This option is implemented for the cases when
the participant was unfocused or distracted and could not remember the target number. A short pause of 1.5 s
follows the participant’s answer, and after it the next task begins.

The test implements two types of tables consisting of two-digit numbers. Example of table is presented in Fig. 1B.
Tables of the first type are composed of numbers that contain at least one or both digits of the target number.
For example, for the target number “23”, a table of the first type can include the following numbers: “53”, “21”,
“32”, etc. (see Fig. 1B). In tables of the second type, all the numbers do not include any digits from the target
number. For instance, for the same target number “23”, a table of the second type can include “14”, “65”, “80”,
etc. The two types of tables are designed to test two different options for visual search: when the target object has

Fig. 1 (A) General scheme
for visual search task; (B)
example of table with
two-digit numbers
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similarities with other objects, and when it does not [33]. The test uses equal number of tables of the first and the
second type, randomly mixed. There are 10 tasks for each type of table, resulting in a total of 20 tasks.

2.2 Data acquisition and preprocessing

An electroencephalogram (EEG) was recorded using LiveAmp (Brain Products, Germany). Recording was per-
formed for 64 EEG channels at a sampling rate of 500 Hz. Electrodes were placed according to the international
“10-10” arrangement scheme with ground electrode in “Fpz” position and reference electrode in “Fz” position.
NuPrep abrasive gel and conductive SuperVisc gel were used during electrode installment to achieve low impedance
(< 10 k) and high quality of EEG signals.

EEG data was preprocessed in two steps. Firstly, we applied filtering. We used band-pass filter 1-40 Hz to restrict
parasitic component with pronounced low and high frequencies, for instance breathing and muscle artifacts [34].
Secondly, we used a method based on independent components analysis (ICA) [35] to remove artifacts interfering
with frequency range of EEG such as blinks. Preprocessing was done with the help of EEGLAB—MATLAB
toolbox specifically designed for the analysis of electrophysiological signals, in particular EEG [36].

2.3 Participants

The study involved 54 students from Lyceum No. 23 in Kaliningrad, Russia. The students were of two age categories:
8-11 years old (26 participants, grades 3—4) and 10-12 years old (28 participants, grade 5). There were 34 boys
and 20 girls. Two participants were excluded, since they could not complete all tasks in the experiment due to
various personal reasons such as high fatigue and low involvement in the task.

The experimental study was conducted in the morning in a quiet room with sufficient natural light. Before the
experiment, the student was advised to follow a healthy lifestyle for 48 h, including an 8-h night’s rest, moderate
physical activity and limited caffeine consumption. Before participating in the study, the student and their parents
(legal guardians) were instructed of the general design, objectives and methods of the experiment. They were
allowed to ask any related questions and received comprehensive answers. After that, the parents (legal guardians)
filled out and signed the informed consent form. The experimental study was conducted in accordance with the
Declaration of Helsinki. The study design was approved by the Ethics Committee of Immanuel Kant Baltic Federal
University (Protocol No. 32 from 04.07.2022).

2.4 Time—frequency analysis

We analyzed the EEG signals recorded during the visual search task using a continuous wavelet transform (CWT)
[37]. The energy spectrum of the wavelet EKf was calculated for each EEG channel X,,(t) and averaged over

frequencies in each of the four ranges Ay: 1-4 Hz (A6), 4-8 Hz (Af0), 8-14 Hz (Ara), 14-30 Hz (Aff).

B3, = 5 | Vo 1)

feAS

where n is the EEG channel number, Ay € {Af6, Arf, Ara, Ay}, Wy (f, t) are complex-valued wavelet coeffi-
cients calculated as [38]:

t+4/f
Walf, ) = VT / L ()$* (f, 7)dr, @)
t=1/s

where * denotes complex conjugation and 1) is the mother wavelet, for which we used the Morlet wavelet, often
used for the analysis of neurophysiological data [38].

2.5 Entropy

The repetition of the state of a system over time is a fundamental property of dynamical systems. To analyze
such repetitions, we used RQA. Note that RQA allows to identify repetitive patterns and structures in data that
may not be obvious when using traditional time series analysis methods [39]. At the same time, RQA methods
are highly resistant to noise, which is extremely important for EEG data that often contain a significant amount
of noise[40, 41]. RQA has previously been used, for example, to diagnose motor activity from EEG signals and

@ Springer



4902 Eur. Phys. J. Spec. Top. (2025) 234:4899-4906

has been shown to be of high quality in classifying motor acts [39, 42], and to identify changes in event-related
potentials of the brain [43].

We analyzed the dynamics of energy ng across various frequency bands and channels. Employing the Takens
theorem, we reconstructed the phase space @Zf for each channel and frequency band separately by embedding

delayed signals into the original one [44]. To determine the embedding dimension, we utilized the false nearest
neighbor algorithm for each signal ng [45]. The delay time was estimated using an algorithm based on the analysis
of average mutual information (AMI), with the time delay set to the first local minimum of the AMI [46].

To analyze the recurrence structures in the selected frequency band and channel, we created a binary recurrence
matrix:

R, = 1 if‘@rﬁ.f.,z’_ TALf,j||<5,
’ 0 otherwise,

where ézf,i,j = @Zf (ti,;), 4,7 =1,.., T, T is the whole duration of task solving. The recurrence threshold e

determines the size of the neighborhood in state space in which states are considered to be recurring.
Using the binary recurrence matrix, we estimate the recurrence time entropy (ENT)—a complexity measure
based on the vertical lines in the matrix indicating recurrence times t,,

Trmax

ENT == p(t,) lnp(ty),

ty=1

where p(t,) is the probability of finding a vertical line of length t,, given by p(t,) = h(t,)/>_, h(t,), and h(t,)
is the histogram of recurrence times obtained from the recurrence plot (RP). This measure effectively captures
transitions between periodic and chaotic dynamics, with regular processes resulting in low ENT values and chaotic
processes increasing ENT values by increasing the distribution of recurrence times.

3 Results

When analyzing RP and related measures, one should take into account that the obtained results can heavily
depend on the choice of neighborhood threshold. However, the choice of this threshold is often completely arbitrary
and is based on empirical assumptions or the statistical distribution of all pairwise distances [47]. In this study,
we followed a different principle. We calculated the neighborhood threshold to maximize the absolute Spearman’s
rank correlation between ENT values and the average reaction time in the sample for each channel and frequency
band. Figure 2 shows an example of the correlation dependence on the neighborhood threshold for channel TP10
in the beta range. It is clearly seen that at the parameter ¢ = 0.65, a distinct optimum is achieved.

After determining the neighborhood threshold, we proceeded to analyze the obtained correlations. A threshold
value of p < 0.005 was used for statistical significance. We did not find statistically significant correlations in the
delta and theta ranges, but we identified several significant correlations in the alpha and beta bands (see Fig. 3).

Fig. 2 Dependence of TP10
Spearman’s rank correlation 02
between the values of ENT
and the average reaction
time for the TP10 channel
in the beta range

Spearman's rank
correlation coefficient
)
»

05 10 15 2 2.5
Neighborhood threshold, ¢
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Fig. 3 (A, C) A
Distributions of correlation
coefficients (p) between
response time and entropy
in the alpha and beta
bands, respectively, plotted
on a topographic map of
the scalp. The color
indicates the strength and
direction of the correlation.
Correlation values that did
not pass the significance
threshold were set to zero. , ; ‘ ' : ,
(B, D) The distribution of 3 4 > 6 7 8
entropy in the alpha and Response time, s

beta bands, respectively, as
a function of response time
for the channels FC2 and
TP10, where the strongest
correlations were found.
Data points are
approximated by a
regression line, and the blue
area represents the 95%
confidence interval
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For the entropy of energy in the alpha band, a group of clustered frontocentral and midline channels (AFz, F2,
FC1, FC2, C1, Cz) showed statistically significant correlation values (see Fig. 3A). The strongest correlation was
observed in channel FC2 (p = —0.48, see Fig. 3B).

Figure 3A shows a topographic map demonstrating the scalp distribution of the correlation coefficients (p)
between alpha-band entropy and reaction time. The color scale ranges from 0 to —0.48, indicating the strength
and direction of the correlation. Thus, the significant negative correlations are observed predominantly in the fron-
tocentral and midline regions. Note, that here and below, the correlation values that did not pass the significance
threshold were set to zero. Figure 3B shows the entropy distribution as a function of response time for channel
FC2, where the strongest correlation was found. The data points are fitted with a regression line, and the blue
area represents the 95% confidence interval. The negative slope of the regression line indicates that higher entropy
in the alpha band is associated with shorter response times.

For entropy in the beta band, a greater number of statistically significant correlations were observed. The
emerging pattern on the topogram was close to symmetrical. Significant channels in the frontal lobe included AF3,
AFz, AF4, F4; in the central and parietal lobes—CP3, CP1, CPz, CP4, CP6, C4, P5, P3, P1, Pz, P2, P4; in the
left temporal lobe—FT9, FC5, T7, C5, TP9, TP7; in the right temporal lobe—FT10, TP10; and in the occipital
lobe—O0z (see Fig. 3C). The strongest correlation was observed in channel TP10 (p = —0.61, see Fig. 3D).

Figure 3C shows a topographic map of the scalp distribution of the correlation coefficients (p) between beta-
band entropy and reaction time. The color scale ranges from 0 to —0.61, indicating the strength and direction
of the correlation. Significant negative correlations are observed predominantly in the frontal, central, parietal,
left temporal, and right temporal lobes. Figure 3D shows the entropy distribution in the beta band as a function
of response time for channel TP10, where the strongest correlation was found. The data points are fitted with a
regression line, and the blue area represents the 95% confidence interval. The negative slope of the regression line
indicates that the higher entropy in the beta band is associated with shorter response times.

4 Discussion

In this paper, the neurophysiological correlates of performing the visual search task in middle-aged schoolchildren
are investigated. The main goal was to identify the relationship between the entropy characteristics of the brain
rhythms energy and the effectiveness of the task. We used RQA to analyze energy entropy in various EEG frequency
ranges and performed a correlation analysis to identify significant relationships between entropy and reaction time.
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We found many statistically significant correlations between reaction time in visual search tasks and entropy in
the alpha and beta ranges. For the alpha rhythm range, significant correlations were observed in the dorsolateral
prefrontal cortex (AFz), premotor cortex (FC2, FC1), frontal eye fields (F2), and somatosensory association cortex
(C1, Cz) regions. The entropy of beta rhythm energy correlated with a larger group of channels in the dorsolateral
prefrontal cortex (AF3, AF4, AFz), frontal eye fields (F4), temporal lobe (FT9, TP9, FT10, TP10, T7, TP7, C5),
Broca’s area (FCb), parietal lobe (CP4, CP6, C4, P4, P1, P2, Pz, P3, P5, CPz, CP1, CP3), and primary visual
cortex (Oz).

The results obtained are in good agreement with known data on the processing of visual information [48]. Visual
information processing begins in the primary visual cortex (V1) and continues along two main pathways: ventral
and dorsal [48, 49]. The ventral pathway extends into the temporal lobe and is responsible for object recognition.
The dorsal pathway leads to the parietal and prefrontal cortex and is responsible for visually guided movements
and attention control. Additionally, for each ascending connection, there is a corresponding descending connection
that carries information about the behavioral context [49]. Furthermore, it has been shown that visual processing is
closely linked to a model of frequency-specific directional interareal influences. In this model, top-down processing
is primarily carried out through the synchronization of alpha and beta frequency ranges [50-52].

Thus, our results indicate that the entropy of brain rhythms reflects the frequency and regional characteristics
of visual information processing. High entropy in the alpha and beta ranges is associated with more efficient
processing and indicates increased complexity in the recorded signals. This complexity is possibly the result of a
dynamic reorganization of neural networks and the involvement of various groups of neurons that adapt to new
contexts, which contributes to more efficient information processing.

The multiple correlations found indicate that entropy can serve as an objective marker of task performance
for brain-computer interfaces. We have demonstrated that the entropy of brain rhythms is closely related to task
performance effectiveness. High entropy, associated with efficient information processing, can be utilized to develop
advanced brain—computer interfaces that better adapt to individual user characteristics and enhance the efficiency
of brain—computer interaction [53, 54].

This study has several limitations that must be acknowledged, as they may impact the generalizability of the
findings. The primary limitation is the relatively small sample size, which may reduce the statistical power and
restrict the broader applicability of the results. Furthermore, the sample was limited to school-aged children (8-12
years), which narrows the scope of extrapolating the findings to other age groups.

5 Conclusions

Our study demonstrates that the entropy of brain rhythms in the alpha and beta ranges is an important indicator
of the effectiveness of visual information processing. By analyzing the EEG signals of children performing visual
search tasks, we identified key correlations between entropy and reaction time, with high entropy indicating more
efficient data processing.

These findings are valuable for the development of brain-computer interfaces, since the detected biomarker can
be used as an objective indicator of the effectiveness of the task.

Thus, our results contributes to the understanding of the neurophysiological mechanisms underlying the pro-
cessing of visual information. At the same time, future studies could further investigate the found correlations with
respect to various age groups and tasks in order to generalize the results and increase the applicability of entropy
indicators.
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