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Abstract: Modern higher education is a complex process that directly affects the cognitive abilities of an indi-
vidual. Obtaining higher education is one of the global tasks of any state, since it is people who have received
higher education who determine the strategy of its development. However, higher education itself needs objec-
tive methods for assessing the capabilities of students in order to develop the most optimal programs for their
training.

In the presented work, an attempt was made to consider the possibilities of modern neuroscience within the
framework of freely available neurophysiological methods of non-invasive diagnostics, which can be applied to
the objectification of the cognitive profile of individuals receiving higher education.

The work considered both methods of direct observation of the power of rhythmic activity of known cortical
formations and a modern method of studying EEG - microstates, which allows characterizing the general work
of cerebral structures during the implementation of cognitive function.

The proposed methods, introduced into the examination complexes of applicants and students, can help in their
profiling and choosing the optimal system of teaching disciplines at the stage of obtaining higher education.

Key words: Cognitive processes, mirror neurons, EEG microstates, neurophysiology of healthy people, solving
cognitive problems, brain mapping.

Introduction

Obtaining higher education is one of the global tasks of any state, since it is people who have received higher
education who determine the strategy of its development. However, higher education itself needs objective
methods for assessing students’ capabilities in order to develop the most optimal programs for their training. A.R.
Luria back in the 70s of the last century [1] linked the thought process with individual functional and structural
areas of the cerebral cortex and, relying on factor analysis, identified several types of intellectual process disorders.
However, the development of technologies of that time did not allow the creation of an objective system confirming
medical observations. At the end of the last century, thanks to the rapid development of medical technologies,
new theories and methodological developments appeared that make it possible to implement the ideas of A.R.
Luria at a new stage in the development of neuroscience with the formation of new objective technologies for
assessing human thinking. These are the opportunities that are necessary for modern higher education to develop
new and effective training programs. Nevertheless, the main difficulty of objective research is the impossibility
of conducting direct invasive studies in humans due to the position of cerebral structures inside the skull. When
organizing an experiment on animals, this limitation can be circumvented by using invasive electrode systems,
but in healthy people (and especially in the case of studying cognitive function), such methods are not used for
ethical and medical reasons, and cases when invasive research of neural activity in people becomes possible are
mainly associated with studies of pathological conditions with complex pathogenetic mechanisms, therefore,
they do not represent a convincing model of a healthy brain. 27
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Therefore, modern scalp electroencephalography (EEG), including a powerful system of mathematical processing,
allows observing changes in the functional activity of neural structures with a high degree of temporal resolution,
almost in real time. Of the presented methods, EEG is a fairly simple and accessible method for the researcher to
study the functional activity of brain structures, the advantage of which is to obtain direct information about the
state of the neural connection system. The introduction of modern methods of mathematical signal processing
has made it possible to overcome the shortcomings of the classical technique to a certain extent and bring the
accuracy of the method closer to the level of neuroimaging methods. What systems and technologies require
special attention in the objectification of cognitive functions? Mirror Neuron System Currently, the mirror neuron
system is considered to be the basis of human learning based on teacher-student interaction. This effect was
first described in the early 1990s by Italian neurophysiologists Giacomo Rizzolatti and his colleagues, based on
changes in the activity of the premotor cortex of macaques not only when the animal performs a certain action, but
also when observing a similar action performed by another animal [2]. This discovery gave rise to the hypothesis
that similar cells are present in humans, responsible for understanding the actions, intentions, emotions of other
people and imitative behavior. The mirror neuron hypothesis is interesting primarily because it allows us to
explain the mechanisms of inclusion of an individual in society, which attracts the attention of researchers both
in the section of normal physiology of brain structures and in the context of its pathological changes. For example,
imitation learning using a mirroring system is used to correct social skills in patients with autism spectrum
disorders and to restore motor functions after the development of acute cerebrovascular accident, where an
improvement in motor capabilities is noted [3,4] Also, an important place among therapeutic methods is occupied
by mental training, consisting of mental repetition of movements, which is used to improve motor control in
Parkinson’s disease [5] and post-stroke rehabilitation [6-8] One of the putative neurophysiological markers of
mirror activity in humans is the mu rhythm (8-13 Hz) in the sensorimotor cortex, first described by A. Gasto in
1954 [9]. According to modern studies, the presence of the mu rhythm is associated with the functioning of the
mirror system, as evidenced by its reduction with age along with a decrease in the degree of manifestation of
imitative behavior. But the results of the studies are contradictory: in some works the correlation between mu-
suppression and observation is confirmed, in others such a connection is not found [10-13] EEG - microstates as
a reflection of the activity of individual neural networks. In 1998, this phenomenon attracted the attention of D.
Lehmman, studying individual variants of changes in EEG maps, he came to the conclusion that the bioelectrical
activity of the brain can be represented by a repeating sequence the activity of individual and fixed in time patterns
of distribution of biopotentials on the scalp surface of the head [14,15] Their duration is about 40-120 ms, and
the source is individual neural pools demonstrating synchronous activity. Further study of the phenomenon of
EEG microstates showed that four configurations are most often repeated in healthy subjects, which made it
possible to define them as separate classes of EEG microstates and to link their activity with the structures of
passive brain function. [16-19] Solving the inverse EEG problem as a basis for linking functional activity with
known anatomical structures of the brain. The main characteristics of EEG microstates allow us to evaluate the
structural and functional organization of large neural networks of the brain, but to take into account the spatial
characteristics of cerebral activity, EEG data must be subjected to the so-called solution of the inverse problem.
One of the solutions to this problem was the development of R.D. Pascual-Marqui software package for EEG signal
analysis with the ability to solve the inverse EEG problem, called Low Resolution Electromagnetic Tomography
(LORETA) [20]. With the addition in 1999 of quantitative neuroanatomy based on templates provided by the Brain
Imaging Center of the Montreal Neurological Institute (MNI), LORETA technology reached a level comparable to
classical functional imaging methods such as PET and fMRI [21,22].

The aim of the study was to determine the possibility of using currently known technologies for neurophysiological
examination of the bioelectrical activity of the brain for the prospective development of a method for analyzing
the mental characteristics of relatively healthy people to be able to select the optimal model for their training.

Materials and Methods

The study involved 41 people, MEPhI students aged 18 to 25, who voluntarily expressed a desire to participate
in the experiment. The average age of the subjects was 21 years * 1.3 years (minimum - 18 years, maximum - 26
years, mode - 21 years, median - 21 years). The age distribution characteristics are normal (Kolmogorov-Smirnov
testp < 0.01).

The inclusion criteria were voluntary consent to the study, current full-time education at MEPhI and understand-
ing of the goals and objectives of the study.

The exclusion criteria were voluntary refusal to complete tasks, refusal to participate in the experiment, physical
and psycho-emotional exhaustion, taking psychoactive drugs during the experiment, including those prescribed
by a doctor. 28
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The exclusion criteria were the development of acute respiratory viral infections during the study and failure to
follow the instructor’s commands. Cognitive status was assessed using a battery of tests from the Federal Center
for Brain and Neurotechnology of the Federal Medical and Biological Agency of Russia. The following tests were

used: “Memory”, “Recognition”, “Praxis”, “Attention”, “Thinking”, presented in the form of a computer program
with free external access via the Internet [23].

At the next stage of the experiment, all subjects underwent an EEG study of the mu-activity of the brain under
conditions of passive relaxed wakefulness with open eyes and during the test load. A 19-channel interface was
used according to the “10-20” system with a common average-weighted electrode to exclude distortions of the
EEG signal arising from the difference in distances between the active and reference electrodes. In order to sup-
press alpha activity, all studies were conducted with the eyes open, which allowed us to suppress the alpha activ-
ity of the 17th, 18th, 19th, 29th, 30th and 31st Brodmann areas, which are the cortical centers of the visual and
retrosplenial systems of the brain, as well as the parietal structures related to the tertiary centers of the cortex.

The mu-range of EEG frequencies was isolated using a narrow-band signal filtering system between frequen-
cies of 9 Hz and 15 Hz. The localization characteristics of the mu-rhythm were determined using a two-dimen-
sional map based on frequency analysis of the signal using the fast Fourier transform (FFT) method using the
EDF-browser software product, which has a free, open-source license, and is controlled by the freely distributed
GNU/Linux system. The criterion for detecting mu-activity was the recording of a rhythmic signal under the C3
and C4 electrodes, since these electrodes are located directly above the Rolandic region and most effectively re-
cord the mu-range signal. The frequency of the selected signal was recorded and subsequent studies of changes
in signal power were conducted only at this frequency.

Rhythmic clenching and unclenching of the hands was chosen as a motor test, since the hand has the greatest
representation in the motor cortex and they are most distant from each other in space, which avoids distortion of
the studied signal due to its summation and superposition.

The first test is active movement of the hands for three minutes, the second is observation of the instructor per-
forming similar actions.

EEG microstates are limited and stable changes in scalp potential representing the work of individual neural net-
works of the brain. In our study, we analyzed 8 unique classes of EEG microstates, including both 4 classical and 4
additional ones. The following indicators were studied: the percentage of the contribution of MC to the total SPC
(average values); the frequency of occurrence of one class of MC in 1 sec (average values) and the lifetime of one
microstate in sec. The selection of individual EEG classes - microstates, was an automatic procedure for process-
ing the EEG signal (previously subjected to procedures for removing artifact activity), based on the technology of
clustering given signal types, implemented on the SLORETA v.20210701 application package, The KEY Institute
for Brain-Mind Research, Univ Zurich, Switzerland.

The solution of the inverse EEG problem for each EEG class - microstates was also carried out by mathematical-
ly solving the problem of determining the localization of the dipole in a three-dimensional model of the head,
limited by 3 types of tissue and excluding solutions that go beyond the presented model. All calculations were
performed using an automatic tool from the SLORETA v.20210701 package, The KEY Institute for Brain-Mind
Research, Univ Zurich, Switzerland, which excluded the influence of the human factor on the result. Statistical
processing of the results was performed using the PSPP software product (GNU PSPP version 1.6.2-g78a33a,
software for statistical analysis. Copyright © 1997, 1998, 2004, 2005, 2009, 2012, 2013, 2014, 2016, 2019, 2020
Free Software Foundation, Inc), running the freely distributed GNU/Linux system.

Results

The study revealed statistically significant suppression of the mu rhythm both during active movement
performance (change in average power from 0.76 to 0.30 uV? in C3 and from 0.59 to 0.19 uV? in C4, p<0.001) and
during observation of the instructor (up to 0.29 pVZin C3 and 0.27 uV? in C4, p=0.003). There was no statistically
significant difference between the change in mu activity during active movement and during movement
observation (p=0.9) (Table 1).

29
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Table 1: Changes in mean mu rhythm power during motor tasks and their comparative statistics
(paired Student’s t-test)

Position Rest Test Active movement | Observation Rest test Active Observation
(MxB?) (MxB?) (MxB?) movement
C3 0,76 0,30 0,29 p<0,001 p=0,003 p=0,9
C4 0,59 0,19 0,27 p<0,001 p=0,001 p=0,2

Table 2: Changes in mean mu rhythm power with gender division and their comparative statistics
(paired Student’s t-test)

Group | Position Restz Active mo‘;ement Observaztion Rest Active Rest _ Active move_ment
(MxB~) (MxB*) (MxB*) movement | Observation Observation
M C3 0,83 0,34 0,37 0,01 0,04 0,1
M C4 0,57 0,17 0,34 0,9 1 0,6
F C3 0,67 0,25 0,19 0,01 0,03 0,5
F C4 0,62 0,21 0,17 0,02 0,01 0,4

However, division of the main group depending on the results of the cognitive test (Table 3) revealed the following:
in group I (high results), a reliable change in mu-activity was recorded only in the right hemisphere of the brain
during both tests, while in the left, reliable changes in power were recorded only when performing the test with
active movement; in group Il (average results), reliable changes in the power of the mu-rhythm were noted in
both hemispheres; in group III (low results), there was no reliable change in the power of the mu-rhythm, both
during observation and during active movement (Table 4).

Table 3: Mean scores of cognitive testing

Group | Memory | Recognition | Praxis | Attention | Thinking | Mean
I 4,4 50 50 4,7 4,7 4,8
11 31 4,8 4,7 3,6 4,3 4,1
I11 1,6 4,3 3,6 0,8 3,8 2,8

Table 4: Changes in mean mu rhythm power by cognitive performance group and their
comparative statistics (paired Student’s t-test)

Group Test Cc3 , Cc4 , Rest - Active Rest - Active movel.nent
(MxB*) [ (MxB*) movement Observation - Observation
1 Rest 0.9 08 | 3 ca c3 C4 c3 C4

(high results) | Active movement 0,3 0,2

Observation 0,2 0,3 p<0,01 | p=0,02 p=0,1 p=0,06 p=0,6 p=0,2
Rest 0,9 0,8

(middleHresults) Active movement 0,4 0,3 |[p=002]| p=0,03 | p=0,01 | p=0,02 | p=0,3 p=0,8
Observation 0,2 0,3
Rest 0,6 0,5

(low ll‘izlsults) Active movement 0,2 0,2 p=0,3 | p=0,2 | p=0,04 p=0,4 p=0,8 p=0,4
Observation 0,3 0,3

Characteristics of indicators of individual EEG classes - microstates
Below are the average values for the selected individual 8 EEG classes - microstates obtained during the experi-

ment for three observation groups, selected depending on the performance of the cognitive test.
30
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Table 5: Characteristics of changes in the main indicators of individual EEG classes
microstates in the examined groups (I - III)

% contribution of MS to the total SCP (average values)

I Group I II 111 v \% VI VII VIII
Rest 0,13 0,12 0,09 0,12 0,11 0,17 | 0,14 | 0,12
Active movement 0,13 0,11 0,13 0,12 0,12 0,14 0,13 0,11
Observation 0,13 0,13 0,12 0,12 0,12 0,13 0,11 | 0,14

II Group I II III v \% VI VII VIII
Rest 0,12 0,12 0,13 0,14 0,12 0,12 0,12 | 0,12
Active movement | 0,11 0,13 0,12 0,13 0,12 0,12 0,12 | 0,15
Observation 0,13 0,12 0,13 0,13 0,12 0,13 0,11 0,14
III Group I II III v \% VI VII VIII
Rest 0,12 0,15 0,13 0,10 0,13 0,10 | 0,15 | 0,14
Active movement 0,13 0,12 0,12 0,12 0,13 0,13 0,13 0,13
Observation 0,12 0,13 0,12 0,12 0,11 0,14 | 0,13 | 0,12

Frequency of occurrence of one class of MS in 1 sec (average values)

I Group I II 111 v \% VI VII VIII
Rest 2,30 2,22 1,98 2,18 2,20 2,45 2,31 | 2,37
Active movement 2,38 2,27 2,44 2,09 2,35 2,51 2,35 | 2,15
Observation 2,14 2,09 1,91 2,13 2,28 2,13 2,17 | 2,32

II Group I II 111 IV \% VI VII VIII
Rest 2,21 2,03 2,23 2,38 2,13 2,19 2,22 | 2,12
Active movement 1,81 2,25 2,16 2,23 2,07 2,20 2,01 2,31
Observation 2,25 1,96 2,28 2,40 2,04 2,29 194 | 2,29
III Group I II 111 1\" \% VI VII VIII
Rest 1,89 2,26 2,08 1,77 2,22 1,77 2,31 | 2,28
Active movement 2,28 2,22 2,21 2,19 2,23 2,25 2,28 2,29
Observation 2,15 2,29 2,21 2,07 2,07 2,35 2,23 | 2,11

Lifetime of 1 ms per sec (average values)

I Group I II III v \% VI VII VIII
Rest 0,06 0,06 0,06 0,06 0,06 0,07 | 0,07 | 0,06
Active movement | 0,06 0,05 0,06 0,06 0,06 0,06 | 0,06 [ 0,05
Observation 0,07 0,06 0,07 0,06 0,06 0,07 | 0,06 | 0,06

II Group I II III v \% VI VII VIII
Rest 0,06 0,06 0,06 0,06 0,06 0,06 | 0,05 [ 0,06

Active movement 0,06 0,06 0,06 0,06 0,06 0,06 0,06 | 0,06

III Group I II 11 IV \% VI VII VIII
Rest 0,06 0,06 0,06 0,06 0,06 0,06 0,07 | 0,06
Active movement 0,06 0,05 0,06 0,06 0,06 0,06 0,06 0,06
Observation 0,06 0,06 0,06 0,06 0,06 0,06 0,06 0,06
Observation 0,06 0,06 0,06 0,06 0,06 0,06 0,06 | 0,06
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Figure 1: Graphical representation of changes in the main indicators of individual EEG classes
(1-8) - microstates in the examined groups (I - III).

As can be seen from the presented, reliable changes (p<0.05) were recorded when registering the % of microstate
registration in the general scalp potential and the microstate lifetime indicator. The frequency of occurrence
indicator did not demonstrate statistically significant changes (p>0.05), which was an expected result, since all
participants did not have established neuropsychological diseases, the nature of which could be associated with
the structural pathology of individual neural networks and their connections. Group II of the examined subjects,
which showed average results in testing, differed from Groups I and III in more stable % of registration in the
general SCP and frequency of registration when performing the test with movement - observation. In Group I,
stable indicators were noted only in the frequency of registration indicators, and in Group III, instability was
noted in the background recording indicators.

Solution of the inverse EEG problem for each individual EEG microstate with the allocation of a separate
neural network

Calculation of the solution of the inverse EEG problem for each class of EEG - microstates and reflection of the
resulting sequence in the coordinate system Brodmann field - registration frequency, shown in the figures.
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Figure 02: Solution of the inverse EEG problem in subjects (I-1II groups) in a state of passive
relaxed wakefulness (Background) for 52 Brodmann areas.
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Figure 03: Solution of the inverse EEG problem in subjects (I-III groups) in a state of active test
execution (Movement) for 52 Brodmann fields.
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Figure 04: Solution of the inverse EEG problem in subjects (I-1II groups) in the state of observing
the instructor’s actions (Observation) for 52 Brodmann fields.

As can be seen from the above, in all observation groups, the results formed three main groups of solutions to
the inverse EEG problem, of which the first was of greatest interest, combining Brodmann areas from the first to
the eleventh, since the second and third reflected the activity of the visual (fields 17-19) and auditory (fields 21
- noise perception, 39,40, 44, 45 - speech perception and speech production). Brodmann area 47 was separately

considered as a general indicator of prefrontal cortex activity.
33
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Analysis of the activity of Brodmann areas 7 and 10, reflecting the interaction of the prefrontal cortex and the
structures of the tertiary cortex of the parietal, representing the center of construction and information processing,
made it possible to determine that in a state of rest, the greatest activity of the cortical structures in group III of
subjects was localized in Brodmann area 10, the structures responsible for the function of long-term memories.
At the same time, the activity of this area in representatives of groups I and Il was almost equal.
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Figure 05: Solution of the inverse EEG problem in subjects (I-1II groups) in a state of
passive relaxed wakefulness (Background) for 10 and 7 Brodmann areas.
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Figure 06: Solution of the inverse EEG problem in subjects (I-IIl groups) in the state of
performing an action (movement) for 10 and 7 Brodmann areas.
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Figure 07: Solution of the inverse EEG problem in subjects (I-IIl groups) in the state of
observing the instructor’s action (observation) for 10 and 7 Brodmann fields.

During the exercise test, the activity of the 10th Brodmann area significantly (p<0.05) increased in the
representatives of the second group of subjects, while the first group showed an increase in the activity of the 7th

Brodmann area (p<0.01).
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Discussion

The conducted studies show the possibilities of non-invasive diagnostics in determining the cognitive capabilities
of students, which can be used to determine the capabilities of students during their learning process.

A comparison of the methods used in the study shows that direct analysis of the rhythm power is a more sensitive
technique for determining local changes in the characteristics of the bioelectric activity of cerebral structures. At
the same time, the use of EEG microstate analysis with the solution of the inverse EEG problem is a less sensitive
method due to the averaging of the indicators that arise when choosing a primary model at the stage of clustering
the native EEG record. However, the main advantage of EEG microstate analysis is the direct characteristic of the
activity and interaction of all cortical structures involved in the formation of the native EEG record, which allows
us to evaluate the characteristics of the entire neocortex under examination, and not just its individual sections,
which allows us to more fully evaluate the general cognitive process and its disorders arising from the disruption
of the structure of individual neural networks. Probably, this is what was associated with the identified change in
the characteristics of the activity of the prefrontal and tertiary cortex structures, identified using all the methods
used in our study, which is consistent with earlier studies [24-26].

Conclusions and Suggestions

The change in the mu rhythm in the right hemisphere of the subjects of Group I, who showed excellent results in
cognitive testing, as well as the increased activity of Brodmann'’s area 7, revealed in them during the test, indicates
that cognitively more successful students, using the systems of the right hemisphere, immediately assessed
the situation and made an appropriate decision, bypassing the stages of logical analysis. Similar changes were
observed [27-29] when studying the effectiveness of cognitive stimulation therapy in older people. Subjects with
average test results (Group II) showed reliable changes in both hemispheres, which, in our opinion, characterized
the so-called normal state of the cognitive sphere and, accordingly, the mirror neuron system, more often observed
in students than the results of Groups I and III of subjects.

Thus, it was Group II of subjects that represented the main type of cognitive activity, which is the basis for the
formation of student training programs, since excellent results were ensured only by the prevalence of individual
cognitive mechanisms with possible basic imperfection of the main neural structures, and poor results were
characterized by general functional imperfection of neural networks. Similar results can be observed in works
[30-32] that also used the EEG-microstate method to analyze cognitive processes. The proposed methods,
implemented in the examination complexes of applicants and students, will be able to help in their profiling and
selection of the optimal system of teaching disciplines at the stage of obtaining higher education.
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