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Establishing a link between the objective research data and 
the thought process is one of the major issues of modern 
neurophysiology. Currently, activity in the neural structures 
of the brain is studied by functional brain imaging methods, 
such as functional magnetic resonance imaging (fMRI) and 
positron emission tomography (PET), and neurophysiological 
techniques based on the electroencephalography/
magnetoencephalography (EEG/MEG) studies in various 

modalities (continious or discrete EEG). All these methods have 
disadvantages, resulting in difficulties in data interpretation. 
Thus, functional brain imaging methods detect the major 
changes in the neuronal activity over a rather long period of 
time. Regardless of the almost direct temporal relationship with 
brain activity, continious EEG/MEG is so complex and diverse 
that it is unable to precisely answer the question, which neural 
structures are responsible for its formation. In case of discrete 
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НЕЙРОФИЗИОЛОГИЧЕСКОЕ ИССЛЕДОВАНИЕ РЕЧЕВОЙ ФУНКЦИИ У ЛИЦ, 
ПЕРЕНЕСШИХ ЛЕГКУЮ ФОРМУ COVID-19

Одной из наиболее важных проблем современной нейрофизиологии является установление связи между данными объективных исследований 

и мыслительным процессом. Целью исследования был объективный анализ причин развития когнитивных дисфункций у лиц, перенесших легкую 

форму новой коронавирусной инфекции, с помощью технологии решения обратной ЭЭГ-задачи. Проведено обследование 38 человек, перенесших 

COVID-19 и вернувшихся к выполнению профессиональных обязанностей. Контрольную группу составили 33 здоровых человека. ЭЭГ регистрировали 

с помощью 128-канальной системы с усредненным референтом. Полученные данные сегментировали с выделением отдельных ЭЭГ-микросостояний и 

преобразовывали с помощью алгоритма решения обратной задачи ЭЭГ, реализованном в пакете прикладных программ sLORETA. У лиц, не болевших 

COVID-19, в состоянии пассивного расслабленного бодрствования во всех классах ЭЭГ-микросостояний присутствует компонент ритмической 

активности 47-го поля Бродмана, ответственного за восприятие и реализацию музыки (0,01 < p < 0,05; χ2-test). Слухоречевая нагрузка характеризовалась 

появлением ритмической активности над полями 22, 23, 37, 39, 40, 44, 45 и 47. У переболевших новой коронавирусной инфекцией в состоянии 

пассивного расслабленного бодрствования ритмическая активность была зарегистрирована над полями 22, 37, 39, 40. При слухоречевой нагрузке 

ритмическая активность выделялась над полями 37, 39 и 41 (p < 0,05; χ2-test). Таким образом, у лиц, перенесших COVID-19, выявлены изменения 

реализации речевой функции в виде дезорганизации последовательности включения основных речевых центров.
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recording widely used to study the neural structures responses 
to external stimuli (evoked potential (EP) tests), this method 
provides information on the nervous tissue direct response to 
the selected stimulus, which makes it impossible to study brain 
fuction as a whole even in case of recording long-latency EPs, 
resulting in determining recognition of a particular stimulus [1].

Thus, to study cognitive processes, a method is required 
for selection of different variants of continious activity, which 
can currently be implemented by using clustering algorithms [2] 
with subsequent conversion of the results through solving the 
inverse EEG problem [3–5]. 

These studies are of particular interest in individuals having 
disorders that result in mild cognitive impairment, which is 
difficult to diagnose by common clinical assessment methods. 
The post-COVID syndrome observed in people having a history 
of novel coronavirus infection (COVID-19), even the mild form, is 
of interest as an example of the specific case of such disorder.

According to the current logic, the impact of COVID-19 
on the central nervous system (CNS) is beyond question: 
like other coronaviruses, it can invade the CNS via both 
hematogenous and neuronal pathways. However, the virus 
is quickly neutralized, that is why there is usially no clinically 
significant damage to brain matter or meninges [6, 7]. At the 
same time, the reports of COVID-19-associated neurological 
manifestations show that cerebral symptoms, such as 
headache and dizziness (13.1–16.8% of cases), together with 
anosmia and hypogeusia/ageusia (up to 83% of observations) 
are most common in patients with novel coronavirus infection 
[8]. Cerebrovascular events are registered in 2–17%, and 
seizure in 1% of cases (similar to their prevalence in the 
population). This suggests that these secondary disorders 
result from hypoxia and electrolyte imbalance, as well as from 
the effects of the products of immune response. The rodent 
and neuronal cell culture studies have demonstrated viral RNA 
invading cells and subsequent massive deaths of neurons [9]. 
However, clinical reports of the direct damage to brain matter in 
the form of encephalitis are rare [10–12]. Nevertheless, autopsy 
of those who died from COVID-19 [13–16] revealed viral RNA 
transcripts in the tissue of cranial nerves in 40% of cases, 
as well as viral proteins in endothelial cells of the olfactory 
bulb. The main neurological manifestations of COVID-19 are 
represented by cerebral simptoms and/or damage to specific 
cranial nerves; it is necessary to exclude other causes in case 
of any structural brain tissue changes.

The nature of neuropsychiatric disorders observed in about 
25% of patients with COVID-19 remains poorly understood. 
According to some reports, anxiety disorders/phobias 
(8.5–28.8%) and depression (9.5–16.5%) are the most 
common. However, in patients with severe COVID-19, these 
could be attributed not to the effects of the virus itself, but 
to stress related to the fact of infection, isolation, stay in the 
intensive care unit, fear of death or further development of 
various complications [17].

Under these circumstances, diagnostic methods capable 
of objectifying clinical manifestations are of some interest. 
However, meta-analysis of EEG recordings obtained from 
308 patients with COVID-19 revealed non-specific changes in 
the majority of cases; paroxysmal EEG activitiy was detected in 
20.3% of cases, the confirmed seizures and status epilepticus 
were observed in 2.05% [18]. Other authors, who had explained 
specific changes in EEG by the condition severity, hypoxia-
ischemia, and the resulting secondary neurological disorder, 
reached almost the same conclusion [19].

These findings are entirely to be expected: regardless of 
the direct routes of invading the nervous tissue, the effects of 

COVID-19 are characterized by diffuse processess with no focal 
destruction of nerve cells, accompanied by bioelectrical brain 
activity alterations associated with various neuropsychiatric 
syndromes. That is why objectifying such “cerebral” alterations 
requires the use of slightly different methods. 

The study was aimed to find an opportunity to perform 
objective analysis of the causes of cognitive impairment in 
individuals having a history of mild COVID-19 by EEG and 
solving the inverse neurophysiological problem.

METHODS

Main group

A total of 38 COVID-19 survivors were assessed, who had 
returned to work. Inclusion criteria: all subjects were right-
handed; no history of severe traumatic brain injury and mental 
disorders; the age of the subjects was 38.6 ± 2 years. Exclusion 
criteria: smoking; taking pharmacologically active substances 
due to chronic disorder.

All the participants were working people who had a relevant 
special educational background. A total of 35 (92%) individuals 
were employed at the time of the study. The majority of 
volunteers, 37 individuals (97%), lived in families. None of the 
subjects were disabled. The majority of subjects, 35 individuals 
(92%), were right-handed. 

Neuropsychological testing was performed using the 
Montreal Cognitive Assessment score (MоCA), which was 
chosen due to scope of its coverage of various cognitive 
functions and sensitivity compared to other scores for detection 
of mild to moderate cognitive impairment [20]. However, the 
testing results defined the average score of 26 (variation 3, 
minimum score 25, maximum score 28), which confirmed no 
cognitive impairment.

T1- and T2-weighted MRI scans in the suppression and 
diffusion modes revealed alterations in only two subjects (5% 
of all cases). In the first case, the findings were represented by 
chronic cerebral venous sinus thrombosis, and in the second 
case these were represented by small vessel disease. Both 
findings were not associated with the history of COVID-19.

Control group

A total of 33 healthy people were enrolled who had volunteered 
to take part in the experiment. Their age ranged between 
19–60 years; the average age was 32.37 ± 9.44 years; the 
volunteers' educational background was equivalent to that of 
the subjects in the index group.

General characteristics of methods

The eyes-closed resting state EEG was recorded in the 
darkened room using the 128 channel HydroCel-128 system 
(Magstim; USA) with an average reference, combined with 
the EGI-GES-300 bioamplifier (Magstim; USA). The resulting 
signal was converted into a digital form by discrete sampling 
with a sampling rate of 500 Hz, thus allowing to eliminate 
signal distortion in the frequency range of 1–250 Hz. The signal 
bandwidth with the applied 50-Hz notch filter was 0.5–70 Hz, 
which made it possible to integrate the main ranges of interest. 
No recording was performed within a minute after connecting a 
volunteer to the device in order to eliminate movement-related 
artifacts resulting from the subject's maladaptation. 

Impedance, the total resistance of the neural interface 
electrodes, was maintained within 10 kOhm. It was 
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Table 1. Comparative characteristics of the class 1–6 EEG microstate duration in controls

Note: m — mean; SD — standard deviation.

Class 1 Class 2 Class 3 Class 4 Class 5 Class 6

m SD m SD m SD m SD m SD m SD

Resting state 0,02 0,01 0,02 0,01 0,03 0,01 0,02 0,01 0,03 0,01 0,02 0,01

Task state 0,04 0,01 0,04 0,01 0,04 0,01 0,04 0,01 0,05 0,01 0,04 0,01

р (t-test) < 0,001 < 0,001 < 0,001 < 0,001 < 0,001 < 0,001

Table 2. Comparative characteristics of the class 1–6 EEG microstate duration in individuals having a history of novel coronavirus infection

Table 3. Comparative characteristics of the class 1–6 EEG microstate occurrence in controls

Notе: m — mean; SD — standard deviation.

Note: m — mean; SD — standard deviation.

Class 1 Class 2 Class 3 Class 4 Class 5 Class 6

m SD m SD m SD m SD m SD m SD

Resting state 0,04 0,02 0,04 0,02 0,04 0,01 0,05 0,02 0,04 0,02 0,05 0,01

Task state 0,04 0,02 0,04 0,02 0,04 0,01 0,04 0,01 0,05 0,01 0,04 0,02

р (t-test) > 0,5 0,4 > 0,5 > 0,5 0,02 > 0,1

Class 1 Class 2 Class 3 Class 4 Class 5 Class 5

m SD m SD m SD m SD m SD m SD

Resting state 6,18 3,43 6,57 3,48 5,65 3,91 5,66 3,93 5,71 4,09 5,40 3,80

Task state 3,88 0,00 3,88 0,00 3,88 0,00 3,88 0,00 3,87 0,01 3,88 0,00

р (t-test) < 0,01 < 0,001 0,01 0,01 0,01 0,02

continuously monitored throughout the study in accordance 
with the manufacturer's instructions. 

A pool of functional tests included recording the eyes-
closed resting state EEG that was considered the resting-state 
bioelectrical activity, and recording EEG under auditory-speech 
load (listening to a short story in the subject's native language). 
This made it possible to obtain environmental changes defined 
by activation of only one cognitive function with the relatively well 
understood architecture of cortical processing in accordance 
with the modern two-stream  hypothesis [21]. 

The results were further processed and analyzed. Other 
electrical devices that created spurious electromagnetic 
emissions were turned off to minimize signal artifacts; we 
also controlled impedance of the interface, maintained room 
temperature, minimized facial muscle artifacts. The data 
pool obtained was filtered with the 1–70 Hz wide band filter. 
Standardization of electrode positioning to obtain single EEG 
electrode space and separation of the signal into independent 
components allowing one to remove various artifacts of physical 
and biological origin, that had not been eliminated from the 
EEG signal at the first stage, were performed. Subsequently, 
microstate segmentation of the EEG signal was performed 
by k-means clustering or the adhesion-spraying method to 
define six microstate classes taking into account variability 
of the classes 5 and 6 [22–24]. The final phase of research 
included analysis of the EEG source localization for each of the 
distinguished EEG microstate classes in accordance with the 
method by R. Pascual-Marqui with the use of the algorithm for 
solving the inverse EEG problem implemented in the sLORETA 
software package [25, 26].

The findings provided information on both the resting state 
and task state bioelectrical brain activity. Six classes of EEG 
microstates were assessed separately taking into account the 
following characteristics: 1) microstate duration, seconds; 
2) microstate occurrence per second; 3) EEG microstate 
contribution to the total energy of the scalp field (coverage). 
The main cortical area was defined for each case of the EEG 

microstate sequence and for each EEG microstate class in 
accordance with the Brodmann's map.

Statistical data processing 

Statistical processing of the results was performed using the 
GNU-PSPP software package for GNU ОС Linux Mate 10.10 
(Canonical ltd.; UK). Statistical analysis included the following 
steps: the data were tested for reliability or internal consistency 
by the Cronbach's alpha method (0.05 < α < 0.5), after that 
factor analysis was used to define the main factors for further 
analysis. The results were compared using t-test to define the 
significance of changes due to the influence of the selected 
factor in one of the study groups and one-way analysis of 
variance (ANOVA) to define the influence of individual factors 
on different comparison groups. Pearson's chi-squared test (χ2) 
was used to assess changes in the groups were the results 
obtained were in the form of qualitative characteristics. A single 
degree of freedom was used for all calculations; the accepted 
significance level was α > 0.05. 

The previously reported guidelines were used to develop a 
common method for statistical analysis [27].

RESULTS

Comparative characteristic of EEG microstates recorded 
during realization of speech function 

Comparison of the EEG misrostate characteristics under 
functional load using the paired t-test showed the following: 
in controls engaged in listening or active speech production, 
all three major indicators (duration, occurrence, and coverage) 
were significantly (p < 0.05) different from those obtained in a 
state of relaxed wakefulness. At the same time, in COVID-19 
survivors, there were no such differences in the characteristics of 
bioelectrical activity between the resting state and the situation 
of auditory-speech load. In the vast majority of comparisons, 
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Table 4. Comparative characteristics of the class 1–6 EEG microstate occurrence in individuals having a history of novel coronavirus infection

Note: m — mean; SD — standard deviation.

Class 1 Class 2 Class 3 Class 4 Class 5 Class 6

m SD m SD m SD m SD m SD m SD

Resting state 3,88 0,00 3,88 0,01 3,88 0,00 3,88 0,00 3,88 0,00 3,88 0,01

Task state 3,88 0,01 3,88 0,00 3,88 0,00 3,88 0,01 3,88 0,01 3,63 0,95

р (t-test) > 0,5 0,4 > 0,5 > 0,5 0,4 0,2

Table 5. Comparative characteristics of the class 1–6 EEG microstate coverage in controls

Table 6. Comparative characteristics of the class 1–6 EEG microstate coverage in individuals having a history of novel coronavirus infection

Note: m — mean; SD — standard deviation.

Note: m — mean; SD — standard deviation.

Class 1 Class 2 Class 3 Class 4 Class 5 Class 6

m SD m SD m SD m SD m SD m SD

Resting state 17% 7% 15% 7% 17% 6% 17% 6% 16% 6% 18% 6%

Task state 15% 6% 17% 7% 17% 5% 16% 8% 20% 3% 15% 7%

р (t-test) > 0,5 > 0,4 > 0,5 > 0,5 0,02 0,1

Class 1 Class 2 Class 3 Class 4 Class 5 Class 6

m SD m SD m SD m SD m SD m SD

Resting state 17% 14% 19% 13% 17% 14% 16% 15% 18% 16% 13% 12%

Task state 17% 3% 17% 4% 16% 3% 17% 3% 18% 4% 16% 4%

р (t-test) 0,8 0,4 0,6 0,9 0,9 0,2

the differences were nonsignificant (p > 0.3). Significant 
differences (p = 0.02) were revealed during assessment of the 
class 5 EEG microstate coverage only (Tables 1–6).

Microstates source analysis by solving the EEG inverse 
problem

The sources of distinct EEG microstates were assessed using 
the algorithm for solving the inverse EEG problem. However, 
the algorithm is based on defining the power of scalp potentials, 
since this parameter defines not the excitatory functional area, 
but the areas producing rhythmic activity, thus forcing us to use 
the general term “activity” that represents the area of interest 
for the algorithm to be used, but is not equivalent to the term 
“excitation of nervous tissue”. 

However, the gradual transition from excitation of nerve centers 
to production of rhythmic activity was indicative of activity in distinct 
neuronal areas associated with the studied function realization. 
This made it possible to distinguish two main sequences, typical 
for cortical structures that produced rhythmic activity both in the 
state of relaxed wakefulness and under auditory-speech load, and 
locate the data obtained in accordance with the Brodmann’s map 
of cortical areas (see Figure).

The findings showed that no rhythmic activity was 
registered in controls within major Brodmann areas forming a 
cortical representation of speech (39, 40 and 44, 45), however, 
the components of rhythmic activity in the Brodmann area 47 
responsible for perception and realization of music were found 
in all classes of EEG microstates. The auditory-speech load 
was characterized by rhythmic activity within areas 22 (class 2), 
23 (class 6), 37 (classes 3–6), 39, 40 (classes 3–6), 44 (classes 
3, 4 and 6), 45 (class 6), and 47 (class 5), which formed the 
following centers: center responsible for perception of noise, 
Wernicke's area, Broca's area, and center responsible for 
perception of music. This was in line with the common 
perceptions of the speech function realization via dorsal stream 
of the dual stream model of speech processing.

However, other sequences of the recorded rhythmic patterns 
within the recorded classes of EEG microstates were found in 
COVID-19 survivors (see Figure), along with the reduced total 
number of EEG microstates involved in realization of speech function.

Thus, no rhythmic activity within Brodmann area 47 typical 
for controls was revealed in the state of relaxed wakefulness. 
At the same time, rhythmic activity was revealed within areas 22
(classes 1, 5, 6), 37 (class 3), 39, 40 (all classes of EEG 
microstates). Under auditory-speech load, rhythmic activity 
was detected within areas 37 (classes 1 and 3), 39 (classes 
4, 5, 6), and 41 (class 6).

DISCUSSION

The study of bioelectrical brain activity made it possible to 
substantially enhance the capabilities of EEG method and 
improve the accuracy of results, especially in the context of 
using a multichannel high density EEG system. 

Comparative analysis of the changing characteristics of 
EEG microstates also confirmed the functional changes in 
bioelectrical activity, which were based on the changes in the 
patterns of activity in distinct groups of neurons. Thus, the lack 
of changes in the EEG microstate coverage in healthy individuals 
and COVID-19 survivors showed preserved neural structures 
involved in realization of functions. However, the differences in 
duration and occurrence of distinct classes of EEG microstates 
demonstrated the functional connectivity disruption, which, 
according to a number of authors, was indicative of mismatch 
in the joint activity of separate neural networks [23, 24]. 

An almost complete regression of variability in the EEG 
microstate occurrence in the COVID-19 survivors, detected in all 
the specified classes, was of particular interest. We considered 
this phenomenon a crude manifestation of low compensatory 
ability being the sequelae of the disease in such people.

However, the most complete characteristics of bioelectrical 
changes in the COVID-19 survivors were shown when solving 
the inverse EEG problem, which made it possible to detect 
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Fig. Rhythmic activity occurrence in accordance with the Brodmann area in controls (А, B) and individuals having a history of novel coronavirus infection (C, D) in the 
state of relaxed wakefulness and under auditory-speech load; p < 0.05 (χ2-test)
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the disrupted sequences of the rhythmic activity registration 
within distinct brain structures and their association with the 
Brodmann's map of cortical areas. 

According to the results, impaired speech fuction realization 
manifested itself in the disrupted information flow through the 
ventral stream and impaired communication between the areas 
within Wernicke's area and Broca's area (dorsal stream), which 
resulted in communication disorders in the form of impaired 
perception of new information and difficulties in implementing 
the decisions.

This is probably associated with the effects of COVID-19 
on the neuronal structures, including those mediated by 
immunopathological processes, previously reported in 
experimental studies [19].

CONCLUSIONS

1. Individuals having a history of novel coronavirus infection 
who have returned to work after convalescence show 

objective changes in bioelectrical brain activity associated 
with unexplored mechanisms, underlying functional damage 
to neural networks, involved in realization of the higher 
brain functions. 2. Recovery of general EEG characteristics 
in people having a history of novel coronavirus infection 
occurs over a long period of time (at least six months), 
which provides the basis for dysfunction known as post-
COVID syndrome. 3. The results of solving the inverse EEG 
problem showed that COVID-19 survivors demonstrated 
alterations in realization of speech function in the form of 
the disordered sequence of switching on the main language 
centers. The study has shown that in people having a 
history of novel coronavirus infection, cognitive impairment 
undermining restoration of professional skills persists over 
a long time (up to six months). Such disorders are difficult 
to differentiate by clinical and brain imaging methods only, 
that is why recording and verification of these processes 
require developing the new multimodality neurophysiological 
assessment procedures.
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