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THE ISSUE OF PRESERVING INTERICTAL ACTIVITYIN LONG-TERM EEG STUDIES OF EPILEPSY
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Modern application of mathematical methods for analyzing EEG recordings is limited due to the phenomenon of information averaging. In these conditions, it is
important to find the most likely method for improving the quality of diagnosis of paroxysmal pathological patterns that have a short “life”, such as outbreaks and
subclinical paroxysms. The purpose of the study was to evaluate the possibility of excluding interictal activity from a long-term EEG study in order to achieve its
information “enrichment” by forming conditional sequences of pathological changes representing its main clinical task. Forty people of different ages and both
sexes were examined. The control group included 20 patients aged 12-67 years with direct detection of spike-wave activity on the EEG. The comparison group
consisted of 20 patients aged 10-66 years with no spike-wave activity in the recording. It has been shown that interictal data obtained in patients with epileptiform
phenomena are not of significant interest for the main group of clinical studies. The exclusion of these data leads to the “enrichment” of information due to the
sequential placement of paroxysmal patterns and makes it possible to obtain not only more compact results of examinations of the pathological component, but
also to form a basis for developments using technologies for their subsequent mathematical analysis.
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BOMPOC COXPAHEHUA UHTEPUKTAJNIbHOW AKTUBHOCTU B ONINTENbHbIX
Q3Ar-UCCINIEQOBAHUAX SMUNENCUN

C. A. Tynaes'2= C. T. Knumaros', T. A. Tepmatues', J1. M. XaHyxosa?, A. A. Tapmatw’

" VIHXKeHepHO-(U3NHeCcKunin MHCTUTYT bromeanuHbl HAAY MINDWI, Mockea, Poccus
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CoBpemMeHHOEe MPUMEHEHNE MaTeEMAaTUHECKX METOLOB aHanm3a O3-3anmceit orpaHn4eHo 13-3a heHoMeHa yepeaHeH s MHopmaLwmn. B aTnx ycnoBusix akTyansHO
HalTV Hanbonee BEPOSATHBI METOZ, MOBbILLEHUS Ka4ecTBa AVarHOCTVIKM NapOKCH3MaribHbIX MaTONOrVHECKUX NaTTEPHOB, MMEIOLLIMX Manyto NPOAOMKUTENBHOCT
OKN3HW», TaKUX Kak BCMbILLKM U CYOKNMHMYECKMEe napokcuambl. Llenbto nccnenosaHns Obi10 OLEHUTE BO3MOXHOCTb UCKIOYEHUS MEXNPUCTYMHOMN
VNHTEPUKTAIbHOW aKTUBHOCTU 13 AIMTENBHOMO 33M-MCCnefoBaHns Ana AOCTUXKEHUS ero MHOPMAaLMOHHOIO «0B0raLLleHms» nyTemM opMUPOBaHVS YCIOBHOM
nocneaoBaTeNbHOCTEN NAaTONOMMHECKNX 3MEHEHWI, MPEACTaBNSIOLLMX ero MMaBHyto KIMHUYECKYo 3aaady. Bbino obenenosaHo 40 YenoBek pa3Horo Bo3pacTa,
obovx nonoB. B KOHTponbHYto rpynmy Bowm 20 nauveHToB 12-67 neT ¢ HEeNMOCPEeACTBEHHBIM BbISBIEHMEM CMalik-BOTHOBOW akTVMBHOCTW Ha J3l. lpynny
cpasHeHusa cocTasunm 20 naupeHToB 10-66 NeT ¢ OTCYTCTBUEM Cnaiik-BOMHOBOW aKTUBHOCTW B 3anmncu. [lokasaHo, YTo MHTepVKTasbHble AaHHbIE, MOMyHYEeHHbIE
Y MaLWEHTOB C HaMHMEM ANMNENTUAOPMHBIX (PEHOMEHOB, He MPEeACTaBNSIOT 3HAYMMOrO UHTEPeca As OCHOBHOW MpyMMbl KIMHUHECKIX YccnenoBaHuii. ickniodeHme
3TVIX OaHHbIX MPUBOAUT K «OBOraLleHMo» MHopMaLMM 1 3a CHET MOCNEA0BATENBHOrO PasMeLLEHNS MapOKCH3MaribHbIX MAaTTEPHOB MO3BOMSET MOMyyaTe He
TONbKO O0nee KOMMaKTHble pe3ynbTaTbl 006CNef0BaHW NaTONOrMHECKO COCTaBNSoLLEN, HO 1 chopmMmnpoBaTb 6ady ANa paspaboToK C MCMONb30BaHVEM
TEXHOMOrMIA UX NOCNEAyoLLIEro MaTeMaTHecKoro aHanmsa.
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By the beginning of the current century, video-EEG monitoring
had become firmly established in the provision of medical
care to patients with epilepsy [1] as the basis for its differential
diagnosis and a method that allows prescribing adequate
treatment even in the case of drug-resistant forms of the
disease [2]. This technology began to develop especially rapidly
against the backdrop of the development of electronic systems

for storing large amounts of information (big data), which
showed its advantage for the differential diagnosis of epileptic
seizures over classical routine EEG studies [3-5].

At the same time, the main technology for deciphering EEG
recordings is still based on visual phenomenological analysis
[6] with the identification of certain types of pathological
graph elements, which, in conditions of continued recordings,
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significantly increases the visual load on the specialist and can
lead to both diagnostic errors and for worker fatigue and the
development of occupational vision damage.

According to a survey conducted in Germany at 16 German
epilepsy centers between December 2020 and January 2021
[7], EEG performance problems compromised diagnosis in
approximately one in 10 patients. Therefore, today one of
the most pressing issues in organizing a continued EEG study
is the creation of the most comfortable environment for the
doctor and, above all, a convenient presentation of the result,
the issue of determining the epileptiform graph element can
be violated due to visual fatigue, insufficient qualifications or
the controversial clinical significance of the phenomenon, or its
similarity to a recording artifact [8-10].

This situation has led to the search for ways to reduce
the amount of visual information presented to the doctor. It is
based on the development of technologies for automatically
identifying short-term changes in the spectral density of a signal
with their subsequent interpolation onto the conditional surface
of the head in a flat or three-dimensional representation [11-16].
However, by the beginning of the 2000s it became clear that
this technology is more successful in studying intracranial
structural changes that produce unique pathological rhythmic
activity [17-19].

At the same time, its use in epilepsy has shown mixed
results [20, 21]. According to them, the best results can be
achieved in the case of the production of rhythmic epileptiform
activity from a focus [22] or when assessing the relationship
between different foci of epileptic activity [23], which led to the
preservation of routine visualization-phenomenological analysis
as the main method for diagnosing epileptic activity.

The next solution was to develop systems for identifying
individual epileptic phenomena in recordings [24, 25]. However,
this technology required the introduction of pattern recognition
systems, since the recorded epileptic phenomenon has a
complex shape and it is not always possible to evaluate it using
elementary procedures for assessing amplitude and frequency
[26-28]. Currently, the analysis of epileptic activity in the context
of a continued EEG study requires solving the following issues:
1) identifying pathological paroxysmal activity and excluding
artifacts similar to it; 2) its quantitative analysis per unit of time;
3) optimization of the presentation of the result, understandable
for both physiologists and clinicians.

Detection of pathological activity can currently be considered
both from the position of manual signal extraction from the primary
EEG recording, and from the position of complete automation of
the process using artificial intelligence (Al) technologies with the
development of deep learning systems [29, 30].

Considering the above, the optimal option for presenting
continued studies could be the result of automated
mathematical post-processing, representing, on the one hand,
the selection of all pathological elements [31] when removing
interictal activity from the recording. This combination will make
it possible to use the entire spectrum of EEG signal processing
based on rhythmic activity analysis technology, and not only
combine them with two or three-dimensional images obtained
during an MRI study in the form of three-dimensional spatial
maps, but by solving the inverse EEG problem [32, 33] to
determine with great accuracy pathological areas of the cortex
that are sources of paroxysmal bioelectrical activity.

To implement this technology, it is necessary to establish
how much the information from an EEG study during the
interictal period differs from the background (Resting State)
EEG activity of people who do not suffer from diseases with
increased activity of neural structures, manifested by the
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appearance of pathological paroxysmal activity during an EEG
study, and also how much excluding interictal activity may
affect the accuracy of the final result.

Accurate comparative analysis of EEG recordings is
usually difficult due to the lack of a single starting point of
the event, which leads to a phase shift of the EEG signal and
the impossibility of their comparative analysis. This bias does
not allow the use of previously widely presented methods of
signal correlation and coherence, since the signals studied in
different people are absolutely unrelated to each other, and any
decision indicating the presence of such a connection will be
deliberately false.

However, the answer to this question is provided by
the theory of EEG microstates, proposed in the 1990s by
D. Lehmann et al. This approach allows one to separate a
continuous stream of EEG data through a clustering procedure
into individual components. An array is created from individual
recording sections that have similar electrophysiological
characteristics (microstates) during which the main indicators
of the general scalp potential remain relatively stable. Currently,
cluster analysis technologies make it possible to identify
up to 39 individual EEG microstates. However, maximum
representativeness can be achieved only in the first 2-8
classes, which is likely due to the activity of large neural
networks responsible for the implementation of basic and most
stable brain functions, the violation of which manifests itself in
the form of severe changes in the mental sphere [34-36].

Thus, by considering sequences of EEG microstates,
the researcher has the opportunity not only to judge the
characteristics of the work of large brain networks, but also to
compare them with each other.

However, changes in their characteristics are largely
associated with structural and anatomical changes in the neural
formations that form them, therefore, an isolated analysis of the
frequency of representation or lifetime of each of the identified
EEG microstates in the absence of an organic substrate
that damages interneuron connections may not differ from
conventionally normal values. In the structure of neurological
diseases caused by increased excitability of neurons in the
cerebral cortex, this is observed in patients with genetic forms
of epilepsy, when the researcher does not detect organic
changes using neuroimaging technologies.

Under these conditions, the disease has a greater impact
on the functional sequences of excitation of cortical structures,
described as a system of information flows in cortical structures
[37, 38].

Each individual EEG microstate represents a relatively
stable version of the scalp potential, or a total set of variants of
postsynaptic discharges fixed in time, associated with the activity
of large neural formations involved in the implementation of a
common function, therefore, solving the inverse EEG problem
for each individual EEG microstate will allow us to identify
several successive points on cortical structures associated with
the transition of activity from one neural network to another as
part of the information flow model.

As a result, the researcher will be able to determine not
only the structural changes in the neural network, but also
find out the functional changes associated with changes in
the processes of formation of higher nervous functions in the
conditions of the development of the disease.

The most widely used solution to this issue was proposed
by R. D. Pascual-Marqui in the form of a system for solving the
inverse EEG problem based on the technology of combining
dipole localization and a layer-by-layer head model, called
low-resolution electromagnetic tomography (LORETA) [39].
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The technology has now added quantitative neuroanatomy
based on templates provided by the Brain Imaging Center
of the Montreal Neurological Institute (MNI), allowing spatial
localization results at a level comparable to classical functional
imaging techniques such as PET and fMRI [40-50].

Thus, the above made it possible to formulate a null theory
of the experiment, which consists in the fact that the presence
of significant differences in the identified results of studies of
interictal recordings of patients suffering from diseases with
increased activity of the neural structures of the cerebral cortex
and the results of studies of background (Resting State) EEG
recordings of healthy people who do not have pathological
paroxysmal changes will not allow interictal data to be excluded
from the general study, since the information they contain is
essential for the researcher and cannot be deliberately lost from
the main study record.

The purpose of the study was to evaluate the possibility of
excluding interictal interictal activity from a long-term EEG study
in order to achieve its information “enrichment” by forming
conditional sequences of pathological changes representing its
main clinical task.

the EEG recording without a previously established diagnosis
of epilepsy; the presence of established epileptic dementia with
the development of pronounced cognitive dysfunctions and
gross structural changes in the brain substance determined
using neuroimaging methods; taking pharmacologically active
substances; smoking; drinking strong alcohol less than a week
before the study; regular alcohol consumption; pregnancy.

Experimental design

The results were compared in a state of passive relaxed
wakefulness with eyes closed in real time using the cluster
analysis method (K-means), which makes it possible to
calculate individual stable EEG microstates in the frequency
range 2-20 Hz. To identify cognitive sequences, a model
of eight EEG microstates was used, reflecting the formation
of the general scalp potential as a result of the total activity
of eight conditional neural networks. The use of this model
made it possible to more rationally use the available
computing power.

According to the proposed model, for each individual
EEG microstate, an inverse EEG problem was solved with

METHODS the establishment of its connection with individual cortical
structures within the Brodmann field system (according to
Study Groups the recommendations of the Montreal Neurosurgical Institute

The study involved 40 people of different ages, both sexes, who
underwent an EEG examination. The general scenario of the
EEG study was carried out according to previously published
recommendations [51-53]. The control group included
20 patients aged 12-67 years (average age: 25 years). Criteria
for inclusion in the control group: presence of an established
diagnosis of epilepsy; direct detection of spike-wave activity on
the EEG.

The comparison group consisted of 20 patients aged
10-66 years (average age: 28 years). Criteria for inclusion in
the comparison group: absence of an established diagnosis of
epilepsy; absence of spike-wave activity in the recording.

For the study, a sample of epochs (on average at least
10 minutes) of the patient’s stay in a state of passive,
relaxed wakefulness with eyes closed was taken from the
general recording. In patients with registration of paroxysmal
epileptiform activity, a sample of data was recorded in a state
of passive relaxed wakefulness with eyes closed between ictal
episodes.

Exclusion criteria: presence of an established diagnosis
of epilepsy in the anamnesis; absence of a characteristic ictal
pattern in the recording; the presence of specific changes in

(MNI), Canada).
Technique

The EEG study was carried out on a 52-channel bioamplifier
of domestic production (Zelenograd) with a base frequency
of the analog-to-digital converter of 500 Hz, which made it
possible to confidently obtain data in the range from 1 to
250 Hz without loss of information content. The obtained
information was processed on a PC in the software package
sLORETA v20210701 Switzerland v20210701 (University of
Zurich; Switzerland), as well as by implementing technological
prototypes using interpreted software packages EEGLAB and
BRAINSTORM, implemented under the control of the MATLAB
system (Mathworks ver. 98 (2020); USA ).

Statistical analysis

Statistical data processing was carried out using the SPSS
Statistics ver.23.0 software package (IBM; USA). The normality
of the distribution was checked using the Kolmogorov-Smirnov
test, and the statistical significance of the differences was
established using the Chi-Square test.

Table 1. Frequency of registration of individual EEG microstates in the control observation group

| Il 1l \% \Y Vi Vil Vil
Mean 2.28 2.25 2.32 2.2 2.3 2.29 2.31 2.48
Deviation 0.55 0.45 0.46 0.66 0.35 0.54 0.49 0.3
Min 0.414 0.88 1.3 0.3 1.6 0.04 0.38 2.01
Max 3.04 3.03 3.49 2.91 2.95 2.93 3.15 3.16

Table 2. Frequency of registration of individual EEG microstates in the comparative observation group

| Il 1] [\ \ Vi Vil Vil
Mean 2.28 2.27 2.31 2.38 2.43 2.29 2.48 2.39
Deviation 0.43 0.3 0.36 0.37 0.36 0.31 0.35 0.24
Min 1.55 1.55 1.7 1.87 2 1.64 1.97 1.85
Max 2.78 2.869 2.89 3.2 3.33 2.91 3.07 2.714
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Table 3. Lifetime of individual EEG microstates in the control observation group

I Il n v v Vi Vil Vil
Mean 0.05 0.05 0.05 0.05 0.05 0.06 0.05 0.06
Deviation 0 0 0.01 0.01 0 0.02 0.01 0
Min 0.05 0.04 0.04 0.04 0.05 0.05 0.05 0.05
Max 0.06 0.06 0.06 0.06 0.06 0.14 0.07 0.06
Table 4. Lifetime of individual EEG microstates in the comparison group
I I n v \Y VI Vil Vil
Mean 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Deviation 0 0 0 0 0 0 0 0
Min 0.04 0.04 0.05 0.05 0.05 0.05 0.05 0.05
Max 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.07
RESULTS since its characteristics are quite comparable to the brain

Study of time-frequency characteristics of EEG microstates

The frequency and time characteristics of individual EEG
microstates show the preservation of the structural connections
of the neural network involved in the implementation of
bioelectrical activity, forming a separate EEG microstate.
Therefore, analysis of the frequency of registration of each
individual EEG microstate and the time of its existence (life)
was necessary to identify a possible violation of the integrity
of the structure of brain neural networks in people suffering
from epilepsy. If this pathology were detected, the question of
excluding information about interictal activity in the recording
would not make sense due to the inadequacy of the material
being studied. However, the data obtained (Tables 1-4)
showed that the time-frequency characteristics of individual
EEG microstates did not have statistically significant changes
between the study groups (Chi-square test; p > 0.5). These
observations allow us to reject the null hypothesis of the
experiment and justify the possibility of excluding interictal
recording from a long-term EEG study for people with epilepsy

activity of a healthy person.

Solution of the inverse EEG problem for the activity
of individual EEG microstates

Solving the inverse EEG problem for a selected set of EEG
microstates (Fig. 1-3) made it possible to identify the sequence
of transition of bioelectrical activity according to the topography
of individual fields of K. Brodmann. These data reflected the
current activity present in the subjects in a state of passive,
relaxed wakefulness with their eyes closed, both in the control
group and in the comparison group.

A comparison of these characteristics in representatives of
the control group and the comparison group (Fig. 1) showed that
the results characterizing the rhythmic activity of Brodmann areas
responsible for perception (18, 19) and cognitive processing of
data (6, 7) have a low degree of difference (statistical significance
according to the Chi-Square test was p = 0.6) (Fig. 2).

However, in the projection of fields 22, 27, 30, 31, 39 and
40 (Fig. 3), associated with the centers of sound perception
and speech function, as well as the retrosplenial cerebral cortex
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Fig. 1. Percentage of registration of default brain activity when solving an inverse EEG task (Chi-squared test; p = 0.04)
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Fig. 2. Default activity in individual Brodmann fields that implement the processes of gnosis and information processing (Chi-squared test; p = 0.6)

(spatial orientation), significant changes in characteristics were
recorded (Chi-square test; p = 0.01).

Thus, by analyzing changes in the sequences of excitation
of cortical structures, it is possible to reject the null hypothesis
of the experiment, especially if the researcher sets the goal as
an analysis of basic cognitive functions, and not a study of their
physiological characteristics in the spectrum of the conditional
norm, for example, the fact of evidence of epilepsy in the
subject or localization epileptic foci in the cortex to justify the
possibility of subsequent surgical treatment.

DISCUSSION

Our research showed mixed results. Thus, the lack of data
confirming the presence of structural changes in neural

16.00 -

14.00 |

12.00 |

10.00

8.00 -

6.00 -

Rhythmic activity recording frequency

4.00 -

2.00

0.00

Brodman's field

networks in those examined with paroxysmal changes in
the electroencephalogram made it possible to reject the
null hypothesis of the experiment, especially when studying
diseases without organic damage being detected through
neuroimaging studies, representing the cause of the disease.
These observations correspond to data from previously
conducted clinical examinations [43, 54], indicating that in
at least 50% of clinical cases of established epilepsy in the
interictal period, no significant disorders of higher nervous
functions are detected, and patients with such disorders, with
properly organized treatment, are quite adequate cope with
educational and professional loads.

It is also confirmed that cognitive impairment in patients
with epilepsy is either a manifestation of the seizure itself
or a consequence of depressive states caused by impaired

—a— Control group
=== CoOmparison group

20 21 22 23 24 25 27 28 29 30 31 32 34 35 36 37 38 39 40 41 42 44

Fig. 3. Default activity in individual Brodmann fields that implement speech function (Chi-squared test; p = 0.01)
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Fig. 4. Two-dimensional EEG mapping of a long-term EEG study performed for the entire volume of data (A); for data excluding epileptiform activity (B); for epileptiform
activity excluding interictal activity (C). (EEGLAB program (MATHWORKS). Artifact activity is excluded from the data using independent signal component analysis

technology)

perception of the disease, which can be successfully relieved
by prescribing adequate drug therapy [55].

However, a study of the functional sequences of transition
of bioelectrical activity along cortical structures showed that the
activity of speech centers observed in individuals with paroxysmal
epileptiform changes in EEG recordings was significantly different
from the activity detected in healthy people, which demonstrates
the implementation of auditory-speech function in the form
of a tono-musical model, typical for children aged from two
to five years). These observations make it possible to explain
the peculiarities of the occurrence of auditory hallucinations in
patients with epilepsy and the changes in the characteristics of
bioelectrical activity when listening to certain pieces of music,
described previously [56, 57].

This organization of speech function rather represents a
developmental option, probably associated with the influence of
paroxysmal changes in the bioelectrical activity of the brain on
the development and learning of such people, since the human
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speech function is the youngest of all cognitive functions, the
formation of which is observed after birth.

CONCLUSIONS

The results obtained allow us to formulate the main decision of
the study that to solve the main clinical problems of continued
EEG studies, the use of interictal EEG recordings is not of
significant clinical interest. Moreover, its exclusion and, as a
consequence, “enrichment” of information due to the sequential
placement of ictal patterns allows one to obtain more compact
results of examinations of the pathological component using
both the existing arsenal of tools for mathematical analysis of
electroencephalograms, and new developments using machine
learning and artificial intelligence technologies (Fig. 4-5). We
hope that this approach will not only reduce the information
presented to the specialist, but also improve his working
conditions by significantly reducing the amount of visual load.

137
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Fig. 5. Implementation of technology (technological prototype) for eliminating interictal activity during a long-term (9 h) EEG study. (BRAINSTORM program
(MATHWORKS). Artifact activity is excluded from the data using independent signal component analysis technology)
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