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REVIEW | RADIATION MEDICINE

THE EFFECT OF MODERATE AND LOW DOSES OF IONIZING RADIATION ON HIGHER NERVOUS
ACTIVITY OF HUMANS AND ANIMALS

Atamanyuk NI =
Urals Research Center for Radiation Medicine of Federal Medical and Biological Agency, Chelyabinsk, Russia

According to the available data, the effect of high doses of ionizing radiation on the human central nervous system (CNS) takes form of cognitive dysfunction and
increased risk of development of malignant neoplasms. At the same time, there is a growing concern about the possible effects of low, moderate doses of ionizing
radiation and chronic irradiation, on cognitive functions, as well as their potential long-term consequences manifesting as neurodegenerative diseases. There is
both epidemiological and experimental evidence confirming that low and moderate doses of ionizing radiation affect cognitive abilities. The underlying mechanisms
include disruption of normal neurogenesis in the hippocampus, development of long-term sustained neuroinflammation, disorders of synaptic plasticity, energy
metabolism, and oxidative status. On the part of CNS, the body is most sensitive to radiation during the period of active formation of the brain. Irradiated at that
time, people may suffer consequences thereof for several months and years, or have them manifesting only much later, in old age. Improvement of radiation safety
and development of means and ways of prevention and treatment of radiation-induced CNS disorders require further research efforts aimed at establishing causal
relationships between chronic exposure to radiation and low-dose irradiation and their adverse effects on the part of CNS in the long term post-exposure.

Keywords: higher nervous activity, central nervous system, cognitive functions, neurogenesis, neuroinflammation, ionizing radiation, low doses, chronic radiation exposure
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BIMAHNE CPEOHNX N MAJIbIX 103 NOHU3UPYIOLLIEIO U3JTYHEHNSA HA BbICLLIYIO
HEPBHYIO AEATE/IbHOCTb YEJIOBEKA N XKNBOTHbIX

H. M. AtamaHtok B
YpanbCcKuii Hay4HO-NPaKTUHECKNUI LIEHTP paamaLMoHHON MeamupmHbl eaepanbHoro Meamko-o1onorMyeckoro areHTcTea, YensbrHek, Poccust

[aHHble 0 BAMSHUM BbICOKIX 003 MOHM3UPYIOLLIEro N3yHeHNs Ha LEeHTPasbHyO0 HEPBHYIO CUCTEMY YENOBEKa YKasblBatoT Ha Pa3BUTNE KOMHUTUBHOW AUCHYHKLMN
1 MOBbILLEHWE PYICKa Pa3BUTUS 3N10KAYECTBEHHBIX HOBOOOPA30BaHWii. [MNpn 9TOM HapacTaeT 06ECNOKOEHHOCTb MO MOBOLY BO3MOXHOIO BO3LENCTBUS HUSKIX
1 YMEPEHHbIX [03 WOHWSVPYIOLLEro U3y4eHnsl, AeCTBUS XPOHUYECKOrO 0BMyHeHWst Ha KOMHUTVBHbIE (DYHKUWM 1 OTAaneHHble aPdeKTbl B Bude pa3BuTus
HerpoaereHepaTnBHbIX 3aboneBaHuin. VIMElTCs Kak annaemMyonormyeckmne, Tak U aKCnepUMeHTasbHble CBUAETENbCTBA KOMHUTUBHBIX 3(EKTOB HUKMX Y
CpenHVX [03 VOHM3VPYIOLLEro 13nyyeHust. MexaHr3Mmbl, nexallme B MX OCHOBE, KacatoTCst HapyLLEHUS1 HOPMasbHOMO HeporeHesa B 061acTu runnokamna,
pasBuTUS AANTENBHO MOAAEPKMBAIOLLErOCH HEPOBOCMANEHNS!, HapyLLEHUS CUHANTUYECKOW MNacTUHYHOCTW, 3HEPreTMHeckoro obMmeHa M OKCUAATVIBHOrO
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The factors currently shaping the problem of radiation protection
of people are the increasingly widespread introduction of
nuclear technologies, planning of interplanetary flight programs,
sharply increased risk of use of nuclear weapons and "dirty"
bombs, need to protect healthy organs and tissues of patients
during radiation therapy, and improving availability of nuclear
medicine.

Traditionally, brain has been considered a fairly radioresistant
organ. However, several animal and human studies [1-3] have
presented accumulated data that demonstrates molecular
genetic, morphofunctional, physiological changes in the brain,
changes in higher nervous activity (mainly cognitive dysfunction,
anxiety and depressive disorders) caused by moderate and
low doses of radiation [1-3]. The 2012 UNSCEAR report
defines doses below 0.1 Gy as low, doses from 0.1 to 1 Gy —
moderate, if radiation is sparsely ionizing, and doses above 1
Gy — high [4].
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The reports of both ICRP and UNSCEAR [5, 6] analyze
reaction of the central nervous system to radiation exposure
in the context of medical procedures, radiation accidents
or work with ionizing radiation sources, with the considered
consequences being higher risk of brain tumors and cognitive
dysfunctions. The 2019 Report by the National Council on
Radiation Protection & Measurements [7] contains the most
complete summary of information about the effect of ionizing
radiation on the central nervous system. The primary purpose
of this report was to look into all possible aspects of the effect
of cosmic radiation on brains and higher nervous activity of
astronauts.

Understanding how low doses of ionizing radiation received
by the brain affect cognitive and behavioral capabilities and
patterns is essential for ensuring human radiation safety in cases
of medical exposure, occupational exposure, including that
associated with space missions outside the Earth's magnetic



OB30P | PAODVALIMOHHAA MEONLINHA

field, as well as radioactive pollution of the environment. The
epidemiological and experimental data describing the effect of
low doses, the possible chronic exposure threshold value after
which radiation begins to compromise functions of the central
nervous system, remain quite limited and contradictory. Thus, itis
possible to formulate a research problem about the cause-and-
effect links between radiation exposure and development of early
and long-term adverse effects on the part of the central nervous
system (disorders of mental functions, neurodegenerative
diseases, brain neoplasms). This review summarizes the
currently available scientific data on this problem.

Epidemiological data

Overall, large doses of ionizing radiation received by the
brain are an established risk factor promoting development
of neoplasms and cognitive impairments. The latter, as a
rule, has ties with deficiencies in hippocampus-dependent
processes: verbal-semantic and spatial memory, learning,
spatial information processing; such impairments develop
in the long term after irradiation [8]. The causes of these
long-lasting disorders are impairment of neurogenesis and
oligodendrogenesis in the subependimal and hippocampal
regions; blood-brain barrier deficiency; ablation of capillaries
and damage to the microvascular endothelium [9], sustained
activation of immunocompetent microglial cells and increased
level of proinflammatory cytokines [10].

According to the 118 ICRP report [5], the threshold dose
values for development of cognitive disorders in adults are
1-2 Gy, and for children exposed at the age under 18 months
it is 0.1 Gy. The effect of low doses of ionizing radiation on
young children in terms of subsequent decline of their cognitive
capabilities was first shown on a Swedish cohort that received
100-250 mQGy in the context of treatment of cutaneous
haemangioma [11]; the researchers have proven the dose-
dependent learning and logical thinking disorders suffered
by the people from that cohort in adult age. Examination of
people exposed to radiation at the prenatal stage as a result of
contamination of the Techa river has shown that the respective
group includes more subjects with non-psychotic mental
impairments than the control group, the difference statistically
significant. The prevailing disorders were of organic nature,
i.e., cognitive and asthenic. The mean red bone marrow dose
registered in the exposed group was 0.09 Gy, as calculated
for the red bone marrow of a fetus [12]. However, authors of
a systematic review [13] that included epidemiological studies
published before 2018 have claimed insufficiency of the data to
allow a reasoned conclusion about any effect on development
of the central nervous system that low and moderate doses
of ionizing radiation may have if received during prenatal life,
childhood or adolescence, although they acknowledged the
limited evidence of relationship between low and moderate
doses and decline of the general cognitive and language
capabilities.

The question of how ionizing radiation affects the risk
of dementia and neurodegenerative disorders remains
ambiguous. Examination of a cohort of employees working at
the nuclear production cycle of Mayak Production Association
(town of Ozersk, Chelyabinsk Region) has uncovered a linear
relationship between the incidence of Parkinson's disease and
the cumulative dose of gamma radiation, the findings confirmed
after adjustment for gender and age [14]. Examination of a
cohort of French nuclear power industry workers has shown
a statistically significant link between the risk of dementia
and Alzheimer's disease and the received dose of ionizing

radiation, but authors of the report urge caution in interpretation
of these results [15]. In a Japanese cohort of survivors of the
Hiroshima and Nagasaki bombings comprised of those who
received doses of radiation in childhood (0 to 4 Gy), the decline
of neurocognitive functions correlated with age, without an
identifiable link to the dose [16]. Another study of the same
cohort did not reveal any increase in dementia incidence
associated with the exposure to radiation [17]. A 2022 meta-
analysis has shown a dose-dependent increase of risk of
cerebrovascular diseases and Parkinson's diseases, as well
as death therefrom, associated with low and moderate doses
received in adulthood [18].

In a study involving Chernobyl nuclear accident liquidators,
Loganovsky et al. note high incidence of cerebrovascular
diseases, organic psychic and depressive disorders, cognitive
impairments and dementia, the numbers climbing up with the
dose received; some effects were found to manifest at the dose
of 50 mSv and above [19]. Any analysis of data on the effects
of radiation on population exposed thereto in the context of
a nuclear accident should factor in the stress associated with
the very fact of the exposure, which, regardless of the actual
excessive background radiation or lack thereof, may up the
frequency of psychic disorders [20]. Also, there are some
difficulties in establishing causal relationships between radiation
and psychoneurological effects in the context of analysis of
epidemiological data: firstly, it is important to have a comparable
control group (living standard, frequency and quality of medical
care) when processing the data describing exposed population;
secondly, investigations involving professionals should factor
in conditions of health screenings preceding their admittance
to work with sources of ionizing radiation; and thirdly, disease
diagnosing and symptom interpretation activities should follow
uniform standardized approaches.

As for the capability of low and moderate doses of ionizing
radiation to increase the risk of neoplasms, a meta-analysis of
studies published before 2022 revealed no links between such
doses and the risk of CNS tumors in adults [21]. However, a
2022 paper summarizing assessment of risk of cancer and
benign CNS tumors after exposure to X and Y rays (regardless
of the source) during prenatal period or childhood, the doses
being low and moderate, has shown an excessive risk of
neoplasms associated with doses below 0.1 Gy, with the
threshold value decreasing to 0.02 Gy for those exposed to
background radiation from radioactive precipitation or medical
equipment while in the mother's womb [22].

Experimental data

The data from experimental animal studies are much more
abundant. Such work aims to establish the causal relationships
and molecular and cell mechanisms behind the effects of
radiation on the CNS. Mice are considered a representative
model for investigation of radiation-induced effects on brain
and violations of its development when the received dose is
clinically significant, although animals cannot be said to allow a
full reproduction of the cognitive alterations registered in human
beings [23].

In animals, a one-time exposure to ionizing X rays, Y rays, or
stream of protons or heavy ions that simulates cosmic radiation,
compromises cognitive functions of learning, spatial memory,
exploratory activity, and ups the anxiety level [2, 3, 24, 25].
There is a wide range of behavioral tests designed to examine
these parameters.

There is a generally accepted concept that puts death
of neural stem cells and impaired neurogenesis [26-29],
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coupled with microglia's pro-inflammatory activation [26, 30],
behind radiation-induced violations of mental functions. The
process involves release of pro-inflammatory IL13, TNFa
and IL6 cytokines, increased expression of the genes of
CCL2 (macrophage chemoattractant) and growing numbers of
CD68* macrophages [31]. The weakening of the inflammatory
response caused by the CCR2 receptor gene mutation
supports preservation of the background number of neuronal
BrdU+ progenitor cells [31].

Under normal conditions, neurogenesis occurs in three
regions of an adult brain: dentate gyrus, subventricular region
and cortex cerebelli. It is the response of neuronal progenitor
cells to radiation and altered neurogenesis in the hippocampus
region that at least contributes to, if not causes, radiation-
induced memory disorders and cognitive impairments that
persist for some time after exposure. Various animal models
were used to study radiation-induced changes in neurogenesis
depending on the dose, fractionation regime, time after
exposure and age at the time of exposure [27]. A targeted
irradiation of the dentate gyrus of newborn mice at the dose
of 1 Gy, as opposed to a full-body irradiation at the same
dose, leads to alterations in cell differentiation 3 months after
exposure (the shares of BrdU*/NeuN* cells go down, share of
BrdU+/GFAP~* goes up), and some deterioration of the animals'
spatial memory [28].

The most pronounced effects are seen following irradiation
during embryonic development or neonatal periods. There are
periods of brain development that are critical for its normal
maturation. In many mammalian species, this is the time of
perinatal development, but in case of mice and rats, such
critical period extends to the first 3—-4 weeks of life. Mice, in
particular, are particularly vulnerable to radiation on days 3
through 10 after birth [29, 32].

One-time moderate dose during embryonic development
or neonatal period changed mice's spontaneous behavior
in the new environment in their adulthood; these persistent
changes indicated compromised ability of mice to integrate
sensory information into motor production [26, 32], impaired
spatial memory and ability to learn, increased anxiety level
[33, 34], altered social behavior [34], modified ability to explore
and adjust to a new environment [26, 35]; motor activity and
coordination were also disrupted [34]. In different papers, the
age of manifestation of such behavioral changes ranged from
4 to 15 months.

Hippocampal neurogenesis defects persist and accompany
changes in the cognitive functions that appear in the long
term period after exposure [26]. The ratio of pools of maturing
neurons changes: in the early stages, the proportion of radial
glial-like GFAP+ cells increases and the share of proliferating
PCNA* progenitor cells decreases, followed by a compensatory
growth of the PCNA* cells and progenitor neurogenic type-2
cells Sox2+, which further leads to a drop in the density of
mature granule neurons NeuN* and proliferating PCNA* cells
up to 6 months after exposure [29]. Microglia also becomes
more active: the number of Ibal* cells and GFAP+ astrocytes
increases, and their morphology changes; there appear
more postsynaptic protein PSD-95 and MAP-2 because
of the malfunctioning Rac1-cofilin signaling pathway in the
hippocampus and cerebral cortex [26, 29], while the level of tau
protein there grows up [35] and the number and complexity of
myelinated axons goes down [36]; the density of microvessels
changes, and the drop in the activity of most proteins needed
for production of ATP disrupts the function of mitochondria [29].
Some evidence suggests that the changes in neurogenesis
and neuroinflammation may disappear earlier than the changes
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in animal behavior [33]. There is also evidence of an opposite
situation when the number of activated microglia cells in the
hippocampus remains increased and the number of astrocytes
decreased in the term of up to 24 months, when behavioral
deviations cease to manifest [30].

For most of the described effects, the early-age acute
irradiation threshold dose is 0.3-0.5 Gy [32, 34]. However,
some changes are induced with lower doses. Acute irradiation
at the dose of 0.1 Gy raised the expression of proinflammatory
cytokines in the hippocampus [31]. Having received a dose
from 0.1 Gy prenatal, at the age of 4-15 weeks mice were more
active socially in tests assessing social memory and sociability,
and the Morris water maze test revealed dose-dependent
changes in behavior strategies that signal of spatial memory
disruptions [34]. A dose of 0.1 Gy received by mice on the 10th
day after birth caused a small but persistent (registered for 6
months) depletion of the pool of proliferating cells in the dentate
gyrus: the number of Sox2* type-2 cells increased 1 week
after irradiation and the number of proliferating PCNA* cells
decreased after 6 months. In case of adult mice, same dose
increased the density of mature NeuN* neurons after 6 months.
At the same time, the signs of mitochondrial homeostasis
activation were more vivid in the animals irradiated at the age of
10 weeks, while the area of microvessels in the hippocampus
of these subjects was found to diminish, which indicates a
possible protective effect of a 0.1 Gy dose that depends on the
age at the time of exposure [29].

A single 1 Gy dose of Y rays given to 10-days-old mice
translated, in their adulthood, into a significantly smaller number
of GFAP* type-1 stem cells with radial glial-like morphology in
the subgranular zone of the dentate gyrus, while a dose from
0.5 Gy caused a dose-dependent drop in the proliferating
PCNA* cells, and a dose from 0.1 Gy triggered a dose-
dependent decline in the proliferating Ki67+ precursors, which
means disruption of neurogenesis in this area of the brain in
adulthood [26]. The described changes concerning stem and
proliferating cells led to a dose-dependent decrease in the
number of mature neurons in dentate gyrus: by 21% for a dose
of 0.1 Gy, by 26% for a dose of 0.5 Gy, and by 37% for a dose
of 1 Gy [26].

In another study, mice were irradiated while newborn, and
examination of proteome of their hippocampus and cerebral
cortex 7 months after irradiation revealed a dose-dependent
increase in the number of deregulated proteins for the doses
from 0.02 to 1 Gy, and the doses of 0.5 and 1 Gy produced
different profile of proteins with impaired regulation than lower
doses [26].

Inthe course of 2 years, a one-time exposure of 10-week-old
mice to Y rays (doses 0.063 Gy, 0.125 Gy, 0.5 Gy) triggered the
following changes in sensorimotor and locomotor parameters:
at the age 4 months, the animals that received 0.5 Gy had
a decreased acoustic startle response; at the age of 12-18
months, the speed of movement decreased, same as the total
distance traveled in the open field test; and a dose of 0.063 Gy,
on the contrary, led to a slight improvement in the sensorimotor
reaction and exploratory behavior at the age of 18 months
[30]. However, only the doses of 0.125 Gy and 0.5 Gy (but not
0.068 Gy) caused manifestation of quantitative and morphological
signs of the increased immune activity registered at the age of
24 months. In the cases of mice irradiated at 0.125 and 0.5 Gy,
examination of morphology revealed a smaller number of
GFAP+ astrocytes in the dentate gyrus, and these astrocytes
had fewer endings and nodes, and decreased branch length.
A dose of 0.5 Gy increased the number of Iba1* microglial cells,
but the cells had an amoeba-like shape and fewer endings,
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nodes, intersections, with shorter branch length. The dose of
0.0683 Gy, on the contrary, produced a neuroprotective effect at
the 24-month mark: hyper-ramification of microglial cells and
astrocytes was noted [30].

In another study, researchers report an opposite situation:
they examined mice that received 0.1 Gy while newborn 6
months after irradiation and registered a significant increase
in the number of GFAP+ astrocytes in the hippocampus hilus,
while larger numbers of CD11b* cells of activated microglia and
greater concentration of pro-inflammatory cytokine TNF in the
hippocampus were observed only in the subjects irradiated at
1 Gy [26].

Irradiation with Y rays in the range from 0.05 through 0.5 Gy
revealed a dose-dependent change in the number of apoptotic
cells, but proliferation arrest of neuroblasts required a threshold
dose of 0.2 Gy (and, as the dose increased, the number
of Ki67+ cells decreased and the time of proliferation arrest
increased), while the dose of 0.5 Gy decreased the proportion
of immature Dcx* neurons [37]. The dose of 0.01 Gy triggered
a slight decrease in the expression of TSPO in the endothelial
cells of hippocampus vessels and in the ependymal cells in the
short term after irradiation; higher doses (up to 2 Gy) brought
no noticeable changes [38].

There are other adverse factors that may play an important
role in the combined effect together with the low doses of
radiation: for example, a single dose of 0.1-0.2 Gy of ionizing
radiation coupled with ketamine in 10-day-old mice led to
cognitive impairments in their adulthood, which was not the
case for radiation alone [39].

Overall, the results of experimental and epidemiological
studies summarized in the review [3] confirm capability of
low doses of ionizing radiation to adversely affect cognitive
function. It is important to factor in age both at the time of
exposure and at the time of examination, since some effects
appear immediately after irradiation and gradually fade away,
while other effects develop over time.

There are many works investigating the effects of cosmic
radiation simulated with heavy particles. One of them has
shown the probability of alteration of cognitive functions to be
dose-dependent in case of exposure to 22Si or *Fe with doses
ranging from 0.01 to 0.1 Gy [40]. High-energy particles and
neutrons radiation exposure was found to cause effects similar
to those produced by the Y rays: suppression of neurogenesis
in the hippocampus region [41], long term persistence of
signs of microglia activation [42], disruption of the synaptic
transmission in hippocampus region [43], disruption of the
functional links between hippocampus and peripheral cortex
[42], decline of the mitochondrial functions and changes in the
expression of a number of proteins [44]. As a result, animals
that received doses in the range from 0.05 to 0.6 Gy exhibit
certain cognitive dysfunctions both in the short and long term
periods after irradiation: deteriorating ability to recognize and
switch attention, impaired spatial memory, episodic memory,
executive function deficiency, increased anxiety level [45]. In
some cases, behavioral changes were detected 12—-15 months
after irradiation [42].

Different cognitive functions are mediated by different
brain structures and may have different sensitivity to radiation.
For example, irradiation with %Fe particles enables male
C57BI mice to better solve a hippocampal-dependent task
(discrimination learning) without changing the effectiveness for
a striatum-dependent task (rule-based learning) [46].

There is much less experimental data on the effects of
chronic or fractionated radiation. Most studies involved
a single session of acute irradiation, while clinically and

environmentally significant situations mainly imply chronic or
fractionated exposure.

Mice chronically irradiated with a neutron-photon mixed
field at a dose of 0.18 Gy (dose rate — 1 mGy/day) showed
decreased excitability of hippocampal neurons and impaired
long-term potentiation of hippocampus and cerebral cortex,
learning and memory disorders [47], as well as impaired
synaptic plasticity in the hippocampus-prefrontal cortex axis
[48]. Fractionated X ray irradiation at a cumulative dose of
0.5 Gy makes behavior more anxious and causes changes in
motor activity [49], as is the case with acute exposure.

Probably, the effects of chronic and fractionated irradiation
in general are also based on the disruption of neurogenesis (as
acute irradiation at a dose of 2 Gy or fractionated irradiation
at the same cumulative dose) [50], impaired synaptic
transmission, decreased number of synapses and changes in
the electrophysiological parameters of the hippocampal and
cortical neurons [47, 48, 51], as well as activation of microglia
[62]. It has been shown that fractionated exposure to low
doses of ionizing radiation causes dose-specific changes in the
global genomic methylation of different regions of a mouse's
brain against the background of changes in the emotional state
and increased anxiety, impaired coordination of movements
in walking [49]. Compared to fractionated irradiation
(20 fractions, 0.1 Gy each), acute irradiation with Y rays at
a dose of 2 Gy triggered a more pronounced increase in the
number of activated microglia cells and a decrease in the
number of neuronal progenitor cells [52]. However, chronic
bombardment with heavy particles (doses of 0.4-0.5 Gy) that
simulated galactic cosmic radiation, had a more pronounced
effect on the change of electrophysiological properties of
hippocampal pyramidal cells in mice than acute irradiation [51].
Fractionated exposure to Y rays translated into damage to DNA
in the tissues of frontal cortex and cerebellum that increased
after each fraction, although in the hippocampal tissue, this
indicator has grown only after the first fraction [49].

The available publications contain no data on the
experiments designed to assess the effect of chronic or
fractionated irradiation at low doses (cumulative dose up to
0.1 Gy). There are confirmed effects of acute irradiation at low
doses and the comparable effects of fractionated and acute
irradiation at moderate doses, but these do not eliminate the
possibility of reaction from the CNS to chronic exposure at
low doses. According to the report by UNSCEAR [53], such
exposure causes changes in the immune system regulation
mechanisms, and one of the described effects of ionizing
radiation on CNS is pro-inflammatory activation of microglia.
Other known effects of low doses include cellular-level DNA
damage, unstable chromosomal aberrations, apoptosis of
the most radiosensitive cells [54], which can potentially affect
neurogenesis, especially in the critical periods of development
of the brain.

Experimental studies have shown that in some cases,
gender conditions the effect of exposure: for example,
irradiation with 28Si slows neurogenesis in the long term, but
this is a male-only effect, females remain unaffected [41]. In
a study that simulated acute or chronic galactic radiation, the
"object in updated location" test revealed persistent disruptions
in formation and reconsolidation of hippocampal-dependent
memory in female mice but not in male, while female subjects
were better at recognition of the new objects than male,
and only the chronically irradiated males showed increased
aggressiveness in the tube dominance test [51].

Some experimental data support the hypothesis about the
potential capability of ionizing radiation to increase the risk of
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neurodegenerative changes. Inadequate chronic activation
of microglia is observed both after irradiation and in cases of
depression, Alzheimer's disease, Parkinson's disease [55].
lonizing radiation at low and moderate doses can trigger
molecular mechanisms that support development of the
Alzheimer's disease [29], such mechanisms associated with
oxidative stress, increased number of amyloid plaques in the
brain [24], and accumulation of the tau protein [35]. In mice
with ApoE deficiency used as a model of Alzheimer's disease,
chronic irradiation for 300 days at cumulative doses of 0.3 Gy and
6.0 Gy caused changes in the number of proteins associated
with control of synaptic plasticity, calcium-dependent
signaling and brain metabolism [56]. However, there were also
differences: signaling of the Rac1-cofilin pathway was activated
only at a lower dose of 0.1 mg/day, and at the same level of
exposure the amount of activated microglia in the hippocampus
and expression of TNF and lipid peroxidation decreased. Thus,
several molecular targets for low dose chronic radiation overlap
with those in Alzheimer's pathology [56].

CONCLUSION

Currently, there is an extensive amount of information about
the effect of ionizing radiation on the brain and higher nervous
activity. High doses of ionizing radiation are an established risk
factor for cognitive impairment, but the results of epidemiological
studies assessing the effect of moderate and low doses on the
human CNS are ambiguous.

Experimental animal studies have revealed such effects of
irradiation as disruption of the learning and memory functions,
increased anxiety level, and locomotion disorders. It has been
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COBPEMEHHbIE NPEACTABJIEHUA OB SNMUAEMUOJIONMIA N NATOMEHE3E MYJIbTUCUCTEMHOIO
BOCNAJIUTENIbBHOIO CUHAPOMA Y AETEW, ACCOLIMMPOBAHHOIO C SARS-COV-2
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O630p MOCBSILLEH BONPOCaM anAEMMONoriv 1 naToreHesa MynsTUCUCTEMHOrO BOCMaIMTENbHOMO CUHOPOMA Yy AeTel, accouumpoBaHHoro ¢ SARS-CoV-2
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SARS-CoV-2 kak cynepaHTureHa. MpuBeaeHo o6Cy»KaeHre nMTepaTypHbIX AaHHbIX O BO3MOXHOCTK passuTiis MBC-L no mMexaHn3My aHTUTeno3aBuMcUMOoro
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The multisystem inflammatory syndrome associated with
SARS-CoV-2 in children (MIS-C) is the condition occurring within
2—6 weeks after novel coronavirus infection caused by SARS-
CoV-2 (COVID-19), it is characterized by severe inflammation
affecting two or more organs or systems (mostly skin, mucous
membranes, cardiovascular system, gastrointestinal tract).
According to the data reported by various authors, 36-80%
of patients are admitted to intensive care units (ICU), 10-20%
of children need mechanical ventilation (MV), about 1%
need extracorporeal membrane oxygenation (ECMO) [1-3].
Researchers still have no consensus whether MIS-C is a
complication of COVID-19 or a distinct nosological entity.

MIS-C was first reported in school-age children by
researchers from the UK in the beginning of the COVID-19
pandemic [4]. To date, the development of this syndrome has
been reported in patients of various age cohorts, including
newborns and young adults, however, MIS-C is most often
found in children and adolescents [5, 6].
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Today, criteria issued by the World Health Organization
(WHO) [7] also provided in domestic guidelines [8] are used
to diagnose MIS-C in most countries of the world, including
the Russian Federation. According to these criteria, MIS-C
occurs 2-6 weeks after recovery from COVID-19, most often
in children and adolescents aged 0-19. It is characterized by
pyretic fever (= 3 days), involvement of two or more organs
or systems, elevated levels of inflammatory markers, and no
information about the presence of infectious agents capable
of causing such symptoms [7].

As defined by the US Centers for Disease Control and
Prevention (CDC), MIS-C is a clinically severe disorder
characterized by fever, elevated levels of inflammatory markers,
and impaired function of several organs and systems, which
requires hospitalization of the patient. It develops against the
background of recent confirmed or probable COVID-19, while
there is no other possible explanation of the disease clinical
manifestations [9].
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Etiology

Regardless of the MIS-C definition used, both options imply
that the disease occurs due to prior SARS-CoV-2 infection
regardless of the previous COVID-19 severity. The detection of
specific immunoglobulins G (IgG) against novel coronavirus in
the majority of patients is evident of the association between
the disease developed and previous COVID-19. The presence
of acute infection markers (IgM against SARS-CoV-2 and
extraction of SARS-CoV-2 RNA) was reported only in 5-10%
of sick children. These patients were clinically consistent with
the MIS-C criteria, and the more thorough questioning showed
that children had recently had COVID-19 or were in contact
with COVID-19 patients [10].

In the beginning of the pandemic the evidence of contact
with the COVID-19 patient within four weeks before developing
the symptoms was enough to diagnose MIS-C as one of the
criteria due to high incidence of the infection. Meanwhile,
additional information is currently required to determine the
association between MIS-C and previous COVID-19, which
is due to a number of reasons. After three years from the
beginning of the pandemic more than 80% of the population
have IgG against SARS-CoV-2; IgM fade away within 3-4
weeks since the moment of infection and most often are not
detected in the midst of MIS-C, that is why serological tests are
not representative in such cases [11].

Second, the number of COVID-19 cases is decreasing,
COVID-19 is becoming a seasonal respiratory infection by
integrating into the structure of numerous viral infections
manifested by respiratory tract involvement. As for daily practice,
etiological decoding of uncomplicated acute respiratory tract
infections is extremely rare, especially in outpatient practice,
which is explained by both economic reasons and the results’
negligible impact on the treatment tactics. That is why patients
are less frequently tested for SARS-CoV-2.

Third, MIS-C is similar to other disorders characterized by
severe inflammatory response (staphylococcal or streptococcal
toxic shock syndrome, hemophagocytic syndrome, Kawasaki
disease (KD), bacterial sepsis, etc.) in terms of clinical
manifestations, which makes it more difficult to diagnose the
syndrome[12, 13]. The case reports of viral infection (adenovirus,
cytomegalovirus, Epstein—Barr virus) with the course similar to
multisystem inflammatory syndrome were found in the literature
before the pandemic, however, pathogenesis of this condition
was also poorly understood. This resulted in controversy in
the scientific community regarding the role of other infectious
agents in the MIS-C development [14-16].

The researchers assumed the role of additional infectious
agent in the MIS-C realization [17]. The authors of the report
considered the probability that additional infectious agent
acted as a trigger in patients having the history of COVID-19.
Superinfection can trigger an acute infllmmatory episode
of MIS-C. Furthermore, despite the fact that no signs of the
herpesvirus reactivation or persistent viral or bacterial infection
have been found in the patients’ peripheral blood, this theory
also requires further research.

Understanding the causes of MIS-C is essential for
development of optimal tactics for therapeutic interventions in
patients with this disorder. Despite the symptoms’ similarity, the
MIS-C treatment is dramatically different from therapy of the
number of conditions, such as sepsis, with which it is most
often necessary to carry out differential diagnosis. Exclusion
of bacterial pathogens that are significant for the syndrome
development makes it possible to avoid antibacterial therapy;
the symptoms are stopped after administration of high-dose

intravenous immunoglobulins, systemic glucocorticoids, and,
in rare cases, inhibitors of interleukin-6 (IL6) and interleukin-1
(IL1) receptor antagonists. By analogy with the KD therapy,
acetylsalicylic acid is prescribed to prevent thromboembolic
complications [8]. Untimely diagnosis results in delayed
prescription of essential therapy, thereby adversely affecting the
disease outcomes and prognosis.

Epidemiology

Since etiological diagnosis of MIS-C is difficult, and clinically the
syndrome has no pathognomonic signs and is similar to other
disorders characterized by severe inflammation, true MIS-C
incidence in the population is likely to be underestimated.
Foreign research has shown that the prevalence of the
syndrome is 2 cases per 100,000 population under the age
of 21 years [1] or less than 1% of children having a history of
COVID-19 [2].

A total of 230 MIS-C cases were reported in Europe and
the UK by 15 May 2020 (within a month after the first reported
case), among which two (one in the UK and one in France)
were fatal (0.87%) [18].

According to the data posted on the CDC official website
(as at 3 July 2023), a total of 9499 MIS-C cases were reported
in the USA, 79 children died (0.83%). The syndrome detection
rate varied significantly from state to state. The largest number
of cases was reported in such states, as California (more than
800) and Texas (600-800). About 46% of patients were children
aged 5-11, among them boys prevailed (60%). About 57% of
patients were of Hispanic ancestry (2358 children) or were
African Americans of non-Hispanic ancestry (2720 individuals) [8].

The Public Health Agency of Canada reported 269
MIS-C cases between 11 March 2020 and 2 October 2021.
The association with previous COVID-19 was confirmed by
epidemiology data or laboratory tests only in 142 individuals
(63%). The average age of patients was 6 years, among
them boys prevailed (58%). A total of 36% of patients needed
admission to ICU [19].

Following identification of various SARS-CoV-2 variants,
there had been emerging evidence of the relationship between
certain virus variants and the MIS-C detection rate. According
to the data provided by CDC, the largest number of cases in
the USA was reported between October 2020 and May 2021
following the rise in COVID-19 incidence caused by the “alpha”
variant. The second “wave” of MIS-C took place in September—
November 2021 during circulation of the “delta” variant, and
the third one occurred between December 2021 and March
2022, immediately after the incidence peak caused by the
“omicron” variant. Sporadic MIS-C cases have been reported
since February 2023 [8].

The studies conducted in Canada have also revealed
several incidence peaks: peak in May 2020 associated with the
Wuhan variant and two waves, between November 2020 to
March 2021 and in May 2021, caused by “alpha” variant [18].

Comparative analysis of the MIS-C incidence in the UK
conducted by the research team [20] showed that number of
the disease cases caused by “delta” variant was 56% lower
before the start of mass vaccination and 66% lower after the
start of mass vaccination relative to the wave caused by “alpha”
variant; the number of cases caused by “omicron” variant was
95% lower.

Similar data were obtained in Australia. The Australian
Paediatric Active Enhanced Disease Surveillance network
(PAEDS) revealed only 95 MIS-C cases between 1 May
2020 and 30 April 2022. In New South Wales, Queensland
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Fig. 1. Schematic representation of antibody-dependent enhancement: binding of SARS-CoV-2 by non-neutralizing antibodies — presentation of the virus to the cell —
virus uptake into the monocyte/macrophage — virus replication in the cell — release of SARS-CoV-2 copies. Adapted from [32]

and Victoria the following number of cases was reported:
10 (3-26) MIS-C cases per 10,000 visits during the period
before the emergence of “delta” variant (4 cases), 5 (4-7) cases
per 10,000 visits during the period of “delta” variant circulation
(80 cases), 0.8 (0-1) cases per 10,000 visits during circulation
of “omicron” variant (61 cases) [21, 22].

Dependence of the MIS-C rate on the COVID-10 incidence
peaks is an indirect evidence of the SARS-CoV-2 etiologic role
in the syndrome pathogenesis, and the risk of the syndrome is
likely to be associated with its genetic variant.

There are no official data on the rate of MIS-C in Russia.
The majority of domestic publications are represented by case
reports and reviews [23-25]. The researchers analyzed the
data of 122 children with MIS-C aged 8.9 (56.3; 11.8), among
them more than a half were boys (56.6%). A total of 45.1% of
patients were admitted to ICU [26].

Pathogenesis
Multiple studies are focused on explaining the mechanisms
underlying the MIS-C development. Since MIS-C was similar

to KD, macrophage activation syndrome, and cytokine release
syndrome in terms of clinical features, it was hypothesized

SARS-CoV-2

that MIS-C resulted from hyperimmune response to the
virus (as in the above conditions) in the beginning of the
pandemic. However, most researchers tend to think that the
MIS-C development mechanism differs from that of the above
conditions [7, 12, 18, 27].

Currently, several theories of the MIS-C pathogenesis are
discussed, among which the most popular are as follows:
abnormal innate immune response to infection resulting
from the cross-reaction between viral antigens and antigens
of the host; response to the ongoing virus replication in the
unrecognized viral reservoirs; superantigen theory; antibody-
dependent enhancement (ADE). Researchers do not rule out
the impact of genetic or epigenetic predisposition. Actually, it
is more likely that there are concurrent mechanisms underlying
the MIS-C development [28-31].

The theory of ADE associated with the SARS-CoV-2
infection was one of the first hypotheses. Since the detection
rate of specific antibodies against SARS-CoV-2 was higher
than the rate of viral RNA detection by PCR, it was suggested
that antibodies against SARS-CoV-2 could be among the
disease triggers. The non-neutralizing antibodies (nNNADb) are
produced after the first exposure to novel coronavirus. Some
nNADb target specific region of viral spike protein (S-protein),
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Fig. 2. Schematic representation of antibody-dependent enhancement: binding of SARS-CoV-2 by non-neutralizing antibodies — immune complexes’ formation and

deposition in the tissues — hyperimmune response. Adapted from [32]
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Fig. 3. Schematic representation of superantigen theory as MIS-C pathogenesis: SARS-CoV-2 persistence in the gut — zonulin release — disruption of intercellular
contacts and increased intestinal permeability — viral S-protein S1 subunit entry in the bloodstream (as superantigen) — bonding of MHC Il molecules found on the
antigen-presenting cells with S1 subunit of the virus and T cell activation via TCR — hyperimmune response. Modified and adapted from [35, 37]

that is why MIS-C can develop according to the scenario of the
ADE syndrome leading to viral replication in macrophages and
disruption of numerous human cells (Fig. 1).

After binding to the macrophage Fc receptors, the virus-
antibody complexes settle in tissues and lead to abnormal
immune response regulation and enhanced cytokine
secretion after the complement activation. Active production
of inflammatory mediators contributes to the increased blood
vessel permeability, fever, shock, and severe multiple organ
damage (Fig. 2).

Meanwhile, as data on SARS-CoV-2 accumulated, it was
found that the virus did not infect macrophages, that is why the
ADE type involving Fc receptors was unlikely, and low affinity
nNAb were produced in small amounts, hardly recognized the
virus and did not bind to it [28, 33-34].

The hypothesis about the role of superantigens is based on
the MIS-C clinical similarity to toxic shock syndrome caused
by bacterial exo- and endotoxins. Superantigen can cause
nonspecific activation of the large number of T cells, which, in
turn, also produce pro-inflammatory cytokines and chemokines,
thereby initiating autoimmune inflammation. High similarity of
the SARS-CoV-2 spike protein subunit 1, S1 (responsible
for binding of the virus to the host cell receptor), and the
fragment of staphylococcal enterotoxin B, the superantigen,
was revealed (Fig. 3). Assessment of peripheral blood samples
from patients with MIS-C by immunosequencing revealed
the TRBV11-2 gene expansion that was correlated to the
MIS-C severity and the serum levels of cytokines, which was
consistent with the features of immune response caused by
superantigen. The long-term persistence of SARS-CoV-2 in the
gut of patients with MIS-C and circulation of the viral protein S1
subunits support this theory [35, 36].

The reports show that prolonged SARS-CoV-2 persistence
in the gastrointestinal tract of children with MIS-C resulted in
the release of zonulin (intestinal permeability marker) followed
by the SARS-CoV-2 antigens entry in bloodstream and the
development of hyperinflammation [37]. The data obtained
by the authors are consistent with the other study results:
genetic factors (expansion and activation of the TRBV7117-2+
gene) alters the diversity of the T cell receptors in children
with MIS-C, which, in turn, can be induced by superantigen
[38, 39].

Genetic analysis showed that enrichment of rare pathological
variants affecting inflamsmatory and autoimmune pathways, such
as dominant-negative mutations in the Notch1 NUMB and NUMBL
regulators resulting in the Notch1 regulation enhancement, was
observed in patients with MIS-C [40]. The Notch1 signal transmission
to Tregs induced CD22, thereby causing their mTORC1-dependent
destabilization and systemic inflammmation enhancement.

[t has been proven that in individuals with KD the virus can
play a role of trigger by binding to antibodies and forming the
immune complexes that settle on the blood vessel walls and
cause inflammatory response through binding to Fc receptors
or complement system activation. The genes involved in
antigen production (FCGR2A, the gene encoding lymphoid
tyrosine kinase, and the gene encoding the CD40 ligand)
are responsible for this process. The gene encoding inositol
1,4,5-trisphosphate  3-kinase C (ITPKC) regulating cell
activation is responsible for cellular response associated with
KD. Similar mechanisms can underly the MIS-C pathogenesis
[41]. The research team [42] analyzed three groups of patients
(a total of 20 individuals) in order to reveal the differences and
clarify the disease pathogenetic features: individuals with MIS-C
(n =6), mild and severe COVID-19 (n =5 and n =9, respectively).
The authors determined the cytokine profiles (IFNy, IL10, IL6,
IL8, and TNFa) and the levels of soluble complement complex
C5b-9, they also assessed the abundance of schizocytes in
peripheral blood smears considering clinical data. The analysis
showed that the total of TNFa and IL10 levels was significantly
higher in patients with MIS-C than in patients with severe
CQOVID-19. The elevated levels of these cytokines are indirect
evidence of impaired innate immunity. In the discussion section
the authors note that moderate increase in the levels of IL1,
IL2, and IL6 is observed in individuals with KD. However, TNFa
levels are likely to play a key role in pathogenesis of both MIS-C
and KD. The levels of soluble complement complex C5b-
9 were significantly higher in children with severe COVID-19,
slightly lower in patients with MIS-C, and within normal range
in patients with mild COVID-19. Schizocytes were found
in peripheral blood smears in 67% of individuals with mild
COVID-19, 80% of patients with severe COVID-19, and 100%
of patients with MIS-C. Elevated levels of soluble complement
complex C5b-9 are indicative of the presence of blood vessel
damage in the MIS-C pathogenesis [42].
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Cytokines and chemokines play a vitally important role in
initiation, prolongation and suppression of immune response
to any infection, including COVID-19. Studies have revealed
elevated blood levels of IL6 in patients with severe MIS-C,
however, the values did not exceed that observed in children
with sepsis. In addition to IL1 and IL8, the levels of which
are slightly elevated in MIS-C relative to KD, a significantly
increased production of TNFa, IFNy, and IL10 relative to KD
is observed in individuals with MIS-C. The IL17 inflammatory
mediator plays a more prominent role in pathogenesis of KD
than that of MIS-C. It is important to note that the cytokine and
chemokine levels can vary considerably between the studies
involving various ratios of age cohorts, sample collection terms
and diagnostic methods [43-47].

It is well-known that the increase in the levels of
autoantibodies is typical for various autoimmune and
inflammatory disorders, it also occurs in response to
some viral infections. Studies revealed elevated levels of
autoantibodies in patients with MIS-C [48]. Three autoantigens
were identified as ones associated with MIS-C: UBESA, ECET1,
and RBM38. Another eight autoantigens were earlier reported in
individuals with other disorders (ATP4A, TROVEZ2 of two types,
KLHL12, FAM84A, HK1, MAOA, and CTDP1). The authors
have found tissue-specific autoantigens in such organs, as the
gut, heart, endothelium, and skeletal muscles, which explains
clinical symptoms from these organs in MIS-C.

Cardiovascular system is a major target organ in MIS-C.
Heart disorders in the form of valvulitis, coronary artery
dilation and aneurysms, myocardial dysfunction, and fulminant
myocarditis are observed in patients. The researchers make
various assumptions to explain the rate of cardiac disorders.
Thus, myocardial damage is most likely to result from binding
of the virus to the ACE-2 receptors found on endothelial cells
of arteries and veins and direct infection of cardiomyocytes
by the virus [49-51]. Furthermore, the release of inflammatory
cytokines also contributes to the vascular matrix disruption
and loss of blood vessel structural integrity, thereby leading
to coronary artery dilation and aneurysm formation [43].
Pathological examination of autopsy samples from patients
with MIS-C confirms the presence of inflammatory infiltration
in the myocardium and demonstrates high viral load in the
patients’ cardiac muscle [52, 53]. The research team assessed
the results of heart MRl in four patients with MIS-C and revealed
diffuse myocardial edema with no signs of replacement fibrosis
or focal necrosis [54].

Vaccination against COVID-19 and MIS-C

Great attention is paid to the probability of developing MIS-C
after vaccination against COVID-19 due to the emergence
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of sporadic reports of the syndrome development following
vaccination against novel coronavirus infection. The paper
[65] reports two cases of MIS-C following administration
of the BNT162b2 vaccine (based on mRNA encoding the
SARS-CoV-2 spike protein) in Virginia state (USA). A 15-year-
old girl developed clinical symptoms of the disease six days
after vaccination, however, it was later confirmed that she had
a history of COVID-19 (the virus was not extracted by PCR,
however, specific antibodies (IgG) against the SARS-CoV-2
nucleocapsid protein were detected along with no antibodies
against S-protein). A 17-year-old girl was the second patient,
who developed clinical symptoms of MIS-C seven days after
vaccination. Novel coronavirus was also not extracted from
nasopharyngeal discharge by PCR. There were specific
antibodies (IgG) against S-protein and no antibodies against
nucleocapsid protein, that is why it was impossible to confirm or
disprove the likelihood of previous COVID-19. Both teenagers
received therapy with normal human immunoglobulin for
intravenous administration and systemic glucocorticoids, they
were discharged from hospital when healthy.

Atotal of 52 MIS-C cases in children aged 0-17 for the period
between 1 August 2021 and 1 February 2022 were assessed in
Denmark. Among them one case occurred in a fully vaccinated
adolescent. A 17-year-old girl developed MIS-C four months
after administration of the second dose of BNT162b2 vaccine
and five weeks after the confirmed breakthrough infection
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HABUTALUMOHHASA TPAHCKPAHUAJIbHAA MATHUTHASA CTUMYNALUNA: KPATKUIA OB30P
TEXHUYECKUX PELLEHUIA
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B uncne akT1BHO pasBMBaOLLXCH METOLOB KIMHUHECKOW peabnnmraimn 60sbHbIX MOCe MO3rOBbIX COCYMUCTLIX KaTacTpod 0cob0 BbiAENAETCs TpaHCKpaHaribHast
MarHuTHas ctumynsaums (TMC). MeTopa, WPOKO NMPUMEHSIOT He TOMbKO A1 MOCTUHCYBTHON peabunmntaumm, Ho U B CMOPTVBHOW MEAVLMHE, NCUXmaTpum v
Opyrvix obnactax MeguuvHbl. Mpy 9TOM CyLLECTBYET HepeLLeHHas Npobnema, CBA3aHHasa C HYeTKM HaBEAEHVEM 1 yaep>kaHeM hOoKyca MarHUTHOrO nons npu
TMC Ha Toukax MHTepeca B rofoBHOM Mo3re. [13-3a He4eTKol nokanmsaumm okyca MarHUTHOIO Mosist BO3MOXXHO BO3HWKHOBEHWE NMOOOYHbIX BO3LENCTBUIN BO
Bpemst ceaHca TMC. B 0630pe npefcTasneHbl CyLLECTBYIOLLME BapUaHTbl PeLLEHNs AaHHbIX MPobnem, ConocTaBneHbl MPUCYTCTBYIOLLME Ha PbIHKE YCTPOWCTBa
ons Haevraumm TMC, npoaHanManpoBaHbl COCTaB 1 anropUTMbl X paboTbl, MPEeANOXeHbl NEPCNEKTUBHbIE HANPABNEHNS Pa3BUTUS TEXHUHECKOrO obecneveHnst
Hasuraummn TMC.
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Transcranial magnetic stimulation (TMS) is an actively developed
method for clinical neuromodulation and rehabilitation of

and excitation [3]. Accumulation and analysis of clinical data
on the results of using TMS have resulted in the expanded

ischemic patients. It is based on the brain tissue exposure to
short pulses of high-intensity electromagnetic field (up to 4 T
or more) generated by the induction effector (inductor or coil)
[1, 2]. This results in the neuronal membrane depolarization

list of accessible defects, clarified parameters of using TMS
in various clinical situations [2, 4]. Furthermore, TMS is used
in sports medicine as a motor system stimulation method [5],
in psychiatry for diagnosis and treatment of various conditions,
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and wT other fields of medicine [6]. However, there are still
a number of not completely resolved or controversial issues
related to localization of the TMS magnetic field focus, desired
intensity of exposure, and many other themes [5, 7].

Thus, impossibility to accurately match the stimulation
point coordinates to the central nervous system anatomical
structures is an important challenge faced when mapping
motor areas using TMS [8]. The head and brain size and shape,
localization of anatomical structures are unique. This makes the
process of inductor positioning relative to the stimulation area
challenging.

According to the Talairach coordinate system, individual
differences in motor areas are 1.5-2 cm; these can be larger
when considered relative to external reference points on the
skull. This is also true for Broca’s area localization [9], i. e.
unique macroanatomy of the brain cannot be adequately
defined using an anatomical atlas or a proportional coordinate
grid. The navigated TMS (nTMS) method, in which the inductor
spatial orientation is set based on the magnetic resonance
imaging (MRI) data analysis, has been proposed to address the
problem of inductor positioning [8, 10]. The use of this method
to a significant extent solves the problem of coil positioning
when performing therapeutic and/or diagnostic TMS.

The motor threshold testing for the motor response to the
lowest possible stimulation level resulting in contraction of
appropriate muscles is considered to be a standard criterion for
assessment of the efficiency of the TMS effect on the excitable
brain structures. It has been shown that even a slight shift of the
inductor relative to the optimal point of exposure can significantly
reduce the stimulation efficiency [7, 8, 10, 11-13]. Furthermore,
any serial patient’s exposure requires high reproducibility. Given
its weight and size characteristics, manual holding of the coil in
a predetermined position when the session duration is 10 min or
more makes these tasks almost impossible, while these require
technical execution [8, 10]. However, analysis of information
taken from the available databases and catalogues has shown
that despite huge number of reports of the nTMS clinical use,
the data on engineering solutions for the method and the trends
in their development are limited and fragmented. In this review
we try to discuss the existing solutions and possible prospects
of NnTMS development from a technical perspective.

Main principles of navigated TMS functioning

The use of the stereoscopic technical vision system in
combination with constructing a 3D model of the brain based
on MRI scans turned out to be the most effective solution for
matching the point of exposure in the brain to specific tags
on the skull, magnetic field focus, and spatial position of the
inductor [14]. The study performed by these authors was
based on the 3D inductor positioning relative to a solid model
of the brain with a stereoscopic video system using a common
coordinate grid (Figure).

Two sets of procedures are executed to implement this
scheme: initial cycle of NTMS session preparation and the
repeating inductor position adjustment cycle. The algorithm
for initial cycle shown on the left (Figure) includes the following
operations:

1) constructing a 3D model of the brain based on the set of
primary T1-weighted (T1W) MRI images;

2) MRI image segmentation and constructing a 3D model
of the patient’s brain using the BET algorithm [15]. False
positive results are automatically deleted, while false negatives
are added interactively. The brain surface and structures are
reconstructed using flat contours;
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3) determining the target area in the brain model relative to
the skull considering the features of magnetic field focus and
the distance to inductor ensuring the required magnetic field
density;

4) recognition and localization of the patient’s head using
optical tags or any other method. The inductor coil localization
and position are recognized the same way;

5) aligning the model of the brain, skull and inductor oriented
towards the target area using the coordinate grid;

6) moving the inductor into the estimated baseline position
depending on the patient’s head position. Preparation for the
nTMS session is complete.

In real-world settings it is necessary to consider the change
in the patient’s posture and his/her head move out of the
calculated coordinates. In this case a software module for the
repeating cycles of inductor position adjustment is responsible
for correction of errors in the nTMS system. This algorithm
shown on the right (Figure) includes the following operations:

1) periodic detection of the inductor and patient’s head
position by the technical vision system and recalculation
of current coordinates relative to baseline values. If no
discrepancies are found, no action is taken;

2) recalculation of coordinates and the direction of the
inductor axis in case of inconsistency between the baseline
and current relative position of the inductor and the model of
the brain aimed to compensate the error indicated;

3) generation of the message about the need to navigate
the inductor to a new position;

4) control recalculation to test whether the new position of
inductor is matched to the target area;

5) recalculation and image output in absolute coordinates
with the new position of inductor relative to the bias of the brain
3D model .

Efficiency of the described nTMS functioning algorithm has
been confirmed by the experiments involving a human skull
phantom and head MRI data of the healthy individual. The
algorithm showed a trend toward flexibility, safety, accuracy,
and time saving [14]. The system included a TMS unit,
electromyography system, electroencephalography system,
rack with inductor, and a computerized navigation system. The
average errors of coordinate selection resulted mainly from
the errors of MRI images: the errors on axes X, Y, and Z were
5 mm, 3 mm, and 3 mm, respectively. Later this approach was
implemented in other models of NTMS systems [16].

It has been shown, that the TMS-induced
electroencephalography (EEG) shows high reproducibility
(correlation coefficient r = 0.85) within 200 ms before the
stimulus termination given the exposure parameters are
constant. Even a 10 mm shift of inductor results in significant
EEG changes. The use of nTMS is the only possible way to
ensure stability of the evoked effects [7].

However, there are nTMS errors that are yielded by the
sources of errors:

1) individual features of magnetic field distribution across
the cortex depending on the brain tissue state;

2) errors of brain MRI scan and appropriate distortion of the
brain 3D model;

3) shift of focus due to patient’'s head movement after
setting the focus;

4) errors of magnetic field generation by the coil.

The impact of such error on the joint position of the inductor
and the head, as well as on the magnetic field, was analyzed
based on the simplified and realistic models of the head [11].
Modeling involved the use of the SImMNIBS computer subroutine
library [12] and the sets of T1-weighted fat-suppressed and
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T2-weighted MRI images with the 1 mm3/voxel resolution. The
average bias of joint spatial position was within 2.2-3.6 mm
and 1°. The errors were related to the MRI images with the
average bias of 1.5-1.9 mm at the error of 0.2-0.4° and bias
of 0.5-0.8 mm at the error of 0.1-0.2° for the models used.
When assessing the magnetic field bias, the average accuracy
of positioning, assessing the field orientation and peak value
was within the ranges of 1.5-5.0 mm, 0.9-4.8°, and 4.4-8.5%.
The modeling results showed a significantly reduced
inductor positioning error during nTMS relative to standard
recommendations, such as “over the projection of the upper
third of the cerebral cortex motor area”, and shift of inductor
position relative to the external tags on the head measured in
centimeters [13].

Commercially available nTMS complexes

Today, the following models of NnTMS units implementing
standard solutions are mass-produced (Table). The units are
built on similar schemes based on the technical vision system
(TVS). Optical tags or characteristic areas of face and head are
used as orientation elements. The inductor position is changed
directly using a robotic manipulator, while indirect changes are
made in manual mode by following the signals of the nTMS
control system.

The VISOR 2 nTMS system uses a 3D model of the brain
constructed based on MRI images [17]. If no such model is
available, simplified models are used. TVS tracks optical
trackers positioned on the head and inductor. As a result, the
3D model of the brain and the inductor are pinned to the system
of external tags in the three-dimensional coordinate grid. The
physician follows the commands of the system to position
the inductor in space. With a certain skill, the coordinate
bias determined is about 2 mm. The VISOR2 system can
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be operated in combination with compatible TMS complexes,
including the domestic Neuro-MC/B complex.

The TMS Navigator navigation system (LOCALITE; Germany)
is also based on using technical vision to pin a 3D model of
the brain, images of the patient’s head and inductor obtained
using video cameras to the three-dimensional navigation grid
with optical trackers [18]. The algorithm for accurate matching
of these objects to audio indication of the inductor position
bias ensures the magnetic flux focus retention. For targeted
stimulation, the system allows registration of four inductors of
different types. It is possible to calculate the amount of energy
that would be delivered to the target point. In the Robotic
Edition version of the system, automatic inductor positioning
aimed at compensating the patient’s movements is performed
using optical feedback.

The TMS Robot robotic system (Axilum Robotics; France)
is implemented as a construct that combines a seven-degree-
of-freedom manipulator, inductor, control unit, and a chair for
the patient [19]. The principles of functioning, determining the
coordinates of patient’s head, target area, and inductor are
similar to the listed above. After constructing a 3D model of
the brain and assessing the head position, a TVS manipulator
positions the inductor to ensure a precise focused effect. The
patient’s head movements are automatically compensated
by moving the inductor. Manipulator and the chair have nine
position sensors, which ensure baseline positioning accuracy
of at least 1 mm along all axes; when the head moves, the
inductor orientation is restored with the accuracy of at least
0.1 mm. This positioning system is used in combination with
the Syneika One neuronavigation system.

The Syneika One neuronavigation system (SYNEIKA;
France) is an integrated device that ensures coil navigation
based on the data of the patient’s brain 3D model [20]. The
coil positioning and orientation are accomplished using
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Table. Comparison of some existing navigation devices for TMS
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System VISOR2 TMS Navigator TMS Robot Syneika One NBS eXimia Brainsight TMS PowerMAG
Nexstim Navigation View!
Contractor ANT Neuro, LOCALITE, Axium Robotics, SYNEIKA, Nexstim Ltd., Brainbox. UK Jali Medical,
Netherlands Germany France France Finland ’ USA
OptllcaI. Yes Yes, trackers Other sensor Other sensor Yes, trackers Yes, trackers Yes, trackers
navigation (type) type type
Mar)lpulator No Yes Yes No No No No
available
anl position Indirect Direct Direct Indirect Indirect Indirect
adjustment
Chglr for the No Yes Yes No Yes Yes Yes
patient
Modeling of Can be Enables
Features magnetic field assembled of functional brain
distribution modules mapping

options of the described above Axilum Robotics TMS-Robot
complex [19]. The TMS-Robot robotic rack guided by Syneika
One moves the coil through space, thereby ensuring precise
targeting the stimulation area and compensating possible head
motion. There are no data on the sensor types used to assess
the head and inductor position in the reports available.

TMS-Cobot, manufactured by the same company but
implemented as a mobile device, represents a more simple
and space-saving solution compared to TMS Robot [21].
The inductor positioning accuracy is 2 mm. The possibility
of tracking the head position by optical system is preserved,
however, it only supports the patient’s head upper hemisphere
due to smaller manipulator size. This device is not equipped
with its own system for the brain 3D model construction and
spatial navigation, it also has to operate under the control of
external neuronavigator, such as Syneika One.

The NBS eXimia Nexstim complex (Nexstim Ltd.; Finland)
designed in mid 2000s continues to evolve [22, 23]. The
complex has advanced software allowing one to construct
a high-precision 3D model of the brain consisting of more
than 20,000 elements, control its representation and ensure
targeted effect using a large touch screen monitor. An option of
modeling the magnetic field distribution considering individual
brain structure features is a hallmark of the system. Robotic
devices are not used for targeting and retaining the coil when
the patient moves. The inductor installation on the rack and
spatial orientation are done manually following the targeting
system instructions. Bias of the effect targeting does not
exceed 10 mm.

The Brainsight TMS Navigation neuronavigation series
(Brainbox; UK) to be used in combination with the DuoMAG XT
series transcranial magnetic stimulator supporting the induced
EEG recording [24] has become quite widespread. The market
offers the Brainslight TMS Navigator and Brainslight TMS Chair
integrated systems. The possibility of assembling specialized
complexes of distinct modules is an interesting feature of the
company’s products.

The PowerMAG View! and ANT Neuro visor2 (Jali Medical;
USA) neuronavigation systems, which use optical tags fixed
on the patient’s head with an elastic band as reference points
for stereoscopic system, are used for research and diagnosis
[25]. A 3D model of the brain is usually constructed based on
MRI data, there is an option for functional brain mapping. The
patient is seated in a chair with his head on the headrest. A
simple rack is used to attach the inductor.

The NetBrain Neuronavigator 9000 complex (EB Neuro;
ltaly) is designed to be used in combination with the TMC STM
9000 Magnetic Stimulator manufactured by the same company
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[26]. The manufacturer positions the complex as a low-end
device that nevertheless has advanced characteristics: bias of
matching a 3D model of the brain to the coordinates of optical
tags on the patient’s head using the stereoscopic system can
be less than 1 mm. The complex is operated using the Galileo
software allowing one to communicate with the TMS unit and
construct a 3D model of the brain, as well as to record the
procedure and manage the patient’s data. The patient reclines
in a chair, and the TMS inductor is attached to the rack. The coil
positioning and orientation in space are performed based on
the prompts generated by the neuronavigation system.

The SimGuide Navigated TMC neuronavigation software
package (MagSim Co Ltd; UK) is designed to work with the
Horizon 3.0, Horizon Performance, and Horizon Lite units for
transcranial therapy manufactured by the same company [27].
In all cases, a high-resolution stereoscopic system and the
patient’s elastic helmet with optical tags are used for spatial
alignment of the head, 3D model of the brain, and the inductor
mounted on the rack.

Similar features are offered by the Neuronavigated TMS
system for visualization of anatomic and functional features
based on the MRI data (SEBERS Medical; USA, Germany)
[28]. One software suite enables communication with five
types of M-series TMS units manufactured by the same
company. The coil installation and orientation are performed
using the stereoscopic system. The effect control is ensured
by recording evoked EMG potentials using a wireless dual-
channel electromyography unit.

It should be noted that the majority of commercially
available nNnTMS systems use magnetic stimulation devices
manufactured by third-party companies. The clinical data
analysis [4-6] shows that the use of nTMS improves the
efficiency of magnetotherapy course, since it ensures proper
localization and high reproducibility of the effect, although there
are alternative opinions [29]. However, these systems have not
yet been widely introduced in domestic practice. Perhaps, this
is due to the fact that nTMS systems are expensive, and the
use of such systems requires medical personnel to have certain
skills and knowledge in the field of computer engineering.

Experimental nTMS systems

The patient’s semi-recumbent position with his/her head on the
headrest is the simplest solution for NnTMS realization [7, 16, 13,
22, 23]. This ensures head motion limitation, and the inductor
orientation and retention can be ensured by the rack or by
hand. However, this solution prevents exposure of the occipital
areas. The alternative is a sitting position (if possible), however,
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in this case there is a problem of the TMS effect focus retention
associated with unrestricted mobility of the head during the
session that can be solved by using a robotic coil positioning
system [19, 20].

Experimental nTMS systems capable of tracking the
patient’s movements emerged about 15 years ago [30]. A
robotic manipulator moved the inductor to follow the arbitrary
trajectory along the axes X and Y within the range of 90 cm at
angles of + 45°, while the Z axis rotation was within the range
of 360°. The error of installing the inductor with the weight of
1.5 kg did not exceed 1 mm on all axes. The inductor bias did
not exceed 50 pm/min in any plain: it was 1 mm during the
20 min TMS session, which was not critical.

A simplified nTMS system has been described, in which
the physician selects the TMS inductor position based on the
patient’s skull shape only (the output of TVS operation) [31].
The method proposed reduces the amount of data used to
construct a 3D model of the brain approximately by an order,
however, the risk of effect focusing errors is increased due to
individual features of anatomical structure.

The precision nNTMS system described by other authors
is based on the scheme of the object coordinate recognition
that is based on the high-resolution TVS, reflective trackers,
and 3D model of the patient’s brain constructed using the MRI
data [32]. The use of infrared illumination at the wavelength of
850 nm that has partially solved the problem of the impact of
hair on the scull model construction is the distinctive feature.

The use of trackers mounted on the patient’s head and
inductor makes it difficult to prepare for the nTMS session.
As an alternative, it is suggested to estimate the head
position using the characteristic face areas [33], however, this
complicates construction of TVS and related software used to
link the data from video cameras, 3D model of the brain, and
position of inductor. At the same time, this solution accelerates
and simplifies the TMS procedure, eliminates errors associated
with the tracker bias.

The more simple NTMS variant involving orientation towards
characteristic face areas uses only the skull model constructed
based on the TVS data [34]. The inductor orientation is
performed based on the scaled anatomical atlas data instead
on the brain 3D model constructed using MRI.

When the patient has thick hair, the error of the skull model
constructing using TVS and determining the compliance of the
brain 3D model constructed can be reduced using the elastic
cap that fits tightly on the head or the band with a picture of a
chessboard with the elements of known size [35]. However, we
believe that this solution represents the variant of using optical
trackers with appropriate bias.

The virtual reality systems combining 3D models of the
brain, skull, and inductor in a unified coordinate system are
used to help the physician during the nTMS session [36].
This makes it possible to control fine-tuning of the inductor
position without special skills using the minimalistic graphical
and audio interface. The proposed approach turned out to be
the least time-consuming in all proposed conditions relative
to conventional neuronavigation. However, the latter showed
higher targeting accuracy (p < 0.001).

When the virtual reality system is supplemented by the
image of inductor specifying the magnetic field vector and
density [37], the operator has to place the inductor coil in proper
position and set the stimulation parameters, other operation
will be performed in the automated mode. As a result, clarity
of the created exposure scheme, reduction in time required for
the session preparation, and simplification of all operations can
be observed.

Reduction of the magnetic field side effects on the brain
structures adjacent to the exposure focus during the TMS
session is an important problem. This problem can be solved
by using a figure-eight coil focusing the maximum field strength
at the intersection of magnetic flux vectors [38]. As a result, the
effect strength range is expanded and the focusing accuracy
is increased, thereby reducing the risk of side effects and
complications. However, the magnetic field generation system
turns out to be rather bulky, requires precision production, and
the shape of the target spot turns out to be unpredictable when
the source is defocused, like the magnetic field strength in it.

[t has been shown that the fixed-position dual centrosymmetric
inductors form a dual focus exposure area [39]. This makes it
possible to change the focus coordinate within a broad range
by controlling the angle of their orientation only before the TMS
session.

CONCLUSION

Certainly, it is impossible to provide multiple options and
examples of implementation related to the technical background
of navigated TMS. However, here we can highlight several
areas for development of the method technical background.

First, this is improvement of the software part of constructing
3D models of the patient’s brain and skull (head). It seems
particularly challenging to increase accuracy of constructing a
3D image of brain tissues based on MRI data: resolution of the
high-field MRI scanners enables recognition of objects sized
1-2 mm in increments of 5 mm with an angle error of + 1°in the
images, which is due to the apparatus table motion precision.
Therefore, a properly working and adjusted scanner allows one
to acquire a series of brain slices with an accuracy of about
1 mm, which is enough for the majority of applications. In rare
cases when higher image resolution is required, one of the well-
known nonlinear image interpolation methods can be used,
however, correctness of such solution is questionable.

Second, it is improvement of the TMS inductor positioning
and orientation accuracy. The experience of constructing a 3D
model of the brain shows that positioning of the inductor axis
with the angle accuracy of +1° and the coordinates’ uncertainty
of + 1 mm on all axes can be enough. It should be noted that
the “spot” of magnetic field focus represents a bundle of
tension lines (that of figure-eight coil is a circle with a diameter of
5-8 mm and blurry margins) [40]. Adjacent brain structures can
be affected, but this can be perceived as the method inevitable
cost. The use of the oriented two by two inductors of varying
size, magnetic safety screens or magnetic field replicators
enables improvement of the focusing accuracy [41].

Third, it is abandoning the handy elements simplifying
recognition of the patient’s skull position, which include various
optical reflectors and probes mounted in pre-defined sites on
the patient’s head. In addition to the fact that installation of such
elements results in inevitable installation accuracy errors, this
requires the continuous use of disposables. We believe that
aligning 3D models of the patient’s brain and head using the
clearly distinguishable face elements that are present in both
cases (nose, eye sockets, brow ridges, and ears) is the most
promising.

Fourth, it is the use of available variants of the control
means realization and ensuring safety during the TMS session.
This includes preliminary calculation of the field strength in the
inductor focus with its indirect control during exposure. In our
opinion, the effect strength control circuit is also essential that
can be implemented in the form of the automated regulatory
link based on the EEG and/or EMG data or in the form of the
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component of verbal biological feedback via control enabling
manual magnetic flux intensity adjustment within certain limits
by the patient.

Fifth, it is considerable simplification and acceleration of
preparation for the nNTMS session due to emerging options and
experimental virtual reality systems enabling overlapping of 3D
models of the brain, skull, and inductor in the common three-
dimensional space considering the magnetic field effect vector.

And finally it is the need for reliable hardware and software
implementation of the robotic manipulator used to ensure
retention of the inductor focus on the pre-specified brain area
regardless of the patient’s position. The majority of available
nTMS construction variants provide for the patient is in supine
or semi-recumbent position, which makes it difficult to place
the inductor over the patient’s head occipital part. The use of
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Factors of the immune system, including secreted pro-inflammatory interleukins, enable tumor control. However, against the background of prolonged chronic
inflammation, they can trigger oncogenesis. Polymorphic variants in the coding and regulatory regions of cytokine genes can affect gene expression, mRNA
stability, structure and activity of the protein product, with consequences on the levels of cells and body as a whole. This study aimed to search for the relation
between polymorphic variants of interleukin genes IL1b (rs1143634), IL2 (rs2069762), IL4 (rs2070874), IL6 (rs1800795), IL8 (rs4073), IL10 (rs1800871) and risk
of cancer, and to analyze the effect of polymorphic loci on concentration of serum interleukins. The study involved 585 persons chronically exposed to radiation.
We established association of polymorphic /L4 site (rs2070874) with concentration of serum /L4 in individuals with chronic low dose-rate exposure of the red bone
marrow 1.17 to 3507 mGy (mean value — 566 mGy). The content of serum IL4 in people with C/T and T/T genotypes (as per the dominant model) was significantly
lower than in those with C/C genotype (p = 0.02). Polymorphic sites rs1143634, rs2069762, rs2070874, rs1800795, rs4073, rs1800871 were not found to be
associated with the risk of malignant neoplasms in exposed individuals.
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NOJIMMOP®U3M NrEHOB KOHTPONA UHTEPNIENKUHOB N PUCK PA3BUTUSA
OMYXOJEBbIX 3ABOJIEBAHUN Y OBJTYSEHHbIX JNL,

E. A. BavHoa' 2= M. A. AHunwesckas’, A. B. Aknees'?

T YpanbCkuii Hay4HO-NPaKTUHECKUNIA LIEHTP padnaunoHHo MeayLmHbl PefepanbHoro Meamko-61onoru4eckoro areHTeTea, YenabuHek, Poccus
2 YensabUHCKMIA roCyAaPCTBEHHBIN YHUBEPCUTET, YensbuHek, Poccus

PaKTopbl MIMMYHHOW CUCTEMbI, B TOM Y1CNE CEKPETMPYEMblE MPOBOCHANNTENbHBIE UHTEPNEKMHBI, 06ECneYnMBaloT NPOTUBOOMNYXONEBbI HAA30P, OAHAKO B
crny4ae OnnTenbHOrO XPOHMYECKOrO BOCMANIEHNSt MOTyT NMPUBOANUTL K aKTVBaLMM OHKOreHe3a. [onMMopdHble BapuaHTbl, pacronaraloLLyecs B KOAVPYIOLLMX 1
PErynsTopHbIX 061aCTSAX FEHOB LIMTOKUMHOB, MOMYT BAUSTL Ha SKCMPECCUIO reHa, CTabunbHOCTb MPHK, CTPYKTYPY 1 akTVBHOCTb 6EMKOBOIO MPOAYKTa, YTO B CBOKO
o4epefb OTPAKAETCS Ha KNIETOYHOM M OPraHn3MEHHOM YPOBHSIX. Lienbto paboTbl 66110 MPOBECTU MOVCK CBA3M NOAMMOPEHBIX BAPUAHTOB FEHOB UHTEPIENKHOB
IL1b (rs1143634), IL2 (rs2069762), IL4 (rs2070874), IL6 (rs1800795), IL8 (rs4073), IL10 (rs1800871) ¢ pUCKOM PasBUTVS OHKOMOMMYECKX 3abofieBaHui, a
TaKkKe MpoaHanMa3npoBaTb BUSHME MOMMMOPMHbIX JIOKYCOB Ha KOHLEHTPALMIO CbIBOPOTOYHbBIX MHTEPNENKUHOB. B 1ccnefoBaHWy mpuHAnM ydactue 585
YesoBeK, MOABEPILUMXCA XPOHUYECKOMY pPafMaLOHHOMY BO3AENCTBUIO. Bbina BbisBneHa CBA3b NMonMMoptHOro yyqactka /L4 (rs2070874) ¢ KOHLeHTpaumen
CbIBOPOTOYHOrO /L4 y nnL, NOABEPILUMXCS XPOHUHECKOMY HU3KOVUHTEHCUBHOMY PaanaLMOHHOMY BO3AEMCTBUIO B AMana3oHe 03 Ha KPaCHbIA KOCTHbIN MO3I
(KKM) ot 1,17 no 3507 MIp. CopeprkaHie cbiBOPOTOHHOrO /L4y HocuTenen reHotunos C/T n T/T B COOTBETCTBUM C AOMVHAHTHOW MOAESbIO BbIfo CTaTUCTNHECKN
3Ha4MMO HIKe, HeM y HocuTenen reHotna C/C (p = 0,02). He BbIIBNEHO CBA3M NOAMMOPMHBIX y4acTKoB rs1143634, rs2069762, rs2070874, rs1800795, rs4073,
rs1800871 ¢ pYCKOM PasBUTUS 3N10KAHECTBEHHBIX HOBOOOPA30BaHNA Y 06yHEHHbIX L.

KnioueBble cnosa: SNP, MMMYHHas crncTema, 3/10Ka4eCTBEHHbIE HOBOOﬁpaSOBaHI/Iﬂ, XPOHM4YeCKoe paanauoHHoe BOBJJ,GI;ICTBI/IG, oThaneHHble nocneacTsns
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Ha 2016-2020 rogp! 1 Ha neprog Ao 2030 roga» (focyaapcTBeHHbIN KOHTPakT Ne 11.313.21.2 ot 15 nioHs 2021 ).
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Interleukins play an important regulatory role in antitumor
immunity. They enable mediator interaction of the immune
system cells and regulate various processes, such as
activation of immunocompetent cells, apoptosis, cell cycle and
differentiation of immunocompetent cells. For example, IL1
boosts proliferation of CD4+ cells and binding of natural killer cells
(NK cells) to tumor cells; it also induces production of /L2, which,
in turn, supports proliferation of dendritic cells, and infiltration
of the tumor by dendritic cells correlates with the effectiveness
of antitumor immunity [1]. In addition, the antitumor response
regulated by Th1 through secretion of proinflammatory cytokines
IL2, TNFa, and IFNy, promotes not only priming and activation
of cytotoxic T cells but also antitumor activity of macrophages
and NK cells [2]. /L4 is instrumental to the development of pro-
inflaonmatory reactions. It enables proliferation of NK cells and
activated T cells, enhances their antitumor effect, regulates
activated anti-inflammatory macrophages that help eliminate
cancer cells [3]. It is also believed to be directly capable of
suppressing tumor growth by arresting the cell cycle [1]. At
the same time, macrophages themselves can secrete IL70,
which improves immune suppression by disrupting the activity
of effector T cells and inhibiting maturation of dendritic cells
[2]. IL6 possesses a strong pro-inflammatory capability and it
can suppress tumor growth, but in some cases it is produced
by tumor cells, and then it promotes growth of myelomas
and some types of tumor cells [4]. There is little data on the
antitumor activity of /L8, however, it is known to attract and
functionally modulate neutrophils and macrophages into tumor
foci, and high levels of IL8, on the contrary, contribute to cancer
progression and metastasis through various mechanisms,
including proangiogenesis and maintenance of conditions for
development of cancer stem cells [5].

Pro-inflammatory factors, including secreted pro-
inflammatory cytokines, help suppress tumor, but with a
prolonged chronic inflammation in the background, they can
trigger oncogenesis [6].

Inflammation is known to play an important role in the
development of cancer at different stages of carcinogenesis:
it promotes genomic instability, epigenetic modifications,
induction of proliferation of cancer cells, enhancement of anti-
apoptotic signals, stimulation of angiogenesis [7]. At least 25%
of cancer cases are associated with chronic inflammation [2, 8].

The possible causes of chronic inflammation are microbial
infection, autoimmune disorders, obesity, immune dysfunction,
as well as environmental factors. Several studies have shown
that in the long run, radiation exposure promotes development
of chronic inflammation [9]. In particular, the survivors of
Hiroshima and Nagasaki bombings had the Th1/Th2 balance
broken in the long term, which lead to chronic inflammation [10].
Moreover, among the exposed in Japan, greater dose meant
higher level of such pro-inflammatory markers as C-reactive
protein, IL6, INFy, TNFaand /L70 [11, 12]. Chernobyl accident
liquidators had their cytokine profiles changing in the long
run, with levels of INFy and TNFa growing up [13]. Prolonged
exposure to low and medium doses of radiation can also cause
chronic inflammation. In particular, after 60-75 years, residents
of the villages on the Techa River, which is contaminated with
radioactive waste, exhibit changes in quantitative and functional
indicators of systemic immunity [14] and pro-inflammatory
changes in the cytokine profile [15].

Polymorphic variants in coding, regulatory and non-coding
sites of genes, as well as in intergenic regions, can affect
gene expression, MRNA stability, structure and activity of the
protein product and, subsequently, alter the functional state
at the levels of cells and body as a whole [16]. Some studies
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have established the connection between polymorphic sites
in interleukin genes and risk of oncogenesis. Polymorphism
of rs2069762 (-330T>G) in the /L2 gene's promoter site is
associated with a predisposition to several types of cancer,
such as bladder cancer [17], nasopharyngeal carcinoma
[18], and non-Hodgkin's lymphoma [19]. A meta-analysis of
studies has found that polymorphism of rs2070874 (-33T>C)
in the /L4 gene raises the risk of leukemia and oral cancer
[20]. Polymorphism of rs1800795 in the IL6 gene has been
shown to play an important role in the pathogenesis of several
types of cancer, including cervical cancer, colorectal cancer
and breast cancer [21]. Polymorphism of rs4073 (-251A>T)
in the /L8 anti-inflammatory cytokine gene was found to
increase the risk of gastric cancer [22]. All these data point to
the modifying effect of polymorphic loci in interleukin genes
manifesting during oncotransformation of the cell. However,
despite the existing connection with the pathological condition,
it is quite difficult to establish the functional significance of the
identified polymorphism for the development of the disease,
especially in the case of such a multifactorial pathology as
cancer. One of the possible patterns of influence is alteration
of the gene's expression activity, which affects concentration
of the final product. In this connection, this study is a search
for a relation between polymorphic variants of interleukin
genes IL1b (rs1143634), IL2 (rs2069762), IL4 (rs2070874),
IL6 (rs1800795), IL8 (rs4073), IL10 (rs1800871) and the risk
of cancer development, as well as an analysis of the effect
polymorphic loci have on concentration of serum interleukins in
people chronically exposed to radiation.

METHODS
Characteristics of the examined individuals

The study involved people chronically affected by low dose-rate
exposure over the period from 1949 through 1960, the source
being radioactive wastes discharged from Mayak Production
Association to the Techa River (Southern Urals, Russia) [23]. We
searched for an association between polymorphic alleles and
genotypes IL1b (rs1143634), IL2 (rs2069762), IL4 (rs2070874),
IL6 (rs1800795), IL8 (rs4073), IL10 (rs1800871) and the risk
of development of solid malignant neoplasms (SMN), as well
as effect said alleles and genotypes have on the concentration
of serum interleukins. The exposed individuals included in the
study have had their state monitored at the clinical department
of the Urals Research Center for Radiation Medicine (URCRM)
for many years. The criteria for inclusion in the study were
residence from January 1, 1950 to December 31, 1960 in one
of the Techa riverside villages, and calculated individual doses
to the red bone marrow (RBM), thymus and peripheral lymphoid
organs. Applicants whose residence in radiation-contaminated
areas could not be confirmed were excluded from the study.
Additional exclusion criteria were applied to individuals without
SMN that donated samples for the serum interleukins analysis:
they were not supposed to have autoimmune, acute or chronic
inflaonmatory diseases diagnosed at the time of examination,
as well as hemoblastosis, renal or hepatic insufficiency, acute
cerebral circulatory disorders during the last three months,
oncological diseases, and take antibiotics, glucocorticoids,
cytostatics. At the Biophysics laboratory of the URCRM, all
study participants had their individual absorbed radiation doses
calculated for RBM and soft tissues, the calculations enabled
by the Techa River Dosimetry System (TRDS 2016) [24].

All in all, the study involved 585 individuals who were
chronically exposed to radiation. They were divided into two
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Table 1. Characteristics of participants of the study

Indicator

Exposed with MN Exposed without MN

(n=207) (n=378)
o male 81 (39,13) 127 (33,60)
Gender, n (%) female 126 (60,87) 251 (66,40)
. Slavs 98 (47,34) 153 (40,48)
0
Ethnic group, n (%) Turks 109 (52,66) 225 (59,52)
Age at the time of examination, years' 75,71 +7,32 77,79 +7,33
M + SD (min-max) (55-95) (57-98)

Absorbed dose to RBM, mGy

566,27 +42,84 700,39 + 32,37

M =+ SE (min-max)? (1,17-3507,08) (0,70-3393,51)

Absorbed dose to soft tissues, mGy 97,35 + 8,67 99,90 + 5,68

M + SE (min-max)? (0,13-740,78) (0,05-622,40)
Note: " — mean value + standard deviation (min-max); 2 — mean value + standard error (min-max).

groups: 207 people with a history of malignant neoplasms
(MN) of various localizations made up the "Exposed with MN"
group, and 378 practically healthy people formed the "Exposed
without MN" (control) group. Table 1 presents the detailed
characteristics of the examined individuals.

The solid MN diagnosed had the following localizations:
digestive system — 70 persons (ICD-10 code C00.2, C02.1,
C04.9, C06.9, C15.9, C16.9, C18.4, C19, C22.9, C25.9,
Q15.9); female reproductive system — 66 people (ICD-10
C50, C53.9, C54.9, C57.4); respiratory system — 25 people
(ICD-10 Z85.22, C32.9, C33, C34); urinary system — 16 man
(ICD code-10 C67.9, C68.9); endocrine system — 10 people
(ICD code-10 C73); male reproductive system — 9 people (ICD
code-10 C61); integumentary system — 9 people (ICD code-10
C43.9, C44.90), vision system — 2 people (C69.90).

DNA isolation and genotyping

Genomic DNA (gDNA) was isolated from whole blood using
the commercially available ExtractDNA Blood & Cells column
system (Eurogen; Russia) following the standard protocol
based on the manufacturer's recommendations. To assess the
purity of the gDNA preparations, we used the NanoDrop 2000
spectrophotometer (Thermo Scientific; USA); the control value
was the ratio of 260 and 280 nm (A260/280) wavelengths.

For amplification, we used the StepOnePlus™ Real-
Time PCR System (Applied Biosystems; USA) and a set for
genotyping polymorphic markers for IL1b (rs1143634), IL2
(rs2069762), IL4 (rs2070874), IL6 (rs1800795), IL8 (rs4073),
IL70 (rs1800871) (TestGen; Russia). The 10 pl of reaction
mixture contained 4 pl of the PCR mixture, 3 pl of deionized
water, 2 pl of Tag polymerase and 1 pl of the studied gDNA
sample. StepOne Software v2.1 (Applied Biosystems; USA)
was used to analyze the genotyping data.

Assessment of the serum interleukin concentration

We employed EIA and used the Lazurite automatic analyzer
(DYNEX Technologies; USA) and corresponding test systems
(Vector-Best; Russia) to assess the concentration of serum
interleukins (IL1B, IL2, IL4, IL6, IL8, IL10). Participants donated
blood samples fasting, through a puncture in the median
cubital vein; samples were collected into a vacuum tube with a
coagulation activator (SiO,), in the amount of 9 ml. The serum
was separated after 45-60 minutes of blood incubation at
20-25 °C and subsequent 10-minute centrifugation at 1500
rom. Then the serum was frozen once at =20 °C and kept
frozen until analyzed. The concentration of cytokines in serum
was expressed in pg/ml.

Statistical data processing

For statistical processing, we used the STATISTICA v.12.0
software package (IBM, USA), as well as online calculators
Medstatistics  (https://medstatistic.ru/) and GeneCalc
(https://gene-calc.pl/hardy-weinberg-page). The significance
of differences in the frequency of distribution of alleles and
genotypes in the study groups was established with the help
of the chi-squared test with Yates's correction for multiple
comparisons. Intergroup differences in serum interleukin
concentrations were assessed using the nonparametric Mann-
Whitney U test. We searched for links between the studied
polymorphisms and the risk of MN development in two genetic
models: dominant (combined comparison of heterozygous
and variant homozygous genotypes with a reference homozygous
genotype) and recessive (combined comparison of heterozygous
and reference homozygous genotypes with a variant homozygous
genotype). To assess the relation between polymorphic gene sites
and the risk of MN development, we calculated the odds ratio
(OR) and the 95% confidence interval (95% Cl) as per the formula
suggested in the literature [25]. Associations with p < 0.05 were
considered statistically significant.

RESULTS

Table 2 presents genotype distribution for polymorphic loci
rs1143634, rs2069762, rs2070874, rs1800795, rs4073,
rs1800871. Hardy-Weinberg law held true for all the
polymorphic loci studied.

Seeking to determine the possible effect of polymorphic
sites of IL1b (rs1143634), IL2 (rs2069762), IL4 (rs2070874),
IL6 (rs1800795), IL8 (rs4073), IL10 (rs1800871) on the
concentration of interleukins in the "Exposed without MN"
group, we investigated concentration of the corresponding
serum interleukins in people with different genotypes (Table 3).
We found that, by polymorphic site rs2070874 in the IL4
gene, those carrying minor allele rs2070874*T (genotypes
C/T and T/T) had significantly less /L4 in blood serum
compared to the carriers dominant genotype C/C (p = 0.02).
At 90% significance (registrable trend), carriers of minor allele
rs1143634*T (genotypes C/T and T/T) of the /L1 gene had
smaller concentration of serum /L7 compared with carriers of
the C/C genotype (p = 0.054). For the remaining polymorphic
loci, we discovered no significant changes in the concentration
of serum interleukins in carriers of different genotypes.

In the context of this study, we found the remaining
polymorphic sites of interleukin genes do not influence serum
interleukin concentrations, but our previous research revealed
the effect rs2069762 in the /L2 gene has on the number
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Table 2. Occurrence of genotypes of the studied SNPs in exposed individuals with and without MN

Groups
Exposed with MN Exposed without MN Compared
models OR
Gene/SNP | Genotype Frequency of genotypes, % (dominant/ (95% ClI) p4
recessive)
Quantity . 5 Quantity
(%) Ho He pPHWES3 (%) Ho He | pHWE
c/C 95 (59.75) 203 (61.52) C/C vs C/T+T/T | 1.08(0.73-1.59) | 0.71
IL1b 035 | 035 | 096 034 | 034 | 094
151143634 C/T 55 (34.59) . - . 113 (34.24) | O . -
C/T+C/Cvs T/T | 1.35(0.57-3.20) | 0.49
T 9 (5.66) 14 (4.24)
A/A 37 (44.05) 131 (39.94) A/Avs A/C+C/C | 0.84 (0.52-1.37) 0.5
IL2 046 | 0.44 0.88 0.47 | 0.46 | 0.98
12069762 A/C 39 (46.43) . . . 154 (46.95) | O. . X
A/C+A/Avs C/C | 0.70(0.31-1.55) | 0.36
c/C 8 (9.52) 43 (13.11)
c/C 74 (47.44) 164 (50.00) C/C vs C/T+T/T | 1.11(0.76-1.62) 0.6
L4
C/T 71 (45.51) 0.46 0.42 0.55 133 (40.55) | 0.41 0.42 0.87
rs2070874 C/T+C/Cvs T/T | 0.73(0.36-1.49) | 0.37
T/T 11 (7.05) 31 (9.45)
G/G 34 (34.69) 106 (35.22) G/G vs G/C+C/C | 1.02 (0.63-1.65) | 0.92
7(;@5795 G/C 47 (47.96) | 048 | 048 | 099 |145(48.17)| 048 | 0.48 | 0.99
s G/C+G/Gvs C/C | 1.05(0.58-1.93) | 0.87
c/C 17 (17.35) 50 (16.61)
T/T 36 (29.03) 101 (32.27) T/Tvs T/A+A/A | 1.16 (0.74-1.83) | 0.51
,5%73 T/A 63(50.81) | 051 | 049 | 096 | 147 (46.96) | 0.47 | 0.49 | 0.67
T/A+T/Tvs A/A | 0.96 (0.57-1.62) | 0.89
A/A 25 (20.16) 65 (20.77)
c/C 70 (47.95) 108 (52.43) C/Cvs C/T+T/T | 1.20(0.78-1.83) | 0.41
1(’(;07(;)87 ; cT | 650452 | 045 | 042 | 074 | 803883 | 039 | 04 | 085
s C/T+C/Cvs T/T | 0.85(0.39-1.86) | 0.68
/T 11 (7.53) 18 (8.74)
Note: ' — observed heterozygosity; 2 — expected heterozygosity; 3 — significance of deviation from the Hardy-Weinberg law (at p > 0.05); 4 — significance of the
odds ratio indicator (OR).
of T lymphocytes and T NK cells (CD3*CD16+56* phenotype) Polymorphic site of rs2070874 is located in the

in exposed individuals, as well as the effect of rs1800795 in
the IL6 gene on the number of T helpers [26]. Therefore, we
looked into the relationship of the studied polymorphic loci and
the risk of cancer in the exposed individuals. For this substudy
we considered two genetic models, recessive and dominant.
However, as shown in Table 2, we found no association with
oncological diseases for any of the studied polymorphic loci.

DISCUSSION

A possible link between a particular polymorphic site and cancer
risk may be the effect this polymorphism has on the structure
of the protein, if located in the coding region of the gene, or its
concentration, if located in the intron and promoter regions of
the gene. For example, rs2069762 polymorphism is located in
the site of binding of transcription factor and promoter region of
the IL2 gene, and it affects expression of IL2 [27].

In our studies involving individuals affected by chronic low
dose-rate exposure (dose to RBM from 1.17 to 3507 mGi,
mean value — 566 mGr), we identified a significant drop of
serum content of /L4 in carriers of the C/T and T/T genotypes
compared with carriers of the dominant C/C genotype by
polymorphic site of rs2070874.
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5'-untranslated region (5'UTR) of the /L4 gene. This region is
involved in control of efficiency of protein translation, since it
manages binding of the transcription factor, RNA polymerase,
and formation of the initiating ribosomal complex [28, 29]. It is
possible that substitution in this region can affect the efficiency
of the translation process and the final concentration of /L4.

In addition, carriers of minor allele rs1143634*T (genotypes
C/T and T/T) of the IL7 gene had smaller serum /L7 concentration
than carriers of the C/C genotype (90% significance). The
rs1143634 polymorphic site is a synonymous variant, it can
cause disturbance of mRNA splicing, which probably manifests
as a change in the concentration of the protein product [30]. No
published papers available describe any effect of the identified
polymorphic sites on the concentration of serum products.

Several studies have found a link between polymorphic loci of
IL2 (rs2069762), IL4 (rs2070874), IL6 (rs1800795), IL8 (rs4073)
and the risk of development of MN of various localizations.
Thus, rs2069762 is associated with a predisposition to
bladder cancer [17], nasopharyngeal carcinoma [18] and non-
Hodgkin's lymphoma [19]; rs2070874 — with risk of leukemia and
oral cancer [20]; rs1800795 — with cervical cancer, colorectal
cancer and breast cancer [21]; rs4073 — with increased risk of
stomach cancer [22]. Moreover, polymorphism and oncogenic
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Table 3. Indicators of systemic immunity in carriers of various genotypes of the studied SNPs, "Exposed without MN" group

Indicator Model Genotypel Mean value(ngt)he indicator P
IL1b rs1143634 (n = 246)
. C/C (160) 41,05 (8,88)
Dominant CIT+T/T (86) 30.21 (8,61) 0,054
IL1 content, pg/ml
Recessive C/C+C/T (239) 38,00 (6,69) 039
T/T(7) 12,06 (5,64) !
IL2 rs2069762 (n = 234)
. A/A (98) 10,52 (1,07)
Dominant A/C+C/C (136) 10,11 (1,09) 0,56
IL2 content, pg/ml
Recessive A/A+A/C (205) C/C (29) 10,38 (0,89) 0,92
9,58 (1,74) !
IL4 rs2070874 (n = 240)
. C/C (130) 5,16 (0,50) .
Dominant C/T+T/T (110) 4,13 (0,56) 0,02
IL4 content, pg/ml
Recessive C/T+C/C (217) 4,56 (0,37) 064
T/T (23) 4,99 (1,74) ’
IL6 rs1800795 (n = 114)
. G/G (42) 24,00 (11,37)
Dominant G/C+C/C (72) 16,24 (5,79) 0,84
IL6 content, pg/ml
Recessive G/C+G/G (93) 22,12 (6,73) 013
C/C (21) 5,76 (2,89) !
IL8 rs4073 (n = 231)
’ T/T (79) 6,36 (1,45)
Dominant T/A+A/A (152) 7.94 (1.55) 0,58
IL8 content, pg/ml
Recessive T/A+T/T (189) 7,82 (1,34) 067
A/A (42) 5,53 (1,56) !
IL10 rs1800871 (n = 166)
. C/C (88) 17,52 (2,02)
Dominant CIT+T/T (78) 16,83 (2,61) 0.5
IL10 content, pg/ml
Recessive C/T+C/C (151) 16,50 (1,65) 04
T/T (15) 24,23 (6,81) !
Note: ' — number in parentheses after name of the genotype is the number of its carriers among the participants; 2 — significance by Mann-Whitney U test; * —

significance at p > 0.05, Mann-Whitney U test, IL content (pg/ml), between carriers of different genotypes.

factors were found to produce a joint effect. For example,
rs1800795*G allele in the IL6 gene was an additional squamous
cell lung cancer risk factor in men who had been smoking for
less than 35 years [16]. However, in our studies, we have not
established the relationship between loci of IL1b (rs1143634),
IL2 (rs2069762), IL4 (rs2070874, IL6 (rs1800795), IL8 (rs4073),
IL70 (rs1800871) and the MN development risk in persons
chronically exposed to radiation. Likely, the reason therefor is
heterogeneity of the MN considered in the study. It is important
to remember that carcinogenesis is a multi-stage process
involving various signaling pathways and protective systems
of the body regulated by a large number of genes and gene
networks, and therefore it is necessary to continue searching
for genetic markers of MN development.
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THE EFFECT OF CHRONIC EXPOSURE ON THE FOXP3 CONCENTRATION IN LYSATES

OF THE MITOGEN-STIMULATED MONONUCLEAR CELLS

Kodintseva EA'? B3 Akleyev AA®

" Urals Research Center for Radiation Medicine of Federal Medical and Biological Agency, Chelyabinsk, Russia

2 Chelyabinsk State University, Chelyabinsk, Russia

3 South-Ural State Medical University, Chelyabinsk, Russia
Disruptions of the Treg differentiation and functioning processes can play one of the crucial roles in the pathogenesis of radiation-induced malignant neoplasms in
residents of the Techa riverside villages, who were chronically exposed in the low-to-medium dose range with predominant damage to the red bone marrow (RBM).
This study aimed to determine the effect of radiation exposure, gender, age at the time of examination, and ethnicity on concentration of FOXP3 protein in lysates of
mitogen-stimulated peripheral blood mononuclear cells in chronically exposed individuals in the period of cancer effects development. The main group consisted of
30 people aged 67-80 years, predominantly female and Turks. The comparison group included 10 unexposed individuals of similar age, gender, and ethnicity. In the
main group, the mean dose to RBM was 867 mGr, to the thymus and peripheral lymphoid organs — 125 mGr. After 24-hour in vitro PHA stimulation, mononuclears
were lysed, and the concentrations of the total protein and FOXP3 (using quantitative enzyme immunoassay) were measured. Among the different dose groups,
there were no significant differences in FOXP3 concentration in mitogen-stimulated mononuclears (prior to the stimulation: O pg/ml in the comparison group and
3.50 + 1.50 (0-27.19) pg/ml in the main group at p = 0.349; after the stimulation, respectively: 1.54 + 1.51 (0-15.16) pg/ml and 9.71 + 3.86 (0-77.92) pg/ml,
p =0.512). The variability of individual values is slightly higher in the main group than in the comparison group. Preliminary results allow concluding that the dose to
RBM, thymus and peripheral lymphoid organs, age at the time of examination, gender, and ethnicity have no statistically significant effect on the concentration of
FOXP3 protein in the lysates of the mitogen-stimulated peripheral blood mononuclear cells of chronically exposed people.
Keywords: chronic radiation exposure, the Techa River, intracellular concentration, FOXP3 transcription factor, peripheral blood mononuclear cells, Phytohemagglutinin
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BINNAHUNE XPOHUYECKOI'O OBJTYHEHUA HA KOHLIEEHTPALIMIO BEJIKA FOXP3 B JIN3ATAX
MUTOIEH-CTUMYJTMPOBAHHbLIX MOHOHYKJIEAPOB KPOBU

E. A. KognHuesa'? =, A, A. Aknees®

T YpanbCKuin Hay4HO-NPaKTUHECKNIA LIEHTP paamaLoHHOM MeauLiHbl PefepanbHoro Meamnko-61onormiyeckoro areHTeTea, YensibuHek, Poccust

2 YenabuHCKNIA rocyaapCTBeHHbIN YHMBEpcUTeT, HYenabuHek, Poccus

3 FOXKHO-YpanbCKumin rocyaapCTBEHHbI MeONLIMHCKUIA yHBEpCUTET MUHMCTEPCTBA 3apaBooxpaHeHns Poccuinckon ®epepaunn, YensbuHek, Poccurst
Hapywernsa npoueccoB AMdpdepeHUMpoBKA 1 HYHKUMOHUPOBaHUSA Treg MOryT OblTb OOHUM N3 BaXXHEWLMX 3BEHbEB B MaToreHese pagvaloHHO-
VNHIYLMPOBAHHbIX 3/10KA4ECTBEHHBIX HOBOOOPA3OBaHWIA y MOAEN U3 KOropTbl Pekn Teyn, XPOHMYECKM 0BMyHYeHHbIX B Auana3oHe MambiX U CPefHuX [03 C
NPENMyYLLIECTBEHHbBIM MOPaXKEHNEM KPacHOro KOCTHOro Mosra (KKM). Lienbto paboTsl 66110 onpeaen s BIUSHME paanaLmoHHOro BO3AENCTBISA, nona, Bo3pacTa
Ha MOMEHT 06CNefoBaHNs 1 STHUHECKOW NMPUHAANEXHOCTN Ha KOHLeHTpaumio 6enka FOXP3 B nusatax MUTOreH-CTUMYAMPOBaHHbIX MOHOHYKNEAPHBIX KNETOK
nepuepnyYecKoin KPoBM Y XPOHUYECKM 0ByYEHHbBIX NFoAer B Nepurop, peanmsaumm KaHueporeHHbIx achdekToB. OcHOBHYyO rpymny coctasuim 30 YenoBek
B Bo3pacTe 67-80 neT, cpean Hvx npeobnafanm »XeHLWWHbl 1 ILa TIOPKCKOM 3THUYECKO rpynnbl. B rpynny cpaBHeHust Bownm 10 HeobyYeHHbIX YenoBek
aHanorM4HOro BO3pacTta, Mona, STHUYECKON rpynnbl. B ocHOBHOM rpynne cpeaHsas fo3a obnydenns KKM coctasuna 867 MIp; TMyca 1 nepndeprHeckimx
nmmMdonaHbix opraHoB — 125 MIp. Mocne 24-4acosoi ctumynaumm ®rA in vitro MOHOHYKNeapbl NM3VPOBaNK, U3MEPSNN KOHLEHTpaLwmio obLero 6enka u
KOMMYECTBEHHBIM VMMYHO(EPMEHTHBIM aHanM3oM — KoHueHTpaunio FOXP3. KoHueHTpauws 6enka FOXP3 B MUTOrEH-CTUMYNIMPOBaHHbBIX MOHOHOYKleapax
CTaTUCTU4ECKM 3HAYMMO He pasnmyanach y nogen 13 pasHbix 4O30BbIX rpynn (4o ctumMynaumn: O n/mn B rpynne cpasHenua un 3,50 + 1,50 (0-27,19) n/mn B
OCHOBHOV rpynne npu p = 0,349; nocne CTUMyNSLWK, cooTBeTCTBEeHHO: 1,54 + 1,51 (0-15,16) nr/mn 1 9,71 + 3,86 (0-77,92) nr/mn, p = 0,512). BapunabensHocTb
MNHANBUAYANbHbIX 3HAYEHWIA HECKOSBKO BbILLE Y MIOAEN M3 OCHOBHOW rpyMrbl, YemM B rpynne cpaBHeHvs. 1o npeasapuTenbHbIM pesynbtataM, CTaTUCTUHECKN
3HAYMMOro BNMAHMSA f03bl 06nydeHns KKM, Tumyca 1 nepudepnyeckmx nnmhonaHbIx OpraHoB, BO3pacTa Ha MOMEHT 06CNef0BaHs, a Takxke nona, STHUHECKOM
NPUHaANEXHOCTN Ha KOHLeHTpauwmto 6enka FOXP3 B nM3atax MUTOreH-CTUMYIMPOBaHHbIX MOHOHOYKIEapOoB NepudepnyecKomn KpoBU XPOHUHECKI 061yHEHHbBIX
NHOAen He BbISIBEHO.

KnioyeBble cnoBa: XpOHMHECKOe paanaLioHHoe BO3AENCTBIE, peka Teva, BHYTPVKETOYHas KOHLEHTPaLWs, hakTop TpaHckpunumm FOXP3, MOHOHYKeapHble
KNETKV Neprdeprn4eckor Kposu, hutoremMarrtoTyHUH
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Today, the search for markers of individual radiosensitivity in
the context of realization of long-term effects of radiation
exposure is an urgent problem for modern radiobiology
[1-3]. Radiation-induced carcinogenesis is one of the most
significant effects of human exposure to ionizing radiation;
its pathogenetic mechanisms are being actively investigated.
There are various cohorts of people that run an increased long-
term oncopathology risk after radiation exposure: survivors
of atomic bombings [4], liquidators of radiation accidents [5],
professionals working with sources of radiation [6], population
living in radiation-contaminated areas [7, 8]. A particular cohort
that belongs to this list are the residents of the Techa riverside
villages. For them, the risks of morbidity and mortality from
malignant tumors and leukemias are increased [9].

In the context of ensuring the optimal medical monitoring for
persons running an increased risk of malignant neoplasms (MN),
it is important to identify and verify the markers of predisposition
to the development of radiation-induced oncopathology that
enables optimization of approaches to the formation of high-
risk groups in cohorts of people affected by radiation exposure
[2]. Immunity indicators, primarily those characterizing the state
of T-cells in the long term after radiation exposure, can be
considered as such markers. For example, many of the
mentioned residents of the Techa riverside villages had chronic
radiation syndrome (CRS), and 65 years after the start of the
exposure, they exhibited decreasing absolute numbers of CD3+,
CD4+ and CD8* lymphocytes in peripheral blood, and increasing
serum concentrations of IL4 and TNFa, compared to people of
the same age and gender who received comparable doses but
had no CRS in their medical histories [10].

In the context of pathogenetic mechanisms of radiation-
induced carcinogenesis, a heterogeneous subpopulation of
T-regulatory cells (Treg or CD3*CD4+CD25*FOXP3* lymphocytes
[11]) is particularly interesting. The FOXP3 transcription factor
is specific to Treg; it supports control of differentiation and
functioning of this subpopulation of lymphocytes [12]. It may
be feasible to establish the level of this protein as one of the
potential markers of predisposition to radiation-induced human
oncopathology in the long term after chronic radiation exposure
that predominantly involved damage to the central organ of
hematopoiesis, the red bone marrow (RBM). The FOXP3 gene
dominantly controls the function of Treg, and its continuous
expression guarantees that these cells fully preserve their
suppressive ability [11]. The FOXP3 transcription factor
represses L2 transcription, increases expression of CD25
and other Treg markers. The mechanisms of Treg-mediated
suppression are still a subject of discussion, but it is known that
the regulation of FOXP3 protein expression is crucial for the
control over immune responses, including antitumor immune
surveillance [12].

Normally, FOXP3 protein interacts with the key transcription
factors of T-lymphocytes, including NFAT, NFkB and AML1/
Runxi, and others. Transcriptional and epigenetic regulation
enables control over the FOXP3 gene expression; a change

therein entails alterations in the phenotype of T-cells and their
functions [12]. In humans, expression of the FOXP3 gene in
most CD4+-T-cells can be caused by prolonged stimulation
of the T-cell receptor, with most FOXP3* T-cells having a low
level of FOXP3 factor [12]. Transcription of the FOXP3 gene can
be initiated in effector T-cells upon antigen recognition during
inflammation [13]. Due to their ability to inhibit antitumorimmunity,
Tregs promote development and progression of tumors. High
infiltration of tumor tissue by Treg cells is associated with poor
survival rate among patients with various types of MN [14]. The
regulatory functions of Tregs infiltrating a tumor are realized via
the COX2/PGE2 signalling pathway [15]. Currently, Tregs are
being actively investigated as potential targets for oncotherapy
[14], but there are few studies that cover modulating effects of
ionizing radiation on the Treg cells' phenotype and functions,
including expression of the FOXP3 gene, concentrations and
functional activity of the FOXP3 transcription factor [16].

The plasticity of Treg subpopulation, participation of the
FOXP3 transcription factor in Treg differentiation, as well as the
role of regulatory T-cells in radiation-induced carcinogenesis
underpin the relevance of counting the FOXP3 protein in
peripheral blood mononuclears donated by people from the
Techa river cohort.

This study aimed to investigate the effect of radiation
exposure, gender, age at the time of examination, and ethnicity,
on concentration of the FOXP3 protein in lysates of mitogen-
stimulated peripheral blood mononuclear cells sampled from
chronically exposed residents of the Techa riverside villages at
the time of realization of carcinogenic effects.

METHODS

We studied the blood samples donated by permanent residents
of the Techa riverside villages that were chronically exposed to
low dose rate radiation mainly from bone-seeking radionuclides
(targeting RBM) at the premises of the Urals Research Center
for Radiation Medicine of the FMBA of Russia. The dose of
radiation received by each patient was assessed using the
TRDS-2016 dosimetry system [17].

Before donating the blood, all patients underwent a medical
examination in accordance with the established procedure.
The inclusion criteria were: absence of acute inflammatory
diseases, absence of exacerbations of chronic inflammatory
diseases; absence of renal or hepatic insufficiency. The
exclusion criteria were: acute cerebral circulation disruption
incidents or traumatic brain injuries within three months before
the study; confirmed oncological and autoimmune diseases;
courses of hormone, antibiotic, chemo- and (or) radiotherapy;
medical procedures using ionizing radiation within six months
before the study.

The exposed group (main group) comprised 30 persons
aged 67-80 years, the mean age being 72.4 + 0.5 years.
The mean accumulated RBM dose in this group was 876 +
136 mGr, with the values ranging from 87 to 3716 mGr. The

Table. Concentrations of FOXP3 transcription factor in MNC lysates after mitogenic stimulation

Subgroups of the main group,
Comparison group, Main group, RBM dose: RBM dose:
Concentration, pg/ml RBM: less than 0.07 (0.07-3.72) Gy,
Gy, n=10 n=130 from 0.07 to 0.49 from 0.50 to 0.84 from 0.85 to 3.72

Gy, n=10 Gy, n=10 Gy, n=10
without 0 3.50 + 1.50 2.63 +2.63 6.78 + 3.52 1.09 £ 0.78

FOXP3 after 24 PHA (0-27.19) (0-26.33) (0-27.19) (0-7.32)
hours of incubation ith PHA 1.54 + 1.51 9.71 + 3.86 5.97 + 4.88 13.42 + 8.00 9.73+7.28

wi (0-15.16) (0-77.92) (0-48.84) (0-77.92) (0-73.2)

Note: The data are presented as M + SE (min—-max).
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mean dose accumulated by thymus and peripheral lymphoid
organs was 125 + 20 mGr, the range of values spanning from
28 10 446 mGr.

To study dose dependencies, we divided the main group
into three subgroups similar in age, gender and ethnic makeup
but different in the RBM doses received: minimal (0.07 through
0.49 Gy), moderate (0.50 through 0.84 Gy) and high (0.85
through 3.72 Gy). These subgroups were called dose groups;
there were no statistically significant differences in qualitative
characteristics between them and the comparison group.

The comparison group consisted of 10 people aged
63-82 years, none of whom was exposed to radiation in the
context of industrial activities. The mean age in this group was
71.2 + 2.0 years, mean accumulated RBM dose — 27 + 4 mGr
(values from 15 to 49 mGr), and the mean dose accumulated
by thymus and peripheral lymphoid organs — 12 + 3 mGr
(values from 2 to 34 mGi).

Women were more numerous in both groups: 73.3%
(22 persons) in the main group and 90.0% (9 people) in the
comparison group. Eighty percent (24 individuals) of the main
group participants were of Turkic origin, and in the comparison
group this value was 70.0% (7 people). We found no significant
differences in the age, gender, and ethnic composition of the
main and comparison groups.

Fasting blood samples (4 ml) were taken under a standard
protocol [18], from the ulnar vein, in the morning, into vacuettes
containing sodium heparin. The fraction of mononuclear cells
(MNCs) was isolated at the density gradient of 1.077 g/cm?®
(Biolot; Russia), washed twice with the modified Dulbecco’s
phosphate buffered saline (Biolot; Russia). The incubation
of MNGCs lasted 24 hours at 37.0 + 0.5 °C; for the process,
we used the RPMI-1640 medium (HEPES 25 mM, NaHCO,
24 mM) (Paneco; Russia) with vitamins (Paneco; Russia) and
L-glutamine 2 mM (Paneco; Russia), to which 10% fetal calf
serum (Biolot; Russia) was added. Phytohemagglutinin-P
(PHA) (Paneco; Russia) was added to the test sample of MNCs
at the final concentration of 20 ug/ml, and the control sample
of MNCs was completed with purified water in the amount
equal to that of the mitogen solution. After stimulation, MNCs
were precipitated, supernatant removed, and the samples
were stored at minus 80 °C until the next stage. The thawing
temperature was 2-8 °C; we induced hemolysis of erythrocyte
impurities with a cooled ammonium chloride solution with pH
7.2-7.4 [19]. MNCs were washed with a cold phosphate-
salt buffer (pH 7.4) (Sigma-Aldrich; USA). The concentration
of cells was estimated using the Countess Il FL (Thermo
Scientific; USA) cell counter. We lysed the MNCs by freezing
the samples three times at minus 20 °C and then defrosting
them at room temperature as per recommendations of the
manufacturer of the enzyme immunoassay test system (ELISA).
Total protein content in cell lysates was determined in reaction
with bicynchonicic acid (Merck test system; USA) in a 96-well
tablet, with the help of a Lazurite analyzer (Dynex Technologies
Inc.; USA). We relied on quantitative ELISA (Blue gene test
system; China) to establish the content of FOXP3 transcription
factor in the samples; the counting enabled by the same
analyzer and followed by recalculation of the result for 1 ug of
total protein in the sample. SigmaPlot software (demo version;
SYSTAT Software, USA) was used for statistical data analysis.
The normality of frequency distribution in the samples was
checked with the help of the Kolmogorov-Smirnov test. The
actual distribution was abnormal in all samples. For maximum
clarity (the median value is zero in cases when concentration
of the FOXP3 transcription factor in all or most of the samples
is below the minimum detection limit of the ELISA system),
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we expressed the descriptive statistics data as arithmetic
mean (M), error of mean (m) and a range of values (min-max).
Datasets were compared using the Mann Whitney U-test, and
for quality indicators we used the chi-squared test. Spearman's
rank correlation coefficient enabled correlation analysis; the
differences or relationships were considered significant at 95%
confidence level.

RESULTS

The table below shows the results of quantification of the
FOXP3 transcription factor in lymphocyte lysates after 24-hour
incubation with PHA and without mitogen.

Comparing the main group, the three dose groups and the
comparison group, we identified no significant differences in
concentrations of the FOXP3 protein in MNC lysates incubated
for 24 hours with PHA and without mitogen. The respective
values were as follows: main group — p = 0.349 before
stimulation, p = 0.512 after stimulation; three dose subgroups —
p = 0.706, p = 0.257, p = 0.450 before stimulation, and
p = 0.940, p = 0.326, p = 0.597 after stimulation (ascending
order by the RBM dose).

In the groups of chronically exposed individuals with
different accumulated doses, intracellular concentration of the
FOXP3 transcription factor after in vitro mitogenic stimulation
of the MNCs was slightly higher than in the comparison group.

Analyzing dose dependencies, we found no significant
relationships between concentration of the FOXP3 transcription
factor in the MNC lysates (stimulated (SR = 0.13; p = 0.414)
and not stimulated (SR = 0.18; p = 0.263) with mitogen for 24
hours) and RBM and thymus/peripheral lymphoid organ doses
(before stimulation: SR = 0.23, p = 0.183; after stimulation:
SR =0.09, p = 0.602).

We detected no effect of gender (before stimulation:
SR =-0.08, p =0.609, after stimulation: SR =-0.03, p = 0.856),
age at the time of examination (before stimulation: SR = 0.02,
p = 0.915; after stimulation: SR = 0.11, p = 0.484), ethnicity
(before stimulation: SR = 0.05, p = 0.767; after stimulation:
SR = -0.01, p = 0.966) on the studied indicators neither in
the main group nor in the control group. Spearman's rank
correlation was used for this analysis.

DISCUSSION

Radiation-induced carcinogenesis implies long-term realization
of the effects. The reason behind this specificity is the
complex of factors of non-radiation nature that affect the
exposed individual, including the MN risk factors. A body that
received sublethal doses activates compensatory adaptive
mechanisms, which, when they function adequately, prevent
oncotransformation of normal cells [10]. Immunocompetent
cells are the main effectors of antitumor immune surveillance;
MN pathogenesis largely depends on the disruptions of their
activity [20].

The Techa floodplain was contaminated with radionuclides
as a result of the Mayak Production Association activity;
practically healthy residents of that area have been exposed
to low dose rate ionizing radiation for many years and in the
long term, they have persistent changes in the immune status,
with such in the T-cell component of the immunity being most
drastic. Accordingly, previous studies have reported decreased
quantities of peripheral blood leukocytes (mainly because
of neutrophils and lymphocytes), higher lysosomal activity of
neutrophils, some suppression of the intracellular oxygen-
dependent monocyte metabolism [1], and inclination of the
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cytokine system towards a pro-inflammatory response [21].

On the one hand, regulatory T-cells can directly inhibit
activity of cytotoxic T-cells, and on the other hand, they can be
recruited or induced by the oncotransformed cells and cells of
the tumor microenvironment, which allows them to avoid attack
from the immune system. Treg lymphocytes can interfere with
the activation and differentiation of CD4* and CD8* T cells,
induce reactivity against autologous and tumor antigens [11].

In the tumor microenvironment, Tregs induction and
differentiation occurs from T-lymphocytes with a strong
immunosuppressive function, which suppress antitumor
immunity and thus support tumor appearance and
development. Tregs from the tumor microenvironment, in
turn, can suppress the function of immune effector cells
(using various mechanisms); they play an important part in the
tumor's effort to elude immune surveillance [22-25]. Such Tregs
can secrete TGFR, IL10, and IL35 [26], which inhibit antitumor
immune response, suppress antigenic presentation in the
dendritic cells as well as the T-helper function, and generate
tumor-specific CD8* cytotoxic T-lymphocytes. The expression
of IL10 and IL35 cytokines differs among subpopulations
of the tumor microenvironment Treg cells; synergistically,
they promote depletion of intratumor T-cells by regulating
the expression of several inhibitory receptors [27]. Tregs are
capable of direct cytolysis of other cells through secretion of
perforin and granzymes, and they also synthesize and produce
cyclic adenosine phosphate, thus affecting the metabolism of
other cells [11, 14].

Data from mice experiments show that the share of tumor
and splenic Tges grows after local irradiation at doses of 10 and
20 Gy, and the dose of 1.25 Gy (whole irradiation) brings down
the total amount of CD4*FOXP3*-Treg in the lymph nodes [28].

In humans, ionizing radiation decreased the viability of
human CD4* lymphocytes, and this effect is dose-dependent.
There is evidence of a higher radioresistance of Tregs compared
to CD4+ lymphocytes, as well as of a dose-dependent
reduction of expression of the FOXP3 gene in Treg when the
received doses are 0.940 Gy and 1.875 Gy. Compared to
regular CD4+ lymphocytes, natural (nTreg) and TGF#-induced
(iTreg) regulatory T-cells exhibit increased resistance to
radiation at a dose of 10 Gy. Forty-eight hours after exposure
to this dose, the expression of FOXP3 gene decreases in nTreg
and in iTreg (more pronounced). After in vitro irradiation, the
expression of FOXP3 gene in iTreg goes down, but it does
not affect differentiation into T-helpers of the first or second
type. In CD4+*CD25*-iTreg, the expression of the T-BET gene
involved in the differentiation of cells into first type T-helpers
was low before and after irradiation at a dose of 10 Gy, and the
expression of the GATA3 gene involved in the differentiation of
lymphocytes into second type T-helpers decreased 48 hours
after such exposure. Irradiation changes the expression of
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COMPUTATIONAL RED BONE MARROW DOSIMETRY PHANTOM OF A ONE-YEAR-OLD CHILD ENABLING
ASSESSMENT OF EXPOSURE DUE TO INCORPORATED BETA EMITTERS
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For residents of territories along the Techa River that was contaminated with radioactive substances in the 1950s, bone-seeking beta-emitting 8°°Sr were the main
source of internal exposure of active (red ) bone marrow (AM). The dose of these radionuclides conditions the severity of leukemia risk for them. Improvement of the
methods of internal AM dosimetry is an important task. Computational 3D phantoms of the skeleton sites are a component of the solution for this task. Simulation
of radiation transfer in a heterogeneous bone model allows estimating the dose conversion factors from radionuclide activity to AM dose. This manuscript continues
the series of papers covering the development of a set of computational phantoms of a reference human being of different age. The objective of the study was to
develop a computational phantom of a one-year-old child skeleton for internal AM dosimetry (exposure due to incorporated beta emitters). Using the original SPSD
(stochastic parametric skeletal dosimetry) model, we develop voxel 3D models of skeletal sites. Skeleton sites with active hematopoiesis were modeled as a set of
phantoms of simple geometries. Distribution of AM throughout the skeleton and parameters of the phantoms were assessed on the basis of the published results
of measurement done in real bones of children aged 9 months to 2 years. The generated computational phantom of a one-year-old child consisted of 39 segments.
It simulates the structure of the bone tissue, location of AM, and population variability of the skeleton microstructure and size parameters.
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BbI4YUCJIUTENIbHbIA ®AHTOM AJ151 LOSUMETPUM KPACHOIO KOCTHOIO MO3IA FOA0BAJIOIO
PEBEHKA OT MHKOPMNOPUPOBAHHbIX BETA-U3JTYHATEJIEN

M. A. LLaparvH™® E. A. LUnwkuHa'™?, E. W. ToncTbix!

T YpanbCkuii Hay4HO-NPaKTUYECKNI LIEHTP paanauyoHHO MeauLmHbl PefepanbHoro Meamnko-61onorn4eckoro areHTcTea, YenabuHek, Poccus
2 YensbUHCKUI rocy[apCTBEHHbIN YHBEpCUTET, YensbuHek, Poccus

OcTeoTponHble 6eTa-nanyyaioLine n3oTorbl CTPOHLWS (3%°Sr) Gbi OCHOBHBIMY UCTOYHUKAMU BHYTPEHHErO 06/1yHeHns KpacHOro KocTHoro moara (KKM)
0N XKUTenen NpubpexxHbIX TEPPUTOPUIA Pekn Teun, NOABEPrUencst pagroakTMBHOMY 3arpasHeHnto B 1950-e rogpl. VIMEHHO C [O30M 3TMX YacTul, CBA3aH
MOBbILUEHHbI PYICK NENKO30B B KOrOpTe XXUTeNei ee NpubpexHbIX TeppuTopuii. BaxkHoi 3apgaqeit SBNSeTCA COBEPLLEHCTBOBaHME BHYTPEHHEN [O3VMEeTpUM
06nyyeHns KKM. OHa BkJloHaeT B cebst pa3paboTKy BblHYUCIUTENbHBIX (haHTOMOB, MPEACTaBNAOLLIMX COOOM TPEXMEPHbIE MOAENN YyHaCTKOB ckeneta. imutaums
nepeHoca M3ny4eHnst B reTeporeHHon MoAeny KOCTY MO3BONAET OLEHUTb KOI(MMULIMEHTbI Nepexofa OT akTVBHOCTY padnoHykvaa B KOCTU K fo3e Ha KKM.
OTa cTaTha ABNSeTCA NPOAO/KEHNEM paboTbl MO CO3AaHNI0 Habopa BbIMMCAMTENbHBIX (haHTOMOB CKeneTa flofet pasHoro BospacTa. Lienbio paboTsl 6bin1o
paspaboTaTb BbIMUCIUTENBHBIM (haHTOM CKeneTa rogoBanoro pebeHka ans BHyTpeHHen fodumetpun KKM OT MHKOpNOopuMpoBaHHbIX GeTa-nanydarenei.
C nomoLbto opuriHansHor metoamkin SPSD (stochastic parametric skeletal dosimetry) cozgasanv TpexmepHble MOAENN yHaCTKOB CKeneTa B BOKCEbHONM (hopMe.
Y4acTkun ckeneTa ¢ akTUBHbIM reMOrnoa30M MOAENMPOBan Kak Habop haHTOMOB NPOCTOM reoMeTpuyeckolt hopmbl. Pacnpenenerve KKM B ckeneTe, a Takxe
napameTpbl (haHTOMOB OLiEHMBaIM Ha OCHOBE OMyOMMKOBaHHbIX PE3YNLTATOB U3MEPEHWIA pealbHbIX KOCTeN AeTelt B Bo3pacTe oT 9 Mmecsaues Ao 2 net. [na
rofoBanoro pebeHka Oblf1 CreHeprPOBaH BblHUCNTENBHDBIN (DaHTOM, COCTOSALLMIA 13 39 cerMeHTOB. OH MMUTUPYET CTPYKTYPY KOCTHOM TKaHu 1 nonoxkeHre KKM,
a TaKke NONYNALVIOHHYIO BapriabenbHOCTb NapaMeTpoB MUKPOCTPYKTYPbI U pa3MepOoB ckeneTa.

KntoueBble cnosa: Tpa6eKynﬂpHaﬂ KOCTb, KOpTUKaJlbHasa KOCTb, JO3UMETPUA KOCTHOIO Mo3ra, Bbl4UCIUTENIbHbIE CDaHTOMbI, Sr
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Radionuclide incorporation in a human body could lead to internal
exposure of tissues and organs. One of the most radiosensitive
organs is the haematopoietically active bone marrow (AM).
Found inside skeletal cavities, AM cells are the main target for
bone-seeking radionuclides that accumulate in mineralized
bone tissue. The most dangerous of the radionuclides are
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89908y, These very radionuclides were the key source of AM
exposure for the residents of the Techa riverside settlements,
contaminated with radioactive substances in the 1950s. Mean
AM dose absorbed in the course of a lifetime in the Techa River
Cohort members was 0.35 Gy, but in some people it exceeded
1 Gy and could reach 7 Gy, which resulted in a chronic radiation
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syndrome development and raised the risk of leukemia [1-4].
The contribution to the AM dose was 61-94% and 2.5-3.2%
of ®Sr and #°Sr, respectively [5]. Among the exposed individuals
are people of various ages, including small children. Dose
assessment for the exposed population could help to prepare
for potential radiation emergencies. The methods of dosimetric
modeling that were used previously to estimate AM dose are
outdated [6]. More accurate data on AM doses received by the
members of the Southern Urals population exposed to radiation
cohort (SUPER cohort) would allow better assessment of the
radiation-related risks of leukemias [7]. Estimation of the AM
doses requires assessment of the radionuclide specific activity
in the source tissue and calculation of the dose conversion
factor (DF) from specific activity of a radionuclide in the source
to the absorbed dose rate in a target.

Biokinetic models that describe distribution and transfer of
a radionuclide through the tissues of the body after its ingress
are used to estimate radionuclide specific activity [5]. DF is
calculated using dosimetric modeling. It involves simulating the
transfer of radiation resulting from strontium isotopes decay in
the source tissue (bone) and energy absorption in AM (the target
tissue), taking into account the exposure geometry. That is why
an important part of dosimetric modeling is the elaboration
of computational bone phantoms. They are surrogates of the
real body tissues (AM and bone) that describe the geometry
of source and target tissues and allow simulation of radiation
transfer. It should be noted that the current approaches to
modeling shape and structure of the bone are based on the
analysis of postmortem computed tomography (CT) images of
individual bone segments [6, 8-12]. The use of autopsy material
limits the number of samples used to estimate the parameters
of phantoms and makes it impossible to account for individual
variability of size of human bones.

An original parametric method of stochastic modeling
of bone structures, SPSD modeling (SPSD — stochastic
parametric skeletal dosimetry), was developed at the Urals
Research Center for Radiation Medicine [13]. SPSD modeling
implies determination of parameters of the phantoms based on
numerous published bone measurements. It allows accounting
for the uncertainties due to the variability of skeletons in different
people. The inside of a computational bone phantom is filled
with spongiosa, which is a combination of trabecular bone and
AM. And its outside bears a dense layer of cortical bone. The
trabecular bone is modeled as a grid of rod-like trabeculae.
Such model is a simplified representation of a real bone, yet it
is suitable for internal dosimetry of bone-seeking beta-emitters
[13]. The previously published numerical experiments [14, 15]
demonstrate adequacy of the model; these experiments
yielded energy dependences for SPSD phantoms that were
compared to the published data [12].

The current study is devoted to the elaboration of a
computational phantom of a one-year-old child's skeleton. It is
the next step in the series of studies on the development of a set
of computational phantoms of a reference man of different age.
Previously, we published a paper covering the development of
the computational phantom of a newborn's skeleton [16].

The objective of the study is the elaboration of a
computational phantom of skeleton of a one-year-old child
to estimate AM doses due to beta-emitting radionuclides
incorporated in the bone.

METHODS

The phantoms were created using the original SPSD method.
For dosimetric modeling, we selected only the skeletal sites

with active hematopoiesis. A set of hematopoietic sites were
identified based on the published data on AM distribution inside
the skeleton [17]. SPSD phantom of skeletal hematopoietic
sites consists of a set of smaller phantoms, which are basic
phantoms of bone segment (BPS) of simple geometry. They
describe individual sites of the skeletal bones. The approach
to determination of BPS parameters (based on the previously
published data) is given below.

We studied papers in peer-reviewed journals, atlases,
manuals, monographs and dissertations as sources of data on
dimensional characteristics of bones of a one-year-old child.
This set was completed with electronic resources containing
collections of X-ray images. The measurements of people/
samples that the authors qualified as healthy without diseases
leading to bone deformation were collected for the analysis.
The ethnicities considered were Caucasians and Mongoloids,
as these groups are common in the Ural region. The age of the
children ranged from 9 months to 2 years.

Relying on the published data, for every hematopoietic site
we assessed linear dimensions and thickness of the cortical bone
layer (Ct.Th.), as well as bone microarchitecture characteristics:
trabeculae thickness (Th.Th.), trabecular separation (Tbh.Sp),
bone volume fraction of spongiosa (BV/TV). The linear skeletal
bone measurements obtained using callipers, osteometric
boards, ultrasound and X-ray examinations, and CT were
studied. Histomorphometry and micro-CT data were used to
assess the parameters of trabecular bone (Tb.Th., Tb.Sp, BV/TV)
and cortical layer thickness.

Averaged estimates of bone characteristics were taken as
parameters for digital phantoms. If published papers containing
data on individual measurements were available, we combined
them and calculated arithmetic means and standard deviations
(SD). When the data on the study of the groups of people were
averaged, then for each group we used a weighting factor,
(W,), that factored in the number (N) of samples: W, = 1 if
N = 25; W, = N/25 if N < 25. The methods of selection and
analysis of the published data were described in detail in
previous publications [18-21].

Having acquired the datasets presenting population-average
characteristics of bone size and shape, we divided each
hematopoietic site into small segments of simple geometric
shape with homogeneous bone microarchitecture and cortical
layer thickness. Such segmentation allows accounting for
heterogeneity of structure of trabecular and cortical bone inside
a single hematopoietic site and simplifies modeling. The process
of segmentation has been described in detail in [18, 19].

Each phantom includes descriptions of the modeled media
and geometry of source and target tissues. Bone marrow (BM)
and mineralized bone tissue (part of trabecular and cortical
bone) are the media constituting BPS. Chemical composition
and density of the modeled media were determined based on
the previously published data [22] and applied for all phantoms
of a one-year-old child.

For each segment a voxel BPS was generated in the
Trabecula [23] software. Depending on the position of the
center of the voxel in the phantom, voxels imitate either
mineralized bone or bone marrow (BM). We regarded
trabecular bone (TB) and cortical bone (CB) as source tissues,
and bone marrow (BM) as a detector tissue. BM was uniformly
distributed between trabeculae inside the BPS. Voxel sizes
differed phantom to phantom, but did not exceed 70% of the
trabecula thickness [23, 24]. In the modeled phantoms, the size
of the voxel varied in the range from 50 to 200 pm. Trabecula
software automatically calculated the volumes of source and
detector tissues for each BPS.
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Fig. Segmentation of a hematopoietic site of a one-year-old child's skeleton using the example of humerus. A. Skeleton of a one-year-old child (active
hematopoietic sites are highlighted blue). B. Humerus. C. Pattern of division of the bone into BPSs and their dimensions. D. BPS of humerus in voxel representation, a

sectional view (black voxels imitate bone, white — BM)

Hematopoietic sites of a one-year-old child, division into
segments and modeled BPS are demonstrated on the example
of the humerus (Figure).

To simulate population variability of dimensions and
microstructure characteristics, we generated 12 SPSs
(supplementary phantoms) for each BPS with mean parameter
values. The parameters of these SPSs were selected at
random, within the range of their individual variability (within the
limits of minimum and maximum values of the measurements).

RESULTS

The main hematopoietic sites in a one-year-old child's
skeleton and the AM mass fraction therein, were determined in
accordance with the MRI data [17] (Table 1).

According to Table 1, skeleton of a one-year-old child
includes 13 hematopoietic sites for modeling. The AM mass
fraction therein ranges from 0.9 to 28.7% of its total mass
fraction in the body.

As is the case with a newborn [16], the following parts of
the skeleton were not modeled: epiphysis of the tubular bone,
sternum, craniofacial bones and vertebral processes (cervical,

thoracic, lumbar), because, according the published data
[26-31], they either contain very little AM or consist of cartilage
tissue.

Table 2 presents chemical composition of the modeled
media; we selected the values based on the ICRP data [22]
for adults.

The density of mineralized bone tissue was calculated
based on the published measurement results of the cortical
bone density of one-year-old children [25]; it made up 1.70 g/cm?.
As for the red bone marrow, its density was taken as equal to
that of water, 1 g/cm?® [16].

The parameters of spongiosa were also determined
based on the published data; their analysis and calculation of
population-average spongiosa parameters were described in
detail in [21]. Table 3 presents the values of the BPSs micro-
architecture parameters of a one-year-old child.

Table 4 presents linear dimensions and cortical layer
thickness assumed for BPSs of a one-year-old child.

The phantom of hematopoietic sites of a newborn's
skeleton consists of 39 BPSs (Table 4). Depending on the
shape of the simulated hematopoietic sites, we used different
amount of BPSs to describe them: from 1 (ribs) to 9 (sacrum).

Table 1. AM mass fraction (% of the total AM mass fraction in the skeleton) in the main hematopoietic sites of a one-year-old child's skeleton [15].

Ne Hematopoietic site AM mass fraction, %
1 Femur 8.1
2 Humeri 5.2
3 Sacrum 5.1
4 Tibia bones 8.7
5 Pelvic bones 13.1
6 Skull 28.7
7 Clavicle 0.9
8 Scapula 2.7
9 Ribs 8.2
10 Radius and ulna 2.6
11 Cervical vertebrae 21
12 Thoracic vertebrae 8.3
13 Lumbar vertebrae 6.4
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Table 2. Chemical composition of the modeled media (all BPS)

Chemical composition, relative untis
Chemical element Bone Bone marrow

H 0.035 0.105
C 0.16 0.414
N 0.042 0.034
o 0.445 0.439
Na 0.003 0.001
Mg 0.002 0.002

0.095 0.002
S 0.003 0.002
Ca 0.215 -

For the most part, BPSs were modeled by cylinders and
rectangular parallelepipeds. The size of the phantoms varies
widely, from 2.7 to 35.8 mm. Phantoms describing spinal
column have no cortical layer due to the fact that the ossification
process is incomplete (Table 4). Bodies of femur and tibia have
the highest values of Ct.Th. for the BPS of a one-year-old child:
2.3 mm. In the first year of life, bones of the cranial vault ossify
intensively and the fontanelles close up, therefore, as opposed
to those of a newborn, BPSs representing cranial vault of a
one-year-old child are covered with a cortical bone layer. The
spongiosa parameters differed significantly for different BPSs.
The BV/TV ratio in BPSs varies from 14 to 52%, Tb.Th. value —
from 0.09 to 0.29 mm, Tb.Sp value — from 0.48 to 0.98 mm
(Table 3).

Individual variability of the BPSs dimensional parameters on
the average made up 14%, with the highest value belonging
to the scapula acromion (42%) and the lowest — to the
acetabulum of pubic bone (3%). On the average variability of
the cortical layer thickness made up 20%, with the maximum
47% variability for iliac ala. The mean variability of spongiosa
parameters was 25%, with minimum and maximum values 9%
and 52%, respectively.

The variability values were used to model the SPSs. Their
volumes vary widely; they can be 3-fold larger or smaller than
those of the BPSs. Further on, we shall calculate DF both
for BPSs and SPSs. Mean square deviation of DF calculated
for SPSs from those calculated for BPS will characterize the
population variability of the DF.

DISCUSSION

In the study devoted to the modeling of a newborn’s skeleton
[16], we have demonstrated that the weight of the generated
phantoms correspond to the weight of real bones. We could
not make such a comparison for the phantom of a one-year-old
child's skeleton due to lack of data on weight of the respective
wet bones in the available literature. However, it is interesting
to compare skeletal phantoms of a one-year-old child and a
newborn. In general, the former includes more BPSs than the
latter, which counts 34 of them. This is due to the ossification
and increase in the size of sacrum, which required additional
segmentation of the ilium. At the same time, in the bones of
hands and feet, yellow bone marrow replaces AM already
in the first year of life, which means these segments are not
modeled when a one-year-old child's phantom is elaborated.

Naturally, the volume of similar BPSs increases with age,
along with the size of the bones. The comparison of the volume
of the phantoms of the skeletal sites of a newborn and one-
year old child based on the example of distal femur, clavicle,
cervical and lumbar vertebral bodies is given in table 5.

The volume of BPSs in the phantom of a one-year-old
child is significantly higher than in that of a newborn (Table 5).
The volumes of the modeled media also increase in the vast
majority of phantoms. Interestingly, if the source tissue volume
(TB and CB) increases 1.5 times on the average, the volume of
the target tissue increases in 4.5 times. The drop in the volume
of trabecular bone (TB) in the lumbar vertebral body phantoms

Table 3. Spongiosa parameters assumed for BPSs of a one-year-old child [32-42] (CV is given in parentheses, %)

Hematopoietic site BVITV, % Tb.Th., mm Tb.Sp, mm
Femur 22 (32) 0.16 (38) 0.54 (20)
Humeri 22 (32) 0.17 (17) 0.58 (47)
Ribs 29 (34) 0.23 (35) 0.51 (14)
Tibia 20 (15) 0.09 (9) 0.74 (11)
Pelvis 23 (13) 0.12 (20) 0.48 (23)
Skull 52 (10) 0.29 (31) 0.57 (35)
Clavicle* 29 (31) 0.15(13) 0.80 (25)
Ulna and radii* 16 (31) 0.13 (15) 0.77 (16)
Scapulae* 22 (36) 0.19 (52) 0.96 (23)
Cervical vertebrae 20 (20) 0.18 (13) 0.60 (20)
Lumbar vertebrae + Sacrum 14(29) 010 (42) 0.60 20)

Note: * — spongiosa parameters calculated based on measurements of similar bones or data for other ages; the method of calculation has been described previously [20].
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Table 4. Linear dimensions and cortical layer thickness assumed for BPSs of a one-year-old child

Parameters of phantom, mm (CV in parentheses, %)?
Hematopoietic site Segment Shape' References
h a b c d Ct.Th.
Diaphysis* c 30 11.2(7) 11.2(7) 2.3(17)
Femur Proximal end dc 35.8 (4) 34 (12) 18 (8) 11.2 (7) 11.2 (7) 0.7 (17) 43-47
Distal end dc 35.8 (4) 34 (12) 18(8) 1.2(7) 11.2(7) 0.6 (17)
Diaphysis* c 30 9.1 (13) 9.1(13) 1.6 (19)
. R 43, 45, 47,
Humeri Proximal end dc 16 (13) 19.8 (13) 19.8 13) 9.1 (13) 9.1(13) 0.5 (20) 18
Distal end dc 16 (13) 19.8 (16) 9.1 (13) 9.1 (13) 9.1 (13) 0.4 (20)
Ribs Ribs* P 8.7 (32) 30 3.9 (35) 0.5 (33) 49, 50
Body of the 1t
veriebra p 9.2 (20) 25.2 (10) 12.5 (10)
Body of the 2™
vertebra P 9.2 (20) 20.2 (10) 10 (10)
Body of the 3¢
vertebra P 8.3 (20) 15.1(10) 8.8 (10)
Body of the 4"
vertebra P 5.5 (20) 15.1 (10) 8.8 (10)
Sacrum 51-55
Body of the 5"
vertebra P 5.5 (20) 12.6 (10) 5(10)
Ala of the 1% vertebra p 9.2 (20) 10.7 (10) 12,5 (10)
Ala of the 2
Vertebra p 9.2 (20) 8(10) 10 (10)
Ala of the 3vertebra P 8.3 (20) 8 (10) 8.8 (10)
Ala of the 4"
vertebra P 5.5 (20) 5.4 (9) 8.8 (10)
Fibula* c 30 4.4 (11) 4.4 (11) 1.2(17) 56
Tibia diaphysis* c 30 9 (13) 9(13) 2.3(9)
Tibia bones — N
Tibia proximal end dc 38.9 (6) 27.2(12) 15.2 (18) 9 (13) 9(13) 0.5 (14) 55-58
Tibia distal end dc 22.3 (6) 16.8 (23) 16.8 (23) 9 (13) 9(13) 0.5 (14)
. 1.2 (33)
3
lliac bone part 1 P 5(18) 30 30 0.5 (47)
lliac bone part? P 5(18) 30 30 0.4 (30)
Acetabular part
of iliac bone dc 14.5 (10) 26.1(9) 10 (30) 23.6 (22) 17.8 (40) 0.4 (30)
Acetabular part
Pelvic bones of pubic bone c 4.8 (15) 15.5 (3) 10.9 (7) 7.7 (1) 7.7 (11) 0.4 (30) 50-64
Pubic ramus c 19.3 (15) 7.7 (11) 7.7 (11) 0.4 (30)
superior . . . .
Acetabular part
of ischium P 17.5 (15) 17.5 (15) 17.8 (30) 17.5 (15) 0.4 (3)
Ischium tuberosity c 13 (15) 11.7 (15) 11.9 (15) 0.4 (3)
Skull Flat bones* P 2.7 (30) 30 30 0.7 (29) 65-68
Body c 42.2 (11) 7.2 (10) 5.2 (10) 0.9 (10)
Clavicle Sternum end dc 7.4 (11) 14.1 (10) 12.7 (9) 7.2 (10) 5.2 (10) 0.4 (10) 69-72
Acromial end dc 7.4 (11) 12.1 (10) 7.2 (19) 7.2 (10) 5.2(10) 0.4 (10)
Diaphysis* c 30 5.3 (6) 5.3 (6) 1.1(13) 46, 56, 57
Radius and ulna
End dc 16.2 (6) 8 (6) 5.3 (6) 5.3 (6) 5.3 (6) 0.4 (29)
Glenoid c 6.8 (26) 17.5(18) 10.2 (29) 0.5(29) 73-77
Scapula Acromion p 7(19) 16 (41) 13 (42) 0.4 (13)
Body* p 2.7 (13) 30 30 0.4 (13)
Cervical vertebrae Vertebral body [ 5.8 (9) 9.7 (7) 12.6 (7) 78,79
Thoracic vertebrae Vertebral body c 8(15) 11.9 (13) 15 (23) 78, 80
Lumbar vertebrae Vertebral body c 9.6 (16) 9.6 (16) 21 @) 78,53
Note: ' — the shape of a phantom was designated as follows: ¢ — cylinder, dc — deformed cylinder, p — rectangular parallelepiped, e — ellipsoid; 2 — dimensions

of the BPSs: h — height; a — major axis (c), major axis for a larger base (dc) or side a (r); b — minor axis (c), minor axis for a larger base (dc) or side b (r); ¢ — major
axis for smaller base (dc); d — minor axis for smaller base (dc); for ellipsoid (e), a, b, ¢ are the axes; * — different cortical layer thickness values were taken for inner
(medial) and outer (gluteal) surfaces of this segment of the iliac bone (see Figure); * — BPS simulated only part of a modeled bone segment when dimensions thereof
significantly exceeded 30 mm, since in such cases from the point of view of dosimetry it makes no sense to model the entire segment [13, 16].
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Table 5. Comparison of the volumes of BPSs, newborn and one-year-old child

Volume of the modeled structure, cm?
BPSs Modeled media _ ~
Newborn One-year-old One-year-old /
newborn
BM 1.36 6.53 4.80
B 0.79 1.88 2.38
Tibia distal end
CcB 0.37 1.41 3.81
Entire BPS 2.52 9.82 3.90
BM 0.19 0.35 1.84
B 0.08 0.14 1.75
Clavicle sternal end
CcB 0.05 0.09 1.80
Entire BPS 0.32 0.58 1.81
BM 0.36 1.32 3.67
Lumbar vertebra body B 0.29 0.2 0.69
Entire BPS 0.65 1.52 2.34
BM 0.06 0.45 7.50
Cervical vertebra body B 0.08 0.11 1.38
Entire BPS 0.14 0.56 4.00

is explained by the decreasing BV/TV ratio: according to the
published data, it goes down from 0.45 to 0.14 (Table 3). In
most BPSs, the volume of CB increases significantly, 2.3-fold
on the average, in the first year of life, with the exception of
BPSs of vertebral bodies. On the average, the total volume of
BPSs for a one-year-old child is 2.4 times larger than that for
a newborn.

CONCLUSIONS

As a result of this study computational phantoms of the
main sites of a one-year-old child's skeleton with active
hematopoiesis were created. We developed these phantoms
using the same methods as for the phantoms of a newborn.
The generated phantoms simulate bone tissue structure and
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DEVELOPING AND EVALUATING THE EFFECTIVENESS OF WOUND-HEALING COMPOUNDS BASED ON
CATIONIC PEPTIDES AND FULLERENE
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Skin and soft tissue infections following surgical procedures are usually caused by a broad range of bacteria and are the major cause of septic complications and
hospital mortality. Treatment of such wounds is a challenge often resulting from the transition from acute to chronic inflammation due to persistence of pathogenic
microflorain the wound tissue. The study was aimed to assess the wound-healing activity of the ointment composition based on the dispersion of fullerene C60 (AFD)
in the in vivo model of skin wound, to estimate the effects of AFD on the expression of cytokines as markers of regenerative processes, to determine antibacterial
activity of the developed cationic peptides. AFD was obtained by tangential ultrafiltration and used to make an ointment composition. The BALB/c mice were used
to model the skin injury. The cationic peptides (CPs) were synthesized by the solid-phase method using the Fmoc technology. Antibacterial effects of CPs and AFD
were estimated by colony counting. It was found that the AFD-based ointment exerted wound-healing and anti-inflammatory activity. The minimum bactericidal
concentrations (MBC) of the CPs most active against the E. coli Dh5a strain, AB-1, AB-2, AB-3, and ST-10, were 1.15, 0.11, 0.74, and 0.74 mM, respectively,
while MBC of ampicillin was 0.7 mM. We assume that constructing the hybrid compounds/fullerene C60 conjugates with active CPs will be a promising area of the
development of drugs for treatment of wounds complicated by bacterial infection.
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PA3SPABOTKA U OLIEHKA 3®®EKTUBHOCTUN PAHO3AXUBNAOLLNX COEAUHEHUIA
HA OCHOBE KATUOHHbIX MEMNTUAOB N ®YJNINIEPEHA

A. A TankvHa' B9 [1. K. BonisikmHa', A. B. LLlatnnosa’, A. A. LLiatunos', M. O. BabuxuHa', A. K. Tonommnaosa?, C. M. AHgpees’, H. H. LLiepLuakosa’,
M. P. Xantos'*

' TocyAapCTBEHHbIV HAYYHbIA LEHTP «/IHCTUTYT MMMyHOnorm» GefepanbHoOro Meamnko-61onormieckoro areHTeTea, Mockea, Poccus
2 GepepanbHbli CcneaoBaTenbCKUn LEHTP «@yHOaMeHTasnbHble OCHOBbI BUOTexHoMormm» Poccuinckor akagemun Hayk, Mockea, Poccus
3 POCCUINCKMIN HaUMOHaUIbHBIN UCCNenoBaTENbCKUIN MeVULIMHCKN yHBepCUTET UMeHn H. . Tuporosa, Mocksa, Poccuist

VIHpEKLMM KOXM 1 MSATKUX TKaHen Npu XMPYPrivdecknx MaHUnynsLpmsix 06bIMHO Bbi3BaHbl LUMPOKMM CMEKTPOM 6aKTepuasibHbIX MUKPOOPraHU3MOB, 1 Cly»xaT
OCHOBHOW MPUYMHON CEMTUHECKMX OCTIOXKHEHIA 1 FOCTIMTANBHON CMEPTHOCTU. JleveHne Takmnx paH SBASIETCSt 04eHb CNOXHOM NPOBIeMON, YacTo 06YyCNOBNEHHOM
nepexofoM BOCMaNMTENBHOO MPOLIECCa B XPOHNHECKYIO CTaANIO B CBA3MN C HAIMHMEM YCTOMHMBOW NMAaTOreHHOM MUKPOMIIOPbI B paHeBo TkaHw. Liensto paboTs!
ObINO NPOaHaNM3MPOBATL PAHO3AKMBASIOLLYIO aKTUBHOCTb Ma3eBOW KOMMO3MLMM Ha OCHOBE BOAHOW aucnepcun ynneperHa C60 (BOP) Ha momeny KOXXHOM
TpaBMbl in Vivo, OLeHUTb BavsiHe BOP Ha aKCnpeccuio LMTOKMHOB Kak MapKepoB pereHepaTBHbIX MPOLIECCOB, ONPeAenTb aHTMbaKTepuaibHytO akTUBHOCTb
pa3paboTaHHbIX HaMW KaTVOHHbIX NenTaoB. BLA® nonyYani METOROM TaHreHuManbHOM ynsTpaduasTpaLmm, a 3aTemM Ha ee OCHOBE rOTOBWN Ma3eBYO KOMMO3ULWIKO.
MopennpoBaHne KOXXHOM TpaBMbl MPOBOAMIN C UCMOSb30BaHNEM Mbllen nHun BALB/c. CuHTes kaTnoHHbix nentuaoBs (KIM) ocyliectenanm 18epaodasHbiv
MEeTOLOM, MCMonb3yst Fmoc-TexHonornio. AHTUbaKTepuanbHyto aktveHocTb KIT n BO® oueHvBanm MeTofoM nofcHeTa KOMOHWIA. YCTaHOBNEHO, YTO Ma3b Ha
ocHoe B® obnafana paHo3axkMBNSIIOLLEN 1 MPOTUBOBOCNANIUTENBHOM akKTUBHOCTLIO. Y Hanbonee aktmBHbix K, AB-1, AB-2, AB-3 1 ST-10 MuHMManbHas
BakTeprumaHasa koHueHTpauns (MBK) B oTHOLweHWn HGakTepuansHoro wramma E. coli Dhba coctasnana 1,15, 0,11, 0,74 n 0,74 MM, COOTBETCTBEHHO, MpK
MBK amnuupnnunHa 0,7 MM. Mbl npefnonaraem, YTo cosaanine rubpuaHbIX coepuHeHuin/koHbtorato dynnepeHa C60 ¢ akTvBHbIMU KIT 6yaeT nepcnexkTnBHbIM
HanpagneHem B pa3paboTKe NeKapCTBEHHbIX CPEACTB ANS Tepanim PaHEBbIX MOPaKEHNIA, OCNOXHEHHBIX BaKTepuanbHON NHMEKLMEN.

KntoueBble cnoBa: BogHbIn pactsop dynnepeHa C60, paHO3axXMBASIOLLAA aKTUBHOCTb, KaTVOHHbIE NenTuabl, aHTUbaKTepuaibHas akTVBHOCTb
®duHaHcupoBaHue: VccnefoBaHne BbINoSHEHO B paMkax rocyfapcteeHHoro 3afaHuns ®MBA «dynnepeH-21» (kog 612.017.1:616.9).
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Skin wound healing is a complex process involving cells of
various types and multiple regulatory factors, and abnormal
wound healing can result in scarring and the transition from
acute to chronic inflammation. Scars can restrict movements,
cause pain and itching; scars can be the cause of physiological
stress in case they remain visible and cannot be hidden by
clothing or makeup, thereby seriously affecting the person’s
self-confidence and quality of life. Removal and treatment of
scars remain a pressing issue, since, despite the diversity of
available treatment methods, the methods’ efficacy is quite low.
The total volume of the global market in this field was 19.6 billion
dollars in 2019. It is expected that it will grow by 11.5% in the
next decade [1].

Comorbidities, such as diabetes mellitus, hypertension, and
other vascular and autoimmune disorders, can hinder effective
treatment of the wound healing process complications [2].
Bacterial superinfections play an important role in chronification
of inflammation.

All wounds are to some extent contaminated with
microorganisms being a part of saprophytic skin microflora.
The type and abundance of such microorganisms vary
depending on the wound type [3]. Pseudomonas aeruginosa,
Staphylococcus aureus, Klebsiella pneumoniae, Enterococcus
faecalis, and Acinetobacter baumannii are the most common
bacterial species causing wound infection [4]. It is well-known
that wound infections constitute a third of cases of nosocomial
infections in surgical patients and cause 70-80% of deaths
from wounds [5]. Chronic wounds affect the patients’ quality
of life, along with the increased morbidity and mortality, and
represent a huge financial burden on health systems all over the
world, since such wounds are associated with the expenses
for long-term hospital stay, diagnostic tests, antibiotics, and
sometimes invasive surgery [6, 7]. That is why wound healing is
a serious health problem that requires the development of safe
and effective therapeutic agents.

The drugs for wound healing are based on adsorbents,
anti-inflammatory components, antibiotics or dexpanthenol
that stimulates regeneration processes. The search for new
approaches to healing wounds complicated by bacterial
infection has become a pressing issue due to the alarming
increase in resistance to conventional antimicrobial drugs.
Among alternative antimicrobial agents, special attention is
paid to cationic antimicrobial peptides (CAMPs) [8].

Cationic peptides (CPs) attract much attention as
transporters and biologically active substances due to high
affinity for cell membranes and specific structure enabling
mass spectrometry analysis and wide possibilities to design
the variety of such molecules. CPs are widespread in nature
and found in all mammals, especially in the skin, where they
play a protective role against pathogenic microorganisms.
Cationic antimicrobial peptides, or host defense peptides, are
a heterogeneous group of short positively charged peptides,
mostly amphiphilic. These peptides are secreted by immune
(for example, neutrophils and macrophages [9]) and epithelial
cells of vertebrates and invertebrates to ensure protection
against microbial invasion [10]. The shortcomings of using
peptides as potential antimicrobial drugs for treatment include
a very complex structure that hampers synthesis and the CPs’
proteolytic instability. It has been assumed, that the CAMP
conjugation with other biologically active molecules, such
as other peptides, polypeptides, proteins, and antibiotics
in general, can contribute to improvement of antimicrobial
properties and provide the basis for the development of
drugs possessing multiple biological activities. In particular, the
development of drugs with low toxicity combining antibacterial

and anti-inflammatory effects and showing low probability of
developing resistance would contribute significantly to both
fundamental research and practical healthcare.

Since CAMPs show proteolytic instability, we believe that it
seems promising to use such molecules, as fullerene C60, as
carriers for peptides.

Fullerene C60 is a carbon-based molecule that has a shape
of truncated icosahedron and possesses strong antioxidant
activity. It is well-known that the fullerene C60 water-soluble
forms have multiple biological effects, including antiviral, anti-
inflammatory, anti-allergy, and regenerative effects [11, 12]. An
in vivo model of wound healing process has shown that some
covalent fullerene C60 derivatives accelerate wound healing
and prevent inflammatory cell infiltration [13].

It is known that fullerene C60 is insoluble in agueous
media, which is clearly a significant obstacle to its extensive
use in medicine. We have earlier developed a unique scalable
technology to obtain stable aqueous dispersion of fullerene
C60, enabling assessment of its biological activity [14]. It
should be noted that this technology does not involve the use
of organic solvents, ultrasonic processing or heating, which
ensures bio-compatibility and safety of the resulting solution.
Our method makes it possible to generate highly concentrated
stable AFD with the concentration of at least 1 g/I.

The main purpose of the study was to assess the wound-
healing activity of the AFD-based ointment composition in
the experimental model of wound inflammation, as well as to
estimate the effects of AFD on the expression of marker genes
involved in regeneration, analyze the CP antibacterial activity,
and assess the prospects of creating the CP- and fullerene
C60-based complexes for treatment of wounds.

METHODS
AFD-based composition

The AFD-containing ointment (composition: AFD, vaseline, sucrose
palmitate in the ratio of 40 : 36 : 24 (by weight)) for in vivo treatment
of wounds was prepared using the IKA 25 digital homogenizer
IKA 25 as a mixing device (“AFD ointment”). The fullerene C60
aqueous dispersion was acquired by the dialysis method [14]. This
bio-compatible method does not involve the use of toxic organic
solvents, ultrasonic processing or heating. At the same time, it
ensures high vyield of fullerene C60 during transition from crystals
into solution (the concentration of sterile fullerene C60 solution
was 1 mg/mL). The hydrodynamic particle size determined by the
dynamic light scattering method was 100-200 nm.

In vivo model of wound inflammation

Female BALB/c mice aged 4-6 weeks (Stolbovaya breeding
nursery; Moscow, Russia) were used to model the wound
healing process [15]. The following housing conditions were
used for animals: ambient temperature 18-26 °C; automatic
12 h ligh/dark cycle; relative humidity 30-70%. All animals had
unlimited access to drinking water and food. The animals were
anesthetized with 4% isoflurane solution for 2 min via airways
and topically administered 0.5% lidocaine solution prior to
making the incised wounds. To model the surgical wound, a
skin fragment (1 x 1 cm) was excised from the back of the
BALB/c mouse. The AFD ointment was applied to the wound
surface (40 pg of C60/mouse) 24 h after the surgical procedure
(“AFD ointment” group). The widely used therapeutic agent,
cream for treatment of surgical wounds, was used as positive
control (“C+” group). The ointment containing phosphate
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buffered saline (PBS) instead of AFD was used as negative
control (“PBS” group). The “intact” group (with no skin
wounds) was also used as negative control. The listed above
preparations were used once a day for 11 days. On day 12
mice were euthanized by cervical dislocation, and skin samples
were collected for quantitative RT-PCR.

Assessment of wound healing efficiency

The skin wound healing rate was assessed by measuring the
wound area in the longitudinal and transverse directions (mm) every
day and calculating the wound area using the following formula:
S, = wab,

where S, — area of an ellipse, a — semi-major axis (half of the
longer diameter or transverse dimension), b — semiaxis (half of
the shorter diameter or longitudinal dimension).

The wound healing efficiency (X) was calculated as percentage
using the following formula:

X=(1-8/S)x100%,

roe S, — final wound area, S, — initial wound area [16].

Real-time polymerase chain reaction

Total RNA was extracted from skin samples using the RNeasy
Mini Kit (Qiagen, Courtaboeuf; France) in accordance with
the manufacturer’s instructions; cDNA was synthesized
using the Reverta-L kit (InterLabService; Russia). The reverse
transcription product was amplified by the real-time polymerase
chain reaction (RT-PCR) using the iCycler iQ real-time PCR
detection system (Bio-Rad Laboratories; USA) and the PCR
Mix kit (Syntol; Russia).

The calculations to determine relative gene expression were
performed using the comparative Ct method (ACt) against
mHPRT.

Relative quantification by RT-PCR was used to detect
changes in the expression of target genes relative to the
reference gene represented by murine hprt gene. Quantitative
PCR results for mRNA expression were compared as ACt
values calculated using the following formula: ratio (reference/
target) — 201(hpn)—01(target gene) [1 7]

Assessment of antibacterial effects
of AFD and cationic peptides

Antibacterial activity of AFD and the synthesized peptides was
assessed in vitro on the example of the E. coli Dh5a strain by
colony counting relative to the well-known antibiotic ampicillin
selected as positive control. In the method the bacterial
suspension was incubated with various CAMP concentrations
in the LB liquid medium for 4 h at 37 °C, then it was applied
dropwise to the surface of the dried agar medium. The culture
was incubated overnight at 37 °C.

[t is important to note that the abovementioned E. coli
strain is not pathogenic and shows no resistance to antibiotics.
Activity of peptides against the selected strain was assessed
based on the determined minimum bactericidal concentration.

Cationic peptide synthesis

Peptides were synthesized by the solid-phase method in the
automated PS3 Peptide Synthesizer (Gyros Protein Technologies
Inc.; USA) according to the Fmoc-chemistry protocol using the
N-hydroxybenzotriazole and diisopropylcarbodiimide (HOBt/DIC)
mixture as a condensing agent. The starting Fmoc-aminoacyl
polymers and the Rink Amide ChemMatrix gel-type resin were
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used for synthesis. The side carboxyl and hydroxyl groups
of amino acids were protected by the tert-butyl group (t-Bu),
the lysine €-amino group by Boc, the cysteine SH-group by
Trt, the arginine guanidinium functional group by Pbf, and
the carboxyl and hydroxyl groups of amino acids by tert-
butyl ethers. The standard cycle included washing (DMF),
removal of Fmoc protection (20% 4-methylpiperidine in DMF),
preliminary Fmoc amino acid (DIC/HOBt) activation and
condensation on the DMF/N-methylpyrrolidone medium with
the twofold carboxyl component excess (~0.5-1 h). The
extent of the reaction was controlled using the Kaiser Test
(ninhydrin test), the condensation reaction was repeated when
necessary (0.5 h). The terminal peptides were cleaved from the
polymer with trifluoroacetic acid in the presence of scavengers
(triisopropylsilane, ethanediol, water, dimethyl sulfide). The raw
product was precipitated with the dry methyl tert-butyl ether,
then the peptide was extracted with the acetic acid aqueous
solution, and the extract was lyophilized (VirTis AdVantage 2.0
EL freeze dryer; SP Scientific, USA). The peptides were purified
by preparative HPLC chromatography (LC-20 Shimadzu;
Japan) on the reversed phase column (C18) using acetonitrile —
0.1% trifluoroacetic acid aqueous solution as a mobile phase
(gradient elution). The resulting peptides were tested for
homogeneity by capillary zone electrophoresis in the Kapel-
105M system (Lumex; Russia) with photometric detection at
226 nm. Molecular weight was analyzed using the Microflex™
LT MALDI-TOF mass spectrometer (Bruker Daltonic; USA).

Statistical analysis

Statistical analysis was performed using the Statistica 8.0 software
(StatSoft Inc.; USA). Significance was determined based on
Student's t-test. The differences were considered significant at
p < 0.05. The data were presented as mean + standard error.

RESULTS

In vivo assessment of the AFD regenerative effect in the
model of wound inflammation

Analysis of the AFD-based ointment regenerative activity relative
to commercial drug (“C+”, positive control) was performed
using the model of wound healing. Visual assessment of the
wound healing process by measuring the lesion area was
carried out individually for each mouse. The baseline average
lesion area was 143.5 + 6.1 mm? (“before treatment” group).
On the last day of the experiment the lesion area by groups was
as follows: “no treatment” — 44.4 + 6.5 mm?, “AFD ointment”
— 14.8 + 2.7 mm?, “C+” — 26.0 + 2.6 mm?. These values
show that healing of wounds treated with AFD was effective,
and the healing rate was comparable with that of the positive
control group and even slightly superior to the latter. Since
visual assessment of healing was a subjective parameter,
statistical analysis of wound area was performed in the groups
that revealed significant differences between the values of the
“AFD ointment” and “C+” groups, which, in turn, differed from
the values of the “PBS” group. It was found that the residual
wound area was the least when the AFD-based ointment was
used for surgical wound treatment.

Assessment of the expression of pathogenetically
significant genes

Expression of a number of genes was analyzed to assess the AFD
capability of affecting the pathogenetically significant factors of



OPUTMHAJIbHOE UCCJIEQJOBAHNE | UMMYHOJIOI A

Table. List of cationic peptides showing antibacterial activity against E. coli Dh5a

Peptide Structure Charge Molecular weight, Da
AB-1 Linear +8 1736

AB-3 Linear +12 3328

AB-4 Dendrimeric +11 2758

ST-10 Dendrimeric +8 2749

regenerative process. The expression of genes in murine skin
with wounds treated/not treated with AFD was determined by
real-time PCR. It was shown that the expression of such pro-
inflammatory factor, as tnfa produced in response to pathogen
entry and tissue damage that stimulates local inflammatory
response, was significantly lower in all experimental groups,
where animals received AFD, than in the group of animals
that received no therapy (‘PBS”). The expression of genes
encoding other pro-inflammatory cytokines, such as il6 and
illa, was also significantly lower in mice with wounds treated
with AFD than in animals that received no therapy. Furthermore,
we have revealed the fullerene C60 capability of enhancing the
expression of HMGB1 factor that violates the collagen synthesis
and can ensure scarless tissue healing observed when treating
the wound with AFD.

Thus, our findings suggest that fullerene C60 can inhibit
the expression of genes encoding pro-inflammatory cytokines,
which results in the pro-inflammatory effect of this substance
that is likely to contribute to the healing process acceleration.

Cationic peptide design

CPs are widespread in nature and produced by almost all
organisms as part of the nonspecific immune system. These
compounds were initially considered as potential substitutes
for antibiotics, however, it was found out that the compounds
had a broader spectrum of therapeutic effects, including
the effects on viruses, bacteria, and microbial biofilms. The
naturally occurring CPs are linear molecules consisting of
up to 50 amino acids having a high share of hydrophobic
and cationic residues. This makes the molecules to fold into
amphipathic structures to form a-helices and B-sheets. Such
peptides form specific loop conformations due to high cysteine
content and disulfide bond formation. The charges of the vast
majority of natural antimicrobial CPs vary between +3 and +9.
The mechanism underlying their effects is associated primarily
with the cell membrane damage [18]. Today, technology makes
it possible to build the structures which are quite different from
natural constructs in terms of topology, including the non-
naturally occurring dendrimeric structures. The amino acid
sequence construction included building the construct with low
toxicity, which was stable in the serum medium. Furthermore,
the structure had to demonstrate high efficiency of transfection
stimulation. The plan also involved building modular constructs.
One of such modules is the N-terminal supercationic fragment
represented by the arginine and/or lysine residues, which is
essential for interaction with the nucleic acid and the cell
surface. The central module is represented by the hydrophobic
core consisting of the lysine residues and short hydrophobic/
amphiphilic inserts. The C-terminal module also forms a
hydrophobic fragment ensuring additional affinity for cell
membrane, it contains the cysteine residue with a free thiol
group intended for reporter label attachment.

Hydrophobic interactions between the aliphatic chains of
lipid membranes and the peptide hydrophobic residues play
an important role in the mechanism underlying membrane
damage, which contributes to its incorporation in the membrane

bilayer through various interactions, such as pore formation. In
the carpet model, the cationic peptide is directed in parallel
to the cell to cover it and saturate via interaction with the
outer phospholipid layer of the membrane. After the threshold
value is achieved, the peptides start spinning and embed in
the membrane causing its permeabilization. The branched
structures, dendrimeric CPs, are of special interest. It should be
noted that these show higher resistance to proteolytic enzymes
along with lower toxicity compared to the linear peptides with
similar amino acid composition. At the same time these show
stronger binding to cells due to cooperative effects resulting
from the fact that the molecule has several chains. Our early
experiments demonstrated their high permeability through cell
membranes enabling using such peptides as carriers for cell
transfection, transfer of genes and other biologically active
compounds [19].

Assessment of antibacterial effects of AFD
and cationic peptides

When assessing antibacterial activity of AFD and CPs, we
showed that AFD possessed no bactericidal activity and was
unable to inhibit bacterial growth. Then we analyzed a number
of CPs, which were expected to possess potential antibacterial
activity based on their structural features. Thus, among 35
linear and dendrimeric CAMPs with the molecular weight not
exceeding 4.5 kDa we had synthesized, four cationic peptides,
specifically linear peptides AB-1, AB-3 and dendrimeric
peptides AB-4, ST-10, to various extent inhibited growth of the
E. coli Dhba microbial culture and showed some bactericidal
activity against this strain (Table).

Minimum bactericidal concentrations (MBC) of the cationic
peptides, i.e. the lowest concentrations Killing all bacteria
under standard experimental conditions, were determined by
colony counting.

Thus, MBC of the AB-1 peptide was 1.15 mM. It should
be noted that the AB-1 peptide concentration of 0.23 mM (five
times lower compared to bactericidal concentration) showed
no significant activity against this bacterial culture, which was
indicative of the extremely narrow operative range of peptide
concentrations (Fig. 1).

The AB-3 peptide has higher bactericidal activity against
the E. coli Dh5a strain than AB-1 (Fig. 2).

MBC of this peptide was 0.11 mM. Meanwhile, activity of
appropriate ampicillin doses was about 6 times lower. MBC of
ampicillin was 0.74 mM.

The studied AB-4 peptide exerted considerable bactericidal
activity that was comparable with that of control antibiotic
(@ampicillin). MBC of this peptide was 0.74 mM (Fig. 3).

MBC of the ST-10 dendrimeric peptide was 0.74 mM (Fig. 4).

The above concentration was the least concentration that
killed almost 100% of cells. It should be noted that the level
of activity exerted by the ST-10 peptide was slightly higher
compared to the control sample of ampicillin antibiotic. Thus,
with comparable concentrations of 0.15 mM and the same
E. coli dilution (1 : 10) it is evident that the number of bacterial
colonies detected in the culture treated with the ST-10 peptide
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Fig. 1. Bacterial growth intensity under exposure to the AB-1 peptide
is considerably lower than in the culture treated with ampicilin ~ acute phase of inflammation. It is known that delayed wound

(16 and 95, respectively). Therefore, the effect of bacterial  epithelization is observed in mice with IL6 deficiency. However,
culture growth inhibition under exposure to 0.15 mM of peptide  excess IL6 levels serve as a signal for fibroblast proliferation

and antibiotic was more prominent in ST-10. suppression during the late wound healing phase and lead to
scar formation [22]. As for IL1a, it has been earlier shown that
DISCUSSION it stimulates collagenase production, and overexpression of

this cytokine can be associated with abnormal wound healing
In the majority of cases wounds are associated with bleeding  due to collagen breakdown. The moderate il1a expression
from the damaged blood vessels and the release of inflammatory  increase later mediates keratinocyte proliferation in the wound
mediators, such as serotonin, histamine, vasoactive area [23]. Low levels of ilTa are observed in the wound fluid
substances, and cytokines, into the surrounding tissues. Normal ~ from acute wounds, while fluid from surgical wounds shows
wound healing includes the following phases: inflammation,  elevated levels of il7a.
proliferation, maturation, and remodeling. To determine the Thus, suppression of the tnfa, il6, and il7a expression
AFD regenerative effects, we assessed the expression of a  under exposure to fullerene C60 suggests that it not only
number of marker genes, such as tnfa, il-6 and il-1a, involved in - possesses anti-inflammatory effect, but is also capable of
regenerative process by RT-PCR. Elevated expression of these  preventing wound chronization [15]. We have earlier shown
cytokines is observed during the inflammatory phase of wound  antiallergy effects of AFD with inhibition of Th1 cytokines in the
healing. It is well-known that TNFa stimulates production of  model of atopic dermatitis, along with the elevated expression
not only IL1, IL6, but also other pro-inflammatory cytokines  of genes Foxp3 and FLG (filaggrin) [24]. Therefore, AFD has
[20, 21]. IL6 is one of the most important mediators of the  shown its ability to suppress inflammation associated with not
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Fig. 2. Bacterial growth intensity under exposure to the AB-3 peptide
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Fig. 3. Bacterial growth intensity under exposure to the AB-4 peptide

only wounds, but also allergy. This makes AFD a promising
compound for treatment of inflammatory skin disorders.

Wound healing is often accompanied by accession of
secondary bacterial infection. It is well-known that CAMPs
have a broad range of antimicrobial and immunomodulatory
effects against Gram positive and Gram negative bacteria,
biofilms, viruses, fungi, and parasites; CAMPs are also effective
against multidrug-resistant strains. It is important to note that
the likelihood of developing resistance to cationic peptides
is extremely low and requires multiple mutations, including
that mediating changes in the cell wall structure, due to fast
bactericidal action of CAMPs and the diversity of mechanisms
of action and targets [25-27]. The above makes CAMPs
promising compounds for the development of the CAMP-based
antibacterial drugs. Understanding of how the antimicrobial
peptide properties depend on the amino acid sequence will
make it possible to timely respond to the emergence of new
antibiotic-resistant bacterial strains in the future due to targeted
reconstruction of peptide sequences [28].

We have created the library of CAMPs supposed to possess
high antimicrobial activity and have low toxicity within the

120

framework of current research. When developing the CP panel,
we relied on the databases of already known peptides and the
literature data on the CP biological (antibacterial) activity. Thus,
the peptide sequences were constructed considering the
content of positively charged amino acids, hydrophobic amino
acids. Furthermore, both linear and dendrimeric molecules
were obtained when constructing the sequences.

Thus, by defining some rules for creating cationic peptides
showing antibacterial activity we look forward to creating more
active CPs. The AFD anti-inflammatory activity makes the idea of
developing hybrid molecules based on CPs and AFD perspective.

CONCLUSIONS

As result of the research, we have developed and synthesized
CPs possessing antibacterial effects. Thus, we believe that the
AB-1, AB-2, AB-3, and ST-10 peptides are promising in terms
of developing antimicrobial drugs on their basis. During further
studies we plan to develop hybrid compounds based on the
CPs and fullerene C60 to combine the anti-inflammatory and
wound-healing effects with antibacterial activity. Fullerene can
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Fig. 4. Bacterial growth intensity under exposure to the ST-10 peptide
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play a role of carrier platform for CPs. Since the area of the
spherical fullerene molecule is rather large, up to 4-8 peptide
molecules can be attached to it. Such multivalent structure is
less prone to biodegradation, and antimicrobial activity can be
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FEATURES OF USING A LYMPHOCYTE TEST FOR BIOLOGICAL DOSIMETRY
IN THE EARLY PERIOD AFTER EXPOSURE

Sedankin MK =, Gudkov EA, Soloviev VVYu, Mershin LYu
Burnasyan Federal Medical Biophysical Center of Federal Medical Biological Agency, Moscow, Russia

When eliminating the consequences of large-scale radiation accidents, primary triage of victims is of key importance during the early phase of medical evacuation.
Information about lymphocyte counts (blood test) per unit of peripheral blood volume can be used for this purpose. The study was aimed to validate the method
of using a lymphocyte test for prediction of acute radiation injury severity in the first days after the exposure associated with the radiation mass casualty incident,
given peripheral blood was tested once. We performed correlation analysis of the data of laboratory studies focused on quantifying lymphocytes in peripheral
blood of victims during the first days following the Chernobyl disaster and other radiation accidents on the territory of the countries of the former USSR (115
individuals), including radiation accidents with gamma neutron radiation (20 individuals). It was found that with the lymphocyte concentration of 0.2—1.0 x 10%L on
day 2 after exposure, the absolute error of estimated dose was +1.5 Gy in case of gamma exposure and +1.3 Gy in case of exposure to gamma neutron radiation.
When the lymphocyte concentration exceeds 1.0 x 10%L, mild acute radiation syndrome (ARS) is predicted, given the average dose is below 2.0 Gy; when the
lymphocyte concentration is less than 0.2 x 10%L< the estimated average dose exceeds 4.0 Gy, which corresponds to severe or extremely severe ARS. Thanks to
the lymphocyte test accessibility and simplicity, this biological dosimetry method can occupy a worthy position in the diagnosis of radiation injury associated with
large-scale accidents, since the results of cytogenetic tests are not available within first days after the accident.
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OCOBEHHOCTU NCMNONIb30BAHUSA JIMM®OLUTAPHOIO TECTA 4J151 BUOJIOrMYECKOW
OO3NMETPUN B PAHHME CPOKW MNMOCIJIE OBNYHEHWA

M. K. CeparkmH =, E. A. Tyakos, B. 0. Conosbes, J1. FO. MepLuvH
DdepepanbHbI MearKo-bronorndecknii LeHTp nvenn A. . BypHassHa defnepanbHoro Meamnko-6nonornieckoro areHTcTea, Mocksa, Poccust

Mpy NMMKBMAALMM NOCNEACTBUI KPYMHOMACLLTAOHbIX PaAvaLyOHHbIX aBapuii Ha paHHKX STanax MEeAVLMHCKON 9BaKyaLyn KIIlOHEBOE 3HAYEHVE MEET NepBnyHas
MeOvLUMHCKasi COPTUPOBKa NoCTpaaaBLumX. s aTol Lenm MOXeT ObiTb 1CMosb3oBaHa MHGOPMaLMS O KOMMYEeCTBE NMMOUMTOB (aHaNIM3 KPOBW) B eAnHALE
obbema nepudeprHeckon kposu. Lienbto nccneaoBaHys Obino NPOBAIMAVPOBATL METOA, UCTIONBE30BaHUS IMMAOLMTAPHOTO TecTa A MPOrHO3MPOBaHWS CTEMEHN
TSHKECTV OCTPOrO fly4EBOro MOPavKEHVs B MepBble AHW MOCne 0byHeHVst MPY MacCOBbIX PaanaLMOHHbBIX MOPaXKEHUSX MPU YCNOBUM OOHOKPATHOrO aHanmaa
nepudepryeckor Kposu. MPOBOANIN KOPPENALIMOHHDBIN aHanmn3 AaHHbIX KIMHUKO-NabopaTopHbIX MCCneaoBaHuii Yucna nnMdoumToB B nepudepnyeckoi
KPOBW MNOCTPaAaBLUMX B NMepBble AHW nocne 0bny4eHns npy asapun Ha YADC 1 apyrnx paanaunoHHbIX MHLMAEHTax Ha TeppuTopusx cTpaH beisluero CCCP
(115 4enosek), B TOM 41Cne B pagraLMOHHbIX MHLMAEHTaX C raMMa-HEeUTPOHHbIM 06nyyeHnem (20 YenoBek). YCTaHOBNEHO, YTO NMPU KOHLEHTPaLMM MMM OLMTOB
0,2-1,0 x 10%n Ha 2-e cyTKu nocne obny4eHnst abContoTHast NOrPELLHOCTb OLIEHKM [03bl cocTaBnsaeT +1,5 p npu Bo3aencTsum ramma-nyyein 1 +1,3 Mo — npn
BO3MEVCTBUN ramMmmMa-HENTPOHHOMO 13NnyyeHuns. Mpu KoHUeHTpauum numdoumtoB 6onee 1,0 x 10°%n B 060MX CRydasx NPOrHO3MPYETCS nerkasi CteneHb OCTPOoW
nydeson 6onesHn (OS1B) npu cpeaHeit fose meree 2,0 Tp; Npyt KOHLEHTpaLwv nmcpoLmtoB MeHee 0,2 x 10%/n oLieHKa cpefHeit 1o3bl cocTasnseT 6onee 4,0 p,
YTO COOTBETCTBYET TSPKENOWN UNW KpariHe Tshkenoi ctenern OJ1b. Bnarogapst AOCTYNMHOCTU 1 NPOCTOTE NMMMOLMTAPHOIO TecTa, 3TOT METOf, B1ONOrM4ecKoin
[O3VUMETPUN CNOCODBEH 3aHATb BaXKHOE MECTO B AMArHOCTVIKE PaaVaLMOHHBIX MOPaXKEHUIA MPU KPYMHOMACLLTAOHbIX aBapusix, B CBS3M C TEM YTO pesynbraThbl
LIMTOrEHETUHECKIX TECTOB HELOCTYMHbI B TEHEHNE NEPBbIX AHEN MNOCNE MHUMAEHTA.
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When eliminating the consequences of large-scale radiation
accidents, primary triage of victims is of key importance in the
early phase of medical evacuation. Provided victims have no
personal dosimeters, information about primary response to
exposure considering personal data on the exposure conditions
and/or blood testing can be used for this purpose. The results
of summarizing information about clinical manifestations of
primary response to exposure and their prognostic value for
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assessment of radiation injury severity are provided in many
papers [1-6]. Thus, actual knowledge about the symptoms of
primary response in victims of the Chernoby! disaster (1986)
and other radiation accidents was analyzed [5, 6]. It has been
shown that among all symptoms of primary response to
exposure, the time to emesis following the exposure is the most
informative one. However, in some cases these data can be of
low prognostic value, for example, due to the fact that victims
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could use antiemetics [2, 7] or other reasons (head injuries,
psychoemotional disorders, etc.). In this regard, information
about lymphocyte counts per unit of peripheral blood volume,
i.e. the so-called lymphocyte test (white blood cell count), can
be an additional source of information about the radiation injury
severity.

Peripheral blood cell counts are an important biomarker
of radiation exposure. The lymphocyte test, i.e. measuring

absolute lymphocyte counts and the dynamics of their
changes in victims’ blood, is of special prognostic value.
Measuring absolute lymphocyte counts is the fastest and
easiest laboratory test for radiation dose estimation within 24 h
after the exposure. Physicians initially used a nomogram
developed by G.A. Andrews to predict the radiation injury
severity. Detection of low absolute lymphocyte counts or a
progressive decrease in lymphocyte counts within certain time

Table 1. Peripheral blood lymphocyte counts (x10%L) on day 2 after exposure in victims of the Chernoby! disaster (1986) and other radiation accidents (according
to the data from the database on acute radiation injury in humans compiled by the State Research Center — Burnasyan Federal Medical Biophysical Center of
Federal Medical Biological Agency), amended and reworked from the earlier published paper [13]. The cases of exposure to gamma neutron radiation are allocated

separately
Unigue Dose, Lymphocyte counts, Unigue Dose, Lymphocyte counts, Unigue Dose, Lymphocyte counts,
patient Gy <10°/L _patient Gy 10°/L _patient Gy x10°/L
identifier identifier identifier
Gamma radiation (95 individuals)
1001 7.5 0.117 1055 5.3 0.522 1096 3.7 0.342
1005 5.2 0.165 1056 3.6 0.41 1097 1 0.662
1007 5.5 0.325 1057 0.516 1098 2 0.63
1011 6.3 0.081 1058 3 0.437 1099 5.6 1.2
1013 6.3 0.108 1059 5.8 0.54 1100 2.6 0.48
1018 2.7 0.229 1060 6.1 0.432 1101 3.2 0.841
1019 4.6 0.216 1061 4.4 0.513 1102 1.2 1.597
1021 4.7 0.164 1062 7 0.483 1103 1.9 0.817
1022 7.1 0.162 1063 1.1 0.51 1105 1.5 0.557
1024 2.3 0.365 1065 3.1 1.008 1106 2.3 0.69
1025 6 0.637 1066 1 0.884 1107 0.7 1.128
1028 7.3 0.376 1067 2.6 0.75 1108 2.3 0.756
1030 6.4 0.189 1068 4.6 0.293 1140 0.3 1.092
1031 7.7 0.399 1070 1.2 0.56 3033 7.7 0.296
1032 4.2 0.754 1071 5.4 0.128 3034 0.285
1033 3.9 0.636 1072 3.6 0.45 3035 6 0.222
1035 4 0.532 1073 3.5 2.52 3038 1.3 0.98
1037 2.8 0.566 1075 1.4 1.162 3044 1.7 1.155
1039 4.3 0.852 1078 0.3 1.842 3048 2.6 0.405
1040 1.7 0.612 1079 0.6 2.12 3050 2.3 0.484
1041 3.1 0.344 1081 1.2 1.275 3051 3 0.438
1042 6.3 0.357 1082 1.2 2.352 3052 3 0.7
1043 4.7 0.281 1083 1.9 0.989 3053 3 0.335
1044 3.7 0.609 1084 1.1 1.058 3067 2.3 1.044
1047 3.2 0.744 1085 3.3 0.3 3068 3 0.728
1048 2 0.924 1087 3.5 0.378 3069 3.5 0.504
1049 2.1 0.235 1089 1.7 0.846 3077 0.85 1.107
1050 3.3 0.897 1090 1.2 0.74 3078 0.9 1.26
1051 1.8 0.943 1091 1.2 0.608 3082 21 0.697
1052 4.3 0.436 1092 2.7 0.72 3083 1.3 1.798
1053 2.8 0.594 1094 6.6 0.684 3084 2.1 0.91
1054 3.6 0.456 1095 2.2 0.923
Gamma neutron radiation (20 individuals)

3008 3.8 0.352 3036 3.3 0.067 3065 2.25 0.504
3010 0.9 1.564 3037 3.7 0.269 3071 3.7 0.93
3011 0.5 1.222 3040 5.8 0.204 3073 5 0.08
3020 4 0.396 3042 41 0.259 3079 2.1 1.147
3025 25 0.423 3043 3 0.551 3081 1.5 0.774
3027 1.1 1.071 3045 5.5 0.444 3086 1.9 0.769
3030 3.6 0.403 3046 7.4 0.072
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Table 2. Dose estimation based on the time between blood tests and the ratio of lymphocyte concentrations L,/L, within 2-18 h after exposure

Time between measurements, h
L/L,
4 6 8 10 12
0.8 8 5.4 4 3.2 2.7
0.7 >12 8.6 6.4 5.1 4.3
0.6 >12 >12 9.2 7.4 6.1
0.5 >12 >12 >12 10 8.3

period indicates probable exposure to a high radiation dose,
which follows classical lymphocyte depletion curves [8].

Generally, the use of lymphocyte test is based on the fact
that the average concentration of lymphocytes in peripheral
blood remains more or less constant during the period between
days 2 and 9 following a substantial decrease within the first
24 h after the exposure. The guidelines on the lymphocyte
test practical use are based on these patterns. The correlation
between peripheral blood lymphocyte counts/concentrations
and the dose received was thoroughly investigated in the
population of victims of the Chernobyl accident (1986)
and other radiation accidents [9]. It has been shown that
the highest correlation between the dose and the average
peripheral blood lymphocyte concentration is observed on
days 3-6 after exposure. However, the earlier period is not
discussed in this paper.

However, in practice situations are possible when only one
blood test performed in the first days after exposure is reported
for the victim. According to the domestic literature, this time
range is insufficiently studied. Further research is needed to
raise the lymphocyte test informativity in this time period.

Dose estimation based on only one blood test performed
within the first 24 h is not very informative, since there is a high
degree of uncertainty. This issue is poorly understood in terms
of statistics. The literature provides data on assessing injury
severity within the first days or hours after the radiation accident
[10, 11]. The radiation injury severity can be predicted based
on the victim’s absolute peripheral blood lymphocyte counts

Radiation dose (Gy)

0.05

within the first two days after exposure in accordance with the
guidelines issued by the IAEA and the WHO [12].

Currently, it is important to develop and improve the
lymphocyte test as a biological dosimetry method in order to
assess and predict the severity of injury in victims of radiation
accidents in the first days after the accidents during the early
phase of medical evacuation and subsequent echelon care.

The study was aimed to validate the method of using a
lymphocyte test within two days after the exposure to predict
the severity of injury associated with the radiation mass casualty
incident, given peripheral blood was tested once, based on the
use of laboratory data on victims of radiation incidents on taken
from the database on ARS compiled by the State Research
Center — Burnasyan Federal Medical Biophysical Center of
Federal Medical Biological Agency.

METHODS

The study involved the use of clinical data from the database
on ARS compiled by the State Research Center — Burnasyan
Federal Medical Biophysical Center of Federal Medical
Biological Agency as background information [13]. The
populations of victims of the Chernobyl disaster (77 individuals)
and other radiation accidents (38 individuals), who received the
exposure doses not exceeding 8 Gy were considered (Table 1).
Correlation analysis was used as a research method.

We assessed the relationship between the absorbed dose
and the concentration of lymphocytes in peripheral blood of

Lymphocyte concentration (10%/L)

& Without neutron component

® With neutron component

Fig. Radiation dose (Gy) as a function of lymphocyte counts (x10%L) on day 2 after exposure. Markers indicate baseline data (separately for groups exposed to gamma

and gamma neutron radiation), and lines indicate the observed trends
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Table 3. Estimated uncertainty of the received dose (Gy) and radiation injury severity based on peripheral blood lymphocyte concentration on day 2 and the average

value on days 3-6 after exposure (based on the data from [9])

Days after exposure
Lymphocytf ;:&r;ﬁentraﬁons’ Gamma radiation Gamma neutron radiation

2 3-6 2 3-6

<0.2 -1V -1V -1V -V
03 4.4 (3-5.9) II-Ill 5.8 (4.2-7.4) IV 3.7 (2.6-4.9) -1l 4.5 (3.0-6.0) IIllI
0.4 3.9 (2.5-5.4) 111l 5 (3.3-6.6) II-IV 3.3 (2.2-4.4) 1111l 3.7 (2.2-5.2) II-Il
05 3.5 (2.1-5) IIIl 4.3 (2.7-5.9) Il 3(1.9-4.1) I 3.1 (1.7-4.6) -1l
06 3.2 (1.7-4.6) HII 3.8 (2.2-5.4) II-1ll 2.7 (1.6-3.9) HI 2.6 (1.3-4.0) I
0.8 2.6 (1.2-4.1) HII 3 (1.4-4.6) Il 2.3 (1.2-3.4) HI 1.8 (0.7-3.0) Il
1 2.2(0.8-3.7) o Il 2.3 (0.7-3.9) HI 2(0.9-3.1) o ll 1.1(0.2-2.0) po ll

victims on day 2 after exposure for the data considered, we
also determined the correlation between these parameters.
The cases of combined exposure to gamma neutron radiation
were considered separately. The results are provided in Figure
and Table 3.

RESULTS

The earlier published report showed that the concentration
of lymphocytes in peripheral blood decreased approximately
exponentially during the first day after exposure to the clinically
significant dose range [10]. The constant of the lymphocyte
concentration decrease rate between hours 2 and 18 after
exposure is correlated to the radiation dose D, which enables
estimation of this dose based on two time points of blood
testing [11]:

D =~ (k/AT) x In(L,/L,) 1)
where L, and L, — lymphocyte counts in blood samples
collected at time points t, and t, after exposure (¢, > t,), AT =
t, —t, — time between blood samples, and the constant k = 144.
Similar to the data provided in the paper [11], using the
formula provided makes it possible to estimate absorbed dose
according to two blood tests (Table 2).

The data provided in Table 2 were used to assess the
correlation between the absorbed dose and the lymphocyte
counts in peripheral blood of victims on day 2 after exposure
(Figure). Statistical processing made it possible to estimate
uncertainty of the radiation injury severity predicted based on
one blood test performed on day 2 after exposure (Table 3).
For comparison, the table also provides the values predicted
based on the average lymphocyte counts on days 3-6 after
exposure.

DUSCUSSION

It should be noted that in case of gamma neutron exposure the
predicted dose is on average 10-15% lower than in case of
gamma exposure.

Turning to the issue of the possibility of using one blood
test performed within the first 24 h after exposure, the results
of the study can be used that show that individual fluctuations
of peripheral blood lymphocyte counts in healthy people
constitute about + 20% of the average value at long-term follow-
up [11]. That is why the data of previous blood testing cannot
be considered as a reliable guide to refine the prediction. The

ratio (1), where the data of first lymphocyte count measurement
L1 are represented by the data of the victim’s blood testing
performed a few days before exposure and the AT =t - 2
parameter, where t is an interval between the time of exposure
and blood testing performed within the period between hours 2
and 18 after exposure, can be used for dose estimation.

The concentration parameters of blood can be of lower
significance due to multiple clinical problems not related to
radiation exposure and the spread of biological parameters:
the fact of infusion and transfusion therapy, non-radiation-
induced injuries, ethnicity, age, health status, and gender of
the assessed victims, parameter reduction or elevation using
drugs, etc. [14, 15]. That is why establishing preliminary
diagnosis based on the lymphocyte test only, without taking
into account other data and the listed above reasons, can
result in biased estimated dose or radiation injury severity.

CONCLUSIONS

Validation of information about the peripheral blood lymphocyte
counts on day 2 after exposure made it possible to adjust the
predicted radiation injury severity: 1) when peripheral blood
lymphocyte concentration is below 0.2 x 10%L, severe (grade lll)
or extremely severe (grade IV) ARS is predicted; 2) when the
lymphocyte concentrations are within the range of 0.2-1.0 x 10%L,
the estimated dose absolute error is +1.5 Gy in case of gamma
exposure and +1.3 Gy in case of gamma neutron exposure.
Victims are diagnosed with moderate (grade Il) or severe
(grade lll) radiation injury, it is necessary to start treatment in a
specialized hospital as soon as possible; 3) when the peripheral
blood lymphocyte concentration exceeds 1.0 x 10%L, mild
(grade 1) to moderate (grade ll) ARS can be predicted. As
compared with the method reported in the paper [9], this test
enables prediction of radiation dose based on the data of only
one blood test performed on day 2 after exposure. This may
be preferable in cases of large-scale radiation accidents and
incidents, when the medical resources available are not enough
for full-fledged diagnosis of the ARS severity. The lymphocyte
test remains one of the most simple and accessible biological
dosimetry methods, which defines its role in the diagnosis of
radiation injury associated with large-scale accidents, when
no cytogenetic test results are available in the first days after
the incident. Prediction accuracy can be improved in the future
with additional sources of information about the lymphocyte
concentration in the first days after exposure.
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FEATURES OF EEG MICROSTATE ANALYSIS IN POST-STROKE APHASIA
Gulyaev SA12E Khanukhova LM?2, Garmash AA!
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Knowledge about the specificity of changes in the activity of neural networks associated with realization of thought processes can be used to construct
the personalized medical rehabilitation systems. This approach is of particular interest for people with the speech function disturbance due to stroke, since the
development of aphasia with the loss of speech leads to severe social maladaptation that worsens the disease outcome. The study was aimed to assess the
functional activity of individual neural networks based on the theory of combining the EEG microstate identification technique with the method of determining spatial
localization by solving the EEG inverse problem in 27 individuals (15 males and 12 females) with an average age of 52 years, who had speech impairment due to
acute atherothrombotic stroke. Mathematical analysis of the scalp bioelectrical activity multichannel recording from the system for EEG microstate model isolation
was carried out under changing environmental conditions caused by the auditory-speech load together with the EEG inverse problem solution for each subject. It
was found that the speech disorder development depends not only on the fact of damage to brain structures, but also on the deep functional restructuring of both
neural streams involved in implementation of brain function and the entire speech connectome. The disease with a predominant motor disorder, that has shown the
possibility of transferring functions to the intact hemisphere prefrontal structures, in contrast to sensory disorders representing global changes in the entire speech
connectome, can probably be considered the most favorable variant of aphasia.
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Speech represents a higher cognitive function closely linked
to the person’s integration into society, that is why speech
impairment is among severe conditions resulting in profound
social maladaptation and therefore worsening the outcome of
rehabilitation.

The first research into post-stroke aphasia reported by
P. Broca and C. Wernicke revealed the major speech centers

of the human brain and paved the way to the disorder objective
diagnosis [1, 2]. In 1980s, the doctrine of two-stream model
providing the basis for the functional speech connectome,
which made it possible to objectively assess the aphatic
disorders diversity and explain the features of speech function
rehabilitation in the post-stroke period, was developed based
on the new data obtained using the dynamically developing
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magnetic resonance imaging techniques [3]. It was this theory
that triggered an interest in monitoring the subdominant
hemisphere prefrontal cortical structures’ involvement in
the process of speech function restoration [4, 5], thereby
allowing the group of European experts to recommend the
use of neurostimulation applied to these areas as one of the
rehabilitation methods aimed at restoring speech in the post-
stroke period [6].

However, determining the features of speech organization
is currently a major technological challenge posed by the
characteristics of modern medical equipment. The widely
used method of functional magnetic resonance imaging (fMRI)
demonstrates the changes in the nervous tissue oxygen
consumption resulting from the increase in metabolic activity
associated with the nervous tissue excitation, which lead to
the pronounced temporal delay preventing recording of the
characteristics of information transmission between various
nerve centers responsible for speech function realization.

This is especially important in the context of post-stroke
speech impairment rehabilitation [7], since the patient-centered
approach to the lost function restoration is more effective than
the use of standardized and formalized technologies.

The synaptic connection activity recording that
forms the basis of electroencephalography (EEG) and
magnetoencephalography (MEG) makes it possible to reveal
rapid excitation processes. However, MEG systems are not
mainstream enough yet and are virtually non-existent in the
clinics. Furthermore the existing EEG technique that is based
on the principles proposed by H. Jasper in 1940-1954 [8]
has some serious technical limitations hampering assessment
of activity in distinct brain structures. These limitations are
related to the visual and phenomenological analysis technology
not allowing one to obtain information about the association
between the recorded activity and the brain’s anatomical
structures comparable to that provided by neuroimaging
methods, since the technology deals only with the total activity
values of multiple nervous system structures.

However, the concept of EEG microstates is considered to
be a solution. In 1998, D. Lehmman identified certain overall
scalp potential variants and concluded that electrical activity
of the brain detected by routine EEG could be represented
by the repeating sequence of individual fixed time patterns of
biopotential distribution over the scalp related to the activity
of some finite number of neural networks producing rhythmic
activity within a limited period of time [9, 10]. It was also
concluded that the duration of single microstate could be
interpreted as an indicator of the underlying neuronal assembly
preservation and stability, while frequency of occurrence could
be interpreted as activity (activation) of the underlying neural
generators during execution of certain brain function. Further
investigation of this phenomenon showed that four most
representative configurations belonged to the EEG microstate
classes A, B, C, D and were related to the activity of the brain’s
default mode network structures, while changes in external
verbal conditions affected the duration, occurrence and
coverage of microstates due to involvement of other neuronal
pools related to realization of the overall function of the brain
[11,12].

Subsequent research has confirmed that measurement of
EEG microstates is sensitive to the neuronal activity changes in
the cortical areas responsible for modality-specific processing
via certain tasks (state-dependent effects) [13]. Assessment of
intersubjective and intrasubjective relationships between the
features of microstates in 29 healthy subjects has shown that
the dynamics of microstates can reflect transitions between
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the global states characterized by selective inhibition of certain
intracortical areas and have functional and behavioral effects
on sensory processing and cognitive functions [14]. In 2021,
the use of similar technique in the subjects being in the wakeful
rest state made it possible to conclude that memories were
consolidated by the brain mainly during the “offline” periods,
when an individual was not engaged in task execution and
when his/her attention was not focused on executing certain
task [15].

The above reports allowed one to formulate the concept
of using the EEG microstate model as a tool to help identify
distinct components of the entire continuous EEG recording
that were associated with the functional activity of certain
neuronal groups. However, identification of spatial relationships
between certain EEG microstates and anatomical structures
these were produced by was still an outstanding issue.

In 1994-1997, the EEG inverse problem solution system
was proposed that was based on the technique involving
matching the dipole localization and the layered head model that
was referred to as low resolution electromagnetic tomography
(LORETA) and solved the problem of the EEG signal source
cortical localization. Starting from 1999, the method was
supplemented by quantitative neuroanatomy based on the
digitized Talairach Atlas provided by the Brain Imaging Centre
of the Montreal Neurological Institute (MNI). The combination
of these innovations brought LORETA to the level comparable
to that of conventional functional imaging methods, such as
PET and fMRI [12, 16]. In 2008, it was shown that LORETA
provided the best solution for single source localization in terms
of both zero localization error and false sources compared
to other software products using similar techniques to solve
the EEG inverse problem [17]. In 2014, simultaneous fMRI-
EEG studies aimed at determining the relationship between
the default mode network (DMN) activity and the power
of the EEG frequency bands suggested that the LORETA
technique used to determine the EEG power of the alpha,
beta, delta, and theta frequency bands in the region of interest
helped reveal a close relationship between the spontaneous
BOLD fluctuations in the brain’s default mode networks and
various EEG rhythms. The use of the technique also suggests
that individual neural network is characterized by specific
“electrophysiological signature” produced by the combination
of various brain rhythms [18]. However, as early as in 2010,
the differences in organization of stimulation paradigms used
in EEG and fMRI experiments were noted, and the question
arose whether it was possible to effectively localize the
evoked EEG activity using the constantly changing intensity
of the features occurring in the natural stimuli presented
within rather long time periods. In particular, there was a
question whether the aspects of the stimulus-driven EEG
signal would be localized along with appropriate fMRI BOLD
signal [19]. Today, EEG source reconstruction includes
the process, in which the best results are achieved using
conditional functional models [20] resembling the technique
proposed in 2014 [21], in which the number of conditional
neural networks involved in realization of the studied function
would be comparable with the number and activity of
microstates identified during the EEG test.

Thus, the current development of EEG analysis technologies
makes it possible to obtain a new tool for exploration of the
brain cortical structures’ functional activity that can be used
to assess the status of higher neural functions, such as
speech, and determine the possibility of function restoration in
individuals with various types of speech impairment developed
due to the disease [22, 23].
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The study was aimed to determine the functional activity of
individual neural networks based on the theory of combining
the EEG microstate identification technique with the method
of determining spatial localization by solving the EEG inverse
problem in individuals with speech function impairment due to
acute cerebrovascular accident.

METHODS

Atotal of 27 individuals (15 males and 12 females) were assessed,
who contacted La Salute Clinic for treatment and rehabilitation
after ischemic (atherothrombotic) stroke in the area supplied
by the left middle cerebral artery that was followed by the
development of persistent neurological deficit (cerebral stroke),
one of the syndromes of which was aphasia. Inclusion criteria:
Russian speakers with the left hemisphere dominance confirmed
by the development of post-stroke aphasia; no problems with
speech production before the disease.

Exclusion criteria for the study group: traumatic brain injury
with functional impairment, mental disorder; constant use of
psychoactive substances (ongoing or prior); verified diagnosis
of epilepsy; dysarthria due to neurological disorder.

As a result, the study group included individuals with an
average age of 52 years (minimum — 21 years, maximum —
68 years; Mo — 49 years, Me — 54 years; 1st quartile — 46
years, 3rd quartile — 61 years). In all of them both the fact
of damage to speech connectome and the speech disorder
with predominance of motor, sensory or total (mixed) speech
impairment itself (motor variant of the disorder was found in 11
subjects, 9 subjects had a sensory variant, while in 7 subjects
we failed to identify the aphasic disorder predominant type)
were considered. No epileptic seizures were reported in the
surveyed patients, no specific epileptiform activity in perifocal
areas of the cerebral infarction lesion was recorded. The degree
of functional impairment according to the Rankin scale did not
exceed 3 in all patients.

All participants underwent an EEG at relative rest (passive
relaxed wakefulness with no auditory-speech load) and under a
load (listening to a short story in the passive relaxed wakefulness
state with eyes closed). A total of 54 tests were performed, and
the results were used for further analysis.

Characteristics of methods

The T1-weighted and T2-weighted MRI in the suppression and
diffusion nodes showed that the average lesion volume was
82 cm3 (Me — 30.8; 1st quartile — 1, 3rd quartile — 176).
EEG was recorded in a darkened, relatively soundproof room
in the relaxed wakefulness state with eyes closed. Recording
was performed using the 52-channel EEG system (Medical
Computer Systems, Zelenograd, Russia). The analog-to-digital
converter sampling rate was 500 Hz. The tests involved the use
of the electrode placement scheme with an average reference
allowing one to obtain equal values of the recorded voltage and
scalp biopotential. The native signal bandwidth was 0.5-70 Hz,
with the inclusion of the 50 Hz notch network filter.

No recording was performed within the first minute after
connecting the volunteer to the device in order to suppress
physiological artifacts associated with disadaptation and the
need to become habituated to the test. The total electrode
resistance, impedance, was controlled within the limits of
10 kOm and constantly checked during the entire study in
accordance with the manufacturer’s guidelines.

The loading test involved assessment under auditory-
speech load in the form of listening to one short story (the same
for all subjects) in the native language (Russian) taken from the
open access online library. This made it possible to create the
conditions of the altered state comparable with the passive
relaxed wakefulness state based on common characteristics,
but determined by activation of only one cognitive function
(speech in this case) having a relatively well understood cortical
analyzer architecture [24].

The listening test was selected due to minimization of
muscle activity and as a test able to activate the maximum
number of speech centers including both gnosis centers of
speech and the centers responsible for generation of imagined
speech.

Subsequent data acquisition, processing, and analysis
were performed in several phases. The first phase involved
minimization of artifacts. For that the by-standing electrical
devices that generated parasitic electromagnetic fields were
switched off, interface impedance was controlled, temperature
in the room was adjusted, and parasitic movements of the

Table 1. Registration of the EEG activity frequency characteristics over the areas of the main speech centers

Predominance of motor impaiment

Broca’s area oscillation frequency (areas 44,

Wernicke’s area oscillation frequency

Intact hemisphere prefrontal cortex
oscillation frequency

45 on the left) (areas 39, 40 on the left) (areas 8, 9, 10, 11, 12, 13, 14, 24, 25, 32,
44, 45, 46, and 47)
Average 0 15,6 + 6,5 19,3+1,9 *

Predominance of sensory impairment

Broca’s area oscillation frequency (areas
44,45 on the left)

Wernicke’s area oscillation frequency
(areas 39,40 on the left)

Intact hemisphere prefrontal cortex
oscillation frequency
(areas 8, 9, 10, 11, 12, 13, 14, 24, 25, 32,
44, 45, 46, and 47)

Average 17,0 1,2 0 0 *
Total (mixed) variants
Intact hemisphere prefrontal cortex
Broca’s area oscillation frequency (areas 44, Wernicke’s area oscillation frequency oscillation frequency
45 on the left) (areas 39, 40 on the left) (areas 8, 9, 10, 11, 12, 13, 14, 24, 25, 32,
44,45, 46, and 47)
Average 135+25 16,3 +2,9 18,0+ 4,6 >

Note: (ANOVA-test), * — p < 0.001; ** — p > 0.05.
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Table 2. Changes in the characteristics of EEG microstates relative to their contribution to formation of the head’s overall bioelectric field

Major syndrome Class/test A B C D | 1]
Load 0,04 0,06 0,02 0,05 0,06 0,07
Motor No load 0,16 0,11 0,12 0,2 0,17 0,24
o B . B ox B B
Load 0,22 0,26 0,05 0,21 0,14 0,12
Sensory No load 0,19 0,11 0,12 0,1 0,37 0,11
o ox . wox « ox ox
Load 0,18 0,17 0,09 0,05 0,09 0,43
(n:(i);::j) No load 0,23 0,13 0,26 0,11 0,09 0,18
o ox . B ox . ox

Note: t-test, * — p < 0.05; ** — p > 0.05.

muscles were minimized. During the second phase the resulting
data pool was subjected to standardization of basic assembly
to create a common electrode space, as well as to artifact removal
via extraction of independent signal components. This made it
possible to purify the native signal of various physiological artifacts
that had not been eliminated by filtration. During the third phase the
EEG signal segmentation was performed to extract individual EEG
microstates by clustering and allocating six classes of individual
microstates (conventional A, B, C, D and two (I and Il) extra ones,
considering of their variability). The final phase of the study involved
analysis of the activity source localization for each of the allocated
EEG microstate classes using the EEG inverse problem solution
algorithm implemented in the sSLORETA v. 20210701 software
package (University of Zurich; Switzerland).

The results provided information about six distinct classes
of EEG microstates, including the following characteristics:
1) microstate lifetime (duration) in seconds; 2) frequency of
microstate recording per 1 s (occurrence); 3) contribution of
EEG microstate to the structure of the scalp energy total energy
spectral characteristics (coverage); 4) localization of the main
cortical structure generating the EEG microstate according
to the Brodmann area atlas (atlas issued by the Montreal
Neurological Institute, MNI).

Statistical processing of the results was performed in
accordance with the earlier reported guidelines [25] using the
GNU-PSPP software (v. GNU PSPP ver. 1.6.2-g78a33a) for OC
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Linux Mate 10.10. The Shapiro-Wilk normality test, Pearson
correlation coefficients, and analysis of variance (ANOVA) with
Bonferroni correction for the small number of independent
samples were used. The Student’s t-test was used for paired
samples with normal distribution. The same degree of freedom
was used for all calculations, the significance level was set as
a < 0.05.

RESULTS

Changes in frequency characteristics of EEG signal
recorded over the main speech centers

The results of rhythmic activity localization over the areas of the
main speech centers identified by spatial fixation of the EEG
electrodes’ position matched the characteristics of anatomic
lesion, patient’s diagnosis and MRI findings (Table 1). An
EEG test involving the use of the technology for extraction of
individual EEG microstates combined with the EEG inverse
problem solution showed that it was impossible to record
rhythmic phenomena over the affected areas of individuals
with severe anatomical defects since the area’s neural network
was disrupted, and the rhythmic phenomena, specifically
those recorded in slow activity ranges, were reduced by the
tissues surrounding the primary focus. At the same time, in
cases of the dominant hemisphere Broca’s area (areas 44,

M Load

M No load

638 640 644 646

Brodmann area

Fig. 1. Histogram of EEG activity (in %) over individual Brodmann areas in cases of motor aphasic disorder variant predominance, p < 0.05 (Pearson’s test)
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Table 3. Changes in the characteristics of EEG microstates relative to their frequency of occurrence per 1 s

Major syndrome Class/test A B C D | 1]
Load 3,2 3,4 1,9 1 2,4 3,3
Motor No load 23 1,9 3 3 4,4 3,1
o wox ox *x wox x *x
Load 4,3 4,7 1 5,8 4,3 2,3
Sensory No load 30,2 15,7 19,6 18,6 30,2 20,8
o N B * * B *
Load 2,5 1,8 2,2 1,3 2,8 5,3
Total
) No load 36,8 46,7 50,3 445 33,8 26,5
(mixed)
o * ox * wox * *x

Note: t-test, * — p < 0.05; ** — p > 0.05.

45) anatomical disruption, the expected changes in rhythmic
activity were recorded over the intact hemisphere prefrontal
cortical structures. Such activity was observed in the same
frequency range (17-24 Hz); it showed signs of activation
response to auditory-speech load (Fig. 1). However, as stated
above, it was almost diffuse and arouse in all structures of the
intact hemisphere prefrontal cortex (areas 8, 9, 10, 11, 12, 13,
14, 24, 25, 32, 44, 45, 46 n 47).

A lesion in the Wernicke'’s area (Fig. 2) and disruption of
sensory areas (39, 40) made it impossible to identify rhythmic
phenomena over the Wernicke’s area, which was expected
due to neural network disruption in this area, and the intact
hemisphere structures. Rhythmic EEG phenomena were
recorded over the Broca’s area only, however, there was no
activation response to speech-auditory load.

In individuals with the total (mixed) variant of impairment
(Fig. 3), rhythmic phenomena arose in the affected hemisphere
over both Broca’s and Wernicke’s areas, but these findings
had low significance (ANOVA test > 0.05), which suggested
incomplete injury of both major speech centers. However, low
significance resulted probably from limitations of both applied
technique and relatively low number of observations.

Charasteristics of distinct EEG microstates

Analysis of the EEG microstate characteristics under auditory-
speech load allowed us to find out that these characteristics
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showed significant differences (p < 0.05) in their contributions
to overall scalp potential (except for classes B and D) in
individuals with predominant motor aphasia. At the same time,
in individuals with sensory aphasia, this indicator, by contrast,
showed a significant response to the load. In individuals
with total aphasia, significant differences were reported for
class C only (Tables 2-4), which was considered as a sign
of both structural damage to certain neuronal assemblies and
information processing disorder prevailing in cases of sensory
aphasia.

There were no significant responses to the loading test in
terms of occurrence and duration of individual EEG microstates
in individuals with motor impairment, however, individuals with
prevailing sensory or total impairment showed significant
changes of these characteristics, especially in cases of sensory
impairment (for almost all indentified classes) and cases of total
impairment (for classes A and I).

DISCUSSION

Interpretation of the data obtained needs to be further
discussed. Thus, splitting the entire continuous EEG recording
into a sequence of individual EEG microstates allows the
researcher not only to consider common characteristics of total
postsynaptic activity, but also to indentify distinct components
of such activity associated with the activity of individual neural
structures, thereby making it possible to create an affordable

M Load

M No load

LI T T 17T 1T T°1
624 638 640 644 646

Brodmann area

Fig. 2. Histogram of EEG activity (in %) over individual Brodmann areas in cases of sensory aphasic disorder variant predominance, p < 0.05 (Pearson’s test)
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Table 4. Changes in the characteristics of EEG microstates relative to their durationin 1 s

Major syndrome Class/test A B C D | 1l
Load 0,04 0,06 0,02 0,05 0,06 0,07
Motor No load 0,05 0,04 0,03 0,05 0,04 0,07
- = = = " " =
Load 0,05 0,06 0,04 0,04 0,03 0,04
Sensory No load 0,01 0,01 0,01 0,01 0,01 0,01
- - N - " - -
Load 0,06 0,08 0,05 0,04 0,03 0,1
(;?;:L) No load 0,02 0,01 0,02 0,01 0,01 0,02
- B N " " N "

Note: t-test, *— p < 0.05; ** — p > 0.05.

system for neurophysiological diagnosis of certain brain
functions, particularly speech [26].

The study results obtained by conducting the functional
loading test involving listening for different variants of aphasia show
differences in both nature of rhythmic phenomena recorded on the
scalp surface and spatial localization of these phenomena, which
can be interpreted from the perspective of consistent various neural
networks’ participation in the speech function realization [13].

The development of speech impairment resulting from
cerebral stroke is due to both infarction affecting various brain
structures [7] and functional rearrangement of the neural
networks system, which is reflected by changes in the EEG
microstate characteristics [14] that may become the key
factors to assess objectively the speech functional state and
the changes in speech function resulting from the disorder. In
our study this was confirmed by changes in characteristics of
individual EEG microstates.

Thus, in cases of predominant motor impairment (preserved
auditory information receipt systems), was observed the
transfer of the speech production function to the intact
hemisphere prefrontal cortex. But this answer was presented
as the general response observed over the entire surface of the
prefrontal cortex, not only within the limits of the well-formed
neural centers (44, 45 Brodman'’s fields).

In sensory variant of aphasia, the changes in bioelectrical
activity showed no variants of transferring the affected function
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to the contralateral (intact) hemisphere, which was manifested
in identification of non-specific rhythmic phenomena, and
demonstrated disruption of the sequence of class C and D
EEG microstates that was considered to be associated with
the structures responsible for tertiary information processing
in tertiary areas (Brodmann’s areas 6 and 7) [24, 27]. That
is why sensory variant of aphasia could be characterized
not only as profound impairment of certain brain networks’
activity, but also as a more severe damage to the entire
connectome system affecting both ventral stream responsible
for information acquisition and the lateral one responsible for
processing and comprehension. However, total variants of
aphasia were associated with the less pronounced changes;
the EEG microstate analysis revealed predominant involvement
of the speech ventral stream structures and preserved tertiary
structures responsible for constructive analysis [28].

In all cases of aphasia, the most interesting was the activity
increase overthe Brodmannareas 47 and, consequently, 37, showing
maximum representation in individuals with predominant sensory
aphasia. Their activity suggests involvement of phylogenetically
older mechanisms underlying auditory tone perception that are
found in children aged 2-5 and apes. This leads to the assumption
that conventional system of phonemes and morphemes, the
speech function can be replaced by the system of auditory tone
perception and musical tone (onomatopoetic) reproduction, as
reported in the number of studies focused on rehabilitation of feral

W Load

M No load

-

I Il'\
646

Brodmann area

Fig. 3. Histogram of EEG activity (in %) in cases of total (mixed) aphasic disorder variant predominance, p < 0.05 (Pearson’s test)
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children and children with autism spectrum disorders, who failed to
develop a normal human speech system [29, 30].

Limitations of the study

The study limitations are related to a relatively small number
of observations (27 individuals) forcing us to adjust statistical
data when performing calculations, as well as to the features
of EEG technique applied associated with the scalp electrode
positioning. The use of the medium-density EEG montage (10—
10 system) did not put any meaningful restrictions relative to
the 10-5 system or any other high-density EEG system, since
it enabled acquisition of native data with the lower number of
nonspecific physical artifacts occurring in high-density systems
due to short interelectrode distances.

CONCLUSIONS

The study has shown that recording of the brain bioelectrical
activity using modern computing power and mathematical
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ESTIMATION OF MUTAGENIC POTENTIAL OF THE VALPROIC ACID DERIVATIVE CONTAINING
A TERTIARY AMINO GROUP

Zolotoverkhaja EA S, Kubarskaya LG, Bespalov AYa, Melekhova AS

Golikov Research Clinical Center of Toxicology of Federal Medical and Biological Agency, Saint-Petersburg, Russia

The model of severe poisoning with acetylcholinesterase inhibitors has shown the possibility of drug treatment of toxic effects with valproic acid containing a
tertiary amino group. The study was aimed to assess potential mutagenic effects of the valproic acid derivative containing a tertiary amino group when studing
its safety. Testing for toxicophores and assessment of the mutagenic effect probability were perfomed using the QSAR Toolbox offline software (v4.5 SP1). The
Ames test with and without metabolic activation was used to estimate mutagenic potential of valproic acid containing a tertiary amino group in vitro. The computer
prediction results predicted that the test substance would show no mutagenic effects in the Ames test. These data were confirmed by the in vitro Ames test for a
broad range of concentrations of valproic acid containing a tertiary amino group (0.02-5.0 mg/mL). The concentrations of valproic acid containing a tertiary amino
group exceeding 1.58 mg/mL have a bacteriostatic effect on the TA 100 S. typhimurium strain and the WP2 uvr A pKM 101c E. coli strain. Thus, the valproic acid
derivative containing a tertiary amino group possesses no mutagenic effect, it can be recommended for further preclinical trials of therapeutic efficacy and safety.
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Funding: the study was performed as part of the State Assignment “Assessment of Effiacy and Safety of the Valproic Acid Amino Ester Substance as an Agent
for Drug Treatment of the Toxin-Induced Seizures”, R&D project Ne 121041500281-1.

Author contribution: Zolotoverkhaja EA — study planning, in silico analysis, statistical analysis and data interpretation, manuscript writing; Kubarskaya LG — in
vitro experiments, data acquisition and analysis; Bespalov AYa — synthesis of the test compound, data interpretation, manuscript editing; Melekhova AS —
manuscript editing, preparing supportive documents for publishing.

Compliance with ethical standards: the study was performed in silico and in vitro, no approval by the Ethics Committee was required.

><] Correspondence should be addressed: Ekaterina A. Zolotoverkhaja
Bekhtereva, 1, Saint-Petersburg, 192019, Russia; e.zolotoverkhaja@yandex.ru

Received: 20.06.2023 Accepted: 23.08.2023 Published online: 15.09.2023
DOI: 10.47183/mes.2023.027

OLIEHKA MYTAMEHHOIO NOTEHUWAJIA MPOU3BOAHOIO BANIbNPOEBOW KUCNOTbI
C TPETUYHOWN AMUHOIPYNOW

E. A. Bonotosepxan =, J1. . Kybapckas, A. 9. Becnanos, A. C. Menexosa
Hay4HO-KNMHUYeCKUiA LeHTP Tokemnkonorum nvenn C. H. Tonvkosa ®efepanbHoro Meayko-ouonorndeckoro areHtcTea, CaHkT-MNetepbypr, Poccus

MopenmpoBaHe TSXKeNoro oTpaBneHns NHMIMOUTOPaMK aLETUIXONMHICTEPA3b! MOKa3as10 BO3MOXXHOCTb (PapMaKOIOrMHECKON Tepamnim TOKCUHECKVX MPOSBNEHNI
npenapaToM BanbnpoeBOr KUCNOTbl C TPETUHHOM amrHOrpynnon. Liensto paboTsl 6610 nccnefoBaTb NOTEHLMANBHYIO MyTareHHyIO aKTUBHOCTb BaslbNpoeBoi
KNCNOTbI C TPETUHHON aMMHOTPYNMON B pamkax 1U3yHeHnst ee 6e30MacHOCTU. AHaIM3 HaMHmMs TOKCMKOGOPOB 1 OLIEHKY BEPOSITHOCTY MPOSIBNEHWSI MyTareHHOCTU
BbINOJIHANN C MCMONb30BaHNEM aBTOHOMHOMO NMporpammHoro obecnevernss QSAR Toolbox (v4.5 SP1). Ina oueHkn MyTareHHOro rnoTeHumana BabnpoeBoi
KNCNOTbI C TPETUHHON aMUHOIPYNMOW in Vitro ncnonb3oBanv TeCT SrMca C MeTaboIMHECKON akTnBaLmen 1 6e3. Pe3ynstaTbl KOMALIOTEPHOO MPOrHO3MPOBaHNA
npeackasany OTCyTCTBIUE MyTareHHOro AeNCTBUS U3yHaeMol cybcTaHLMM B TecTe Siimca. [aHHble Oblnv NOATBEPKAEHb! B TeCTe JiMmca in vitro Anst LUIMPOKOro
[nanasoHa KOHLEHTpaLUMiA BasibNPOEBO KUCNOTLI C TPETUHHOM aMmuHorpynnoi (0,02-5,0 Mr/mn). B koHUeHTpaumy Bbiwe 1,58 Mr/Mmn Basibnpoesasi KUcnota ¢
TPETU4HOW amMMHOrPYyNnor obnapaeT 6akTepnocTaTMHeCKM AENCTBMEM Ha WTamMbl S. typhimurium TA 100 v E. coli WP2 uvr A pKM 101. Takum obpasom,
NPOV3BOAHOE BasIbMPOEBOA KUCIOThl C TPETUHHOM aMUHOTPYMMoi He obnafaeT MoTeHUManbHbIM MyTareHHbIM AeNCTBYEM, ero MOXHO PeKOMeHOoBaTb AN1st
JasbHeNLLEero CCNefoBaHns TepaneBTNHeckon adeKTUBHOCTU 1 6e30MacHOCTU B AOKMHNYECKNX NCCNEO0BaHNUSX.

KnioueBble crioBa: Basibrnpoesast KUCOoTa, MHMMBUTOPbI aLETUIXONMHACTEPasbl, KOMMbIOTEPHOE MPOrHO3MPOBaHME, MyTareHHOCTb, TECT DMCa, XONMHOGIOKATOPbI

®uHaHcupoBaHue: paboTa BbINOMHEHA B pamkax rocyaapcTBeHHoro 3apaHus HUP «/3ydeHre addexkTnBHOCTM 1 6e30MacHOCTN CyBCTaHLMM amuHoadurpa
BasIbNPOEBOV KNCNOTbI Kak IeKapCTBEHHOrO Npenapara hapmakoTepaniin TOKCUHECKOro Cya0pOXHOro cuHapomMar, Homep HAOKTP 121041500281-1.
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Organophosphorus compounds and carbamates are the
commonly used insecticides that inhibit cholinesterase
activity, causing acute muscarinic toxicity symptoms and
some symptoms of nicotine-like toxicity [1]. Furthermore,
reversible acetylcholinesterase inhibitors are more and more
often used for pharmacological support of patients with
neurodegenerative diseases [2, 3]. The increasing adoption
of acetylcholinesterase inhibitors as insecticides and
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pharmacological agents increases the risk of household and
industrial poisoning requiring immediate medical intervention.
When the levels of exposure are high, cholinesterase inhibition
quickly leads to accumulation of acetylcholine neurotransmitter,
the endogenous ligand of muscarinic and nicotinic receptors
[4]. The sudden and rapid increase in acetylcholine levels in
synapses results in hyperstimulation of cholinergic receptors and
the symptoms of cholinergic crisis. Atropine is most commonly
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used as an antidote to poisoning, including poisoning with
acetylcholinesterase inhibitors [5]. Insufficient protective effect
of atropine associated with the lack of nicotinolytic effect, along
with the risk of excessive atropinization during care provision,
necessitates the need to develop drugs with minimum toxicity
possessing central anticholinergic activity.

A neuromodulator drug, (1-methylpiperidin-4-yl)-2-
propylpentanoate hydrochloride (valproic acid derivative
containing a tertiary amino group), was synthesized in the
Golikov Research Clinical Center of Toxicology of FMBA of
Russia [6]. The rat models of severe carbamate poisoning
showed diverse pharmacological effects of this drug, it had
both anticholinergic and anticonvulsant effects [7].

Attheinitial stage of the study of the pharmacologically active
compound toxic effects, the computer prediction methods are
used in silico before conducting in vitro and in vivo experiments.
Potential mutagenic activity should be assessed when studying
the test substance safety. In case mutagenic potential of the
new compound has been revealed, it is necessary to consider
the presence of functional groups determining the toxic effects,
along with the available experimental data on the compounds
with similar structure [8]. For that the specially developed
software is used that makes it possible to assess genotoxic
potential of promising pharmacologically active compounds
based on the analysis of structural similarity and the presence
of toxicophores [9]. The Ames test is used for primary screening
aimed to assess the new drugs’ mutagenic potential in vitro [10].

The study was aimed to assess potential mutagenic effects
of the valproic acid derivative containing a tertiary amino group
using the in silico and in vitro tests.

METHODS
Research object

The research object was represented by (1-methylpiperidin-
4-yl)-2-propylpentanoate hydrochloride (valproic acid derivative
containing a tertiary amino group), synthesized in the Drug
Synthesis Laboratory, Golikov Research Clinical Center of
Toxicology of FMBA of Russia. An in silico study was performed
using the following SMILES formula of the test compound:
CCCC(CCC)C(=0)0OCT1CCN(C)CCH.

In silico mutagenicity assessment

Analysis of the structural fragments indicative of potential
genotoxicity of the tertiary amino group-containing valproic
acid derivative, identification of probable mechanisms
underlying mutagenic effects, and estimation of the probability
of mutagenic effects in the Ames test based on the available
experimental data on the compounds with similar structure were
performed using the QSAR Toolbox offline software (v4.5 SP1).

Bacterial reverse mutations in S. typhimurium TA 1535, TA
1537, TA 98, TA 100 with or without metabolic activation and
E. coli WP2 uvr A pKM 101 with or without metabolic activation
were considered to be the study endpoints.

The following profilers available for the selected endpoints
were chosen as algorithms for identification of the studied
compound specific features, i.e. for profiling: “DNA alert for
Ames assay, chromosomal aberrations, and micronucleus
test according to the protocol developed by the Laboratory
of Mathematical Chemistry, Burgas, Bulgaria” (“DNA alert for
AMES, CA, and MNT by OASIS”), “in vitro mutagenicity alert
(for Ames test) according to the protocol developed by Istituto
Superiore di Sanita (Rome, ltaly)” (“in vitro mutagenicity alert

(Ames) by ISS”), “DNA binding according to the protocol
developed by the Organization for Economic Co-operation
and Development” (“DNA binding by OECD”), and “DNA
binding according to the protocol developed by the Laboratory
of Mathematical Chemistry, Burgas, Bulgaria” (“DNA binding by
OASIS”).

The primary sample of chemical substances similar to the
valproic acid derivative containing a tertiary amino group, which
was based on structure, was compiled based on the presence
of the following functional groups: branched alkane containing
a tertiary carbon or tertiary amine or an ester derived from a
carboxylic acid or tertiary aliphatic amine.

The categories were clarified based on the specific DNA
binding mechanism determined for the valproic acid derivative
containing a tertiary amino group in accordance with the
algorithm “DNA alert for Ames assay, chromosomal aberrations,
and micronucleus test according to the protocol developed by
the Laboratory of Mathematical Chemistry, Burgas, Bulgaria
(OASIS)” (“DNA alert for AMES, CA, and MNT by OASIS”).
This algorithm considers probable genotoxicity (for example,
genetic mutations in in vivo and in vitro tests, DNA damage
and/or reparation, DNA and/or protein damage in the liver,
chromosomal aberrations, transgenic rodent mutations) and
carcinogenicity. Categorization by the substance structure was
performed using the organic functional group profiler developed
by the U.S. Environmental Protection Agency (US EPA).

Ames assay

Thetestwas performed using the MPF™ Penta 1 kit (Xenometrix;
Switzerland) containing all necessary microbiological media
and supplements, appropriate bacterial strain, positive
controls, components of the S9 rat liver microsomal fraction.
Three repetitions were carried out for each concentration of
the valproic acid derivative containing a tertiary amino group.
The test variants involving metabolic activation of the system by
the Aroclor 1254 induced rat liver homogenate S9 microsomal
fraction with the NADP cofactor and glucose-6-phosphate or
no activation by the S9 microsomal fraction were used.

The concentration range was selected using an overnight
S. typhimurium TA98 culture to choose the test compound
maximum concentration, at which no cytotoxic effects would be
observed, as well as to estimate drug solubility in experimental
conditions. Sterile water for injection was used as a solvent.
The test concentrations used for preliminary testing were as
follows: 0.01 mg/mL, 0.02 mg/mL, 0.05 mg/mL, 0.16 mg/mL,
0.50 mg/mL, 1.58 mg/mL, and 5.00 mg/mL. The signs of
cytotoxicity were determined based on no bacterial growth at
certain concentration of the test compound.

Data analysis

Significance of differences between binomial distributions in the
Ames test was determined using the cumulative binomial [11, 12].
The cumulative binomial probability (B-value) exceeding 0.99
indicated that the study result was associated with mutagenic
effects of the drug with the probability > 99%. In addition to
probability, we assessed the factor by which the number of
revertant colonies exceeded the baseline. The baseline was
calculated as a sum of the average number of spontaneous
reversions (revertants in the negative control sample) and the
standard deviation. When the number exceeded the baseline
less than twice, the result was considered to be non-significant
and was not considered as positive. When the concentration-
dependent effect or the baseline value exceeded more than
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Table 1. Results of testing the valproic acid amino ester containing a tertiary amino group using the Ames assay involving no activation by microsomal fraction (M + SD)
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Strains
Test substance Concentration
TA98 TA100 TA1535 TA1537 E. coli Combo
0.02 mg/mL 0.7+ 0.6 57+1.2 27+15 0.0+ 0.0 5.7+2.0
0.05 mg/mL 0.7+ 0.6 53+2.1 0.0+ 0.0 1.7+0.6 7.3+0.6
0.16 mg/mL 0.7 +£0.6 7.7+2A1 0.3+0.6 1.0+ 0.0 6.0+ 1.0
Valproic acid amino ether
0.50 mg/mL 1.0+ 0.0 53+3.2 1.0+1.0 1.0+0.0 8.0+2.0
1.58 mg/mL 0.3+0.6 43+0.6 0.7+1.2 1721 33+1.2
5.00 mg/mL 1.3+23 1.7 £2.1* 0.0+ 0.0 1.0+1.0 0.0 £ 0.0*
Negative control 0 12+12 7.6+3.2 13+1.2 16+2.6 6.2 + 3.9
Negative control baseline - 2.4 10.8 25 4.2 10.1
Positive control for
TA 98 strain 2.0 pg/mL 476+ 1.1 - - - -
Positive control for
TA 100 strain 0.1 pg/mL - 46.3+2.5 - - -
Positive control for
TA1535 strain 100 pg/mL - - 48.0 + 0.0 - -
Positive control for
TA1537 strain 15 pg/mL - - - 48.0+0.0 -
Positive control for E. coli
Combo strains 2.0 pg/mL - - - - 34.0 +3.7

Note: # — decrease in the level of spontaneous reversions (B-value < 0.01)

twice was revealed, the test drug was classified as mutagen.
The data considerably lower than the level of spontaneous
reversions (B-value < 0.01) can be indicative of the drug
citotoxic effect.

RESULTS
In silico mutagenicity assessment

No experimental data of the studies of the valproic acid
derivative containing a tertiary amino group were found in the
databases used by the QSAR Toolbox (v4.5 SP1), the drug was
assigned no CAS number.

Profiling based on nonspecific endpoints revealed no “in
vitro mutagenicity alert (Ames) by ISS” and “DNA alert for
AMES, CA, and MNT by OASIS” for the systems with and
without metabolic activation. The use of general mechanistic
approach based on the “DNA binding by OASIS” algorithm
revealed no alerts, while the “DNA binding by OECD” algorithm
alerted to probable mono-nucleophilic substitution reaction
yielding the reactive iminium ion.

Initial sample of chemical substances similar to the test
valproic acid derivative based on the “organic functional
groups” criterion that were taken from the European Chemicals
Agency database included 12,963 compounds. Among them
2,300 compounds had the data for the endpoint “assessment
of bacterial reverse mutations in S. typhimurium TA 1535,
TA 1537, TA 98, TA 100 showing or not showing metabolic
activation” and 299 had the data for the endpoint “assessment
of bacterial reverse mutations in E. coli WP2 uvr A pKM 101
showing or not showing metabolic activation”.

Subsequent selection of analogues was based on the
specific DNA binding mechanisms identified for the valproic
acid derivative. Among analogues, for which experimental
data were available, chemical substances were found showing
both positive and negative results of the Ames assay involving
S. typhimurium TA 1535, TA 1537, TA98, TA 100 and E. coli WP2
uvr A pKM 101. Furthermore, the program warned that there
were chemical substances different from the test substance
in the database. In this regard the “DNA alert for AMES, CA,
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and MNT by OASIS”, “organic functional groups” developed
by the U.S. Environmental Protection Agency (US EPA) and
“structural similarity” profilers were used to refine the database.
As a result, 80 chemical compounds with similar structure and
DNA binding type, for which experimental data of the Ames
assay involving S. typhimurium TA 1535, TA 1537, TA 98, TA
100 were available, were selected, along with 33 chemical
compounds with similar structure and DNA binding type, for
which experimental data of the Ames assay involving E. coli
WP2 uvr A pKM 101 with and without metabolic activation were
available. None of the analogues showed mutagenic effects in
the Ames test. In silico prediction based on the test results of
five most close analogues with the significance level of 0.00412
predicted no mutagenic effects exerted by the valproic acid
amino ester in the Ames test involving S. typhimurium TA 1535,
TA 1537, TA 98, TA 100 and E. coli WP2 uvr A pKM 101 with
and without metabolic activation.

Determining the substance concentration range of interest

The valproic acid derivative containing a tertiary amino group
exerted no cytotoxic effects in the studied concentration range.
All the studied concentrations remained soluble under the
conditions of preliminary testing. That is why the Ames assay
was performed in the concentration range of 0.02-5 mg/mL
with a half an order increment (0.02 mg/mL, 0.05 mg/mL, 0.16
mg/mL, 0.50 mg/mL, 1.58 mg/mL, 5.00 mg/mL).

Results of the test without metabolic activation of the
system

Table 1 provides the mean and standard deviation (M + SD)
for the number of wells with revertant colonies in a series of
three iterations of 48 wells per each studied concentration of
the valproic acid amino ester substance, positive and negative
controls in the system without microsomal fraction activation.
Standard mutagens were used as positive controls:
2-nitrofluorene (2.0 pg/mL for the TA98 strain), 4-nitroquinoline-
N-oxide (0.1 pg/mL for the TA100 strain), N4-aminocytidine
(100 pg/mL for the TA1535 strain), 9-aminoacridine (15 pg/mL
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Table 2. Results of testing the valproic acid amino ester containing a tertiary amino group using the Ames assay involving activation by S9 microsomal fraction (M + SD)

Strains
Test substance Concentration
TA98 TA100 TA1535 TA1537 E. coliCombo

0.02 mg/mL 0.7+0.6 8.7+3.2 1.0+ 0.0 1.3+0.6 10.0+1.0

0.05 mg/mL 0.7+1.2 8.0+ 0.0 1.3+1.2 1.7+£15 83+15

0.16 mg/mL 1.0+ 1.0 10.0 + 3.6 23+23 0.7 £ 0.6 8.0 +3.0
Valproic acid amino ether

0.50 mg/mL 1.3+1.2 13.0+ 1.0 1.3+0.6 2.7+0.6 8.0+0.0

1.58 mg/mL 3.0+£2.0 173 +15 1.3+0.6 0.7+ 0.6 0.7 + 0.6*

5.00 mg/mL 0.0+0.0 1.3 £ 0.6% 0.3+0.6 0.7 + 0.6 0.0 + 0.0*
Negative control 0 1.0+1.2 84+26 15+1.2 0.8+0.8 72+42
Negative control baseline - 2.2 11.0 2.7 1.6 11.4
2-aminoanthracene 1.0 yg/mL 479+ 0.5 - - - -
2-aminoanthracene 2.5 yg/mL - 48.0+0.2 43.8 +3.1 41371 -
2-aminoanthracene 400 pg/mL - - - - 30.0 + 8.1

Note: # — decrease in the level of spontaneous reversions (B-value < 0.01)

for the TA1537 strain), 4-nitroquinoline-N-oxide (2.0 pg/mL for
the wp2 uvrA and wp2 [pKM101] strains). These mutagens
effectively induced reverse mutations in bacterial cells. The
average number of the negative control revertant colonies for
all strains did not exceed the maximum permissible value.

The findings showed that the valproic acid amino ester
concentrations of 0.02 mg/mL, 0.05 mg/mL, 0.16 mg/mL,
0.5 mg/mL, 1.58 mg/mL, and 5.00 mg/mL did not induce
mutations in the system without metabolic activation.

The decrease in the number of revertant colonies relative
to the level of spontaneous reversions in the negative control
sample of this strain and the number of revertant colonies
at lower test substance concentrations was reported for the
TA100 strain of S. typhimurium and the mixture of E. coli strains
wp2 uvrA and wp2 [pKM101] (E. coli Combo) at the valproic
acid amino ester concentration of 5.0 mg/mL in the system
without metabolic activation. B-value was below 0.01, which
could indicate that the valproic acid amino ester concentrations
exceeding 5.0 had a bacteriostatic effect on these strains.

Results of the test with metabolic activation of the system
by microsomal fraction (+S9)

Table 2 provides the mean for the number of revertant colonies
and standard deviation (M + SD) of three iterations per strain in
the system with activation by the S9 microsomal fraction.

Various 2-aminoanthracene concentrations were used as
positive controls for all strains. Testing of substances in the
presence of S9 microsomal fraction showed that the average
number of mutant colonies in the sections containing a positive
control exceeded the minimum permissible value. The average
number of colonies with reverse mutations in the sections
containing a negative control did not exceed the maximum
permissible value in the presence of S9 microsomal fraction.

The valproic acid amino ester did not induce mutations in
the studied concentration range in the system with metabolic
activation.

The decrease in the number of revertant colonies relative
to the level of spontaneous reversions in the negative control
sample of this strain and the number of revertant colonies
at lower test substance concentrations was reported for the
TA100 strain of S. typhimurium at the valproic acid amino ester
concentration of 5.0 mg/mL and for the E. coli Combo mixture
of strains at the valproic acid derivative concentrations of 1.58
mg/mL and 5.0 mg/mL in the system with metabolic activation.
B-value was below 0.01, which could confirm the hypothesis

that the valproic acid derivative concentration exceeding
1.58 mg/mL had a cytotoxic effect on these strains.

DISCUSSION

The QSAR Toolbox (v4.5 SP1) uses more than 50 databases of
chemical substances and contains information on approximately
100,000 compounds. The studied valproic acid containing a
tertiary amino group was not found in the databases used,
which meant that there were no results of open-label trials of
this substance.

Metabolic activation of the relatively inert functional groups
into electrophilic reactive intermediates is considered to be
an essential event in etiology of many side effects caused
by drug intake. That is why assessment of biochemical
reactivity of functional groups and structural motifs of
potential pharmacological substances is important from a
safety standpoint. And the alerts obtained by profiing should be
considered when planning further preclinical and clinical trials [13].

The mechanistic profilers used in our study involve alerts
that are based on the chemistry of the reactions associated with
genotoxicity and on the hypothesis that electrophilic potential
of a chemical is associated with genotoxic properties [14].
According to the “DNA binding by OASIS” algorithm, chemical
structure of valproic acid containing a tertiary amino group is
not associated with genotoxicity, however, the “DNA binding
by OECD” algorithm alerts to probable mono-nucleophilic
substitution reaction yielding the reactive iminium ion as a
potential DNA adduct formation pathway [15].

DNA adduct formation can weaken a bond between the
nitrogenous base and deoxyribose and result in the base loss
(depurination or depyrimidination). Such DNA modification
results in generation of the unstable apurinic/apyrimidinic site
(AP site). The lack of appropriate base in the DNA matrix may
result in blocking of DNA and RNA polymerases, as well as
in single nucleotide substitutions and deletions/insertions.
Chemical reactivity of AP sites causes DNA breaks, as well as
DNA—protein and DNA-DNA crosslinks, thereby contributing to
high mutagenicity and cytotoxicity of such damage [16].

In addition to probable genotoxicity, metabolic reactions
yielding the reactive iminium ions can result in organ-specific
toxicity. Neurotoxic effects of haloperidol, which, like the
valproic acid derivative, has 4-piperidinyl in its molecular
structure, are considered to be associated with the pyridine
derivative formation, while the iminium ion is an intermediate of
this process. However, loperamide that also has 4-piperidinyl in
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its structure and forms a pyridine derivative via metabolization
involving cytochrome CYP3A4 possesses no neurotoxic effects
[15]. The differences between safety profiles of haloperidol and
loperamide support the view that not all compounds involved
in the same bioactivation patterns cause similar toxic effects.
The fact that the valproic acid derivative is through bioactivation
yielding DNA adducts and organ-specific toxic metabolites,
including neurotoxic ones, should be considered when studying
the substance pharmacokinetics.

Assessment of the probability of mutagenic effects in the
Ames test using the QSAR Toolbox (v4.5 SP1) software with
the significance level set at 0.00412 makes it possible to
predict that the valproic acid derivative containing a tertiary
amino group would show no mutagenic effects in the Ames
test involving S. typhimurium TA 15635, TA 1537, TA 98, TA
100 and E. coli WP2 uvr A pKM 101 with or without metabolic
activation.

Such assessment is consistent with the results of our in
vitro study. According to the results, the concentrations of valproic
acid containing a tertiary amino group of 0.02 mg/mL, 0.05 mg/mL,
0.16 mg/mL, 0.5 mg/mL, 1.568 mg/mL, and 5.00 mg/mL did
not indice frameshift mutations (S. typhimurium strains TA98
and TA1537) and base-pair substitutions (S. typhimurium
strains TA100, TA1535 and E. coli strains wp2 uvrA and wp2
[PKM101]) in the Ames assay without metabolic activation. The
test system supplementation with the metabolic fraction of the
liver did not affect the test substance genotoxic effects.
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It is interesting to note cytotoxic effects of the concentration
of valproic acid containing a tertiary amino group exceeding
1.58 mg/mL on the TA 100 S. typhimurium strain and WP2
uvr A pKM 101 E. coli strain in the tests both with and without
metabolic activation. On the one hand, such an effect can mask
mutagenic effects of the test substance high concentrations.
On the other hand, cytotoxic effects can be associated with
generation of DNA adducts resulting from metabolic activation,
along with generation of AP sites and interstrand cross-links in
the DNA molecule. However, cytotoxic effects of the valproic
acid derivative containing a tertiary amino group have been
also shown in the Ames test with metabolic activation, which
contradicts this statement.

CONCLUSIONS

The results of the in silico and in vitro Ames test show that the
valproic acid derivative containing a tertiary amino group possesses
no mutagenicity. This pharmacologically active compound can be
recommended for further preclinical trials of therapeutic efficacy
and safety. However, it is important to note, that cytotoxic effects
of valproic acid containing a tertiary amino group on some bacterial
strains can mask its mutagenic effects when the concentration
is high. Considering cytotoxic effects and the possibility of DNA
adduct formation, it is necessary to study probable carcinogenic
and cytotoxic effects using the tests involving mammalian cells
and the experiments involving animal models.
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IDENTIFICATION OF STAPHYLOCOCCAL ENTEROTOXIN B IN DAIRY PRODUCTS BY
IMMUNOCHROMATOGRAPHY WITH VISUAL AND DIGITAL VIDEO DETECTION

Yarkov SP B, Tretyakov SI, Shilenko IV, Ishkov YuN, Styazhkin KK
State Scientific Research Institute of Biological Engineering of Federal Medical Biological Agency, Moscow, Russia

Detection of staphylococcal enterotoxins in food products is animportant task of food poisoning prevention. The study was aimed to develop immunochromatography
tests (ICTs) for detection of staphylococcal enterotoxins A (SEA) and be B (SEB), as well as to improve sensitivity of immunochromatography detection of
staphylococcal enterotoxins (by the example of SEB) in dairy products relative to visual assessment by recording the analysis results with digital video recorders
(DVR) using the principle of processing digital immunochromatogram images acquired using ilumination in various spectral ranges. ICTs for detection of enterotoxins
were designed as sandwich tests based on highly specific monoclonal antibodies (MABS) against staphylococcal enterotoxins. Milk, cream, sour cream, cheese
artificially contaminated with SEB were analyzed. The analysis results were recorded visually or by DVR. DVR of immunochromatograms of the enterotoxin-containing
dairy products acquired using illumination with white light in the wavelength range of 400-800 nm ensures a 4-fold increase in the SEB detection sensitivity, while
that involving illumination with green light in the wavelength range having its maximum at 525 nm ensures a 4-8-fold increase relative to visual recording. The use
of the “Reflecom” and “Zondazh” digital video immunochromatogram analyzers multiplies sensitivity of SEB detection by immunochromatography when assessing
dairy products relative to visual recording.
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BbISABIEHUE CTA®UJIOKOKKOBOIO QHTEPOTOKCMHA TUMNA B B MOJIOYHOW NMPOAYKLUNN
NMMYHOXPOMATOIPA®UEN C BU3YAJTbHON U BUOEOLIM®POBOW OETEKLMEN

C. M. 9pkos =, C. N. Tpetbsakos, /. B. LLnnexko, tO. H. Nwkos, K. K. CTaXKunH
[OCyAapPCTBEHHbIV HAYYHO-MCCNEeA0BATENBCKNIA MHCTUTYT BLMONOrMHeCcKoro NprbopocTpoeHns defepansHOro Meamnko-61onormieckoro areHTeTea, Mocksa, Poccuist

BbisiBNeH1e CTadnnoKOKKOBbIX 3HTEPOTOKCMHOB B MPOAYKTaX MUTaHWS SBASETCA BaXKHOW 3a4a4el MpounakTKX NULLEBBIX oTpasneHui. Liensto nccnenosanms
Oblnn paspaboTka MMMyHOXpoMaTorpadmnyecknx TecToB (VIXT) ana obHapy>KeHns CTadUIOKOKKOBbIX OHTEPOTOKCMHOB TUNoB A (SEA) n B (SEB), a Tarke
MOBbILLEHME YyBCTBUTENBHOCTY MMMYHOXPOMATOrPaUHECKOro BbISBNEHMS CTaUITOKOKKOBBIX SHTEPOTOKCUHOB (Ha npuMepe SEB) B MOMOYHbIX NpogyKTax rno
CPaBHEHWIO C BU3yaslbHbIM HAOMIOAEHEM 32 CHET PervcTpaLv pesynsraToB aHanmaa nprbopamm Buaeoumdposoi pernctpaumm (BLIP), ncnonsaytolmmMm npuHLN
06paboTKN LMPPOBBIX N306PaXKEHNI MMYHOXPOMATOrPaMM NPK OCBELLIEHNN B Pa3INYHbIX CNEKTPabHbIX AvanasdoHax. VIXT Anga BbIABNEHNSt 9HTEPOTOKCUHOB
ObINN CKOHCTPYMPOBaHb! B «CaHABUY»-hopMaTe Ha OCHOBE BbICOKOCMELMMUYHBLIX MOHOKIOHaNbHbIX aHTUTen (MKA) K cTatuioKOKKOBLIM 9HTEPOTOKCUHAM.
AHann3y nofseprasMcb MOMOKO, CIIMBKMN, CMETaHa, Cblp, CKYCCTBEHHO KOHTaMUHMPOBaHHble SEB. PesynstaTel aHanmsa dukcuposany BU3yansbHO U C MOMOLLbIO
BLP. Ocywlectenerne BLP nmMyHOXpoMaTorpamMM MOSIOHHbIX MPOAYKTOB, COAEPXAaLLUMX SHTEPOTOKCKH, MPW OCBELLEHUM 6efbiM CBETOM B AManas3oHe AnavH
BosH 400-800 HM MOBbILLAET HyBCTBUTENBHOCTL BbisiBNeHNA SEB B 4 pasa, a npu OCBeLLeHM 3eMeHbIM B Avanas3oHe CriekTpa npy MakcuMyme OviHbl BOSHbI
525 HM — B 4-8 pa3 Mo cpaBHEHWIO C BU3yaNlbHOW pernctpaumeit. icnons3oBaHne BUAEOUMMPPOBbIX aHanM3aTopoB NMMyHOXpoMaTorpamM «Pednekom» n
«30HOK» KPATHO MOBbLILLAET YyBCTBUTENBHOCTL BbiABNEHNS SEB nvmMyHoxpoMaTorpanyeckiM METOAOM MPpY aHanM3e MONO4HbIX MPOAYKTOB MO CPaBHEHMIO
C B/3yaSlbHbIM METOAOM pPerncTpaumn.

KntoyeBble cnosa: CTaduIoKOKKOBbIE SHTEPOTOKCHHBI TUMOB A 1 B, MMyHOXpomMaTorpadust, BUAeoLMMpoBas perncTpaLyis peaynsraTos, MOMOYHbIe MPOLYKTbI
®durHaHCMpoBaHe: 1CCNefoBaHKA MPOBOANM B paMKax rocydapCTBEHHOro 3akasa PefepanbHoro Meanko-buonorndeckoro areHtctsa Poccum (TKNe 42.001.22.6).

Bknap aBTopos: C. . fpkoB — naesi, y4acTve B co3fnaHum nprbopa «30HAaK», MNaHMPOBaHNE IKCMEPUMEHTOB 1 aHaIN3 Pe3yNsTaToB, NOArOTOBKA YEPHOBMKA
pykonvicy; C. V. TpeTbsikoB — co3haH1e MMYHOXPOMATOrpaUHeCKNX TECTOB, SKCMIEPUMEHTBI C MONIOYHbIMM MPOAYKTaMM, aHann3 pesynsTaToB UCCeLoBaHYs;
V. B. LLnneHko — cosnanne MMyHOXpOoMaTorpatHeckx TECTOB, MPOBEAEHNE SKCNEPVMEHTOB, aHaIN3 MosyyYeHHbIX pesynstaTos; FO. H. Vikos — Tekyllee
PYKOBOZCTBO MccnefoBaHusmum, npaska pykonmen; K. K. CTsKkH — oblLLiee peaakTupoBaH1e PyKOMCU 1 PyKOBOACTBO.
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Staphylococcal enterotoxins produced by the Staphylococcus
aureus Gram-positive bacterial strains cause food poisoning of
varying severity in humans [1-3]. Ingestion of infected food is
the main root of staphylococcal enterotoxin entry. According to
the guidelines of Rospotrebnadzor MUK 4.2.2429-08 “Method
to Determine Staphylococcal Enterotoxins in Food Products”
and amendment (MUK 4.2.2879-11) [4, 5], food products
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with the toxin levels = 100 pg/kg of product are considered
to be toxicogenic in the Russian Federation. The same norms
are set forth by the U.S. Food and Drug Administration (FDA)
[6]. Immunochromatography tests (ICTs) are widely used for
detection of staphylococcal enterotoxins in raw materials and
processed foods, along with enzyme-linked immunosorbent
assay. The ICT efficiency for detection of SEA [7], SEA and SEB
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Fig. 1. Zondazh reflectometer-fluorimeter

in food products has been shown [8]. Undoubted advantages
of ICT are as follows: compact test system design, quick and
simple procedure, possible visual assessment of the results.
At the same time, the issue of increasing ICT sensitivity is
extremely relevant. Such studies focused on the staphylococcal
enterotoxin detection by using silver ions and bifunctional gold
nanoparticles have been conducted [9, 10].

Given the above, the study was aimed to develop domestic
ICTs for detection of staphylococcal enterotoxins A and B, as well
as to demonstrate the possibility of improving sensitivity of the
above enterotoxin detection relative to visual recording of the
results by using digital video immunochromatography analyzers
based on processing of immunochromatogram digital images
acquired using illumination in various spectral ranges.

METHODS

The procedure of producing ICTs for detection of SEB and
the materials used have been previous reported [10]. ICTs for
detection of SEA were constructed by the same method using
various combinations of MABs produced by the 329D9B3,
329D9B3 and 329A11F6 clones (Table.1). MABs produced by
the 357E10E9 and 357A8C1 clones (48th CSRiI of the Defence
Ministry; Russia) were used to manufacture ICTs for detection
of SEB. MABs S222, S643 were produced by RCMDT
(Russia). Colloidal gold nanoparticles (CGNs) with an average
diameter of 30 nm conjugated to MABs were used in ICTs, and
the SEB preparation was used as a concomitant (SRCAMB
of Rospotrebnadzor; Russia). The following domestic dairy
products were also used: cow’s milk, 3.2% fat (GOST 31450-2013),
cream, 10% fat (GOST 31450-2013), thermostatic sour cream,
10% fat (GOST 31452-2012), “Rossiysky” cheese, 50% fat
(GOST 314521-2012).

Sample preparation for analysis was performed as follows.
A total of 1 mL of the toxin-containing dairy product was placed

in the 2 ml microcentrifuge tube, added 50 yL of the 0.5 M
citrate buffer (pH = 3.0) and mixed by quick shaking. Samples
were centrifuged at 4000 g for 15 min. The sample separated,
and sedimentation of milk fat on the test tube bottom occurred.
A total of 200 pL were collected from the upper transparent
liquid layer and mixed with 200 pL of the concentrated buffer
solution for immunochromatography analysis (GosNIIBP of
FMBA of Russia; Russia). A total of 140 pL were collected
from the resulting sample and applied to ICT. The following
procedure was used for cheese samples. A total of 1 g of finely
grated cheese was placed in the 10 mL test tube, added 1.0 mL
of sterile buffer saline and shaken in vibration shaker for 1 min at
maximum speed. Holding the test tube at an angle, wet cheese
was squeezed by pressing against the test tube wall with a
spatula, so that the liquid could drain into the 2 mL centrifuge
tube. Samples were centrifuged at 4000 g for 15 min. A total
of 200 pL of transparent supernatant fluid were collected and
mixed with the concentrated buffer solution in a volume ratio of
1 : 1 for immunochromatography analysis. Then 140 pL of the
resulting mixture were applied to ICT. After 25 min the analysis
results were recorded visually or using DVR.

The Reflecom digital video immunochromatography
analyzer (Sinteco-Complex; Russia) was used for DVR of
chromatograms. Measurements were also conducted with
the Zondazh reflectometer-fluorimeter (GosNIIBP of FMBA
of Russia; Russia) (Fig. 1). The Zondazh experimental DVR
reflectometer-fluorimeter model makes it possible to record
intensity of light reflected from the immunochromatography test
analytical zone or control zone in four spectral ranges: white
— 400-800 nm, red — 650 nm, green — 525 nm, blue —
470 nm. The instrument spectral range enables recording of
not only CGN conjugates, but also submicron latex particles
of different color often used as a dispersed phase in ICTs.
When operated in the luminescence intensity measurement
mode, the Zondazh unit enables recording of luminescence

Table 1. ICT analytical properties when detecting SEA and SEB using visual recording of the results

Analyte Sensitivity, ng/mL Immunochromatography time, min Combinations of MABs
SEA (variant I) 50 22 329D9B3 / 329D9B3
SEA (variant Il) 25 7 329A11F6 / 329D9B3
SEA (variant Il) 10 25 329A11F6 / 329D9B3
SEB (variant I) 10 25 357E10E9 / 357A8C1
SEB (variant 1) 16 25 S$222 / S643

Note: there were no cross-reactions between SEA and SEB concentrations 100 times higher than the corresponding ICT sensitivity; the toxin solutions were prepared

using a buffer solution for immunochromatography analysis.
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Fig. 2. Graphs of the relationship between the test analytical zone staining intensity
and the SEB concentration in buffer solution measured using the Zondazh
reflectometer-fluorimeter: 1 — illumination with white light (A = 400-800 nm); 2 —
illumination with green light (Amax = 525 nm). Chromatography time 25 min
chromatograms, it ensures luminescence excitation wavelength
of 380 nm and emission recording wavelength of 490 nm.
The instrument operation principle is based on reflectometry
of digital chromatogram images or luminescence intensity
recording when used in luminescence tests. Light-emitting
diodes were used as light sources. A solid state video camera
was used as an image receiver.

The unit ensures calculation of the integral intensity of the
analyzed and control ICT areas along with the automated
baseline correction. When performing DVR with the Zondazh
reflectometer-fluorimeter, the increase in the intensity of the
test analytical zone staining over the average background
value obtained during the blank experiment considering
the measurement error at the 95% confidence level was
considered to be a criterion of positive result:

[X,—t x SE] = [ X, + t x SE]

signal = background’

where X, was the mean of n measurements, t, was the
Student's t-distribution coefficient for n measurements, SE was
the standard error at the 95 % confidence level.

RESULTS

Immunochromatography tests for detection of staphylococcal
enterotoxins were designed as sandwich-format tests using
MABs. The operation principle of sandwich-format ICTs has
been extensively described in the literature [7-10]. A liquid
sample potentially containing antigens of toxins is applied to
the substrate for sample application. Liquid moves through
the multimembrane composites due to influence of capillary
forces. First, the CGN conjugate with specific antibodies is
solubilized. It is cherry-colored, therefore its movement through
the membrane can be visually traced. Moreover, when there
is analyte antigen, antigenic immune complex is formed in
the sample that starts moving across the test membrane with
the fluid flow along with excess conjugate. Then the immune
complex is immobilized on the test membrane by specific
antibodies in the analytical zone (AZ) to form a “sandwich”,
and the unbound antibodies of the conjugate are immobilized
by antibodies in the control zone (CZ) of the test strip, which
results in the emergence of two stained lines. When there is
no antigen in the sample, no antigenic immune complex is
formed, therefore only one visible line is formed due to binding
of the conjugate antibodies and the CZ antibodies (antispecies
antibodies against the conjugate antibodies) in the CZ only.
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Fig. 3. Graphs of the correlation between the readings of the Reflecom and Zondazh
reflectometers used to measure the test analytical zone staining intensity in the
SEB concentration range of 0-120 ng/mL. 1 — illumination with white light, 2 —
ilumination with green light, correlation coefficients of linear relationships R = 0.995
and R = 0.999, respectively

Two ICT options for SEA detection and two for SEB detection
were produced based on various combinations of MABs. The
ICT sensitivity was dependent on the immunochromatography
assay time, it increased as the process progressed throughout
25 min (Table 1).

ICT for detection of SEB variant | was selected for further
research due to higher sensitivity shown during the 25 min assay.

Graphs of the relationships of the Zondazh
reflectometer-fluorimeter readings obtained during recording
immunochromatograms of SEB diluted in the test buffer
illuminated with various spectral ranges were plotted based on
the data obtained (Fig. 2). The curves were well approximated
by fitting with the following polynomials: Y = 20.49 + 12.43X —
0.041X? (white light) and Y = 25.91 + 16.44X — 0.047 X? (green
light); covariation coefficient R? = 0.996 in both cases. Such
relationships are typical for immunochromatograms of SEB [9].

As can be seen in the graphs showing the correlation between
the readings of the Reflecom digital video immunochromatography
analyzer and the Zondazh reflectometer-fluorimeter yielded
when assessing immunochromatograms of SEB, there is a linear
correlation between the readings of these instruments (Fig. 3).

Readings of the instruments depending on the SEB
concentration in the artificially contaminated dairy products
yielded after immunochromatography are provided in Table 2.

DISCUSSION

Enzyme-linked immunosorbent assay (ELISA) with photometry
or luminescence detection is recommended by the regulatory
documents on detection of enterotoxins in food products [4, 5]
as an express method. Facilitation of immunochromatography
analysis relative to ELISA is achieved due to rejection of
additional processing, washing, incubation with the signal-
enhancing substrate, as well as to visual assessment of the
results. When CGNs are used as labels, typical ICT time is
10-25 min, and the method sensitivity for protein toxins is
usually within the range of 1-100 ng/mL, depending on the
toxin type. Since immunochemical reactions on the membrane
are nonequilibrium, ICT is considered to be inferior to ELISA in
terms of sensitivity. At the same time, there are practices and
methods to increase the ICT sensitivity to 0.1 ng/mL when used
for protein antigens, however, this requires using additional
reagents or luminescent labels together with instrumental
recording, which significantly increases the analysis time.

In our studies DVR of the ICT results was used to
obtain quantitative data along with visual recording. DVR of
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Table 2. The test analytical zone staining intensity depending on the SEB concentration and the light spectral range measured using DVR instruments

Staining intensity, AU
SEB cocentration, ng/mL Reflecom digital video Zondajzh reflectometer-fluorimeter
immunochromatography analyzer White light Green light
White light 2 = 400-800 nm A = 400-800 nm A, =525nm
Milk, 3.2% fat, according to GOST 31450-2013

0 0.0+ 0.0 77 4 118+5

3.8 0.0+ 0.0 809 135+7

7.5 0.0+ 0.0 88+5 156 + 7

15 0.8+0.1 124 £ 12 250 + 6

30 1.9+02 156+ 8 3039

60 3.0+0.2 544 +17 729+ 8

Cream, 10% fat, according to GOST 31451-2012

0 0.0+ 0.0 93+8 119+6
3.8 0.0+ 0.0 119+ 10 139+ 10
7.5 0.1 +0.1 117 +8 138 + 15
15 0.8 +0.1 254 + 11 272 £ 15

30 2.7+0.2 293 + 6 5717

60 3.1+0.2 410 £ 12 510+ 8
120 6.2+0.3 597 + 8 968 + 10

240 82+0.3 824 + 11 120+ 9

Sour cream, 10% fat, according to GOST 31452-2012

0 0.0+ 0.0 97 +13 120+ 5
3.8 0.0+0.0 123 +20 354 + 34

7.5 0.5+0.1 326 + 16 610+ 8
15 1.8+0.1 533+ 18 954 + 39
30 29+0.2 704 +8 1037 + 2

Cheese, 50% fat, according to GOST 314521-2012

0 0.0+0.0 77+6 118+ 4
3.8 0.0+ 0.0 80+ 12 104 + 10

7.5 0.4 +0.1 91+8 128 + 4

15 0.8+0.1 187 +2 237 +3
30 1.2+0.1 384 +10 291 £ 12
60 24+0.2 541 £ 15 616 + 13
120 4.4+0.2 723 £ 14 825 + 14

Note: the instrument readings provided in the table are mean values of five measurements. The error represents a standard error at the 95 % confidence level 95%,
multiplied by the coefficient ts = 2.776 of Student’s t-distribution for four degrees of freedom. Calculations were performed using MS Excel.

immunochromatograms is a common method to obtain semi-
quantitative and quantitative immunochromatography analysis
results when performing laboratory diagnosis of disorders [11].
DVR is based on assessing digital immunochromatogram
images using specialized software that enables determination
of integrated intensity of light absorbed by the analytical and
control zones formed by the stained particles of the CGN
conjugate with specific antibodies. A maximum contrast
between the membrane background and the stained
zone of chromatograms is required to achieve maximum
recording sensitivity. Considering the fact that CGNs and their
conjugates have broad structureless absorption bands within
the range of 500-600 nm, the contrast must depend on the
immunochromatogram illumination spectral composition.
Based on subtractive color perception theory, a red object
illuminated by green light looks almost black. Since there is too
little green in red, the red object would absorb the majority of
green photons and reflect almost nothing. Red would lose very
much in saturation and tone, it would become brown, gray or
even black [12]. lllumination of SEB immunochromatograms

with green light (Amax = 525 nm) ensures a more intense signal
during DVR compared to illumination with white light (Fig. 2).
The readings of two different instruments using the same signal
processing principle are linearly correlated. Furthermore, DVR
response is stronger when using illumination in green spectral
range (Fig. 3). The same relationships are observed when
performing analysis of artificially contaminated dairy products
after sample preparation for immunochromatography analysis
(Table 2). The pooled data on the sensitivity of SEB detection using
ilumination of immunochromatograms in various spectral ranges
are shown in the chart (Fig. 4). DVR of immunochromatograms
of the enterotoxin-containing dairy products involving the use
of illumination with white light four times increases the SEB
detection sensitivity, while illumination with green spectral range
4-8 times increases sensitivity compared to visual recording.

It can be expected that the patterns of SEB detection in
dairy products would be preserved when performing SEA
analysis, considering structural similarity of these proteins.

The analyte-containing matrix has a great impact on the
possibility of chromatography analysis and sensitivity [13, 14].
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To obtain appropriate results, it is necessary to concentrate a
protein enterotoxin in the low-viscosity hydrophilic phase with
pH = 5.5-7.0 that is optimal for immunochemical reaction.
Such phase would move well through the ICT nitrocellulose
membrane and ensure immunochemical binding of reagents.
As for dairy products, it is necessary to separate the serum
containing proteins (such as staphylococcal enterotoxin) and
the milk fat globules by centrifugation. When the product fat
content is low, the product can be analyzed directly with no
sample preparation. Thus, the results of assessing milk (3.2%
fat) with or without sample preparation are almost the same.
However, sample preparation involving sample dilution and
incomplete toxin extraction to the hydrophilic phase reduces
overall sensitivity of the analysis.

Our findings confirm the possibility of using ICT for detection
of staphylococcal enterotoxins in dairy products, and the
staphylococcal enterotoxin detection sensitivity achieved
by using DVR is 3.8-7.5 ng/mL. These values enable the
analysis meeting regulatory requirements that the levels of
enterotoxins in food products should not exceed 100 ng/g
of product.

CONCLUSIONS

We have developed ICTs based on MABs for detection of
SEA and SEB showing sensitivity of 10 ng/mL for each toxin
when conducting immunochromatography in buffer solutions
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Fig. 4. Chart reflecting sensitivity of SEB detection in dairy products using visual
recording of the results or instrumental recording with the Zondazh reflectometer-
fluorimeter. 1 — SEB solution in buffer; 2 — milk, 3.2% fat; 3 — cream, 10% fat;
4 — sour cream, 10% fat; 5 — cheese, 50% fat

for 25 min (visual assessment of the results). ICTs show no
cross-reactions when used for analysis of enterotoxins A and
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other type. DVR of enterotoxin-containing dairy product
immunochromatograms involving the use of illumination with
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while illumination with green spectral range results in the 4-8
times increased sensitivity compared to visual recording.
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HEART DISEASE IN YOUNG ELITE ATHLETES HAVING A HISTORY OF COVID-19
Makarov LM'28 5 Komolyatova VN2, Kiselyova II', Besportochny DA', Akopyan AG', Dmitrieva AV', Aksyonova NV
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The impact of coronavirus infection (SARS-CoV-2) on cardiac output in underage athletes is uncertain. The study was aimed to determine heart disease in young
elite athletes having a history of COVID-19 (SARS-CoV-2). A retrospective analysis of the results of the developed three-phase medical assessment of 236 elite
athletes aged 14-17 (16 + 1), who had had SARS-CoV-2 infection, was performed. The first phase of assessment involved examination, ECG, ECHO, bicycle
ergometry (BEM), creatine kinase and creatine kinase MB tests. During the second phase 22 athletes (9.3%) underwent a more thorough assessment that included
Holter monitoring (HM) with heart rate turbulence (HRT), microvolt T-wave alternans (MITWA), heart rate variability (HRV) estimation, signal averaged ECG (SAECG),
determination of myocardial damage biochemical markers (troponin, NTproBNP) due to alterations revealed. Seven athletes (32%) having alterations revealed
during this phase were referred to gadolinium enhancement cardiac magnetic resonance imaging (MRI) (the third phase). Myopericarditis was diagnosed in four
cases (1.7% of 236) based on the results. Thus, low myocardial involvement (below 2%) has been revealed in young elite athletes, who have a history of SARS-
CoV-2 infection. Cardiovascular assessment algorithm has been developed for such athletes. Detection of cardiac arrhythmias by ECG, BEM, and HM is the most
informative. SAECG, HRV, HRT, and MTWA can be used as additional methods to determine indications for MRl as a gold standard of the diagnosis of myocarditis.
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NMOPAXXEHWE CEPALIA Y FOHbIX 3JINTHbIX CNOPTCMEHOB, NEPEHECLLNX COVID-19

. M. Makapog'?¢= B. H. Komonstoea'?, L. V. Kucenesa', [. A. Becnoptounbini', A. . AkonsH', A. B. Omutpresa’, H. B. AkceHosa'

" ®epepanbHbIi HayHYHO-KIIMHUHECKIMIA LLEHTP AETEN U NOAPOCTKOB PefepanbHOro Meamnko-61onornieckoro areHTcTea, Mockea, Poccus
2 Poccuinckas MeayumHCKas akaflemMuyist HenpepbiBHOrO MpodeccroHaibHOro obpadoBaHyst MUHUCTepCTBa 3apaBooxpaHeHust Poccun, Mocksa, Poccust
3 Akafiemus MOCTAMMIIOMHOMO 06pa3oBaHust PefiepanbHOro Hay4HO-KIIMHUYECKOTO LieHTpa deaepanbHOro Meamko-brnonornieckoro areHTcTea, Mocksa, Poccust

BnunsHue kopoHasupycHo nHdekumn (SARS-CoV-2) Ha cocTosiHWe cepalia Y HECOBEPLLEHHONETHNX CMOPTCMEHOB OCTaeTCsl HeornpeaeneHHsiM. Liensto paboTsl
OblNO onpeaeneHne NopakeHnst cepaua oHbIX 3MMUTHBIX CMOPTCMEHOB, nepeHeclunx nHpekumn COVID-19 (SARS-CoV-2). IMNposeaeH peTpocnekTVBHbIA aHana
pesynsTaToB PadpaboTaHHOro TPEXATANHOrO MEAMLIMHCKOro obcnepoBaHnst 236 anuTHbIX crnoptecmeHoB 14-17 (16 + 1) net, nepeHeclumx nHpekumo SARS-
CoV-2. Mepsbii aTan obcnefoBaHus Brtodan ocmoTtp, IKI, OXO-KT, BenoapromeTtputo (BAM), ougHky KOK 1 KOK-MB. B cBs3u ¢ BbISIBIEHHbIMY N3MEHEHWSIMNA
22-M cnopTcMeHam (9,3%) Ha BTOpoM aTtare nposoawnn 6onee yrnybneHHoe obcnenoBaHne, BKIOHAIOLLEE XONTEPOBCKOE MOHUTOpUpOBaHre (XM) ¢ oueHKkomn
TypbyneHTHOCTI putMa cepaua (TPC), MukpoBonsTHOM anstepHaumn T-3ybua (MAT) n BaprabensHocTv putva cepada (BPC), OKI™ Bbicokoro paspelueqns (OKIT BP),
onpefeneHe BYOXMMNHECKIMX MapKepOoB NopaxkeHnst Mrokapaa: TpornoHuH, NTproBNP. Cemb cnopTcmMeHoB (32%) C BbISIBNIEHHBIMI Ha 3TOM 3Tane U3MeHEHVSIMU
OblnV HanpaBseHb! Ha NPOBEeAEHVE MarHUTHO-pPe3oHaHCHON Tomorpadum (MPT) cepala ¢ KOHTPacTUPOBaH1eM rafofivHeM (Tpetuid atan). o ee pesynstatam B
YeTbipex cnyqastx (1,7% 13 236) Obin NOCTaBEH ANAarHO3 MUOMEPUKAPANT. TakM 06pa3oM, OTMeHeHa HI3Kas (MeHee 2%) BOBNEHEHHOCTb MOPaKeHNA MOKapaa y
FOHbIX SMUTHbIX CMOPTCMEHOB, NepeHecLLMX MHeKLO SARS-CoV-2. PaspaboTaH anroputv obcnefoBaHiist cepfLa Takvix CriopTcMeHoB. Havnbonee MHdopmaTBHO
BbISiBIEHVE apuTMUiA cepata ¢ nomolbto OKI, BOM 1 XM. [JononHutensHbeIMKA MeTodamy onpefeneHnst nokadaHuin kK MPT cepalia kak 30110ToMy CTaHaapTy
[OVarHOCTUKIN MroKapauTa MoryT 6bimb MeTofdpl OKI™ BP, BPC, TPC 1 MAT.

Knio4yeBble cnoBa: KopoHaBmpycHas UHdekums, SARS-CoV-2, MOKapamT, IOHbIE 3IUTHbIE CMOPTCMEHbI, HEMHBA3MBHAS SNEKTPOKapANONoris
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Today, there are extensive data on cardiovascular disease,
primarily myocarditis, in patients having a history of COVID-19
(SARS-CoV-2), including in athletes [1-6]. It is well-known that
myocarditis often causes sudden cardiac death (SCD) in sports
[7-9].

However, the data on the prevalence and clinical significance
of heart disease in athletes, who had had the SARS-CoV-2
infection, varied significantly (1.4-56%) depending on the
disease assessment criteria, diagnostic methods applied, and
other aspects of the study design [3-5]. Cardiac MRI is the
gold standard of detecting the heart disease following previous
infection [1]. However, this method is costly and cannot be
used as a screening tool. The search for additional markers and
factors is an extremely topical task, which will make it possible to
clarify the category of individuals in need of this procedure. The
so-called “triad” testing (ECG, ECHO, troponin measurement)
is the most widely used protocol for cardiovascular testing after
having SARS-CoV-2 infection in the world [2—-6]. Myocarditis
of any etiology is a major cause of sudden death in athletes
[7-9]. Abnormal “triad” testing results probably associated with
SARS-CoV-2 affecting the heart were obtained using ECHO in
24 (0.9%) out 2556, using 12-lead ECG in 21 (0.7 %) out 2999,
and using troponin measurement in 24 (0.9%) out of 2719 [10].

The study was aimed to determine heart involvement in
the elite athletes of higher sports mastery having a history of
COVID-19 (SARS-CoV-2).

METHODS

Inclusion criteria: athletes’ age 14-17 years; self-reported
previous SARS-CoV-2 infection or medical documents
confirming the history of SARS-CoV-2 infection; cardiac check-
up conducted as part of in-depth medical assessment in the
Center for Syncope and Cardiac Arrhythmias, Federal Scientific
and Clinical Center for Children and Adolescents of FMBA of
Russia.

Exclusion criteria: athletes’ age under 14 and over 17 years;
no in-depth medical assessment results.

To conduct retrospective analysis of the cardiovascular
system assessment results, 236 medical histories of young
elite athletes aged 14-17 (16 + 1), who had reported having
SARS-CoV-2 infection between September 1, 2021 and June
31, 2022, out 1505 were selected based on the inclusion
criteria. All athletes had cardiac check-up conducted as part
of in-depth medical assessment in the Center for Syncope
and Cardiac Arrhythmias, Federal Scientific and Clinical Center
for Children and Adolescents of FMBA of Russia. The time
between infection and check-up was 1-6 months.

The examination program consisted of three phases. During
the first phase the following was performed in all athletes as part
of in-depth medical assessment: history taking and gathering
complaints, examination involving measuring blood pressure,
auscultation, cardiac percussion, 12-lead ECG (Mac 5500;
GE Healthcare, USA), ECHO (Vivid T8, GE Healthcare, USA)
and bicycle ergometry or BEM (CardioSoft 6.5; GE Healthcare,
USA), extended biochemical profile. When performing analysis
of medical documents, emphasis was placed on previous
coronavirus infection, specific symptoms of infection (loss of
taste and smell), common symptoms of intoxication associated
with infection, duration of fever and the disease. Complaints of
palpitation and dyspnea that were non-specific for coronavirus
infection, as well as the decreased athletic performance,
abnormal heart murmurs, and heart failure assessment were
also taken into account. The analysis of previous 12-lead
ECG was performed based on the Seattle criteria [11] and

International recommendations [12] for the athletes’ ECG
analysis; heart rhythm disturbances and the signs of metabolic
and ischemic myocardial alterations (T wave, ST segment, QT
interval alterations).

ECHO was performed in accordance with the standard
protocol involving assessing contractility of myocardium and
heart chambers, hemodynamic parameters. Heart dimensions
were estimated against body surface area and compared with
normal age- and gender-related values considering z-scores
of deviations [13]. BEM was performed in accordance with
PWC 170 involving assessment of ECG and blood pressure
during each phase of the test and the recovery period [14].
The creatine kinase and creatine kinase MB fraction levels were
assessed in biochemical profiles of all athletes. The creatine
kinase levels of 26-174 U/L and creatine kinase MB levels of
0-24 U/L were considered to be normal.

When detecting abnormalities during the first phase, the
athlete was referred to the second-phase assessment that
also included signal averaged ECG (SAECG) with ventricular
late potentials detection: tot fQRS (normal values are below
114 ms), Last 40 (normal values are over 38 ms), and RMS40
(normal values are over 20 Hz) [14], Holter monitoring with
estimation of arrhythmia and the dynamics of ventricular
repolarization indicators (ST, T, QT alterations). When assessing
the results of Holter monitoring, emphasis was on the signs of
electrical myocardial instability: reduced heart rate variability or
HRV (values below SDNN 100 ms, pNN50 below 15%) [15],
episodes of microvolt T-wave alternans (above 55 pV) [16],
reduced heart rate turbulence (onset over 0% and slope over
6 ms/RR) [17].

At this stage biochemical markers of myocardial damage
were also determined: troponin (normal values are below 9 ng/mL)
and N-terminal pro-B-type natriuretic peptide (NT-proBNP,
normal values are below 125 pg/mL) levels.

When detecting abnormalities during this phase, the athlete
was referred to the third-phase assessment involving the
gadolinium enhancement cardiac magnetic resonance imaging
(MRI).

Statistical data analysis was performed using the Statistica
software package for Windows, ver. 7.0 (StatSoft; USA).
Nonparametric statistical methods were used for data analysis,
the differences were considered significant at p < 0.05.

RESULTS

The algorithm and results of the three-phase assessment of
underage athletes having a history of SARS-CoV-2 infection are
provided in Figure. The majority of athletes had mild and even
more often asymptomatic (positive PCR tests performed during
the pre-competition examination) SARS-CoV-2 infection,
only one athlete developed pneumonia and needed hospital
admission. None of the athletes had heart abnormalities
according to the data of physical examination. During the
first phase, cardiovascular system alterations that required in-
depth assessment were found in 22 athletes (9.3%) based on
the ECG, BEM, and ECHO data (Table 1). The combinations
of several abnormalities were observed in six athletes. We
revealed no relationship between the SARS-CoV-2 infection
severity according to medical history and the need for second-
stage assessment. As mentioned above, one athlete was
earlier hospitalized with the COVID-19-associated pneumonia,
however, cardiac check-up revealed no heart involvement.
The levels of creatine kinase were estimated in all athletes
during the first phase of assessment. The group that needed
second-phase assessment had significantly higher total
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Table 1. Cardiovascular system alterations in underage elite athletes having a history of SARS-CoV-2 revealed during the first-phase assessment (see Figure). AVB —
atrioventricular block; BEM — bicycle ergometry; PVC — ventricular extrasystole; LVEDD — left ventricular end-diastolic diameter; QTc — QT interval corrected using

Bazett's formula (QT/{/RR)

Alterations detected

n of athletes
(% of all group)

Ventricular extrasystole on the resting ECG 2(0.8%)
AVB, 2nd degree, Mobitz I, on the resting ECG 1 (0.4%)
QTc exceeding 460 ms on the resting ECG 5(2.1%)
Reduced LV contractility and increased LVEDD 2 (0.8%)
PVC on BEM 18 (7.6%)
T wave inversion on BEM 8 (3.3%)

creatine kinase levels (525 [155, 684] vs. 325 [74, 422] U/L,
p < 0.05) and creatine kinase MB levels (27 [5, 34] vs. 21
[7, 24] U/L, p < 0.05). No cases of elevated troponin or
natriuretic peptide (NT-proBNP) levels were revealed during the
second phase.

Ventricular late potentials were reported in two athletes
(9%) out of 22 based on all three HRECG parameters (tot
fQRS — 122 + 5 ms whereas normal values are below 114 ms,
Last 40 — 42 + 5 ms whereas normal values exceed 38 ms,
RMS40 — 18 = 3 Hz whereas normal values exceed 20 Hz).
The presence of these electrical myocardial instability signs
suggested possible post-COVID myocarditis and allowed us to
refer the athletes to MRI.

HM revealed sinus bradycardia in almost all athletes, only
three athletes (16%) out of 22 had HR exceeding normal (sinus
tachycardia) [15]. Reduced HRV was reported in two of them.
One athlete had his HR back to normal after a month of rest,
therefore, sinus tachycardia revealed by HM was considered as
a sign of overtraining. None of 18 athletes showing exercise-
induced ventricular extrasystole during BEM showed frequent
ventricular extrasystoles during HM; the extrasystole rate
varied between single extrasystoles and 105 extrasystoles per
day (less than 1%), it was associated with elevated HR in the
diurnal cycle (diurnal type). Reduced heart rate turbulence,
the indicator associated with malignant extrasystole against
the background of possible myocardial involvement, was

revealed in two athletes out of 18 (11.1%). A short run of
nonsustained ventricular tachycardia of three QRS complexes
was recorded during HM in the morning in one athlete, who
also needed MRI. HM revealed the values of microvolt T-wave
alternans exceeding 55 pV in three patients with exercise-
induced ventricular extrasystole. All eight athletes, who
showed abnormal ventricular repolarization (negative T waves)
during BEM (Table 1), had similar episodes during HM in the
form of deep T-wave inversion, mainly against the background
of sinus tachycardia. The analysis of previous check-ups of
these athletes revealed similar alterations found during the
in-depth medical assessment performed before the infection
in three individuals (37.5%), thereby allowing us to exclude
post-COVID-19 alterations. The patients with the combination
of abnormal ventricular repolarization and exercise-induced
ventricular extrasystole were referred to MRI. Thus, after the
second phase of assessment seven athletes (32%) out of 22
were referred to the contrast-enhanced cardiac MRI (Table 2)
that was performed in six of them. One athlete failed to
provide MRI results, and his further sports fate is unknown.
Myopericarditis was diagnosed in four athletes (1.7% of 236)
based on MRl results. MRI revealed no alterations in the athlete,
who had shown a run of nonsustained ventricular tachycardia.
Four athletes with confirmed myocarditis were suspended
from training for six months in accordance with the existing
guidelines [18].

Table 2. Results of third-phase assessment of athletes having a history of SARS-CoV-2 infection (contrast-enhanced heart MRI). AVB — atrioventricular block; HRC — heart
rate variability; BEM — bicycle ergometry; VT — ventricular tachycardia; PVC — ventricular extrasystole; LVEDD — left ventricular end-diastolic diameter; MTWA — microvolt
T wave alternans; MRl — magnetic resonance imaging; HRT — heart rate turbulence; EF — ejection fraction; HM — Holter monitoring

repolarization

Age, gender, sports ECG ECHO BEM HM MRI
Tachycardia, QT Abnormal ventricular Tacr_1ycard|a, abn_o rmal Data confirming
. . - ventricular repolarization,
1 17, f, field hockey prolongation normal repolarization, subacute
MO rare PVC, reduced HRT, . -
(QTc > 460 ms) exercise-induced PVC myopericarditis
MTWA
2 16, f, badminton PVC normal PVC during testing MTWA, tachycardia, No alterations detected
reduced HRV
AVB,1st degree, at the
AVB, 2nd degree, beginning of the test Frequent episodes of AVB, ) .
s 16, m, hockey Mobitz | normal and during the recovery 2nd degree, Mobitz | and Il Acute myopericarditis
period
Abnqrmal Reduced .
ventricular L Abnormal ventricular .
. A contractility (EF - Abnormal ventricular
4 15, m, boxing repolarization (ST ’ I repolarization worsens - No data
) 53%), diastolic repolarization
depression up to dysfunction under load
0.5 mm in V4-V6) Y
QT prolongation LV dilatation Tachycardia, reduced HRV, Data confirming acute
5 16, m, volleyball (QTF(); - 46% ms) (LVEDD up to 61 normal 1st degree AVB, episodes of m ocardi'gs
mm), normal EF 2nd degree AVB Y
6 _— Abnormal ventricular Abnormal ventricular —
15, f, artistic - o Data confirming
mnastics normal normal repolarization, repolarization, rare PVC, myvopericarditis
9y exercise-induced PVC reduced HRT yop
7 16, m, swimming normal normal Abnormal ventricular Run of polymorphic VT, No alterations detected

MTWA
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1505 underage elite athletes

l

last 6 months

236 (15.7%) underage elite athletes, who had COVID-19 within

l

Phase | of assessment
(examination, ECG, ECHO, BEM)

alterations detected

22 (9.3%) needed in-depth assessment due to

|

Phase Il of assessment
(SAECG, cardiospecific enzymes, HM)

7 (32%), contrast-enhanced heart MRI

Fig. Algorithm and results of the three-phase assessment of underage elite athletes aged 14-17, who have had SARS-CoV-2 infection

DISCUSSION

Complications of SARS-CoV-2 infection affecting all systems of
the body are reported in athletes. Cardiovascular system turned
out to be the most vulnerable [18]. However, the prevalence and
clinical manifestations of heart involvement in athletes having
a history of SARS-CoV-2 infection vary considerably between
studies [2-5, 18, 19]. Our findings showed that the prevalence
of myocardial inflammation following previous SARS-CoV-2
infection in young athletes turned out to be low (1.7%) relative
to the data of the sample of adult patients with severe disease
(non-athletes, average age 64 years, 33% females) [20].
According to our data, reduced left ventricle contractility
was observed in only one young athlete; unfortunately, he failed
to provide the data of MRI he was recommended. In general,
according to some reports, the detection rate of definite or
probable heart involvement in young athletes was 2.7% [10],
which was significantly lower compared to adult patients [1].
The symptoms of previous infections usually did not
determine the course severity and complications. Thus, in one
of the studies the clinically significant disease symptoms were
reported in 27 % of athletes, while myocarditis was found in 46%
[4]. Other authors reported symptoms in 70-77% of cases,
while no cases of myocarditis were revealed [2, 19]. Similar
data were obtained during our study: among 236 athletes,
only one had moderate disease. He was admitted to hospital
due to pneumonia, but later had no cardiovascular alterations.
In contrast, all athletes with confirmed myopericarditis had
mild novel coronavirus infection (loss of taste or smell only).
The fact of previous novel coronavirus infection is not always
the cause of cardiac abnormalities detected. Such alterations
in young elite athletes are often caused by the “overtraining”
syndrome [21]. It is sometimes difficult to reveal the relationship
between the alterations detected and previous infection, the
analysis of previous assessment is often helpful. In our study,
the analysis of previous documents in three athletes with
abnormal repolarization during exertion out of eight made
it possible to exclude coronavirus infection as the cause of
alterations detected. One female athlete (patient 2; Table 2) had

a combination of ventricular extrasystole, sinus tachycardia,
and reduced HRV, however, no alterations were revealed by
MRI. HR and HRV were back to normal after the short rest.

The so-called “triad” testing (ECG, ECHO, troponin
measurement) is the most widely used protocol for detection
of cardiac involvement after having SARS-CoV-2 infection in
the world [18]. That is why our study involved assessment of
troponin levels during the second phase, however, no cases
of elevated levels were revealed. Perhaps, this is due to the
fact that the time between the infection and the check-up was
1-6 months, despite elevated troponin levels can persist within
52 + 17 days after the infection [22]. In one of the largest studies
focused on assessing the course and effects on the heart of
young athletes having a history of acute coronavirus infection,
abnormal results of the “triad” testing probably associated with
the heart disease after SARS-CoV-2 were detected by ECHO
in 24 individuals (0.9%) out of 2556, by 12-lead ECG in 21
individuals (0.7 %) out of 2999, by troponin measurement in 24
individuals (0.9%) out of 2719. A total of 65 athletes had at
least one abnormal test, two athletes had two abnormal tests
(ECG, ECHO), none of the athletes had three normal tests
[10]. Myocarditis following previous SARS-CoV-2 infection was
revealed in 81 athletes (2.7%) based on the “triad” testing and
MRI, in 56 athletes (1.9%) the alterations detected were not
associated with previous infection. According to the study,
the “triad” testing turned out to be a highly sensitive marker
of heart involvement in patients having a history of SARS-
CoV-2 infection (OR: 37.4; Cl: 13.3-105.3) [10]. We believe
that the “triad” testing can be useful for detection of heart
involvement in athletes, since in our study 75% of individuals
with confirmed myocarditis had abnormalities on ECG and
25% had abnormalities on ECHO. One more study of athletes
having a history of COVID-19 has shown that MRI was 7.4
more informative in terms of detecting heart involvement than
other tests [23]. However, the value of MRI as a tool for mass
screening of all athletes, who have had SARS-CoV-2 infection,
is still unknown [18].

In our study, ECG, BEM, and HM were the most informative
tests for detection of heart involvement before conducting MRI
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(Table 1). In our opinion, such noninvasive electrocardiology
methods, as SAECG and assessment of heart rate turbulence
and variability, can be used as additional informative methods.

The wider use of MRl and additional methods for assessment
of athletes having a history of SARS-CoV-2 infection will enable
a more accurate determination of the heart disease prevalence
in this group, since the issue of efficiency and informativeness of
MRI-based screening in all athletes, who have had SARS-CoV-2
infection, relative to the study based on certain indications is a
matter of debate [10]. The diversity of clinical manifestations, lack
of strong associations between the previous infection severity
and the development of complications raise many questions
about the possibility of admitting athletes having a history of
SARS-CoV-2 infection to training.

Retrospective design and lack of possibility to compare
the levels of anti-SARS-CoV-2 antibodies and PCR tests at
the disease onset with the later detected alterations, as well
as short follow-up period not allowing one to estimate the
long-term follow-up history, are the study limitations. The
association of the disease with the athletes’ anthropometric
data, experience in athletics, training stage, previous injuries,
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convalescent athletes is still a matter of debate.
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B3AMMOCBA3b NOKAS3ATENEN «MPEACTAPTOBOIO» COCTOSAHNUA CMTOPTCMEHA
C ®U3NONIOTMHYECKON PEAKLIMEN HA CTAHOAPTU3UPOBAHHYHO HAMPY3KY

A. E. Yvkos™? = A 1. Kyuano', A. [I. Kucenes', B. B. Bnagumunpos!, M. B. Kpbinosa', [. C. Megsenes®, . V. Kannyn*, V. U. LLInakoBckas*

" Hay4Ho-mccnenoBaTensCKuii MHCTUTYT rureHsl, npodnatonorin 1 akonorim Yenoseka PMBA Poccun, CaHkT-lNeTepbypr, Poccus

2 HaumoHabHbI MEAULIMHCKIMIA CCNeaoBaTenbCkuii LeHTp nvenn B. A. Anvasosa MuHaapasa Poccun, CaHkT-lNeTepbypr, Poccus

8 CaHkT-TeTepbyprekuii IHCTUTYT Buroperynsumm v repoHTonorun, CarkT-TMNetepbypr, Poccus

4 CaHKT-TeTepbyprekuii rocyAapCTBEHHbIN SNEKTPOTEXHNHECKUNIA YHUBEPCUTET «JTSTW» menmn B. U. YnesiHoa ([leHnHa), CaHkT-TeTepbypr, Poccust

VIHTeHCcVBHasA ursmnyeckas pabota XapakTepusyeTcs akTUBHOCTBIO (OU3MONOMMHECKX MEXaHV3MOB Kak B3avMOCBSI3aHHbIX KOMMOHEHTOB, OO beAVHEHHbIX A5t
BbINMONHEHNS (hranHeckoin Harpyaku. OnpeneneHne Habopa VHANBMAYabHO-TUMOMNOMMHECKUX NATTEPHOB aKTVBHOCTY (PU3MOMOMMHECKIMX MEXaH3MOB OTBEHaET
Ha BOMPOCbI, CBA3aHHblE C MOBbILEHEM 3((EKTUBHOCTN peannsaumn noTeHupana CrnopTcMeHa, OMNpPeaeneHneM JIMMUTUPYIOLLMX 3BEHBEB U PE3epPBHbIX
BO3MOXXHOCTEN OpraH1Mama, ynpasneHneM TPEeHNPOBOYHOM Harpy3kol. Lienbto paboTbl 6bi10 13ydeHne B3aMMOCBA3M peakum (r3Monormieckx MexaHn3mon
NPV BbIMOSHEHWN CTaHAAPTU3NPOBAHHON (M3NYECKOW Harpy3Kmn C nokasaTensMmn «npeacTapToBOro» COCTOSHMA. [ns nccnegoBaHns uUsnonormyeckimx
3aKOHOMEPHOCTEN CMOPTCMEH BbIMOMHAN CTYNEeHYaTO-BO3paCcTatoLLIMIA TECT HAa BEroBOM AOPOXKKE C hrKcaLmei nokasartenen rasoobmeHa, 4acToTbl cepaeyHbIX
COKpalLeHnin. PacyeT nokasatenein hranonormyecknx peakLii NPOUsBOAMUIN OTHOCUTENBHO KITFOYEBLIX (had Harpy304HOrO TECTUMPOBAHUS: «MPeaCTapTOBOro»
COCTOSHUSA, a3POBHOIO 1 aHadPOBHOMO MOPOroB, Nka HarpyakK, as BbICTPOro 1 MeasIeHHOro BoccTaHoBeHUs. C MCMONb30BaHNEM anirOPUTMOB MOHVXKEHNS
paamepHocTn T-SNE 6bina pazpaboraHa Matematndeckas Mogenb «[1oakoBa_Mokos», xapakTepusytoLlas «NpeacTapToBoe» COCTOSHWE CMOPTCMEHa nepeq,
BbINO/HEHMeM TecTa. Mofenb NO3BONSAET OLEHUTb YPOBEHb BblaeneHns Hemetabonmdeckoro CO, 3a Becb neprio TecTviposaHus (MIC — 0,29) u 3a nepuog,
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Regular muscle work of considerable volume and intensity is
ensured by the coordinated activity of various physiological
mechanisms reflecting the systemic nature of the response to
exertion [1-3]. In this context physiological mechanisms and
appropriate responses mean the set of interrelated components
and their responses to the standardized incremental exercise
to failure. Each physiological mechanism has a common
architecture and is distinguished by the characteristics of
its components, to which, in our opinion, it is appropriate
to attribute the sources of energy supply (aerobic, lactatic
and alactic ATP resynthesis pathways) and the factors of their
realization characterizing the dynamic and processual aspects
of energy supply (performance, capacity, rate of deployment
and switching between various ATP resynthesis pathways).
These physiological mechanisms provide the leading functional
system (LFS) that is responsible for the goal-directed activity
realization at the whole-body level [4, 5]. Performing the activity
requires an adequate (depending on the exercise characteristics)
level of body’s physiological reserves. Energy generation is
ensured by the coordinated activity of the cardiovascular,
respiratory, muscular, nervous, hemic systems, etc. [6]. The
required physical performance intensity can be ensured by
the adequate energy generation level only [7, 8]. Definition of
a set of individual and typological patterns of the physiological
mechanisms’ activity answers a number of questions related
to improvement of the athlete’s potential realization efficiency,
definition of the limiting components and body’s reserve
capacity, training load management aimed at ensuring health
preservation and professional longevity [9-11]. Due to complex
organization of physiological patterns associated with muscle
work, assessing such patterns using mathematical modeling
and machine learning algorithms seems to be promising
[12-15]. For example, there are a number of successful
solutions for prediction of lactate threshold in amateur runners
using recurrent neural networks [12, 16].

It should be noted that the functional system development
involving cortical influences begins even before the start of
intense physical exertion (competitions or exercise testing
to failure) (pre-start state). We believe that the correlation of
pre-start state with physiological response to physical exertion
is important, since it will make it possible to predict in advance
the responses of body’s systems.

The study was aimed to assess the relationship between
the responses of physiological mechanisms associated with
standardized physical exertion and the athlete’s pre-start state.

METHODS

The study involved althetes aged 24.7 + 4.0, who specialized
in complex-coordination and cyclic sports and were first-class
sportsmen or candidates for master of sport. The athletes were
tested in the preparatory period of the annual training cycle.
Assessment results of 1495 athletes were used to build the

Table 1. Values of the assessed athletes’ pre-start state primary parameters

models. The subjects were through standardized exercise testing in
the form of the treadmill incremental exercise. The exercise testing
protocol was as follows: first stage — 5 km/h, stage duration —
2 min, speed increment at each stage —1.5 km/h. The following
primary parameters were recorded within 3 min before testing
(pre-start state), during testing and during the recovery period
(15 min) using the Oxycon Pro ergospirometry system (Erich
Jaeger; Germany): heart rate (HR, bpm), minute ventilation (VE, L/min),
oxygen uptake (VO,, L/min) and carbon dioxide production (VCO,,
L/min), respiratory exchange ratio (RER), oxygen pulse (O,HR,
mL/beat), respiratory oxygen equivalent (EqO,) and carbon dioxide
equivalent (EqCO,). The criterion for stopping was the athlete’s
failure or reaching a maximum estimated HR (heart rate) calculated
according to the following formula:
HR_, =220 - age.

Failure when doing exercises was reported in 1358 athletes,
137 athletes were stopped after reaching the maximum HR.

When assessing physiological responses, parameters in the
following phases of exercise testing were taken into account:

1) pre-start state;

2) aerobic threshold;

3) anaerobic thershold;

4) rapid recovery phase.

Phases two, three, and four were set using the AT_Inter
tool [16] using a recommender system to determine the aerobic
and anaerobic thresholds and the rapid recovery phase by
conventional methods and machine learning methods (cluster
analysis) [8]. More than 100 indicators characterizing the body’s
physiological responses to the standardized physical exertion
were calculated based on primary parameters.

Data processing was performed using Python 3 and scikit-
learn libraries (open-source machine learning libraries). The
Maximal Information Coefficient (MIC) was used to estimate
nonlinear relationships between the parameters [17]. The
indicator’s range is 0—1, where O corresponds to statistical

Fig. The “Horsechoe of Rest” model of pre-start state

Parameter Mean Error of the mean

HR 86.1 12.9
VE 15.7 3
VO, 519.1 98.6

VCO, 417.6 86.3

O,HR 6.1 1.3
EqO, 271 34

EqCO, 33.6 3.5
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Table 2. Correlation between non-metabolic CO, and characteristic 2 of the “Horsechoe of Rest” model

Parameter Coordinate 2
CO,_non_physiol_total 0.29
CO,_non_physiol_L 0.35

independence and 1 corresponds to dependencies between
parameters. The critically significant level of the relationship
used in the study is 0.2 at p < 0.05.

RESULTS

The athlete’s body state in the first phase of exercise testing is
characterized by changes in the function of body’s physiological
systems, such as cardiovascular and respiratory systems,
resulting from cortical influences associated with the upcoming
intense physical exertion (Table 1).

The correlation analysis revealed no significant correlations
between the pre-start state primary parameters and the
indicators of body’s physiological response to the standardized
physical exertion (p > 0.05). That is why we decided to use
the dimensionality reduction t-SNE algorithm for reduction to
three-dimensional map in order to build a “Horsechoe of Rest”
model characterizing the pre-start state (Figure). The t-SNE
algorithm (t-distributed Stochastic Neighbor Embedding) is
a nonlinear dimension reduction technique [18, 19]. The main
idea of the method is the search for the multidimensional feature
space projection onto a plane, from n-dimensional space to
three-dimensional, i.e. the search is performed for new data
representation, with which the neighborhood observations
are preserved [20]. Primary parameters of the pre-start state
were input to the described algorithm. The new synthetic
characteristics 0, 1 and 2, which accumulated information
from original characteristics but had no clear interpretation,
were the output. Each point of the “Horsechoe of Rest” model
corresponded to one observation having characteristics 0, 1 and
2 (Figure). All observations formed a horseshoe indicating that
there was a pattern inherent to the athletes’ pre-start state.

The MIC value was calculated to evaluate the non-
linear relationship between the parameters obtained during
the major phases of testing and the interpretation of new
synthetic characteristics 0, 1 and 2. The findings showed
that coordinates 0 and 1 showed no significant correlations
(the maximum correlation values did not reach the critically
significant level, MIC = 0.2) with the exercise testing results.
The characteristic 2 showed a significant correlation with the
non-metabolic carbon dioxide emission: 1) over the period of
testing (CO,_non_physiol_total); 2) over the period of exertion
(CO,_non_physiol_L). MIC was 0.29 and 0.35, respectively
(Table 2). Non-metabolic CO, was calculated for the period
of exertion and the recovery period as the amount of carbon
dioxide emitted that exceeded the level at RER O > 1.
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DISCUSSION

The non-metabolic CO, associated with intense physical
exertion is generated due to activity of anaerobic lactic
mechanism and neutralization of its metabolites by buffer
systems, specifically by plasma bicarbonate. Thus, the pre-
start state parameters allow one to judge the activity of this
mechanism and the systems maintaining homeostasis via
CO, removal from the lungs, neutralization of increased acidity
by buffer systems of blood, primarily by bicarbonate and
hemoglobin systems, involving carbonic anhydrase [21]. CO,
removal also depends on individual perfusion characteristics of
the lung alveoli [22, 23].

The literature provides very little data on the role and
significance of CO, emission for assessment of physical
performance [24]. The majority of researchers pay attention
to the maximum oxygen uptake and uptake at the aerobic
threshold level when evaluating physical performance.
However, the athlete’s body capacity depends not only on the
consumed amount of O, as an equivalent of energy production,
but also on the parameters limiting physical performance,
specifically on CO, emission as an integral indicator of the
anaerobic mechanism activity [25]. It is well-known that the
increase in CO, levels and the decrease in pH to the known
values resulting from the anaerobic lactate mechanism activity
stimulate the LFS, and the values moving out of the optimal
range inhibit the system due to inhibition of the enzyme
systems’ activity, reduced nerve impulse transmission speed,
muscle contractility, etc. [26-28].

CONCLUSIONS

The relationship between the new synthetic characteristic 2
and the values of non-metabolic carbon dioxide emission
associated with the standardized physical exertion has been
revealed based on the “Horsechoe of Rest” model developed.
The non-metabolic CO, value is an integrated parameter of
the anaerobic lactate mechanism activity and the mechanisms
underlying utilization of its metabolites having a significant
impact on the LFS [27]. In subsequent papers we are going to
show the value of non-metabolic CO, for the duration of doing
incremental exercises to failure and introduce the study results
into the already constructed model [16] in order to determine
individual and typological patterns of the physiological
mechanisms’ activity associated with the standardized physical
exertion.
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TRANSCRIPTION FACTORS IN HUMAN SKELETAL MUSCLE ASSOCIATED WITH SINGLE
AND REGULAR STRENGTH EXERCISES
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Skeletal muscle plasticity is the ability to change morphofunctional properties in response to changes in contractile activity. Strength training increases the size of
muscle fibers and maximum strength with the activation of protein synthesis. Regulation of these changes at the gene level has not been investigated properly.
This study aimed to identify transcription factors associated with changes in the transcriptome of the human skeletal muscle in the context of single and regular
strength exercises. We assessed changes in the transcriptomic profile of m. vastus lateralis of 10 young men (mean age 23 (20.8 - 25.9) years) before and after
12-week leg extensor muscles strength training course, as well as before, 8 and 24 hours after a single exercise. Transcriptomic profiling involved RNA sequencing,
search for binding motifs and the associated transcription factors. Bioinformatic methods of statistics, FastQC, GraphPad Prizm 8, DAVID, R enabled analysis of
the data acquired. The strength training course resulted in the enrichment of the functional groups of genes "secreted proteins", "extracellular matrix" and "basal
membrane" (p < 0.05). Transcriptomic responses and the associated transcription factors differed 8 and 24 hours after a single session as well as after regular
training sessions. Transcription factors involved in adjustment to regular and one-time loads participate in myogenesis, angiogenesis, regulation of fiber phenotype,
proteostasis and other processes. Thus, regulation of gene expression during adjustment to the resistance training loads is a complex process that involves many
transcription factors with different functions. Investigation of the role played by these factors in the context of adjustment to exercising is a potentially rewarding task.
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TPAHCKPUMNUMOHHBIE ®AKTOPbI B CKEJIETHOW MbILLLIE YEJTOBEKA,
ACCOLIMNPOBAHHBIE C OQHOKPATHbIM U PEINYNAPHbIMU CUNOBbIMA YINIPAXXHEHUAMA

E. M. Nlegres™?= M. A. MaxHosckuin?, T. ®. Berxsanze?, P. V. CyntaHos', A. B. XXenaHkuH', A. B. KanbirvHa', . B. Monos'?, 3. B. [eHepo30B!

" depepanbHblii HaYHYHO-KIMHUHECKIIA LIEHTP (DU3NKO-XUMUHECKO MeamumHbl eHn FO. M. JlonyxmHa PepepanbHoro Meayko-bronornyeckoro areHTcTea, Mockea, Poccus
2 VHCTUTYT Meavko-6uonornyeckinx npobnem Poccuiickoin akanemun Hayk, Mocksa, Poccust

[NacTUYHOCTb CKENETHOW MbILLLbl — CMOCOBHOCTb MEHATE MOPOdYHKLVOHABHbIE CBOVCTBA B OTBET HA U3MEHEHME COKPAaTUTENbHOM akTUBHOCTW. CrnoBble
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Plasticity is one of the capabilities of skeletal muscles: they can
change their morphofunctional characteristics in response to
changes in the level of contractile activity. Investigation of the
molecular mechanisms underpinning plasticity is a fundamental
task. It also has a practical dimension in the context of
optimization of training programs for amateur and professional
athletes, as well as for prevention of the negative effect of
various diseases on the skeletal muscles. On the one hand,
a high-intensity physical load triggers transient increase of the
mTORC1-dependent rate of muscle protein synthesis [1-3];
thus, practiced on a regular basis, such loads make muscle
fibers and muscle in general grow bigger and stronger. On
the other hand, a single session [4-7] and regular resistance
training of varying duration [4, 6-11] alter the gene expression
profile in the exercised skeletal muscle. The mechanisms
regulating these alterations (in particular, transcription factors
associated with changes in the transcriptomic profile) have not
been sufficiently investigated.

This study aimed to search for transcription factors
associated with changes in the transcriptome of human skeletal
muscle in the context of single and regular strength exercises.
For this purpose, we used RNA sequencing in order to detect
changes in the transcriptomic profile of bioptic samples of
m. vastus lateralis. The samples were taken from 10 young
men before and after a 12-week leg extensor (knee joint)
training course and 8 and 24 hours after a single exercise
session (Fig. 1).

METHODS
Study design

The study involved 10 young men, median age — 23 years
(20.8-25.9), median BMI — 22 (20.9-25.1) kg/m?. The
inclusion criteria were: perfect health; lack of acute and
chronic diseases; lack of experience of long-term resistance
training; lack of traumas and surgeries on the back and lower
limbs. The exclusion criteria were: refusal to participate in the
training sessions and test procedures; detection of adverse
conditions in the context of training sessions or procedures
(life- and health-threatening); violation of the recommended
diet or practicing vicious habits during the experiment. For 12
weeks, the participants trained leg extensor muscles by doing
the seated leg press exercise (both legs). They were surveyed
before the experiment; all of the participants reported diverse
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diets with regular meals containing sufficient amounts of protein,
fats and carbohydrates, and adequate volumes of water
consumed through the day. The recommendation for them
was to continue with their usual diets during the experiment.
All participants were non-smokers before and during the
study; they did not take bioactive supplements for 3—4 months
before the experiment nor while involved therein. None of them
was a vegetarian or a vegan. With regular resistance training
sessions, it is not the magnitude of the load but doing each
exercise to expressed fatigue (failure, inability to continue) that
guarantees muscle growths [12]. At the same time, a training
program optimal from the viewpoint of strength development
includes 25 sets per session and at least 2 sessions a week
[13,14]. Therefore, the participants of our study trained 3 times
a week, with varying intensity: Monday — (65% MVG, to failure)
x 3 sets, Wednesday — (50% MVC, 25 repetitions) x 4 sets,
Friday — (75% MVC, to failure) x 4 sets. The participants
were allowed 4 minutes of rest between the sets. In addition,
each training session started with a warm up (50% MVC,
12 repetitions). All participants reported 8 hours of sleep a
day (on average), none of them mentioned any changes in the
sleeping patterns during the experiment. We recommended
moderation in physical activity and keeping it at the customary
level for 24 hours after each training sessions; also, the
recommendation was to abstain from alcohol for 24-48 hours
thereafter, when the body is restoring.

We took bioptic samples from m. vastus lateralis before the
training part of the experiment (Fig. 1; B1). Two days later, the
participants took an introductory session, and after another
2 days, we determined their MVC, which was a derivative of
the maximum load at which the participant could fully extend
both legs. We assessed the MVC every 2-3 weeks and after
the training part of the experiment (Fig. 1; T2). Separately, we
measured the MVC of the leg that was loaded later, during the
test training session (TTS); this leg was selected at random
in order to mitigate the dominant limb effect (Fig. 1; T1). After
4 days, the participants attended the TTS and did the seated
leg press exercise with one leg (Fig. 1): warm-up (50% of the
MVC, 12 repetitions) + (65% MVC, to failure) x 4 approaches).
Bioptic samples were taken from both legs (donor muscle —
m. vastus lateralis), loaded and not loaded, 8 and 24 hours after
the session. Gene response may change several hours after
exertion not only because of the muscle contractions, but also
under the influence of systemic factors (circadian oscillations,
nutrition, etc.) [15,16]. In our work, seeking to eliminate the

12-week training course (thrice a week, 50-75% of MVC)

TTS

Trained leg

of MVC

Warm up + 4 sets to failure at 65% |

Contralateral leg

8 hours
24 hours

Fig. 1. Physiological experiment diagram. T1, T2 — testing the maximum voluntary contraction (MVC); TTS — test training session (single session with bioptic samples
taken from both legs before and after exercising one leg); B1-B6 — sampling from the m. vastus lateralis. Biopsies B1, B2, B3, B5 were taken from the leg loaded
during TTS. Biopsies B4 and B6 — from the contralateral leg (which was not loaded). Both legs were exercised during twelve-week training course
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Table 1. Results of analysis of functional enrichment, genes that changed expression in m. vastus lateralis after a training course and a one-time physical load

After/before training

Comparison UniProt term P Number of genes Genes
COL15A1, SPARC, PCOLCE2, LAMA4, HTRAT1, F13A1, C1ORF54,
CHRDL1, NID2, FSTL1, THBS4, SERPINA5, CNPY4, CTSK, PENK,
Secreted 5,40E-12 39 S100A13, CCN1, PAMR1, POSTN, CD163, IGFBP3, LAMB1, RNASET,

PLXDC1, ASPN, FNDC5, MFAP5, COL1A1, SFRP4, SMOC2, COL3A1,
COL1A2, FNDC1, TCN2, COL5A2, MGP, SAAT, S100A4, MASP1

course

POSTN, COL15A1, SPARC, LAMA4, LAMB1, NID2, ASPN, THBS4, MFAPS,

after exercise

Extracellular matrix | 1,70E-06 4 COL1A1, SMOC2, COL3AT, COL1A2, COL5A2
Basement 0.0098 5 SMOC2, SPARC, LAMA4, LAMB1, NID2
membrane
Loaded/not loaded
muscle, 8 hours after - n.s. - -
exercise
RIPOR2, RIF1, WDR1, CBY1, HSPB1, HNRNPU, NR3C1, TUBAT1C,
TUBA1B, CSRP3, TUBA1A, SGCD, MPRIP, CEP250, CEP170, DYNLTT,
Loaded/not loaded TUBB, ANXA11, CSNK1D, PPP4R3B, ANK3, RANGAP1, MLF1, TUBA4A,
ACTA2, KAT2B, KIF9, PALLD, EVL, EZR, PFN1, FKBP4, MACF1, DCTN4,
muscle, 24 hours Cytoskeleton 0.0087 64

CEP85L, PXN, UACA, AURKA, FGD4, TTC21B, FLNB, CEP192, FLNC,
CCT5, MAP2K6, CEP350, RAB3IP, SYNJ2, PARVB, ARHGAPZ26,
ARHGAP24, SEPTIN7, RAB10, DIAPH1, KITLG, TTLL4, ACTC1, APPBP2,
KATNBL1, JMY, SPIRE1, PKN2, PTPN4, CALMZ2

influence of systemic factors on gene expression after a one-
time load, we evaluated the differences in the transcriptomic
profile in samples taken from both the loaded and the not
loaded (control) muscle of the contralateral limb.

All bioptic samples were taken after 30 minutes of rest
in the supine position, from the middle third of m. vastus
lateralis, under local anesthesia (2 ml of 2% lidocaine), using
a 6 mm suction-modified Bergstrom needle [17]. The site of
each subsequent sampling was 4 cm proximal to the previous
one. The tissue samples were quickly cleaned of blood and
connective tissue, frozen in liquid nitrogen and stored at -80 °C.

Transcriptomic analysis

Muscle tissue samples (~20 mg) were homogenized in a
TissuelLyser Il homogenizer (Qiagen; Germany), two cycles of
1 minute each, at the frequency of 30 Hz; RNA was isolated with
an RNeasy mini kit (Qiagen; Germany). We used a Qubit 3.0
fluorimeter (Thermo Scientific; USA) to measure concentration
of the RNA, and a Bioanalyzer 2100 capillary electrophoresis
device (Agilent; USA) to establish its integrity. RNA was
cleaned of DNA contamination with the help of a Turbo DNA-
free Kit (Thermo Scientific, USA). Double-stranded cDNA was
synthesized in a Mint-2 kit (Eurogen; RF). The technology used
to purify the resulting PCR product was SPRI, the process
involved AMPure XP beads (Beckman-Coulter; USA); double-
stranded cDNA was split in a ME220 focused-ultrasonicator
(Covaris; USA) into double-stranded DNA fragments of 250 pn,
strips of eight 50 pl tubes (Peak Incident Power 75W, Duty
Factor 20%, Cycles per Burst 1000, Treatment Time 75 s). The
resulting double-stranded cDNA fragments were also purified
using the SPRI technology and AMPure XP beads (Beckman-
Coulter; USA).

Universal DNA Library Prep Set (MGI-Tech; PRC)
was used to prepare libraries for 10 ng fragments of the
acquired double-stranded cDNA. The protocol included
repair and phosphorylation of ends of the fragments, ligation
of asymmetric adapters and 47 cycles of amplification of the
ligation products for quantitative library development. RNA
were sequenced in a DNBseq-G400 analyzer (MGI; PRC) as
per the manufacturer's instructions, using reagents from the
DNBSEQ-G400RS High-throughput Sequencing Set (PE100),
read length — 100 nucleotides, depth — 50 million pairs of
reads per sample.

Bioinformatic processing of the RNA sequencing data

We used the FastQC v0.11.9 software (Babraham Institute;
UK) to control quality of the sequencing data. Low-quality
reads and adapter sequences were removed from the analysis
using the Trimomatic tool v0.39 (USADELLAB; USA), standard
parameters. We mapped the paired reads to the reference human
genome, version GRCh38.p13 (gencode v37), using STAR
v2.7.4a (Cold Spring Harbor Laboratory, USA) with standard
parameters. The number of unique reads aligned to known
exons of each gene was determined using the featureCounts
function of the Rsubread package (R programming language,
Lucent Technologies, USA), with genome annotation gencode v37.

We used the DESeq2 package of the R programming
language to find differentially expressed genes (DEGs) in the
compared groups. The DEG registration threshold was Padj <
0.1 (BH-adjusted p-value). To analyze the functional enrichment
of DEGs, we used DAVID tools (Frederick National Laboratory
for Cancer Research; USA) and UniProt resources.

Searching for transcription factors potentially regulating
gene expression in response to strength exercises, as well as
the corresponding binding motifs, we analyzed promoter sites of
DEGs (open chromatin sites around the transcription initiation start
that were determined for skeletal muscle and reported earlier [18]).
The search for motifs (and the associated transcription factors)
was performed by the GeneXplain platform and the TRANSFAC
v2022.1 positional weight matrix database, as described earlier
[18]. The maximum enrichment (FEadj, adjusted odds ratio of site
frequency with a confidence interval of 99%) was determined for
each positional weight matrix (PWM) relative to a random set of
5000 promoters. The adjusted enrichment value (FEadj) > 1.5 for
binding sites with transcription factors (binomial test) and FDR <
0.05 were selected as significance criteria.

Statistical processing

We used the GraphPad Prizm 8 program (GraphPad Software,
Dotmatics; USA) and Wilcoxon test (o < 0.05) to assess
changes in the MVC post training.

RESULTS

Twelve weeks of strength training increased the maximum
voluntary contraction by 1.19 times (p = 0.002), which is
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Down-regulated genes

12 week 8h

190

24 h
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Up-regulated genes

12 week 8h

255

24 h

Fig. 2. Number of genes that changed expression in m. vastus lateralis after a 12-week training program and 8 and 24 hours after a single load. Venn diagrams show
the number of MRNAs unique and common to different experimental conditions for genes that increased and decreased expression

comparable to the results of studies involving training with a
similar design [19, 20]. The figure confirms effectiveness of the
training program we selected.

The effect of regular strength training on changes in the
basal transcriptome

Training changed expression of 209 genes, with the content of
145 mRNAs increasing and 64 mRNAs decreasing (comparison
B2-B1; Figure 1). Functional enrichment analysis revealed
significant enrichment for the functional terms "extracellular
matrix", "secreted proteins", and "basement membrane".
Among these genes, there were various collagens, calmodulin-
like proteins and adhesion molecules (Table 1). This result,
despite the minor character of alterations, is consistent with the
findings of meta-analyses that reviewed transcriptome changes
in response to regular strength training [21, 22]. On the one
hand, activation of expression of protein genes of extracellular
matrix is probably one of the mechanisms involved in the
adjustment of the trained skeletal muscle to regular physical
exertion. On the other hand, our and other studies report a
relatively weak effect of prolonged strength training on the
skeletal muscle transcriptome, even when training sessions are
regular for 15 years or more [23]. This may be due to the fact
that strength exercises, first of all, activate translation and not
transcription.

Transcriptome change in response to a single session

Eight and twenty-four hours after a single session, the content
of 396 and 584 mRNAs changed, respectively; more than half
of them increased expression: 239 mMRNAs and 304 mRNAs,
respectively. There was little overlap between the sets of genes
that changed expression 8 and 24 hours after a single session
(Fig. 2). The analysis of enrichment revealed no functional
categories 8 hours after the load. Nevertheless, we detected
activation of expression of a number of genes known from
previous studies as markers of early response to contractile
activity (including during aerobic exercise): ATF3, DDIT3, JUND,
MAFF, NR4A3, VDR, PRKAGZ2, PPARGCT1A, etc. [22,24-26].
Genes that changed expression 24 hours after a single session
were associated with the term "cytoskeleton" (Table 1). More
than half of them increased expression and were represented
by genes of motor proteins (alpha- and beta-tubulin, actins
ACTA2 and ACTC1, components of the kinesin-dynein
complex KIF9 and DYNLTT), chaperones (CRYABT, HSPB1),
etc. It should be noted that some contractile activity response
expression markers (ATF3, DDIT3, VDR, PRKAGZ2) remained
activated during the post-exercise recovery period for up to
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24 hours, which suggests their important role in regulating the
response to physical exertion. Interestingly, there is even less
overlap between gene response to a single exertion and regular
training sessions (Fig. 2).

After a 12-week strength training program that involved
both legs, we have registered a change in the transcriptomic
profile of m. vastus lateralis that is comparable to that described
earlier in similar studies. Using a test model, which was the
exercise done with one leg, and comparing gene expression in
the loaded and not loaded m. vastus lateralis, we, for the first
time ever, managed to describe the transcriptomic response
(on the 8" and 24" hours of recovery) in human skeletal muscle
that is specific to strength exercises, i.e., this response was
independent of circadian and systemic influences. There
was only a slight overlap between the sets of genes that
changed expression between different experimental conditions,
which can be explained by the specific mechanisms of gene
expression regulation peculiar to the said conditions.

Analysis of transcription factors associated
with changes in gene expression

Figure 3 presents the results of search for transcription factors
associated with changes in gene expression under the studied
experimental conditions. Adjustment to regular strength training
sessions triggered changes in basement gene expression in
m. vastus lateralis that were associated with diverse families of
transcription regulators; the most enriched of them were the
poorly studied factors with zinc finger domains. In addition, we
identified a number of factors that quite expectedly altered their
activity after regular strength training sessions. Thus, activation
of gene expression was associated with factors directly related
to the contractile activity; for example, NFATC component of
the Ca?—dependent calcineurin-NFAT signaling pathway [27].
NFATC1 is known to control muscle growth [28-30] and the
ratio of muscle fiber types in mice, as well as suppress the
activity of MyoD-dependent promoters [31].

DISCUSSION

Regular training sessions lead to activation of the expression
of extracellular matrix genes, including genes encoding
angiogenesis regulatory proteins. Among the transcription
factors we found, potential regulators of angiogenesis are
ERG and SOX18. ERG is known to regulate angiogenesis
by controlling the expression of E-cadherin and the Wnt/B-
catenin signaling pathway [27]. SOX18 is expressed mainly
in endothelial cells; it regulates angiogenesis by activating
their migration and proliferation, while the pattern of SOX18
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TFs associated with
up-regulated genes

Training +8 h +24 h

FOXJ2 151 FOox PKNOX1
FOXP1 1.95 Fox TGIF1
RELA 1.50 NfkappaB-related TCF12
NFATC1 1.62 NFAT-related MYOG
NFATC3 1.65 NFAT-related MYF5
NFATC4 1.62 NFAT-related msc
STAT6 1.51 STAT SOX13
TBP 1.78 1.65 TBP-related SOX6
ZNF713 1.52 C2H2 zinc finger factors RELB
ZFP3 1.61 C2H2 zinc finger factors TBP
ZNF677 1.50 C2H2 zinc finger factors Foxo1
ZBTB45 C2H2 zinc finger factors FOX04
ZNF362 C2H2 zinc finger factors FOXP1
ZNF384 1.68 C2H2 zinc finger factors FOXK1
ZNF260 1.89 C2H2 zinc finger factors ZBTB11
ZFP30 C2H2 zinc finger factors ZNF770
ZNF354A | 168 | C2H2 zinc finger factors ZNF132
ZNF611 C2H2 zinc finger factors RBAK
ZNF251 151 C2H2 zinc finger factors ZNF263
ZNF224 1.63 C2H2 zinc finger factors ZNF664
ZNF569 1.60 C2H2 zinc finger factors ZNF774
2ZNF16 |[T2087| C2Hz2 zinc finger factors ZFP30
ZBTB11 1.53 C2H2 zinc finger factors ZNF341
ERG 174 Ets-related TEF
SOX18 152 SOX DMRT2
HBP1 167 Sox ARID3A
MEF2A 152 MADS box factors

POUGF1 1.70 PoOU

MSX2 1.50 NK

HOXA13 1.68 Hox

HOXA10 161 HOX

HOXA6 175 HOX

HOXB6 1.54 Hox

HOXB7 HOX

JUN 2.00 Jun-related

JUNB 1.95 Jun-related

JUND 1.86 Jun-related

BACH1 1.89 Jun-related

BACH2 2.02 Jun-related

FOsS 1.97 Fos-related

FOsL2 Fos-related

ATF3 Fos-related

JDP2 1.87 Fos-related

MAF 1.79 Maf-related

MAFK 1.95 Maf-related

ATF4 ATF4

CREB1 152 CREB-related

Msc 1.68 Tal-related

TFAP4 151 BHLH-ZIP

ESR1 165 Steroid hormone receptors

PPARG 1.66 Thyroid hormone receptors

IRX3 1.98 TALE-type HD

PKNOX1 159 TALE-type HD

SATB1 1.56 HD-CUT

ETS2 1.76 Ets-related

GMEB2 1.68 GMEB

CEBPA 179 CEBP-related

CEBPB 178 1.64 CEBP-related

CEBPD 191 159 CEBP-related

CEBPG 151 1.98 CEBP-related

DDIT3 178 CEBP-related

DBP 159 CEBP-related

HLF 1.63 CEBP-related

TFs associated with
down-regulated genes

Training +8 h +24 h

152 TALE-type HD

164 TALE-type HD

152 E2A

1.60 MyoD-ASC-related

1.86 MyoD-ASC-related

172 Tal-related

1.87 SOX

1.62 Sox

152 lated

176 TBP-related

1.60 FOX

1.56 FOX

1.69 FOX

183 FOX

176 C2H2 zinc finger factors

156 C2H2 zinc finger factors

1.55 C2H2 zinc finger factors

C2H2 zinc finger factors

1.63 C2H2 zinc finger factors

151 C2H2 zinc finger factors

154 C2H2 zinc finger factors

154 C2H2 zinc finger factors

158 C2H2 zinc finger factors

171 CEBP-related

DMRT

ARID-related

Fig. 3. Transcription factors (TFs) associated with genes that increased and decreased expression after regular strength training sessions (Training) and 8 hours and
24 hours after a single physical load. Shades of color and numbers indicate the amount of enrichment of the binding motif with the transcription factor in individual
promoters of genes that have changed expression, relative to 5000 random genes that have not changed expression (see METHODS).

expression in endothelial cells coincides with VEGFA and its
receptor [32]. We have expectedly found MEF2A, regulator of
myogenesis, and MSX2 among the factors associated with
gene expression growth. Unexpectedly, a drop in expression
of some genes was associated with myogenic E-box-binding
factors (MYOG, MYF5, MSC) controlling the differentiation of
myoblasts at different stages. It can be assumed that increased
activity of some myogenic factors and suppression of others
is associated with a change in the phenotype of the muscle
after training. Such strength training programs are known to
predominantly increase the size of type Il muscle fibers and
have only a weak effect on the type | fibers [1].

It is difficult to assess the functions of other transcription
factors associated with changes in the transcription profile in
the context of regular strength training sessions. For example,
FOXP1 was previously described as a transcription repressor, its
overexpression causing atrophy and loss of muscle mass in mice
[33]. In addition, FOXP1 inhibits the activity of MyoD [34]. RELA
and STAT6 are known as regulators of inflammation, but they also
play a role in the regulation of myogenesis and atrophy [35, 36].

Eight hours after a single session, the regulation of gene
expression was primarily associated with factors of the bZIP
class (families of early response factors JUN, FOS, MAF,
etc.). Some of them (ATF4, AP-1 factors (FOS, JUN), DDITS3,
CEBP) are known to be are activated against violation of
proteostasis and EPR stress [37, 38]. Activation of these factors
is quite expected, since high-intensity strength exercises cause
pronounced metabolic and mechanical stress, however, these
factors were not found to activate at later stages of recovery (24
hours) after a single session. On the contrary, dropping gene
expression at the 8th hour of recovery was associated with
factors of the FOXO family, which regulate the activity of the
ubiquitin-proteasome system in the muscle [39-41].

Twenty-four hours after the exercise, the change in gene
expression was associated with a small number of transcription
factors: growth — mainly with the factors of the CEBP family,
suppression — factors containing zinc finger domains, KRAB
domain containing RBAK repressor in particular.

Thus, we have sufficient uniqueness of the sets of
genes that changed expression in response to a 12-week
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strength training course and a single training session, as well as
the transcription factors associated with them. Apparently, the
reason behind these findings is the availability of many signaling
pathways regulating activation of various sets of transcription
factors and their target genes in the basal state after a course of
regular aerobic training and at different stages of recovery after a
single training session. There are published papers that describe
the role in regulation of myogenesis played by some transcription
factors that we have predicted in our work, which indirectly
confirms correctness of the bioinformatic analysis methods we
use. The role of other transcription factors in the regulation of
myogenesis is not so obvious. Investigation of the role played by
these factors in the context of adjustment of a skeletal muscle to
high-intensity exercises is a potentially rewarding task.
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INITIAL ADMINISTRATION OF §,-AGONISTS REDUCES THE RISK OF BRONCHOSPASM CAUSED BY
B,-BLOCKERS IN COMORBID CARDIORESPIRATORY PATHOLOGY
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In the treatment of patients with cardiorespiratory pathology, it is often necessary to simultaneously administer drugs that affect B-adrenergic receptors:
B,-adrenoblockers and B,-agonists. B,-blockers can trigger a bronchospasm in patients with bronchoobstructive diseases, therefore, practitioners often decide not
to prescribe them. This work aimed to evaluate functional parameters of patients with cardiovascular and bronchoobstructive diseases in the context of different
sequences of administration of selective B,-blockers (bisoprolol) and long-acting ,-agonists (formoterol). This prospective, single-center 2-week pilot study involved
30 individuals suffering the aforementioned diseases. Using the envelopes method, we divided the patients into two groups of 15 people each. First group started
therapy with a long-acting ,-agonist, second group — with a selective B,-adrenoblocker. While taking the {,-adrenoblocker, patients underwent a four-hour
spirometric test enabling assessment of the external respiration function parameters. The tests and assessments have shown that the value of FEV1 went down
in 33.3% of those who started therapy with a selective ,-adrenoblocker (bisoprolol 2.5 mg), and in the group that first took a long-acting ,-agonist for a week
and then added bisoprolol 2.5 mg to the regimen the said value dropped in 7% of patients only. Thus, preceding long-acting B,-agonists, formoterol in particular,
reduced the risk of bronchospastic incidents triggered by selective B,-adrenoblocker (bisoprolol) in patients with cardiorespiratory pathology.
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MPN KOMOPBUAHON KAPOUOPECMNUPATOPHOW MATONIOMMN NHULUMNAJTbHOE HASHAYEHWE
B,-ArOHNCTOB CHMXXAET PUCK BPOHXOCIMA3MA, BbISBBAHHOI O ,-AJIPEHOBJIOKATOPAMU

E. B. Cmonskosa'?E, E. A. CuHnupbiH?, K. A. 3bikos'?

" MOCKOBCKMIA rocyAapCTBEHHbIV MEANKO-CTOMATONOMYECKUIA YHUBEPCUTET MeHn A. U, EBookmmoBa, Mockea, Poccus
2 Hay4Ho-1cecnenoBaTensCKUii MHCTUTYT nynbMoHonornn @efepanbHoro Meanko-6uonornieckoro areHTcTea, Mockea, Poccus

[Mpy neveHnn NaumeHTOB C KapAMOPECnpaToOpHO MaTonornein 4acto HeobXOAMMO OOHOBPEMEHHOE WMCMOMb30BaHWe MnpenapaTtoB, BO3AEMCTBYHOLLMX
Ha B-appeHopelenTopsl: B,-aApeHOBNOKaTOPbI U fB,-aroHUCTbI. V13-3a BOBMOXHOCTY pasBnTVis GpOHXOCNasMa y nauueHToB ¢ 6POHX006CTPYKTVBHBIMM
3ab0neBaHVsIMM Ha (hOHE MCMONB30BAHUS B,-aaPeHOBI0KAaTOPOB, MPaKTVIKYIOLLME BPaU HEPEAKO OTKa3biBalOTCS OT UX HasHadeHus. Llensto paboTbl Gbiio
OLEHNTb (DyHKLMOHabHbIE MapameTpbl Y MaLMEHTOB C CEPAEHHO-COCYANCTbIMU 1 BPOHXO0OCTPYKTNBHLIMM 3a60/1€BaHUSMI MPY PasIM4HOM NOCNEA0BaTENbHOCTH
Ha3Ha4YeHUs CeneKkTUBHbIX [3,-aapeHoBIoKaTopoB (Grconporona) v [,-aroHCTOB [JIMTENbHOMO AeCTBUSA (PopmoTeposia). B mnnoTHoe OAHOLEHTPOBOE
NMPOCMEKTUBHOE MCCNefoBaHne 6bino BkMoYeHO 30 MauUMeHTOB C CepAeyHO-COCYAMCTbIMU 3a60MeBaHNAMM 1 BPOHXOOOCTPYKTMBHBIMU 3ab0neBaHUsMM,
ONUTENbHOCTb UCCNefoBaHns cocTaBmna 2 Hegenu. MNaumeHTbl METOLOM «KOHBEPTOB» ObIn pasfeneHbl Ha aBe rpynnbl no 15 venosek. MNepsas rpynna nauyeHTos
HaYvHasia CTapT Tepanum ¢ npriema B,-aroHnMcTa AnnTebHOro AeVCTBYIS, a BTopas rpynna — C nprieMa CeNnekTnBHoro B, -anpeHobokaropa. Ha doHe npriema
B,-appeHobnokaropa nauvieHTam MpPOBOAMIN HETbIPEXHACOBYIO CMIVPOMETPUHECKYIO MPOBY C OLIEHKON NapameTpoB (hyHKLMM BHEWHEro ApixaHus. MokasaHo,
4TO Y HaYVHaIOLLMX CTapT Tepanum G nprema CenekTBHOro B,-aapeHobnokatopa (6rconponona 2,5 Mr) cHiwkeHne OPB1 npovicxoaunno y 33,3% 4enosek, B To
BPEMS1 KaK y MPpYHUMatOLLMX Griconponon 2,5 M Ha (hoHe HefebHOro nprema B,-aroHmMcTa AJITeNsHOM AeNCTBUS NPOLUEHT BbISB/IEHHbBIX Cy4aeB CHYKEHUS
O®B1 coctasnn BCero 7%.Taknm 06pasom, NMpeasaprTeNibHOe HagHa4eHe B,-aroH1CTOB ANMTENbHOTO ABNCTBA, B YACTHOCTV (DOPMOTEPONA, CHXKAO PUCK
BGPOHXOCMACTUHECKOrO AEVICTBIA CENEKTVBHOMO B, -afpeHobnokaropa — Grconporiona y NauvieHTos ¢ KapaopecrMpaTopHo Natoormei.

Kniouesble crnosa: cepeHHo-cocyancTbie 3abonesaHis, 6POHX00BCTPYKTUBHbIE 3a00NeBaHyis, KapaviopecnmpaTtopHas natonorus, B,-anpeHobnoKkaTopsl,
B,-aroHnCTbI
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Cardiovascular and bronchoobstructive diseases, namely  high prevalence of comorbidity of cardiovascular and
bronchial asthma (BA) and chronic obstructive pulmonary  bronchoobstructive pathologies are the common risk factors,
disease (COPD), are among the main public health problems  pathophysiological processes that jointly aggravate the course
in people aged 40 and older [1]. The reasons behind the  of the diseases [2, 3]. From the epidemiological point of view,
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cardiovascular diseases (CVD) are among the top reasons of
death of patients with COPD and BA [4]. The drugs used
to treat a cardiorespiratory pathology are B,-blockers and
B,-agonists, which block or activate the adrenergic system.
These drugs are not 100% selective, and the receptors are
located close to each other; these factors translate into a
possibility of cross-receptor interaction, which often leads to side
effects and to suboptimal effect of the drugs on both conditions:
underprescription or rejection of pathognomonic therapy [5].

B,-Blockers are widely used in the treatment of CVD,
the particular conditions being coronary heart disease,
cardiac arrhythmia and heart failure [6]. There are two types of
B-blockers: non-selective, which block both B,- and B,-adrenergic
receptors, and selective (cardioselective) [,-adrenoblockers,
which act mainly on f,-adrenergic receptors. Traditionally, there
are concerns about prescribing B-blockers to patients with
concomitant COPD and BA, since they can cause reduction of
the vital lung capacity, bronchospasm, erosion of the efficacy
of short-acting B,-agonists taken to arrest an attack, same as
erosion of the efficacy of long-acting B,-agonists, which is the
result of direct blockade of ,-adrenergic receptors of bronchi's
smooth muscles. Therefore, the preferred drugs should be
cardioselective ,-adrenoblockers [7, 8]. At that, it should be
remembered that selectivity of B,-blockers deteriorates as their
dose grows up [9]. Even nebivolol, the selectivity of which is
1:22-46, does not eliminate the risks of bronchospasm
because of uneven distribution of B-adrenergic receptors
through organs and tissues.

In turn, B,-agonists are the main symptomatic drugs for
patients with a bronchoobstructive pathology. However, since
there are ,-adrenoreceptors in the heart, such drugs, especially
their short-acting varieties, can indirectly (through activation of
the sympathoadrenal system) provoke growth of blood pressure
and heart rate in patients with comorbid CVDs, and, according
to some authors, decrease of the concentration of potassium in
the blood triggered by higher doses of f,-agonists may be the
cause of development of life-threatening arrhythmias [10].
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At the same time, combined intake of selective
B,-adrenoblockers and B,-agonists, through suppression of
tachycardia and hypertension associated with high doses of
B,-agonists taken to arrest COPD and BA exacerbations, has
shown capability to decrease the frequency of cardiovascular
events. Some randomized trials, as well as a number of meta-
analyses, have revealed a decreased CVD-associated mortality
among COPD and BA patients taking B,-adrenoblockers
[11, 12]. There is also evidence suggesting that ,-agonists
can mitigate the risk of cardiovascular complications through
reduction of the residual volume of air in the lungs, which
translates into lighter inspiratory dyspnea [13]. Moreover, the
right ventricular compliance indicators improve [13], and the
pulmonary artery pressure goes down [14], which means fewer
COPD and BA exacerbations raising the risk of cardiovascular
diseases and mortality.

Thus, treatment of patients with a combined cardiorespiratory
pathology often requires simultaneous administration of a
selective B,-adrenoblocker and a f,-agonist. Today, medical
professionals seek practical recommendations covering
the order of prescription of these drugs if they need to be
used together. It should be noted that currently, there are no
evidence-based data on the comparative safety and efficacy
of prescribing B-agonists first and B-adrenoblockers second
in a regimen, nor is there evidence describing the approach
involving initial prescription of B-adrenoblockers. This study
aimed to determine the preferred sequence of administration
of selective B,-adrenoblockers (bisoprolol) and long-acting
B,-agonists (formoterol) in patients with cardiovascular and
bronchoobstructive diseases based on the assessment of
functional parameters.

METHODS
This work was a was pilot, single-center prospective study that

involved 30 patients (66.97 + 9.84 years, 18 male, 12 female).
The inclusion criteria were: cardiovascular diseases — arterial

CVD and BOD
30 patients

Randomization

G Group 2
. roup 1 Formoterol 12 ug
Bisoprol 2.5 mg/day twice a days
After 7 days
— Questionnaries: AST, SAT, mMMRC
— Computer spirometry
| |
Group 1 Group 2
Bisoprol 2.5 mg/day Formoterol 12 mcg
+ twice a days

Formoterol 12 mcg
twice a days

+
Bisoprol 2.5 mg/day

— Physical examination
— Questionnaries: AST, SAT, MMRC
— Computer spirometry

Fig. 1. Study design. BP — blood pressure; AST — Asthma Control Test; BOD — bronchoobstructive diseases; CAT — COPD Assessment Test, mMRC —

modified Medical Research Council Dyspnea Scale
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Table 1. Clinical characteristics of the patients with CVD and BOD, groups 1 and 2 (medical history data)

Patient characteristic Patients with CVD and BOD (n = 15), group 1 Patients with CVD and BOD (n = 15), group 2
Age, years 65.9 + 10 68 + 10.3
Gender, male/female, % 46.7 /53.3 73.5/26.5
AH, degrees |, Il, lll, % 0; 46.7; 53.3 0; 40%; 60.2.
CHD functional class, I, II, lll, % 6.6; 40; 0 26.7;13.3; 20
PICS, % 26.7 40
HA, % 46.7 26.7
BA, % 26.7 20
COPD, % 53.3 66.7
COPD + BS, % 20 13.3
ACT, points 17.00 [15.50; 20.00] 17.00 [13.00;18.00]
CAT, points 16.00 [14.00; 24.00] 22.00 [21.00; 25.00]
mMRC, points 2 [1.50; 3.00] 3.00 [2.00; 3.00]
CCA therapy, % 40 53.3
ACE inhibitors therapy, % 13.3 26.7
ARB therapy, % 73.5 60.2

Note: the data are given as M + SD and % of the total number of patients; * — p < 0.05; AH — arterial hypertension; ACT — asthma control test; BA — bronchial asthma;
CCA — calcium channel antagonists; ARB — angiotensin-2 receptor blockers; CHD — coronary heart disease; ACE inhibitors — angiotensin converting enzyme
inhibitors; MMRC — modified medical research council dyspnea scale; HA — heart arrhythmia; PICS — post-infarction cardiosclerosis; CAT — COPD assessment

test; COPD — chronic obstructive pulmonary disease.

hypertension, coronary heart disease, cardiac arrhythmia, —
concomitant with bronchoobstructive diseases (BOD) —
bronchial asthma, chronic obstructive pulmonary disease.
All the patients were prescribed a selective B,-adrenoblocker
(bisoprolol) and a ,-agonist (formoterol).

Using the envelopes method, we divided the patients into
two groups comparable in age, gender, and therapy at the
time of inclusion in the study. Tables 1 and 2 present clinical
characteristics of the patients [15].

Patients of group 1 started therapy with a 8,-adrenoblocker,
bisoprolol 2.5 mg, and for group 2, the initial drug was a long-
acting B,-agonist, formoterol 12 pg twice a day. A week later,
group 1 began taking formoterol, group 2 — bisoprolol. Selection
of the initial doses of the drugs was based on the preceding
computer spirometry, specialized tests and questionnaires
(Fig. 1). SuperSpiro spirometer enabled spirometry (MICRO
MEDICAL; UK), and the acquired values were compared to the
spirometry reference values developed by the European Coal
and Steel Community (ECSC) in 1993.

In order to prevent the development of bronchospasm,
all patients underwent a 4-hour spirometry before being
prescribed the first dose of the B,-adrenoblocker. This test

allows evaluating the initial external respiration parameters
(FVC — forced vital capacity, FEV1 — forced exhale volume
in 1 s, FEV1/FVC) before taking the drug and 30 minutes, 90
minutes, 150 minutes and 240 minutes after taking bisoprolol
2.5 mg.

Participants of the study

A total of 30 patients (66.97 + 9.84 years old, 18 male and
12 female) participated in the study. They were divided into two
comparable groups of 15 people.

The inclusion criteria were: CVD and BOD, compensation
stage, lack of any acute process at the time of screening for
the study; confirmed BA diagnosed in accordance with the
generally accepted clinical, laboratory and functional criteria
(GINA 2017 [16]); COPD diagnosed in accordance with the
GOLD 2017 criteria [17]; signature under the informed consent
form confirming voluntary participation in the study.

The exclusion criteria were: severe CVD (acute
cerebrovascular accident, myocardial infarction less than
6 months before inclusion in the study, unstable angina
pectoris); exacerbation of COPD, BA less than 1 month before

Table 2.Clinical characteristics of the patients with CVD and BOD, groups 1 and 2 (laboratory and instrumental study data)

Patient characteristics Patients with CVD and BOD (n = 15), group 1 Patients with CVD and BOD (n = 15), group 2
ECP, pg/I 219+ 121 18.8 + 15.2
CRP, mg/I 18.8 +15.2 5.91+75
ESR, mm/h 12.9+10.8 13.7+£13.5
Leukocytes, 10%I 82+18 79+14
Erythrocytes, 1091 52+0.9 49+04
Eosinophils, % 2.88 +2.07 3.99+22
SBP/DBP, mmHg 128.8/79.8 + 11/3.8 126.7/78 + 8.8/5.5
HR, beats/min 709+9 68.9 + 10.1
FEV1, % of the reference value 732 +11.7 78.86 +17.3
FVC, % of the reference value 95.8 + 19.6 96.7 +17.9

Note: the data are given as M + SD; * — p < 0.05; DBP — diastolic blood pressure; FEV1 — forced expiratory volume, 1 s; SBP — systolic blood pressure; ESR —

erythrocyte sedimentation rate; CRP — C-reactive protein; ECP — eosinophilic cationic protein; FVC — forced vital capacity; HR — heart rate.
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inclusion in the study; contraindications to intake of selective
B,-adrenoblockers and f,-agonists; oncological diseases;
pregnancy, breastfeeding; clinical conditions that, according to
the doctor, prevent participation in the studly.

The study was conducted at the National Medical Research
Centre of Cardiology named after Academician E.I. Chazov, in
the department of hypertension. The length of the study was
2 weeks, its key outcome — evaluation of functional parameters
of patients with comorbidities in the context of different
sequences of administration of selective ,-adrenoblockers
and long-acting B,-agonists.

Statistical analysis

This was apilot studly, therefore, we did estimate power of the sample.
PSPP 1.2.0 (GNY project; USA) enabled statistical processing
of the data, and Kolmogorov—Smirnov test — verification of the
distribution hypotheses. For quantitative variables in the context of
normal distribution, we used the mean + standard deviation, and for
nonparametric indicators — median and percentiles [25; 75]. The
differences were considered significant at p < 0.05.

RESULTS

Four-hour spirometry revealed no significant (over 20% from
the baseline) drop of the level of FVC and FEV1; overall, the
participants in both groups reported no deterioration of
condition, which was subjectively assessed with the help of
ACT, CAT, mMRC questionnaires (Table 3). However, analysis
of data of all patients has shown that in 29 patient out of 30,
bisoprolol 2.5 mg/day triggered a reversible decrease of FEV1,
maximum to 300 ml, which is down 17% from the baseline, the
recovery to which occurred after a bronchodilation test with
salbutamol 400 mg (Figure 2). In most cases, FEV1 drops (in
absolute values and in % from the baseline) were registered
30 minutes and 240 minutes after initial administration of
bisoprolol 2.5 mg. We included the drop values starting from
2% (Fig. 2) into the calculations, thus eliminating the possibility
of measurement error.

Statistical processing of the patient data by groups revealed
a greater percentage of FEV1 reduction cases in group 1 (33.3%
of the participants), where the therapy began with a selective
B,-adrenoblocker (bisoprolol 2.5 mg). At the same time, in
group 2, which received a long-acting B,-agonist (formoterol
24 ug) as the initial drug and started taking bisoprolol 2.5 mg
only after 7 days of bronchodilation therapy, the share of those
whose FEV1 decreased was 7% (Fig. 3).

DISCUSSION

The problems of drug therapy aimed at combined cardiovascular
and bronchopulmonary pathologies, COPD and BA in particular,
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remain relevant. The need for B,-adrenoblockers in treatment of
patients with bronchoobstructive diseases remains a debatable
subject. A meta-analysis of observational studies that included
15 cohort studies with a follow-up period of up to 7.2 years, all
of which investigated the use of f,-adrenblockers in patients
with CVD and BOD, has shown that these drugs significantly
reduce mortality and exacerbations of BOD [18]. The results
of this analysis is confirmed in two other major studies. One
of them demonstrated that cardioselective B,-adrenoblockers
boost the response to B,-agonists and cause no clinically
significant side effects on the part of the respiratory system
[7]; another reported that administration of B,-adrenoblockers
decreases overall mortality and sudden cardiac death by
reducing heart rate and prolonging the diastolic period of
the cardiac cycle, which improves myocardial perfusion
[19]. Still, there are registered cases of decreasing vital lung
capacity in the context of regimens that start the therapy
with B,-adrenoblockers. Our study confirms that: against the
background of complete clinical well-being and lack of any
deterioration of condition, as reported by the patients with
CVD and BOD comorbidities, FEV1 reversibly dropped, in the
extreme case — to 300 ml and 7% of the baseline. In an earlier
paper, 4-hour spirometry has also revealed decreasing FEV1
in patients with cardiorespiratory pathology, and the share of
those in whom the drop exceeded 20% from the baseline was
6.4%. However, authors of that work emphasized that long-
term use of selective B,-adrenoblockers (bisoprolol) did not
translate into a significant FEV1 and FVC decrease that could
be detected by spirometry [20].

Taking into account the results of our study, patients at
high risk of bronchospasm who require prescription of a
B,-adrenoblocker can be recommended a 4-hour spirometry
in a hospital setting. The test will help practitioners initiate
administration of B-adrenoblockers, starting with small doses
and continuing with their gradual titration.

Our study lacked statistical power to allow an unambiguous
conclusion, yet, we demonstrated that it is advantageous to
start therapy with a long-acting f,-agonist, thus reducing
the risk of a bronchospastic component in patients with
CVD and BOD comorbidities that need constant and long-
term administration of B, -adrenoblockers. Of course, this
suggestion should be backed with more extensive clinical
studies, which would seek to ultimately determine the
variability of FEV1 against the background of different tactics
of simultaneous administration of selective B,-adrenoblockers
and B,-agonists.

Study limitations
The limitation of this study is the small sample of patients. However,

the results are significant, which raises the need for continued
research of this subject matter with sufficient statistical power.

Table 3. Dynamics of indicators as registered with CAT, ACT, MRC questionnaires, patients with CVD and BOD comorbidities, both groups

CVD and BOD, group 1 CVD and BOD, group 2
baseline a week later baseline a week later
. ) 20 ) 19.00
ACT, points 17 [15.50; 20.00] [19.00; 23.00] 17.00 [13.00; 18.00] [17.00: 21.00]"
CAT. points 16 13 22.00 17.00
P [14.00; 24.00] [9.00; 15.00] [21.00; 25.00] [14.50; 21.50]*
. 2 1 3.00 2.00
mMRC, points [1.50; 3.00] [1.00; 2.00] [2.00; 3.00] [1.00; 2.50]*

Note: *— p < 0.05.
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CVD and BOD

240 min

150 min 5 patients

90 min

4 patients

30 min

8 patients

12 patients

Fig. 2. Distribution of patients with the greatest FEV1 drop (in % from the reference values) at different time, CVD and BOD groups

Patients with CVD and BOD

Group 1
35 —

30 —
25 —

20 —

15 —

Yucno nauneHToB (%)

10 —

Bisoprol + Formoterol

Patients with CVD and BOD

Group 2

Formoterol + Bisoprol

Fig. 3. Percentage of patients with CVD and BOD whose FEV1 decreased over 2% from the reference values

CONCLUSIONS

Despite the close pathogenetic relationships between
CVD and BOD and availability of clinical recommendations
covering these comorbidities, in everyday practice, medical
professionals still face difficulties in selecting therapy for such
patients. Our study has shown the importance of sequence in
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EFFECTS OF MILD HYPOTHERMIA ON THE CEREBRAL MICROVASCULAR TONE
Melnikova NN =
Pavlov Institute of Physiology, Russian Academy of Sciences, Saint Petersburg, Russia

Acute blood loss is associated with deterioration of blood circulation, including microcirculation. Clinical and experimental studies are focused on the search for
the possibility of neutralizing the consequences of such impairment. The use of hypothermia is considered not only as a method to improve survival, but also as
a method to improve cerebral microcirculation in hemorrhage. The study was aimed to assess the state of the rats’ cerebral arteries in cases of mild hypothermic
exposure after acute moderate blood loss. The study involving anesthetized Wistar rats was performed by vital microscopy. We assessed the responses of pial
arteries (initial diameter 10-40 pm) in animals cooled to the rectal temperature of 34 °C under conditions of hemodynamic stability and when simulating blood
loss (20% of total blood loss) in normothermic animals and animals with mild hypothermia. The findings showed that 3.5 h of exposure were associated with
vasoconstriction in animals of all studied groups. Hypothermic state of the body was associated with initial decrease in the diameter by 9% of the baseline
(24.9 £ 0.9 pmto 22.7 + 0.7 pm; p < 0.05) followed by restoration of the diameter after 2 h (to 25.7 + 1.7; p > 0.05). Blood loss was associated with the decrease
in the diameter of cerebral blood vessels by 20-25% within the first hour (23.4 + 0.7 pm to 17.6 = 1.1 uym; p < 0.001) and no subsequent restoration (the
diameter was 16.7 + 0.8 ym after 3.5 h of monitoring). When using hypothermia, vasoconstriction following blood loss was 8-10% in the first 45 min of monitoring
(22.6 +1.3um1020.3 + 1.2 pm; p < 0.05), then the constriction decrease was observed (the diameter was 21.4 + 1.4 ym after 3.5 h of monitoring). It was concluded
that the use of mild hypothermia resulted in the reduced vasoconstrictor effect of moderate blood loss on the pial microvessels.
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BJIMAHUE MTMMNOTEPMUW NNEFTKON CTENEHU HA COCYAUCTbIW TOHYC MUKPOLMPKYNIATOPHOIO
PYCNA rOJIOBHOIMO MO3rA

H. H. MenbHunkoBa =
VIHcTuTyT chmsmonorum umenn V. . TMasnosa Poccuiickon akagemnn Hayk, CankT-INeTepbypr, Poccusi

OcTpast KPOBOMOTEPS COMPOBOXAAETCH YXYALLEHNEM KDOBOOOPALLIEHNS, B TOM YICAE, HA MKPOLIMPKYNSTOPHOM YPOBHE. B KIMHNYECKNX 1 B 9KCMEPUMEHTASTbHbIX
MCCNeaoBaHsX UOET NMOVCK BO3MOXHOCTU HUBENMPOBATL MOCNEACTBUS STUX HapyLLEHWA. Icnonb3oBaHre rnoTepMny PacCMaTpUBaIOT He TOMBKO Kak OavH 13
CNOCcOO0B MOBBbILLEHNS BbXKMBAEMOCTU, HO M Kak CPEACTBO ANS YyHLLIeHMst LiepebpasnbHOro MUKPOLIMPKYISTOPHOrO KPOBOOOpaLLeHKs Npun remopparin. Liensto
1ccnenoBaHvs Bbi1o M3y4nTb COCTOSHME apTepuasibHbIX LiepebpaibHbIX COCYA0B KPbIC MPW BO3AEACTBUM NErkon MnoTepMMK MOcfie OCTPOM KPOBOMOTEpU
cpenHelt ctenenn. VlccnenoBaHvie NpoBefeHO Ha HaPKOTU3MPOBaHHbBIX KPbICaxX NMHUM BUCTap ¢ MOMOLLBIO METOLMKN MPUKN3HEHHOTO MUKPOCKOMMPOBaHYS.
Vgdyqann peakumm nuanbHbIX apTepuid (HadanbHbii auameTp 10-40 MKM) MpY OXNaXKAEHWM XXMBOTHLIX A0 PekTasibHoM Temnepatypbl 34 °C B yCnoBusix
reMoANHaMNYeCKOoM CTabUNbHOCTU 1 NPU ModenmpoBaHun kposonotepu (20% ot OLIK) mpy HopMoTepMMn 1 MpY TMNOTEPMUM NIErKOW CTeneHu. PesynstaTsl
1CCrnefoBaHvst nokasanu, YTo 3,5 4 9KCno3vuuM B M3y4aeMbiX YCNIOBUSIX COMPOBOXAAIMCH BA30KOHCTPVKLMEN Y >KMBOTHBIX BCEX MCCedyeMbix rpymn. Mpu
rMNOTEPMUYECKOM COCTOSIHWM OpraH1M3mMa Habnoaany nepeoHavansHoe yMeHblUeHve aviametpa Ha 9% oT ypoBHs doHa (0T 24,9 + 0,9 Mkm [0 22,7 + 0,7 MKM; p
< 0,05), a38aTem ero BOCCTaHOBMEHMEe Yeped 2 4 (0o 25,7 + 1,7; p > 0,05). MNpw kpoBoONoTepe AramMmeTp LepebpaibHbIX MUKPOCOCYA0B YMEHbLLACS Ha MPOTSXEHN
nepBoro Yaca Ha 20-25% (o1 23,4 + 0,7 mkm o 17,6 + 1,1 Mkm; p < 0,001) 6e3 ganbHenLero BOCCTaHOBNEHNA (anameTp Yepes 3,5 4 HabnogeHnn cocTaBnan
16,7 + 0,8 MKM). Ba30KOHCTPVKLVISH MPU CMIONB30BaHNN MNOTEPMUN MOCHe KPoBOMoTepu cocTaBmna 8-10% 3a nepsble 45 MUH HabnmofeHwin (0T 22,6 + 1,3 MkM
00 20,3 + 1,2 MKkM; p < 0,05) ¢ nocneayroLLM yMeHbLLEHVEM COKpaLLieHVs (anameTp Yepes 3,5 4 HabnogeHwin coctaensan 21,4 + 1,4 mkm). CoenaH BbIBOA, YTO
1CMOMb30BaHME NIEKOW MNOTEPMUN MPYBOAMIIO K COKPALLEHMIO BA30KOHCTPVKTOPHOIO BAVSIHIS YMEPEHHO KDOBOMOTEPY Ha MiasTbHbIE MUKPOCOCYb.

KnioyeBble cnoBa: rvnotepmmsi, KpoBOMoTepsi, LiepebparbHble cocypl
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Blood loss associated with trauma is a major factor of high
mortality among both civilians and servicemen [1, 2]. In
the majority of cases severe condition of the patient with
hemorrhage is aggravated by accidental hypothermia [3-5].

According to the existing guidelines on treatment of
traumatic bleeding, hypothermia should be avoided [6, 7].
However, in early 2000s the animal experiments were
conducted as part of the number of foreign trials that involved
simulation of hemorrhagic shock and the use of cooling. The
majority of studies involving various animal species were
focused on the effect of different temperatures on survival
rate. Thus, in rats with lethal uncontrolled bleeding, cooling
of the body surface to 34 and 30 °C resulted in the increased
survival (119 and 132 min, respectively, vs. 51 min) compared
to normothermic rats [8]. The same results were obtained for
rats with controlled hemorrhagic shock cooled to 34 °C within
12 h and during resuscitation [9]. Therapeutic mild hypothermia
(84 °C) and delayed fluid resuscitation improved survival of rats
after uncontrolled hemorrhagic shock [10].

The swine models of hemorrhagic shock also showed
improved survival associated with hypothermia. Thus, surface
cooling to Tr 34 °C improves survival of pigs after prolonged
controlled hemorrhagic shock and splenic rupture [11]. Deep
hypothermia and cardiopulmonary bypass can improve survival
in pigs with lethal uncontrolled hemorrhage [12]. The study
of traumatic uncontrolled hemorrhagic shock in rabbits has
shown that mild hypothermia (Tr 34 °C) after restoration of
circulation improves early survival and the function of organs,
not disturbing homeostasis [13].

Later attempts were made to explore neuroprotective
mechanisms of hypothermia. One of the recent reviews
provides evidence of the effectiveness of using therapeutic
hypothermia during heart surgery, in traumatic brain injury and
neonatal encephalopathy in both animal studies and clinical
trials [14]. Prevention of irreversible neuronal necrosis and
ischemic brain injury is the main result of using hypothermia.

The use of therapeutic hypothermia in clinical practice in
cases of hemorrhagic shock and resuscitation may be effective
in terms of reducing the levels of reactive oxygen species
and decreasing vascular permeability [15], contributing to
successful resuscitation of the patient. It has been proven that
the use of therapeutic hypothermia (34 °C) in rats with controlled
or uncontrolled hemorrhagic shock reduces blood loss and
oxygen consumption and causes no coagulopathy [16]. The
ovine model has shown that the use of mild hypothermia in
healthy animals is associated with significantly reduced density
of sublingual capillaries along with no pronounced changes in
systemic hemodynamics [17].

Beneficial effects of mild hypothermia on the cerebral cortex
microcirculation measured by multichannel laser flowmetry have
been proven in the rabbit model of cardiac arrest [18]. A similar
effect of cerebral microcirculation improvement was observed
in rats subjected to early mild whole-body hypothermia during
resuscitation from cardiac arrest [19]. At the same time, mild
hypothermia reduced both cerebral blood flow in the pigs’
microvessels, as well as the cerebral metabolism after blood
circulation restoration relative to normothermic animals [20, 21].
The overall effect was as follows: the ratio of the need and
oxygen supply to the brain improved during the period of
hypothermia.

A pilot study focused on assessing the effects of
hypothermia on microcirculation in severe hemorrhagic shock
was performed in 2021 [22]. The study showed that despite the
fact that hemorrhage caused severe microcirculation disorder
in the sublingual area, intestinal villi and the kidney cortex of
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the sheep, further decrease of rectal temperature to 33-34 °C
improved microcirculation in these areas.

In our previous study, immersion cooling of the body
aggravated microcirculatory dysfunction cause by acute
massive blood loss [23]. When the rats were cooled so
fast, additive effects of hypothermia and hemorrhage on
vasoconstrictor responses of cerebral microvessels were
observed in the phase of moderate hypothermia. To determine
the pattern of mutual effects of hypothermia and hemorrhage,
we set a goal to explore the effects of mild hypothermia in
rats with previously evoked moderate blood loss on the brain
microcirculatory bed.

METHODS

The experiments involved male Wistar rats (n = 23) with the
body weight of 280-310 g obtained from the Collection of
Laboratory Mammals of Different Taxons (Pavlov Institute of
Physiology RAS).

The animals were anesthetized with urethane solution
(intraperitoneal aministration, 1000 mg/kg). To perform an in
vivo study of cerebral microvessels, parietal craniotomy with the
bone flap size of 7 x 5 mm was performed, and dura mater was
removed within the window. A catheter filled with heparinized
(40 U/ml) saline was placed in the left femoral artery for direct
blood pressure measurement, and the right femoral artery
was catheterized for blood collection. The rectal temperature
(Tr) of 37-38 °C was maintained in the rats during the surgical
procedure using an electric pad for small animals.

The animals were randomized into three groups during the
experiments. Animals of group 1 (n = 7) were cooled to the rectal
temperature of 34 °C, then this temperature was maintained
throughout 3.5 h of the experiment. Animals of group 2 (n = 6)
were used to simulate blood loss with the estimated rate of
20% of total blood volume, then the animals with the baseline Tr
37 °C were kept at the room temperature of 20-22 °C throughout
3.5 h of the experiment. After the evoked hemorrhage, animals
of group 3 (n = 10) were cooled in the air to Tr 34 °C that had
been maintained for 3.5 h.

Arterial blood was collected: 1.2 mL per 100 g of the animal’s
weight or 20% of total blood volume. This was equivalent to
moderate blood loss, i.e. blood exfusion in the rat with the body
weight of 300 g was 3.6 mL. Blood was collected for ~10 min,
the average exfusion rate was 0.36 mL/min.

Rats were cooled to Tr 34 °C in the air at standard room
temperature by wetting a part of the animal’s back and using
the directional airflow produced by a domestic fan. The cooling
duration was ~ 30 min.

The order of exposures used during the experiment in each
group is provided in Fig. 1.

Imaging and monitoring of the pial microcirculatory
bed was performed using the vital microscopy system that
included the LUMAM K-1 microscope (LOMO; Russia) with
the contact dark-field lens and the ACUMEN AiP-B84A color
video camera (ACUMEN Int. Corp.; Taiwan). The resulting
image was subjected to computer processing in the Pinnacle
Studio software package. The calibration measurement was
performed using the OS-1 standard stage micrometer (scale
division value 10 pym).

After preliminary procedures (cooling / exfusion / both)
the responses of pial arteries were recorded every 15 min
throughout 3.5 h of the experiment. The baseline microvessel
diameter was 10-40 um, and the majority of arteries were
about 20-25 pm in diameter. Identical segments of blood
vessels were measured 50-90 times within each series of the
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Fig. 1. Experimental design

experiment at each time period. After the end of the experiment
animals were euthanized via urethane solution overdose.

Heart rate according to ECG, average blood pressure
(direct measurement via femoral artery catheter) and respiratory
rate (carbon sensor) were continuously recorded. The E-154
ADC (L-Card; Russia) was used to digitize analog signals and
save these signals in computer memory.

Statistical processing of the results was performed using
the STATISTICA 6.0 software package. Significance of
intragroup differences was assessed using the nonparametric
Wilcoxon test, while intergroup differences were revealed using
the nonparametric Mann-Whitney U test. The significance level
was set as p < 0.05. All experimental data were presented as
mean + standard error of the mean (M + SE).

RESULTS

Indicators of the body’s functional state before exposure (referred
to as normal) were the same (p > 0.05) in all experimental groups
(Table). In groups 2 and 3, preliminary blood exfusion equivalent
to 20% of total blood volume resulted in rapid decrease in SBP
by 60% (p < 0.001), slight decrease in HR by 5-7% (p < 0.05),
while RR remained unchanged (p > 0.05). In groups 1 and 3,
when Tr 34 °C (referred to as baseline) was achieved by the

Table. Parameters of the rats’ functional state before the beginning of monitoring

end of
monitoring

monitoring

210 min

beginning of monitoring, SBP was 11% (p < 0.05) and 30%
(o < 0.001) lower than normal, respectively, HR decreased by
16-17% (p < 0.01) in both groups, while RR decreased by 5%
(o > 0.05) in group 1 and 24% (p < 0.01) in group 3. In group 2,
when monitoring was begun (baseline), SBP increased by 29%
(o < 0.01) of minimum SBP measured during blood collection,
HR and RR slightly decreased (o > 0.05), and Tr was 37.1 + 0.2 °C.
Thus, by the beginning of monitoring (baseline) the animals’
physiological parameters reached certain levels that were
different from normal, after that the required for the experiment
Tr of 34 °C was maintained in animals of groups 1 and 3 for
3.5 h, and animals of group 2 were kept at room temperature.

In group 1 (Fig. 2) in the 15th minute of hypothermia the
rat's SBP slightly increased to 107.7 + 5.7 mmHg (p < 0.05),
but later it was within the range of 86-98 mmHg. HR of animals
in this group was slightly higher compared to baseline within
the first 1.5 h of monitoring, then in was at the baseline level,
but did not increase to normal. The pairwise comparison of
RRin group 1 revealed slight significant differences between
the normal value and the values reported in animals with
hypothermia (p < 0.05) throughout the experiment.

In group 2, Tr decreased throughout the experiment and
reached 34.3 + 0.3 °C by the end of monitoring (after 3.5 h).
SBP grew evenly within 1 h to reach 80 mmHg (p < 0.01),

Groups 1 | 2 | 3 2

3 1 3 2

Beginning of monitoring (baseline)

Parameters

Normal

Blood collection, min SBP

Hypothermia, Tr 34 °C

Normothermia, Tr 37 °C

SBP 104.0 + 6.4 107.5+ 4.6 103.5 + 4.9 427287 [ 39.0+1.97 92.2+6.3 72.4 £ 477 55.0 £ 3.5™1t
HR 458 + 11.1 471.5+10.8 450.4 £ 7.4 4473 11" | 4229+ 13.1" | 385.7 +6.8" 374.7 £8.7" 435.3 £ 14.5
RR 109.1 +3.2 103.3 2.4 101.6 + 5.6 101.0+8.3 | 101.9+10.5 103.4 £ 5.5 76.8 +6.271 95.7+7.8

Note: ©* — p <0.05, ™ — p < 0.01, ™ — p < 0.001 when comparing to normal; ¥ — p < 0.05, " — p — 0.01, " — p < 0.001 when comparing baseline values

with the values recorded during blood collection.

EXTREME MEDICINE | 3, 25, 2023 | MES.FMBA.PRESS




OPUT'MHAJIbBHOE NCCJIEOOBAHUNE | ®3NOJ10INA

120

100 é ;\;

80 1

SBP (mmHg)

60 V ;
40

‘emmbm 1 group
e 2 group

‘emmbmmm 3 group

20

0 T T T T T T T T

Normal min baseline 15 30 45
BP

1h 1h151h30 1h45 2h 2h15 2h302h45 3h 3h15 3h30

Phases of experiment

600

500

400 -

300

HR (BPM)

200

100

T T T T T T
Normal min baseline 15 30 45
BP

T T
1th 1h 15 1h 30

T T T T
1h45 2h 2h15 2h30 2h45 3h 3h15 3h30

Phases of experiment

120

(breaths/min)

60

RR

40

20

0 T T T T T T

Normal min baseline 15 30 45 1h 1h151h30 1h45 2h 2h15 2h30 2h45 3h 3h 15 3h 30

BP.
Phases of experiment

Fig. 2. Average blood pressure, heart rate and respiratory rate in rats during the experiment

after that it remained at this level till the end of monitoring. HR
showed a downward trend throughout the period of monitoring,
in the end of this period HR was 16% lower than normal and
9% lower than baseline (p < 0.01). RR was at the baseline level.

In group 3, SBP increased to 53.9 + 3.7 mmHg by the
beginning of cooling, it continued raising to 72.4 + 4.7 mmHg
at the point corresponding to the beginning of monitoring during
further cooling and reached its maximum (92.1 + 4.2 mmHg)
after blood loss on the 15th minute of monitoring (p < 0.001).
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HR and RR were at the baseline level throughout the period of
monitoring.

Fig. 3 provides the results of the direct measurement of pial
artery diameter in ym.

During the stage of experiment between the animal’s
initial state and the baseline values reported at the beginning
of monitoring the changes in diameter of blood vessels were
calculated as a percentage of the initial diameter (normal).
Vasoconstriction was observed in all three groups during
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Fig. 3. Changes in the diameter of pial arteries at different stages of the experiment

both preliminary blood exfusion and cooling of animals. At
the moment when SBP reached its minimum constriction of
blood vessels was 9% in group 2 and 4% in group 3. After
the animals were cooled by the beginning of monitoring, the
decrease in the diameter was 17.2 + 2.8% of normal in group
1 and 18.4 + 2.3% in group 3 (p < 0.001).

The diameter of blood vessels reported at the beginning
of this stage (baseline) was considered as 100% to objectively
assess subsequent microcirculatory bed changes during the
experiment. These changes are shown in Fig. 4. Persistent
hypethermia (group 1) was associated with initial decrease in
the diameter followed by the diameter restoration to the baseline
level within 2 h. In group 2, the experiment involving monitoring
at room temperature showed that the diameter of cerebral
microvessels continued to decrease within the first hour and
then remained at the level of 80% of baseline showing no trend
towards restoration. Constriction of the arteries in animals of
group 3 that experienced both blood loss and hypothermia
was 2 times lower than in animals of group 2 in the first 45 min
of monitoring, later this ratio increased.

DISCUSSION

The major factors of the acute hemorrhage syndrome include
reduced total blood volume, changes in blood vessel tone
and cardiac output reduction [7, 24]. It is believed that blood
loss that constitutes 15% of total blood volume triggers
a compensatory mechanism, however, this mechanism
turns out to be untenable in terms of preventing progressive
hypotension. Our study involved the use of the small animal
model of moderate blood loss (average exfusion rate 0.36 mL/min)
with the total blood loss of 20% of total blood volume that
resulted in the SBP decrease to ~ 40 mmHg. Later, slight
blood pressure compensation was observed in normothermia:
in group 2, SBP increased to 55 + 3.5 mmHg by the beginning
of monitoring and then gradually increased with time to reach
70-80 mmHg. Hypothermic exposure along with blood loss
(group 3) resulted in the earlier and larger (up to 90 mmHg)
compensatory increase in SBP. Such results suggest that in
the conditions of acute blood loss that constituted 20% of
total blood volume SBP compensation was achieved faster
and more effectively in animals with mild hypothermia than in
normothermic animals.

Undoubtedly, blood pressure is merely a means of the
tissue energy supply and does not fully reflect the tissue

hypoperfusion associated with acute loss of a portion of total
blood volume. However, the state of tissue circulation can be
roughly estimated based on the SBP changes. It is believed
that capillary blood flow is preserved when SBP exceeds
80 mmHg, SBP below 55 mmHg is associated with the
loss of organ blood flow autoregulation, and critical cerebral
perfusion impairment occurs when SBP is below 35 mmHg
[24]. In our study involving the use of hypothermia a faster SBP
compensation to no 90 mmHg was observed, then SBP was
maintained within the range of 75-80 mmHg. That is why it
can be assumed that mild hypothermic exposure prevents or
significantly reduces the risk of organ hypoxia.

The findings of our experimental study confirm that mild
hypothermia with or without moderate blood loss definitely
affects the changes in the state of microcirculatory bed in
anesthetized rats. We revealed vasoconstriction relative to
baselines in animals of all experimental groups (Fig. 3). Only
slight differences in HR and RR throughout 3.5 h of monitoring
were reported in animals of different experimental groups in the
first 90 min, and in the final phase the values of these indicators
were the same (p > 0.05). Furthermore, the differences in
SBP between all groups by the end of monitoring were non-
significant. Thus, it was shown that the 3.5 h exposure in
hypothermic animals, normothermic animals with blood loss,
and animals that experienced the combined effects of blood
loss and hypothermia did not lead to significant differences in
SBP, HR and RR in the final phase, but were associated with
the changes in the diameter of pial arteries in animals of all
studied groups.

The compensation to blood loss results also from the reflex
sympathetically mediated arteriolar vasoconstriction induced
by catecholamines acting on the a1 receptors [7]. Our study
has shown that the spasm occurs not only in the peripheral,
but also in the cerebral arteries, at least in the parietal cortex
we have studied. It is believed that the key role in redistribution
of blood needed to provide adequate blood supply of the brain
tissue is played by the pial arteries [25].

We revealed microcirculatory disorders associated with
hypothermia that took place since the very beginning of
cooling. This was in line with the existing studies. Thus,
when studying the effects of moderate hypothermia on the
dynamics of microcirculatory bed in the zone of the tail vein
projection in rats, vasoconstriction and reduced indicators of
microcirculation were revealed [26]. The experiments on the
cerebral arteries showed the same relationship: blood flow
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Fig. 4. Dynamic changes in the diameter of the rats’ pial arteries relative to baseline in different experimental groups

in the cerebral microvessels progressively decreased during
cooling [21]. Microcirculation can play a crucial role when the
cell metabolism adjusts to the temperature fluctuations. The
decrease of the temperature, and, therefore, metabolic rate,
results in the constriction of precapillary resistance vessels,
thereby reducing blood flow. This results in the less effective
perfusion capability of microcirculation [20, 21]. However,
these studies show that cooling did not lead to poorer supply
of oxygen to the brain, since the oxygen concentration was
stable or even elevated when the cerebral artery perfusion was
reduced. This important fact suggests that the ratio of the need
and oxygen supply to the brain is improved in hypothermia.

The relationship between hypothermia and hemorrhage
was studied repeatedly under different conditions, however,
the number of studies focused on assessing the impact of the
systemic hypothermia effects on the cerebral microcirculatory
bed in acute blood loss is low. The hemorrhagic shock models
of different animal species have demonstrated improved
survival associated with hypothermia [8-13]. The improvement
of blood flow through cerebral microcirculation by means of mild
hypothermia during cardiopulmonary resuscitation has been
reported [18, 19, 27]. Our study has also shown that the use of
mild hypothermia improves the state of the rats’ cerebral cortex
microcirculatory bed after moderate acute blood loss. This is
consistent with the findings of the studies showing that systemic
hypothermia provides protection against further impairment
affecting microcirculatory beds of the kidneys, intestinal villi, and
the sublingual space in hemorrhagic shock [22].

In our previous study, when the animals were subjected to
continuous immersion cooling until the hypothermia-induced
respiratory arrest was achieved, constriction of blood vessels
by ~ 20% of normal was observed during the period of deep
hypothermia, while in animals with previously evoked blood
loss (35% of total blood volume) that were further cooled
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constriction of blood vessels exceeded 30% [23]. In this study
we did not use cooling to such low temperatures: animals of
groups 1 and 3 were cooled only to Tr 34 °C, and blood
exfusion was 20% of total blood volume. Constriction was less
severe under such mild conditions, which was indicative of the
direct relationship between the degree of vasoconstriction and
the degree of the body’s exposure to negative factors.

Neuroprotective mechanisms of hypothermia used after the
cerebral microcirculation impairment are poorly understood.
After reperfusion injury, mild hypothermia reduces the increased
cerebral oxygen extraction ratio [19]. The review focused on
the effects of therapeutic hypothermia in neurological disorders
reports that reduced metabolic rate and the decrease in the
brain’s need for oxygen and glucose are the main mechanism
underlying protective effects of hypothermia [28]. It can be
assumed that it is the reduced need for oxygen that underlies
compensation of reduced blood flow by hypothermia after the
acute hemorrhagic exposure.

CONCLUSIONS

The findings suggest that mostly vasoconstrictor effects were
observed in the pial microvessels of anesthetized rats under
the conditions of mild hypothermia, hemorrhage constituting
20% of total blood volume or combined exposure to both.
The use of mild hypothermia led to the significantly decreased
vasoconstrictor effect of moderate acute blood loss on the
cerebral microvessels. It should be noted that the current data
on the use of hypothermia in the models of animal or human
injury or hemorrhage are scarce, despite the large number of
studies focused on the use of hypothermia in medical practice.
Further research is needed to determine the possibility and
most effective schemes of using hypothermia in injuries and
hemorrhage.
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Human brain is one of the most difficult organs to study. The possibility of developing the technologies that have sufficient scientific accuracy and economic
accessibility and never violate the moral and ethical standards of human society is of great interest. The study was aimed to study the possibility of assessing the
retrosplenial cortex (RSC) structures’ activity based on the EEG analysis of brain activity in the alpha frequency range in 36 healthy volunteers with an average age of
29.1 years, no acute central nervous system disorders or exacerbation of chronic central nervous system disorders, severe traumatic brain injuries, mental disorders
or epilepsy. Significant source localizations were obtained by solving the EEG inverse problem that could be used for identification of the cerebral retrosplenial cortex
structures’ bioelectric activity. The use of such technology will allow us to expand the scope of the research focused on assessing the brain functional activity in
both research and clinical centers, thereby paving the way for understanding the features of the brain structures’ activity in physiologically normal conditions and
in individuals with mental disorders caused by various functional alterations in the brain.
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OCOBEHHOCTU BUO3JTEKTPUYECKOW AKTUBHOCTU PETPOCIJIEHNAJIbHOWN KOPbI FOJIOBHOIO MO3TIA
C. A. Tynaes2 & J1. M. XaHyxosa?, A. A. lapmau’

T VIF>KeHepHO-(PU3NHECKNA HCTUTYT BUOMEAMLIMHBI HaLMOHaIbHOMO MCCNeaoBaTeNlsCKOro saepHoro yHneepcuteta «MV®K», Mockea, Poccus
2 KnuHuka Jla Cantote, Mocksa, Poccus

[ONoBHOM MO3r YenoBeka MPeacTaBnAeT CoboM OAVH M3 CaMblX CIOXHbIX AN UccnefoBaHus opraHoB. OrpoMHbIN MHTEPEC MPEACTaBAsSeT BO3MOXHOCTb
pa3pabOoTKy TEXHONOrWIA, 06NafaroLLVX AOCTATOYHON HAYYHON TOYHOCTBIO N SKOHOMUYECKOW [OCTYNMHOCTLIO MPU NOSIHOM COBMIIOAEHUN MOPaSTBHO-3TUHECKIX
HOpM YenoBeveckoro coobuecTtsa. Llenbto paboTbl ObI0 N3yHnTb BO3MOXHOCTb UCCNEA0BaHNS akKTUBHOCTU CTRYKTYP PeTpocnieHnansHoin kopbl (RSC) Ha
ocHoBe O3l-aHanm3a O1OANEKTPUHECKON aKTUBHOCTM FOSIOBHOMO MO3ra B anbda-ananasoHe 4actoT y 36 340pO0BbIX AOOPOBOSLLIEB BO3PACTOM B CPEAHEM
29,1 roga, He VMEBLLUMX OCTPbIX U XPOHUYECKMX 3a60/1eBaHUI LEHTPaIbHOM HEPBHOW CUCTEMbI B CTaauM OOOCTPEHMS, TSHKENbIX HYepernHOMO3roBbIX TPaBM,
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Human brain is one of the most difficult organs to study, which
is due to the features of human anatomy, the need to comply
with ethical standards, and the economic component of the
use of advanced functional visualization methods: computed
tomography (CT), positron emission tomography (PET), and
magnetic resonance imaging (MRI). That is why the possibility
of developing the research technologies that have sufficient
scientific accuracy and economic accessibility and do not
violate moral and ethical standards of modern society is of
great interest.

Electroencephalography (EEG), developed in the beginning
of the previous century, but given a new impulse with the

development of mathematical data processing systems, has
become one such technology [1-3].

In terms of EEG, brain activity is a combination of rhythmic
phenomena reflecting the changes in the summed total
of postsynaptic potentials. Alpha activity that is currently
considered to be associated with the visual analyzer or visual
cortex (VC) (Brodmann’s areas 17, 18, 19) activity represents
the most prominent and commonly recorded EEG phenomenon
[4]. Occupying almost the entire occipital lobe, it produces
strong occipital rhythmic activity with the frequency of 8-14 Hz
that vanishes with eye opening; its association with the visual
cortex shows conclusively that there are rhythmic phenomena
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associated with the activity of other neural analyzers, the
mu and kappa rhythms that have specific stimuli and do not
respond to eye opening [5-9]. However, a number of studies
[10, 11] have revealed alpha-activity heterogeneity in individuals
with borderline disorders and mental deviations manifested in
the form of alpha rhythm multimodality. This raises the question
of possible perceptual alterations in such individuals. At the
same time it has been found [12] that not the visual cortex can
be the source of such heterogeneity, but rhythmic activity in the
posterior areas of the cingulate cortex, the structure belonging
to the retrosplenial cortex (RSC).

The study of the RSC is of interest due to its direct
involvement in complex cognitive processes, such as spatial
cognition, analysis and error correction for current sensory
states with internal representations of the environment
[13]. Occupying the posterior part of the cingulate cortex
(Brodmann’s areas 26, 29, 30, 23, 31) [14], this area is linked
to the anterior thalamic nuclei, entorhinal and parietal cortex,
subiculum and hippocampus [15, 16, 17], which determines its
key role in the processes underlying spatiotemporal orientation
(human self-determination and navigating in the surrounding
space). Changes in the RSC activity may be the earliest signs
of dementia [18], which has been confirmed by clinical trials
[19-21]. Furthermore, the RSC is associated with memory and
attention [22-24], as well as with knowledge of the world [24,
25]. The RSC is closely related to the visual stimuli encoding by
the visual cortex [26] and to formation of personal orientation
towards a specific goal [27-29]. This view is confirmed by the
presence of structural links between the RSC and the prefrontal
cortex, parahippocampal areas, hippocampus, anterior
thalamic nuclei, and parietal cortex [30, 31]. The functional
neuroimaging studies have shown that the RSC structures
respond more strongly during virtual or imaginary navigating
compared to other tasks [32-34]. Thus, according to current
research, the RSC is a major area of the cerebral cortex that
is associated with cognitive and mental functions. The RSC
extensive study will make it possible to acquire new data on the
features of the brain functional activity at the earliest stages of
the disease development.

The study was aimed to demonstrate the possibility of
assessing the RSC activity based on the analysis of the EEG
alpha waves in order to determine the features associated with
various relaxed wakefulness states.

METHODS
Study design

According to modern literature, the RSC is primarily an area
responsible for spatial positional orientation (and possibly
temporal orientation). That is why its EEG identification
becomes possible during the periods when the RSC structures
produce rhythmic activity in the conditions of afferent stimuli
disconnected from the systems controlling body position in
space, the main of which is proprioceptive system. Therefore,
a matched study involving EEG recording of alpha waves
became the main functional test. During the test the subject,
who was in the relaxed wakefulness state, was seated in a
chair (active proprioceptive system) or was lying in bed before
faling asleep (a fragment of EEG recording with the same
length as the first recording was extracted that showed strong
occipital alpha activity before fragmentation), when his/her
proprioceptive system was minimally involved. This functional
test was selected based on the clinical phenomenon “falling
sensation when falling asleep”. Primary data were recorded with
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the digital electroencephalography system (Medical Computer
Systems; Zelenograd, Russia). The analog-to-digital converter
sampling rate was 500 Hz, and the signal filtering input
parameters were 0.03-70 Hz. Electrodes were placed on the
scalp according to the international 10-20 settlement system.
The electrode positions were refined by performing linear
measurements with subsequent adjustment of the electrode
spatial arrangement standard tables. This electrode settlement
system was selected due to the fact of the increasing number
of the recording artifacts associated with exposure to physical
and technological environmental factors in the multichannel
system [35].

During the first phase of processing physical artifacts were
minimized. For that the by-standing electrical devices that
generated parasitic electromagnetic fields were switched off,
and the interface impedance was controlled. The temperature in
the room was also adjusted, and parasitic muscle movements
were minimized whenever possible, which reduced the
biological artifacts’ intensity.

During the second phase the data pool obtained was
through standardization of basic assembly to create a common
electrode space, as well as to artifact removal via extraction of
independent signal components. This made it possible to purify
the native signal of various physiological artifacts that had not
been eliminated by filtration.

During the third phase the EEG signal segmentation was
performed to extract individual EEG microstates by using the
procedure implemented in the sSLORETA software package (v.
20210701 University of Zurich; Switzerland) involving allocating
eight classes of individual microstates (conventional I-IV [36] and
four extra ones (V and VIlI) taking into account their variability).
The final phase of the study involved solving the EEG inverse
problem for each of the allocated EEG microstate classes using
the EEG inverse problem solution algorithm implemented in the
sLORETA software package. The results provided information
about eight variants of sources of individual EEG microstates in
accordance with the Brodmann area atlas (based on the atlas
by the Montreal Neurological Institute (MNI)).

Patients

A total of 36 healthy volunteers of different ages, who submitted
informed consent, were assessed. Among them 19 individuals
were under the age of 30 years, while 17 were over the age of
30 years. The average age of the subjects was 29.1 years, (Mo —
10 years, Me — 26 years, 1%t quartile —18 years, 1st quartile
— 338 years). The average age of the subjects under the age
of 30 years was 17.4 years (standard deviation — 1.7 years,
Mo — 10 years, ME — 18 years, 1st quartile — 12.3 years, 34
quartile — 23.3 years). The average age of thesubjects over the
age of 30 years was 43.3 years (Mo — 31 years, Me — 34.5
years, 1%t quartile — 31 years, 1st quartile — 55.8 years).

All the subjects were through EEG test involving assessing
the background activity of the brain in the relaxed wakefulness
state with the eyes closed performed when the subject was
in a sitting position and the same test performed when the
subject was lying down (the onset of physiological sleep
was controlled), since in healthy people the RSC activity is
represented by the development of the phenomenon “falling
sensation when falling asleep” observed before falling asleep or
when lying in bed with the eyes closed. It is associated with the
sense of spatial disorientation described as flying and/or falling
down before falling asleep [37]. This makes it possible to use
this phenomenon as a physiological test for extraction of the
RSC activity during the experiment.
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Table 1. Pairwise comparison of the alpha activity frequency characteristics (Hz) in occipital and parietal areas in the relaxed wakefulness state in the sitting position
(observation Ne 1) and in the relaxed wakefulness state when lying down before falling asleep (observation Ne 2) (Student's t-test, KS-test norm < 0.01)

Region o1 02 P1 P2
Observation 1 2 1 2 1 2 1 2
M 10.3 10.3 10.3 10.3 10.3 10.1 10.3 10.1
o 0.7 1 0.7 1 0.8 0.9 0.8 0.9
Mo 10 9.5 10 9 10 9.5 10 9.5
Me 10.2 10.4 10.2 10.3 10.2 9.8 10.2 9.8
p t-Student 1 0.8 0.2 0.1

Inclusion criteria: no history of acute nervous system
disorder; no exacerbation of chronic disorder; no history of
severe traumatic brain injury, mental disorder, epilepsy.

Clinical assessment was performed in the La Salute Clinic
in accordance with the cooperation agreement between the
La Salute Clinic and the National Research Nuclear University
MEPhI (Ne 09-01/23 of 09 January 2023).

Statistical analysis

The results obtained were processed in accordance with the
guidelines [38] using PSPP (GNU software ver. 1.6.2-g78a33a)
for OC Linux Mate (v. 10.10, GNU-GPL licence). Calculation
involved pairwise comparison of the EEG inverse problem
solution results obtained for eight EEG microstates using the
Kolmogorov-Smirnov test (KS-test) for normality; calculation
of Student's t-test for samples with normal distribution and
Wilcoxon signed-rank test for related samples with non-normal
distribution. The same degree of freedom was used, the
significance level was set as a < 0.05.

RESULTS

The analysis of occipital and parietal alpha activity performed
in the general group revealed the decrease in alpha activity
frequency before falling asleep, but there were no significant
differences in the values of the general group (Table 1) and
individuals under the age of 30 years (Table 2). In contrast, in
the group of subjects over the age of 30 years the decrease
in alpha activity frequency observed before falling asleep was
significant (Table 3).

When studying individual EEG microstates in the alpha
range, heterogeneity of the alpha activity sources associated
with the changes in the subject’s state was revealed in the
general group (Table 4). Thus, in the sitting position the
rhythmic phenomena were generated mainly by Brodmann’s
areas 17, 18, and 19, which represented the expected alpha
activity produced by the visual cortex structures functioning in

the “idle” mode. Persistence of these indicators when lying
down (without the emergence of significant differences) also
suggested the visual cortex response to eye closing, however,
when lying down, the recorded alpha activity source shifted to
the Brodmann’s areas 23, 29, 30, and 31 characterizing the
RSC structures.

Assessment of the age-related features of this response
showed that individuals under the age of 30 years demonstrated
significant differences in alpha rhythm production, since when
sitting in the relaxed wakefulness state, alpha activity was
produced by the VC structures (Brodmann’s areas 17, 18, and
19), while prior to falling asleep the RSC became the source of
alpha activity (Brodmann’s areas 23, 29, 30, and 31). A reliable
RSC response was observed in individuals over the age of 30
years, while the VC structures showed no significant differences
before falling asleep (Table 5).

DISCUSSION

The findings have shown that even the assessment of the brain
rhythm frequency characteristics makes it possible to determine
that alpha rhythm recorded during conventional EEG tests is
not a stable parameter determining the “basic” characteristics
of brain activity in humans. Alpha activity represents the group
of rhythmic phenomena showing significant differences in
individuals over the age of 30 years having fully developed brain
structures.

However, the shift of alpha activity source between the
visual cortex and retrosplenial cortex (clinically manifesting in
the phenomenon “falling sensation when falling asleep”) is clear
in individuals under the age of 30 years that can be considered
as involvement of the larger number of brain structures in
implementation of higher nervous functions and the need for
integration of their activity.

At the same time, after 30 years the neural centers are likely
to acquire marked specialization, especially the brain’s parietal
and RSC structures. Specialization manifests itself in the
changes of parietal alpha rhythm and the recording of rhythmic

Table 2. Pairwise comparison of the alpha activity frequency characteristics (Hz) in occipital and parietal areas in the relaxed wakefulness state in the sitting position
(observation Ne 1) and in the relaxed wakefulness state when lying down before falling asleep (observation Ne 2) in individuals under the age of 30 years (Student's

t-test, KS-test norm < 0.01)

Region o1 02 P1 P2
Observation 1 2 1 2 1 2 1 2
M 10.3 10.7 10.3 10.6 10.2 10.3 10.2 10.3
o 1 1.4 1 1.4 1.2 1.3 1.2 1.3
Mo 9.6 10.5 9.6 10.5 8.2 9.5 8.2 9.5
Me 10 10.6 10 10.6 10 10.5 10 10.5
p t-Student 0.357 0.525 0.789 0.857
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Table 3. Pairwise comparison of the alpha activity frequency characteristics (Hz) in occipital and parietal areas in the relaxed wakefulness state in the sitting position
(observation Ne 1) and in the relaxed wakefulness state when lying down before falling asleep (observation Ne 2) in individuals over the age of 30 years (Student's

t-test, KS-test norm < 0,01)

Region [e]] 02 P1 P2
Observation 1 2 1 1 2 1 2
M 10.3 9.8 10.3 10.5 9.8 10.5 9.8
o 0.8 0.9 0.8 0.8 0.9 0.8 0.9
Mo 10.2 9 10.2 10.5 9 10.2 9
Me 10.2 9.6 10.2 10.4 9.6 10.4 9.6

p t-Student 0.07 0.1 0.02 0.02

Table 4. The data on the rate of EEG activity recording (%) over certain Brodmann fields acquired by solving the EEG inverse problem for the model of eight individual
EEG microstates in the general group (Wilcoxon signed-rank test, KS-test norm > 0.5)

Subject’s position

Brodmann areas 23, 29, 30, 31

Brodmann areas 17, 18, 19

Sitting 18.3% 34.2%
Lying down 41.7% 25.0%
p (t-Wilcoxon) 0.4

Table 5. Age-related features of the rate of EEG activity recording (%)over certain Brodmann fields acquired by solving the EEG inverse problem for the model of
eight individual EEG microstates in various age groups (Wilcoxon signed-rank test, KS-test norm > 0.5)

RSC (Brodmann areas 23, 29, 30, 31)

Age 1-30 years > 30 years

Sitting 7.4% 12.5%

Lying down 28.7% 19.8%
p (t-Wilcoxon) 0.05

VC (Brodmann areas 17, 18,19)

Sitting 20.1% 15.6%
Lying down 271% 23%
p (+Wilcoxon) 0.03 0.5

activity produced by the RSC structures; according to our
observations, these can be considered as related phenomena.
The use of advanced mathematical methods for EEG
signal analysis enables clear differentiation of alpha activity and
determining the sources in various brain structures [39]. Under
the conditions of targeted functional load this makes it possible
tolink repetitive EEG recording fragments to the activity of certain
neural networks of the brain [40, 41] involved in production of
alpha activity not only by the cerebral visual cortex structures
[42-49]. Such observations can be considered as formation
of stable links and growing significance of visual cortex as the
main source of information in individuals over the age of 30
years, including information about the position of the body in
space, as previously reported for other cortical areas [50-52].
Thus, alpha activity identified when performing conventional
EEG tests is not the common “basic” rhythm typical for brain
structures, but the combination of several rhythms with similar
frequency and amplitude characteristics. The above bioelectric
activity is produced by various brain structures, particularly the
RSC, which is confirmed by conclusions of several studies
[6-9] suggesting the alpha rhythm cortical origin. This makes
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CATAMNESIS OF CHILDREN WITH CONGENITAL CYTOMEGALOVIRUS INFECTION DEPENDING ON
ETIOTROPIC THERAPY IN THE FIRST YEAR OF LIFE
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Cytomegalovirus infection (CMVI) continues to be a serious public health problem, being second to hypoxia and asphyxia in the list of reasons of morbidity and
mortality of newborns. This study aimed to analyze therapeutic approaches to management of children with congenital cytomegalovirus with the regimens including
an antiviral drug (direct action) and a specific anti-cytomegalovirus immunoglobulin (anti-CMV IG), depending on the clinical form of the disease. The total number of
participants was 62, with the first group of children receiving the antiviral drug (n = 21), and the second group — an anti-CMV IG (n = 41). We analyzed the clinical,
laboratory and instrumental research methods, and studied the catamnesis of children under 3 years of age. For statistical analysis, we used SPSS Statistics and
StatTech v.3.1.6. In the first group, where the regimen included the direct action antiviral drug, the outcome was successful for 28.6% of the participants, and in
the second group, which was treated with the anti-CMV immunoglobulin, this figure was 58.5%. Regardless of the regimen, by the age of 3, 50% of the children
were practically healthy. Most of the participants tolerated the therapy satisfactorily. However, for 66% of the involved children, we had to shorten the direct action
antiviral drug therapy to 14 days because of the problems with venous access, in 4.8% we registered thrombocytopenia, and in 9.5% — increased transaminase
activity. Comparing the disease outcomes depending on the therapy initiation day, we established significant differences only for the specific antiviral therapy cases
(o = 0.044).
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KATAMHES3 ETEW C BPOXXAEHHOW LUTOMEITANIOBUPYCHOW UH®EKLMEN B 3ABUCUMOCTH
OT 3TUOTPOMHOW TEPAMUN HA MEPBOM Oy XKU3HU

B. B. Bacunbes'?=, H. B. PoroauHa', /. B. Mapkun', P. A. Nsarosa'?, A. A. puHesa*

T [IeTCKMIN HayYHO-KIMHNYECKNIA LIEHTP MH(EKLIMOHHBLIX 6onesHen denepanbHoro Meavko-brnonorndeckoro areHtcTea, CaHkT-MNetepbypr, Poccus
2 CeBepo-3anaHbili rocyaapCTBEHHbIN MEeAVUMHCKIUIA yHMBEpCUTET MeHn U. 1. MevHrkoBa MuHaapasa Poccum, CankT-MNeTepbypr, Poccust

3 MNep.bii CaHKT-MNeTepbypreKuii rocyaapCTBEHHbIN MeaVLMHCKIIA yHBepeuTeT uMeHn V. M. Masnoa, CaHkT-MNeTepbypr, Poccus

4 HauwoHanbHbIN MeauUMHCKUI MCCNeaoBaTensCKUN LIeHTP nMeHn B. A. Anmasosa MuHagpasa Poccun, CaHkT-MNetepbypr, Poccus

LinTomeranosupycHas nHdekums (LIMBW) npogomkaeT octaBatbCs Cepbe3HOn NpobnemMoit 0OLLECTBEHHOrO 34PaBOOXPaHEHNSs!, 3aHMMas BTOPOE MECTO
rocne rmnoKcumn 1 acuKcUn B CTPYKTYpe 3ab0neBaeMoCT 1 CMEPTHOCTU HOBOPOXAEHHbIX. Llenbto nccnepoBaHuvst 6610 NpoaHannsnpoBaThb feHebHble
noaxofbl K BEAEHWIO feTel C BPOXKAEHHON LIUTOMEranoBMpPyCHOW MHAEKLMEN C BKIIOYEHEM B Tepanuio npenaparta NpsiMoro NpoTMBOBUPYCHOMO AEVCTBUS U
CneunrHeCcKOro aHTULIMTOMEraNoBMPYCHOrO MMMYHOMOOynHa (aHTV-LIMB IM) B 3aBUCHMOCTI OT KITMHMHYECKO (hopMbl 3abonesaHs. [MNponeyeHo 62 pebeHka:
B NMepBoVi rpynne Bbin HasHa4YeH NpPOTMBOBMPYCHBIA Npenapart (1 = 21), Bo BTopoi — aHTU-LIMB U™ (n = 41). MpoBeaeH aHanna KMHMKO-nabopaTopHbIX 1
VNHCTPYMEHTabHbIX METOAOB MCCNefoBaHWi, n3y4eH katamHe3 aeteit Ao 3 neT. CTaTUCTUHECKUn aHanm3 BbIMOMHAMM C UCMONb30BaHneM nporpaMmel SPSS
Statistics 1 StatTech v. 3.1.6. BnaronpusiTHbI ncxon 3aperucTprposaH y 28,6% AeTen, NponeveHHbIX NpenapaTom NPsMOro NMPOTUBOBUPYCHOMO AENCTBUS, 1Y
58,5% peteit, nponedenHbIx aHTu-LIMB nMMyHOrnobynmHoM. BHe 3aBMCHMOCTI OT Tepanuv 0Ot NPaKTUHECKN 300POBbIX AETEN K 3 rofam »M3HW cocTasuna
50%. BonbLUMHCTBO AeTel, BKIIKOYEHHbIX B CCNeAoBaH e, Tepanuio nepeHocunn yaoenetsoputensHo. OHako y 66% feteit Kypc Tepaniin NpoTUBOBUPYCHBIM
CpeacTBOM NPSMOro AencTBus Obln cokpalleH A0 14 aHen n3-3a NpobnemM ¢ BEHO3HbIM JOCTYMNoM, Y 4,8% obHapy»keHa TpomboumToneHus, y 9,5% nosbilleHne
aKTVBHOCTW TpaHcamuHa3. [Npy conocTaBneHNN NCXOLOB 3a001eBaHVIst B 3aBUCUMOCTY OT AHSI Ha4asa Tepanimn CTaTUCTUHECKM 3HaYMble Pas3nuyvs yaanocb
YCTaHOBWTb TOMBKO MPU MPUMEHEHUN CNELMUHECKON NPOTUBOBUPYCHON Tepamuu (o = 0,044).
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Congenital infectious diseases (CID) are second to hypoxia
and asphyxia in the list of causes of morbidity and mortality of
newborns. In the developed countries, cytomegalovirus (CMV)
is the main etiological factor of CIDs that can lead to disability
[1]. Every third to sixth newborn out of 1000 live-born children
receives CMV ante- or intranatally, and 20-25% of them exhibit
symptoms at birth and/or long-term consequences [2]. This
has a significant impact on public health.

The clinical picture of congenital cytomegalovirus infection
(CMVI) varies widely from no signs thereof to a potentially life-
threatening generalized form of the disease involving damage
to the central nervous system (CNS), liver, bone marrow,
gastrointestinal tract, and other organs [3]. The therapy
tactics and monitoring depend on the additional tests and
examinations that clarify the form of congenital CMVI and follow
etiological verification of the diagnosis.

Today, ganciclovir and valganciclovir are the only direct-
acting antivirals used to treat congenital CMVI. Numerous
studies have confirmed the positive effect of these drugs on the
clinical course of the disease, as well as reliable normalization of
indicators learned with laboratory tests, improvement of the weight
and height parameters, improvement of hearing, neurological
status, and reduction of the CID-caused mortality [4, 5].

However, ganciclovir may cause adverse events, such as
neutropenia, leukopenia, anemia, thrombocytopenia, increased
creatinine levels, liver transaminase activity, etc. [4]. To children in
their first years of life, this drug can be prescribed only off label,
after a council that involves more than three specialized medical
professionals once parents of the child in question have signed the
informed consent form. Oral forms of valganciclovir (suspension,
syrup) are not registered in the Russian Federation (RF).

Hyperimmune anticytomegalovirus immunoglobulin (anti-
CMV IG) is another CMVI treatment option. It is a well-tolerated
drug, however, to date, its high therapeutic efficacy has only
been proven in subclinical and mild forms of congenital CMVI
in children [6]. Anti-CMV |G as the sole drug is not indicated for
children with clinically pronounced congenital CMVI that can
cause severe consequences or death [7].

Today, there are no absolutely effective and safe antiviral
therapy against congenital CMVI. This subject requires
research efforts, including those designed to study long-term
consequences of the disease against the background of
antiviral therapy regimens.

The purpose of this work is to investigate the long-term
consequences of congenital CMVI depending on the severity
of the disease and the etiotropic therapy.

METHODS

This retrospective study examined the results of treatment of 62
children with congenital CMVI, based on their records from the
Pediatric Research and Clinical Center of Infectious Diseases of
the Federal Medical Biological Agency of Russia. The records
covered the period from January 2017 to December 2022.
Primary documentation (inpatient and outpatient medical
records) provided data for the analysis of clinical manifestations,
laboratory test results and long-term consequences in the
observed children. The follow-up period ranged from 1 to
3 years. Most (69.4%) of the children were followed up for three
years, 24.2% — for two years, and 6.5% for 1 year.

Criteria for inclusion in the study: confirmed congenital
CMVI; no \perinatal HIV contact.

Criteria for exclusion from the study: HIV-positive mother;
severe congenital disorders; chromosomal and/or genetic
syndromes.
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Congenital CMVI was diagnosed when the disease
manifested clinically and the child's blood plasma sampled in
the first three weeks of life carried DNA of CMV, as per clinical
recommendations [3].

AmpliSense®CMV-FL reagents (Central Research Institute
of Epidemiology of Rospotrebnadzor, Russia) and PCR tests
(minimum sensitivity — 400 copies/ml) enabled detection of
CMV's genetic material (DNA) in blood plasma, urine and saliva.

All patients underwent a history and physical examination,
their complaints were analyzed. Examination involved
registration of the following data: gender, gestation period at
birth, course of pregnancy and childbirth, condition at birth
and during the neonatal period, age at diagnosis, physical
and psychomotor development, dynamics of the disease.
Laboratory and instrumental tests were carried out in
accordance with clinical recommendations [3].

All the children were examined by an ophthalmologist,
a neurologist and a surdologist. The patients underwent
neurosonography (NSG) and ultrasound examination of the
heart, abdominal cavity and kidneys; Mindray M7 (Mindray;
China) and Logiq E9 (GE Medical Systems Ultrasound and
Primary Care Diagnostics; USA) systems were used for this
purpose. Given appropriate indications, some patients were
prescribed magnetic resonance imaging (MRI) or computed
tomography (CT) of the brain and abdominal cavity, and
those with hepatitis had liver fibroelastography performed
with Fibroscan® (model 502, Touch Echosens; France) in
accordance with the standard operating procedures. METAVIR
score [8] enabled determination of the stage of fibrosis.

Depending on the etiotropic therapy regimen, all participating
children were divided into two groups: group 1 — children
who received a direct-acting antiviral drug (DAAD) (ganciclovir,
6 mg/kg, IV, every 12 hours, course duration — 14-21 days),
n = 21; group 2 — children who were prescribed an anti-CMV
IG as the initial drug (1 ml/kg, IV drip, 6 administrations every
48 hours), n = 41. The authors of this work did not participate
in the choice of drugs because treatment of the children began
before their cases were transferred for supervisory control to the
Pediatric Research and Clinical Center of Infectious Diseases.
The medical documentation contained no information about
the use of valganciclovir.

The outcomes of the congenital CMVI with damage to
the CNS were evaluated under the pediatric outcomes scale,
which is a modification of the Rankin, Fisher and Glasgow
scales [9]. The scale factored in presence/absence of the
neuropsychiatric deficit (in comparison with the age norm);
0 points meant a fully healthy condition, 5 points — fatal
outcome (Table 1). The sums from 3 through 5 points were
considered adverse outcomes.

In the cases when cerebral palsy was part of the disease's
outcome, we used the GMFCS Scale (Gross Motor Function
Classification System, enables assessment of the gross motor
skills in cerebral palsy cases), with motor skills at level I, Il and
Il thereunder considered benign outcomes, and levels IV and
V — adverse outcomes.

For statistical analysis, we used SPSS Statistics (version 23)
and StatTech v.3.1.6 (StatTech; Russia). To assess conformity
of the quantitative indicators to the normal distribution patterns,
we used the Shapiro-Wilk test for samples smaller than 50 and
the Kolmogorov-Smirnov test for samples larger than 50. The
values that did follow the normal distribution patterns, they were
described using arithmetic means (M) and standard deviations
(SD) with Cl at 95%. Comparison of the two groups by a
quantitative indicator with normal distribution, given equality of
the variances, was done using the Student's t-test. The data
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Table 1. Pediatric scale of outcomes of purulent meningitis

Point

Characteristic

0

Healthy

Complete socialization

No significant deviations from the age norm in motor functions and intellectual development; mild neurological deficit that can be fully remedied.

Mild motor or sensory deficits and/or delayed psychomotor and speech development, necessitating complex rehabilitation; symptomatic epilepsy
2 controlled with antiepileptic drugs. For children over 3 years of age — preserved motor activity and self-care ability, despite the persistent
neurological deficit. Good socialization in the family, group of children (with a little irregular help from adults).

Delayed psychomotor development that cannot be corrected in full by the complex methods of rehabilitation; epilepsy, poorly controlled with

3 antiepileptic drugs; need for constant help from the others. Socialization in specialized groups/institutions
4 Severe neuropsychiatric deficit. Need for permanent care, specialized (neuropsychiatric) medical assistance. Socialization impossible
5 Death

by category were given in absolute values and percentages.
To compare percentages in the fourfold contingency tables,
we used Fisher's exact test (with the expected event values
below 10), and for multifold contingency tables — Pearson's
chi-squared test (with the expected event values above 10);
the comparison of binary indicators characterizing two related
aggregates was done with the help of McNemar's test.
Assessment of the prognostic significance of quantitative signs
in prediction of a certain outcome relied on the ROC curves
analysis. The dividing value of the quantitative marker at the
cut-off point was determined by the highest value of the
Youden's index. The differences between the studied indicators
were considered statistically significant at p < 0.05.

RESULTS

Patient characteristics

The study included 62 children: 27 (43.5%) aged from 1 to
3 months, 35 (56.5%) — from 4 to 6 months. Boys made up 53.2%

ofthe participants, girls — 46.8%. For 88.7% of the participants,
the course of the antenatal period included adverse events:

64.50%

16.10%

3.20%

Fig. 1. Clinical manifestations in children with congenital cytomegalovirus infection

threat of termination in 17 (27.4%) cases; intrauterine growth
restriction (IGR) in 12 (19.4%) cases, with premature infants
suffering the condition twice as often as full-term babies (9.7 %
and 4.8% of cases, respectively; p = 0.001); pregnant mother
having ARVI of varying severity in 41.9% of cases. During
pregnancy, the mothers were not tested for CMVI. The majority
of the participating children were full-term (64.5%; 40 children).
The average birth weight was from 650 to 1914 g. The age of
patients at the initial visit to the Center was 3.8 + 3.2 months.
The clinical manifestations were very diverse (Fig. 1).
Central nervous system was damaged in more than 60%
of children, the conditions including meningoencephalitis in
three (4.8%) of them, encephalitis in one (1.6%), developing
hypertensive hydrocephalus syndrome in six (9.7%).
Eighteen (29%) infants had enlarged liver, 9 (14.5%) — a
combination of hepatomegaly and splenomegaly, and the
rest had hyperfermentemia (from 2 to 20 norms due to ALT).
Hemorrhagic syndrome was registered in 3.2% of the observed
children with hepatitis. In 9.7%, direct bilirubin disrupted
pigment metabolism 9.7%. Eye damage was diagnosed in
19.4% of infants, sensorineural hearing loss — in two (3.2%),
neutropenia — in 32.2% of children (neutrophil level did not

. Neurological symptoms

B Hepatitis

. Ophthalmological manifestations

B SNHL

B Urinary system pathology
Neutropenia

B Hemorrhagic syndrome
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Table 2. Clinical manifestations in children with congenital cytomegalovirus infection, groups 1 and 2

DAAD Anti-CMV G
Clinical manifestations (n=21) (n=41) Statistical differences between groups
Abs. % Abs. %
Neurological symptoms 17 85.7 20 48.8 p =0.005
Hepatitis 7 33.3 19 46.3 p=0.177
Ophthalmological manifestations 3 14.3 5 12.2 p=1.000
SNHL 1 4.8 1 2.4 p=1.000
Urinary system pathology 0 0 3 7.3 p=0.545
Neutropenia 5 23.8 15 36.6 p=0.156
Hemorrhagic syndrome 2 9.5 0 0 p=0.111

exceed 500/yl), and a combination of neutropenia and anemia
was observed in 25.8% of the participants.

Children with congenital CMVI received the direct-acting
antiviral drug if their CNS was severely damaged or there
was combined damage to the CNS and other organs. Anti-
CMV IG was used as a sole drug in mild cases with isolated
manifestations (hepatitis, neutropenia) (Table 2); in that group,
the dominating neurological symptom was hypoxic-ischemic
perinatal encephalopathy.

The courses of the disease were identified based on the
clinical recommendations [3]; in 58.1% and 12.9%, respectively,
it took moderate and severe courses, in 17.7% and 11.3% of
children — mild and subclinical.

Table 3 presents the results of examination of clinical
manifestations of congenital CMVI depending on the course of
the disease. Typically, severe course translated into damage to
several organs, including CNS and liver. The prevailing disease
associated with a mild course was hepatitis (91.7% of cases).
In this study, only two children had sensorineural hearing loss;
the infection course was moderate in them. As for neutropenia,
it was registered in all mild course cases, 8.3% of moderate
cases, and 62.5% of the severe course cases.

Therapy results

In our study, 21 children received DAAD (group 1), 41 children —
anti-CMV |G (group 2).

Regardless of the type of therapy, the share of children that
became healthy by the age of 3 was 50% of the entire sample.
In group 1, 28.6% of the outcomes were benign, in group 2 —
58.5%. Mild neurological deficiency was observed in 17 children
(27.4%), moderate deficit —in 6 (9.7%), gross organic deficit —in

8 (12.9%). Psychomotor retardation was diagnosed in 19 children
(80.6%), and 6 (31.6%) children had cognitive impairments
accompanied by various neurological syndromes (hypertensive
hydrocephalus, convulsions, muscle tone disorder).

Six children (28.6%) from group 1 (DAAD) were diagnosed
with cerebral palsy at the age of one year; it was the most severe
form of motor disorders. By the GMFCS scale, 1 child out of these
6 had the motor functions of level lll, 2 children — of level IV, and 4
children — of level V. Audiological examination revealed one child
with 1st degree unilateral chronic sensorineural hearing loss.

In group 2 (anti-CMV 1G), 31.7% of the participants
(18 children) had psychomotor retardation, 12.2% (5 children)
— convulsions, and one child (2.4%) was diagnosed with
cerebral palsy, in this case the motor function disorders were
of level Il of the GMFCS scale, which is considered a benign
outcome of the disease (Table 4).

Congenital CMVI can cause liver cirrhosis with subsequent
fatal outcome. In our study, against the background of ongoing
therapy, we observed normalization of the sizes of liver and
spleen, as well as transaminase activity (Fig. 2), in all children
(o < 0.05). Hepatitis was taking chronic course in four children,
with one showing no signs of liver fibrosis, and three suffering
this condition (stages 1-2).

According to the respective comparison, gestation period
of newborns has no effect of the outcomes of congenital CMVI
(o = 1.000). The chances of an adverse outcome of the congenital
disease were equal in both groups (95% Cl: 0.160-6.255).

Tolerability of DAAD amd anti-CMV IG therapy

There are known complications associated with use of DAAD,
and yet, the children included in this study tolerated therapy

Table 3. Clinical manifestations of congenital cytomegalovirus infection depending on the course of the disease

Mild Moderate Severe
. . . Statistical differences between
Clinical manifestations
groups

Abs. % Abs. % Abs. %
CNS 2 16.7 30 83.3 8 100 p=0.001 (I +1I)
Liver 11 91.7 10 27.8 3 37.5 p=0.285
Organs of sight 1 8.3 7 19.4 2 25 p < 0.001 (Il + 1)
Hearing organs 0 0 2 5.6 0 0
Kidneys 0 0 3 8.3 0 0 p < 0.001 (I + 1)
Hematopoiestic organs 12 100 3 8.3 5 62.5 p < 0.001 (Il + 11
Damage to more than two organs 2 16.7 18 50 8 100 p < 0.001 (Il + 1)
Total: 12 17.7 36 58.1 8 12.9
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Table 4. Neuropsychiatric deficit in children with congenital CMVI before and after DAAD therapy

Neuropsychiatric deficit against the age norm Before treatment After treatment Statistical differences between
(according to the pediatric scale) Abs. % Abs. % groups
Mild neurological deficit (1 point) 2 9.5 8 38.1 p <0.05
Moderate neurological deficit (2 points) 0 0 2 9.5 p <0.05
Gross neurological deficit (3-4 points) 16 76.2 8 38.1 p <0.05

Table 5. Neuropsychiatric deficit in children with congenital CMVI before and after anti-CMV IG therapy

Neuropsychiatric deficit against the age norm Before treatment After treatment Statistical differences between
(according to the pediatric scale) Abs. % Abs. % groups
Mild neurological deficit (1 point) 0 0 14 34.1 p<0.05
Moderate neurological deficit (2 points) 11 26.3 12.2 p <0.05
Gross neurological deficit (3-4 points) 7 171 0 0 p<0.05

satisfactorily. The main problem was hindered venous access,
registered in 14 children (66%); their course of therapy was
reduced to 14 days, but this did not prejudice the ultimate
positive virological effect. Other side effects manifested in
three children. One child (4.8%) with meningoencephalitis had
thrombocytopenia, and his platelet level dropped below 50;
one administration of DAAD was omitted from the course, then,
when the platelet level returned to normal, it was resumed and
completed. In two children (9.5%), transaminase activity was
growing up (two-fold ALT maximum, 1.5 fold AAT maximum),
but the situation did not require cancellation of the DAAD
therapy. When the was over, transaminase activity normalized
on its own.

Factors affecting the long-term results of DAAD
anti-CMV IG therapy

A one-dimensional logistic regression model was used to
analyze the factors associated with a benign or adverse
outcome of congenital CMVI. The factors included in the
univariate analysis were gestation period (full-term/premature),
presence or absence of intrauterine growth retardation, adverse
course of the antenatal period, course of the disease, specific
therapy start date, damage to the organs (central nervous
system, liver, organs of sight and hearing, hematopoietic
organs), involvement of more than two organs in the infectious
process.

Investigation of the effect of these factors revealed no
associations with an adverse outcome of congenital CMVI
(Table 6).

250 —

233.5

200 —

150 —

100

Before treatment

W ALT /)

After treatment

Wl AAT (/)

ROC analysis (Fig. 3) revealed that the probability of an
adverse outcome is significantly lower when DAAD therapy
starts in the first 3 months of the child's life. This pattern reaches
statistical significance (p = 0.044; AUC = 0.759 + 0.107 with
95% Cl: 0.550-0.968; sensitivity — 80.0%, specificity —
72.7%).

The timing of initiation of the anti-CMV |G therapy (before
or after the child turns 3-months-old) did not affect the overall
frequency of pathological developments by the end of the
follow-up period (up to 3 years of life) (Fig. 4; p = 0.417), but it
significantly reduced the frequency of adverse neuropsychiatric
outcomes (Table 5)

DISCUSSION

Clinical manifestations of congenital CMVI are diverse; the
course may be severe, taking form of meningoencephalitis,
cholestatic hepatitis, respiratory disorders and sensorineural
hearing loss during the neonatal period, or mild, subclinical,
with no such signs of conditions and accidental diagnosing
later on [10-12]. Our study describes courses and outcomes
of congenital CMVI in patients treated from January 2017 to
December 2022 at the Pediatric Research and Clinical Center
of Infectious Diseases of the Federal Medical Biological
Agency of Russia; these patients received anti-CMV IG
and DAAD. Most of the children (64%) were diagnosed with
damage to the CNS. Majority of the studies addressing the
subject conclude that such damage and neurosensory loss
of hearing are currently the most common manifestations of
congenital CMVI in children all over the world, including Russia.

After 1 year

Ml Direct bilirubin (umol/I)

Fig. 2. Average values (u) of ALT, AAT and direct bilirubin levels before therapy, after therapy and after 1 year
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Table 6. Factors associated with an adverse outcome of congenital cytomegalovirus infection

Ne Factor P

1 Gestation period (full-term/premature) 0.312
2 Intrauterine growth retardation 0.438
3 Adverse antenatal course 0.834
4 Specific therapy start term 0.279
5 Course of the disease 0.52
6 CNS 0.187
7 Liver 0.297
8 Organs of sight and hearing 0.946
9 Involvement of more than 2 organs in the infectious process 0.266

In this study, meningoencephalitis was diagnosed in 4.8% of
cases, encephalitis — in 1.6%, and other researchers put the
incidence thereof at 3-32% of cases [13]; as for hypertensive
hydrocephalus, it was registered in 9.7% of our patients,
although other studies claim the incidence of this disorder to
exceed 50% [14].

Hepatitis is a rather common disease for children with
congenital CMV/, it is diagnosed in 17.4-26% of children [15, 16]; in
83% ALT exceeds 80 units/I, in 17% — 100 units/I [17]; there have
been described cases of liver failure [18]. In this study, hepatitis
was detected in 37.1% of the children, and a generally more
severe course was notable; other characteristic features include
the diagnosed combinations of hepatomegaly and splenomegaly
(14.5% of cases), ALT and AAT values 2 to 20 times higher than
normal, pigment metabolism disrupted by direct bilirubin (9.7% of
cases), hemorrhagic syndrome (3.2% of cases).

Organs of sight were found damaged in 19.4% of the
children, sensorineural hearing loss detected in two (3.2%),
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which is less frequent than in most other studies [19, 20].
Hematological pathology in the form of neutropenia was
observed in 32.2% of children, a combination of neutropenia
and anemia — in 25.8%.

Positively, this study disregarded many factors (e.qg.,
gestation period in case of intrauterine infection) that affect
prevalence and severity of the pathology in congenital
CMVI cases, as well as the range of emerging long-term
consequences and outcomes (Table 6).

Despite their toxicity, DAADs are used for etiotropic therapy
against manifesting forms of the disease because of the high
risk of death or subsequent disability it poses. Specific anti-
CMV IG can be used as an additional etiotropic agent in severe
congenital CMVI cases; if the course is mild or subclinical, anti-
CMV IG can be the main drug of the regimen. The specifics
of its use (doses, administration intervals, course duration),
however, should be studied on a large sample of patients. In
this study, we have shown that in mild cases, anti-CMV 1G

360
210
204

Course day

60
304
7

Benign

T
Adverse

Fig. 3. ROC curve characterizing probability of an adverse outcome depending on the timing of DAAD therapy initiation

ROC curves

Sensitivity

Specificity
Diagonal segments generated by connections

Outcome
390+
330
2707
2557
240
215+
&
S 180
@O 168+
12
2
3 1507
o}
O 1204
90
607
30+
264
24+
|
Benign Adverse
Outcome

Fig. 4. ROC curve characterizing probability of an adverse outcome depending on the timing of anti-CMV |G therapy initiation

MEONLIHA SKCTPEMASIbHBIX CUTYALNW | 3, 25, 2023 | MES.FMBA.PRESS




ORIGINAL RESEARCH | INFECTIOUS DISEASES

has a significant positive effect and relieves the symptoms
of neuropsychiatric deficit; in particular, the drug completely
eliminated gross neurological symptoms (Table 5). However,
the data acquired should be tested on a larger number of
observations in a randomized trial.

There is no doubt about value of early initiation of antiviral
therapy in manifesting forms of CMVI [21]. However, the
diagnosis is often made only 2-3 months after birth, and it
is not always that doctor prescribe treatment in such cases.
Unfortunately, most authors present isolated clinical cases
describing the efficacy of DAAD and anti-CMV IG in children
with congenital CMVI [22, 23]. This work shows that adverse
outcomes in the form of cerebral palsy, psychomotor retardation,
epilepsy, chronic sensorineural hearing loss, and disability since
childhood were registered in 14.5% of children, which is much
less than reported in observational studies where no antiviral
drugs were used to treat congenital CMVI in children. We have
not identified a single disability case caused by pulmonary
fibrosis and liver cirrhosis as outcomes of congenital CMVI. A
retrospective observational study of 2016 included 59 children
with congenital CMVI who did not receive antiviral medicines;
the authors of this study reported mental retardation in 94.4%
of the patients, cerebral palsy in 38.9%, convulsive syndrome in
25.9% and hearing impairment in 66.7% [24]. There is a paper
reporting the results of a three-month course of neocitotect
given to 70 children with hypertensive hydrocephalus with
congenital CMVI: the drug caused reduction of the size of
ventricles in 28.5% of cases [25].

Tolerability of DAAD was a matter addressed specifically
in the study. Apart from the hindered venous access, the
drug was well tolerated. Only three children (14.2%) had
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PILOT SURVEY OF PHYSICIANS ON THE SYSTEM OF ASSIGNING PROFESSIONAL GRADES
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Stagnation of the institution of assigning professional grades (categorization) draws increasing attention to the study of the opinions of physicians aimed at
understanding and addressing the issues of this system. The study was aimed to get an estimate of the categorization system, the need for and directions of its
transformation from physicians. The study involved an absentee poll of 64 physicians. Among then 48.4% had professional grades, 42.2% had scientific degrees,
51.6% were members of professional communities, 45.3% were engaged in teaching, 48.4% published scientific research results, 26.6% presented the results of
their work during scientific and practical events. The average work experience as a physician was 13.8 + 6.13 years. The questionnaire consisting of 21 statements
with 5-point Likert scales was divided into four items: assessment of current categorization system; refusal of categorization; need to transform the system;
directions of transformation. As a result, it was found that the respondents having professional grades, scientific degrees, who were members of professional
communities engaged in teaching and scientific research, rated the existing categorization system lower (1.0 < Me <1.8 vs 2.6 < Me < 3.0; 0.001 < p < 0.034),
they more often agreed that there was a need to transform the system (1.0 < Me < 1.33 vs 2.7 < Me < 3.0; 0.001 < p < 0.013), than the respondents with no listed
above traits. A total of 71.9% respondents agreed that there was a need for change, 1.6% agreed with the refusal of categorization. No correlation between work
experience and the scores of items was revealed (0.144 < p < 0.627). Thus, despite the fact that the categorization system was rated low, the majority of physicians
don’t want to abandon it seeing the need for transformation. The physicians’ beliefs are affected by the levels of their professional development.
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MNWNOTHbIN ONPOC BPAYEN O CUCTEME NMPUCBOEHUS KBAJTMOUKALNOHHDbIX KATEFOPUN
B. M. Muiaput', A. B. Kouy6ein?=

T Hay4Ho-1ccnenoBaTenbCKnia MHCTATYT nysibMoHOMormn deaepanbHoro Meavko-6ronorm4eckoro areHTeTea, Mockea, Poccuist

2 depepasbHbIin HayYHO-KIMHUHECKIIA LLEHTP CMeLWaninavpoBaHHbIX BUAOB MEAVLIMHCKON MOMOLLM 1 MeAULMHCKINX TexHonorui defepanbHOro MeanKo-61onorM4eckoro
areHTcTBa, Mocksa, Poccusa

CrarHaumst MIHCTUTYTa MPUCBOEHNSA KBAMMDUKALMOHHBIX KaTeropui (aTtectaumm) akTyanmsnpyeTt U3yHeHne MHeHVS Bpader Ans NOHUMaHKA 1 peLleHns npobnem
naHHon cuctembl. Llenbto gaHHo paboTbl ObIIO MONy4YUTh OLEHKY Bpadel CUCTEMbI UX aTTecTauun, HeoBXoAMMOCTU 1 HanpaBneHuin ee NpeobpasosaHuin. B
pamKax 1MccnefoBaHUsa MPOBOAMAN 3a04HbIN onpoc 64 Bpadel, 48,4% 13 KOTOPbIX UMEIOT KBM(UKALMOHHYO KaTeroputo, 42,2% — y4eHyto cteneHb, 51,6% —
COCTOAT B NPOdheccroHanbHoM coobLlecTse, 45,3% — npenogatoT, 48,4% — nyOnunkyroT pesynbTaTbl Hay4HOM AeATenbHOCTH, 26,6% — NpeacTaBnstoT Ha
Hay4YHO-MPaKTUYECKIX MEPONPUATUSAX PE3YbTaTbl CBOEN paboTsl. CpeaHuin cTaxx paboTbl BpadoMm — 13,8 + 6,13 net. AHkeTa nad 21 yTBep)KaeHns ¢ NsTubanibHomn
Lkanon JlankepTa bbina pasduta Ha 4 KOHCTPYKTa: OLeHKa TeKyLLEN CUCTEMbI aTTecTaummn; OTKas OT aTTecTaumn; HEOOXOANMMOCTb NPeoOPa30BaHNIN CUCTEMBI;
HanpaeneHns npeobpasoBaHwii. B pesynstate Obi10 BbISBAEHO, YTO Y PECMOHAEHTOB C KaTeropuew, y4eHOW CTEneHbiO, COCTOSALLMX B NpodcoobLyecTsax,
BeOyLMX NpenofaBaTeNbCKyto U HayyYHY OedTeNbHOCTb, OLEHKa TekyLLe cnuctemMsl attectaumm Hke (1,0 < Me <1,8 vs 2,6 < Me <3,0; 0,001 < p < 0,034),
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The importance of well-trained personnel for public healthcare is
widely accepted and appreciated [1]. The fact that personnel
is a group of specialists of various profiles makes a successful
unified approach to their sustainable development impossible
[2]. National healthcare systems face major challenges related
to ensuring objective personnel competence estimation
and effectiveness of incentives for continuous professional
development of specialists [3].

In the Russian Federation, the institutions responsible for
categorization, assigning professional grades (categorization),
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internal certification at the work place, independent qualification
assessment, as well as the system of continuous medical
education, are to ensure estimation of competence and
incentives for the physicians’ professional development [4-6].

Despite shortcomings in the work of evaluation committees,
the categorization system systematically provided growth of
physicians’ qualification during the Soviet era [7], however, there
was a talk about its problems resulting from outdated legislation
and flawed methodology, as well as the lack of objective criteria
for qualification assessment, since early 2000s [8-11].
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Despite the updated legislation and methodology, the
categorization systems are still a matter of debate [12-15].
The authors demonstrate stagnation and assume possible
extinction of the categorization institution due to the lack of
financial incentives, no occupational or professional motivation
in specialists, indifference and resistance of employers,
emergence of new qualification assessment institutions, gap
between categorization and the system of continuous medical
education, inadequacy of the professional grade differentiation
estimates.

Pessimistic forecasts are not groundless: according to
Rosstat, the number of physicians assigned the first and supreme
grades reduced by 1.3 times in 2009-2021 in Russia [16].

The problems identified together with the lack of studies
focused on assessing the physicians’ opinions about the
categorization system in the domestic database have defined
the aim of the study: to estimate the current state of the system
of assigning professional grades to physicians along with the
need for and directions of its transformation.

METHODS
Developing a questionnaire for absentee poll

Data acquisition for the study was performed by the absentee
poll of physicians involving the use of Google Forms (https://
docs.google.com/forms/d/1_-xyoo1NF3ChOsIT8ghhZ3jyfW
rigrakKA2YIHOGw7jE/viewform?edit_requested=true). A
request to complete a survey with the link to the questionnaire
was sent to individuals previously trained in the Academy of
Postgraduate Education, Federal Scientific and Clinical Center
of Specialized Types of Medical Care of FMBA of Russia.
Inclusion criteria: being a physician, work experience as a
physician of at least five years. Exclusion criteria: citizenship of
another country. The number of respondents was set as 500
based on the requirements for studies with improved accuracy
to be conducted by the method by K. A. Otdelnova and the
assumption of 20% refusals (500 = 400/(1-0.20)) [17]. The
survey did not require the respondent’s written consent, since
participation was voluntary, and privacy was guaranteed by
no information about surname, name and patronymic in the
questionnaire.

The paper provides interim results that are based on
the analysis of the questionnaires completed by the first 64
respondents, which is consistent with the sample size of the
pilot study conducted using the method by Otdelnova.

The questionnaire used was developed by the authors
based on the review of literature on the public healthcare human
resource strategy and the issues of categorization system.
The first version was tested in a focus group of 17 individuals
to clarify the language of statements. The Cronbach's alpha
coefficient = 0.877 characterizes good internal consistency of
the questionnaire items. The intraclass correlation coefficient
(iCC) = 0.91, but ICC < 0.97 at p < 0.001 indicates the
questionnaire test-retest reliability. The questionnaire consisted
of two parts:

a) background information about the respondent: work
experience as a physician, work experience in the specialty,
being assigned professional grade or scientific degree,
membership in professional communities (professional non-
profit organizations created by medical, professionals and
pharmacists, their associations and unions), being engaged in
teaching or scientific research (with the results published) within
a year before the survey, as well as experience of presentations
at scientific and practical events for specialists. These

parameters were selected as those affecting the physician’s
professional development;

b) opinions of physicians about the system of assigning
professional grades (categorization). This part consisted of 21
statements with five-point Likert scales offering the following
answer options: 1 — Strongly Disagree, 2 — Disagree, 3 —
50/50, 4 — Agree, 5 — Strongly Agree. All statements were
divided into four items (K1, K2, K3, K4):

K1 — the existing categorization system was considered
in terms of soundness of the professional level estimation,
providing the same levels of objectivity, impartiality and
completeness of testing, reports, interviews used for
assessment or demonstration of the certified person’s level of
qualification, transparency and clarity of the categorization
procedure, employer impact, difficulties when filling out
paperwork, compliance of the categorization system with the
today’s requirements of public healthcare;

K2 — abandoning the categorization system was assessed
based on the respondents’ agreement with the statement
about uselessness of the system of assigning professional
grades to physicians for today’s public healthcare;

K8 — the need to transform the categorization system
was assessed relative to the respondents’ attitude towards
outdated approaches to building such system exclusively on
providing incentives (rewards/punishments) to physicians to be
assigned a grade, assessment of knowledge and skills only,
key role of healthcare public administration;

K4 — the directions for the categorization system
transformation included the principles of physician’s professional
development in modern public healthcare: development
and management of working relationships with colleagues;
physician’s understanding of formal and informal social norms
related to profession; planning professional career throughout
the life; physician’s contribution to the development of other
specialists, profession and the body of medical knowledge;
primacy of the motive to be assigned a grade as the greatest
possible value; recognition of physician’s achievements by
professional community; key role of professional community.

Five points to items K1, K4 indicated the most positive
assessment of the existing system and the directions of its
transformation, to item K2 — agreement to abandon the
categorization system, to item K3 — disagreement with the
need to transform the system. By contrast, one point to items
K1, K4 indicated the most negative assessment of the existing
system and the directions of its transformation, to item K2 —
disagreement to abandon the categorization system, to item
K8 — agreement with the need to transform the system. The
distribution of variables across statements and items was non-
normal (p < 0.001).

Characteristics of respondents

Among 64 respondent physicians 31 (48.4%) had professional
grades, 27 (42.2%) had scientific degrees, 33 (51.6%) were
members of professional communities; 29 (45.3%) were
engaged in teaching, 31 (48.4%) published original research
results, 17 (26.6%) presented the results of their work in the
specialty at scientific and practical events. The respondents’
average work experience as a physician was 13.8 + 6.13
years and their work experience in the specialty was 11.7 + 5.83
years. The respondents’ distribution by work experience was
normal (p = 0.200; p = 0.169). There were significant differences
in work experience between the respondents assigned
and not assigned professional grades (t = —2.31, p = 0.024;
t = 2.25, p = 0.028), being and not being members of
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Table. Medians of items and asymptomatic significance of Mann-Whitney U test by groups of respondents

Groups K1 K2 K3 K4
Grade p < 0.001 p=0.023 p < 0.001 p < 0.001
Yes Me =1.0 Me =1.0 Me =1.0 Me =5.0
No Me = 3.0 Me = 2.0 Me = 2.67 Me = 3.29
Scientific degree p=0.034 p =0.227 p=0.013 p=0.010
Yes Me =1.0 Me =1.0 Me =1.0 Me = 5.0
No Me = 2.60 Me = 2.0 Me = 2.67 Me = 3.57
Professional community p=0.002 p=0.131 p=0.005 p=0.002
Member Me =1.8 Me = 1.0 Me =1.33 Me = 4.57
Not a member Me = 3.0 Me =2.0 Me = 3.0 Me =3.29
Teaching p < 0.001 p < 0.001 p < 0.001 p < 0.001
Engaged Me =1.0 Me =1.0 Me =1.0 Me =5.0
Not engaged Me = 3.0 Me =2.0 Me = 2.67 Me = 3.29
Published research results p < 0.001 p < 0.001 p < 0.001 p < 0.001
Yes Me =1.0 Me =1.0 Me =1.0 Me =5.0
No Me = 3.0 Me = 2.0 Me = 2.67 Me = 3.29
Presentations at scientific and practical events p < 0.001 p =0.003 p < 0.001 p < 0.001
Yes Me =1.0 Me =1.0 Me =1.0 Me =5.0
No Me = 2.60 Me =2.0 Me = 2.67 Me = 3.57

professional communities (t = —=2.90, p = 0.005; t = -3.45,
p = 0.01). There were no significant differences between the
respondents having and not having scientific degrees (t = 1.17,
p =0.245; t = 0.83, p = 0.410), engaged and not engaged in
teaching (t =-1.03, p = 0.305; t = 1.45, p = 0.153), having and
not having scientific publications (t = 1.18, p = 0.244; t = 1.51,
p = 0.137) and the experience of presentations at scientific and
practical events (t = 0.41, p = 0.680; t = 0.94, p = 0.349).

Statistical processing was carried out using SPSS, ver. 23
(IBM Company; USA). The following was performed: calculation
of mean values and standard deviations for the variables
“work experience as a physician” and “work experience in
the specialty”, comparison of work experience by groups
using Student's t-test, frequency analysis of scores by items,
calculation of Spearman's rank correlation coefficient to assess
the relationship between the work experience and the scores
by items, calculation of the median for each item by groups,
comparison of scores assigned to the items by groups using
the Mann-Whitney U test.

RESULTS

The majority of respondents (41/64%) do not agree that the
existing categorization system meets modern requirements
of public healthcare, is complete in terms of assessing the
professional development level, ensures equal levels of
objectivity, that testing, reports, interviews are impartial and
complete when used for assessment or demonstration of
the physician’s level of qualification, that the categorization
procedure is transparent and clear, there are no difficulties
when filling out paperwork and no employer impact. The
majority of respondents (46/71.9%) do not agree with the
outdated principles of the categorization system construction,
however, they do not want to abandon the system (56/87.5%).
More than a half of respondents (35/54.7%) agree with all
new principles of the categorization system construction. A
total of 42 respondents (65.6%) agree that there is a need for
estimates of the development and management of working
relationships with colleagues in the categorization system;
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56 (87.5%) agree that there is a need for estimates of the
physician’s understanding of formal and informal social norms
related to profession; 39 (60.9%) agree that there is a need
for estimates of planning professional career throughout
the life; 39 (60.9%) agree that there is a need for estimates
of the physician’s contribution to the development of other
specialists, profession and the body of medical knowledge.
A total of 38 respondents (59.4%) agree with primacy of the
motive to be assigned a grade as the greatest possible value
for the physician, 15 (23.4%) agree with primacy of incentives.
A total of 56 respondents (87.5%) agree with the statement
that the categorization system has to reflect recognition
of physician’s achievements by professional community.
The majority of respondents (42/65.6%) acknowledge that
professional community plays a key role in today’s system of
assigning professional grades to physicians, while 4 (6.3%)
recognize that the key role is played by healthcare public
administration.

The respondents, who were assigned grades, had scientific
degrees, were members of professional communities, were
engaged in teaching, had scientific publications and the
experience of presenting at scientific and practical events,
ranked the existing categorization system lower (1.0 < Me
< 1.8 vs 2.6 < Me < 3.0; 0.001 < p < 0.034), to the greater
extent agreed with the need to transform the system (1.0 <
Me < 1.33vs 2.7 < Me < 3.0; 0.001 < p < 0.013), ranked new
principles of transformation higher (4.6 < Me < 5.0 vs 3.3 < Me
< 3.6; 0.001 < p <0.010), that the respondents with no listed
above traits (Table). There were no differences in the extent
of disagreement with the categorization system abandoning
(K2) between the groups of respondents allocated based on
the facts of having a scientific degree and membership in
professional communities.

There were no strong significant correlations between the
scores of items and the work experience as a physician (K1
rS =0.26, p = 0.039; K2 rS = 0.06, p = 0.627; K3 rS = 0.17,
p=0.172; K4 rS = 0.19, p = 0.144) or work experience in the
specialty (K1 rS=0.28, p =0.028; K2rS =0.08, p = 0.510; K3
rS=0.19, p =0.133; K4 rS = 0.21, p = 0.104).
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DISCUSSION

The survey has shown that the majority of physicians see the
shortcomings of the system of assigning professional grades,
which is in line with the literature data on the issues of the existing
categorization system [12-15]. Furthermore, discrepancies
between the assumptions of a number of authors about
the categorization institution uselessness and unwillingness of
the vast majority of physicians (87.5%) to abandon this system
have been revealed [11]. Many respondents are negative on the
approaches of the existing categorization system and positive
on new principles of professional development in modern
public healthcare. In fact, the survey results indicate the desire
of professional community to transform the categorization
conceptual model. This conclusion is supported by the fact that
almost 88% of respondent agree that categorization should
reflect recognition of physician’s achievements by professional
community.

The fact, that almost 60% agree that the today’s system
should be based on the motive to be assigned a professional
grade as the greatest possible value for the physician, is of
special interest. Such an approach is fundamentally different
from the most common proposal to use incentives to address
the issue of disregard for professional grades [12, 15]. It
should be noted that building the categorization system on
the basis of incentives is supported by less than a quarter
of respondents (23.4%). Moreover, primacy of the motive to
be assigned a professional grade as the greatest possible
value in almost 60% of respondents confirms the importance
of respect, recognition, self-actualization via contribution to
the development of other specialists and profession itself for
physicians [18]. The identified lower significance of financial
incentives for physicians needs to be confirmed by the survey
with higher accuracy. If similar results are obtained, it would be
rational to conduct a distinct study to reveal the reasons of the
financial incentives’ low significance.

Despite the fact that a half of respondents are not members
of professional communities, almost 66% of respondents
recognize that communities play a key role in today’s
categorization system, while only 6.3% believe that the key role
is played by healthcare public administration. In our opinion, this
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